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a b s t r a c t

A large perfect crystal interferometer with two interference loops offers novel applications in neutron

interferometry. Coherent beam manipulation with special prism and phase shifter arrangements is

discussed and prism materials that are able to preserve beam coherence in case of thicker prisms are

investigated. A set of four identical prisms has been used to determine the vertical coherence function

in an experiment performed at instrument ILL-S18. Several proposals for new experiments are outlined

for (a) squeezing in momentum space, (b) precise measurement of gravitational induced phase shifts,

and finally, (c) the simulation of a split crystal interferometer.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

With the large-area six-plate perfect crystal interferometer
introduced in Ref. [1] new experimental methods become feasible
in different fields of neutron interferometry. A key feature of the
instrument is the use of higher order reflections without change
of beam geometry. The available monochromatic beams cover a
range from l=0.68 Å up to 2.72 Å. The use of different wave-
lengths will be convenient in a variety of systematic studies, for
example, for a new approach to distinguish between geometrical
and dynamical phase shift [2], for scattering length measurements
[3,4], for gravitation experiments [5], or for simulation of a split-
crystal neutron-interferometer.

Another important feature of the instrument is the much
larger available sample space which considerably facilitates the
experiments presented here. Especially for thick samples there
ll rights reserved.

ax: +43 1 58801 14199.
are, nevertheless, stringent requirements on the homogeneity of
the prism material. Several materials with thicknesses more than
1 cm and suitable for coherent beam deflection have been
investigated and are discussed in Section 2. A set of four identical
prisms has been fabricated for measuring the vertical coherence
function at instrument S18 [6] at Institute Laue-Langevin (ILL),
Grenoble, France, and these results are described in Section 3.
Additional beam deflection experiments are presented in
Section 4.
2. Materials suitable for coherent beam manipulation

Most of the materials used in the past for neutron inter-
ferometry consisted of rather thin slabs with only a few
millimeters of thickness [7,3]. In the coherent deflection experi-
ments two prisms are used in every path, the first prism for beam
deflection, and the second for phase compensation and to avoid
defocusing. The optical path length through two prisms can
be several centimeters, depending on the prism opening angle.
The requirements for the prism material are therefore much more
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Table 2
Test plates placed in both interferometer paths for visibility measurements

(l=2.7 Å, visibility normalized to an empty interferometer).

Material Specification Thickness (cm) Visibility

AlMgSi0.5 Wrought 2 96(1)%

AlMgSi1 Wrought 2 10(2)%

Al99.5 Wrought 2 72(3)%

AlMg4,5Mn Cast 0.5 35(3)%

Fused silica Grade 2F 1 94(3)%

MgF2 VuV, single crystal 1 92(3)%

Sapphire Single crystal 1 98(2)%
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stringent than for thin phase plates [3]:

VS ¼ exp �
dt

tS

� �2

þ
dN

N

� �2
" #

ðNbcltSÞ
2=2

( )
V0 ð1Þ

where V0,VS denote the visibilities without and with sample in one
interferometer path, tS is the sample thickness, with dt the
thickness variation of the sample, and dN describes the fluctuation
in the number of nuclei per volume. The influence of dN strongly
increases with t2

S in the exponent. Especially inhomogeneities
41mm affect the visibility [4] and cause ultra-small angle
scattering (USANS), which can be analyzed with the same setup
(Fig. 1). The visibility reduction is wavelength dependent, i.e.,
smaller wavelengths maintain higher visibility in thick samples.
Table 1 lists a representative selection of prism materials
considering the following criteria:
�

Fig
refl

low

Tab
Sele

M

S

A

F

Q

G

M

S

M

G

(D

(B

Nbc

ang
Homogeneity: visibility reduction and USANS negligible

�
 Absorption negligible

�
 Large scattering length density Nbc for strong beam deflection

�
 Machinability with high geometric accuracy and good surface

quality

�
 Reasonable material and production costs

Several of the listed materials have been used for preparation of
thick phase shifters for visibility (Table 2) and USANS measure-
ments at instrument S18. Typically, USANS investigations are
performed by using a channel-cut analyzer, but with our
instrument these can be accomplished in the interferometer
without changing the setup (Fig. 1). Especially the good
applicability of single crystal materials (MgF2, sapphire) should
. 1. Arrangement for USANS detection using the interferometer in Laue

ection. The aluminium plate with the highest visibility, AlMgSi0.5, shows the

est ultra-small angle scattering (Q=4p/l � sin y/2, y=scattering angle).

le 1
ction of suitable prism materials.

aterial Nbc (1010 cm�2) d (b=301)

ilicon 2.07 0.2700

luminium 2.08 0.2700

used silica 3.46 0.4500

uartz 4.18 0.5400

ermanium 3.61 0.4600

gF2 5.11 0.6600

apphire 5.74 0.7400

gO 5.99 0.7700

raphite 7.5 0.9600

iamond) 11.7 1.500

eryllium) 9.62 1.2300

=coherent scattering length density, d=deflection angle, b=prism opening

le.

Fig. 2. Prism arrangement for measurement of the vertical coherence function.
be noted. Different aluminium alloys, as well as different types of
fused silica, have shown a large variance of visibility. Stronger
USANS correlates with a pronounced visibility reduction and this
confirms density fluctuations dN as main source of dephasing in
the samples (Fig. 1, Table 2).
3. Vertical coherence

Measurements of the vertical coherence function have first
been performed at the MURR facility [8], and more recently, in a
more elegant approach, prisms have been employed at the NIST
[9] and ILL [10]. The coherence function is given by the
autocorrelation function of two overlapping wave functions
shifted by a spatial displacement ~D [3]:

Gð~DÞ ¼
Z
C�ð~rÞCð~rþ~DÞd3r ð2Þ

jGð~DÞj ¼ V0 is the visibility of interference fringes and contains
all accessible information about coherence properties. The
coherence length in Gaussian approximation is defined as the
spatial shift at which jGðDcohÞj has decreased by a factor 1/e.
A displacement ~D can be realized by a set of four identical prisms
as depicted in Fig. 2. In one path the two prisms are joined
together, working like a slab [x=0], in the other beam the two
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prisms are separated by distance x. The spatial shift for a slab with
surface normal ŝ, thickness t, and unit wave vector k̂ is given by

~D ¼
ð1�nÞŝ

ðk̂ � ŝÞ2
t¼
ð1�nÞŝ

ðk̂ � ŝÞ
teff ð3Þ

where teff ¼ t=ðk̂ � ŝÞ denotes the effective thickness or path length
of the neutron beam in the slab. Thereby we find for the spatial
shift of the large slab

~Dxþ t ¼
ð1�nÞŝ0

ðk̂ � ŝ0Þ
ðxþtÞ ð4Þ

while the spatial shift of the separation part is

~Dx ¼
ð1�nÞŝ1

ðk̂ � ŝ1Þ
x: ð5Þ

For the spatial shift of the combined prism arrangement one
obtains

~D ¼ ~Dxþ t�
~Dx ¼ 2xð1�nÞtan

b
2

ẑ ¼ xd ẑ: ð6Þ

Although Eq. (6) is derived for the symmetric prism alignment,
shown in Fig. 2, it can nevertheless be shown that the relation is
also valid for a non-symmetric arrangement. In the non-
symmetric case larger beam deflections can be realized, but the
symmetric prism arrangement is less sensitive to misalignment.
According to Eq. (6) the spatial shift has only a vertical
component, so no phase shifts are generated in the longitudinal
direction if the moving prisms P1,2 are compensated by two
identically connected prisms P3,4 in the reference beam.
Fig. 3. Measurement of the vertical momentum distribution behind the

interferometer (output beam O, d=80 cm), using a fixed cadmium slit.

Fig. 4. Intensity images in the O-beam (top), and the corresponding vertical mom
Alternatively, the coherence function can be derived from the
measured vertical momentum distribution rz (kz) [3]:

GðDzÞ ¼

Z
rzðkzÞe

ikZDZ dkz ð7Þ

Fig. 3 shows the measurement configuration and Fig. 4 (top)
the measured vertical intensity distributions at different reflec-
tions behind a horizontal slit with 1 mm height together with the
corresponding momentum distributions (bottom) at interfero-
meter output O. During the long exposure times a phase shifter
was rotated to average out all phase effects.

The vertical extension of the (4 4 0) intensity distribution is
narrower by a factor of 2 than the (2 2 0) profile; this can be
explained by the wavelength-proportional reflection angle in the
supermirror beam guide H25 (amax �ml

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNbcÞNi=p

p
;m¼ 2):

amaxð220Þ � 0:543
ðexperiment : 0:553

Þ;

amaxð440Þ � 0:273
ðexperiment : 0:33

Þ;

amaxð660Þ � 0:183
ðexperiment : 0:153

Þ:

The momentum distribution has approximately the same
width for all reflections (kz,max=k �amaxEconst).
entum distributions (bottom). A Gaussian has been fitted to the (6 6 0) data.

Fig. 5. Coherence function derived from the vertical momentum distributions

(solid) in comparison with visibility measurements.
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Fig. 6. (a) By inducing optimal phase shifts F2�F1=2F3 one expects larger

squeezing than in a single loop interferometer. (b) The momentum uncertainty

can further be reduced by increasing the number of interferometer loops.
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The coherence functions are derived from Fast-Fourier trans-
formations of the vertical momentum distributions and plotted in
Fig. 5 versus the spatial shifts Dz together with the prism
measurements. Due to mechanical limitations of the present
prism setup and the small opening angle of 201, the possible
displacement range in the interferometer has not yet been fully
exploited. In Gaussian-like momentum distributions the coh-
erence function and coherence length are mainly determined
by the spectral width, and are rather insensitive to the used
wavelength range [3]:

Gð~DÞ ¼
Y

i ¼ x;y;z

e�½ðDidkiÞ
2=2� ð8Þ

This was confirmed with our setup for three different
wavelengths, l=2.72 Å, 1.36 Å, and at 1.91 Å in an earlier
experiment with a different method [11], all yielding a coherence
length of approximately 115 Å. The narrower momentum dis-
tribution and, therefore, larger coherence length of the (6 6 0)
reflection (150 Å) has to be explained by the different beam guide
properties for neutrons in the sub-Ångstrom regime.

A much faster method of coherence measurement would be to
derive the visibility from a measurement of intensity changes in the
O- and H-output as a function of prism separation. For instance, if
the intensity is adjusted to the maximum of the output beam O, and
accordingly to the minimum in output H, then the prism separation
(x) yields an intensity reduction in O (enhancement in H). This is
solely caused by the loss of visibility as the phase remains constant.
By adjusting the prisms in horizontal position (dy) one derives the
coherence function transverse to the beam direction. Comparing to
the measurements at NIST [9] we have investigated the coherence
function, as determined by the neutron guide, for several reflections.
By introducing collimating slits the coherence lengths can further be
enhanced or, in the case of NIST, by using a different number of
monochromator plates. In both cases the increase of coherence is
offset by the cost in intensity, though.
4. Applications for the large six-plate interferometer

4.1. Spectral modulation

Theoretical discussion has indicated [12,3,13] that momentum
squeezing and anti-squeezing can be realized in neutron inter-
ferometry. A possible realization with the six-plate interferom-
eter, exploiting two interference loops, is sketched in Fig. 6a. In
such an arrangement of three optimized phase shifters, spectral
modulations – including momentum squeezing – are generated in
longitudinal direction along the beam direction.

A Gaussian wave packet, with momentum spread (dk) and
minimal uncertainty, in one interferometer loop has the normalized
momentum width s=/(Dk)2S/(dk)2=1, where /(Dk)2Sdenotes the
momentum width after modulation in the interferometer. Insertion
of an optimally adapted phase shifter reduces the momentum
variance down to s=0.48 for a phase shift of F0=pk0/[2(dk)].
Optimal squeezing in the two-loop interferometer, by superposition
of three wave functions, further reduces the momentum uncer-
tainty to s=0.28, a value considerably below that for the coherent
state of a single minimum wave packet. Maximum squeezing is
expected when F3=pk0/[2(dk)] and the phase difference in loop 1
equals the phase difference in loop 2 [12]:

F1þF3�F2 ¼�F3 ) F2�F1 ¼ 2F3 ð9Þ

In a three-loop interferometer (Fig. 6b), where 4 beams are in
superposition, s should be reduced again approximately by a
factor of 2. Thus, highly non-classical states can be generated
through the power of quantum-mechanical superposition.
Spectral modulations and the generation of well-separated
coherent double-peaked beams by the phase shifters will be
useful for Fourier spectroscopy, where the ratio of the coherence
functions with and without sample yields the correlation function
of the sample [3,14]. In addition, momentum squeezing reduces
dephasing in thick materials and increases the beam coherence.

4.2. Phase effects induced by gravity

The expression for the gravitationally induced phase shift
combines the gravitational acceleration (g), the Planck constant
(h), the inertial mass (mi) and the gravitational mass (mg) [15].
It applies to a single neutron with wave function separated by
macroscopic distances of several centimetres, or 109 times de
Broglie wavelengths, in the interfering paths. Under the assump-
tion that the wavelength (l), the enclosed beam area (A) and the
interferometer tilting angle (a) are accurately known, a precise
measurement of DFg allows the verification of the Newtonian
potential for a macroscopically separated quantum object:

DFg ¼�
2p
h2

mimgg lA sina ð10Þ

It should be noted that the hitherto obtained gravitationally
induced phases were lower than theoretically expected, leaving a
discrepancy of the order of 1%. The new large-area interferometer
improves the neutron’s phase sensitivity to gravity and, in
addition, the two-loop design allows additional measurement
procedures to investigate unaccounted effects (Fig. 7).

The following points emphasize some key features of our new
setup in the context of gravitation experiments:
�
 Larger area, higher sensitivity (gain factor Z5 at 2.72 Å
compared to previous experiments); a small rotation of
a=0.11 induces a large phase shift of 1071 in the large loop.

�
 Small rotations along an axis of elastic symmetry suppress

crystal bending.
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Fig. 7. In the 6-plate interferometer three areas, A1, A2, and A=A1+A2, become

available simply by different beam stop positions.
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�
 Thick base reduces crystal bending due to crystal support.

�
 By comparison of the phase shifts gained by A1 and A2

dynamical diffraction corrections within the lamellas cancel to
first order.
Fig. 8. (a) Simulation of a split interferometer by placing two prisms in equal

�
 distance to the recombiner lamella. (b) Unwanted lattice rotation d in the split

interferometer, shown greatly exaggerated. (c) Calculated visibility reduction by

applying spherical wave theory to a misalignment angle d.
Several harmonics (2.72, 1.36, 0.91 Å) available with
identical beam geometry and narrow wavelength distribution
(Dl/l=0.005).

�
 Nearly perfect symmetric lattice orientation [1], no offset in
a-rotation and simplification of the dynamical diffraction model.

Just recently, first gravitation experiments have been started
at S18 making use of an optimized procedure developed for tilt-
ing the whole setup (interferometer+monochromator) thereby
retaining the same beam geometry for all measurements. The
same instrument can be exploited for detecting hypothetical non-
Newtonian short-range interactions by accurate measurements
of the coherent scattering length of silicon at different lattice
reflections [16,17]. A noteworthy feature of our setup is its
sensitivity in the submicron interaction regime [18]. This has the
additional benefit of a simultaneous precision measurement of
the neutron-electron scattering length [19].

4.3. Towards a split crystal interferometer

One motivation to produce larger interferometers is to
increase the interaction length and, thereby, the interferometer’s
sensitivity. The split interferometer shown in Fig. 8b would
release the limitation due to crystal length, but it has turned out
that its operation is extremely difficult; in fact, no interference
fringes have been obtained so far with a split-crystal neutron-
interferometer [20]. In order to quantify the requirements of
crystal positioning and operational stability with respect to the
Bragg axis, a simplified setup has been simulated (Fig. 8a,c).
The expected visibility reduction in the neutron-interferometer is
larger than in a split X-ray interferometer [21]. In a first step,
the calculated behavior of the visibility shall be demonstrated
experimentally by the setup shown in Fig. 8a. The next step
towards a split neutron-interferometer is to glue the crystal
onto a larger silicon base and start smoothly, step by step, cutting
the base according to Fig. 8b using a thin diamond wire,
accompanied by visibility measurements. The operation of a
split crystal interferometer will be challenging and requires,
besides precise positioning, a sophisticated temperature
stabilization to within 1 mK [22]. The positioning can be
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controlled by registering the appearance of Moiré patterns in a
position sensitive detector [1] and by using the prism
configuration shown in Fig. 8a.
4.4. Additional options available for large two-loop interferometers

The use of different wavelengths could be of advantage for the
evaluation of the influence of dynamical phases in topological
phase measurements [2]. Additionally, there is the option to
entangle three interfering beam paths with different energy levels
(qtrit), e.g., for the verification of quantum contextuality. Other
experiments for the large two-loop interferometer have been
proposed which use absorbers for visibility optimization and
detection of small signals [23]. Finally, we want to emphasize the
extreme angular sensitivity to beam deflections relative to the
crystal lattice planes in accurate measurements of phases induced
by crystal diffraction [17].
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