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Abstract: A large and increasing number of scientific domains pushes for high neutron imaging
resolution achieved in reasonable times. Here we present the principle, design and performance
of a detector based on infinity corrected optics combined with a crystalline Gd3GasO» : Eu
scintillator, which provides an isotropic sub-4 um true resolution. The exposure times are only
of a few minutes per image. This is made possible also by the uniquely intense cold neutron
flux available at the imaging beamline NeXT-Grenoble. These comparatively rapid acquisitions
are compatible with multiple high quality tomographic acquisitions, opening new venues for
in-operando testing, as briefly exemplified here.
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1. Introduction

High resolution imaging is an essential probing tool for solving a number of open scientific
questions. In x-ray imaging, resolutions below 10 um are commonplace in laboratory scanners,
with advanced commercial machines even achieving sub-micron resolutions. In neutron imaging,
sub-10 um resolutions are comparatively harder to achieve, also due to difficulties in the detection
of neutral particles, as well as because of the typically limited neutron flux (here addressed by
the high flux available at the Institut Laue Langevin). However, to solve many scientific and
engineering problems, we still need to rely on the unique properties of neutrons, (e.g., isotope
sensitivity, high attenuation to some light elements, low attenuation to some heavy elements), as
detailed in several comprehensive reviews [1-5].

These open questions range from the water distribution in automotive membrane electrode
assembly (MEA) of operating fuel cells to the development of dendrites in lithium batteries,
and from the role of water in the hydraulic fracturing of rocks or membrane structures to the
hydrogen diffusion in metals, to only mention a few. With such high demand, it is unsurprising
that a number of approaches have been proposed across the years for acquiring high resolution
neutron images.

But independent of the actual detection resolution, a magnification in the neutron imaging
process (e.g., through a magnified projection approach or an imaging-lens based approach)
directly allows for obtaining an increased spatial resolution.
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This has been successfully demonstrated for example by the use of axisymmetric focussing
mirrors (Wolter optics) [6], which are being perfected at NASA and NIST.

A reflective grazing-angle imaging lens (similar to x-ray telescopes) allows for taking advantage
of a higher divergence (compared to the classical pinhole collimation approach) of the incident
beam and forms a magnified image of the specimen after the lens. The current prototypes are
mainly limited by aberrations and achieve a maximum resolution of a few tens of microns,
although promising upgrades are foreseen in the future.

On the other hand the development of new detector systems helps to increase their intrinsic
resolution. For example, approaches based on single event reconstruction provide increased
spatial resolution (as low as 2 um, [7]), albeit they come at the cost of the acquisition of about
107 frames per radiography. With the current technology this translates to more than one hour
per radiograph and does not account for the time needed for the data treatment (e.g., centroid
recuperation). In very recent works [8] the potential of this approach is further developed for
Time of Flight imaging. Particular attention is therein given to the analysis of the photon imaging
detection procedure (the identification of photons by grouping pixels corresponding to one
photon) as well as the neutron imaging procedure, which identifies neutrons by grouping photons.

In some special conditions (e.g., for the study of fuel cells) a tilting of “standard” detector
setup can be adopted to increase anisotropically the resolution, even to the sub-10 um range e.g.,
[9].

Concerning neutron detection resolution, it is well known that in neutron-sensitive microchannel
plate (MCP) detectors, the maximum spatial resolution is of about 15 um [10-12], as currently
limited by the diameter of the micropores, the bias angle as well as the range of the charged
particle (while still allowing for very high temporal resolution of 750 ps, ideal for pulsed imaging).

LiF crystals are used as a detection system by studying their color center formation ([13—15]).
While this method allows one to acquire radiographs with resolutions as low as 5.4 pm, it requires
a long exposure for each radiograph followed by the analysis of the lithium plate by fluorescent
microscopes, rendering tomography unpractical.

A Timepix-based detector coated with a ~1;um thick layer of LiF or B4C can also be used in
order to track ion particle paths ([16,17]). This yields a sub-pixel resolution down to few tens
of microns over a large area of a few tens of square cm, albeit the very thin coating limits the
fraction of captured flux.

The most common approach to high-resolution neutron detection lies in the concept of the
indirect detection scheme: neutrons are being captured by a neutron-absorbing material and
its scintillation characteristics are used to emit visible light which is being magnified onto a
2D light-sensitive imaging sensor, e.g., based on CCD or CMOS technologies. To couple the
visible light between the two, optical systems composed of one or more magnifying lenses are
generally employed, whether commercially available, or tailored to a specific setup. Fiber optics
also have been successfully employed to reduce the broadening of light solid angle and enhance
magnification [18,19] down to a resolution of 15 pm. The main shortcoming of fiber optics-based
approaches is that they can lead to significant spatial distortion caused by the non-identical spatial
orientation of the fiber bundles at the ends of the tapers [20], which is harder to compensate than
the overall spatial distortion of classical optical components because of its non-linearity and
asymmetricity (e.g., [21,22]).

The PSI Neutron Microscope Project [23,24] follows a classic scintillator/mirror/lens design
but adopts a bespoke, high numerical aperture lens with a fixed focal length and fixed optical
magnification of about 4. The highest resolution of 4.2 um was currently achieved at the Institut
Laue Langevin [25] based on 40 individual radiographs over about 20 minutes total exposure
time.

In this work we show that an infinity-corrected approach adopted for the visible-light optics
[26-28] in combination with thin-film crystal scintillators can be employed to achieve similar
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or even better spatial resolutions with increased detection homogeneity while retaining some
flexibility concerning the optical magnification, the choice of the imaging sensor, the final
nominal pixel size and the field of view.

As a result, the highest neutron imaging resolution achieved thus far (to the best of the authors’
knowledge) in direct (i.e., integrating) observation will be reported. This yields a resolution
estimated to be as high as 2.5 um. A key aspect of this achievement is the adoption of a thin-film
crystalline scintillator, gadolinium gallium garnet GdzGas01; : Eu (GGG:Eu), as opposed to the
traditional powder scintillators.

The results presented here complement previous work [27] adopting thin-film crystalline
scintillators for imaging, with a reported resolution of around 15 um.

As will be shown, the resulting detector system allows exposure times well compatible with
high quality tomographies within roughly a few hours. This opens unprecedented venues in terms
of in-operando testing. In this work a tomographic acquisition of a silver based gas diffusion
electrode with a nickel mesh and high porosity was performed in 10.5 hours with the same optical
setup albeit at a lower resolution compared to the maximal ones obtained here in radiography,
deliberately chosen to match the features of interest of the sample.

The tests were performed at NeXT-Grenoble [29,30], a novel Neutron and X-ray Tomograph
developed at the Institut Laue-Langevin in collaboration with the Université Grenoble Alpes.
This facility possesses a continuous and high cold neutron flux, which is essential for both keeping
the scanning times reasonable and where (relatively slow) dynamic processes are involved.

This new detector was built at NeXT-Grenoble in collaboration with the Helmholtz-Zentrum
Berlin, employing a flexible (i.e., modular) and compact design, and therefore adaptable to any
other neutron facility. This minimal encumbrance also enables its simultaneous use with the x-ray
tomography setup available at NeXT, which can provide highly complementary information.

2. Detector

To achieve high spatial resolutions, a high degree of beam collimation (L/D, with L being
the distance between the pinhole and the detector and D being the pinhole size) is usually
necessary. Despite the usually smaller object sizes and thicknesses in comparison to lower spatial
resolutions, the space “wasted”, e.g., due to substrate thicknesses, or safety clearance distances
between sample and detector (or even required for sample environments), is often comparable,
but constitutes then a larger fraction of the overall distance, which needs to be compensated
by a lower geometric unsharpness. This higher collimation of the beam comes at the cost of a
reduced neutron flux at the sample position. Also, given the smaller region of space that a pixel
represents, the number of neutrons per pixel is further reduced.

Eventually, scintillators with high light output like the lithium-based ones cannot be employed.
The spatial resolution in most current system is in fact limited by the mean free path of the
charged particles produced by the neutron capture. In Li-based scintillators the capture process
begins with the fission of °Li, which emits triton and alpha particles. Because of their high energy
their mean free path in °Li/ZnS is 130 um [31], which limits their resolutions to about 50 um in
practice. In gadolinium-based scintillators the neutron capture reaction emits instead conversion
electrons, whose mean free path is around 12 um. While 10 um of Gd can capture 90 % of
the neutrons, the corresponding photon production is orders of magnitude lower than for LiF
scintillators. This lower light output can be compensated by a larger collection efficiency for the
emitted photons e.g., by increasing the numerical aperture (NA) of the objective lens to augment
its solid angle coverage. The main limitation of this approach is of course the reduction of the
depth of field at higher numerical apertures. This approach is then only possible by adopting
scintillators such as the Gd-based ones. The uniquely high neutron attenuation of gadolinium,
allows in fact to attenuate a significant fraction of the neutrons after only few um and the vast
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majority after the first 10 um. This can become particularly important in crystalline scintillators
as further detailed in section 2.2.

2.1. Infinity corrected optics

From the above considerations it follows that a high resolution detector should ideally adopt an
optically optimized solution to at least partially compensate for the lower photon production per
neutron of the scintillator, as well as for the limited neutron flux.

Some of the advantages of the infinity corrected optics approach in Fig. 1(b) are their modularity
and flexibility in terms of distances and magnification changes, and the fact that additional optical
elements can be introduced in the parallel light path (e.g., filters, diaphragms) with minimised
introduction of artefacts. For example, when adopting thin-film scintillators on transparent
substrates, substrate luminescence may occur. With infinity-corrected optics it is possible to
attenuate unwanted parts of the spectrum by simply adding a filter in the parallel light beam
between objective lens and tube lens, without introducing focus shifts or additional aberrations.

The infinity corrected optics approach is widely used in modern microscope systems (operating
in the visual and near-visual wavelength ranges) and has already been proposed in [26] for an
x-ray scanner and adopted for neutron imaging in [27,28]. This approach employs an objective
lens to capture the light emitted by the scintillator and collimate it into a parallel light path. This
is then captured by a so-called tube lens (in our case a standard photographic imaging lens)
to focus the image onto the sensor chip of the camera, as illustrated in Fig. 1. This allows a
significant reduction of the light loss between scintillator and sensor due to the large distance
between scintillator and objective lens in the traditional scintillator/mirror/lens approach.
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Fig. 1. Design of the high resolution detector at NeXT: (a) conceptual design, highlighting the
logic of infinity corrected optics and (b) final design highlighting the minimal encumbrance
and modular nature.

NeXT-Grenoble currently features three setups based on three right-angle objective lenses
manufactured by Rodenstock: XR-Heliflex f = 122 mm /2.6 (Numerical Aperture NA = 0.2), an
XR-Heliflex f = 100 mm, {/1.50, (NA = 0.32) and a TV-Heliflex f = 55 mm, /1.0, (NA = 0.41).
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In infinity corrected detectors the magnification M is the ratio between the focal length of the
objective lens f; and that of the tube lens fo: M = f;/fo. The effective pixel size Py is then simply
the ratio between the true pixel size on the chip P, and the magnification: Py = Peip /M.

For example when the 55 mm TV-Heliflex is used in combination with a 180 mm Canon tube
lens, the magnification factor M is 3.27. Then, if a ZWO Camera, ASI183MM Pro is used, given
its Pcpjp = 2.4um, the resulting virtual pixel size Py is 2.4/3.27 =0.73 um. Given its 5496x3672
pixels, this yields the relatively large field of view of 4.03x2.77 mm. Another camera available at
NeXT is the Hamamatsu ORCA-Flash4.0 V2 sCMOS camera, which has an array of 2048x2048
pixels 6.5 um in size, yielding a virtual pixel size of 6.5/3.27 =1.99 ym with the same lens setup,
for a field of view of 4.07x4.07 mm. While the two fields of view are comparable, the ZWO
ASI183MM has a pixel size nearly three times smaller which comes of course at the cost a
reduced flux per-pixel. The ZWO ASI183MM camera is therefore used here for the determination
of the attainable resolution with the thin-film scintillator, as described in Section 3.2.

Further lens couplings are reported in Table 1, while Fig. 2 reports a list of possible combinations
between the three aforementioned objective lenses and some of the tube lenses available at
NeXT-Grenoble (50 mm, 60 mm, 85 mm, 100 mm , and 180 mm) for the two cameras. While
zoom lenses can certainly be adopted within this logic, yielding all intermediate fields of views,
these lenses generally have higher distortion and chromatic aberration, lower sharpness, as well
as lower numerical aperture, which increases the exposure time.
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Fig. 2. Fields of views allowed by the range of infinity corrected optics currently available
at NeXT-Grenoble.

Table 1. Magnification, Effective Pixel Size, and Field of View (FOV) for Several Combinations of
Available Objective/Tube Lenses for the Two Available Cameras: A*: for Hamamatsu ORCA-Flash4.0
V2 and B**: for ZWO Camera, ASI183MM Pro.

ObjLens Img. Lens Magnification Pixel Size A* [um] Pixel size B** [um] FOV A* [mm?] FOV B** [mm?]

50 55 0.90 7.15 2.64 14.64 14.51x9.96
100 55 1.81 3.58 1.32 7.32 7.25x4.98
180 55 3.27 1.99 0.73 4.06 4.03x2.77
50 122 0.41 15.86 5.76 32.48 31.65x21.72

This study relies on the detector mounting the 55 mm TV-Heliflex lens, whose design is
reported in Fig. 1(b). The proposed design allows for tube lenses of different focal length to
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be mounted while maintaining a fixed and minimal distance between the two lenses, thanks to
interchangeable light-tight aluminum tubes. This is important because, while the objective lens
produces a parallel light beam, the off-axis light rays, still parallel, are not collected by the tube
lens. In order to minimize photon loss, this distance must be kept to a minimum. Both the
aforementioned cameras can be mounted on the detector, depending on the required pixel size,
field of view and efficiency.

In this kind of setup the focal point of the objective lens (i.e., where the light emitting side of
scintillator screen needs to be placed) is fixed. While the adjustable and motorized focus on the
objective lens allows for a variation of this distance, this affects the effective focal length and
reduces the sharpness as well as the numerical aperture of the lens. In this design the scintillator
position is also adjustable in order to maximize image quality.

The minimization of the scintillator/sample distance is also favoured by the minimal encum-
brance of any non-essential component (e.g., the body of the Heliflex is not further wrapped in a
box, being already light tight. This compactness is also important to minimize any mechanical
interaction with the x-ray setup available at NeXT-Grenoble. This is further helped by the
possibility to orient the detector in three different positions (with camera to the right, the left or
above the beam).

2.2. Scintillating screen

A central aspect in the detection of neutrons is the scintillator. Given the finite number of
neutrons per second impacting it, the signal exhibits an intrinsic “shot noise”, which can be
described through a Poissonian distribution (which morphs into a Gaussian distribution as the
flux increases). Its average is the average number of neutrons N, whereas its standard deviation
is VN, meaning that the signal-to-noise ratio SNR = N/VN = VN. These “neutron statistics”
correspond to a given “photon statistics”, which depend on the kind of scintillator screen used.
The overall quality of the image is a function of both neutron and photon statistics. While
improved neutron statistics improve image quality (although at a decreasing rate), there comes a
point when an improvement in photon statistics is nearly uninfluential on the image quality.
Given the fixed maximum flux at a given source for a given collimation L/D, the simplest
path to improve signal statistic is to adopt longer exposure times. This comes nonetheless at
the higher likelihood of unwanted high energy gammas (e.g., produced by the gadolinium in
the scintillator) hitting the chip of the camera, causing noise (in the form of white spots) which
pollutes the image quality. Also the dark currents of the camera will increase with increased
exposure. To optimize the ultimate image quality all these factors should be taken into account.
As aforementioned, the mean free path of the tritium particles in lithium-based scintillators
is incompatible with higher resolutions. The free mean path of the conversion electrons
used in gadolinium-based scintillators is instead one order of magnitude lower than that of
tritium, more compatible with higher resolutions. The typical gadolinium-based scintillators for
neutron imaging applications are powder-based. One of the main shortcomings of powder-based
scintillators is the photon scattering at the grain surfaces (Fig. 3(a, b)). If the screen thickness
increases in fact, the higher likelihood of scattering decreases the spatial resolution (following
a Lambertian distribution), which ends up being approximately equal to the thickness of the
scintillator itself ([32,33]). Thinner scintillators are well known (e.g., [34,35]) to be better suited
for higher resolutions. Nonetheless, while 10 um of gadolinium can stop more than 90 % of the
beam, at, for example, 3.5 um the captured flux is closer to 50 %. To circumvent this issue the
isotope 157 of gadolinium can be employed. In the cold neutron spectrum its cross section is
about five times higher than that of the natural gadolinium (which contains only about 15.6 %
of the 157 isotope). A family of scintillators with higher 157-isotope content (1>’ Gd,0,S : Th)
is described in [36]. These scintillators are optimised for high-resolution neutron imaging and
were adopted in previous high resolution achievements (e.g., [24,25]). A 3.5 um thick 157-Gd
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scintillator of this category was also used in this work and serves as reference for the crystalline
scintillator, which is the focus of this work.
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Fig. 3. Comparison between powder screen (left) and the single crystal one (right). Top row:
conceptual difference in the light emission and transport in (a) powder and (b) transparent
thin layer scintillators, adapted from [37]. Bottom row, (c) homogeneity of the light output
in a 157-Gd scintillator and (d) in a GGG one, as produced when exposed to the same
neutron beam, and shown here with the same contrast, of about 2000 counts, post dark-field
corrections. It should be noted that the substrate for the former is generally aluminium or
glass, and is placed in between the powder and the sample as support and protection. In thin
film scintillators, the support is in general a layer of transparent, non-doped crystal. Since
this layer is still attenuating it makes more sense to have the doped layer towards the neutron
source instead.

In powder scintillators, the minimum size of the grains ultimately defines the lower boundary
of the thickness and therefore the resolution. In gadolinium powder-based scintillators, the
particle size averages about 2 um (e.g., [36]), which poses a significant limit to the approach.
Additionally, as the powder layer gets finer, the surface becomes progressively less homogeneous,
resulting in a higher variation of the neutron and photon statistics and thus of the resolution
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across the scintillator surface as shown in Fig. 3(c, d). In X-ray applications, for these class of
scintillators two to three layers of phosphor grains are generally employed to tackle this issue
[33].

The scattering at the grain boundaries of powder-based scintillators is one of the key reasons
that pushed the x-ray community towards a different category of scintillators made of single
crystals. In this case the light travels to the surface with less scattering, reducing the blurring
and increasing photon transmission, thanks to the transparency of the crystal. Furthermore only
the fraction of light below the critical angle can exit the scintillator, as highlighted in Fig. 3(b).
In this case the thickness of the active layer has a smaller effect on the light scattering and
the limitation posed by the fact that the scintillator thickness equals the maximum attainable
resolution is removed. The main effect that the crystal thickness has on the resolution concerns,
in fact, the optics employed and their aperture, which determine the depth of field in focus, as
aforementioned. A variety of compounds are routinely used in x-ray imaging (e.g., LSO, LuAG,
YAG). For neutron imaging one is of particular interest: Eu- or Tb-doped gadolinium gallium
garnet Gd3GasOj, . The high neutron attenuation power of gadolinium can in this context be
taken advantage of, to adopt high numerical aperture lenses to collect a large fraction of the light
emitted without penalising spatial resolution.

For example, at a wavelength of about 2.6 A, a 30 um thick GGG crystal absorbs roughly
93% of the incoming neutrons (i.e., a transmission 7 =~ 7 % for the purple line in Fig. 4 (a)).
Neglecting in first approximation the decay of the number of neutrons absorbed along the beam
direction as well as light scattering effects (and assuming circular entrance pupils in the optical
imaging system), the attainable spatial resolution has two major contributions [38,39]: one given
by the diffraction limit of the objective lens, the other being the defect of focus inside the finite
crystal thickness. For more details, the reader is referred to the literature, see e.g., the thesis of F.
Riva [40]. From Fig. 4 (b) it can be observed how, adopting the coefficients calculated by [38],
the system is diffraction-limited for low numerical aperture values, i.e., almost no resolution gain
would result from further thinning the conversion screen (the purple line in Fig. 4 (b), which is
almost horizontal). On the other hand, for large NA values >0.5 significant resolution gains can
still be attained for crystal thicknesses towards 1 um (e.g., the light yellow line).
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Fig. 4. Transmission T as a function of penetration depth (a) for a neutron wavelength A =
2.6 A into an ideal GGG crystal (purple line for natural Gd and green line for a hypothetical
157Gd-enriched crystal) along with a numerical analysis (b) of the attainable spatial resolution
R, depending on the effective thickness of the translucent crystal, and for different numerical
aperture (NA) values of the objective lens (derived from [38]).

The optimal point for sub-5 um resolution with realistic optics between NA=0.4 and NA=0.2
corresponds to an effective thickness of approximately 30 to 40 um, which is larger than the
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thickness of the scintillator adopted in this work. This should allow for attaining optimal focusing
with the chosen optics without loss of resolution caused by the finite scintillator thickness.

More specifically, for the selected objective lens limited by a numerical aperture of 0.41
(orange line in Fig. 4 (b)), we can observe that it is possible to attain a spatial resolution well
below 5 um, despite the hypothesis of a “worst-case scenario ” that light conversion is uniform
along the crystal thickness. Since, in reality, 70 % of the neutrons are likely already absorbed
in the first 10 um of the crystal, the effective crystal thicknesses is actually much smaller and
better spatial resolution can be expected due to a reduced effective defect of focus along the
optical axis. Considering now the possible development of an isotope-enriched ('3’Gd) GGG
scintillator material, this effective thickness could be further reduced by a factor of -indicatively-
five (green line in Fig. 4 (a)), based on the aforementioned hypotheses. This would result in
an even higher spatial resolution, assuming that no further resolution-degrading effects need
to be considered. It should be noted that, since light is transmitted (and observed) through a
transparent substrate, refraction in practice limits the NA.g to 0.2 according to Snell’s law, for
an air-coupled objective lens with a nominal NA=0.41.

To date, single-crystal scintillators are the preferred approach for sub-um detector resolution
in synchrotron imaging [37,40,41]. These properties of single crystal scintillators have been
thoroughly studied in high resolution synchrotron x-ray imaging, and are likely to be applicable
also to high resolution neutron imaging.

Both GGG and the aformentioned gadox undergo a similar neutron-to-photon process, which
relies on the intermediary electron conversion, with a mean free path of approximately 10-20 um.
Several scintillators coming from the Instrument Support and Development Division, Detector
Unit at the European Synchrotron Radiation Facility (ESRF) were tested in this work, and the
measured light outputs are summarised in Table 2. These differences can be justified by the
different thicknesses and growth rates, which can introduce different amounts of impurities in
the layers (for example the Platinum coming from the crucible or the lead coming from the
solvent used for the liquid phase epitaxy). In these scintillators, a thin layer of Gd3GasOi;
doped with Eu**, produced by liquid-phase epitaxy lays on a pure of Gd3GasO1, substrate.
Amongst them, the scintillator marked as Z21 was chosen in this work for the determination of
the resolution detailed in the next section for its combination of homogeneity and light output.
It has a 29 um thick active layer, which, for synchrotron imaging, is normally compatible with
sub-um resolutions [40]. The scintillator emission spectrum for this kind of scintillators is
reported to have two main peaks around 595 nm and 710 nm when excited by 8 keV radiation.
While the excitation processes for x-ray radiation significantly differs from the neutron one, the
characteristic emission is a function of the electronic properties of the Eu** dopant. Excitation
induced by x-ray or neutron capture conversion electrons should produce similar emission spectra,
which matches well the quantum efficiency response of the used sCMOS.

Table 2. Comparison of the Photon Flux Generated by a Range of GGG
Scintillators. All these scintillators come from the same bath and have
the same chemical composition. It should be noted that all these GGG:Eu
scintillators present an active layer on both faces of an undoped GGG
substrate (indicatively 0.5 mm thick). *Flux in arbitrary units, camera

counts.
Code | Flux*, Face 1 | Flux* Face 2 Features
732 770 770 GGG:Eu, 46 um, 0.77 um/min growth
719 930 910 GGG:Eu, 58.9 um, 0.59 um/min growth
721 860 850 GGG:Eu, 29 um, 0.49 um/min growth
729 870 860 GGG:Eu, 59 um, 0.92 um/min growth
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The light output of the chosen scintillator (Z21) compares positively with the reference
powder-based scintillator for high resolution, the 3.5 yum screen enriched with 157-Gd. While the
latter is optimised for high resolution neutron imaging, in fact, the GGG scintillator, which was
optimised for x-ray imaging, has only about 35 % less light output. It is likely that single crystal
scintillators will yield as much as, or even more light than, the powder ones, when employing
157-Gd and following optimisation for neutron applications. The crystal screen also provides a
more homogenous illumination, as highlighted in Fig. 3, which should yield more consistent
statistics and resolution throughout the field of view. Finally, and most importantly, the maximum
resolution of single crystal scintillators is not equal to their thickness, as in powder-based ones,
thanks to the reduced scattering. Section 3.2 attempts to determine the resolution attainable by
the chosen single crystal scintillator.

3. Results
3.1. Testing conditions at NeXT-Grenoble

The detector was tested at NeXT-Grenoble, the recently developed Neutron and X-ray Tomograph
installed at the Institut Laue-Langevin [29,30] in collaboration with the Université Grenoble
Alpes. This facility currently provides the highest cold neutron flux for imaging purposes in the
world. NeXT-Grenoble is at the end of a curved m=2 neutron guide with a maximum radius of 4
km, to reduce unwanted epithermal and fast neutrons as well as gamma radiation which would
derive from a direct view on the reactor. The neutron spectrum peaks at 2.8 A, as highlighted in
Fig. 5. At the end of the guide the flux is 1.4x10' n/cm?/s. The tomograph itself is placed at
10 m from a selector of circular pinholes ranging from 1.5 to 30 mm.

NeXT Rainbows 1.5 to 30 mm pinholes
reflectometer

1.4 E10 n/cM2/S

spectrum

Fig. 5. 3D scheme of the NeXT-Grenoble tomograph, placed 10 meters after a set of
pinholes ranging up to 30 mm. On the left the image reports the flux at the pinhole as well
as the spectrum of the beam.

In order to measure the spatial resolution of our detector system in highly oversampled
conditions we coupled the Canon f = 180 mm f/3.5 tube lens with the TV-Heliflex f = 55 mm,
/1.0 objective lens, giving a magnification factor M of 3.27. This is combined with the ZWO
ASI183MM which provides an estimated virtual pixel size 0.73 um. Using targets of known
geometry we measured a pixel size of 0.75 pm, a 3% difference compatible with the range of
variation induced by focussing. In the following, the larger, measured, pixel size will be used,
which is the conservative approach in terms of maximum attainable resolution. The detector
mounts the aforementioned Z21 GGG scintillator.

In this example a relatively high collimation was chosen to minimise the geometrical blurring,
by combining a 15 mm pinhole with a 10 m pinhole/detector distance, resulting in a collimation
ratio of 667. The optical targets were placed at about 0.2 mm from the scintillator, yielding
a maximum geometric blurring d ~ D/L X | = 0.3um This is not the highest flux that this
beamline can provide (which is attainable at 5 m for a 30 mm pinhole), but still provides a flux of
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about 8x107 n/cm?/s, i.e., 0.6 n/pixel /s, yielding approximately 2200 greylevel counts per pixel
over a 60 seconds exposure. This corresponds to a count rate of 36 counts /pixel /s, and thus a
count/neutron ratio of about 60.

3.2.  Analysis of resolution

Firstly, the optical resolution of the setup was assessed using a 1951 USAF Resolution Test
Target. As highlighted in Fig. 6, the spokes of Element 6 in Group 7 are clearly visible (the
highest available in this version of the target), which suggests a resolution of at least 2.19 um can
be achieved optically with this setup.

3.8mm 300 pm

2.19 um spokes

Fig. 6. Optical resolution, as obtained by 1951 USAF Resolution Test Target, demonstrating
that an optical resolution of at least 2.19 pm can be achieved.

To assess the “neutron” resolution, a Siemens star pattern [42] was used as a target. Fig. 7
reports a representative radiography of the Siemens star, obtained by taking the median of 13
acquisitions, corresponding to a 13 minutes overall exposure at a collimation ration L/D of 667.
The 4 um thick spokes of the target are clearly visible, indicating a resolution below 4 um.

4.1 mm

T [y

~ 4 uym spokes

Fig. 7. Radiography of a Siemens star target, resulting from the medianing of 13 radiogra-
phies. In the zoomed-in sub-picture to the right, the 4 um spokes are visible.

To further assess then the neutron resolution of the detector, multiple approaches were
undertaken. One of the reference methods to assess resolution is through the analysis of the
Modulation Transfer Function (MTF) of a highly absorbing slanted edge, which assesses the loss
of contrast of the imaging system as a function of the spatial frequency [43,44]. A threshold of
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8.95% on the contrast level (often approximated to 10%) is generally employed, which can be
proven to correspond to the Rayleigh Criterion. This method is often employed in neutron and
Synchrotron imaging (e.g., [45,46]). One of the underlying hypotheses of this approach is that a
sharp, highly absorbing material is used. Several gadolinium foils of thicknesses varying from
100 pm to 20 um were tested in this work but they all presented significant imperfections in the
order 10 um and above, far too high for MTF analysis at this resolution. In synchrotrons, cleaved
crystals are generally used to have a sharp (few atoms thick) boundary to determine resolutions
around the micron, e.g., using 500 um GaAs [33], whose transversal orientation to the scintillator
plane is also typically optimised. In neutron imaging the equivalent approach has not, to the best
of the authors’ knowledge, been found yet.

The edge of a spoke of the siemens star itself was therefore employed in this work. This target
is created by etching a 6 um layer of gadolinium, which means that, while the edges can be sharp,
the contrast is quite low (about 50 %), which is far from the ideal conditions for MTF evaluation.
The result of the the analysis of this edge gives a resolution below 4um, although given the low
contrast this should be interpreted as an upper boundary of the true resolution.

Another Technique which is increasingly used in x-ray [47] and neutron [24] imaging
applications is Fourier Ring Correlation (FRC) [48]. This method measures the normalized
cross-correlation coefficient between two independently acquired images over a ring in Fourier
space (i.e., as a function of spatial frequency). The choice of the correct threshold to determine
the image resolution is still somewhat open to debate. Here we used the fixed-value threshold
method [49] which was proposed to make the results consistent with cryo-EM reconstructions.
As shown in Fig. 8 the deduced resolution can be estimated to be as low as 2.5 um in as few as 10
images. Alternative threshold method have also been tested all coherently revealing resolutions
below 4 um for a comparable number of images.

---- Nyquist limit
x Fixed 1/7%
10 A
E 81
=
C
o
5 64
)
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0 2 4 6 8 10 12
Number of radiographies averaged [-]

Fig. 8. Resolution of the setup derived from the Fourier Ring Analysis as a function fo the
number of radiographies averaged. This reveals a maximum resolution around 2.5 pm with a
fixed 1/7™" method. The radiographies used were in this case of the Siemens Star target.

Irrespective of the exact numerical value of the resolution, all methods agree that the proposed
approach improves over the current record which is at 4.5 pm, getting to a resolution somewhere
between 4 um (from the upper-boundary MTF) and 2.5 pm, depending on the approach. This is
also confirmed by optical analyses, the observations on the Siemens Star as well as from theoretical
considerations on the essential elements influencing the resolution (scintillator technology, optics,
collimation). It is the authors’ opinion that for consistency with the existing neutron literature
an ideal way forward is through the further extension of the lower boundary of the Siemens
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Star and/or by evaluating the MTF adopting a cleaved crystal of a material with high neutron
attenuation, and will be the focus of future work.

It should also be noted that the relatively high collimation ratio used could be reduced with
moderate influence on the resolution, e.g., a collimation of 332 could be adopted with an expected
geometrical blurring of 0.6 pm and for times more flux.

One the advantages of the proposed optical setup is that when combined with the flux available
at NeXT-Grenoble, the scanning time becomes compatible with correspondingly high resolution
tomography.

Furthermore, this setup is highly flexible, allowing for the rapid change to the fields of view in
Fig. 2. The tomographic compatibility of the setup is explored more in detail in the example in
the next section.

4. Representative tomographic application

One of the key applications of high resolution neutron imaging is the study of energy materials.
Fig. 9 shows a silver based gas diffusion electrode (GDE), which is applied at oxygen depolarized
cathode technology in chlor-alkali electrolysis. The application of oxygen depolarized cathodes
is a novel concept, which leads to significant energy savings and reduction of CO; emission
when compared to the more commonly used hydrogen evolving cathodes [50,51]. These GDEs
exhibit a complex microstructure with a highly branched pore system in a silver grain scaffold, in
which phase boundaries are coated with polytetrafluorethylene [52]. Within the GDEs there is a
Ni mesh, which supports the electric conductivity.

a)

S

hole1: 0.051 mm|

-

Fig. 9. Silver based gas diffusion electrode, which contains a nickel mesh, a) high-resolution
tomography, b) slice, showing pores within the silver and between the nickel mesh.

To understand the electrochemical processes, the understanding of this complex microstructure
is of pivotal importance, and high resolution neutron tomography lends itself as an ideal probing
tool. The neutron tomography in Fig. 9 reveals pores 20 to 50 pm in diameter within the silver as
well as between the nickel wires. In a next step, operando measurements are planned to observe
the spreading of the hydrogen-rich electrolyte ([53,54]). The high contrasts between nickel/silver
and hydrogen allowed by high resolution neutron tomography opens unprecedented possibilities
in the study of GDEs.
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To capture this, the setup detailed in Section 3.2 was employed in binning 2, yielding a virtual
pixel size around 1.5 um. 636 individual projections, each the result of the median of three
20-second long projections comprise this ~ 10.5 hour long tomography. The sample is about
2.6 mm wide, and was placed vertically with a distance to the scintillator in the order of 2.8 mm.
The 15 mm pinhole was used, which, combined with the 10 m distance yields a maximum
geometric blurring d ~ D/L*1= 15 mm /10 000 mm * (2.8 mm)= 4.2 um, well compatible with
the radiographic resolution and the features of interest.

This proves the high efficiency and flexibility of the setup and its value for high resolution
applications, such as energy materials.

In order to reduce the statistical noise, a TVmin [55] filter was applied to the normalized
projections. The parameters of this filter were optimized by analyzing the result of the subtraction
between the original and the filtered images, and specifically choosing the set showing only
statistical noise. The tomographic reconstruction was obtained through a standard filtered-
backprojection algorithm (FBP) for parallel beam. The reconstructed slices were filtered by a 3D
Non-Local Mean (NLM) filter [56]. The 3D rendering and the analysis of the tomographic data
were made with the help of Volume Graphics StudioMax software.

It should be noted that, in order to maximise resolution up to the values determined in the
previous paragraphs for radiography, the tomography should be acquired without binning, and
should comprise enough projections to respect Nyquist’s sampling theorem. Furthermore, for
samples of this size, a higher collimation would be necessary. While the parameters used were
sufficient to capture the features of interest in this case, all of these refinements to attain maximal
resolution would of course imply a longer overall acquisition time.

5. Discussion and conclusion

This paper presents the potential of single-crystal thin-film scintillators in combination with
infinity corrected optics for high resolution neutron imaging. The infinity corrected approach is
one of the reference approaches in synchrotron imaging with engineered detector systems readily
available [57], while it’s far less common in neutron imaging. Coupled with a novel slim and
flexible design makes this compact detector ideal for simultaneous x-ray and neutron studies as
well as for in-situ testing. Additionally, this approach is rather cost effective and can be easily
adopted at virtually any beamline.

Single crystal scintillators are perhaps the reference solution for sub-um detector resolutions
in synchrotron imaging. In neutron imaging only very little is documented about this approach,
with only one major publication [27] at significantly lower resolutions. In this work, the viability
and efficiency of a set of scintillators made of Eu-doped gadolinium gallium garnet Gd3;GasO1,
was tested and found to compare positively to a reference '3’ Gd-enriched gadox (gadolinium
oxisulfide) powder scintillator optimised for high resolutions. This opens new venues for high
resolution neutron imaging thanks to the advantages of single crystal scintillators, which remove
the limits dictated by the thickness of powder scintillators, and their spatial heterogeneity.

The combination of the optical setup and scintillation approach allowed for unprecedented
sub-4 um true resolution. Multiple methods (Siemens star target, modulation transfer function,
Fourier ring correlation) as well as optical verification and theoretical considerations agree on
the sub-4 um resolution although some suggest that it may well be as low as 2.5 um. Regardless
of the exact numerical value, this approach appears very promising. It is envisaged that the
development of resolution evaluation methods similar to the synchrotron ones (MTF of a sharp
cleaved edge of a highly absorbing crystal) as well as the extension of the Siemens Star to higher
resolutions will help further refine the assessment of the attainable resolutions of this and other
setups.

The short acquisition times, also made possible by the flux at NeXT-Grenoble, allow the
acquisition of high resolution tomographies, as exemplified by the acquisition of a silver based
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gas diffusion electrode with a nickel mesh and high porosity. This tomography was acquired in
less than 11 hours at a resolution optimised for its ~ 5/10 um features.

This opens new venues in the domain of neutron imaging, rendering high resolution imaging
more enticing for a number of open scientific questions, ranging from in-situ testing of commercial
fuel cells to in-situ testing of lithium batteries, to mention only a few.

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are available upon request to the authors.
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