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1. General

The new vertical neutron guide tube originating from
the liquid deuterium cold source at the ILL high-flux
reactor (see ref. [1], which also contains technical details
of the curved neutron guide) has been designed prim-
arily to feed a Steyerl-turbine [2] in order to produce
intense beams of ultracold neutrons. This neutron
turbine utilizes only half of the cross section of the
vertical guide. Therefore the neutron guide, just before
entering the turbine vessel, is split into two guides, one
of which feeds the turbine and the other one passes by
the wheel in a curved nickel guide of 13 m radius
curvature and 3.4 X7 cm’ cross section. This setup
provides for a beam of very-cold neutrons with a peak
intensity around 80 A wavelength. It is this beam which
is being exploited in the new very-cold-neutron optics
setup.

Very-cold neutrons (VCN) may operationally be de-
fined to be of energy and wavelength in between the
standard cold neutron regime and the ultracold neu-
trons. Conventional cold neutrons are characterized by
having wavelengths smaller than about 10 A, making
them useful for the investigation of condensed matter.
Ultracold neutrons, on the other hand, are defined such
as to have kinetic energies too small to overcome the
mean optical potential of matter and thus are subject to
critical external total reflection under all angles of inci-
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dence. This sets the minimum wavelength of ultracold
neutrons to about 500 A. Thus, in wavelength and
energy the range of very-cold neutrons may be ap-
proximately defined as follows:

10 A < Ayen <500 A,
107 %V < Eyen <1072 eV.

From a practical point of view, this is just the range of
neutron energies and wavelengths where neither crystal
diffraction may be used for beam handling as for ther-
mal neutrons nor totally reflecting mirrors as for ul-
tracold neutrons. In contrast, for VCNs just those beam
handling devices may be used that are customary for
visible light:

(1) The refractive index may deviate significantly from
unity and still remain noncomplex. This makes the
use of refraction devices such as lenses and wedges
feasible.

(2) The wavelength, though still an order of magnitude
smaller than that of visible light, is already large
enough to permit the use of microfabricated struc-
tures with positional definition of micrometer mag-
nitude. This makes the use of diffraction devices
such as gratings feasible.

(3) Combining both above features diffraction gratings
may be used in the transmission mode.

It has therefore been proposed by us [5] to exploit
the unique availability of a VCN beam at ILL by
installing a general-purpose neutron optics facility. It is
the purpose of the present article to report its status as
of March 1989.

V. NEUTRON OPTICS/QUANTUM MECHANICS
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2. The optical table

At the VCN exit port after the turbine an optical
table was mounted (fig. 1). This optical table is of a
honeycomb structure (RS-series by Newport) and it has
a size of 6 m X 1.2 m. The optical table is supported by
pneumatic vibration isolation legs. Since the exit port is
about 3.5 m above the Niveau D floor at ILL a special
stiffened steel beam support structure on which the
vibration isolation legs are resting had to be made. This
support structure is rigidly connected to the main sup-
port beams of Niveau D. These support beams have a
height of 1.7 m and a thickness of 0.8 m.

After bypassing the neutron turbine the VCNs are
being reflected by a nickel mirror which is set at a
grazing angle of approximately 10°. This serves as a
monochromator, effectively cutting off short wavelength
neutrons and resulting in a peak wavelength around 100
A. Fig. 2 shows the neutron spectrum obtained as
measured by a time-of-flight technique. The sharp nar-
row minima at short wavelength are fully explained as
arising from destructive interference of waves reflected
at the front face and at the back face of the 2000 A
thick nickel layer of the mirror.

A problem deserving special attention is the effect of
background vibration on the operation of any optical
devices mounted on the top plate of the optical table.
This is particularly important for the operation of inter-
ferometers. For the case of a perfect-crystal interferom-
eter a thorough analysis of the influence of ambient
vibration noise on interferometer performance has been
presented by Shull [6]. Here we will only give a brief
quantitative estimate of the maximum permissible
vibrational noise level.

Suppose we wish, as is the case for our experiments,
to study neutron diffraction effects at micrometer struc-
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Fig. 1. The arrangement of the neutron optical table at the
vertical guide at the Institut Laue-Langevin.
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Fig. 2. Neutron spectrum after reflection from a nickel mirror
at a grazing angle of nominally 10° measured by a time-of-
flight method.

tures including neutron interferometry exploiting grat-
ings of micrometer lattice constant. Then certainly we
need the optical table to be stable on a scale much
better than 1 pm during the neutron flight time of
1, = 0.15 s over the full length of the setup. This implies
that for frequencies of the order of 5 Hz and more the
maximum vibration amplitudes should be much less
than 1 pm. Measurement of the vibration background
on Niveau D indicates that there are a few vibration
amplitude peaks in that frequency range which are of
the order of 1 pm. These vibrations are very satisfacto-
rily damped by the passive pneumatic vibration isola-
tion legs of the optical table. The situation is somewhat
more complicated for lower frequencies, i.e. frequencies
in the 1 Hz range. There, certainly, a constant velocity
motion of the optical table during the neutron flight
time 7, does not influence the experiment. The critical
condition is rather that changes in position due to
accelerations should be limited:

Ax <lpm with Ax=la,r}.

The maximum acceleration due to a given mode x =+
xgcos(wt) with amplitude x, and frequency » = w/2m
is ay= —xyw’. This implies a limit to the maximum
amplitude of a given mode

xo<28x/(tow)’,

or, for our numbers,

xo[pm] <2/(»[Hz])’.

Measurement of the ambient vibration level on Niveau
D at the ILL demonstrates that in this frequency range
a peak of vibrational noise at approximately 1 Hz
frequency and slightly below exists. This peak has an
amplitude of about 10 pm which certainly would de-
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teriorate interferometer action. If measured on top of
the steel support structure the same levels of ambient
vibrational noise are found as may be expected from the
property that the support structure does not employ any
damping mechanism. Yet, if measured on top of the
optical table, all vibrational amplitudes are significantly
reduced with the critical 1 Hz frequency peak still
having an amplitude of a few pm. This still implies
displacements of the order of 1 pm due to acceleration
during the neutron flight time. Thus additional low-
frequency vibration damping is required. For this pur-
pose an active feedback system of novel design was
constructed whose features will be published elsewhere.
Here it suffices to state that in a test of a preliminary
version we could successfully demonstrate the reduction
of the vibrational amplitudes at low frequencies to the
order of 0.1 pm. This, combined with the passive pneu-
matic vibration isolation legs which reduce high-
frequency noise, is expected to result in satisfactory
optical table performance even for large-scale inter-
ferometers.

3. Neutron interferometer design

The first instrument planned to operate on the opti-
cal table will be a large-scale neutron interferometer.
For VCN it is impossible to use perfect crystals as beam
splitting devices. Hence, one could base an interferome-
ter on the use either of mirrors or of gratings or of a
combination of both. The latter was chosen in the
successful demonstration of an interferometer with cold
neutrons [7]. Yet, an interferometer based solely on
gratings is preferable over an interferometer based on
mirrors since it is achromatic and aberration-free. This
fact, which is well from optics, clearly also holds for
neutrons [8].

The interferometer geometry is basically the same as
that of the first electron interferometer [9] which has
also been employed in the perfect-crystal LLL inter-
ferometer [10,11] (fig. 3). Instead of the crystals, as was
the case in these papers, we will employ transmission
gratings with a lattice constant of 2 pm. The manufac-
ture of such gratings is current technology. From a
practical point of view the main difference as compared
to the LLL interferometer is that, while there the indi-
vidual crystal plates acting as beam splitters and mir-
rors respectively are already well aligned due to the
monolithic design, in our case the three diffraction
gratings have to be aligned by external means. This is
done by employing interferometers operating with laser
light. To that end, on the same plate of quartz glass a
diffraction grating for the neutrons with a lattice con-
stant of 2 pm and a grating for photons with a lattice
constant of 130 pm are arranged (fig. 4). Diffraction of
standard He—Ne-laser light at the latter grating results
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Fig. 3. Two possible topologies of a grating interferometer. The

zero-area interferometer has the advantage of being insensitive

to certain spurious effects, while the conventional Mach-

Zehnder interferometer gives higher separation between the
interferometer beams.

in the same diffraction angles as the diffraction of 100
A wavelength neutrons at the 2 pm grating. Because of
the size and the vertical divergence of the neutron beam
a minimum of three independent laser interferometers
operating at different height levels and different inclina-
tions is necessary for sufficient alignment. Details of
this and of an alternative alignment procedure proposed
by loffe [12] will be published elsewhere.

A point which deserves specific attention is the fact
that the Coriolis force due to rotation of the Earth may

2um - GRATING 130 um - GRATING
FOR NEUTRONS FOR LASER LIGHT
Fig. 4. Sketch of the phase gratings used. On the same quartz-
glass plate a neutron grating and a laser-light grating are
arranged side by side for alignment purposes (left). Two differ-
ent types of phase gratings for neutrons were tested (right). In
one type (top) the lines of the grating are made of Ni or Cu
deposited through an electroplating procedure onto the quartz
plate. In the second type (below) the grooves are sputter-etched
into the quartz. The grating diffraction action results from the
relative phase shift between neighbouring paths.

V. NEUTRON OPTICS/QUANTUM MECHANICS
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destroy interferometer performance. The resulting
Sagnac phase shift is [13]

Ap = szA Cw.

Here, A is the vector of the area enclosed by the
interferometer beams and w is the vector of angular
rotation. This phase shift seems to be independent of
wavelength. Yet, in a grating interferometer the area
enclosed by the beams increases linearily with wave-
length. The Coriolis phase shift due to Earth’s rotation
in an interferometer of 200 cm® enclosed area may be
estimated to be 32 rad. Thus a wavelength bandwidth of
the order of 10%, as is the case for our experiments,
would completely wash out the interference pattern. As
has already been pointed out in our initial proposal [5],
a possible way to avoid this would be to use an inter-
ferometer of zero enclosed area (fig. 3). Such a design
would also have the advantage of cancelling any possi-
ble phase shifts due to Earth’s gravity, which might
result from a vertical misalignment of the interferome-
ter.

4. Neutron diffraction at the phase gratings

For intensity reasons it was decided to use phase
gratings instead of absorption gratings in the inter-
ferometer (fig. 4). An additional important feature is the
choice of gratings with equal width of steps and gaps.
Such a 1:1 grating offers the additional advantage of
having no even-order diffracted intensity. This results
from the fact that the single-slit diffraction distribution
is the envelope of the grating diffraction distribution
and, for a 1:1 grating, the minima, i.e. the zeros, in the
single-slit diffraction pattern just coincide with the posi-
tions of even-order diffraction maxima of the grating.
Since higher orders are of low intensity anyway, practi-
cally only the zero-order diffraction maximum and the
two first-order diffraction maxima are of non-negligible
intensities in our case. For an absorption grating, the
intensity ratio between these orders is fixed, while for a
phase grating this can be manipulated. Especially, if the
step height is just D, /2, where D, is the A-thickness,
i.e. that material thickness that leads to a phase shift of
2m, then the zero order maximum is cancelled. This is
our choice for the middle grating of the interferometer,
since the zero-order diffraction intensities would leave
the interferometer anyway.

Extensive experiments were performed to find grat-
ings of sufficient quality for the neutron interferometer
[14]. Three different ways of producing such gratings
were tested. In the first series we tested gratings with
nickel steps which were made by an electroplating pro-
cess. In the second series the steps were made of copper,
again in an electroplating procedure. In both cases the
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Fig. 5. Measured neutron diffraction for a grating with step
height of D, /2, a so-called “m-grating”. The presence of
zero-order intensity is caused by the wavelength distribution
and by small imperfections of the grating.

substrates of the gratings were SiO,-glass plates of
constant thickness (better than A/10). None of the
gratings produced by the electroplating method were
satisfactory. There were significant deviations in the
step width, dislocations, unevenness of the photoresist
and some oxidation problems. Good quality gratings
were finally obtained by a process called sputter etch-
ing. In that process sputtering with an etching agent
results in a nicely defined grating cut into the quartz-
glass substrate (fig. 4). Neutron diffraction studies of
these gratings finally demonstrated their satisfactory
performance (fig. 5). Detailed results of the neutron
diffraction studies at the various phase gratings will be
published elsewhere.

5. Experiments proposed

A number of experiments have been discussed [15]
and proposed [5] by us for the VCN setup and particu-
larly for VCN interferometry. Here we will only give a
brief list and the reader is referred to the appropriate
literature. The experiments envisaged are:

— Development of new neutron optical devices. Of
those, phase gratings have been successfully tested to
date. Further work in the development of devices
with micron- and submicron-structures is planned.

— Development of a neutron interferometer of meter
size. Since the time of the Workshop an interferome-
ter with an overall length of 0.5 m has been tested
successfully by us. This will be published elsewhere.

— Improvement of the present limit of a possible non-
linearity of the Schridinger equation [16].

— Precision tests of the unitarity of quantum mechanics
[17].

— Topological quantum effects for neutral particles,
specifically the so-called Aharonov—Casher effect [18].

— Improved search for a non-Abelian gauge interaction
of the neutron [19].
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— Search for a novel neutron Fizeau effect [20].

— Time-dependent neutron optics, specifically with
switched fields [21].

— Improvement of the neutron electric charge limit [22].

— Improvement of the neutron magnetic charge limit
[23].

— Neutron Cavendish experiment. This would be the
first experiment on the action of laboratory created
gravity fields on an elementary particle.
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