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techniques for materials science and engineering

Dedicated to Professor Dr. H.-P. Degischer on the occasion of his 65" birthday

Using X-ray and neutron radiography and tomography,
images of material and component inhomogeneities and
their development with time can be obtained. Due to their
non-destructiveness and non-invasive nature both methods
give insight into the function of devices and their decay
processes. Fundamentals of X-ray and neutron radiography
and tomography are briefly outlined, examples for both
techniques are given, their complementarities are high-
lighted and emerging techniques and frontiers are dis-
cussed.

Keywords: Radiography; Tomography; Neutron; X-ray;
Complementarity

1. Introduction

Very shortly after the discovery of X-rays in 1895, Wilhelm
Conrad Rontgen realised that this penetrating radiation
could be used to image interior features of objects such as
the hand of his colleague in Wiirzburg that he obtained
using the rays he discovered and baptised “X-rays”, see
Fig. 1a. The images show that different materials give rise
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to different grey scales and that the presumably metallic
ring absorbs the largest part of the radiation. Thus, not only
medical investigations, but, also engineering applications
are possible using radiography.

After Sir James Chadwick had discovered the neutron as
an elementary particle in 1932, it was straightforward to
try to image objects with these particles too. One of the first
to succeed were scientists in Berlin, including H. Kallmann,
E. Kuhn and O. Peter, who set up neutron radiation sources
and imaging systems. The first neutron radiograph seems to
have been published in 1944 (see Fig. 1b) by O. Peter who
worked for the research centre of the German Mail. This
history has been reviewed by C.-O. Fischer at the Hahn-
Meitner Institute, Berlin, in 1992 [1].

Both X-ray and neutron radiography continuously devel-
oped in the years after their invention, driven by better
sources, better detecting systems and new applications [2—
8]. An important step was the transition from simple 2D radio-
graphy to 3D tomography in 1972 by G. N. Hounsfield — first
for X-rays — based on mathematical ideas created much earlier
[2]. The mathematical foundation requires some specific
properties of the interaction between beam and sample that
both X-rays and neutrons satisfy to a sufficient approximation.
Therefore, both X-ray and neutron tomography are feasible. It
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Fig. 1. Historical radiographic images. (a) X-ray image taken by Ront-
gen in Wiirzburg in the year 1904, (b) neutron images taken by O. Peter
in Berlin in 1944 [1].

took longer to develop neutron tomography than its X-ray
counterpart simply because the fluxes of neutron sources are
lower and the available 2D detectors less effective. Still, in
the proceedings of the 4™ World Conference on Neutron
Radiography [1], 10 papers deal with neutron tomography,
quite a new method in 1992. It was in the 1990s that tomogra-
phy was largely facilitated by new digital image acquisition
systems — a prerequisite for fast and reliable 3D imaging.

Today, X-ray tomography based on either X-ray tubes or
synchrotron X-ray sources on the one hand, and neutron to-
mography using neutrons from reactors or spallation sources
on the other hand are standard techniques available at many
laboratories worldwide, see a selection of facilities in
Refs. [2, 9-16]. A fairly new idea is to combine X-ray and
neutron imaging to couple different contrast generation
mechanisms. Such complementary investigations have be-
come attractive only in the past decade since the spatial reso-
lution of neutron imaging has been improved sufficiently
[17-21]. In this review a brief overview to such complemen-
tary measurements — with a focus on results of the Helmholtz
Centre Berlin for Materials and Energy — is given.

2. Interaction between X-rays, neutrons and matter

Most imaging experiments can be described by Fig. 2 or a
slight variation of it [2]. In the case depicted, a very thin
pencil beam, intensity (I,), penetrates a sample. A part of
it is absorbed (/,), a part transmitted in the original direc-
tion, a third part deflected, i.e. scattered out (I ,). The de-
tector measures a reduced intensity I, = Io—1,—I; ou. Usual-

. | A
collimated
incoming beam, I,

collimator s Ny ss—
t

? absorbed beam, I,

homogeneous material | X

scattered-out beam, I,

transmitted beam, I,

detector

Fig. 2. Layout of an imaging experiment based on a pencil beam [5].

1070

+ x-rays (100 keV)
4 thermal neutrons

ke
o
(]

ki
o
=]

-
(=]
[

mass attenuation coefficient, (cm?/g)

atomic number

Fig. 3. Mass attenuation coefficient as a function of atomic number for
all elements.

ly I,/1, is given which can be written as 1 — (1, + I ou)/lp. In
this sense, absorption and scattering produce the same at-
tenuating effect and in a homogeneous medium of thickness
d, the Beer—Lambert law /I, ~ ¢ holds, where uis the
linear attenuation coefficient of the material.

If a beam is used that extends over an area, the situation
becomes more complicated. A detector position can now
receive intensity scattered in from other parts of the beam,
an effect that can only be treated in an approximate way [2].

For the simpler first case, Fig. 3 shows the mass specific
attenuation coefficient y,,, i.e. u over the density p of the
material is given as a function of the atomic number of the
elements from Z = 1 (hydrogen) to Z = 92 (uranium).

The values shown as diamond symbols in Fig. 3 refer to
X-rays of 100 keV energy. Obviously, u,, varies in a
smooth way with Z. This is because the interaction is gov-
erned by the number of electrons Z in an atom. At such
photon energies three distinct mechanisms contribute sig-
nificantly to the attenuation of X-ray beams, namely the
photoelectric effect, elastic scattering and inelastic (Comp-
ton) scattering [2].

Figure 3 further shows the mass attenuation coefficients
for thermal neutrons, e.g. a common spectrum centred
around = 25 meV neutron energies (triangles). The trend
is much less obviously a function of Z than in case of X-rays
which is because the predominant nuclear interaction de-
pends on the internal configuration of a nucleus and not just
the number of protons Z. As for X-rays, various mecha-
nisms can remove neutrons from an incident beam, namely
direct nuclear absorption, (quasi)elastic scattering, inelastic
scattering and magnetic scattering [2].

In summary, the X-rays interact with the electrons while
the neutrons with the nucleus of the atom. As the interac-
tions are different, complementary use of X-ray and neu-
trons in imaging, (see e. g. [2, 16, 22—-24]) as well as in dif-
fraction and scattering, will provide additional information.

3. Requirements for successful imaging

A typical setup for tomographic imaging consists of a rota-
tion and translation stage, a scintillator screen, optics in-
cluding a deflecting mirror and a charge coupled device

Int. J. Mat. Res. (formerly Z. Metallkd.) 101 (2010) 9
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a) CCD detector

rotation axis |

neutrons/
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sample 12 "
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S

(CCD) camera, see Fig. 4. Going downstream from the ra-
diation source, each component has to be optimised appro-
priately.

The quality of the incoming beam is a limiting factor of
imaging. The beam divergence has to be reduced below a
given level by appropriate collimation. Especially for neu-
trons, there is a trade-off between flux reduction and beam
collimation expressed by the L/d ratio (L = distance aper-
ture to detector, d = aperture diameter) that is rarely pushed
to above 500 [2].

The mechanical components have to ensure that the
beam path is stable, reproducible and free of fluctuations
due to thermal and mechanical disturbances. The alignment
of the rotation axis is crucial especially for high resolution
synchrotron X-ray tomography [2].

The scintillator screen converts the incoming X-ray
photons or neutrons to visible light. Since each impinging
photon or neutron creates light emerging from a small disc
there is an adverse effect on spatial resolution. Scattering
within the scintillator material further creates a halo around
the point of incidence. Currently, the scintillator materials
in use define a lower limit for resolution which is around
0.5 pm and 20 pm for X-rays and neutrons, respectively
[2, 25]. Another important aspect is conversion efficiency
and in many cases a trade-off between resolution and effi-
ciency has to be sought.

The optics used to project the scintillator image onto the
camera chip — mostly a CCD - also limits the spatial resolu-
tion. As the wavelength of the visible light produced is
around 0.5 pm diffraction already defines a lower limit.
Aberrations further contribute.

The device that converts the projected image into a digi-
tal image provides further limitations due to spatial resolu-
tion (pixel size) and efficiency. The pixel size of such a de-
vice is related to spatial resolution of the entire setup only
when none of the other components dominates resolution.
For example, when a point-like feature in the sample is
blurred by the scintillator, after which the optics magnify
this blur to more than the size of one pixel, the blur will be
smeared out over various pixels and no resolution is gained.

Another aspect is the time resolution of the detector sys-
tem. The afterglow of the scintillating screens — that can
be in the range of ps to ms — normally does not influence
the quality of the image in standard imaging experiments
where the exposure times range from several 10 ms to sec-
onds. In the case of dynamic imaging, afterglow could limit
measurement speed and quality. High-speed Complemen-

Int. J. Mat. Res. (formerly Z. Metallkd.) 101 (2010) 9

lens system

b)

Fig. 4. (a) schematic layout
of a tomography experiment.
ceintillator (0 factors influencing imag-
‘ |' ing quality.

‘ ‘h.

tary Metal-Oxide—Semiconductor (CMOS) detectors allow
for very short exposure times (ns). However it is the readout
time which limits the performance to typically some
1000 frames per second. Improvement of the speed can be
obtained by using binning in one or two directions. In this
case dynamical processes can be investigated with a time
resolution of some hundred ps. Of course the available flux
density should allow for the use of these short exposure
times. On the other hand real time imaging is possible in
the case of white beam synchrotron radiation. The very
short exposure times allow for high-speed tomography in-
vestigations where a fully tomographic experiment below
1 s is possible. Of course the data storage and data manage-
ment problem is another limitating factor which should be
considered. As the neutron sources do not have the brilli-
ance of synchrotron radiation, a stroboscopic technique is
usually used where an average image of the process can be
obtained.

‘ sample

Chlp

4. Applications

4.1. Applications exploiting the complementarity
of photons and neutrons

In the following section examples are given which show the
range of scientific questions in material science and engi-
neering where synchrotron and neutron tomography can be
usefully employed. A review about application of X-ray mi-
crotomography in materials science can be found in [2].
Here the complementarity of tomography using X-rays
and neutrons is emphasized and illustrated regarding differ-
ent aspects: spatial resolution, sensitivity to hydrogen and
to contrast agents.

4.1.1. Imaging of phases in a metallic foam

Since neutron tomography is very sensitive to hydrogen, it
is very often used to complement X-ray tomographic mea-
surements and to reveal the hydrogen distribution in differ-
ent materials. As an example two tomograms of a metallic
aluminium foam [26-28] (AlSi6Cu4) are given in Fig. 5.
Aluminium foams are produced in a first step as precursor
materials where a blowing agent — typically TiH, — is
added. The distribution of the blowing agent before and
after foaming is an important issue in foam development.
While X-ray tomography is very useful for displaying the
microstructure with adequate spatial resolution (Fig. 5a),
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Fig. 5. X-ray (a) and (b) neutron tomography of an AlSi6Cu4 foam.
TiH, agglomerations in red.

neutron tomography was used to reveal the local TiH, ag-
glomerations (appearing in red in Fig. 5b) [29].

4.1.2. Water management of fuel cells

One of the main applications of neutron and synchrotron
X-ray in-situ imaging in applied sciences and industrial re-
search is the investigation of fuel cells and their compo-
nents/materials. In low temperature PEM (polymer electro-
lyte membrane) fuel cells, liquid water plays a crucial role
[30—44]. On the one hand, a certain amount of liquid water
is necessary, because only a wet membrane is proton con-
ductive while a dry polymer membrane changes its struc-
ture and the electric conductivity of the membrane col-
lapses [32]. On the other hand, flooding of gas transport
(flow field) channels and porous gas diffusion layers
(GDLs) severely affects the achievable power densities
and the longevity of the components [32]. Liquid water hin-
ders the transport of reactant and product gases (O,, H,) and
hence the supply of the catalysts with reactive gases. Thus,
well-balanced water management at any operating and en-
vironmental conditions is important for efficiency and life-
time of PEM fuel cells [32, 45].

Neutron and synchrotron X-ray radiography are unique
methods to investigate the liquid water distribution in a fuel
cell while at the same time applying realistic power profiles
and environmental conditions. Neutrons penetrate the me-
tallic components of the cells easily and are sensitive to
water; hence they are used to investigate entire cells
(Fig. 6a), as they are employed in different applications, of-
ten without the necessity to adapt the cell components to the
imaging instrument. On the other hand synchrotron X-ray
radiography allows for high spatial resolutions around
I pm and fast imaging with time resolutions of some
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Fig. 6. Two radiograms of a low temperature PEM fuel cell taken with
(a) neutrons and (b) synchrotron X-rays. The synchrotron radiogram
shows a small area of the cell where a hole was drilled into the metallic
end plate of the fuel cell [35].

100 ms. However, holes have to be drilled into the metallic
cases/end plates of the fuel cells to ensure that no metallic
parts are attenuating the beam. Figure 6b shows a radio-
gram where small water droplets of a few um in size can
be seen. Details of the very early stages of water develop-
ment are revealed. For example, the water development
process starts below the flowfield channels as predicted by
simulations [34, 35].

4.1.3. Time evolution of battery discharge

Another example for the complementary use of neutron and
synchrotron X-ray imaging is given in Fig. 7. The images
show cross-sections through tomograms of alkaline bat-
teries taken with synchrotron X-rays (a and b) and neutrons
(c and d) before (images a and c) and after (b and d) dis-
charge. The X-ray tomogram reveals structural changes of
the zinc powder (white particles in the centre) that is oxi-
dised and partly dissolved in the KOH electrolyte [46].
The cathode is swelling and cracking due to the reduction
of MnO, (grey area) and the intercalation of hydrogen
(Fig. 7b). The latter can not be visualised with X-rays.

Fig. 7. Cross-sections through the tomograms of alkaline batteries. (a)
and (b) synchrotron tomography of an AAA battery and (c) and (d)
neutron tomography of a C-block size battery. (a) and (c) were taken
before and (b) and (d) after discharge. The diameter of the battery in
(a) and (b) was 8.2 mm, that in (c) and (d) 26 mm [23].
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a) b)

Fig. 8. Lithium iodide battery: (a) X-ray radiogram that shows mainly
the iodine distribution, (b) neutron radiogram that displays the Li dis-
tribution in the same battery. (c) neutron tomogram, the battery hous-
ing was partly cut in the tomogram to open the view on the Li distribu-
tion (red). The width of the battery is 27 mm [19].

However, neutrons were used to investigate a comparable
battery in order to analyse the hydrogen transport (Fig. 7d).
It was found that after discharge hydrogen has moved from
the electrolyte (dark areas) into the MnO, (bright areas)
[23]. This example demonstrates how the different con-
trasts achieved with X-rays and neutrons are complement-
ing each other.

The complementary properties of X-rays and neutrons
are also very well suited to investigating lithium batteries.
As an example an investigation of a lithium-iodide battery
is given in Fig. 8. Because of their solid state electrolyte
Lil this battery type provides very high reliability and lim-
ited short-circuit currents that makes it suitable for many
medical applications, especially for pacemakers. Iodine is
a classical contrast agent in X-ray imaging and lithium a
typical screening and scintillator material in neutron imag-
ing. Hence X-rays and neutrons are ideally suited comple-
mentary probes which allow imaging the distribution of
lithium and iodine in two separate measurements [19]. In
this way the stability of the Lil electrolyte over long time
periods was investigated, and the images revealed a strong
change in the lithium distribution after several years. This
gives important hints for the developers to optimise the life-
times of the batteries with the aim to extend their exchange
intervals and thus to limit the number of necessary sur-
geries.

4.2. Emerging techniques

Methods development in synchrotron X-ray and neutron to-
mography aims at obtaining higher spatial resolution, time
resolution as well as increasing contrast e.g. between
phases or materials, see e. g. Refs. [2, 13, 14, 16, 47-52].

4.2.1. High-flux white beam tomography

In many cases it is desirable to investigate changes in sample
with both 3D spatial and temporal resolution. This makes X-
ray and neutron beams with very high fluxes necessary to en-
sure that a tomogram can be performed within a short time.
X-ray tomographic measurements within a few seconds have
become feasible using a white X-ray beam, see Fig. 9a, for
an example obtained at the BESSY storage ring and refer-
ences for other developments described in the literature
[53-58]. To accelerate imaging — especially for neutrons —
beam collimation can be reduced at the cost of spatial resolu-
tion. Despite the comparably low available fluxes at neutron
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Fig. 9. Fast white beam tomography. (a) 3D view on a white beam
synchrotron X-ray tomogram of a porous steel foam taken within 15 s
(EDDI beamline at HZB). (b) and (c) are neutron tomograms of a small
fuel cell which were taken within 15 min. (CONRAD/V7 at HZB).
Time between the two measurements was 45 min. In the tomogram
(c) about twice as much water was found as in (b) caused by changes
in the operating parameters.

tomography facilities, tomographic measurements within a
few minutes have become possible. Figure 9b and ¢ shows
two tomograms that were taken within 15 min and that show
the development of the water distribution in a small fuel cell.
Such small fuel cells might serve as replacement for D-block
batteries in future. Because of the slow water flow, time reso-
lution is sufficient in this case.

In order to investigate time-dependent processes with
synchrotron X-rays, work was oriented towards the use of
high flux insertion devices delivering a broad energy spec-
trum, which led to the development of fast-tomography set-
ups capable of collecting a full 3-D dataset in less than one
second [59]. The white high-energy X-ray beam used does
not have any temporal coherence, but due to the small
source size it remains transversally coherent. Phase-con-
trast tomography can therefore be performed at the same
speed as absorption contrast tomography. The absorbed
dose is usually small due to the small X-ray absorption at
high energies, which allows for the measurement of sys-
tems sensitive to radiation damage such as biological sam-

a)

\
0.5 mm

Fig. 10. Damage distribution in (a) Oxygen free high conductivity
(OFHC) copper and (b) Cu-40Zn-2Pb brass alloy at the beginning of
tertiary creep.
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ples. High energy radiation, however, is detrimental to the
spatial resolution of fast-tomography setups, because due
to the low efficiency of the available scintillator materials
(YAG:Ce, LAG:Eu), relatively thick scintillators have to
be used [54].

Fast-tomography has been successfully applied to in-situ
investigation of steel powder compacts during sintering
[60], as well as to study the coarsening of dendritic arms
during solidification of an aluminium alloy [61]. Due to its
4D character in situ tomography is well adapted to damage
characterisation during plastic deformation. Maire et al.
[57] have shown a good correlation between damage deter-
mined by in situ tomography and acoustic emission. Dam-
age during high temperature creep of metallic materials
was the subject of several other works [53, 62, 63]. A pic-
ture of damage distribution in creep deformed copper and
brass alloy is shown in Fig. 10. The damage process con-
sists of three concurrent mechanisms: nucleation, growth
and coalescence of grain boundary voids, which cannot be
easily separated. Fast-tomography coupled with image ana-
lysis allows a conceptually new approach to damage evalu-
ation. It allows following the evolution of single voids from
the detection limit until coalescence [62, 63]. This avoids
per se the effect of nucleation and based on ancestor analy-
sis and shape of the voids the coalescence effect can also
be minimised. An example of cavity evolution in brass is
shown in Fig. 11. The cavity is aligned at 45° to the tensile
vertical axis, suggesting that grain boundary sliding mecha-
nism might be responsible for its growth.

According to the continuum theory describing the growth-
rate of a void in a creeping nonlinearly viscous solid a pure
proportionality is expected between the growth-rate V and
actual cavity volume V [64]:

V=AeV (1)

where ¢ is the strain-rate and the parameter A equals 3/4
and is about unity for a spherical void in a deforming linear
and nonlinear viscous material, respectively [64]. Experi-
mental results of [62, 63] as well as the data in Fig. 12 indi-
cate that the growth rate of cavities in copper with an equiv-
alent cavity radius in the range of 2.0—5.1 pm follows the
predicted functional form; however, the factor A is much
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Fig. 11. Example of cavity shape evolution in
Cu-40Zn-2Pb brass allo;/. The units are given
in voxels (1 voxel = 1.6° pm®).

= — Copper .
0.104 o — Brass |
E
= 0.05-
0.00

0 100 200 300 400 500 600
Cavity volume, (um’)

Fig. 12. Cavity growth rates in OFHC copper and o/} brass as a func-
tion of cavity volume. The line fitting the brass data has a positive in-
tercept indicating the presence of a growth mechanism in addition to
plastic creep.

larger (A ~45 for copper) than predicted by e.g. Riedel
[65] (A ~1.1). The large standard deviations (shown as er-
ror bars), however, indicate a that there is a large variety
of growth rates for voids of the same size, which presum-
ably can be linked to the local neighbourhood of the voids
(such as crystallography of neighbour grains) as well as to
the geometry aspect of the void shape.

4.2.2. Magnetic imaging

Due to their intrinsic magnetic moment neutrons are sensi-
tive to magnetic fields and hence neutron radiography and
tomography can be used to investigate magnetic field distri-
butions [66—68]. For this purpose a neutron polariser and
an analyser are added to a neutron imaging set-up. Polariser
and analyser are placed into the beam in front of and behind
the sample, respectively (compare Fig. 4). A magnetic field
in a sample causes a precession of the neutron spin around
the field axis. The total angle of precession depends on the
strength of the field and on the time that the neutron spends
within the field. The rotation angle can be measured and the
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Fig. 13. (a) Polarised neutron radiogram of a permanent magnet levi-
tating over a Yttrium barium copper oxide (YBCO) superconductor.
(b) corresponding simulated image. The inset shows the orientation of
the dipole as derived from the fitting procedure [66].

field strength along the path calculated. Figure 13a shows a
polarised neutron radiogram of a permanent magnet levitat-
ing over a YBCO superconductor cooled by liquid nitrogen.
The rings around the magnet are caused by the decreasing
strength of the magnetic field with increasing distance to
the magnet (but they do not represent field lines). The neu-
tron spin-state “beats” between spin-up and spin-down. A
dark line indicates an anti-parallel orientation of the mea-
sured spin state with respect to the initial spin state and a
white line a parallel orientation. A simulation of the experi-
ment and a successive fitting procedure reveals that the di-
pole magnet was orientated as shown in the inset in
Fig. 13b, with o = 4° (tilting angle to the horizontal plane).

4.2.3. Phase contrast imaging

In many cases image contrast can be strongly increased by
so-called phase contrast radiography/tomography [69-71].
When the distance between sample and detector is in-
creased, Fresnel-propagation introduces interference
fringes at material interfaces and boundaries. These fringes
are used to visualise the interfaces in 2D and 3D. Two ex-
amples are given in Fig. 14. First a pair of human hairs
was measured with synchrotron X-ray radiography at sam-
ple-detector distances of 20 mm (a), 500 mm (b) and
1100 mm (c) respectively. At very close distances practi-
cally no such effects are visible and the projection image
mainly depends on the pure attenuation of the sample that
gives a weak contrast in this case. With increasing distance
the effect becomes visible and more pronounced. Phase
contrast imaging is also possible with neutrons, as shown

I

Fig. 14. (a), (b) and (c) Synchrotron X-ray, and (d) and (e) neutron
phase contrast radiographies taken at different detector-sample dis-
tances [72].
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Fig. 15. (a) Holotomography and (b) phase-contrast tomography re-
constructions of a metal-matrix composite consisting of aluminium
matrix and 20 vol.% Al,O; particles.

in Fig. 14, where a steel needle was measured at 5 mm and
700 mm sample-to-detector distance.

When a commonly used tomographic reconstruction al-
gorithm, such as filtered back projection is applied to a set
of phase contrast radiographies, the resulting tomogram
displays all interfaces and boundaries within the material
in 3D. However, artefacts sometimes prevent quantitative
analysis of the data.

The high brilliance and partial coherence of a synchro-
tron X-ray beam allows for the detection of the real part of
the refractive index (holotomography), which could signifi-
cantly increase image contrast [47, 72]. Phase retrieval al-
gorithms can be applied to one (in the case of a homoge-
neous material with known attenuation coefficient) — or
most commonly three or four — phase contrast radiogra-
phies in order to calculate a so called phase map, which dis-
plays the local phase shift instead of the beam attenuation
[73]. From a set of phase maps taken at different rotation
angles of the sample a holotomogram can be reconstructed
that yields an increase in contrast by up to three orders of
magnitude compared to (conventional) absorption contrast
tomography [47, 72].

The holotomographic reconstruction of a metal-matrix
composite consisting of Al,O3 particles embedded in alu-
minium matrix is shown in Fig. 15a. Compared to absorp-
tion or phase contrast reconstructions the grey level separa-
tion of the two constituting phases is much larger, which
allowed a simple segmentation of the reconstruction and a
proper characterisation of the size, shape and spatial distri-
bution of ceramic particles [74]. The structure obtained
with holotomography could be directly imported into finite
element models used for predicting the effective properties
of the real composite [75].

4.2.4. Differential phase and dark-field contrast
tomography

Besides propagation based phase contrast discussed above,
differential phase contrast is a well suited tool to address
the refractive index distribution of samples. Differential
phase contrast methods measure the refractive angular
beam deviations that lead to intensity variations in the pro-
pagation based method (Fig. 16). This naturally requires
high angular resolution like it can be achieved in double
crystal diffractometer instruments (DCD) [76]. Conse-
quently, such set-ups have been used with X-rays and neu-
trons for differential phase contrast tomography referred to
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Fig. 16. Schematic representation of the formation of phase contrast
with respect to phase, refraction angle and intensity variation and a
comparison of a schematic representation of the contrast according to
the propagation based technique in a cross-section.

as diffraction enhanced imaging (DEI) or refraction con-
trast [77—84]. However, due to the limited phase space den-
sity of neutrons and X-rays from low brilliance sources, the
high coherence conditions in a DCD oppose a broad appli-
cation at these sources. A more efficient alternative method
for differential phase contrast was introduced utilizing a
grating interferometer set-up capable to decouple spatial re-
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solution form angular resolution despite of loose coherence
conditions [85]. This method, based on a phase grating pro-
ducing a fringe pattern beyond the spatial resolution of the
detector, which can be analysed stepwise by an absorption
grating in front of the detector, can be used efficiently even
at low-brilliance sources, when it is combined with a source
grating providing partially coherent beams [86, 87].

Both types of instruments can, due to their high angular
resolution, be utilized for the spatial resolved detection of
ultra-small angle scattering (USAS) as well. Ultra small an-
gle scattering provides information about structures in the
sample in a size range beyond the direct spatial resolution.
This information can be extracted from the same measure-
ments addressing attenuation and phase contrast as well.
The usefulness of this information has been demonstrated
in various X-ray [88, 89] and neutron DCD measurements.
Notably the first tomography has been provided with neu-
trons, despite the low flux density in such instruments [90]
(Fig. 17a). However, also for this kind of investigations
the grating interferometer is superior and enables investiga-
tions on more reasonable timescales for three-dimensional
spatial resolution even at laboratory X-ray sources [91]
and with neutrons [92] (Fig. 17b—d). The method is mainly
called dark-field imaging but is also referred to as e.g.
USAS- or extinction contrast.

The magnetic moment of the neutron additionally en-
ables to achieve differential phase and dark-field contrast
from magnetic fields and structures. Magnetic fields add a
spin dependent refractive index contribution and hence
magnetic field gradients induce spin dependent angular
beam deviations e. g. at domain walls. First dark-field imag-
ing of magnetic domains in a DCD was reported as early as
in 1989 [94, 95] (Fig. 18a). With polarised neutrons, respec-

Fig. 17. Differential phase (refraction) con-
trast reconstruction slice of a 2 x 2 x 3 cm® Al
matrix combined with a dark-field (USANS)
reconstruction of beta-carotene in D,O in the
holes of the matrix (single slice) from DCD
data (a) [98]; a 3-dimensional dark-field con-
trast reconstruction of an Al matrix with holes
of 4 mm diameter and of sediments in corre-
sponding holes from grating interferometer
data (b, e, respectively) [92]; refraction and
dark field reconstruction of a corresponding
slice of the same sample (c, d).
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Fig. 18. Visualisation of magnetic domain walls in FeSi single crystal cylinder with a diameter of 13 mm in a DCD (a) [95]; line profile of the
cross-section of a magnetic field between two pole-shoes as reconstructed from DCD measurements compared to hall probe measurements (b)
[96]; visualisation of Bloch walls in a thin FeSi plate recorded with a grating interferometer (c) [97].

tively polarisation analyses quantitative reconstructions of
cross-sections of magnetic fields have been achieved using
the same method [96] (Fig. 18b). Polarisation was, how-
ever, not necessary to visualize Bloch walls between mag-
netic domains where the spin states of an unpolarised beam
split by different refraction angles and hence provide a
dark-field-like signal. The application of the more efficient
grating interferometer set-up for this purpose is promising
for further applications like has been demonstrated recently
[97] (Fig. 18c).

5. Outlook

The development of imaging methods based on neutrons
and synchrotron X-rays is still under way. Neutron imaging
especially is a latecomer and therefore the potential for nov-
el experimental options is large. Very soon, 10 pm will be a
standard resolution in neutron absorption tomography
which would provide complementarity with conventional
X-ray tomography based on microfocus X-ray tubes. For
even higher resolutions, advanced concepts such as neutron
lenses or neutron mirrors would be required. Such develop-
ments are on the way [98] but no successful high-resolution
experiment has been carried out so far. Moreover, the ex-
ploitation of the magnetic moment of the neutron either in
polarised imaging experiments or experiments on magnetic
materials holds the promise of many fruitful developments.
On the synchtrotron X-ray side, the spatial resolution of di-
rect projective imaging is intrinsically limited by the scin-
tillation process. Major developments go towards hard X-
ray microscopes based on bent mirror or X-ray lens sys-
tems. Such experiments have already been carried out. The
time resolution of X-ray tomography could be further im-
proved, but the heat load on the sample by the beam and
the enormous amount of data associated with sequences of
tomographic data present major challenges.

Both neutron and synchrotron X-ray tomographic meth-
ods hold enormous potential both for basic and applied re-
search in various scientific areas in engineering materials
research. In particular, they are increasingly relevant to ma-
terial and device development for energy technologies and
transport applications. Progress in instrument and method
development also provides benefits for research in other
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disciplines such as art and archaeology, chemical process
technology or production technologies.
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