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ABSTRACT
We show the implementation of superconducting magnetic Wollaston prisms for spin echo small-angle neutron scattering. Two calibration
methods for the spin echo length are presented: one utilizing spin echo modulated small-angle neutron scattering and the other based on the
neutron refraction by quartz wedge crystals. Our experimental results with polystyrene nano-particle colloids showcase the system’s efficacy
in measuring both dilute and concentrated colloidal systems. Additionally, investigations into the pore diameter and pitch of a nano-porous
alumina membrane demonstrate its capability in analyzing nano-porous materials. Furthermore, we discuss potential optimizations to further
extend the accessible spin echo length.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0217884

I. INTRODUCTION
Spin echo small-angle neutron scattering (SESANS) is a method

that surpasses the resolution of conventional small-angle neutron
scattering (SANS) by extending the lowest measurable momentum
transfer. Instead of directly measuring the momentum transfer of a
neutron beam by measuring its scattering angle, SESANS encodes
the momentum transfer into Larmor phase through precisely con-
trolled magnetic fields. The Larmor phase of the sacttered neutron
beam is given by the following equation:1

Φ = ⃗δ ⋅ Q⃗, (1)

where δ represents the spin echo length (SEL), determining the low-
est resolvable momentum transfer. With encoding direction ⃗δ along
with the momentum transfer Q⃗, it provides us with the capability to
encode Q into the Larmor phase Φ, enabling SESANS to perform a
Hankel transformation of I(Q) to measure the correlation functions
in real space rather than in the reciprocal space of SANS.2 Quantum
mechanically, the SEL corresponds to the physical separation
between the two neutron spin states within the SESANS appara-
tus. Various encoding apparatus, such as magnetized Permalloy
foils,3–5,38 neutron resonance spin flippers (RSFs),3,6,7 and room
temperature magnetic Wollaston prisms (MWPs),8–10 have been
developed for SESANS, all involving the physical inclination of the
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magnetic field boundary relative to the neutron beam to achieve the
transverse encoding of the scattering sensitivity to Q⃗.

This report focuses on implementing SESANS using supercon-
ducting MWPs. While the technical details of a superconducting
MWP have been shown in Refs. 11 and 39, it is comprised of two
adjacent triangular magnetic prisms with opposite fields across the
hypotenuse. A MWP can spatially split a superposition state of two
neutron spin states due to their different magnetic potentials. While
room temperature MWPs have been utilized for SESANS, their per-
formance is hindered by magnetic field aberrations arising from
the required precision in wire positioning,12 neutron attenuation,
and parasitic scattering. Superconducting MWPs, previously used
in Larmor diffraction,13,14 inelastic neutron spin echo (INSE),15 and
spin echo modulated small-angle scattering (SEMSANS)16–18 exper-
iments, offer advantages including high spin transport efficiency,
minimal neutron attenuation, reduced parasitic scattering, and a
higher magnetic field.

This paper presents the implementation of superconducting
MWPs for SESANS experiments, together with two calibration
methods for the SEL. We will also show its applications in the
characterization of polystyrene nano-particle (PSNP) colloids and

FIG. 1. SESANS experimental setup at the HB2D beamline of HFIR: (a) a compre-
hensive view of the SESANS instrument setup. (b) a schematic diagram illustrating
the key components and structures. The top view of the instrument is shown. Each
MWP arm consists of two MWPs and a rectangular center field. All guide fields are
in the negative direction along the y axis. Both fields in Nutator-1 and Nutator-2
are in the positive direction along the x axis.

nano-porous alumina membranes. Finally, potential improvements
to extend the maximum SEL are discussed.

II. SESANS SETUP
The SESANS experiments were conducted at the HB2D polar-

ized test beamline of the High Flux Isotope Reactor (HFIR).19 HB2D
utilizes a highly oriented pyrolytic graphite (HOPG) monochroma-
tor set at a take-off angle of 78.6○. A 100-mm-thick beryllium filter,
maintained at room temperature, effectively transmits neutrons with
a wavelength of 4.25 Å while minimizing the high-order reflec-
tions from the monochromator. Figure 1 illustrates the experimental
setup. The details of the neutron optics components can be found in
Ref. 20. The monochromatic beam is polarized using a supermir-
ror V-cavity and then guided through a series of magnetic fields
to maintain the polarization. Before entering the superconducting
MWPs, a magnetic nutator performs a π/2 flip, initiating the Lar-
mor precession in the x-z plane within the MWPs. Enclosed within
a vacuum chamber, the two MWPs are separated by a rectangular
center field. Magnetic fields within the two arms on either side of the
sample are identical but opposite in direction. The polarization vec-
tor component is selected and analyzed using an additional nutator
and a polarizing S-bender. A shielded 3He pencil detector is used for
the detection of the neutron beam.

To determine the beam polarization, we scan the center field
(Bc) in MWP arm-1, resulting in a sinusoidal oscillation of the neu-
tron intensity described by i(Bc) = a sin(ωBc) + i0, where a, ω, and i0
are the amplitude, the frequency, and the shim intensity of the sinu-
soidal oscillation. The polarization is then calculated as P = a

i0
. To

prevent depolarization near the sample, a weak magnetic guide field
of ∼5 G is applied in the negative direction of the y axis. The diver-
gence of the incoming beam at the sample position is given by Slit-1
(12.7 × 12.7 mm2) and a pinhole slit of Slit-2 with a diameter of
6 mm. The maximum divergence of the scattered beam and hence
Q range is constrained by Slit-3, positioned 71.5 cm from the sam-
ple, with dimensions of 30 × 30 mm2. This compact instrument has
a total length of ∼2.2 m.

To eliminate the contributions from the neutron wavelength
(λ), sample thickness (t), and instrumental artifacts, the polariza-
tion of the beam is measured both without (P0) and with a sample
(P), allowing for the calculation of the normalized scattering corre-
lation function denoted as ln (P/P0)

λ2t . The SEL δ is determined by the
equation

δ = cBLλ2 cot θ. (2)

In this context, c = γm
πh = 1.476 × 1010 G−1 m−2, where c represents

a constant, γ is the neutron gyromagnetic ratio, m is the neutron
mass, and h is Planck’s constant. The magnetic field within the
MWPs is denoted by B, while L signifies the separation between
the two MWPs in each arm, and θ represents the angle between
the hypotenuse of the MWP and the beam direction. For the super-
conducting MWPs, L and θ are set to 0.21 m and 45○, respectively.
The SEL is scanned by adjusting the magnetic field inside the MWP
(B), achieved by varying the applied current I of the MWPs for
each arm. Equation (2) indicates that calibrating the SEL necessitates
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calibration of the magnetic field inside the MWPs, a topic addressed
in Sec. III.

III. CALIBRATION OF THE SPIN ECHO LENGTH
Different approaches have been employed to calibrate SESANS

instruments, such as using optical gratings for Offspec at ISIS21,22

and refraction from aluminum wires for SESANS at TU-Delft.23

However, these methods employs long length scale sample struc-
tures, posing challenges in calibrating shorter SEL in the range of
a few tens to hundreds of nm. Here, we introduce two additional
approaches to calibrate the magnetic field inside the MWPs and
hence the SEL. The first method involves spin echo modulated small
angle neutron scattering (SEMSANS) to modulate the beam pro-
file to generate an intensity pattern on the detector. By precisely
measuring the period of this pattern, the magnetic field can be cal-
ibrated. This technique does not require a sample but necessitates
a high-resolution position-sensitive detector (PSD). Alternatively,
the second approach utilizes the refraction of a neutron beam as it
passes through an optical quartz wedge. This deflection introduces
a well-defined momentum transfer, allowing for precise calibration
of the SEL and magnetic field according to Eq. (1), provided that
the Larmor phase can be accurately measured. In this case, a regular
integrating pencil detector is sufficient.

These experiments were performed at the cold neutron polar-
ization development beamline at CG-4B in HFIR. A monochromatic
neutron beam with a wavelength of 5.5 Å, which is achieved by
reflecting the neutrons from a hot-pressed silicon monochromator,
was used.

A. Calibration using SEMSANS signals
SEMSANS is a variant of the SESANS technique that induces

spatial intensity modulations.24 In this configuration, the MWPs
within the second arms are subjected to higher magnetic fields, sat-
isfying the SEMSANS condition to generate spatial intensity mod-
ulations with high contrast, independent of beam divergence. The
modulation period TM of the SEMSANS signals is determined as
follows:

TM =
tan (θ)

2cλ(B2 − B1)
=

tan (θ)
2cλα(I2 − I1)

. (3)

Here, B1 and B2 represent the magnetic fields, written as αI1 and
αI2, respectively, where α, I1, and I2 denote the magnetic field per
current inside the MWPs and the applied current in MWPs for the
first and second arms, respectively. By measuring the SEMSANS
period with a high-resolution PSD, the magnetic field and hence SEL
can be determined. To measure the beam modulation, a scintillator-
based Timepix3 detector was utilized, offering a spatial resolution of
0.2 mm with a LiF:ZnS(Ag) scintillator.25

In Fig. 2(a), SEMSANS periods are plotted against I2 − I1.
All error bars in the experimental data in this paper represent
one standard deviation. As expected from Eq. (3), the period
TM demonstrates an inverse relationship with I2 − I1. The maximum
I2 value recorded in this measurement was 10 A. The observed min-
imum period is 0.62 ± 0.002 mm when I2 − I1 is 2.8 A. Figure 2(b)
depicts α calculated using TM as a function of I2 − I1. Error values
are derived from the fitting errors of TM . Notably, α remains nearly

FIG. 2. (a) The intensity modulation period TM of SEMSANS signals as a function
of I2 − I1. (b) Magnetic field per current α of the MWPs calculated using TM and
Eq. (3).

constant regardless of I2 − I1, with any slight differences potentially
attributable to non-linearity of the magnetic permeability of the
materials used in the MWPs. The obtained α values, averaged across
all results, are 35.06 ± 0.04 G/A.

B. Calibration using quartz wedge crystal
In SESANS, the Larmor phase accumulated by the neutron spin

throughout the setup is given by Eq. (1). For a neutron beam pass-
ing through a crystal with a wedge shape, the induced momentum
transfer of the neutron beam has been calculated by Rekveldt et al.26

as Q = − 2ρλ
sin (2ϕ) for ϕ≪ 1, where ϕ is the inclination angle and ρ is

the coherent scattering length density of quartz, taking a value of
4.183 × 10−6 Å −2. In a quantum picture, this is also equivalent to
the path phase difference between the two spin states.27,28 The setup
used for this experiment is shown in Fig. 3(a), and the Larmor phase
for the refracted neutron is determined as follows:

Φ = −
4ρλδ

sin (2ϕ)

= −
4γmλ3ρL

πh
⋅

cot (θ)
sin (2ϕ)

⋅ B(I). (4)

Since all parameters in Eq. (4) except the magnetic field (B) are
known, measuring the Larmor phase Φ allows for the calibration of
the magnetic field and hence the SEL.

Figure 3(b) presents the measured Larmor phase as a func-
tion of the current inside the MWPs for two inclination angles,
ϕ = +3.1○ and ϕ = −3.1○. To mitigate instrumental error, the Lar-
mor phase without the quartz wedge (ϕ = 0) is utilized as a reference
and subtracted accordingly. The Larmor phase data are fitted with a
linear function, and the slope κ is indicated in the figure. Utilizing
this slope, the magnetic field per current can be extracted as 34.6
G/A for ϕ = +3.1○ and 35.8 G/A for ϕ = −3.1○. This corresponds to
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FIG. 3. (a) Schematic of the SESANS calibration setup utilizing a quartz wedge
with ϕ indicating the inclination angle relative to the beam direction. Two lines of
different colors represent the two spin states. The two wedges can be rotated or
translated independently from each other. (b) The Larmor phase is measured as
a function of current inside the MWPs by scanning the guide field between the
MWPs. The data points have been fitted linearly with a slope of κ.

a SEL of 32.14 nm/A and 33.25 nm/A, respectively. The slight dis-
crepancy between the positive and negative values may arise from
the angular misalignment between the MWPs and the quartz wedge.
The average value of the two measurement results is 35.2 G/A, which
is almost the same as the result obtained with the SEMSANS signals
presented in the previous section. This value also agrees with the
field simulated with the finite element analysis software MagNet,29

which yields a value of 36.4 G/A.

IV. SESANS EXPERIMENTAL RESULTS
A. Polystyrene nano-particle colloids

To assess the performance of the SESANS setup, carboxyl-
functionalized polystyrene nano-particle (PSNP) colloids with vary-
ing sizes and concentrations are examined.30 The PSNP colloids at
nominal particle diameters of 50, 101, and 198 nm were purchased
from Bangs Laboratories, Inc.31 The nominal diameter represents
a hydrodynamic diameter determined by dynamic light scattering
(DLS). Solvent exchange from water to heavy water was achieved
by ultra-filtration, while the concentration of sodium dodecyl sul-
fate was maintained at 0.0035 M. The nominal volume fractions
of the samples were estimated by the mass fraction of the particles
in water provided by the supplier and by tracking the mass of the
colloid during the ultra-filtration solvent exchange. The prepared
samples were loaded into quartz banjo cells with a path length of
2 mm.

Figure 4 displays the results obtained with the PSNP colloids
at nominal particle diameters of 50 and 198 nm and a nominal
volume fraction of 5%. The SELs shown in Fig. 4 are calculated
using the calibrated magnetic field per current value of 35 G/A. The
curves plateau as the SEL reaches the maximum correlation length
within the sample. Particle diameters for each colloid are determined
through fitting with a dilute sphere model.2 The evaluated diame-
ters are 50.7 ± 2.9 nm and 185.4 ± 2.3 nm, respectively, which agree

FIG. 4. Normalized scattering correlation functions of the PSNP colloids with
identical nominal volume fractions of 5% but different particle sizes.

well with the nominal diameters. Neutrons are sensitive to the par-
ticle only, so the evaluated diameters may be slightly smaller than
the nominal (hydrodynamic) particle diameters. These experimen-
tal findings underscore the capability of SESANS to measure dilute
colloidal systems.

Three PSNP colloids with different volume fractions of 5%,
10%, and 20% and a nominal particle size of 101 nm were measured,
and the normalized scattering correlation functions are shown in
Fig. 5. As the concentration increases, the functions exhibit greater
oscillations indicative of inter-particle correlations and interactions.
Therefore, these results are fitted using the sphere form factor and
the Hayter–Pen-fold Mean Spherical Approximation (MSA) struc-
ture factor from SasView,32,33 which are appropriate for charged
spheres. During these fits, the scattering length density of the PSNP
and D2O solvent, the charge on the sphere, temperature, concentra-
tion of the salt, and dielectric constant of the solvent were fixed as

FIG. 5. Normalized scattering correlation functions of the PSNP colloids with iden-
tical particle sizes but varying concentrations yield volume fractions of 3.6 ± 3.2%,
7.9 ± 1.3%, and 18.2 ± 0.6% for nominal volume fractions of 5%, 10%, and 20%,
respectively.
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1.4 (10−6/Å2), 6.3 (10−6/Å2), 1 (e), 296 (K), 0.0035 (M), and 79.755,
respectively.

From the 5% colloid, the sphere diameter is determined to
be 102 ± 2 nm, consistent with the nominal particle diameter.
The volume fractions of 3.6 ± 3.2%, 7.9 ± 1.3%, and 18.2 ± 0.6%
are obtained for the 5%, 10%, and 20% colloids, respectively. The
obtained volume fractions are slightly smaller than the nominal vol-
ume fractions. This might be due to an error in estimating the con-
centration during the ultra-filtration solvent exchange. Nevertheless,
these experimental findings clearly demonstrate the capability of
SESANS experiments with superconducting MWPs to evaluate the
volume fractions of concentrated colloidal systems.

B. Nano-porous alumina membrane
A nano-porous alumina membrane obtained from Smart-

Membranes was also measured.34 This membrane comprises round
cylindrical pores with a diameter of 45 nm and a pore length of
150 μm. The pores are arranged hexagonally within multi-grains
of alumina. The supplier provides a nominal pore pitch of
pn = 125 nm, measured via scanning electron microscopy (SEM).
Figure 6 shows the SESANS experimental data for the mem-
brane as well as the SEM image provided by the supplier. The
strongly ordered structure of the membrane with the pits can be
expressed with these models, considering the multi-grain structure
in the sample. A model with a core–shell–sphere form factor and a
Percus–Yevick structure factor is employed to fit the experimental
results using SASview.35,36 A core diameter of (55 ± 17) nm is deter-
mined, aligning with the supplier’s nominal value. The obtained
shell thickness is 37.4 ± 9 nm, which also agrees with an estimated
thickness calculated with a nominal pore pitch and diameter, i.e.,
(125 − 45)/2 nm = 40 nm. In Fig. 6, as SESANS is a one-dimensional
technique, the oscillation period of the normalized scattering corre-
lation function T denotes the projection of the next nearest-neighbor
toward the encoding direction, which is given by T = p sin(60○)
as shown in the Fig. 6. Therefore, with T = 112± 1 nm obtained
from the fitting, the calculated pore pitch can be calculated to
be p = 129 ± 1 nm, which is close to the nominal pore pitch pro-
vided by the supplier (pn = 125 nm). The slight deviation from
the nominal value may stem from methodological differences, as
SEM measurements probe a smaller sampling footprint than the
SESANS measurements. Nevertheless, these experimental findings
underscore the capability of evaluating nano-porous materials using
SESANS with superconducting MWPs.

V. POTENTIAL OPTIMIZATION OF THE MWPS
FOR SESANS

The SESANS setup described in this report has a shorter acces-
sible length scale compared to established SESANS instruments like
Larmor at ISIS and SESANS at TU-Delft, due to some of the physical
parameters of the MWPs being optimized for different applications.
The implementation of SESANS and its use in measuring correlation
functions show promising progress. The SESANS setup reported
here would benefit from further optimization, which may involve
reducing the hypotenuse angle, increasing the distance between the
MWPs, and employing neutrons with a longer wavelength of 10 Å.
Additionally, increasing the strength of the magnetic field where the

FIG. 6. Normalized scattering correlation function of a nano-porous alumina mem-
brane. The result is fitted with the core–shell–sphere and Percus–Yevick models
for form and structure factors, respectively. The inset is the SEM image pro-
vided by the supplier. The T shows the projection of the distance to the next
nearest-neighbor toward the encoding direction, and p is the pore pitch of the
membrane.

superconducting film penetration occurs could further improve per-
formance.37 As a result, an overall increase of up to 50 times in SEL
could be achieved with all parameters fully optimized. This advance-
ment could potentially enable SELs of about 20 μm, similar to those
of the Larmor instrument at ISIS and the SESANS instrument at
TU-Delft. Additionally, the shorter sample-to-detector distance with
MWPs enables measurement of scattering with a larger scattering
angle, which is beneficial for obtaining accurate experimental results,
particularly in the short SEL range below a few hundred nm.6

VI. CONCLUSION
Our study highlights the effectiveness of superconducting

MWPs for SESANS experiments. We introduced calibration meth-
ods utilizing SEMSANS signals and quartz wedge crystals, demon-
strating that the magnetic field per current of the MWPs is ∼35
G/A. Results from dilute and concentrated PSNP colloids illus-
trate the capability to determine particle sizes and volume fractions.
Additionally, experimental findings on nano-porous alumina mem-
branes show the ability to evaluate pore size and pitch in nano-
porous materials. Finally, we discussed the potential enhancement of
achievable SELs with optimized MWPs and their arms for SESANS
applications.
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