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Abstract: In Opt. Express 24, 22528 (2016), D. Sarenac et al. reported neutron holography
using a Laue crystal interferometer and a spiral phase plate, interpreting the resulting interference
pattern as a hologram reconstructing neutron beams carrying orbital angular momentum (OAM).
However, this interpretation is highly questionable: the interferometer’s markedly unequal
lateral coherence lengths are far too small and, moreover, should have produced an asymmetric
pattern, which was not observed. Our simulations demonstrate that the reported images can be
fully explained as conventional interference patterns without invoking OAM. Furthermore, we
highlight the inherent challenges of using crystal interferometry for holography and question
whether neutron OAM states are necessary - or even sufficient - to account for the observed
results.
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1. Introduction

Experiments with photons often serve as a predecessor for analogous experiments and findings in
neutron optics. Photons, characterized by spatially varying amplitude and phase distributions, can
possess intrinsic orbital angular momentum (OAM) in units of 7, which was shown theoretically
in 1992 [1,2], and demonstrated experimentally in various ways (see e.g. [3]). The successful
demonstration of quantized OAM for photons has opened up avenues for applications in quantum
entanglement, quantum information science, and imaging [4]. For example, the orbital angular
momentum of light beams was used early on to rotate microscopic particles trapped in optical
tweezers [5]. Recent advancements have enabled the generation of X-rays with orbital angular
momentum using a free-electron laser oscillator [6]. A comprehensive study of optical vortices,
which includes OAM manipulations from topological charge to multiple singularities, can be
found e.g. in [7,8]. The creation of OAM states with photons was soon extended to electrons [9].
The field of electron orbital angular momentum presents promising opportunities [10].

Neutrons described as a wave packet with a similar spatially varying amplitude and phase
distribution should also possess an orbital angular momentum (n-OAM) in addition to their
spin. By analogy with photons and electrons, this should occur by passing a coherent neutron
wave through a spiral-shaped phase object. The interaction should produce a helical wavefront,
resulting in intrinsic n-OAM. However, the very description of a helical phase front implies
a coherence of phase across the phase object [7,11]. Realizing this and conducting further
investigations of neutron angular momentum and its corresponding applications are therefore of
great interest.

The first attempt to demonstrate a twisted phase front was performed in 2015 within a neutron
Laue crystal interferometer [12]. In this experiment, macroscopic spiral phase plates of varying
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thicknesses were inserted in one path of the interferometer, resulting in interferograms that
were attributed to n-OAM. However, objections have been raised that the lateral coherence
lengths of the neutron wave used were far too small to generate n-OAM in the manner described
[13,14]. The observation is more correctly explained as ordinary neutrons with a small transverse
coherence length that experience a simple phase shift in traversing a given path length of matter.
When interfering with their alternate path in the interferometer, each neutron traces out a small
element of the phase object as a whole. When coarsely imaged, the interference pattern is
indistinguishable from what might be expected from a macroscopically broad n-OAM state.
Furthermore, it has been argued that the use of the crystal interferometer and the corresponding
Moiré imaging led to a misinterpretation of these interferograms [15,16].

OAM states of photons and electrons have also been produced in diffraction by grating patterns
containing a dislocation [7,9]. Gratings of this type have been produced holographically by the
interference of a vortex beam of photons (an OAM state) with a reference beam in an optical
interferometer. It is therefore tempting to posit that the use of a phase plate of the type described
in [12], placed in one leg of a Laue crystal interferometer, combined with a deflecting wedge
in the other arm of the interferometer, produces a "neutron hologram" [17], analogous to what
might be produced with light in a Mach-Zender (MZ) interferometer [18]. The purpose of this
paper is to analyze the manner in which these two situations differ to the extent that they are not
analogous, and the results cannot be used to justify the creation of an n-OAM state.

2. General considerations

We begin by stating some objections to a series of assumptions in Ref. [17] that are problematic
regarding holography in a neutron interferometer:

* The neutron interferometer based on Laue diffraction does not process neutrons in the
same way as photons in an optical MZ interferometer.

The Fresnel diffraction of an object that gets recorded in a hologram is not satisfied by the
conditions of the Laue interferometer.

Because of the 2-d nature of the Laue interferometer, the essentially 3-d nature of a helical
neutron wave function cannot be captured - only the conventional scalar phase of an
ordinary neutron is captured. If one captured the 3-d nature of the helical neutron, we
believe one would observe the effects of scattering outside of the 2-d scattering plane,
which is not the case.

* The addition of a prism or wedge in the reference leg of the neutron crystal interferometer
does not act to produce a reference beam as it does in optical holography. The function of
the prism in optical holography as depicted in [18] is to refract the reference beam into
the object beam so as to interfere at the phase recording plate. The effect of a wedge in
one arm of the neutron interferometer is to add a gradient scalar phase since refraction is
miniscule. There is no similarity of function.

* The interference that is occurring between the paths of the neutrons in the two legs of the
neutron interferometer, unlike that of an optical holography experiment, is occurring due
to the much smaller wavelength of the neutron, typically on a sub-nanometer scale that
cannot be recorded. The "interference pattern" observed in the neutron interferometer is
really the overlap of two nanometer scale interference patterns by two branches (in each
leg) of the dispersion surface (see Section 2), which differ only slightly in wavevector. As
a result, it is really a Moiré pattern caused by the overlap that is recorded on a physically
observable scale.
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The paper is organized as follows: In Section 3 the dynamical theory of the Laue neutron
interferometer is described. It briefly summarizes the interaction of thermal neutrons with a
perfect crystal and within a perfect crystal neutron interferometer (Fig. 1). For all mathematical
details, see [19-26]. In Section 4 neutron OAM and holography are discussed. In Section
5 the calculation of interferograms and computer simulations are presented and in Section 6
conclusions are drawn.

Fig. 1. A Si single crystal neutron interferometer as was used in [27,28], length, height
and width were (67.8, 60.0, 60.0)[mm], each plate thickness = 4.46 mm, plate distances =
27.23 mm, (220) reflection lattice planes.

3. Neutron interferometry

For the interaction of a neutron wave with a perfect crystal lattice, described by the stationary
Schrédinger Equation, the wave function ¢(7) is assumed to have a periodic interaction with
6-function potentials V(7) [22]:

(V" + W) = 22 VWG

2 (D
Vo) = 20, 3 66 - 7o)
i

m

Here, k = 27” is the vacuum wave number, A = % is the wave length, m is the neutron mass, v
is the neutron velocity, 2 = 2rh is Planck’s constant, and b is the coherent scattering length.
7:j = (7; + 7;) is the vector of lattice position to elementary cell position 7; and to atom position 7;
in the cell under consideration.

The Equation above yields, in the case of dynamical Laue-diffraction, two independent
solutions, Y12 = wé’z + l,[/(l;’z, where “1” stands for the @ branch and “2” for the S branch,

respectively (Fig. 2). G is the reciprocal lattice vector. The rays for Laue diffraction in a perfect
lattice are shown in Fig. 2. That means, that waves stemming from the @ branch traveling in the
O and G directions are one solution of Eq. (1) and waves stemming from the § branch traveling
in the O and G directions are the other independent solution of Eq. (1). The waves from different
dispersion branches « and S (Fig. 2) can be collected into a forward beam and a diffracted beam.
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Behind the crystal the forward beam becomes

l//O(D) B Xzeikel D/cos(y) _ XleikezD/cos(y)
ve X - X

The diffracted beam behind the crystal is given by yg(D):

k
=vgy, with cos(y) = f 2)

'//G(D) B X, X [eikEID/COS(y) _ eikezD/cos('y)]
Ve X - X

eiG‘r =vg - eiG~r (3)

The following quantities are defined here: X;, = ul,z((_)}) Ju12(0), where u;(0) are the
amplitudes of the two wavefields in forward direction and ul’g(é) are the amplitudes of the two
wavefields in the diffracted direction, D is the crystal thickness, and ., defines the incoming plane
wave, of wavevector kK whose component normal to the surface is k. €] are the two excitation
errors of the two wave fields. That means that (ke ) and (ke;) are the differences between internal
wavevectors of the dispersion surfaces (@ and ) and the crossing points of ky and kg, which
are the vacuum wave vectors of the forward and the diffracted direction. vo and v are called
crystal functions. The waves in both the O and G directions are coherent sums of @ and 8 branch
contributions (see Fig. 2). The proof of these coherent properties was given by C.G. Shull in
1968, in which he demonstrated so-called neutron pendulum solutions using Laue reflections for
different wave lengths which can be explained only with the coherence of waves from the @ and
[ branch [27].

~

\o\c—branch /

Fig. 2. Dispersion surface for the Laue case diffraction, rays emerging from the a branch or

S branch into O and G directions are independent solutions of the Schrodinger Equation, i.e.
1,2 1.2 .

Y12 =¥, + 47, K are the wavevectors in the crystal.

Therefore, one can write ;> = wlo’z + zplG’z, where 1 and 2 denote the branches 1 = @ and
2 = B of the dispersion surface. Thus the corresponding intensities behind the crystal become

wa(mr sin®(A1y/1 +?)
= ) (4a)
Ve 1+ y2
2 ) 2
WO _ | st T+y) )
/) 1+ y2
where R
__k VO
te 2cos(y) E ©)

is proportional to the crystal thickness D, V(é) is the Fourier transform of V(7), E is the energy
of the neutron) and y ~ —2sin(®5)d®p denotes the deviation from the Bragg angle ®p. Each
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dispersion branch « and 8 generates waves in both the O and the G directions inside the crystal
as shown in Fig. 2

For neutron interferometry one has to determine wave functions for three successive Laue
diffractions as shown in Fig. 3. Behind the mirror crystal (M), the two rays converge and interfere
either before or within the third crystal plate (A). We can denote the upper path by () and the
lower one by (II). The coherent waves arising from Laue diffraction in all three crystals via path
I and path II belong to a scattering plane defined by the incident wave vector of the neutron wave
k and the reciprocal lattice vector G of the first crystal plate, here in the (x,y) - plane (Fig. 3).

z, Y

5 M A

O - direction

G - direction

N 050 ]
OB+ 50

Fig. 3. Rays in interferometer, S, M and A are the splitter plate, mirror plate and analyser
plate. . is the incident neutron wave. Angular deviations from 6g cause wave fields
belonging to @ and S branch of the dispersion surface (Fig. 2) and result in a spreading of
neutron flux known as the Borrmann-Delta (Fig. 4). (The thickness of the crystal plates is
increased so that the rays in the plates become more visible). Upper path is denoted by (1)
and lower path is denoted by (/7).

Following [22], behind the interferometer and depending from a phase shift y the intensity in
the O direction becomes (¥ = ¢

; 1
Io(x) = g + g ™ P = Slyol* [1+cos(x)] (©)

realizing that
Io(x) +16(x) = lyol* + [YGI* = const. @)

Thus I(y) is oscillating in opposite phase to Io(y).

For this approach we reduced the calculations to an (infinite thin) (x, y)- scattering plane
where coherent contributions of off-scattering planes are omitted. This is justified by an incident
Gaussian wave packet I'(k — ko):

2
Clk—k) = — L [_(k/ko—l) ]
(k — ko) 2rok’ T P 4(6k/k0)2]

1 . ®)
x.n) = 4= [ T(k—ko)- expli(kx — Q)] dk

where Q = hk?/(2m), (6k/kg) = oy and ko is the mean wave number. The mean square
deviation o (~ um) is about two orders of magnitude greater than o, (~ nm). Therefore a
one-dimensional wave packet is used. Another argument for a reduction of a three-dimensional
to a one-dimensional wave packet here is that any contribution due to out-of-plane scattering
would be registered in the same detector pixel (100 um X 100 um in [17]) as the contribution
originating from the scattering plane.
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Thus, any interference pattern can only arise from the one-to-one interference between the
wave from path I and the wave from path II (see Fig. 3), and it occurs exclusively within their
scattering plane, forming a ’pair of coherent beams’ [29]. Note, that there is only one neutron in
the interferometer at a time and only self-interference occurs.

Two other inherent effects of dynamic diffraction are characteristic of Laue crystal interferometry.
The first one is the angular amplification of the neutron flux in the Borrmann Delta (Fig. 4),
which arises from small deviations in the incident wave from the exact Bragg angle or from slight
variations in the incident wavelength. For neutrons with a wave length A and A1/1 <107 the
whole Borrmann Delta is always excited. If any other neutron is incident at exactly the same
direction but at a different wave length, the energy flow is split within the Borrmann Delta and
exits at "a" (O*<a<A) and "b", (O*<b<B) as seen in Fig. 4 [23,30].

z Y

Fig. 4. A _neutron beam incident at the Bragg angle @ is coherently split into the forward

direction OA (O-beam) and the diffraction direction OB (G-beam), just as waves from "a
and "b". OAB is called the Borrmann Delta.

The second inherent effect in neutron interferometry is the magnification of any interference
pattern due to Moiré imaging [31]. The Laue solution for a plane crystal plate results in a standing
wave pattern behind the first crystal plate (i.e., the interferometer beam splitter S) creating two
coherent waves each, both in direction O and in G. (Fig. 3, Fig. 4). From the middle crystal plate
(M, mirror) two waves converge again due to Laue-diffraction and overlap in front (or in) the
third crystal plate (A, analyser) and form an interference pattern whose shape depends on the
optical path difference between path I and path II. The resulting fringe pattern still has the same
fringe spacing as the Bragg planes on a sub nanometer scale [31]. This fringe pattern excites
wave fields in the analyser crystal A and, through the superposition of the Bragg planes of the
analyzer crystal A, it produces a pattern with infinitely magnified fringe spacing when the fringe
spacing equals the lattice spacing, in reality typically by a factor of 107 - 103 compared to the
original interference pattern’s fringe spacing.

Thus the detected intensity pattern is not periodic in the actual wavelength of the neutrons,
which would not, in fact, be observable. The magnification occurs in the scattering plane only,
since the standing interference pattern behind each crystal plate is always parallel to the reflecting
lattice {x,y} planes. By shifting the third crystal plate (A) parallel to (é ) by half a crystal
lattice spacing relative to the interference pattern, the Moiré pattern changes, from maximum to
minimum. The magnification, in addition to proving the correctness of the dynamical theory for
the entire interferometer, enables measurements of displacements on an Angstrom scale [31]
which are visible on a length scale that is vastly expanded.
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At this point, it is useful to compare a Mach-Zender light interferometer with a crystal
interferometer of the MZ type, which appears to share some similarities in geometry. In both
systems, the phase of one or both paths can be manipulated relative to the other. This manipulation
is achieved by a phase-shifting object, which is characterized by a so-called A-thickness D,. D, is
the thickness of a material that shifts the phase of the wave by 2x. For neutrons D, = 27/(Nb ),
(b, is the neutron coherent scattering length, N is the number of atoms/unit volume, A is the
neutron wave length).

An MZ light interferometer accepts radiation from nearly all angles of incidence, allowing
these to contribute to the interference. As a result, interference can always be observed, provided
that the optical path lengths in arms I and II coincide within the longitudinal coherence of the
source. The final interference pattern can be observed directly. The Laue diffraction version of
this interferometer only accepts and transmits neutrons in an extremely narrow angular range
about the Bragg angle. Each neutron produces two solutions in each leg of the interferometer,
resulting in a complicated wavefield at the output. Furthermore, the interference pattern observed
is not, in fact, periodic in the wavelength of the neutrons but is a Moiré pattern highly magnified in
one dimension along the scattering plane. These differences between an MZ light interferometer
and a crystal interferometer will indicate impediments to true neutron holography.

4. Coherence, neutron OAM, and holography

Perfectly helical wave fronts imply complete radial spatial coherence across the beam cross-
section, a condition for orbital angular momentum [6,7,10,11]. The coherence of the incident
light beam in an optical MZ interferometer is determined by the source (e.g., a laser) before
entering the interferometer. Because of the bosonic character of laser photons, the entire beam
can be considered to have transverse coherence, so the presence of a phase device (i.e. a spiral
phase plate, SPP) can create an orbital angular momentum state that is the diameter of the entire
beam. However, it has been demonstrated that as the transverse coherence of the laser beam is
reduced to a diameter much smaller than the dimensions of the spiral phase plate, the transmitted
photons are no longer in OAM states but trace out small individual areas of the phase plate so
that the integrated image appears unchanged [32].

Because of the fermionic character of the neutrons, the transverse coherence is limited to
what is achievable with a single wave packet and does not extend beyond that. In this sense, the
azimuthal phase is imposed only on those neutrons (wave packets) that lie within their transverse
coherence from the spiral axis of the phase plate. [9]

In contrast to the coherence properties of laser beams used in optical OAM experiments,
neutron beams have small and sometimes different coherence lengths in the two transverse
directions, typically of the order of nanometers to micrometers, as well as low intensity. Detailed
experiments concerning effective transverse coherence of neutrons can be found e.g. in [22,33].
In small-angle neutron scattering (SANS), axis-symmetric beam collimation ensures that the
lateral coherence lengths are equal, so that homogeneous illumination of particles from nanometer
to as large as micrometer dimensions is guaranteed. Recently, the first experiments involving
small-angle neutron scattering and neutron orbital angular momentum states have been reported
[34].

However, it is different in perfect crystal diffraction because only one lateral coherence length
comes into play, which lies in the scattering plane, i.e. parallel to the x-axis and parallel to
the crystal surface (Fig. 4). This was demonstrated, for instance, by slit diffraction [35] and
phase grating experiments performed with a high-angle resolution double crystal diffractometer
where a lateral coherence length o, of up to 100 um could be achieved [36-38]. Measurable,
coherent contributions from scattered waves outside the scattering plane were not detected. This
is obvious, because the lateral coherence lengths o = o ; differ considerably, i.e. o, < oy [22].
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In the Laue crystal interferometer, the transverse coherence properties are determined by
both the preparation of the incident neutron beam and the Laue reflections occurring in the
three crystals. Only a region near the axis of a phase plate between approximately 60 nm and a
few micrometers, corresponding to radially different lateral coherence lengths in x and y of the
neutron wave packet, as created in the crystal interferometer, could be effective.

Therefore, the assumption for the transverse wave function i,

(-x9)> +(-y0)*

Y = Qra?) e a0 )

in [17], (this paper z = y) where the coherence lengths, o, = 0, = 0 were set equal, cannot be
correctly assumed. The coherence lengths in the crystal neutron interferometer that was employed
have been measured to differ by about two orders of magnitude: o, ~ 80nm < o ~ Sum, see
e.g. [39].

We consider the validity of the Fresnel diffraction condition as required if the neutron case
described in [17] is a genuine analog of the optical holography as demonstrated by Uptanieks in
[18] (see Fig. 5). There, an incident monochromatic wavefront was split into an object beam
and a reference beam using wave front splitting. A prism in the reference beam deviates this
portion of the beam and superimposes it at a distance y with the object beam, which itself creates
a Fresnel diffraction pattern: "The superposition of the reference and object beams results in a
fringe pattern that is overlaid on the Fresnel diffraction pattern of the object and a photographic
plate records the resultant pattern, thereby producing the hologram" [18]. The function of the
wedge was to deviate the beam, so that it served to imprint location-dependent phase information
using the interference pattern with the object beam. In [17], it was attempted to realize this
experiment (off-axis method of optical holography) with a neutron crystal interferometer, using a
wedge and an SPP as object, indicated in Fig. 6.

Reference beam ‘
»

o

N«

W

=

—_—

=

»
»

Object beam

S~ Incident coherent wave y

Fig. 5. The experimental setup by Leith and Upatnieks is similar to that shown in Fig. 1 of
[18], where a wedge was placed in the reference beam and a transparent image in the object
beam. In [17], a refraction wedge was also used in the reference beam, with an SPP serving
as the object in the object beam. The coherent superposition of the optical wavefronts
modulated by the refractive wedge and the SPP yields a fork-like interference pattern.

Off-axis optical holography, as used in [18] (here Fig. 5), splits a coherent beam (via wavefront
division) into an object beam, which illuminates the object, and a reference beam. Using a
neutron interferometer, the first crystal plate splits the incoming beam into two coherent partial
beams (via amplitude splitting) by Laue diffraction (see Fig. 7). The SPP was placed in one beam
path, the wedge was in the other beam path, assumed to serve as the reference beam, similar to
the setup in the Leith-Upatnieks experiment (Fig. 1 in [18], here Fig. 5). But there, the wedge
was used to deviate the reference beam in order to be superimposed with the object beam (see
Fig. 5) and it served also to imprint location-dependent phase information on the interference
pattern of the object beam as cited above. This requires the superposition of both beams, spatially
resolved on the photo-plate (2D detector).
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Fig. 6. The wedge and spiral phase plate (SPP), as used as phase-shifting elements in the
neutron interferometer in [17]. p is the sampling parameter for parallel scanning in the (x, y)
plane in the direction normal to (cos(:?), sin(:})), see also Eq. (10b).

O - direction

Y

P Sakte
A K @b

Z

G - direction

Fig. 7. Rays and phase objects in the neutron interferometer as given in [17]: The SPP
(red object) was placed in the lower beam path and the wedge in the upper one. Their
transmitted waves interfere with each other in front of or in the analyzer crystal (A) and form
an interference pattern which, when superimposed on the crystal lattice of (A), produces
a Moiré pattern. Note, that the depicted interferograms in O- and G-direction have been
calculated with the SPP and the vertical wedge positioned as shown in Fig. 8



Research Article Vol. 33, No. 20/6 Oct 2025/ Optics Express 42394 |

Optics EXPRESS : N

O - direction

G - direction

Fig. 8. Interference pattern with wedge and SPP, y is the minimum distance of both phase
objects from the analyzer crystal. Beam geometry when the wedge and the SPP (red object)
are closest to the analyzer crystal (A). y is chosen to be the minimum possible distance of
the phase objects from (A), resulting in a Fresnel number F = 0.868, if a coherent area

at=4 ,urn2 is assumed. Note the complementary pattern of O - and G - beam.

The Fresnel diffraction by the object modulates the fringe pattern of the wedge. Therefore, the
wedge as used in [17] did not have the same function as in the Leith-Upatnieks experiment for
several reasons:

First, in the case of a neutron interferometer, the so-called ’reference beam’ does not have to
be deflected in order to be superimposed with the ’object beam’, because the diffraction at the
second plate (mirror M) automatically deflects the beam toward the third crystal plate.

Second, the wedge used (and calculated) in [17] was positioned as in Fig. 6, which deflected
the ray upwards (or downwards) by approx. 5 - 10~ 7rad, and not as shown in Fig. 1(b) in [17], i.e.
the wavefront would be deflected in the wrong direction, and not as the interference patterns
show. Consequently, the wavefront deviation in [17] caused by the wedge had no measurable
influence on the observed interference pattern for simple geometrical reasons. With a pixel
size of 100 um X 100 um, each wavefront deviation hit the same detector pixel. In the neutron
interferometer, the wedge merely served as an additional phase shift element.

In holography, the observed pattern results from the superposition of the Fresnel diffraction or
Fraunhofer diffraction from the object and the interference pattern generated by the reference
beam. Fresnel diffraction or near field diffraction of an object requires its monochromatic
(spatially) coherent illumination [40]. Near-field diffraction can be characterized by F, the
so-called Fresnel number, and curved wave fronts with 6 ~ a/y, where @ is the angle made by the
wave from the aperture "a’ (i.e. the source of coherent radiation) and y is the short distance of the
object from the screen (or two-dimensional detector). In order to distinguish Fresnel diffraction
from Fraunhofer diffraction, the so-called Fresnel number F = %
F ~ 1 (or F > 1), with A being the wavelength of the incident beam.

For the experiment in [17] the Fresnel number F' can be estimated as follows. Using Fig. 1(b)
in [17] the SPP was placed in the neutron interferometer between crystal plates (S) and (M), much
more than 5 cm from crystal plate (A) (see (Fig. 7). The crystal plate (A) is the closest entity
that interacts with the interference pattern. Assuming an unrealistically maximum coherent area
a* = 4 um? [45], a neutron wavelength 2 = 2.71 - 1071 m, a SPP diameter 15 mm and y at least
5 cm apart from the crystal plate A, one produces a Fresnel number F' = 0.295. However, in the

must satisfy the condition
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neutron interferometer used, the minimum possible distance y is limited as ypi, = 17 mm (see
Fig. 8), which is the minimum distance that the SPP and the wedge can maintain from analyzer
plate (A) without their interference patterns overlapping. With the unrealistically large coherent
area of 4 um?, this yields a Fresnel number F = 0.868, which would suggest the possibility of
Fresnel diffraction.

As mentioned above in the experiments in [17] the wedge was positioned vertically, not as
shown in Fig. 1(b) in [17]. The measured and calculated fringe pattern there in Fig. 3(b) in
[17] cannot be caused by a horizontal wedge. The resulting interference pattern in O - and G -
direction would look as shown in Fig. 7, details of the calculated interference pattern are shown
in Fig. 8.

5. Calculation of interferograms and computer simulations

In a neutron interferometer, the wave packet is highly asymmetrical, allowing Eq. (8) to be used
for simulating the interference patterns. Another assumption can be made due to the small value
of oy (a few um) in comparison to the detector resolution of 100 wm in the x-direction. This
discrepancy causes the interference effects to be effectively canceled at each detector pixel. The
same applies to o, particularly because o, < oy and 0, < 100 um. This significantly simplifies
the overall calculations. We calculated the two-dimensional phase front of the SPP which was
placed in one (lower) beam path (II) and two-dimensional phase front of the wedge (WE) in
the other (upper) beam path (I) using the Radon transform RT [41] for the angle of incidence
¥ =90, i.e. perpendicular to the SPP and to the wedge (Fig. 7).

Each phase object (see Fig. 6) was divided into N slices in z-direction, i.e. the RT{SPP} and
RT{WE?} which provides the spatially dependent transmission lengths of each partial beam in the
y-direction of all (x, y)-planes (Fig. 9).

Fig. 9. Each phase object was divided into N slices parallel to the {x, y} plane, zpy. The line
at the bottom shows the addition of patterns. p is the sampling parameter, see Fig. 6 and
Eq. (10b).

For each slice WE; and SPP_, the corresponding Radon Tranform was calculated as

RT{SPP.}(p,?) = / / SPP.(x,y) - 6 dxdy (10a)

—00 —00
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RT{WE_}(p, ) = / / WEz(x,y) - § dx dy

—00 —00

(10b)
with 6 = 6[p — xcos(}) — y - sin()]

Here p denotes the sampling parameter for parallel scanning in the (x, y) plane in the direction
normal to (cos(#), sin(#)).

Finally, the RT{SPP} and WE{SPP} were scaled by the refractive index of the SPP and WE
material (Al), resulting in a 2-d phase front behind the SPP and WE. These phase modulated
partial waves from path I and path II interfere in front of or in the crystal (A) form with excited
wave fields of (A) a Moiré-pattern [31,42].

For the calculation of the interference pattern we used the same formula as used in neutron
interferometry [22] and thus Eq.(2) in [17], however without the g¢ term in the cosine function:

I(u,v) < cos [¢0 + 2n(Dspp(u, v)—Dwg(u, v))] (11)

Here I(u, v) denotes the two-dimensional intensity distribution that would be measured by a
position sensitive neutron detector with detector plane being normal to the O-beam and in the
(x, 2)-plane (see Fig. 3), ¢y is the phase of the partial wave, which can be tuned with a phase flag
(as was used in [12], Fig. 1), Dssp(u, v) and Dwg(u, v) are the position dependent thicknesses
at the point, where the neutron wave transmits the SPP and WE, scaled by D,. We therefore
calculate the point-to-point interference of partial waves I and II using Eq. (11), assuming both
path length I and II of equal lengths. One can assume some difference in optical path lengths
and a certain lateral coherence length o, and longitudinal coherence length oy, which allows for
superposition of the partial waves.

Our formula Eq. (11) differs from Eq. (12)), i.e. Eq. (2) in [17], where a beam with orbital
angular momentum (OAM) of /A, with [ = g, was assumed, corresponding to a topological charge
of the object beam:

d d
I://|‘Pr+‘I’o|2dx'dy' = A + Bcos(ky — q¢ + ) (12)
0 0

In [17] d was the beam size, and d > o, and A and B experimental constants, 6 ~ ¢ in
Eq. (11).

Taking into account the negligible vertical coherence length o, the resulting two-dimensional
interference pattern can be constructed by stacking the interference images corresponding to each
(x, y) position. In order to compare our simulations with the experimental interference pattern
of [17], we used the resolution of the neutron detector as discretization parameter in the (x, z) -
plane (100 ym x 100 um) All calculations have been performed with MATLAB [43].

The results are shown in Fig. 10 and are identical to the images in Fig. 11 (Fig. 2 of [17]). Any
rotations between the simulations are due to a constant phase shift to the entire beam that may
not have been included. For a similar reason, the only difference in our simulations is the case
where L = 0 (g = 0), when both partial beams are empty. This discrepancy arises because we
used the camera position from Fig. 1(b) in [17] for our calculations. The simulation for g = 0 in
[17] is valid only if the imaging camera is positioned at the location of the integration counter.

In the following, we present calculations using Eq. (3) from [17], which can also be found in
[44]. For h(x,y), we use our interference patterns for L = 0 and 2 from Fig. 10. Eq. (3) from [17]
is given as

T(v, ) = e ™0™ {h(x, ¥) - exp(—== (e + y2>} (13)
Ad Ad
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Fig. 10. Upper row: Interference pattern of spiral phase plates, only; bottom row:
interference pattern from spiral phase plate and phase wedge, L is the number of SPP in the
interferometer, all images were calculated using Eq. (11), also given in [22].

Fig. 11. Simulation given in [17], Fig. 2, p 22532 (reprinted with permission from ©
Optical Society of America). Comparing with our simulations of Fig. 10 the only difference
is in the case where L= 0, which differs from the image for q = 0, see text.

To calculate I'(v, u), we used the discrete Fresnel transform described in [44]:

m2 }’l2
—inAd +
N2 . Ax2 Nszz

I'(m,n) =ﬁ exp
N- .
X 33" (k. Iexp [—% (szxZ + 12Ay2)

N N

[, (km ln)
xexp |2n|— + —

withm=0,1,...,N-1,n=0,1,.... N-1,Ax=1,Ay=1,N = 100 and A d = 70 mm?.

With the discrete form of Eq. (13) from [44], Eq. (14), the intensity |T'|> and the phase
tan~!(J(I")/R(T")) of the interferograms L = 0 and L = 2 of Fig. 10 were calculated. Using the
rescaled variables &€ = v - Ad and n = u - Ad (see Eq. (13)) it is not surprising to get (nearly) the
same results (see Fig. 12).

Our results (b) and (d) and the corresponding images from [17], (a) and (c), are shown in
Fig. 12 for comparison. The reconstructed intensities for 1 = 0 and 1 = 2 are differentto L = 0
and L = 2, however, the phases of the upper and lower satellites are similar in (a) and (b), as
well as in (c) and (d) (Fig. 12). This behavior is expected, as the interference pattern is not a
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Fig. 12. First Column: Reconstructed intensity and phase images for / = 0 (a) and [ = 2
(c) given in [17], Fig. 4, p 22534, (reprinted with permission from © Optical Society of
America). Second Column: Corresponding reconstructed intensity and phase images for
L =0 (b) and L = 2 (d), based on calculated interferograms as shown in Fig. 10. In both
cases Eq. (14) was used for the reconstruction.

result of Fresnel scattering, which is a prerequisite for holographic recordings. Fresnel scattering
describes wave propagation in the near field, which was not the case in the experiments [17].

6. Conclusions

In this article, we have discussed that the interference patterns described in [17] as neutron
hologram should be interpreted as normal interference patterns for several reasons:

(a) Each interference pattern recorded with a Mach-Zehnder (MZ) type crystal interferometer
is measured as a simple scalar phase image of ordinary neutrons. This occurs because, first, the
lateral coherence lengths are far too small and, second, they differ by two orders of magnitude.
The observed pattern represents point-to-point interference between the two partial beams, I and
1L

(b) The realization of an MZ interferometer for neutrons is always associated with a Moiré
pattern by virtue of dynamical diffraction in the Laue geometry. The phase-shifted waves of
partial beams I and II generate an interference pattern that is superimposed on the reflection
plane (and only on the reflection plane) of the analyzer crystal, producing a Moiré effect.

(c) The conditions for neutron holography presented in [17] are not met. A certain coherence
is important for holography, which makes it possible for an object beam and a reference beam
to interfere and generate an interference pattern that contains both intensity and phase. The
holography of a spiral phase plate, as used in [17], requires coherent illumination to achieve
superposition with the reference beam. The condition to be met is, that the so-called Fresnel
number F' ~ 1. We have shown that, even with the optimal (unrealistic) configuration of the wedge
and object in the interferometer, the condition for holography is not fulfilled in experimental
reality.
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(d) In terms of spatial resolution, the detector must have sufficient spatial resolution to accurately
detect the fine interference fringes caused by the interaction of object and reference waves, which
is definitely not the case in [17]. e) Any scattering - such as small angle scattering, Fresnel or
Fraunhofer diffraction - by objects in one beam path of a crystal neutron interferometer destroys
phase coherence with the other beam path. In contrast, a Mach-Zehnder light interferometer
can still exhibit interference even when an object in one beam path scatters the light coherently.
Therefore, concepts like neutron holography, which rely on diffractive elements within the crystal
interferometer, lack any physical basis.

Finally, we want to carry out a short calculation to check whether a neutron OAM can be
detected at all with a neutron interferometer as published in [17]. Since the azimuthal phase
is imposed only on neutron wave packets within a maximum of one coherence length from
the spiral axis, we make the unrealistic assumption that o, = o, = 1 um (noting that in reality
o ~ 0.05 um), and consider a 50 fold higher neutron flux in the interferometer (as was in [17]),
103 n/cm?s. In this case, only 4 - 5 neutron wave packets would get a spiral wave front in 100
hours of experiment time and generate a neutron angular momentum. With the neutron counting
rate of 20 neutrons/cm?s as reported in [17], it is impossible to detect the neutron orbital angular
momentum. The patterns described in [17] can only be explained as classical point-to-point
neutron interferences of neutron waves via path (I) and path (IT). The question is whether one can
derive an orbital angular momentum (OAM) with characteristic topological charges from the
ordinary interference patterns measured there.

To summarize, we are strongly convinced that the neutron interference patterns published in
[17] cannot be considered neutron holograms. There are simply too many physical arguments
against this interpretation: the crystal neutron interferometer is incorrectly treated as a Mach-
Zehnder light interferometer, the lateral coherence lengths differ by approximately two orders
of magnitude and are too small and any scattering - such as Fresnel or Fraunhofer diffraction
on objects in a crystal neutron interferometer - destroys the phase coherence with the other
beam. Therefore, concepts such as neutron holography, which rely on diffractive elements in the
interferometer, have no physical basis.
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