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Small-angle scattering interferometry with
neutron orbital angular momentum states

Dusan Sarenac 1,2 , Melissa E. Henderson2,3,4, Huseyin Ekinci 2,3,
Charles W. Clark 5, David G. Cory2,6, Lisa DeBeer-Schmitt 4,
Michael G. Huber 7, Owen Lailey 2,3, Jonathan S. White 8,
Kirill Zhernenkov9 & Dmitry A. Pushin 2,3

Methods to prepare and characterize neutron helical waves carrying orbital
angular momentum (OAM) were recently demonstrated at small-angle neu-
tron scattering (SANS) facilities. These methods enable access to the neutron
orbital degree of freedom which provides new avenues of exploration in
fundamental science experiments as well as in material characterization
applications. However, it remains a challenge to recover phase profiles from
SANS measurements. We introduce and demonstrate a novel neutron inter-
ferometry technique for extracting phase information that is typically lost in
SANS measurements. An array of reference beams, with complementary
structured phase profiles, are put into a coherent superposition with the array
of object beams, thereby manifesting the phase information in the far-field
intensity profile. We demonstrate this by resolving petal-structure signatures
of helical wave interference for the first time: an implementation of the long-
sought recovery of phase information from small-angle scattering
measurements.

Small-angle neutron scattering (SANS) is a versatile technique that is
used to probe the nanoscale structure and dynamics ofmaterials such
as polymers, biomolecules, magnetic nanoparticles, porous media,
and metal–organic frameworks1–7. Applications of SANS include
studying self-assembly, phase diagrams, interactions of soft matter
systems, investigating the magnetic properties and functionalization
of nanomaterials, and combining SANSwith neutron imaging to access
multiple length scales from micrometers to nanometers8–12. SANS is
complementary to other scatteringmethods, such as small-angle X-ray
scattering (SAXS), and can benefit from the use of contrast variation
and isotope labeling13–15.

In a typical SANS measurement neutrons propagate for several
meters after passing through the sample and its environment before

they are detected by a position-sensitive neutron detector. Phase
information is sacrificed in detection since the far-field neutron
intensity profile is proportional to the square modulus of the Fourier
transform of the outgoing wave function. Recent work, inspired by
computed tomography methods, examined phase recovery by
employing multi-angle SANS measurements16,17.

Developments in the production and detection of structured
neutronwaves18–26 offer newmethods formaterial characterization26–30

that would be further enhanced by the retrieval of phase information
in SANS. In general, structured wave generation relies on tailoring the
transverse phase profile of the wavefront to induce non-trivial propa-
gation characteristics such as orbital angular momentum (OAM), non-
diffraction, and self-acceleration31–35. For example, imprinting an
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azimuthal phase gradient upon the wave function prepares helical
waves that carry OAM and display a doughnut-like intensity profile in
the far-field36–38.

To advance SANS techniques for disambiguating the phaseprofile
of the wave function, we adopt concepts from neutron interferometry
(NI) and holography19,39. We create a coherent superposition of two
beams, termed object and reference beams, according to holography
terminology40, thereby yielding observable interference amplitudes to
reveal phase information in the far field. We demonstrate this method
by observing the petal-structure interference between two helical
beams that have been prepared using arrays of fork-dislocation phase
gratings and whose transverse amplitude profile takes on a doughnut-
like form with propagation.

Results
SANS interferometry with structured waves
A conventional Mach-Zehnder (MZ) perfect-crystal NI prepares a
coherent superposition of two paths at its output, which provides the
phase information through direct measurement of interference39. A
distinguishing factor from the standard optical MZ interferometer
setups is that the neutron transverse coherence length is orders of
magnitude smaller than the beam size. Therefore, the action of theMZ
NI is applied to each neutron, and the observed intensity at the output
is their incoherent sum.

A challenge arises to integrate interferometry methods and
structured neutron waves as their transverse amplitude profiles sig-
nificantly change with propagation. In order to maximize the

interference signal, the object beams and the reference beams of the
NI need to spatially overlap at the detector plane, which is dependent
on instrument resolution and coherence effects41. Ref. 25 introduced
methods to prepare well-defined OAM states and showed how the
amplitude of the neutron wave packets deviates away from their cen-
tral phase singularity with increasing OAM value. As a result, the radius
of the doughnut-like profile of the OAM=3 (OAM=7) states at the
neutron camera was measured to be ≈3 cm (≈5 cm), which was sig-
nificantly bigger than the measured half-width half maximum, ≈1 cm,
of the OAM = 0 state.

One way to achieve an appreciable overlap between the reference
beams and the object beams is to utilize reference beams that possess
complementary spatial phase profiles resulting in similar time-
dependent amplitude profiles. In the case of the OAM preparation
methods of ref. 25, this entails creating a coherent superposition
between ℓ and −ℓ OAM states in each diffraction order, as shown in
Fig. 1a. The intensity at the camera would take on the form of the well-
known petal structure indicative of the OAM42, while the OAM
dependent phase shift between the two beams would cause the petal
profile to rotate. The general concept is shown in Fig. 1b where we
consider two complementary arrays of fork-dislocation phase-gratings
with periodicity a and separation distance d. The interference at the
detector is achieved by ensuring that the phaseprofile of the reference
beamsϕR(x, y) and the object beams ϕO(x, y) possessmatching carrier
wave vector kx and complementary structured phase profiles f(x, y). It
follows that there are two interferometric conditions. First, the pre-
sence of a translational offset (Δx) between the object and reference

Fig. 1 | SANS interferometry with OAM states. a Pictorial depiction of the
implemented SANS interferometry with orbital angular momentum (OAM) states.
Ref. 25 showed that a single arrayof fork-dislocationphasegratingsprepares helical
waves in the diffraction orders that carry well-defined OAM values and manifest
doughnut-like intensity profiles. Here, to observe the transverse phase profile of
these helical waves, we create a coherent superposition between ℓ and −ℓ OAM
states. Note that we have neglected the higher order interference as the direct
beam is orders of magnitude brighter than the diffraction orders. b The general
idea behind the SANS interferometry technique is to observe the phase profile of a

structured neutron beamwith non-trivial propagation characteristics. We consider
an incoming neutron with wave vector k0 and two arrays with periodicity a and
separation distance d. The array of reference beams needs to spatially overlap the
array of object beams in order to interfere with the camera. Therefore, the ampli-
tude of the reference beams needs to diffract similarly to the object beams. One
straightforward approach to achieve this is by ensuring that the phase profile of the
reference beams ϕR(x, y) and the object beams ϕO(x, y) possess a matching carrier
wave vector kx, complementary structured phase profiles f(x, y), and enforcing a
translational shift Δx that ensures overlap (See Eq. (1)).
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elements that ensures the reference and object beams are collinear:

Δx � d Á tanðkp=k0Þ=d Á tanðλ=pÞ � dλ=p, ð1Þ

where λ (k0) is the neutron wavelength (wave vector), and p (kp) is the
periodicity (wave vector) of the object and reference elements. If Δx is
greater than the array period a, then the effective translation becomes
Δxmod a. Note that the highest contrast occurs for the case where the
translational offset is a multiple of the array periodicity, Δx = n ⋅ a for
some integer n. The second condition is that the transverse coherence
length needs to be greater than Δx, as the interference is between the
first diffraction orders of the incoming beam.

Experimental implementation
The silicon wafer sample with the double-sided arrays of fork-
dislocation phase-gratings was mounted in a holder that was then
placed on a manual tip-tilt stage with access to yaw (≈2.9mrad/rev)
and pitch (≈6.9mrad/rev) degrees of rotation. The experiment con-
sisted of measuring the SANS intensity profile for 90 min as the yaw
and pitch were systematically varied by 1/6 rev and 1/12 rev, respec-
tively. Given the neutron wavelength of 12Å, the phase-grating period
p = 120 nm, and the thickness of the wafer d = 280μm, we can deter-
mine the optimal translational offset (see Eq. (1)) to be Δx ≈ 2.8μm;
which from the fact that the period of the array is 2μm reduces to
Δx ≈0.8μm or a wafer rotation angle of ≈3mrad.

To determine the behavior of the interference pattern at the
camera we analyze the propagation of the neutron wave function
through the object and reference elements given the experimental
parameters. Let us consider the wave function of a neutron wave
packet after passing through the first array:

ψiðx, yÞ=
1

σ?
ffiffiffiffi

π
p e

Àx2 + y2

2σ2? eiNbcλhF3 ½x, y�, ð2Þ

where σx = σy = σ⊥ is the neutron transverse coherence length, Nbc is
the scattering length density of the sample material, λ is the neutron
wavelength, h is the height of the grating structures, and Fq(x, y) is the
profile of an array of fork-dislocation phase-gratings whose individual

profiles are given by:

1
2
sgn sin

2π
p

x +q tanÀ1ðy=xÞ
� �� �

+
1
2
, ð3Þ

where p is the grating period and q is its topological charge. Note that
for Fq(x, y) in our simulations we considered the SEM profiles found in
the Supplementary Material of ref. 25. The wave function is then pro-
pagated adistanceof 280μmasper thewafer thickness, atwhichpoint
the phase profile corresponding to the second array is added:
NbcλhF−3[x − xi, y − yi], where {xi, yi} is the translational offset between
the two arrays that results from the pitch and yaw increments. The
intensity Iðx0, y0Þ at the camera is well approximated by:

I x0 � kxλz, y
0 � kyλz

� �

= jFTfψf ðx, yÞgj2, ð4Þ

where FT{} is the Fourier Transform, z is the distance from the wafer to
the camera, and ψf(x, y) is the wave function after the second array. To
account for the experimental parameters that set the resolution of
σQx ≈ σQy ≈0.00016Å−1, we add a low-passfilterwith the corresponding
cutoff frequency to the obtained intensity profile. This removes the
diffraction signatures from the 2μm periodicity of the arrays.

Figure 2 shows the observed petal-structure signatures of neutron
helicalwave interference in the first diffraction orders. Using σ⊥ = 3μm
wefind goodagreement for Fig. 2a for xi =0, yi = 800nm. Fig. 2b shows
the SANS image after incrementing the pitch by ≈0.6mrad and Fig. 2c
shows the profile following an additional increment in yaw by
≈0.5mrad. The simulated profiles are then determined by the addition
of the corresponding translational offsets of xi =0nm, yi = 961 nm for
Fig. 2b, and xi = −135 nm, yi = 961 nm for Fig. 2c.

Figure 3 showshow the petal-structure intensity profile is affected
by array periodicity, the distance between the reference and object
elements, phase shift between the two interfering OAM states, and
wavelength distribution. Note that in Fig. 3, we consider the described
experimental parameters but with the mentioned optimal case sce-
nario of array period equaling the transitional offset a =Δx = 2.8μm.

Lastly, we can note that although our model considers the full
diffraction spectra, the main contributing factors are the two

Fig. 2 | Neutron helical wave interference. The observed petal-structure sig-
natures of neutron helical wave interference in the first diffraction orders as the
pitch and yaw of the double-sided arrays of fork-dislocation phase-gratings were
varied. aWe find agreement for a simulation that considers a transverse coherence
length of σ⊥ = 3μm and translational offsets between the two arrays of xi =0,

yi = 800nm. b The SANS image after incrementing the pitch by ≈0.6mrad corre-
sponds to an updated offset of xi =0 nm, yi = 961 nm. c The profile following an
additional increment in yaw by ≈0.5mrad corresponding to xi = −135 nm,
yi = 961 nm. In this proof of principle experiment, the poor visibility is mainly
attributed to the wavelength spread, as depicted in Fig. 3.
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complementary OAM states, as shown in Fig. 1a. Taking note that each
wavelength results in a displaced intensity profile at the camera as per
the diffraction angle of ≈λ/p, it can be shown that for the considered
parameters the superposition of OAM= −3&3 simulates almost iden-
tical petal-structure intensity profiles as shown in Figs. 2 and 3.

Discussion
We have introduced and demonstrated a novel NI technique for
extracting phase information that is typically lost in SANS measure-
ments. By preparing reference beams with complementary spatial
phase profiles to that of the object beams, we observed the petal-
structure signatures of neutron helical wave interference for the first
time. With the growing number of neutron-imaging and -scattering
user facilities worldwide43,44, the demonstrated techniques are set to
make a high impact in the next generation of neutron scattering stu-
dies. Furthermore, it is also possible that this approach could be
extended to SAXS45. Lastly, these methods can be extended to imple-
mentations with helical waves of atoms and molecules46, which also
rely on arrays of fork-dislocation gratings.

The employed neutron optics element, which was composed of
an array of fork-dislocation phase gratings on both sides of a silicon
wafer, adds an additional capability to the toolbox of structured neu-
tron waves for the studies of helical features. Analogous to a π/2 spin
flipper that prepares a coherent superposition of two orthogonal spin
states, this element prepares a coherent superposition of two OAM
states. Future experiments employing this element will study helical
phase shifts from materials; for example, probing chiral skyrmion lat-
tices to reveal scattering properties and phase information with
SANS17,47. Moreover, combining the coherent superposition of vortex
states with Airy beams may provide a more attractive probe for chiral
media that is non-diffracting48–52.

There are several ways to improve the observed visibility of the
presented helical wave interference. In this proof of principle experi-
ment, the poor visibility is mainly attributed to the width of the
wavelength distribution. Furthermore, mechanical drifts and ambient
conditions, which typically are not a concern for SANS measurements
of grating structures, can induce dephasing that degrades the visibility
of the interference pattern. We can also note that as nanofabrication
methods advance, it is expected that a much higher signal in the dif-
fraction orders will become obtainable. For example, if amplitude-
gratings or phase-grating with heights of 5μm were feasible, then the
intensity in the diffraction orders would be around a hundred times
higher compared to this experiment that employed phase-grating

heights of 500nm. The corresponding measuring time of <1min
would enable a wide range of possibilities.

Methods
To aid in alignment, we employed double-sided nanofabrication
methods.An arrayof fork-dislocationphase-gratingswas fabricatedon
both sides of a silicon wafer where on one side there was a q = 3
topology and the other side possessed q = −3, which results in them
being 180∘ relative to eachother. The arrays covered a0.5 cmby0.5 cm
area and consisted of 6, 250, 000 individual 1μm by 1μm fork-
dislocation phase-gratings, where each one possessed a period of
120 nm, height 500 nm, and was separated by 1μm on each side from
the other fork-dislocation phase-gratings. The fab procedure for a
single array can be found in the Supplementary Material of ref. 25.
After fabricating the front side of the wafer, it was spun with a thick
PMMA to protect the fabricated gratings for future steps. Using the
back-side alignment feature at amaskless aligner (MLA 150,Heidelberg
Instrument), cross-shape marks were placed on the other face of the
wafer via the e-beam evaporation and lift-off techniques (Cr/Au 20/
100nm). The back-side alignment atMLAhas an alignment accuracyof
better than 1μm. Based on these alignmentmarks, the second array of
gratings was fabricated on the other face of the wafer.

A preliminary study was done at the SANS-I beamline at the Paul
Scherrer Institute53, as a result of which an improved setupwas devised
and implemented at the GP-SANS beamline at the High Flux Isotope
Reactor at Oak Ridge National Laboratory54. The experimental para-
meters were the same as those in ref. 25, which described the obser-
vation of neutron helical waves. The double-sided wafer was placed
inside a rotation mount which was placed 17.8m away from a 20-mm
diameter source aperture. A 4-mm diameter sample aperture was
placed right in front of the sample. Thedistance from the sample to the
camerawas 19m, and the camera size spans an area of ≈1m2 with each
pixel being ≈5.5mm by 4.3mm in size. The wavelength distribution
was triangular with Δλ/λ ≈0.13, where Δλ is the FWHM and the central
wavelength is 12Å, and the standard deviation of the resolution dis-
tribution was estimated to be σQx ≈ σQy ≈ 0.00016Å−1. The neutron
wavelength is selected by a turbine-like velocity selector, which elim-
inates the fractional λ contributions that are present when a mono-
chromator crystal is used.

An empty beam scan without a sample and a background scan for
a plain silicon wafer of equivalent size and thickness were collected.
These measurements were used to take into account the factors that
contribute to losses in intensity and increased background scattering

Fig. 3 | Modeling the effects of experimental parameters on the petal-structure
interference. The effect of array structure, distance between the reference and
object elements, phase shift between the two interfering OAM states, and wave-
length distribution on the petal-structure intensity profile produced in the first
diffraction order by the double-sided arrays of fork-dislocation phase gratings.
a Considering an ideal coherent and monochromatic neutron beam incident on
object and reference elements with negligible distance between them, one would
be able to resolve the interference pattern that is both indicative of the OAM

interference and the two-dimensional array structure.bRemoving the higher order
frequencies corresponding to the two-dimensional array structure results in the
OAM petal structure being emphasized. c Increasing the distance between the
reference and object elements to the experimental value of 280μm introduces a
phase shift and propagation diffraction that manifests a winding structure in the
interferencepattern.dAdding to the objectbeams anadditionalOAMdependentπ
phase shift effectively rotates the petal pattern of c. e Increasing the wavelength
distribution to the experimental Δλ/λ ≈0.13 smears the interference pattern of c.
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noise. The final SANS data was passed though a low-pass filter to
remove the Poissonian noise that varies from pixel to pixel.

Data availability
All experimental data is available in the following public git repository:
https://git.uwaterloo.ca/oalailey/sans_interferometry_nat_comm.

Code availability
All code to perform simulations is available in the following public
git repository: https://git.uwaterloo.ca/oalailey/sans_interferometry_
nat_comm.
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