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Abstract: Neutron dark-field imaging is a powerful tool for the spatially resolved characterization
of microstructural features of materials and components. Recently, a novel achromatic technique
based on a single absorption grating for the concurrent measurement of attenuation, dark-field and
differential phase contrast was introduced. However, the range of measurable length scales of the
technique in quantitative dark-field measurements appeared limited to some 10-100 nanometers, due
to the relatively high spatial resolution requirement to detect the projected beam modulation. Here,
we show how using grating—detector distances beyond the resolution limit for a given collimation
produces a sequence of inverse and regular projection patterns and, thus, leads to a significant
extension of the range of accessible length scales probed by dark-field imaging. In addition, we show
that this concept can also be applied to 2D grating structures, which will enable concurrent three-fold
directional dark-field measurements at a wide range of length scales. The approach is demonstrated
with measurements on an electrical steel sheet sample, which confirm the validity of combining the
results from the regular and inverse grating patterns.

Keywords: dark-field imaging; neutron grating interferometry; non-destructive evaluation;
autocorrelation length; neutron imaging; single grating

1. Introduction

Advanced and multimodal imaging techniques with neutrons and X-rays that go
beyond conventional attenuation contrast imaging have recently experienced a rapid
growth in applications. Amongst them, techniques that offer differential phase contrast
(DPC) and dark-field (DF) contrast simultaneously, and in addition to the attenuation signal,
have attracted particular interest. Phase contrast imaging is sensitive to phase shifts induced
by local variations in the real part of the refractive index. Compared to the conventional
attenuation signal, X-ray phase contrast imaging can provide significantly better contrast for
visualizing small electron density variations in a sample, and it has shown potential for dose
reduction, which is particularly important for clinical applications [1,2]. The feasibility of
phase contrast imaging has also been demonstrated for neutrons and applied for mapping
not only phase shifts induced by bulk materials [3,4], but also by magnetic fields [5,6].
Dark-field contrast imaging, in turn, has the potential to quantitatively probe spatially
resolved small-angle scattering of investigated materials [4,7]. Grating interferometry (GI)
is the most efficient technique for this multimodal imaging approach that delivers both
the phase contrast and the dark-field signals in addition to the attenuation. It is based
on measuring the local modulation of an interference pattern induced in the beam by the
grating interferometer. A conventional neutron GI setup is typically comprised of a set
of three line gratings with defined periods, typically on the order from a few to a few
tens of micrometers, which produce an interference pattern through the Talbot-Lau effect.
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The first is an absorption grating that is placed downstream of the source and creates a
partially coherent beam. The second is a phase grating that creates a sinusoidal interference
pattern. The last one is another absorption grating, which is required to translate the
interference pattern that cannot be directly resolved by the detector system into a pixel-
wise modulation upon a phase stepping approach [8,9]. For this, one of the gratings is
scanned in several steps across the beam using a precision stepping motor. This is repeated
both with (sample scan) and without (reference scan) the sample in the beam. Fitting
the sinusoidal modulation created in every pixel by the phase-stepping and correlating
the sample and reference scans delivers the attenuation, differential phase and dark-field
images of the sample, as described in [4].

In contrast, a non-interferometric single grating (SG) approach for neutron dark-field
imaging was recently demonstrated [10], which simplifies the instrumentation require-
ments. For this, only single-shot exposures of an absorption grating with and without the
sample in the beam are required, and complex alignment procedures and optimization
for a single wavelength are eliminated. As we show, single gratings can be used in a
straightforward manner at cold and thermal neutron beamlines. With the use of conven-
tional 1D grating patterns, DPC and DF are sensitive to refraction and scattering in the
direction perpendicular to the grating lines only. Recent studies have shown that multi-
and omni-directional scattering imaging can be achieved by using two gratings with 2D
periodical patterns creating a pattern of macroscopic circular beam modulations [11].

The key parameters of a dark-field imaging setup are the autocorrelation length and
the visibility. The instrumental autocorrelation length probed is related to the scattering
vector amplitude, analogous to the spin echo length in a spin echo SANS experiment,
and its details are described in [7]. Its value determines the length scales accessible by
the technique, which today lies in the range from a few tens of nanometers to about ten
micrometers [10,12-16]. The probed autocorrelation length ¢ is defined as § = LsA/p [7]
and increases linearly with the wavelength A, the distance Ls between the sample and
the detector, and the reciprocal of the period p of the grating. In a quantitative dark-field
imaging experiment, a set of measurements at multiple autocorrelation lengths is acquired
to characterize microstructural features of the sample. The visibility V can be described
as the normalized amplitude of the measured modulation produced by the gratings. For
the SG approach, the visibility, for a sufficiently absorbing grating, is not influenced by
the wavelength but only by the capability of the setup to spatially resolve the absorption
pattern. The ratio between the visibilities V and V¢ measured with and without the sample,
respectively, delivers the dark-field contrast V/V of the sample. Hence, the precision and
accuracy of the dark-field contrast relies strongly on achieving a high setup visibility V.
For a single absorption grating setup, this implies a trade-off between beam flux, controlled
by the pinhole size used for the source collimation, and accessible autocorrelation length
range. The latter is effectively limited by the distance between the absorption grating
and the imaging detector, since the wavelength and the grating period are often fixed. To
achieve suitable measurement conditions, the single grating needs to be placed relatively
close to the detector, limiting the autocorrelation length range that can be probed through
dark-field imaging. When the distance between the grating and the imaging detector
increases, the blurring effect of the beam divergence degrades the visibility of the measured
grating pattern. However, in this work, we show that after observing a visibility loss, the
visibility increases again at sufficiently large separation distances and an inverse pattern of
the projected grating is observed. We demonstrate that this pattern allows for extracting
attenuation and dark-field images that are consistent with the results from the non-inverse
pattern. Exploiting the inverse pattern can hence significantly extend the accessible range
of autocorrelation lengths for dark-field imaging.

2. Materials and Methods

The measurements were carried out at the NEUTRA and ICON beamlines at the SINQ
facility (PSI, Villigen, Switzerland). NEUTRA has a thermal spectrum with a mean neutron
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wavelength of 1.5 A and maximum at 1.1 A [17], whereas ICON has a cold spectrum with a
mean neutron wavelength of 2.8 A and maximum at 1.5 A [18]. A ‘white’, polychromatic
beam without monochromatization was used for all measurements presented here. For
both beamlines, the neutron detector was comprised of a 200 um thick scintillation screen
(LiF, ZnS(Ag)), and an optical Andor’s iKon-L CCD camera (2048 x 2048 pixels). A 100 mm
Zeiss f/2 objective lens was used with a magnification such to achieve an effective pixel
size of 35 um, leading to a field of view of 72 x 72 mm?. Figure 1 shows the schematic
instrumental setup used in this work.

Ly Ls/\

Source slit

Sample \

Scintillator
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Figure 1. Sketch of the instrumental setup.

The spatial collimation of the beam, and consequently the spatial resolution was
mainly limited by the front square aperture of 20 x 20 mm? that was placed at a distance
of approximately 7 m upstream of the scintillation screen at both beamlines. An absorption
grating, placed at a distance Ly from the imaging detector, produced the spatial modulation
of the neutron beam. It consisted of a 70 x 70 mm? absorbing pattern of 20 um thick
gadolinium deposited on a 300 pm thick round silicon wafer. The grating pattern was
produced by laser ablation of the initially fully gadolinium-coated wafer. The two types
of patterns used for the measurements presented here were parallel lines with a width of
182.5 pm and a period p = 365 um, and round holes with a diameter of 175 pm distributed
on a hexagonal grid with a period equal to twice the hole diameter in the three symmetry
directions (see Figure 2). While measurements with the line pattern are only sensitive
to scattering perpendicular to the line direction, the hexagonal pattern allows probing
the scattering signal in the three symmetry directions of the pattern with a spacing of
60°. Furthermore, using directional signal processing routines, such as the ones presented
in [11,19,20], the scattering signal in the three individual directions can be separated.
The absorption grating was mounted on a linear stage, which allowed for a motorized
movement of the grating up to 135 mm in the direction parallel to the neutron beam. In
addition, the linear stage could be manually moved on an optical bench. The sample was
placed downstream of the grating at a distance Ls upstream of the imaging detector. The
sample stage featured three linear stages that enabled motorized positioning of the sample
in the three principal orthogonal directions. The movement of the sample along the beam
direction with a 145 mm range was required for the autocorrelation length scans.

For the processing of the images I and I acquired, respectively, with and without the
sample, an analyzing window A(x,y) = I([x —w,x + w], [y — w,y + w]), where 2w + 1)
is the window size along one axis and x and y are the image pixel coordinates, was
introduced. For each pixel (x,y) the attenuation A was calculated as

< A(x,y) >

< Ao(x,y) >’ ()

Ax,y) =

where <> denotes the average operator applied to the respective analyzing window. This
was performed instead of a simple I/ Iy normalization to reduce artifacts caused by drifts
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in the grating position, which may happen during sample exchanges or due to system
perturbations. Analogously, the visibility V was calculated as

o (Alx,y))

< A(x,y) >’ @

Vixy) =
where o () denotes the standard deviation operator. Finally, the dark-field contrast DF was
calculated as the ratio of the visibilities with and without the sample
DF(x,y) = V(x,y)/Vo(x,y). It should be noted that the window size needs to be at
least one full period of the grating pattern to yield quantitative DF values, and it deter-
mines the final spatial resolution of the processed images. For this manuscript, the window
size was set to 17 x 17 pixels for all the datasets.
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Figure 2. (a) Modulation of the grating visibility as a function of the distance between the grating
and the neutron detector. The green lines with cross markers correspond to the line pattern grating
whereas the blue lines with star markers correspond to the hexagonal 2D pattern grating. The dark
and light lines indicate two separate grating distance scans acquired at two different manually fixed
positions on an optical bench of the motorized grating linear stage. (b) Projections of the hexagonal
and line pattern gratings obtained at the grating distances indicated with the black arrows in (a).

3. Results

First, the visibilities of the projected patterns of the gratings were measured at NEU-
TRA. Two separate sets of scans were carried out for two different positions of the linear
stage with the grating along the beam direction, to extend the total range of grating—
detector distances.

Figure 2 shows plots of the visibility Vj for both the line and the hexagonal pattern
gratings as a function of the distance Ly between the grating and the imaging detector.
As expected, the maximum visibility obtained within the measurements was found at the
shortest grating—detector distance for both gratings. As the distance increases, the visibility
decreases due to the blurring effect caused by the finite beam collimation. However, only
the initial slope follows the expected blurring effect according to pinhole imaging [10],
and as the distance increases, the visibility starts to rise again reaching a second relative
maximum. In this regime, an inverse pattern of the original grating pattern with the same
period is observed (see Figure 2b). As the distance increases further, a second minimum is
found, before the visibility starts to rise again and the regular grating pattern is recovered at
a third maximum. It can be observed that the line pattern yields an overall higher visibility
than the hexagonal pattern due to the blurring impact in only one dimension and larger
grating period, which is better resolved by the detector system. Furthermore, the larger
period of the line grating compared to the hexagonal grating results in a slower degradation
of the pattern and hence a longer distance before pattern inversion sets in. These results are
all in agreement with simple linear optics ray tracing simulations and, thus, do not involve
any phase or interference effects.

In the second experiment, which was performed at the ICON beamline, the attenuation
and dark-field signals of a stack of four 300 pm thick electrical steel sheet samples were
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obtained. Here, we succeeded in accessing autocorrelation lengths in the extended range
from 13.1 and 253.4 nm, which was achieved by exploiting both the regular and the inverse
pattern produced by the hexagonal grating, measuring, respectively, at grating distances Lg
145 and 275 mm. Figure 3 shows attenuation and dark-field contrast images of the sample
as well as their average value as a function of the probed autocorrelation lengths.
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Figure 3. (a) Attenuation contrast image of the stack of electrical steel sheets. (b) Dark-field contrast
image respective to graph (a). Both graphs are for the longest autocorrelation length probed. Note that
the color bar is the same for both images, and the unit in the x- and y-axes is in mm. (c) Attenuation
contrast (green lines) and dark-field contrast (blue lines) plots as a function of autocorrelation length.
The light colored lines (—1 suffix) are obtained by SG imaging with the regular pattern, whereas the
dark colored lines (—2 suffix) are obtained with the inverse pattern.

As expected, the attenuation value does not significantly change with the probed
autocorrelation lengths regardless of the type of pattern. However, for short autocorrelation
lengths probed, the attenuation curve appears to suffer slightly from bias due to scattered
neutrons that are typically found for short sample to detector distances [21]. As the distance
between the sample and the detector increases, the bias dissipates. This is because the
range of scattering angles, for which the scattered neutrons do not escape the detector
and contribute to the measured beam intensity, decreases with distance. Instrumental and
software corrections to this bias have been introduced in [22,23]; however, compatibility
with DF imaging is not yet established. The dark-field contrast as a function of probed
autocorrelation length shows the typical monotonically decreasing trend, as reported in the
literature for similar samples [13,24]. We observe a good agreement of the DF curves of the
regular and inverse patterns in the region where multiple probed autocorrelation length
values from the two patterns overlap, confirming the validity of the inverse pattern for
quantitative dark-field imaging. In contrast to the attenuation contrast curve, a dampening
effect of the dark-field contrast is observed for short autocorrelation lengths, which we
attribute to a similar scattering background as observed in attenuation.

4. Discussion

In this work, we demonstrated a non-interferometric inverse projection pattern regime
in the far field of regular non-diffractive absorption gratings. We show that this regime
can be utilized to significantly extend the range of correlation lengths probed with single
grating dark-field contrast imaging. The results obtained with the inverse pattern show
good agreement (see Figure 3) with the regular single grating approach introduced in [10].
This novel approach is, thus, suited to significantly expand the range of autocorrelation
lengths that can be probed by the single grating imaging technique and will enable the
characterization of a larger variety of microstructural features of the studied materials.
For the setup used in this work, the largest accessible autocorrelation length was almost
doubled up from 132 nm with the regular grating pattern to 253 nm with the inverse
pattern. We have demonstrated that this new approach is also compatible with 2D patterns,
enabling anisotropic scattering investigations. In addition, it can be applied to both thermal
and cold neutron spectra utilizing the same setup. It should also be noted that our approach
can be optimized ad-hoc depending on the instrumental and material characterization
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demands. The effect that produces the inverse pattern at a certain grating distance from the
detector is caused by the divergence of the beam and is regulated only by (i) the size of the
slit aperture of the neutron beamline, which defines the beam divergence; (ii) the distance
between the absorption grating and the imaging detector, which controls the amount of
blur induced by the beam divergence. Therefore, simple ray tracing simulation software
packages, such as McStas [25], or accurate point spread function models for the source size,
can be used for the design of new gratings and instrumental parameters when using this
technique. Furthermore, while the present study focuses on neutron dark-field contrast, the
same approach can be transferred to low-coherence X-rays, as the nature of the interactions
producing the inverse pattern is the same.
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