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A B S T R A C T

Neutron imaging offers benefits over X-rays for steel corrosion studies including deep penetration and high
sensitivity to some light elements such as hydrogen. However, the resolution is frequently at or below the
thickness of the corroded layer. This work demonstrates two approaches to enhance the spatial resolution on
IMAT at the ISIS neutron source. The first approach shows that a fiber optics taper attached to an optical camera
box for white beam imaging can achieve a spatial resolution down to 15 μm. The second approach uses event
centroiding with a Timepix3-based detector for diffraction contrast imaging achieving a spatial resolution of 30
μm. These results support advances in corrosion and degradation studies of steel using neutron imaging.

1. Introduction

The unique ability of neutrons to penetrate deep into materials
makes the conduction of non-destructive scientific research possible,
allowing the performance of residual strain analysis [1,2] and quanti-
fication of internal cracks, which are examples of key characterization
parameters in the study of materials [3]. Neutrons offer benefits
different from X-rays or electrons such as sensitivity to light elements (e.
g., hydrogen and lithium) and a high penetrating capability. Neutron
imaging has shown to be the most effective way for examining thick and
large metal samples (e.g., iron, nickel, zirconium, and tungsten) that are
otherwise difficult to image using other methods. This technique allows
the conduction of attenuation-based studies to differentiate between
isotopes, and to achieve magnetic imaging of internal magnetic fields
[4]. Although neutron imaging offers benefits over other analysis tech-
niques (e.g., imaging using electrons and X-rays), achieving high spatial
resolution remains a challenge [4]. Spatial resolution is influenced by
several parameters including neutron flux, neutron energy,

sample-to-detector distance, size of sample, camera resolution, data
binning, data processing filter and beam divergence determined by the
collimation ratio [5,6]. Furthermore, spatial resolution is a crucial
parameter to quantify 2D and 3D imaging data from thin films or coated
materials (e.g., surface corrosion layers), thus the need to improve im-
aging resolution remains.

Spatial resolution is the ability of the instrument to resolve two
neighboring points. It is commonly expressed in terms of line pairs per
millimeter (Lp/mm) where line pairs are a sequence of bright and dark
lines [7]. The higher the spatial resolution, the more information can be
obtained from the underlying structure of a sample. The rising demand
for high resolution applications makes neutron facilities constantly
strive towards better resolution. Most neutron instruments have limited
spatial resolution in the tens of microns; however, some high-flux
neutron facilities currently achieve better than 10 μm [8]. Resolution
improvements have been demonstrated on neutron imaging stations
with thermal (NEUTRA) and cold (ICON) neutrons at the Swiss neutron
spallation source (SINQ) of the Paul Scherrer Institut (PSI, Switzerland)

* Corresponding author. Faculty of Engineering and Physical Sciences, University of Leeds, Leeds, LS2 9JT, UK.
E-mail address: A.MatamorosVeloza@leeds.ac.uk (A. Matamoros-Veloza).

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

https://doi.org/10.1016/j.nima.2025.170284
Received 12 November 2024; Received in revised form 20 January 2025; Accepted 30 January 2025

Nuclear Instruments and Methods in Physics Research A 1073 (2025) 170284 

Available online 6 February 2025 
0168-9002/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0009-0005-1626-2923
https://orcid.org/0000-0001-7229-6857
https://orcid.org/0000-0001-5307-356X
https://orcid.org/0000-0002-0636-5620
https://orcid.org/0009-0005-1626-2923
https://orcid.org/0000-0001-7229-6857
https://orcid.org/0000-0001-5307-356X
https://orcid.org/0000-0002-0636-5620
mailto:A.MatamorosVeloza@leeds.ac.uk
www.sciencedirect.com/science/journal/01689002
https://www.elsevier.com/locate/nima
https://doi.org/10.1016/j.nima.2025.170284
https://doi.org/10.1016/j.nima.2025.170284
https://doi.org/10.1016/j.nima.2025.170284
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2025.170284&domain=pdf
http://creativecommons.org/licenses/by/4.0/


using a Fiber Optics Taper (FOT) to achieve a resolution of 15 μm [9]. A
FOT is a device that can magnify an optical image from one end of the
device to the other end with a larger size. Furthermore, resolution en-
hancements to 7.6 μm [10] were achieved with a ‘neutron microscope’
at PSI, using a neutron sensitive 157Gd enriched gadolinium oxysulfide
(Gadox) scintillator for high detection efficiency and a 5:1 lens for
optimized light collection and magnification. The Neutron and X-ray
Tomograph (NeXT) beamline at Grenoble, having the world’s highest
flux on a neutron imaging station, allows for a high degree of collimation
with short exposure time along with complementary X-ray imaging. A

gadolinium gallium garnet Gd3Ga5O12:Eu (GGG:Eu) single crystal scin-
tillator was used to achieve resolution below 4 μm [11,12]. The National
Institute for Standards and Technology (NIST, USA) have used image
intensifiers and Gadox scintillators as well as microchannel plates (MCP)
with cross wire readout [13] to achieve enhanced resolutions of ~20 μm
and 13 μm, respectively. Other techniques available to enhance reso-
lution for white beam applications include scintillators such as gado-
linium oxysulfide and gadolinium aluminium gallium garnet [14,15],
and Li-based detectors [16,17]. A microchannel plate (MCP) detector
was used in conjunction with a centroiding technique [18,19] to achieve
a resolution below 20 μm. This has also been demonstrated on IMAT
[20]; however, the setup required long acquisition times of several hours
to collect a single radiogram. Most neutron imaging facilities employ
standard optical systems to capture the photons coming from a scintil-
lator screen, and many of the above-mentioned approaches cannot be
applied on IMAT as some of them involve significant modifications to
the setups, namely through increase of neutron source flux and
improvement of neutron transport from source to beamline [21–23].

Spatial resolution for wavelength-resolved imaging and Bragg edge
analysis is generally much lower for the same measurement time
compared to white beam imaging. This is due to limitations in neutron
flux and long scan-times, as neutrons are distributed over a multitude of
wavelength channels, for example, when filling time channels in a time-
of-flight (TOF) setup or for a wavelength scan of a monochromatized
neutron beam. Typically, spatial resolution on TOF instruments is
around 200 μm or more, when using an MCP with Timepix readout with
55 μm pixels [24,25]. A LumaCam detector, a Timepix-3 based system
with the same pixel size and high detection efficiency is capable of
extending resolution to sub-pixel values using event centroiding [26].

Neutron imaging is often required for materials studies, and
diffraction techniques are typically needed for characterization. Limited
neutron flux restricts the reach to higher resolution, while high flux
allows for smaller pinhole diameter and high L/D (i.e., L:Pin hole to
sample distance, D:Aperture diameter of collimator) as well as sufficient
counting statistics in order to enhance resolution. Hence, resolution
improvements are explored in this work for both conventional neutron
imaging and Bragg edge diffraction imaging. Surface imaging is crucial
to elucidate metal degradation in combination with chemical and elec-
trochemical characterization. A field urgently requiring advances in
imaging techniques is corrosion science. Steel corrosion has been
responsible for global infrastructure failures with detrimental human
and environmental effects. Two main types of corrosion affect carbon
steel materials in CO2 environments (e.g., oil and gas, CO2 transport),
general and localized corrosion. Siderite (FeCO3) is the main product of
general corrosion, formed from the dissolution of iron from steel, but the
most harmful type of corrosion is localized corrosion or pitting, due to its
stochastic nature and poorly understood process [27]. Corrosion layers
range from microns up to tens of microns depending on environment
conditions, whereas localized pits can be considerably larger, reaching
hundreds of microns [28]. Visualizing gradual degradation of steel,
growth of corrosion films and corrosion pits in 3D requires improvement
of spatial resolution on IMAT.

Spatial resolution on the medium flux Imaging and Materials Science
(IMAT) instrument [29] is 60 μm for white beam imaging and typically
more than 100 μm for Bragg edge imaging. Hence, resolution en-
hancements were explored to improve imaging capabilities and to sup-
port corrosion studies well below 60 μm. A Fiber Optics Taper (FOT)
coupled to existing camera boxes was investigated to achieve higher
resolution for white beam neutron imaging, working on the principle of
optical magnification without requiring significant changes to the
detection system [9]. The magnification approach helped to scale down
the effective pixel size improving spatial resolution, however at the
expense of field of view. The resolution was evaluated in 2D and 3D by
applying the Modulation Transfer Function (MTF) approach [30]. For
energy resolved imaging, two different time of flight imaging detection
systems based on Timepix readout were used to study resolution. In each

Fig. 1. (a), (b) Schematic setup of the IMAT beamline showing CCD and CCD +

taper arrangement.

Fig. 2. (a), (b) Schematic setup of the IMAT beamline showing the MCP and
LumaCam arrangement.
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case, resolving power was tested with resolution masks, steel spheres
and a corroded steel sample.

2. Experimental arrangement

2.1. Beamline setup

The experiments were carried out at the Imaging and Material sci-
ence (IMAT) cold neutron beamline on target station 2 of the ISIS Fa-
cility, UK [29]. IMAT provides imaging characterization techniques such
as neutron radiography, neutron tomography, and Bragg edge diffrac-
tion contrast imaging [31]. Ten pulses of neutrons per second are pro-
duced in the spallation source tungsten target. Neutrons are
slowed-down to cold neutrons with the help of a liquid hydrogen
moderator, maintained at 18 K, providing neutron wavelengths ranging
between 0.5 and 10 Å with a maximum flux at about 2.6 Å. Two 10 Hz
double disk choppers enable selection of a neutron energy band, typi-
cally between 1 and 7 Å (81.8 meV–1.6 meV). A 10-Hz “T0” chopper
filters out fast neutrons and gamma radiation at the start of a pulse. A
pinhole collimator made of 10 mm thick B4C is employed in the path, at
46 m from the source, to control the beam divergence. A selector wheel
has six collimators at 10 m from the sample position with L/D ratios
between 100 and 500 [29].

Figs. 1 and 2 illustrate a schematic representation of all setups with
Siemens star resolution masks on IMAT. Once the neutrons strike the
sample (at a distance of L~10 m from the pinhole collimator), a fraction
of those neutrons pass through the sample and a portion of them are
absorbed by a scintillator screen and converted into photons (for
Charge-Coupled Device (CCD) [32,33], Complementary Metal Oxide

Semiconductor (CMOS) [34] and LumaCam [26] setup) or converted by
a neutron sensitive microchannel plate sensor to electrons (for MCP [24]
setup). The camera box was positioned on the instrument with the help
of a robotic arm. The light-tight camera box contains the neutron con-
verter (scintillator) plate, a mirror at a 45◦ angle relative to the beam
direction, a focusing lens and a CCD or CMOS camera module (Fig. 1).
The sample was placed on a 360◦ rotating stage along with linear
translations in x, y, z axes to allow adjustment of the sample in relation
to the detector [29]. To minimize geometric blur, the sample of interest
needs to be placed close to the detector (~1 mm gap). The geometric
blur is given by l*(D/L), where l = distance from center of sample to
scintillator, D = diameter of pinhole collimator, L = distance from
collimator to sample center [35].

The CCD camera setup (Fig. 1a) consisted of a scintillator of 60 μm
thickness (NR-Al-1-60, 90× 90 mm2 ZnS/6LiF, 2:1 [36]) and an ANDOR
IKON-L CCD camera with 2048 × 2048 pixels, 135 mm focusing lens,
F-stop value of 2.0, providing a pixel size of 31.4 μm for a field of view of
about 65 × 65 mm2. The setup with a Fiber Optics Taper (FOT, Incom
Inc, USA) (Fig. 1b) consisted of a series of hexagonal shaped Boron glass
fibers resembling a honeycomb structure with a magnification ratio of
6:1 [37]. These glass filaments direct the photons to propagate in a
single direction, while each fiber guides photons to prevent crosstalk.
The taper dimensions were 110mm in length, 14mm in diameter on one
side and 78.25 mm in diameter on the opposite side. The effective field
of view for this taper was about 6 mm in diameter. A scintillator of 30
μm thickness (NR-Al-20-30, 30 × 30 mm2, Gd2O2S:Tb/6LiF (20%) [36])
was attached to the smaller side of the taper. The above-mentioned
ANDOR IKON-L CCD camera was used with a 105 mm focusing lens,
F-stop 2.0 and with 9 μm effective pixel size. Additional measurements

Fig. 3. (a) Triangular Siemens star (b) circular Siemens star (c) linear mask used to evaluate 2D spatial resolution for CCD, CCD + taper and Timepix systems. All
photographs were captured using an optical camera.

Table 1
Experimental parameters used for conducting studies at IMAT. NR: Neutron radiography, NT: Neutron tomography, BEI: Bragg edge imaging, CCD: Charge coupled
device, CMOS: ComplementaryMetal Oxide Semiconductor, MCP: Multi-channel plate, FOT: Fiber optics taper, TOF: Time of Flight, l: Sample-Scintillator gap, L: Beam
length (10.2 m), D: Pin hole diameter. Tomography step angle for NT1 = 0.718◦ and NT2 = 0.576◦, respectively.

Sample details Camera, setup Pixel size
(μm)

Scintillator type, thickness
(μm)

D (mm), L/
D

Geometric blur, l/(L/D),
(μm)

Exp. time per
scan (s)

Triangular (16 × 16 mm) and circular mask (25
× 25 mm)

CCD, NR 30 LiF + ZnS, 60 80, 127.5 19.6 60

Triangular (16 × 16 mm) and circular mask (25
× 25 mm)

CCD, FOT, NR 9 Gadox + LiF, 30 60, 170 14.7 600

Circular mask (25 × 25 mm) CMOS, FOT,
NR

6 157Gadox, 4 40, 255 9.8 30

Linear and circular mask (25 × 25 mm) MCP, BEI 55 TOF timepix 40, 255 72.5 900
Linear and circular mask (25 × 25 mm) LumaCam, BEI 15 Gadox, 20 60, 170 14.7 600

Steel spheres (Ø2mm) CCD, NT1 30 LiF + ZnS, 60 60, 170 20.6 80
Steel (Ø2mm) and zirconia spheres (Ø0.5 mm) FOT, NT2 9 Gadox + LiF, 30 80, 127.5 27.4 180

X65 steel sample with siderite film (Ø12mm) MCP, BEI 55 TOF timepix 80, 127.5 188.2 10hrs
X65 steel sample with siderite film (Ø12mm) LumaCam, BEI 15 Gadox, 20 60, 170 41.2 2hrs
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Fig. 4. (a), (c) Triangular and circular Siemens star mask radiograms for CCD setup with 60 μm scintillator (b), (d) Triangular and circular Siemens star mask images
for CCD + taper setup with 30 μm scintillator, (e) Circular Siemens star mask for CCD + taper setup with 4 μm scintillator (f) Enlarged view of the chosen region
highlighted in (e).
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were performed with a FOT attached to an ANDOR Zyla 4.2 PLUS CMOS
camera box, similar to the CCD arrangement (Fig. 1b). The small end of
the taper featured a thin scintillator of 4 μm thickness (made of isotopic
157Gd-enriched Gadox [38]). The setup employed a 135 mm lens
resulting in a field of view of 12 × 12 mm2 and effective pixel size of
6.31 μm.

The two detectors used for energy resolved imaging, microchannel
plate (MCP) and LumaCam, are illustrated in Fig. 2a and b. The MCP
detector operates on the principle of converting neutrons to electrons (in
a boron 10B and gadolinium (Gd) doped neutron-sensitive MCP). This is
followed by amplification in front of 2 × 2 tiled Timepix readout chips
with 2800 time channels (with a timebin width of 20 μs from 10 to 48ms
and 40 μs from 48 to 95 ms). With 512 × 512 pixels, each having a pixel
size of 55 μm, the field of view is 28 × 28 mm2 [24,39,40]. The MCP
sensor was located at a distance of 17 mm from the front face of the
detector housing. The LumaCam [26] TOF system functions by con-
verting neutrons to photons using a 20 μm Gadox scintillator sheet,
45-degree mirror, light focusing system, P47 phosphor image intensifier,
and a light sensitive Timepix3 detector (Amsterdam Scientific) with 55
μm pixel size. This microscopy arrangement is similar to the neutron
microscope concept at PSI [10]. By means of event collection and pro-
cessing, image stacks were saved with a pixel size of 15 μm using 4000
active time channels for each pixel having a 25 μs channel width. The
field of view was 7 × 7 mm2 and the neutron flight path from source to
detector was 56.5 m for both detectors. It can be noted that while both
pixel detectors operate with 55 μm pixel readout sensors, the centroid-
ing mode of the LumaCam provides time-of-flight spectra for 15 μm
subpixels. Therefore, LumaCam achieves higher spatial resolution for
Bragg edge imaging compared to the MCP, however with a 16 times
smaller field of view.

2.2. Details of samples

2D resolution was evaluated using three different resolution masks,
while 3D resolution was examined using steel spheres. 2D resolution was
evaluated by using triangular and circular ‘Siemens stars’ and a linear
mask of known standard dimensions (Fig. 3). The triangular mask con-
sists of a silicon substrate with 7 μm thick gadoliniummaterial deposited
on the surface. The circular and linear masks consist of quartz wafer
substrates with 5 μm gadolinium deposition, mounted onto an
aluminum frame (Fig. 3) with resolution values printed in μm on the
linear mask. 3D resolution was evaluated according to Kaestner [41]
using 2mm steel and 0.5 mm zirconia spheres, with the small ones filling
the spaces between the bigger spheres, placed inside a thin-walled cy-
lindrical aluminum holder of 3 mm diameter. For the energy-resolving
detectors, resolution masks were used as well as a corroded API 5L
X65 grade low carbon steel [42] sample of 12 mm diameter with a ~40
μm thick siderite corrosion layer on the top surface.

2.3. Methodology

Radiography and tomography data were collected with experimental
parameters as shown in Table 1. Processing these data involved first
outlier removal and then flat fielding using open beam and dark field
images. For each white-beam dataset, 5–20 radiograms were collected.
They were averaged and scaled to account for beam fluctuations,
whereas for energy resolved imaging the summed image was used to
normalize open beam images. For tomography, in addition to these
steps, the removal of data stripe artifact and region of interest normal-
ization were performed before reconstruction. This process was per-
formed using the iterative PDHG-TV (Primal-dual hybrid gradient with
total variation regularisation) algorithm within the Core Imaging Li-
brary (CIL), with 200 iterations as implemented in the Mantid Imaging
tool [43]. The reconstructed data were visualized in 3D using Avizo
[44], and a segmentation method (watershed algorithm) was employed
to differentiate between steel and zirconia spheres.

To determine the imaging resolution, we used the Modulation
Transfer Function (MTF) method for both 2D and 3D imaging [45,46].
The first step for this method was to select an edge of the Siemens star
masks for 2D and a reconstructed slice of the sphere (50% of the sphere
height) for 3D. A perpendicular line was drawn across the edge of the
mask-spoke or the slice edge. An ImageJ software plugin was used to
directly derive the MTF plot [47,48]. For MTF calculations, a minimum
cutoff of 10% was taken to quantify the spatial resolution for 10%
contrast difference between features. The MTF curve intersecting the

Table 2
Tabulated values of line pairs per mm and resolution for white beam imaging
(from Fig. 5).

Setup Siemens star
type

Scintillator
thickness (μm)

Line pairs per
mm (mm− 1)

Resolution
(μm)

CCD triangular 60 8.56 58.4
CCD circular 60 8.71 57.4
CCD +

taper
triangular 30 16.84 29.7

CCD +

taper
circular 30 17.67 28.3

CMOS +

taper
circular 4 38.87 12.9

Fig. 5. (a) Triangular mask MTF curves for CCD and CCD + taper setups, (b) Circular mask MTF curves for CCD and CCD + taper setups.
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10% contrast line yielded the corresponding spatial frequency or Lp/mm
on the x-axis. By taking the inverse of this value, and division by two, the
spatial resolution of the setup was obtained [49,50].

As an example of a practical application, a corroded X65 steel sample
with a siderite film on the surface was scanned at IMAT using the
experimental parameters listed in Table 1. The sample was corroded
prior to imaging in a glass reactor containing 1-liter brine (3.5% NaCl)
solution and a constant supply of CO2 gas (0.2 LPM air) provided
throughout. The corrosion treatment was performed at 60 ◦C for a
period of 72 h maintained a constant pH of 6.8 and a voltage supply of±
15 mV. For the MCP setup, data were collected for a total of 10 h, split
into 4, 4 and 2 h, and overlap corrected [51]. For the LumaCam setup,
the collection time was 2 h. For both detectors and for the resolution
mask images, data were first summed along the TOF axis (individually
for sample and open-beam images) and then flat fielded. For Bragg edge
analysis, however, intensity-versus-TOF curves were extracted and
converted to intensity-versus-wavelength curves using ImageJ and
Mantid Imaging for selected regions of interest (ROIs). Sample data were
divided by the corresponding open-beam data in order to visualise the

Bragg edge curves as transmission profile plots. Four ROIs were selected:
two in the steel region and two in the siderite region. The Bragg curves
were smoothened using a Savitzky-Golay filter with a window size of 30
using the Origin software [52].

3. Results and discussions

3.1. 2D resolution evaluation for white beam imaging setup

Triangular and circular masks were used to test the CCD/CMOS setup
with and without external FOT attachment (Fig. 4). As the taper setup
had a smaller pixel size and used a thinner scintillator, exposure times
were increased (Table 1) to counter decreasing statistics. Considering
the circular mask, the line pairs per millimeter for 10% contrast were
found to be 8.71 mm− 1 (Table 2), and the corresponding spatial reso-
lution was 57.4 μm for the CCD setup and 28.3 μm for the taper setup.
The MTF plots for the masks along with the radiograms are shown in
Fig. 5. It is evident that the spatial resolution has improved from 60 μm
to 30 μmwith the installation of the taper. The Siemens star mask images

Fig. 6. (a), (c) Linear and circular Siemens star mask for MCP setup, (b), (d) linear and circular Siemens star mask for LumaCam setup. Summation of neutron
wavelengths from 1 to 7 Å was used to obtain the radiographs.
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provide a visual representation of the resolution enhancement.
In addition to the 30 μm scintillator, the FOT setup was also tested

with a thin isotopic Gadox scintillator of 4 μm thickness. The 157Gado-
linium-enriched Gadox scintillator used in the experiment has higher
efficiency of neutron absorption and the resolution achieved was ~13
μm (Table 2), surpassing all the previous high-resolution setups at IMAT.
The grey values in this test were very low (about 400, which is close to
dark counts of about 300), due to the use of thinner scintillator and the
image acquisition time of 30 s. While it is beneficial to attempt higher
resolution with a thinner scintillator, it is at the cost of the longer
measuring times for adequate levels of grey values.

3.2. 2D resolution evaluation for energy resolved imaging setup

The evaluation of resolution for energy resolved imaging (MCP and
LumaCam) was performed with the linear and circular masks (Fig. 6).
The small pixel size and thin scintillator for the latter was compensated
by using larger pinhole diameter (60 mm) (Table 1). Data were collected
as image stacks at discrete wavelengths. For resolution determination,
the MTF curve was plotted correspondingly (Fig. 7). The spatial reso-
lutions for MCP and LumaCam setups were 80 μm and 30 μm respec-
tively (Table 3). The LumaCam resolution allowed obtaining Bragg
edges for thin corrosion films (see section 3.4). Additionally, the effect of
the neutron wavelength on resolution was not significant for either setup
(Fig. S1 and Table S1). A vertical line artifact on the right-hand side of
the MCP image of the circular Siemens star in Fig. 6c is due to a split of
the sensor area between two Timepix quadrants of the MCP detector.

3.3. 3D resolution evaluation using steel spheres for white beam imaging

Evaluation of 3D resolution is essential to study material degradation
with features typically in the range of μm to tens of μm (e.g., steel
corrosion). Steel spheres were used for this evaluation, as zirconia

spheres have poorer visibility and suffer from lower signal-to-
background due to the high neutron transmission (Fig. 8). Recon-
structed slices for both CCD and the taper setups were analyzed using the
MTF method (Fig. 9), similar to the 2D resolution calculations described
in section 3.1. The resolution of the reconstructed slices was assumed to
represent the entire sample in 3D space. Using the taper setup, the res-
olution dropped slightly relative to the 2D resolution measurement from
28.3 μm to 32.5 μmdue to small increase in geometric blur (Tables 2 and
4). This difference is within the MTF analysis error and not considered
significant. Nevertheless, a larger sample may result in a higher geo-
metric blur and a more noticeable difference in spatial resolution. It is
evident that the taper attachment improved the 3D resolution on IMAT
by nearly a factor of two. This resolution enhancement of IMAT will aid
studies of CO2 induced corrosion on steel, despite refraction edge effects
at the air-steel interface, as dimensions of features now fall within the
instrument’s range. For the CCD setup, the 3D spatial resolution was
56.3 μm (Table 4), nearly the same value obtained for 2D resolution
(Table 2), indicating that a slight increase of sample-center to scintillator
distance and geometric blur does not affect the effective spatial
resolution.

3.4. Bragg edge profiles of corroded steel using energy-resolved imaging

To illustrate the improvement of the time-of-flight imaging setup for
high resolution, a CO2 corroded X65 steel sample was examined. The
corroded sample has a siderite film with a thickness of close to 40 μm.
Fig. 10a and b show the CO2 corroded steel sample and the corre-
sponding radiography using time of flight imaging technique at IMAT.
Fig. 10c shows a simulation created in NxsPlotter [53] of attenuation as
a function of wavelength considering neutrons passing through corro-
sion layers on the top surface of the steel sample. The simulations
indicate significant Bragg edges (sharp transitions, Fig. 10c) for Fe (110)
at 4 Å, and FeCO3 (104) at 5.6 Å, which agree with the Bragg edge
transmission profile plots for steel and siderite using both the MCP and
LumaCam setups (Fig. 10d and e). The change in transmission values
observed in Figs. 10d and e is due to a change in the ROI chosen, as well
as change in the pixel size and field of view in both the setups. Com-
parison of Bragg edge spectra demonstrate visibility of steel and siderite
Bragg edges for larger (>1 pixel) and smaller (1 pixel in one direction)
ROI box widths (Fig. 10d and e). This indicates that siderite edges are
clearly visible for 1-pixel resolutions across the corrosion film with both
Bragg edge detectors, even though the MCP resolution is coarser than
the width of the corrosion film. In comparison, the LumaCam allows

Fig. 7. (a) Triangular mask MTF curves for MCP and LumaCam setups, (b) Circular mask MTF curves for MCP and LumaCam setups. Images for neutron wavelengths
from 1 to 7 Å were summed prior to the MTF analysis.

Table 3
Tabulated values of line pairs per mm, resolution for energy resolved imaging
(from Fig. 7).

Setup Siemens star type Line pairs per mm (mm− 1) Resolution (μm)

MCP linear 6.09 82.1
MCP circular 6.48 77.2
LumaCam linear 18.27 27.4
LumaCam circular 18.87 26.5
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imaging the siderite corrosion film with a finer resolution of 30 μm and
an effective pixel size of 15 μm. Therefore, enhancement in resolution
with the LumaCam setup allows for the detection of films thinner than
40 μm, improving its ability to resolve finer details. It can be noted that
white beam data collection with the taper setup could not reveal the
siderite film, due to low attenuation contrast, presence of geometric blur
and due to edge effects. In comparison, the diffraction contrast provided

by the Bragg edge detectors allowed detection of the corrosion film.

4. Conclusions

Limited spatial resolution is a key challenge encountered in neutron
imaging for resolving thin films or coated materials (e.g., surface
corrosion layers), even more so for in-situ studies on material degra-
dation. Bragg edge imaging is advantageous for surface analysis, effec-
tively differentiating between crystalline substrate and surface corrosion
phases, and mitigating issues such as edge refraction effects. The results
of this work demonstrate that the resolution on IMAT, which is flux-
limited, can be improved by more than a factor of two using a fiber
optics taper (FOT) for white-beam 3D imaging, while event centroiding
was used to enhance the spatial resolution for 2D Bragg edge measure-
ments by achieving sub-pixel resolution. Whilst a FOT reduces the field
of view and detection efficiency, the second approach using Timepix
holds a promise for improving spatial resolution with much higher ef-
ficiency for both white beam and energy-resolved imaging. Future im-
provements of spatial resolution on IMAT are anticipated through a
fourfold increase of neutron flux with the installation of a planned

Fig. 8. (a) 3D volume of steel spheres (CCD setup); (b) corresponding reconstructed slice; 2 mm steel spheres (CCD setup); (c) selected edge for MTF analysis (CCD
setup); (d) 3D volume of steel spheres (CCD + taper setup); (e) corresponding reconstructed slice; 2 mm steel spheres and 0.5 mm zirconia spheres are visible (CCD +

taper setup); (f) selected edge for MTF analysis (CCD + taper setup).

Fig. 9. Steel sphere MTF curves for CCD and CCD + taper setups.

Table 4
Tabulated values of line pairs per mm and spatial resolution (from Fig. 9).

Setup Sample details Line pairs per mm
(mm− 1)

Resolution
(μm)

CCD Steel sphere Ø2
mm

8.88 56.3

CCD +

taper
Steel sphere Ø2
mm

15.38 32.5
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upstream sample position, alongside enhancements in detection effi-
ciencies and vibration-free camera support of the detector systems.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nima.2025.170284.

Fig. 10. (a) X65 steel sample with siderite corrosion film on the surface; (b) MCP radiogram of X65 steel sample for a wavelength of 4.2 Å. The vertical dark grey line
at the position of the siderite film is partially due to the change in refraction of the material (edge effect); (c) Simulated attenuation curves of steel and siderite; (d)
Transmission profiles of steel (region A from (b)) and siderite (region B from (b)) with selected ROI in pixels from MCP setup; (e) Transmission profiles of steel and
siderite with selected ROI in pixels from LumaCam setup.
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