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ABSTRACT

The broadband resonant spin echo interferometer, Coherent Averaging Neutron Instrument for Spin-echo Interferometry and fUndamental
Science (CANISIUS), is presented. CANISIUS is located at the 250 kW Training, Research, Isotopes, General Atomics research facility of the
Atominstitut, TU Wien, Austria. It is built in a versatile way, such that it can be operated in both a continuous broadband beam and a pulsed
time of flight beam. This versatility also extends to the modes available to the instrument, such as neutron resonant spin echo, spin echo
(modulated) small angle neutron scattering, and coherent averaging to produce structured wavefunctions for scattering. The instrument may
also be used as an interferometer, to probe fundamental questions in quantum mechanics. In this paper, we detail both the continuous and
time of flight options of the instrument. In addition, we demonstrate the applicability of our interferometer to ultra small angle scattering in
a white beam. Finally, we demonstrate a new spin echo interferometry tool, which uses incomplete recombination of the two path states to
generate composite wavefunctions with special structure. In particular, we show that this method produces neutron wavefunctions that exist
in a superposition of two quantum mechanical orbital angular momentum modes, ¢ = +1. We illustrate that just as this method can be used
to generate certain structured waves, it may also be used to characterize the structure of the input wavefunction.
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I. INTRODUCTION

Neutron interferometry is a powerful and established tool for
addressing a variety of scientific challenges from exploring quan-
tum state entanglement in massive particles"” and inertial effects
on quantum particles, such as gravitationally induced interference
(the Colella Overhauser Werner, or COW, experiment),’ the Sagnac
effect,”” and the Mashhoon effect,”” to nuclear physics questions by
measuring scattering cross sections to high precision.® Furthermore,
grating interferometers”'’ have been applied to sophisticated imag-
ing techniques such as phase'' "’ and dark-field imaging.'* Finally,
it has been argued that neutron interferometers may be used to
create complex structured waves by coherent averaging.'”'® This
method is particularly useful for producing vortex neutrons,'*™'*
which carry Orbital Angular Momentum (OAM)"” *' and may have

unique scattering properties.”” ** Furthermore, OAM represents an
additional quantum mechanical degree of freedom, which is useful
for quantum information and contextuality experiments.

The most well-known type of neutron interferometer is made
from a perfect silicon crystal in triple Laue configuration;*® however,
other methods have been established as well, such as supermir-
ror based approaches”® and magnetic refraction based approaches.””
Neutron spin echo’® techniques, which use the latter method, have
been particularly successful. The classic spin echo technique, res-
onant spin echo,” and "Modulation of Intensity Emerging from
Zero Effort” (MIEZE)*" interfere the two neutron spin states in time,
which makes these techniques particularly sensitive to dynamic
effects, such as those observed in inelastic scattering. In addi-
tion, MIEZE has even been applied to observe violations of Bell’s
inequality.”"”* In 1978, Pynn proposed a technique to apply spin
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echo to ultra small angle scattering, by inclining the magnetic field
regions with respect to the direct beam.”” About two decades later,
Rekveldt proposed to utilize shaped poleshoes in addition to foil
flippers to increase the usable field integral.”*””> Over time, the
technique became known as spin echo small angle neutron scatter-
ing (SESANS). This method splits and later focuses the two spin
states transversely, which makes the instrument sensitive to struc-
ture along the refraction direction (defined by the inclination of the
magnetic field region).” In recent years, many of the famous neu-
tron interferometry experiments, such as the COW experiment’*"’
and tests of quantum entanglement,”*” have been carried out with
spin-echo type interferometers. In addition, these interferometers
have a few advantages over perfect crystal interferometers, such as
the ability to accept a large, broadband, and wide divergence beam.
As a result, spin-echo interferometers have a higher usable flux. In
addition, this class of interferometer is not as sensitive to temper-
ature variations and vibrations. The most obvious disadvantage is
the microscopic path separation (10 nm to 10 ym); consequently,
the paths can usually not be manipulated separately. Nonetheless,
the area spanned by the two paths of a spin-echo interferometer is
similar to that of a single crystal interferometer. In addition, it is
simpler to produce structured wavefunctions by coherent averaging
with spin echo interferometers, due to the possibility of a modular
design, which allows for an arbitrary number of beam splitters and
paths in a single instrument.

In this paper, we report on the new broadband spin-echo inter-
ferometer, Coherent Averaging Neutron Instrument for Spin-echo
Interferometry and fUndamental Science (CANISIUS), designed
to investigate the properties of vortex neutrons carrying non-zero
OAM. CANISIUS follows similar design doctrines as the Offspec*’
and Larmor’"* instruments at the ISIS neutron source, as well as
the instruments developed at TU Delft.** That is to say, CANISIUS
uses adiabatic RF flippers* to ensure broadband efficiency and is
built in a modular way so that it can be applied to a variety of dif-
ferent modes [SESANS, Spin Echo Modulated Small Angle Neutron
Scattering (SEMSANS),* Neutron Resonant Spin Echo (NRSE),
and Modulation of Intensity Emerging from Zero Effort (MIEZE)].
In addition, CANISIUS can quickly change between a continuous
white beam and a pulsed beam for time of flight (ToF). Here, we
report the design and efficiency of the adiabatic RE-flippers and the
instrument, the interference patterns produced by the instrument
in broadband and time of flight (ToF) SESANS modes. and, finally,
discuss production and investigation of vortex neutrons.

Il. METHODS
A. Instrument overview

A three dimensional render of the CANISIUS instrument in a
SESANS configuration is shown in Fig. 1. CANISIUS is situated at
the white beamline of the Atominstitut (TU Wien) 250 kW reactor.
The instrument can be operated in either a continuous broadband
or two distinct ToF modes. A standard mechanical chopper is used
for the regular ToF mode. The second mode is enabled by a spin
chopping system, which is made possible since the beam is initially
polarized by double reflection from a pair of m = 4 single flat sub-
strate Fe/Si supermirrors; this allows the beam to be chopped by
inserting a broadband spin flipper between the two mirrors, which

ARTICLE pubs.aip.org/aip/rsi

FIG. 1. Render of the CANISIUS instrument configured for white beam SESANS.
The beam propagates from right to left. First, the beam is polarized by dou-
ble reflection from two single substrate m = 4 polarizing supermirrors (1). Next,
the polarization is adiabatically rotated by 90° by a v-coil (2). The beam then
passes through a pair (arm 1) of adiabatic RF flippers with parallelogram shaped
poleshoes, which act as the first beam splitter and mirror (3). A field stepper is
positioned between the first and second pairs (arm 2) of RF flippers, to facilitate a
fast non-adiabatic field transition from arm 1 to arm 2 (4). The samples of various
types may be inserted right before the field stepper. The second arm of RF flip-
pers serves effectively as a mirror and beam splitter to recombine the split beams.
Between the last two RF flippers, the beam is passed through a precession coil
(5), which manipulates the spin phase to measure the spin echo curve. Finally,
before the spin is selected by the last polarizing supermirror (7), the neutrons pass
through a final v-coil facilitating another adiabatic 90° rotation (6). Neutrons pass-
ing the polarizing supermirror are detected by a high-efficiency *He counting tube.
In addition to the usual continuous mode of operation, the CANISIUS instrument
can also be operated in ToF mode. For this purpose, two chopper device are avail-
able: a conventional mechanical chopper (10) as well as a spin-chopper system
(9), consisting of an RF flipper in combination with the pre-polarizer, that is, the
very first supermirrors (1). The length of the instrument, given by the distance
between chopper (9 and 10) and detector (8), is 3 m. A hypothetical polarization
vector and the resulting precession are shown at various points in the setup using
a green arrow. The dephasing is not depicted.

can be pulsed.”"” These supermirrors were produced by SwissNeu-
tronics and are cited of having a polarizing power of 0.99 s.* Due
to the cutoff of the supermirrors, the available wavelength range is
2-6A, with a peak at 2.5A (see Fig. 4). After the double reflection
polarizer, the beam is passed through a v-coil, which adiabatically
rotates the neutron spin around the propagation axis from vertical to
horizontal. In the first arm of the instrument, which consists of a pair
of adiabatic RF flippers,* the two spin states are separated longitu-
dinally (standard NRSE) and if parallelogram shaped poleshoes are
employed also transversely (SESANS). The second arm with equal
but opposite field of the first arm recombines the spin states. Spatial
overlap between the two spin states is ultimately measured by a spin
projective measurement, which, in practice, is enabled by a v-coil
and a supermirror. An additional closed coil in arm 2 allows varia-
tion of the phase between the two spin states. The polarizers and RF
coils define the maximal beam size to 7 x 20 mm?. This beam size is
used for most measurements described here, except when otherwise
specified. These components also define the maximal divergence of
2 mrad at the detector position, provided that no scattering occurs
between the first polarizer and the detector. At the sample position,
the divergence can be much higher, up to 8 mrad, while the accep-
tance between the sample position and the detector is estimated to
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be 6 mrad. A calibration wedge can be inserted between the yoke and
the poleshoe to change and calibrate the angle of the poleshoes by up
to +5°. This gives some more flexibility to tune the transverse spin
state separation; however, its primary purpose is to enable the new
coherent averaging mode, to produce structured neutron waves. If
both arms of the interferometer are operated at a different poleshoe
angle, the instrument fails to focus the spin states transversely. As
a result, some residual separation is left between the spin states. As
shown in Sec. IT E, this residual separation induces a structured wave
with OAM. The residual separation may also be scanned, thus allow-
ing one to measure the correlation between the spin up and down
wavefunctions, similar to what is described in Ref. 50. On average,
over the entire wavelength band, the polarization of the instrument
in the non-echo mode (RF system and v-coils turned off; nonethe-
less, the static fields are matched to the 1.4 MHz resonance), in
which there should be no spin precession, is 0.904. The RF coils are
matched to the output impedance of the amplifiers for operation at
1.4 MHz; however, the coils may also be operated in resonant mode
(ToF or monochromatic), in which case they can be operated at any
frequency between 10 kHz and 5 MHz, since the power requirements
are low (1-2 W) and the amplifiers are equipped to handle up to
400 W of reflected power. In the following subsections, the adiabatic
RF flippers, SESANS, the ToF modes, and the coherent averaging
mode will be discussed in more detail.

B. Adiabatic RF spin flippers

In this subsection, we provide a detailed overview of the design
of CANISIUS’ RF flipper system. An RF flipper is depicted in Fig. 2,
for three different poleshoe configurations, square for NRSE and

(a) (b)

FIG. 2. Render of the adiabatic RF spin flippers with parallelogram shaped
poleshoes at 45° (a), 45° + 5° (b), and 90° in (c). The photograph in (d) shows a
top-view of one RF caoil partly taken out of the parallelogram shaped poleshoes for
demonstration purposes to see the water cooled RF coil, the gradient field coil, as
well as the inlet of the coolant and the electrical conducting.

ARTICLE pubs.aip.org/aip/rsi

MIEZE, parallelogram for SESANS and SEMSANS, and tilted par-
allelogram for coherent averaging. The poleshoes in addition to the
magnetic cores were machined from soft iron and subsequently heat
treated. The yokes were machined from construction steel. The coils
of 400 windings each are situated around each magnetic core and
create a vertical field with a shape given by the poleshoes. The gap
between the poleshoes is 30 mm, in which the RF system is situated
[Fig. 2(d)]. This RF system consists of an aluminum housing con-
taining an 80 mm long RF coil with a diameter of 20 mm, which
creates a longitudinal RF field, and a vertical gradient coil, which has
minimal winding density in the center and increases toward in the
ends of the coil. The RF coil consists of 2 mm copper tubing (inner
diameter 1.5 mm) wound on a PEEK (Polyether ether ketone) bob-
bin and encased in Kapton foil to prevent arcing. A G12 coolant cool
rate of 250 ml/minis pumped through the tubing, to facilitate heat
transport, and the coolant is cooled to 3 °C by a secondary loop con-
nected to a chiller. Matching of the RF coils to the amplifier output
is done capacitively for a single frequency, 1.4 MHz. Mica capacitors
were used for their high stability and low loss at typical NRSE fre-
quencies. In adiabatic flipping mode, roughly 60 W are dissipated in
each coil, in addition to 40 W in each gradient coil. In resonant flip-
ping mode, only 1-2 W are required depending on the frequency;
hence, in this mode, matching between load and amplifier is not
necessary. The efficiency of a single adiabatic RF flipper is shown in
Fig. 3, which is determined by measuring the polarization in a non-
precessing mode (i.e., v-coil turned off) and then normalizing said
polarization by the instrument spin transport efficiency, 0.904. The
polarization is calculated using the well-known formula,

L -1
p-t

= , 1
I +1- W

where I, is the intensity of the spin state aligned to the analyzing
direction (i.e., when the flipper is turned on) and I_ is the opposite
spin state. Figure 3 demonstrates that our RF flippers have a constant
flip efficiency over the entire wavelength band indicating a good adi-
abaticity of the flippers. A weighted average efficiency of 0.977 can

1.4

>
Q
=)
Q
8
=
i3

0.4+

02F

0 L L L
2 3 4 5 6

Wavelength (A)

FIG. 3. Flipping efficiency of one adiabatic RF flipper, running at 1.4 MHz, plot-
ted against wavelength. The plot was produced using the ToF technique. This is
calculated using ToF spectra with the flipper on and off. The displayed result is nor-
malized by the instrument efficiency of 0.904. The weighted average of the flipping
efficiency over the entire spectrum is 0.977.
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be extracted from the data shown in Fig. 3. This is comparable to
some other adiabatic RF flipper designs.”’ However, we note that
flipping efficiency of 99% is possible with similar design.”” In some
other designs, efficiencies of up to 99.9% have been reported.*’

C. Time of flight options

CANISIUS has two options available for producing a pulsed
beam. The first is a Fermi like chopper, which consists of stacked,
short, straight, cadmium lined channels, which is spun at 50 Hz,
resulting in an effective pulse frequency of 100 Hz. The second
method uses an RF flipper positioned between the two polarizing
supermirrors. In this case, the two mirrors are oriented to select
opposite spins, so that when the flipper is off, no beam is transmitted
into the instrument. In resonant mode, the phase accumulated by a
neutron in the flipper is given by

o = yBrrt, (2)

where p is the gyromagnetic moment of the neutron, Bgr is the field
strength, and ¢ is the time for which the particle is exposed to the
field. Hence, if the RF pulse time is much shorter than the flight time
through the device of the fastest neutron, then this phase is wave-
length independent. Therefore, to produce a pulsed beam, the RF
flipper is simply shortly pulsed in resonant mode, which flips all neu-
trons that are in the RF coil at the time of the pulse. These neutrons
can then be transmitted through the instrument and to the detec-
tor. This RF flipper is designed equivalently to the others described
in Sec. II B, with the exception of the gradient coil, since this is not
required. The RF field pulse length is 5 us, ten times shorter than the
flight time of 2.5A neutrons through the RF coil. This corresponds
to seven cycles of the RF field at 1.4 MHz. However, due to the cir-
cuit being tuned to resonance, the coil faces a significant ringdown,
which causes the RF field to persist for up to 25 us per pulse. This
is similar to the transit time of 2.5A neutrons through the coil. As
a result, the measured TOF spectra may undersample faster neu-
trons compared to slow neutrons. In Fig. 4, a comparison between
the ToF spectra of the mechanical and spin chopper can be seen. At
longer wavelengths, the spin chopper appears to have a higher trans-
mission compared to the mechanical chopper. Two factors are likely
at play: first, as discussed previously, even though the active part of
the spin chopper pulse consists of only seven cycles of a 1.4 MHz
sine wave, the ringdown is considerably longer (25 ys). So the total
signal length is approximately equal to the flight time through the
RF coil for thermal neutrons. As a result, the TOF spectrum under-
samples short wavelengths compared to long wavelengths. Second,
the Fermi chopper exhibits a wavelength dependent transmission,**
which may be approximated at long wavelengths by 1 minus the
ratio between the channel width seen by a neutron of wavelength
A and the channel width when the chopper is at rest,

B wmAD?

T=1-—an

(©)

where w is the rotation frequency of the device, D is the length, and
d is the width of the channels. Ideally, the transmission of the spin
chopper would be independent of wavelength if the RF pulse time is
much shorter than the flight time of the neutron through the RF coil.
In this case, much like the double disk chopper,™ the wavelength
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FIG. 4. Time of flight spectra produced using the RF spin chopping device (blue cir-
cular data points) and the mechanical chopper (orange cross shaped data points).
The intensities shown are normalized to the maximum intensity.

resolution is also wavelength independent, depending only on the
distance between the chopper and the detector, L and the length of
the RF coil D,

M _D
AL

In addition, the RF pulse frequency may be tuned to optimize the
available intensity for a given detector distance.

)

D. Spin echo small angle neutron scattering

Spin Echo Small Angle Neutron Scattering (SESANS) is an
interferometric spin echo technique first designed to resolve small
angle scattering smaller than the beam divergence.”* In 2004,
white beam spin echo was first explored in the context of pulsed
TOF beams.”® Later, the interferometric applications were further
developed and applied to a variety of questions ranging from quan-
tum contextuality > to (exotic’’) gravity’® and to probe properties
of the neutron itself, such as the intrinsic coherence of a single
neutron.”” Regular spin echo uses two oppositely magnetized field
regions, such that all precession induced in the first field region is
reversed in the second, if the neutron velocity does not change in the
instrument, i.e.,

L L
B, =t = —yB, 2, 5
yBi =B (5)

where B is the magnetic field strength, L is the length of the pre-
cession region, and v is the neutron velocity. The index refers to
the first or second precession region. Consequently, such a spin
echo instrument is sensitive to small changes of the neutrons kinetic
energy. In SESANS, the fields are applied over a rhombic region,
such that refraction appears on the field borders (see Fig. 5). As a
result, the instrument becomes sensitive to small changes in the neu-
trons transverse wavevector component, g (small angle scattering). If
the velocity of the neutron is unchanged, the net phase accumulated
by the neutron after a small angle scattering event is simply

X= )/BZT) (6)
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L

e 4

FIG. 5. Schematic representation of spin-echo small angle neutron scattering. Two inclined magnetic field regions of opposite polarization (represented in light blue and
red) are used to induce a transverse separation between the two neutron spin states, also indicated in blue and red. The SESANS configuration shown here also induces
a longitudinal separation between the wavepackets indicated by vzse. The sample indicated in gray causes the beam to be scattered by a small angle «. As a result, the
path length through the second field region is changed to L7 (as opposed to the non-scattered path L), resulting in a net phase shift between the two spin states upon
recombination. A hypothetical neutron polarization is shown by the green arrow. The multiple arrows indicate dephasing. The final solid green arrow and dashed arrow

represent the polarization of the unscattered and scattered beam, respectively.

where AL, = L} — L, is the difference between the scattered and non-
scattered neutron flight path length in the second arm, given by

AL, =L, COt(eo)OC =1L, cot (00)%, (7)

where « is the scattering angle and k is the neutron wavenumber
2m/A. Consequently, the phase is given by

2
ymBy Ly cot (6p)A
_ Ymoata COM)L L s g, 8
4ﬂ2h q SE 4 ( )
where the spin-echo length sk is equal to the induced transverse
separation between the up and down spin state. The polarization is,
therefore, a cosine transform of the scattering function S(gq),

P= f dg cos (85:9)S(q) = G(8st), ©)

where G(dsg) is the real space correlation function. Since sg is pro-
portional to A, a white beam SESANS, such as CANISIUS, averages
over many different correlation lengths,

where I(1) is the intensity distribution of the sampled beam. To
extract the wavelength information, an additional precession coil
(see nr. 5 in Fig. 1) can be used to measure the spin echo group
[shown in Fig. 6(a)]. This precession coil adds a phase, which is field
and wavelength dependent,

Bydm)
o= 12250 Z"ﬂ;l” =, (1

where d is the length of the precession coil and B, is the field
produced by said coil. Although it is practically more useful to
think of Byd as the field integral produced by the coil, the field
itself is not necessarily homogeneous across the neutron flight path.
Hence, by adding the precession coil, the polarization becomes the
cosine transform of the correlation function times the intensity
distribution,

_ JAAG(8se)I(1) cos (K/\).

P(x) TdAI(h) (12)

Consequently, the cosine transform of the polarization of the spin
echo group, P(x), yields the correlation function weighted by the
normalized intensity distribution. The correlation function of a spe-
cific sample can be extracted by normalizing the cosine transform of

FIG. 6. (a) Polarization of the spin
echo group measured against current
in the precession coil. The individual
data points with errorbars are shown in
blue, while an interpolation of the data
is shown in red. (b) The Fourier trans-
form of the spin echo group is shown in
black, while the spectra measured using
both chopping techniques also shown in
Fig. 4 are superposed. Note that no sam-
ple was inserted in the instrument for
these measurements.
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the spin echo group with sample, P; (k) by a cosine transform of the
spin echo group without the sample, Py (),

JdxP1(x) cos (k)

G(dse) = [dxPo(x) cos (kA)

13)

Since the correlation function of a vacuum is constant, the cosine
transform of the spin echo group without a sample should sim-
ply be equal to the normalized spectrum. In Fig. 6, one can see the
spin echo group measured by CANISIUS and its Fourier transform
superposed on the normalized ToF spectra. Note that the maximal
polarization of the spin echo group, roughly 0.6 is lower than the
previously mentioned instrument polarization of 0.904. The latter is
measured in non-precessing mode, where the neutron polarization
is kept parallel or anti-parallel to the static fields supplied by the RF
flipper magnets; however, the spin echo group is measured with the
neutron polarization in the transverse plane (precessing mode). In
this mode, the instrument is much more sensitive to spatial gradi-
ents in the field and also scattering from, for example, the wires in
the field stepper. All of these factors contribute to the lower effective
polarization observed in the spin echo group.

The spin echo length of CANISIUS was calibrated using a
nanoporous alumina membrane from smartmembranes,” similar to
the method described in Ref. 59. The pores used have a diameter of
40 nm, with a pitch of 125 nm and a thickness of 50 ym. A SEM
image of the sample is shown in the inset of Fig. 7(a). Since the pitch
of the pores is precisely known, we can use the measured SESANS
correlation function to calibrate the spin echo length of CANISIUS.
Note that the sample and sample holder confine the beam size to 7 x
10 mm?. Figure 7(a) shows the correlation function measured using
CANISIUS, as defined in Eq. (13), superposed on a predicted cor-
relation function based on the phase object approximation.®’ The
phase object approximation is used to calculate the SANS pattern
produced by our sample, which, in turn, is Fourier transformed to
obtain a van Hove correlation function g(Jsg ). Finally, we can con-
vert this van Hove correlation function into a polarization ratio as

23
(@) 0.5 X10°

In(P1/Po)/A*/t (m™?)

50 100 150 200 250 300 350

Spin Echo Length (nm)

In(P1/Po)/A?/t (m™3)
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described by Eq. (13), using the relation G(&sz) = e>(1780%)) | with
t being the sample thickness and X being the macroscopic scatter-
ing cross section. By making use of the phase object approximation,
in particular, the SANS pattern, we can easily model the effect of
instrument acceptance on the observed correlation function. The
spin echo length axis of the CANISIUS measurement shown in in
Fig. 7(a) has been scaled by a factor of 0.65 to overlap with the phase
object approximation. Overlap between the white beam CANISIUS
measurement and the estimate of the correlation function produced
using phase object approximation demonstrates the feasibility of the
white beam method detailed in this work. Our measurement shows
that the spin echo length is shorter by a factor of 0.65 compared to
the theoretical estimate based on the applied fields and distances.
This discrepancy is most easily explained by the large stray fields
between the RF flippers and the V-coils, which reduces the total
amount of zero field precession. From this, the spin echo length
range of CANISIUS at an RF frequency of 1.4 MHz is 70 nm < Jsg <
300 nm.

To further confirm the reliability of the calibration sample, we
measured the correlation function on Larmor at ISIS neutron source,
a separate calibrated SESANS instrument.”"** The results are shown
in Fig. 7(b). It can be seen that the period agrees well with the
measurement conducted on the CANISIUS instrument. The differ-
ence in scaling is understood simply as arising from the different
wavelength ranges and angular acceptances of each instrument. The
locations of the correlation peaks do not yet agree. Hence, the cal-
ibration of the scaling and spin echo length ought to be further
addressed in future work.

Apart from the fact that SESANS is not sensitive to collimation,
the main advantage of white beam SESANS, exploited by CANI-
SIUS, is the large available flux of a polychromatic beam compared
to a monochromatic beam. This makes the method ideal at small
neutron sources. White beam SESANS does, however, require care-
ful calibration. First, the precession coil must be calibrated, which
is important for extracting the Fourier transform variable x [ie.,
Eq. (11)]. This is required to properly convert the spin echo curves

(b)2 x 10?2 .

41

100 200 300 400 500 600 700
Spin Echo Length (nm)

FIG. 7. (a) Normalized logarithm of the correlation function of the nanoporous sample measured using the white beam method on CANISIUS (blue) superposed on a fit
function obtained using the phase object approximation. The inset shows an SEM image of the nanoporous alumina, carried out by USTEM at the TU Wien. (b) Normalized
logarithm of the correlation function measured using the Larmor SESANS instrument at the ISIS neutron source®! using the exact same sample. Note here that the red

curve is not a phase object approximation but simply a trace of the data.
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(polarization against coil current) into spectra. It can be accom-
plished by fitting the Fourier transform of the spin group to the
measured spectrum of the beam. In addition to what is effectively
a wavelength calibration, a spin echo length calibration is necessary.
This is done, as shown in this section, using a calibration sample with
known correlation lengths.

E. Coherent averaging

Constructing structured wavefunctions by coherent averaging
is the main purpose of the CANISIUS instrument. This is done pri-
marily to produce neutron wavefunctions that have non zero Orbital
Angular Momentum (OAM) and to investigate the properties of
these states. Put simply, coherent averaging is an interferometric
technique that takes an input wavefunction with simple structure
(i.e., Gaussian) and splits it multiple identical copies, called partial
wavefunctions. These partial wavefunctions can then be indepen-
dently translated and phase shifted in real or reciprocal space to
produce a composite wavefunction (i.e., the coherent sum of all
partial wavefunctions) that exhibits the desired structure. This tech-
nique is particularly well suited for producing neutron OAM, as
explored in Refs. 15-17 and 63. Coherent averaging could be used
to produce a circular array of partial wavefunctions, which act as
coherent sources. If one can control the phase of each source, it
becomes possible to produce arbitrary OAM values as described in
Ref. 64. We have demonstrated the method previously in perfect
crystal neutron interferometry.'

Since SESANS is also a type of neutron interferometer, it can
be used to produce structured wavefunctions by coherent averaging.
Here, the structured wave is produced by running the instrument in
anew mode, where the first and second arms have different poleshoe
angles. As a result, the two spin states retain some transverse sep-
aration after passing through the spin echo interferometer. The
concept is illustrated in Fig. 8. This residual transverse separation is
given by

ymBLA*
6755 = 2
4m°h

(cot (61) — cot (62)), (14)

where we have assumed that B=B; =B, and L=L; = L,. So for a
Gaussian input wavefunction,

Yo = Aeixz/gzeikyy, (15)
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where o is the transverse coherence length. The transverse part of
the output wavefunction after spin selection would be equal to

A [ gy Gt/ g/ _ Gt/
v = ﬁ(e"}/ze s+ P 7 ), (16)

where f is a longitudinal phase between the two partial wavefunc-
tions.  can be precisely tuned by changing the phase of one of the
RF coils = 2A¢. We can analyze the OAM or mode distribution by
introducing the azimuthal Fourier transform,

2
¢ _ 1 —itp
v (nz) = Of y(r.¢,z)e " "d¢, (17)
and its inverse
y(r.$,2) = v (r2)e. (18)
7

When we apply the azimuthal Fourier transform to our composite
wavefunction, we find

2482 /4
u/f(r) =24 & ]g(iaLzsr) cos (@) (19)
o

Since this mode amplitude is complex and spatially dependent, it can
be useful to introduce a mode distribution function defined as

ple) =2 [rly*(n)[dr, (20)
which is related to the OAM expectation value through
(L) = BY Lp[£]. (1)
‘
When we calculate the mode distribution function of (19), we find
A*o* % (6 nl +

=W | S 2(—) 22

ple =27 5 Yo (™ @)

We may now observe that for = 0, p[¢] is only nonzero for even
/; that is, only the even OAM modes contribute to the output wave-
function, while for 8 = 7, p[¢] is only nonzero for odd ¢, and hence,
only odd OAM modes contribute to the output wavefunction. By
tuning the ratio dr.s/0, we can determine how many modes con-
tribute. For small splitting, only few modes contribute, whereas for

67‘83

0
L,

FIG. 8. Schematic representation of the coherent averaging mode of the CANISIUS instrument. This mode is almost equivalent to SESANS, the only difference being the
different angles between the two field regions. This leads to an incomplete focusing of the two spin states, which is indicated by the residual distance s between the
states at the end of the instrument. Since the first arm also produces a longitudinal phase shift between the spin states, the second arm is necessary to preserve longitudinal

coherence by canceling out this phase.
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FIG. 9. OAM distribution function Eq. (22), in the special case where o = 1 (a) 8 = 0 and (b) 8 = = for various residual spin echo lengths &yes. The OAM is measured around
the propagation axis z. For both f3, the OAM amplitude is non-zero only for every other mode. In (a), only even modes contribute, while in (b), only odd modes make up the

wavefunction.

large splitting, many modes shape the wavefunction. Note that for
CANISIUS, when 6; and 6, are set to 40° and 50°, respectively, we
achieve a residual separation of 16-145 nm [see Eq. (14) and the spin
echo scaling factor for CANISIUS of 0.65]. The transverse coher-
ence scales with divergence and wavelength. For CANISIUS, we can

(2) e'¢ (b) e”i¢ (©) sin(¢)

5 5 5
IW) o — —
=)
<
~ 5 5
s 5 0 5 5 0 5
z L@ L©
~
>
[ypl? o — 0 =

5 5

5 0 5 -5 0 5

X Position (AU)

calculate an approximate range of 40-120 nm, which is ideal for
exploring the range around dy.s/0 = 1. The OAM distribution func-
tion along with the aforementioned properties is shown in Fig. 9.
Interestingly, we find that for § = 7 and small s with respect to
the coherence length, the output wavefunction can almost entirely

FIG. 10. lllustration of the construction of a linearly polarized OAM state. A clockwise rotating state (a)/(d) has a counter clockwise rotating state (b)/(e) subtracted from it,
producing a linearly polarized state (c)/(f). The top insets (a)—(c) show the imaginary parts of the respective transverse wavefunction, while the bottom insets (d)—(f) show
the absolute values, which is directly related to the expected intensity pattern. The red arrows indicate the local momentum, showing how the difference between the right
and left rotating OAM modes produces a linear mode. The units on the x and y axes are arbitrary; however, for thermal neutrons with normal collimation, the transverse

coherence is typically on the order of 10-200 nm.

Rev. Sci. Instrum. 97, 065211 (2026): doi: 10.1063/5.0321755
© Author(s) 2026

97, 065211-8

0€ :T0 :ST 9202 AInC oF


https://pubs.aip.org/aip/rsi

Review of

Scientific Instruments

be described by the £=-1 and ¢ =1 modes, i.e., a right and left
twisting mode, somewhat analogous to linear polarization. The con-
cept of a “linear” OAM state is illustrated in Fig. 10. Here, a left
rotating state is subtracted from a right rotating state to produce a
linearly polarized (sine oscillation) state. We have now shown that
such a linearly polarized state can be approximated by a superpo-
sition of two Gaussian wavepackets with opposite amplitudes on
opposite sides of the cylinder axis [Eq. (16)]. If §res is smaller than
or on the order of o, we find that Fig. 9 and Eq. (22) demonstrate
that this very closely approximates a linearly polarized OAM state
with |¢| = 1. While this state has an average OAM of zero just like
a pure ¢ = 0 mode, it is orthogonal to a pure ¢ = 0 state as nicely
illustrated by looking at the OAM distribution function. In addi-
tion, even though the average OAM of each wavefunction produced
by CANISIUS by coherent averaging is zero, the superpositions of
£ =+£1 or +2 are qualitatively different than the pure ¢ = 0 mode,
which are expected to scatter differently from nuclear targets.”””’ In
addition, the absorption characteristics of these states are expected
to be different.”’ And as described in a recent paper, these states
may be used to explore the quantum Sagnac effect,®> where these
superposition states may produce intensity beating proportional to
the mode number and the rotation frequency of the observer. We
propose that these linear OAM states that can be produced by CANI-
SIUS and other SESANS instruments be used exactly to explore these
differences in scattering and absorption cross sections in addition
to the quantum Sagnac effect. Finally, since OAM is an additional
quantum mechanical degree of freedom and the linear OAM state is
orthogonal to the £ = 0 state, we may use these states for experiments
involving quantum information.

11l. CONCLUSION

We have presented the new Austrian spin echo interferometer
of the Atominstitut, CANISIUS, and illustrated its capabilities, both
as a ToF and a broadband white beam instrument. In particular, we
demonstrated the feasibility of polychromatic SESANS, which allows
us to use the full potential of a continuous neutron source. This is
especially important at weaker sources, such as the 250 kW TRIGA
reactor at the Atominstitut. Finally, the coherent averaging capabili-
ties of the instrument were illustrated. It was shown that CANISIUS
is capable of producing neutrons that carry non zero OAM, in par-
ticular states that exist in a superposition of the £ = +1 modes. We
expect this will be useful for exploring OAM dependent scattering
and absorption cross sections, in addition to exploring fundamental
aspects of quantum mechanics from the quantum Sagnac effect to
quantum information and contextuality.
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