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ABSTRACT

This work describes the implementation of polarized neutron imaging capabilities at the neutron and x-ray tomograph (NeXT) imaging
station of the Institut Laue Langevin. This development enhances the capacity of this instrument to study advanced magnetic materials,
which are crucial in a variety of engineering applications. Here, the feasibility of polarized neutron imaging at NeXT is demonstrated by
visualizing the magnetic field generated by a simple bar magnet. The use of a double-crystal monochromator for wavelength-resolved imaging
is also shown to enable both quantitative and qualitative analyses of magnetic materials. This is demonstrated through the determination of
magnetization strength in a sample of electric steel (FeSi) in addition to the distribution of its components. Polarimetric imaging is also
implemented for the first time to characterize the magnetic field generated by a current-carrying cylindrical wire. These findings collectively
underscore the value of incorporating polarized neutron imaging into the already cutting-edge imaging station.
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I. INTRODUCTION

Until 2021, the Institut Laue Langevin operated at its beam
port, D50 (that is used to accommodate the RAINBOWS reflec-
tometer as well), the neutron and x-ray tomograph (NeXT) tom-
ography station, which allows the simultaneous use of neutrons and
x-rays as a probe for material characterization.! In recent years, it
has served principally for material and energy studies such as the
behavior of porous media,” ™ battery characterization,” and bio-
logical systems such as plants® employing a white cold neutron
beam with a peak flux at 2.8 A for this purpose. At the time of
writing, it is the neutron imaging station that offers the highest
spatiotemporal resolutions attributable to its high neutron flux up
to 3 x 10® n/cm?/s at the sample location, for a collimation ratio
of 330. Given the growing interest for polarized neutron imag-
ing in magnetic characterization, the addition of the option to the
NeXT station not only brings it to the state of the art but also will
allow quick magnetic characterization of materials with neutrons
in addition to potentially higher image resolution as a result of the
higher flux.

Since the pioneering work by Kardjilov et al.” where the tech-
nique of polarized neutron imaging was used in the qualitative 3D
reconstruction of the trapped magnetic field in superconducting Pb,
the technique has mainly facilitated studies of magnetic phenom-
ena in superconducting systems. This includes visualization of the
Meissner effect by Dawson et al.® and the quantitative investiga-
tions of field penetration and trapping in type II superconductors.’
Advancements in the technique’s understanding and implementa-
tion have allowed defect characterization in these superconducting
materials.'’ In addition to the applications in superconductivity
studies, polarized neutron imaging techniques have been employed
in broader magnetic and electric characterization including the
study of electric fields by Jau et al.,'' magnetic characterization of
electric motors,' " electric steels,'* and depolarization measure-
ments for investigating properties of exotic magnetic materials.'”
Furthermore, it is currently under exploration as a method for
extending battery characterization.’

This paper describes the first attempt at incorporating polar-
ization capabilities into the instrument prior to the very recent
upgrade of the tomography station during the 2022 long shutdown,
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after which a permanent polarized neutron imaging station was
added to the instrument. The components chosen will be discussed,
focusing on the reasons behind the choices made. Polarized neu-
tron images of a simple bar magnet will be shown, obtained as
proof of concept of the effectiveness of the implementation. Fur-
thermore, facilitated by a double-crystal monochromator, energy-
selective polarized neutron images of an electric steel sample (FeSi)
are shown here. These are used in the quantitative characteriza-
tion of magnetic fields in a similar manner as the work done on
the Time-Of-Flight imaging station at ISIS'® by taking advantage
of the energy-dependent interaction of the polarized neutron with
a magnetic field. Finally, an attempt is made at polarimetric neutron
imaging with a current-carrying conductor.

Il. POLARIZATION COMPONENTS
A. NeXT imaging station

A detailed description of the NeXT imaging station including
its layout and working operations has been given in Ref. 1, although
it has recently been upgraded. A paper detailing the new instrument
is under redaction, although, for the specific purpose of this work,
the description in the original work provides a solid baseline. The
instrument could not initially perform polarized neutron imaging
and was generally focused on white beam imaging. The dependence
of the polarization precession angle on neutron wavelength necessi-
tated the temporary installation of a monochromator in addition to
the polarizing, flipping, and collimation devices. These are now per-
manently integrated into the instrument. A schematic illustration of
the setup for polarized neutron imaging after monochromatization
of the beam is given in Fig. 1.

1. Monochromator

A double-crystal monochromator (DCM) was installed in the
former reflectometer hutch of the D50 instrument to facilitate
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ARTICLE pubs.aip.org/aip/rsi

energy selection of the incident neutron beam. The system consists
of two diffracting highly oriented pyrolytic graphite (HOPG) crys-
tals employing their (002) reflections and maintaining both fixed
beam exit direction and position. The mosaicity was 0.8° allowing
the selection of wavelength bands between 2.0 and 6.5 A without
changing the position of the beam.'” Calibration of the device was
performed via energy-selective radiography of a sample of iron pow-
der. A scan is performed from 3.0 to 4.5 A using a step size of 0.02 A
with each radiograph obtained having an exposure time of 30 s. All
radiographs were corrected with open beam images for beam inho-
mogeneities and dark images for electronic noise from the detector.
Figure 2 (left) shows the radiograph of the Fe powder, and Fig. 2
(right) shows the graph of the normalized transmission vs wave-
length of the neutron beam. We can see that the Bragg edge is located
at a wavelength of about 4.1 A, which is expected.'® This gives con-
fidence for the proper alignment of the monochromator to facilitate
further experimentation.

2. Polarization devices

Polarization and analysis devices play a crucial role in a polar-
ized neutron experiment, ultimately determining the quality of the
obtained neutron images. Therefore, selecting these devices is of
utmost importance to maximize the image quality. In the context
of optimizing achievable resolution, two key factors are essential:
providing a broad field of view for the neutron beam and compact-
ness (notably to minimize the distance of the sample to the detector,
crucial for the resolution of the images). To extend the versatility
of the setup, these devices should be capable of accommodating a
wide range of neutron wavelengths for magnetic characterization.
This flexibility is especially important in cases involving small fields,
where a weak wavelength dependence necessitates the use of polar-
izing devices tailored to the neutron spectrum of the beamline or
instrument.

CMOS Detector System

Analyzer

X

FIG. 1. Schematic of the experimental setup with the double-crystal monochromator positioned before the polarizer.
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FIG. 2. Transmission radiograph of the sample of iron powder (left, dashed box) with the corresponding normalized transmission intensity as a function of incident neutron
wavelength (right) where we can see the Bragg edge of the iron powder at about 4.1 A.

Considering the above criteria, the choice was made to employ
solid-state benders made by Swiss Neutronics for both polariza-
tion and analysis devices. A polarizing transmission bender was
positioned before the sample position as the polarizer unit. The
device’s field of view has a width and height of 30 x 50 mm?,
Its substrate is made from a single-crystal Si wafer of thickness
0.15 mm and has a supermirror coating of Fe/Si with an m-value
(critical angle relative to nickel) of 3.3. The magnetic polarizing
mirrors are aligned vertically and are magnetized by the integrated
housing in the device made from Nd-based magnets."”*’ They are
transmission-based, meaning that only one spin channel is allowed
through, which we define as spin up, while the other channel (spin
down) is reflected. In this setup, the neutrons in the beam with dif-
ferent spin orientations encounter different refractive properties in
the magnetic material depending on their alignment with, or against,
the applied vertical magnetic field. The curved Si plates are designed
to ensure that when the beam’s polarization aligns with the mag-
netic field, it undergoes total reflection, while the other component
passes through with minimal alterations. Importantly, there is no
absorbing layer on the Si wafer plates, allowing the two spin com-
ponents to be spatially separated. A Soller collimator is used in
combination with the polarizer to allow or remove the transmitted
or reflected neutron spin component, or vice versa, through angu-
lar adjustment. It is made of stacked Si (0.3 mm) wafers coated with
TiGd (0.25 ym thickness). For the experiment, the collimator was
set to retain the transmitted spin channel, and it provided an angu-
lar divergence of 0.34° in the horizontal and 1.28° in the vertical
direction.

The analysis device was installed after the sample position.
Its operating principle is similar to that of the polarizing devices,
with the key difference being that it works in reflection. This is a
consequence of the gadolinium coatings on the backside of its sili-
con lamellae, which absorb the non-reflected neutrons. The critical
neutron wavelength for these polarizing devices is 2.1 A, a value
well below the peak neutron flux wavelength of 2.8 A on NeXT,
which allows for efficient polarized neutron imaging at the imaging
station.!

3. Spin controlling devices

Control of the neutron polarization direction is affected by a
Mezei flipper. The device uses a static magnetic field orthogonal to
the neutron beam polarization direction for non-adiabatic rotation
of the spin orientation. Adjusting the current flowing through the
flipper coils allows for adjusting the field strength for the rotation of
the polarization axis.

B. Setup

The devices are assembled for the experiment in the order
of collimator, analyzer, polarizer, and spin flipper, as illustrated in
Fig. 1. This order of installation optimizes for beam transmission
and polarization. The installation of each device, with the excep-
tion of the spin flipper, is facilitated by the use of rotation stages.
The collimator and then analyzer are first installed and aligned with
a precision of 0.1° to maximize the transmission of the incident
neutron beam. The polarizer, on the other hand, is then aligned to
maximize the beam polarization to the same precision. This is facil-
itated via a modification of the Shim test. A demagnetized Fe ring
is positioned in the field of view of the beam to cover it partially.
The ring is expected to completely depolarize an incident polarized
beam. The polarizing device is rotated in steps of 0.1° to find the
position where there is the largest contrast between regions of the
ring and the empty beam. Finally, the spin flipper was installed and
current-calibrated for efficient polarization rotation, i.e., determin-
ing the applied currents that correspond to maximum and minimum
transmission.

The detector comprised a 100-micron thick LiF/ZnS scin-
tillator, imaged by a CMOS camera (Hamamatsu Orca Flash).
A 50 mm /1.2 lens was mounted on the camera to facili-
tate imaging. The field of view is limited by the dimensions
of the polarizing devices. The sample is located 15 cm away
from the detector. The collimation ratio L/D of 333 results in
a neutron penumbra of about 0.5 mm. All radiographs were
taken with an exposure time of 30 s. They were corrected for
beam inhomogeneities and electronic noise in a manner similar
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FIG. 3. Open beam polarization after the setup (left) with the homogeneity profile corresponding to the region highlighted in blue. The standard deviation in this region is 0.9%

from the mean polarization.

to the case of those used in the monochromator setup and
calibration.

The polarization of the beam was determined to be 88%
at a neutron wavelength of 3.0 A. Figure 3 shows an image of
the open beam polarization and charts the mean polarization
as a function of the lateral position (blue highlight). The beam
shows good homogeneity, and the average polarization over the
highlighted region is found to be 90.3%, with a standard devi-
ation of 0.9%. Polarized neutron images obtained were normal-
ized with open beam polarized neutron images to correct both
for polarizing efficiencies and attenuation signals from the sample
absorption.”!

A simple bar magnet producing a magnetic field of about 1 T
at the surface, as measured with a Hall probe, was used as a proof-
of-concept sample to test the setup. The polarizer and analyzer are
set to have their spin channels parallel to each other by applying
the appropriate current to the Mezei flipper. The resultant transmis-
sion image is shown in Fig. 4. The grayscale contrast in the image is
representative of the total precession angle of the neutron spin pass-
ing through the magnetic field from the magnet. The maximum or

FIG. 4. Transmission image of a generic bar magnet with a surface magnetization
of about 1 T. The observed grayscale contrast results from the precession of the
neutron beam polarization through the magnetic field from the magnet. The white
arrow indicates the position of the magnet.

minimum intensity corresponds to the neutron beam polarization
having a parallel or antiparallel orientation relative to the analyzer,
respectively. Given the high magnitude of the magnetic field pro-
duced, image degeneracies are expected due to the neutron beam
polarization having a total rotation of more than 7 close to the
magnet.

The double crystal monochromator was then employed to per-
form energy-selective polarized neutron imaging. The polarization
of the beam as a function of the incident neutron wavelength is
shown in Fig. 5. There is an observable decrease in the polariza-
tion of the neutron beam with an increase in wavelength attributable
to reductions in the efficiency of the polarizing devices at larger
wavelengths. This, coupled with the wavelength spread from the
mosaicity, means that there is a chance of reducing the polariza-
tion at higher wavelengths. The dip at 3.8 A comes from a fixed
monochromator upstream. These do not present a significant lim-
itation for their use in energy-selective polarized neutron imaging as
will be shown in Sec. I1I.
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FIG. 5. Polarization of the incident neutron beam as a function of wavelength.
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I1l. ENERGY-SELECTIVE POLARIZED
NEUTRON IMAGING

In this section, a case study is presented for energy-selective
polarized neutron imaging on NeXT. A sample of electric steel is first
investigated to quantify the magnitude of its internal magnetization.
The relationship between the beam polarization and the wavelength
when interacting with a magnetic field is the key to the study.

A. Magnetic characterization of electric steel (FeSi)

FeSi alloys are typically used as the core material in industrial
electric transformers.”” Their high permeability combined with the
minimal hysteresis facilitates a reduction in losses (energy dissipa-
tion). Further reduction of losses can be achieved by grain orienta-
tion and insulation to reduce Eddy currents.”””" The grain orien-
tation serves to improve the magnetic properties of the material,
whereas the insulation is known to induce uniaxial stress along
the rolling direction, which reinforces the effects of the grain
orientation.”” ** Obtaining and understanding information about
the underlying domain structure in a non-destructive manner is,
thus, imperative for the continued development of the material.
Non-destructive characterization is required since the removal of the
insulating layer for characterization”"" compromises their mag-
netic properties. The utility of neutron imaging as a probe for the
study of FeSi sheet characterization has already been shown through
neutron grating interferometry’®’"** and polarized neutron imag-
ing."* This section presents a first attempt at non-destructive quan-
tification of the magnetization strength and further determination
of the magnetization component distribution in a sample of FeSi at
the NeXT imaging station. To this end, transformer steel (FeSi) with
3% Si and a thickness of 230 microns was employed. An assumption
was made, based on the sample’s aspect ratio, that the internal mag-
netization is oriented along the plane of the sample surface, i.e., the
x-z plane in Fig. 1. A further assumption was made that the magne-
tization was homogeneous through the sample thickness. These two
assumptions allowed a pixel-wise estimation of the sample magne-
tization, including its planar components using the energy-selective
polarized neutron imaging.

Figure 6 shows the changes in polarization images as a func-
tion of the neutron wavelength. There is a visible change in the final
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polarization images with the increase in the neutron wavelength.
This is a result of the wavelength dependence of the total precession
angle, 6, of the neutron polarization in a magnetic field B, which can
be described as™

P =cos (), (1)

P =cos (lem dex), (2)

where P is the beam polarization, A is the neutron wavelength, m is
the neutron mass, and 4 is Planck’s constant.

This implies a sinusoidal correlation between the magnetiza-
tion and the final polarization. The magnitude of the magnetization
in the regions can, hence, be obtained by fitting a simple 1D wave
displacement function [Eq. (3)] to determine the frequency (w) of
the signal. This frequency is entirely dependent on the magnitude of
the magnetic field or magnetization that the neutrons interact with,

y=A cos(wd) +c (3)

Figure 7 shows the relation between the final polarization and
the wavelength in the highlighted regions of the image. With neg-
ligible damping in the signal, Eq. (3) is sufficient for its fitting and
subsequent determination of the values of magnetic field strength.
In the yellow, blue, and orange boxed regions, this was found to be
1.89, 1.89, and 1.9 T, respectively. These are typical values found for
samples of FeSi.”*”

Repeating this same analysis in a pixel-wise manner, it is pos-
sible to determine the spatial distribution of the magnetization in
the material. These images are 2 x 2 binned to improve the statis-
tics. This is also done for the sample after a rotation through the y
axis by 90° and the resultant B distributions for both orientations
are shown in Fig. 8. At the 0° orientation, the beam polarization
interacts with the projection of the magnetization in the x direction,
while in the 90° orientation, the polarization interacts with the mag-
netization projection in the z direction so that the images represent
the spatial distribution of the x and z Cartesian components of the
magnetization in the FeSi sample based on the assumptions detailed
above. The difference in the distribution of the B component occurs

P

FIG. 6. Polarized neutron images of the FeSi sample at different wavelengths highlighting the changes in contrast and, therefore, the effect on total polarization from the
wavelength of the incident neutron beam. The sample position is indicated by the red dashed line.
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FIG. 7. Mean polarized neutron image of FeSi sample through the wavelength range (top) with the polarization signal as a function of incident neutron wavelength
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FIG. 8. 2D map of the determined magnetic field strength of the FeSi sample with the sample at 0° orientation (left) and 90° orientation (right). The sample position is

indicated by the white dashed line.

because when the polarization orientation precisely aligns with that
of the magnetic moment, it leads to the absence of a signal, and
thus, no calculated field magnitude. Consequently, in regions where
a field is calculated for one polarization direction but not the other,
it indicates that the magnetic moment is perfectly perpendicular or
parallel, respectively.

Physical interpretations for the exact values of the amplitude
and offset terms obtained from the fit are still under debate and will
not be discussed further in this work.

IV. POLARIMETRIC NEUTRON RADIOGRAPHY
OF A CURRENT-CARRYING WIRE

A further study was performed testing the imaging station’s
capability for polarimetric neutron imaging. The setup is slightly
modified to facilitate this via the addition of three additional 7= Mezei
flippers: an additional flipper before the sample position and two
after the sample position. The purpose of the two positioned before

the sample position is to orient the incident beam polarization in
one of the three Cartesian directions, while the two positioned after
the sample facilitate analysis of the final polarization projection
in one of the three Cartesian directions after interaction with the
sample. In this configuration, the sample distance from the ana-
lyzer is 50 cm and the polarization of the neutron beam is 75%
at3.0 A.

A niobium wire of diameter 1 mm with a current of 2.5 A was
used for this study and was oriented orthogonal to the neutron beam
as illustrated in Fig. 9(a). Radiograms are acquired with a 30-s expo-
sure time for each of the nine sets of combinations representing
incident beam orientation and analysis orientation (e.g., XX denotes
incident polarization along the X direction, with final polarization
component analysis also along the X direction). The radiograms are
corrected for beam inhomogeneity and dark currents in the usual
manner in addition to a division by a radiogram of the wire without
any current passing through it (to normalize the contributions of the
material density to the radiographs).
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FIG. 9. (a) Comparison between the theoretical and the experimentally obtained polarized neutron image for each combination of incident polarized neutron beam (oriented
in one of the X, Y, and Z Cartesian directions) and analyzed for a Cartesian component. (b) A comparison of the experimental and simulated results considering the effects
of external fields such as the guide field, including a schematic of the relative orientations of the current carrying wire and the incident neutron beam polarization highlighting

the direction of this external field.

Figure 9(a) presents a comparison between the experimental
results and those from a simulation. It shows no agreement between
the two result sets. Specifically, the presence of asymmetries in the
experimental results from the XX, YY, and ZZ configurations do not
appear in a theoretical case. This is a result of the adiabatic condition
on the final beam polarization. Specifically, in the experiment, both
the guide field and the field from the current source connected to
the wire contribute to the modification of the split between regions
of adiabatic and non-adiabatic rotation of the polarization, which
results in the observed asymmetries.

The Hall measurements during the experiment indicate that the
guide field at the sample position is about 20 G. Figure 9(b) shows a
comparison of the experimental and simulated results after account-
ing for the presence of a homogeneous field at the sample position in
the simulation. The value of the field that yields the most similarity
in the simulated result is about 25 G in the direction illustrated in
the accompanying schematic [Fig. 9(b)]. While the simulation and
the experimental results are in good agreement for most configura-
tions, there is still a mismatch for the YY configuration. This could
be a result of the use of a homogeneous external field in the simula-
tion space, which could not strictly correspond to the experimental
conditions.

V. CONCLUSION

This paper showcases the implementation of polarized neu-
tron imaging at the NeXT imaging station located at Institut Laue
Langevin. It highlights the importance of installing a double crys-
tal monochromator for the quantitative characterization of magnetic

materials due to the dependence of the precession on the incident
neutron wavelength. Imaging of a simple bar magnet was used as an
initial proof of concept for validating the setup. Afterward, taking
advantage of the energy-selective capability facilitated by the dou-
ble crystal monochromator, a sample of FeSi was characterized to
determine the strength of the magnetic field across the sample and
the distribution of its Cartesian components. Finally, a polarimet-
ric setup was tested with a current carrying wire and the results
highlight the need to properly account for the effects of external
fields.
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