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Imaging with Neutrons

INTRODUCTION
Neutrons can be used effectively in all areas of materials 
characterization, including imaging, crystallography 
(phase identification and quantification, strain and texture 
analysis, microstructural characterization), and chemical 
analysis (elemental and isotopic quantification).

Broadly speaking, scientific imaging extracts spatially 
resolved information from a given sample. We commonly 
think about direct imaging, such as making observations 
through a light microscope, where the experiment straight-
forwardly offers a detailed two-dimensional (2-D) view of 
the object in reflection or transmission. Neutron-based 
(and X-ray–based) probes use a beam of particles that can 
penetrate through a sample, meaning that the transmission 
imaging process is one based on the characteristic interac-
tion between the probe and the material. The parameter 
most commonly measured by X-ray and neutron radiog-
raphy is the absorption contrast, which is then converted 
to grey-tone or fake-color visual contrast in the image. 
However, the different cross section of elements with X-rays 
(electron interaction) and neutrons (nuclear interaction) 
makes the two probes perfectly complementary in the inves-
tigation of matter, and neutrons can be efficiently exploited 
to enhance sensitivity of the imaging experiment to light 
atoms or even specific isotopes. Three-dimensional (3-D) 
tomographic images can be formed from raw 2-D images 

using computational algorithms, 
such as the filtered back projection 
for which G. N. Hounsfield and A. 
M. Cormack received the Nobel 
Prize for Physiology or Medicine 
in 1979. Both neutron radiography 
and tomography have long been 
used to probe geological materials 
(e.g., Figs. 1 and 2) (Carlson 2006; 
Winkler 2006).

Beyond transmission mode, 
there are several more complex 
techniques that can yield indirect 
views of matter distribution 
within a solid: these are based on 
the different ways one can analyze 
the neutrons that are scattered by 
a sample (Anderson et al. 2009; 
Brenizer 2013). Neutron activa-
tion autoradiography involves 

measuring the decay time of the activated species from 
neutron-induced gamma activation to produce a chemi-
cally resolved map, which may be roughly considered as the 
neutron equivalent of a chemical map produced by X-ray 
fluorescence spectroscopy. Other more complex techniques 
are based on scattering- or diffraction-enhanced imaging 
(Woracek et al. 2018; Tran et al. 2021) and will be briefly 
described herein.

Because neutron sources are weak compared to photon 
and electron sources, it necessarily shifts the experimental 
requirements towards larger beams and larger sample 
volumes. In many cases, the use of large samples is advan-
tageous, e.g., to capture representative volume elements in 
porous media, map the internal features of fossil organisms, 
or investigate other sample types such as cultural heritage 
objects (e.g., paintings and statues). However, needing both 
a large beam and a large object volume severely limits the 
spatial resolution commonly accessible in neutron imaging. 
State-of-the-art neutron imaging techniques are striving 
to reach voxel (“3-D pixel”) resolutions in the micrometer 
range, compared to the nanometer resolution achievable 
with photon and electron beams.

Before sampling at submicrometer resolution and tackling 
the problem at molecular and atomic resolution, it is impor-
tant to assess the representative nature and integrity of 
the sample volume to be investigated. Neutron imaging 
is, thus, a flexible and penetrating tool to investigate the 
inner features of a geological sample at the macro- to 
micrometer-scale. These features can include, but are not 
limited to, fossils (Dawson et al. 2014), biomineralized 
specimens (Fig. 2), meteorites (Fig. 1) (Fedrigo et al. 2018), 
oil-hosted reservoir rocks (Chiang et al. 2018), and porous 
sediments (Cordonnier et al. 2019). The 3-D visualization 

By exploiting the penetration, attenuation, and scattering proper-
ties of neutrons, images of matter in two or three dimensions reveal 
information unobtainable with other probes. Despite the limitation in 

brilliance of neutron sources, several neutron-based imaging techniques are 
essential to different aspects of modern geoscience. Typical examples include 
the evaluation of porosity in rocks and sediments, mapping of light elements 
in solids, noninvasive probing of cultural heritage objects, investigations of 
thick engineering components, and the exploration of diffusion and percola-
tion processes of fluids within porous matrices, organo-inorganic composites, 
and living organisms. Techniques under development include simultaneous 
neutron and X-ray tomography in heterogeneous media, Bragg-edge imaging, 
and the possibility of porosimetry from dark-field imaging.
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and quantification of inner surfaces and interfaces between 
components are the key to interpretating and modeling 
those components.

Our goal here is to describe how neutron imaging contrib-
utes to the geosciences and to cultural heritage by focusing 
on the following: (1) fluid–rock interaction and the 
quantitative assessment of the pore systems in geological 
materials; (2) the diagnostic use of neutrons to characterize 
cultural heritage materials and objects. Because of the 
complexities in accessing and using neutron-source facili-
ties, besides the analysis and interpretation of the imaging 
data, it is suggested that synergies between Earth scientists 
and cultural heritage researchers, who traditionally lack 
experience as neutron users, be substantially enhanced and 
expanded to benefit the field.

INSTRUMENT DEVELOPMENT 
AND TRENDS
Neutron imaging has developed rapidly 
over the past two decades and is now an 
essential component of user programs 
at national neutron sources. Beamlines 
devoted specifically for imaging are now 
among the first to begin operating at the 
two newest planned neutron sources 
of ESS and RA-10 (see Table 1). This 
development is due to improvements 

in neutron image spatial resolution; improvements in 
the use of multimodal imaging methods that can facili-
tate volume segmentation (i.e., identification, labeling, 
and separation of the voxel of interest, often visualized as 
separated images); and improvements in image contrast 
due to polarization, diffraction, and refraction. We provide 
an overview on these methods (except for polarization) in 
the following section.

Simultaneous Neutron and X-Ray Imaging
The technique of simultaneous neutron and X-ray tomog-
raphy (NeXT) takes advantage of the complementary 
nature of the two modalities to readily identify material 
phases within a heterogeneous sample. This is particularly 
advantageous when in the presence of highly contrasting 
materials, such as porous media that typically contain a 
hydrogenous material (e.g., water) within a mineral matrix 
(e.g., a porous carbonate or silicate rock): X-rays have good 
sensitivity for the matrix, while neutrons have good sensi-
tivity for the hydrogen-containing fluids.

Although simultaneous acquisition is not essential for 
static cultural heritage specimens, it is critical to capture 
stochastic, time-evolving phenomena such as fluid flow in 
soils or geological matrices and the evolution of concrete 
degradation or repair. To make the NeXT technique work, 
one must remove crosstalk between the two sources, so 
that the neutron camera only detects neutrons, and the 
X-ray camera only detects X-rays. LaManna et al. (2017) 
oriented the X-ray tube orthogonal to the neutron beam 
and shielded the neutron detector with a thin (~5 mm) 
sheet of lead, while the X-ray detector was shielded with 
a thin (~2 mm) sheet of lithiated plastic.

The time resolution 
of NeXT is dominated 
by the intensity of the 
neutron beam, which 
is of order 106 cm−2 s−1. 
To obtain a reason-
able tomographic 
r e c o n s t r u c t i o n 
with conventional 
algorithms from this 
intensity requires an 
acquisition time ~1 

day for a voxel size ~10 µm. By sacrificing spatial resolu-
tion (having a minimum of 200 µm) and reduced angular 
sampling (155 projections vs. ~1,000), one can reduce the 
data acquisition time to ~1 s (Tötzke et al. 2019). The quality 
of the reconstructions can be further improved by using 
iterative algorithms based on knowledge of a prior state 
(Vitucci et al. 2018) or using emerging machine learning 
algorithms.

The utility of NeXT data is apparent during the task of 
segmentation, where one attempts to define a region of 
a given composition (Chiang et al. 2018). One computes 
a bivariate histogram after ensuring that the two recon-
structed volumes are digitally registered, and many software 

Figure 1 (A) Photograph of the Monturaqui impactite sample; 
(B) the segmented image of a section of the sample 

deduced by combined X-ray and neutron tomographic informa-
tion; (C) vesicles distribution in the impactite. From Fedrigo et al. 
(2018).
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Figure 2 Images from neutron investigations of cultured pearls. 
(A) Neutron data provide a remarkable contrast 

between the organically enriched layers (lighter), the aragonite-
based biomineralized matrix (darker), and the hollow core (irreg-
ular surface). Data collected at the IMAT beamline (at the ISIS 
Neutron and Muon Source at the Rutherford Appleton Laboratory, 
UK). Voxel size 55 μm. See also Table 1. From Vitucci et al. (2018). 
(B and C) X-ray micro-tomographic images of two cultivated 
pearls. The cultivation seed and its interface with the naturally 
grown layer can be directly imaged, albeit with limited contrast 
between the carbonate/organic core and the aragonitic 
overgrowth. Images taken using the Laboratory Bruker-Skyscan 
1172 instrument; voxel size 4.5 μm. Images courtesy of L. 
Valentini, UNIPD.
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platforms now have built-in functions to perform these 
tasks. By selecting regions of interest using the bivariate 
histogram, one can obtain robust segmentation of different 
material phases. The segmentation can be improved by 
additional smoothing, for instance by applying a nonlocal 
means filter.

Neutron Microscopy
Neutron microscopy involves imaging at a spatial resolu-
tion better than 10 µm. There are basically two types of 
neutron sources: continuous, and pulsed. A pulsed source 
is the more challenging in terms of reaching high spatial 
resolutions. The advantage of the pulsed source is that by 
tagging the arrival time of the neutron after the genera-
tion of the pulse, one knows the wavelength (or energy) of 
the neutron, which is important for the emerging methods 
discussed below. Pulses are generated at a frequency of 
10–60 Hz, so to have an adequate wavelength resolution 
requires tagging the neutron arrival to a 10–100 µs preci-
sion. The time-averaged event rate over an area of 10 cm2 
is up to 109 s−1. Thus, the readout electronics for a pulsed 
source neutron imaging detector must be very fast to record 
each individual event at an event rate of about 10 GHz. The 
latest generation of Medipix chips coupled with neutron-
sensitive microchannel plates (Siegmund et al. 2007) 
promise to meet three requirements: 1) single-event times 
better than 100 µs; 2) spatial resolution at least 10 µm; 3) 
a global event rate of 10 GHz. However, despite the time 
resolution of the detector and because of the neutron inten-
sity, it will still take many tens of minutes to achieve good 
counting statistics. This is also a limitation for continuous 
neutron sources.

For continuous neutron sources, one does not need to 
resolve individual neutron capture events, which greatly 
simplifies detector requirements. The most common 
neutron imaging detector setup is a very-low-noise digital 
camera that can view a neutron-sensitive scintillator. The 
rapid advance of digital cameras with very low noise, very 
high detection efficiency, and pixel pitch on the order of 5 
µm, means that the spatial resolution in this configuration 

is primarily limited by the “light bloom” in the scintillator. 
When the neutron is captured, energetic charged particles 
deposit energy to the scintillator, which is then released as 
visible light. Both the range of the charged particles and 
the amount of scattering of the light (which scales with the 
thickness) influence the size of the light bloom. Gadolinium 
is a good neutron scintillator material because it has a very 
large neutron absorption cross section so that very thin 
scintillators can be made while maintaining high neutron 
detection efficiency. In fact, by creating scintillators from 
isotopically enriched 157Gd, one can have almost 100% 
neutron absorption in a scintillator just a few microns thick 
(Trtik et al. 2015). The range of the conversion electrons 
that result from the neutron capture is similarly limited to 
a few micrometers.

Wavelength-Selective Neutron Imaging 
for Multiscale Images
High spatial resolution and fast temporal resolution require 
one to average over the full polychromatic spectrum of the 
neutron beam. If one relaxes the spatial and/or temporal 
resolution requirements, it is possible to form images at 
different wavelengths, enabling sample sources of image 
contrast to be revealed that would otherwise be well below 
the best direct spatial resolution. In the following two 
subsections, we introduce two such techniques: Bragg-edge 
imaging, and dark-field imaging.

BRAGG-EDGE IMAGING
From Bragg’s law of diffraction, nλ = 2dhkl sinθ, we see 
that if λ > 2dhkl, then θ is undefined and the lattice plane, 
dhkl, having Miller indices hkl, no longer contributes to 
scattering. The transmission as a function of λ will show an 
increase (i.e., Bragg-edge) that is proportional to λ2 and the 
structure factor. The scattering direction at the Bragg-edge 
is along the beam propagation axis, but in the backward 
direction. The typical wavelength range of neutron imaging 
instruments is 0.1 nm to 10 nm, and this means that the 
unit cell of many crystal structures can be observed, so 
enabling one to probe the strain along the beam direc-
tion, to understand the distribution of texture, and to 

Table 1 CURRENT AND PLANNED NEUTRON IMAGING INSTRUMENTS WITH PUBLICIZED USER PROGRAMS.

Institute1 Beamline Name(s)1 User Operation2 Spectrum Type3 X-Ray4 NGI5 Bragg- edge6

NIST BT2 / CNII Yes CWT / CWC Yes Yes Yes

ORNL CG1D / VENUS Yes / 2023 CWC / PT No Yes Yes

CNEA ASTOR 2024 CWC Yes Yes Yes

ANSTO DINGO Yes CWT No No No

J-PARC RADEN / TNRF / CNRF Yes / 2021 / 2021 PT / CWT / CWC No Yes Yes

CSNS ERNI 2022 PC Yes Yes Yes

FLNP NRT Yes CWT No No No

ESS ODIN 2023 PC No Yes Yes

MLZ ANTARES / NECTAR Yes CWC / CWT 2021 Yes Yes

PSI NEUTRA / ICON Yes CWT / CWC Yes Yes Yes

ILL NeXT Yes CWT Yes 2022 2022

ISIS IMAT Yes PC No No Yes

NOTES:
1 � Full institute names are as follows: NIST = National Institute of Standards and Technology (USA); ORNL = Oak Ridge National Laboratory (USA); CNEA = 

Comisión Nacional de Energía Atómica (Argentina); ANSTO= Australian Nuclear Science and Technology Office; J-PARC= Japan Proton Accelerator Research 
Complex; CSNS= Chinese Spallation Neutron Source; FLNP= Frank Laboratory of Neutron Physics (Russia); ESS= European Spallation Source (Sweden); MLZ 
= Maier–Leibnitz Zentrum (Germany); PSI = Paul Scherrer Institut (Switzerland); ILL = Institute Laue–Langevin (France); ISIS = ISIS Neutron and Muon 
Source (UK).

2 � Availability for user operation. If not in operation a start date is provided.
3 � Spectrum types include the following: constant wave thermal (CWT), constant wave cold (CWC), pulsed thermal (PT), and pulsed cold (PC), where a 

thermal neutron spectrum has characteristic wavelength of 0.2 nm or less and a cold spectrum has characteristic wavelength larger than 0.2 nm.
4 � Institute offers (or plans) simultaneous neutron and X-ray tomography.
5 � Institute offers (or plans) neutron grating interferometry.
6 � Institute offers (or plans) Bragg-edge imaging.
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measure crystal phase fractions. The appeal of Bragg-edge 
imaging is higher spatial resolution (50 µm) maps of the 
crystallographic details than is possible with conventional 
neutron strain scanners, which have a gauge volume (i.e., 
a sampled volume) on the order of 1 mm3. Modeling the 
coherent elastic scattering cross section for Bragg scattering 
(Woracek et al. 2018) can yield the strength of the texture, 
preferred crystal orientation, and the crystallite size.

Bragg-edge imaging of crystalline materials can be success-
fully conducted using either pulsed or continuous sources 
(Vitucci et al. 2018). If one is analyzing strain in only one 
lattice plane or the phase fraction of two phases, using a 
monochromator at a continuous source is efficient because 
only a narrow wavelength bandwidth is required. Woracek 
et al. (2018) used this property when they performed tomog-
raphy measurements of the volume fractions of austenite 
and martensite in transformation-induced plasticity steels 
subjected to torsion.

DARK-FIELD IMAGING
Neutron dark-field imaging is an emerging method that 
produces images of a sample’s microstructure that are 
well below those available from direct spatial resolution. 
Dark-field images are formed by looking at the change in 
the amplitude (or visibility) of a Moiré pattern (a beam 
that has a sinusoidally varying intensity in one direction). 
A detailed analysis by Wen et al. (2008) showed that this 
change is due to small-angle neutron scattering from the 
sample, and this can provide information about inhomo-
geneities at the microscale in each pixel of the image. The 
appeal of dark-field imaging for the geosciences is that it 
enables one to capture 3-D pore structure at the nanometer 
to micrometer scales, which is orders of magnitude less 
than by using conventional core sample sizes (diameters 
on the centimeter scale). Obtaining this 3-D multiscale 
data is an involved acquisition and analysis process. The 
microscale being measured is set by the period of the Moiré 
pattern, the wavelength of the beam, and the distance 
between the sample and the detector. For tomography, one 
acquires Moiré images as the sample is rotated 360°. One 
uses conventional tomography reconstruction algorithms 
to form two images, the usual transmission image (average 
of the Moiré pattern), and dark-field image (amplitude 
of the Moiré pattern). By acquiring these tomograms at 
varying microscales one can, for instance, map out the 
pore distribution in each voxel (Harti et al. 2018). Whereas 
small-angle neutron scattering requires thin samples to 
avoid multiple scattering, and averages over a diameter of 
about 1 cm, dark-field imaging measures similar microscale 
quantities but in thick samples and with voxel size of ~50 
µm. An example of the final output of such a measurement 
is shown in Figure 3. This assumed that the granite sample 
used was entirely quartz (a good approximation for the rock 
matrix scattering length density) and so estimated three 
important parameters: pore size, volume, and distribution. 
This capability sets the stage for using H2O/D2O contrast 
matrix match to directly image only unconnected pores, 
thereby also establishing the nature of the connected 
porosity.

APPLICATIONS TO EARTH 
AND PLANETARY MATERIALS
Earth and planetary materials are naturally heterogeneous 
and complex. Neutron imaging investigations greatly help 
in elucidating such complex features as rock textures, 
mineral boundaries, the surfaces of mineral assemblages, 
and the behavior of fluids in confined pores and fractures. 

The imaging requires detailed 3-D analysis in order to 
interpret the properties of the samples, their evolutionary 
mechanisms, and/or any rate of change.

The investigation of porous media is particularly suitable 
to neutron imaging (e.g., Cole et al. 2009) because of the 
natural contrast between pore fluids (air, water, hydrocar-
bons) and contact minerals or rock matrix. In fact, perco-
lating fluids such as water and oil are hydrogen-rich, and 
hydrogen strongly attenuates a neutron beam due to its 
large incoherent scattering cross section, making visible any 
fluids present in an inorganic, variably saturated medium 
(Perfect et al. 2014). The applications span from the simple 
evaluation of pore volume in consolidated rocks or loose 
soil, to the measurement of water flow through a pore 
system and the quantitative assessment of media perme-
ability using dynamic neutron transmission radiography 
(Fig. 4) (e.g., Cnudde et al 2008; Zambrano et al. 2019). 
The information gained through imaging experiments 
are important for the interpretation and prediction of all 
processes born out of fluid–rock interactions: for example, 
the management of water resources, the recovery of hydro-
carbons, the diffusion and migration of pollutants through 
sediments, the rheology of saturated geomaterials during 
landslides, or the durability and stability of waste reposito-
ries. The processes involving multiscale mechanisms and 
the prediction of fluid flows in media having multiscale 

Figure 3 An example of dark-field neutron tomography applied 
to a small, centimeter size, core sample of granite, 

which is used to reveal microstructural details below a spatial 
resolution of 200 µm. The colour processed images are for neutron 
attenuation, pore size and distribution, and the volume fraction of 
the pore sizes. Dark-field neutron tomography is a nondestructive 
technique that can characterize pores from 1 nm to 1 µm over 
typical core-sized specimens within one day.

Figure 4 (A) A carbonate sample (Early Pleistocene grainstone 
bioclast from Favignana, Sicily, Italy) examined by 

neutron radiography and neutron tomography. (B) Dynamic 
neutron radiography shows the flow front of water moving in the 
sample of Figure 4A (as green against yellow background) over six 
time intervals, measured in seconds at top left of each image. 
(C) Combined X-ray and neutron tomography measures the pore 
system and connectivity to model the water flow and the rock 
permeability at saturated condition. Here, segmented dry pores are 
shown in green. (D) Segmented wet pores are shown in purple. 
(E) Lattice velocity image, shown in blue, obtained by fluid flow 
simulation. Image from Zambrano et al. (2019).
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porous systems benefit greatly from quantitative neutron 
imaging experiments. In the case of highly saturated 
materials, the quantitative assessment of the pore fluid 
may need an appropriate correction to the recorded images. 
Furthermore, air trapped in macropores may substantially 
change the permeability models of the media (Snehota et 
al. 2015), and, in this case, combined neutron and X-ray 
tomographic experiments allow appropriate assessment 
of the two-phase flow mechanism through the pore 
system (Kaestner et al. 2016). Recent experiments based 
on combined neutron and X-ray tomography modalities, 
such as the NeXT arrangement described above, allow 
one to characterize the dynamics of water absorption in 
a claystone by comparing material deformation as well as 
water arrival (Stavropoulou et al. 2020).

The mechanical behavior of porous rocks and their effect 
on fluid flow is particularly important in hydrocarbon 
production and CO2 sequestration. The measurement of 
localized strain through imaging techniques (Tudisco et 
al. 2015) or the direct measurement of strain partitioning 
by diffraction methods provide experimental background 
to model the response of geological materials to external 
forces and understand how the deformation caused by force 
gradients is accommodated within the sample.

THE POTENTIAL OF NEUTRON IMAGING 
IN CULTURAL HERITAGE DIAGNOSTICS
Despite the large number of neutron techniques available, 
the single most used technique for the characterization of 
cultural heritage materials and objects is neutron activa-
tion analysis, which employs a neutron beam to irradiate 
the sample and activate all possible nuclear decays within 
the material. The use of neutron activation analysis dates 
to the early days of dedicated neutron sources, and it has 
been especially applied to the chemical analysis of ancient 
ceramics, glass, and stone artifacts. These analyses still 
stand as a reference for modern research, providing a 
complementary framework for probing natural and experi-
mental geological materials.

Of course, neutron radiography has also been very 
popular, because of the ease of inserting large objects into 
penetrating neutron beams and obtaining real-size images 
of the objects’ interior. A very specific technique, one 
widely used in conservation and art history of paintings, 
is the combination of radiography and neutron activation, 
called neutron activation autoradiography. It is based on 
the activation of secondary emission processes within the 
painting by the neutron irradiation of the whole object and 
by detecting the γ-emissions at different times in the form 
of 2-D images (the autoradiography part) (e.g., Kardjilov 
and Festa 2017. The technique was very popular for the 
systematic analysis of museum paintings, but it will be 
limited in the future by the lack of open ports at reactor 
sources.

Beyond autoradiography, a number of techniques devel-
oped in recent years for materials science and crystallog-
raphy have also been applied to cultural heritage problems 
and materials (Kardjilov and Festa 2017). The two areas 
most rapidly increasing in quality and range of applica-
tions are neutron tomography and neutron crystallog-
raphy. Neutron tomography is the production of 3-D 
images from the detection of absorbed neutrons in the 
sample: in a sense, it is a natural development of neutron 
radiography. The characteristics of neutron beams make 
modern neutron tomography an invaluable tool for art 
and archaeological research, especially for the prelimi-
nary analysis of art objects before and during the planning 

of conservation strategies. Archaeological and artistic 
metals are great candidates for neutron imaging investi-
gations (e.g., Salvemini and Grazzi 2017) because neutrons 
nicely probe below the surface and allow a clear vision of 
the inner features, which would be hard or impossible to 
map by X-rays. Typical applications include the ability to 
detect organic compounds (flowers, glue, resins, textile, 
paper) embedded in metal objects. Previous conservation 
treatments of museum objects, often unrecorded, may be 
easily spotted using neutron imaging, especially if they 
were carried out by organic consolidants or preservatives.

It is expected that integrated research (i.e., research that 
couples imaging, diffraction, and spectroscopy) will be 
possible due to the increased neutron flux and energy 
resolution of the sources now coming on stream. This will 
provide a far greater density of complementary informa-
tion and, at the same time, limit the neutron dose absorbed 
by art and museum objects and the subsequently induced 
radioactivity imparted to the object. Recent combined 
experiments that coupled imaging and diffraction, or 
imaging and prompt gamma activation analysis (e.g., 
Kardjilov and Festa 2017), are leading the trend. Neutron 
resonance transmission imaging is also a sensitive analyt-
ical technique useful for performing both qualitative and 
potentially quantitative multi-element analysis of major, 
minor, and even trace elements, providing 2-D maps of 
element abundance in a variety of materials (Fedrigo et 
al. 2019).

As described above, Bragg-edge imaging (Woracek et al. 
2018), also called spectral neutron imaging (Tran et al. 
2021), is efficiently using diffraction information collected 
in a spatially resolved mode. The possibility of extracting 
crystallographic information from the data measured at 
different energies, and thereby discriminating between 
different phases in reconstructed 3-D images, is a great 
advancement in the interpretation of manufacturing 

Figure 5 (A) Image of a 400-year-old Japanese katana sword 
made by Shitahara swordsmiths. (top) the isolated 

blade. (bottom) the handle and sheath. (B) Three Bragg-edge 
neutron tomographic images of different katana blades. The 3-D 
segmentation of the reconstructed tomographic images shows 
different physical features of the blades. (left) Image showing the 
progress of the martensitic microstructure, shown in blue, outlining 
the hamon pattern along the cutting edge. Hamon (“blade 
pattern” in Japanese) is the visible effect created on the blade by 
the hardening process. (middle) The yellow areas on the surface 
projections are evidence of rust spots diffusing through the body of 
the blade. (right) White beam neutron tomography allows slag 
inclusions within the blade to be mapped (red). Modified from 
Salvemini and Grazzi (2017).
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processes and of various types of degradation process. 
The well-investigated case of Japanese katana blades 
(Fig. 5) (Salvemini and Grazzi 2017) revealed the complex 
manufacturing process, which involved a carefully 
controlled martensitic transition in just a part of the blade, 
and is a good example of the great potential of diffraction-
enhanced imaging.

Neutron imaging and neutron characterization methods 
in general are extremely useful in cultural heritage inves-
tigations, although neutron instruments are only being 
extensively used when there are strong collaborations with 
beamline scientists. A more extensive implementation of 
coordinated effort, and with focused infrastructures, may 
possibly help in knowledge diffusion and, ultimately, a 
better use of the existing and developing facilities.

FUTURE OUTLOOK
As the methods of Bragg-edge and dark-field imaging 
mature, it is expected that there will be more applica-
tions in the geoscience and cultural heritage fields to take 
advantage of structural characterization studies. New 

pulsed neutron imaging sources will soon be commis-
sioned (see Table 1) that will make these methods routine 
by exploiting the time structure of the beams. In terms of 
neutron microscopy, creating an analog of Hooke’s micro-
scope by using reflection-based neutron lenses (so-called 
Wolter optics) has the potential to dramatically improve 
the time resolution while concurrently maintaining high 
spatial resolution (about 5 µm), even in the presence of 
bulky sample environments. While not an application in 
the geosciences, the work of Jorba et al. (2019) showed that 
a prototype Wolter optic improved the resolution 5-fold 
while also increasing the time resolution by two while 
imaging the ferromagnetic transition of a quantum magnet 
that was in a cryostat (~90 K) and inside a pressure cell at 15 
kbar. The design by Hussey et al. (2021) promises to obtain 
a spatial resolution of 3 µm with an exposure time of about 
1 s, which, when combined with the ability to maintain 
spatial resolution even with bulky sample environments, 
will marry synchrotron-like image resolution with the 
penetrating power of neutrons. The Wolter optic micro-
scope will likely be a powerful tool for many applications 
in the geosciences.
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