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Abstract: We use a Mach-Zehnder interferometer to perform neutron holography of a spiral
phase plate. The object beam passes through a spiral phase plate, acquiring the phase twist
characteristic of orbital angular momentum states. The reference beam passes through a fused
silica prism, acquiring a linear phase gradient. The resulting hologram is a fork dislocation image,
which could be used to reconstruct neutron beams with various orbital angular momenta. This
work paves the way for novel applications of neutron holography, diffraction and imaging.
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1. Introduction

Holography was introduced by Dennis Gabor in 1948 [1], who showed that a far-field electron
micrograph of an object could be used to make a transmission mask that allows the object to
be reconstructed with visible light. Due to subsequent advances in the brightness of electron
sources and, notably, the development of techniques for numerical reconstruction [2], holography
has since become a significant branch of electron microscopy [3]. Atomic-resolution neutron
holography has been demonstrated and applied to the determination of crystal structures [4—6].
The advent of coherent laser light sources in the 1960s made all-optical holography practical [7,8],
to a degree that optical security holograms are now routinely printed on many paper currencies,
credit cards, and identification documents [9, 10]. Holography remains a vibrant field of research
in imaging science, as shown by numerous recent research papers [11-17].

Here we report the first demonstration of holography using neutron beams and macroscopic
optical elements. Although deployed in a neutron interferometer (NI) with a Mach-Zehnder
configuration [ 18], our method is a simple adaptation of the two-beam wedge technique introduced
by Leith and Upatnieks [7, 8], and we discuss it using the conventional terminology of object,
reference and reconstruction beams.

Our object is a spiral phase plate (SPP) that we previously used to impart orbital angular
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momentum (OAM) to neutron waves [19]. In this respect our experiment is a neutron analogue of
the holography of braided optical fibers performed by Bazhenov, Vasnetsov and Soskin [20]. Our
neutron holograms resemble the fork dislocation gratings synthesized by them and by Heckenberg,
et al. [22], which have since been used to transfer angular momentum to small particles, [21]
atoms, [23], electrons [24,25] and light [26]. Digital reconstruction of this hologram provides
information about the phase generated by the SPP, which should be useful in the design of the
next generation of neutron OAM experiments [27].

Holography provides a direct connection between the refractive and diffractive mechanism of
OAM imprinting of particles and waves. This first demonstration of neutron holography of a
macroscopic object suggests that the complex grating methods used to produce OAM, Bessel,
and Airy beams for light and electrons [28-30] may also be extended to neutrons.

2. Schematic of neutron holography

We use a NI to effect the coherent superposition of an object beam and a reference beam. As
shown in Fig. 1(b), our object beam consists of neutrons that have passed through an aluminum
SPP in one arm of the NI. The SPP imprints a spatially-varying phase of g¢ upon the neutron
input beam, where ¢ is the topological charge of the SPP [27] and ¢ is the azimuthal angular
coordinate on the neutron wavefront, with coordinate origin being the center of the SPP surface.
The other arm of the NI provides the reference beam. The holographic image is constructed
from the interferogram of object and reference beams, as recorded by a neutron sensitive digital
camera. When no optical device is present in the reference arm, this interferogram displays the
topological charge of the object beam, which is the same as that of a beam with orbital angular
momentum (OAM) of ¢7, where ¢ = g [19]. By placing a prism into the reference beam we
introduce a linear gradient which effectively tilts the wavefronts [31,32].

The experiment is an expectation valued measurement over many events, each of which
involves only a single neutron. In optics one would manipulate fully coherent beams and in the
neutron case where an interferometer is used the coherence need only be larger than the deviation
due to the prism and the object. There is no advantage in the neutron case in having the coherence
beyond that because there is one neutron at a time in the interferometer and the hologram is built
up from an incoherent superposition of many events. The neutron coherence length is a function
of the beam momentum spread, and in our experimental setup it is on the order of microns, while
the incident neutron beam is several millimeters in size, and the deviation due to the SPP and the
prisms is on the order of nanometers. Hence the coherence length we use captures the physics
needed to perform holography. We have combined neutron interferometery with holography and
an appropriate coherence length must be used as the modification of the neutron coherence is
extremely difficult and time consuming [18].

The transverse wavefunction of the incoming neutron wavepacket, which is centered at an
arbitrary position (xg, yo) in the beam, can be taken to be:

W, = (o) e (M
where oy = o, = o is the coherence length. After the first NI blade there is a coherent
superposition of the two paths inside the interferometer. The wavefunction of the object beam
(¥,) acquires a e~'9? term due to the SPP and the wavefunction of the reference beam (¥, )
acquires a e~*X¥ term due to the prism; where k is proportional to the spatial gradient due to
the prism, and y is the vertical coordinate in the plane of the image, as indicated in Fig. 1(b).
In addition, there is an intrinsic phase 6 between the two paths. The last NI blade coherently
combines the two paths and the intensity at the camera is then given by:
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Fig. 1. (a) The oft-axis method of optical holography of semitransparent objects introduced
by Leith and Upatnieks. The object here is a continuous-tone transparency; its hologram was
recorded on a photographic plate. Redrawn from figures of [8]: the object shown here is
actually the holographic reconstruction of the original object, said to be a good facsimile
of the original. (b) An artistic depiction of the neutron holography experiment. A neutron
enters a single-crystal silicon Mach-Zehnder neutron interferometer (NI) and is separated
into two paths by the left beamsplitter (BS). A spiral phase plate (SPP) with q = 2 is placed
in the lower path, generating the object beam; a prism tilts the wavefront of the upper path to
provide the reference beam. Object and reference beams are reflected at the central BS, and
are coherently combined at the right BS. One of the output beams of the right BS is sent to
an imaging detector, the other to an integrating counter that serves as an intensity monitor.
Note that the experiment is an expectation valued measurement over many events, each of
which involves only a single neutron. That is, there is one neutron at a time in the NI and the
hologram is build up from an incoherent superposition of many events.

d d
I= f f ¥, + ¥, > dxodyy = A + Bcos(ky — g¢ + 0), )
0 0

where d is the beam size, and d >> o; and A and B are experimental constants which are
ideally equal to 1/2. The intensity profile is equivalent to what is obtained with a fully coherent
beam [22]. Figure 2(a) displays the calculated interferograms when only the SPP is present in the
NI, and Fig. 2(b) shows the interferograms when both the SPP and the prism are present. The
embedded video (Visualization 1) shows the data of Fig. 2(b) as a continuous function of the
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topological charge g. We complete the holographic process by applying digital reconstructions
to the measured forked dislocation structures, showing that they yield the phase and intensity
profiles associated with the SPP.

g=2

g=1
—_—
L —
——
—_—

A

N <y

g=2
A—
S —
Fig. 2. Simulation of the intensity profiles at the 2D detector for SPPs with topological
charges of ¢ = 0, 1,2, 3 in the object beam, and (a) no prism in the reference beam, and (b) a
prism in the reference beam. The linked video (Visualization 1) shows the intensity profile
as a continuous function of the topological charge ¢. Fractional values of g correspond to

admixtures of orbital angular momentum states with various integer values of £. Note that
the successive fork dislocations unfold as g passes through integer values.

3. Experimental method

The experiment was performed at the Neutron Interferometry and Optics Facility (NIOF) at the
National Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR) [33].
Neutrons generated by a 20 MW nuclear research reactor are cooled via a liquid hydrogen
moderator, and pass through a system of beamlines to experimental stations. A monochromator at
the NIOF beamline is used to select neutrons with energies around 11 meV, corresponding to a de
Broglie wavelength of A1gg = 0.271 nm. This cold neutron beam is incident on the NI, which is
an example of the devices discussed in [18,33]. The NI was made using a single ingot of silicon
machined so that it has three blades supported by a common base. The common base insures
sub-arcsecond alignment between the crystal blades. Neutrons entering the interferometer are
Bragg diffracted by the (111) lattice planes of the crystal blades forming two spatially separate
paths. Phase differences between these two paths cause interference in the last blade of the
interferometer. This interference is then detected using either a fully integrating *He proportional
counter or a neutron-sensitive imaging camera.

An aluminum SPP with g = 2 was placed in the object beam. The construction of the SPP
is described by Clark, et al. [19]. We note here that the SPP was made with a standard milling
machine cutting a spiral staircase into the surface of a segment of aluminum dowel. A topological
charge ¢ = 2 is obtained with a staircase with a total vertical descent of 224 um, which is
~ 10° x A4p. Those experienced in optical design for visible light may find it surprising that
the mechanical figure of an optical component need only be controlled within a few thousand
multiples of the operational wavelength. This is possible with neutrons, since neutron indices of
refraction for most materials differ from unity by a few parts per million.

In the reference beam a vertical linear gradient was introduced by using two identical fused
silica optical wedges [31] arranged back-to-back. These wedges had a 6° angle and each could
be rotated independently a full rotation of 2xr. Note that any non-gradient phase shift inside the
interferometer would only shift the pattern at the camera.
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In our experiments, the integrating counter was used to measure the average rate of neutrons
exiting the interferometer, which was about » = 20 s~!. This rate determines an average time
interval T = 1/r = 50 ms between detection of successive neutrons. Since the distance of the NI
from the reactor is 30 m, and the neutron velocity is 1,460 m/s it takes 20 ms for a neutron to
travel from the reactor to the NI. Thus, just after one neutron has been detected, the next neutron
to be detected has not yet been produced by the reactor. The interference fringes that are seen in
our data are truly those of neutrons interfering with themselves.

For the images depicted in Fig. 3, the wedges were adjusted to give a theoretical linear
phase gradient of 3.4 rad/mm. Reactor fluctuations were monitored using the 3He detector. The
interferograms were recorded on a neutron-sensitive digital camera [6] that has an active area of
25 mm diameter and a spatial resolution of 100 um [34]. The neutron quantum efficiency of the
camera is 18 % and individual images were taken in 28-hour runs. The average of three images
was used for analysis.

4. Results

Figure 3 depicts interferograms for four different configurations. Figure 3(a) shows the grayscale
intensity profile obtained with an empty interferometer. It can be seen that the input beam is
nonuniform. Figure 3(b) shows the experimental and simulated interferograms for the case in
which only the prism is placed in the reference beam of the interferometer. The number of fringes
in the simulated interferogram are in agreement with the measured image. Figure 3(c) shows the
interferogram when only the SPP is present in the object beam. It is necessary to add a horizontal
gradient of 0.3 rad/mm to the simulation for Figs. 3(a) and 3(b) to reproduce the measured figures.
This horizontal gradient might explain the nonuniformity of Fig. 3(a) as well. Figure 3(d) shows
the hologram obtained when the prism is placed in the reference beam and the SPP is placed in
the object beam. The expected fork grating pattern is recognizable in this hologram.

Prisms Only

a) Empty

Hol h!
Interferomer olography

p——
——

——
E——

—
R —

SPP Only

5 10 15
mm
Fig. 3. Measured and simulated interferograms at the 2D detectors for the ¢ = 2 SPP
and 6° fused silica prism independently, as well as when both are placed in the neutron
interferometer to produce the pitch fork pattern. It is necessary to add a horizontal gradient
of 0.3 rad/mm to the simulation to reproduce the measured images.

Figure 4 shows the numerical reconstruction [2] of the experimental images shown in Figs. 3(b)
and 3(d). The reconstruction was obtained by computing the Fresnel-Kirchhoff diffraction integral
in the Fresnel limit for Ad = 70 mm? using the expression:
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Fig. 4. Intensity and phase profiles of the computed hologram reconstruction for the measured
images in Fig. 3(b) corresponding to no SPP in the object beam; and Fig. 3(d) corresponding
to a ¢ = 2 SPP being in the object beam. Note that the phase range is from —n/2 to
7/2, which is why we see four arms instead of two as seen on Fig. 2(a), where the range
is from —x to m. The images are interpolated, and show the central 20x48 array of the
numerical reconstruction. The mask for the phase plots is included for clarity. The linked
video (Visualization 2) shows the two-dimensional intensity as a continuous function of the
parameter Ad, and the linked video (Visualization 3) shows the phase profile with the overall
phase in the reconstruction plane varied.

PO ) = 22 T OF vy exp (~i25 (2 +97) ) 3

where A is the wavelength of the virtual wave illuminating the hologram; d is the distance between
the hologram and the reconstruction plane; # is the Fourier transform; x and y are the hologram
coordinates; /(x, y) is the obtained hologram image; and v and u are the normalized forms of
image reconstruction coordinates (&, 17), such that (v, u) = (£,17)/(Ad). The Fourier transform
was computed using the Fast Fourier Transform algorithm. The reconstructed intensity, |I'|%, and
the phase, tan~! (Im[T']/Re[I']), were then computed.

For the hologram, it can be seen from the uniform intensity distribution that the zero diffraction
order corresponds to £ = 0, while the first diffraction order displays the doughnut profile
indicative of a beam carrying OAM. By plotting the reconstructed phase we confirm that the first
diffraction beams correspond to beams with £ = 2 as expected. Note that the spherical phase
outside the Fourier transform was dropped in the Eqn. (3) reconstruction integral in order to
look down the diffracted OAM beam paths and not along the reconstruction plane normal. The
two linked videos show the two-dimensional intensity with the variable Ad increasing with time
(Visualization 2) and the phase profile as a function of the overall phase in the reconstruction plane
(Visualization 3). As the value of Ad increases, we see the formation of first-order diffraction

peaks with doughnut-shaped intensity profiles, corresponding to orbital angular momentum
{=2.

5. Conclusion

Using a neutron interferometer, we have for the first time demonstrated digitally recorded neutron
holography of a macroscopic object: a spiral phase plate. Numerical reconstruction of the
recorded hologram reveals the variation of neutron phase over the surface of that plate. This
method provides a new tool for interferometric testing of neutron optics and the characterization
of coherence of neutron beams. It offers an extension of coherent phase control techniques to
applications in neutron radiography and imaging, which are uniquely useful in the analysis of
buried interfaces [6,35].
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