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Abstract Neutron imaging as a method for non-destructive
studies takes advantage of the alternative contrast mecha-
nism of neutrons compared to X-rays: most of the light ele-
ments feature high contrast, whereas heavy elements are rel-
atively transparent to neutrons. In the previous decade, the
neutron imaging technique has made substantial progress
in well-tailored and well-equipped beam lines, in improve-
ments of the image recording quality and efficiency by
new and modern imaging techniques, and in modern image
processing tools.

This article gives an overview of PSI’s activities in this
promising and still developing field combining high poten-
tial as research tool and as technique for industrial investiga-
tion and non-destructive testing. Examples are chosen from
the fields of energy and mobility and inspection of highly ac-
tivated samples. Furthermore, recent developments in phase
contrast imaging and energy selective imaging studies are
highlighted. Finally, future trends in neutron imaging are ad-
dressed.

1 Introduction

As directly visible in Fig. 1, neutron imaging and the tra-
ditional X-ray imaging deliver different, often complemen-
tary information from the same object. In this way, neutron
imaging can be considered as an important complementary
modern tool in non-destructive testing and investigations.
Although the neutron imaging data look quite similar to X-
ray images it must be underlined that the interaction mecha-
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nism with the sample material in neutron imaging is differ-
ent from photon interaction: it is mostly caused by interac-
tion with the atomic nuclei and not with the electrons as in
the case of X-rays.

The application of neutron imaging studies to material
research is manifold. For example, the non-destructive stud-
ies of welds, brazing, glue connections and corrosion are of
industrial relevance, as well as the performance of electric
fuel cells. The investigation of objects from cultural heritage
like ancient sculptures opens new possibilities in different
kinds of historical research. Furthermore, there are numer-
ous applications in bioscience, geology, soil physics, nuclear
power research and many others.

Although neutron radiography investigations are recog-
nized as useful tools [1] since sufficiently strong neutron
sources have been made available (about 60 years ago), the
modern approach in neutron imaging differs dramatically
from these early days experiments. There are at least three
aspects which gave the push forward in this area: (i) the
availability of advanced dedicated imaging beam lines at
modern neutron sources, (ii) the development of digital neu-
tron imaging systems and (iii) a profound understanding of
the neutron transmission and scattering processes by simu-
lations in combination with benchmarking experiments. The
latter development was the basis for the quantification of
imaging data and for neutron tomography in general.

State-of-the-art neutron imaging facilities should fulfill
the following conditions:

Dedicated beam line(s) at a strong neutron source

High beam collimation (L /D > 500)

Well defined thermal or cold spectrum

Low gamma background

Large field of view (illumination field @ > 20 cm)

Space for experimental infrastructure inside a well-
shielded area
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Fig. 1 The X-ray image (left) showing more the metallic parts and the neutron image (right) showing more the plastic parts (like the film reel) of

a pocket camera. Both methods complement each other well in this case

e Digital imaging systems

e Remotely controlled sample manipulators

e User program, based on applied science and industrial
partnership

The present overview describes the current situation in neu-
tron imaging at the Swiss spallation neutron source SINQ
(PSI, CH) with an outline about the facilities, the user pro-
gram and some selected examples. It concludes with an out-
look for further initiatives for methodical improvements and
new challenging scientific applications.

2 State-of-the-art capabilities of neutron imaging
and tomography

Among the 17 instruments installed at SINQ for different
kinds of neutron applications there are two neutron imag-
ing beam lines, one for thermal neutrons (NEUTRA [2]) the
other for cold neutrons (ICON [3]). Figure 2 shows the lay-
out of the ICON facility, which was set in operation in 2006.
As described in Table 1, the two facilities differ in their
specific properties. Thus, one has the choice to decide from
case to case which of the two instruments is most appropri-
ate for a specific study. Both instruments are equipped with
suitable digital detection systems, i.e. CCD cameras, imag-
ing plates or a-Si flat panel detectors. At NEUTRA there is
also an option for imaging with X-rays, called X-TRA [4],
based on a 320 kV X-ray tube, which can be swiveled into
the beam line such that the imaging optics is the same as for
the neutron beam. Thus, the X-ray data can be compared or
combined pixel-wise with the neutron image data. X-TRA
has the option as tomography device, as well. Due to the X-
ray beam geometry (3 mm focal spot, 8 m flight path) the
parallel beam approximation is nearly perfectly fulfilled.

@ Springer

3 Methods and performance

NEUTRA and ICON were designed as flexible, general user
instruments, serving a variety of scientific research and in-
dustrial applications, integrated in the PSI user program [5].
To satisfy the very different requirements it is necessary to
be very flexible in respect to the beam conditions, detec-
tor options, inspection methods and the necessary infrastruc-
ture. With the help of variable apertures and different imag-
ing positions along the beam line one can find an optimum
balance between beam collimation (expressed by the L/D
ratio), the beam intensity and the field of view for the spe-
cific experiments’ requirements. All technical details can be
found on the homepages of the facilities [6, 7].

Recently [8], a micro-setup for tomography was made
available for highest possible spatial resolution, close to the
inherent limitations which are given by the intrinsic prop-
erties of the converter-scintillator detector, i.e. the range of
secondary neutron capture products, which is of the order of
some tens of microns. Under standard imaging conditions,
the best achievable resolution is of that order, i.e. about
30 um. In a special setup with a tilted detector an effective
resolution of 10 um in one dimension was verified [9]. This
has been proven to be very useful for electric fuel cell re-
search to observe the electrochemical reaction in the mem-
brane “edge-on” (see below).

There are some other features implemented, such as the
option for the inspection of highly activated materials where
a suitable shielding is required, scanning of large objects
across the beam area by means of remotely controlled x—
y-movable sample tables, and the infrastructure for gas sup-
ply (hydrogen, oxygen, nitrogen) and exhaust gas removal
systems for the study of combustion related processes.

4 Hot topic: energy end mobility

Future mobility might not only be related to the combustion
of gasoline or diesel fuel alone due to the limited resources
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Fig. 2 Schematic view of the neutron imaging facility ICON [3]: neu-
trons from the cold source are delivered from the right where beam
tailoring devices (apertures, shutter and filters) are hidden inside the

shielding. Two positions can be used for dedicated investigations: the
micro-tomography setup in the middle and the macro-position at the
left end of the flight tube

Table 1 Some characteristic

properties of the two neutron ICON

NEUTRA

imaging beam lines at SINQ
(the options in italic style are in
preparation)

cold neutrons

higher contrast

variable aperture, Be-filter option
two beam positions

three detector boxes

energy selector
micro-Tomo-Setup

differential phase contrast setup

energy selective option with single crystals

thermal neutrons

higher penetration

more homogenous illumination for large objects

two beam positions

two detector boxes

X-TRA option (320 kV tube, high current) for referencing
imaging plates infra-structure

tomography for macro-samples

fuel cell infra-structure (hydrogen handling system)

and their environmental impact. New aspects are under con-
sideration focusing on electric fuel cells, where hydrogen or
methane and oxygen are combined in an electro-chemical
reaction.

In this respect, one challenging research topic at PSI at
present is the study the performance of electric fuel cells
under various operational conditions. With the use of neu-
tron radiography it is possible to investigate in real-time (up
to 30 fps = video standard) the water accumulation inside
Polymer-Electrolyte Membrane Fuel Cells (PEMFC) with
high spatial and temporal resolution. One example of such
studies is illustrated in Fig. 3. Besides the high scientific in-
terest in the electro-chemical processes there is important
commercial relevance, since PEMFC are promising to re-

place combustion based vehicle driving systems in the future
on large scale.

Still, the majority of motorcars are based on combustion
engines. Therefore the potential for optimization of the com-
bustion process towards higher fuel efficiency and pollution
reduction must be exploited intensively. Neutron imaging
methods can certainly contribute to this task because the en-
gine structure is relatively transparent for neutrons, allowing
insight into the interior where the moving parts and the flow
distribution of fuel- and/or lubricant can be imaged in real-
time by stroboscopic triggering of the image recording. An
example is illustrated in Fig. 4 (note: the motion of the inner
elements can be followed in an animation, which is obtained
as a stack of individual frames in a stroboscopic sequence).
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Fig. 3 Investigation of a model
PEM fuel cell with neutron
imaging: structural information
is obtained in the left image,
whereas the water distribution is
extracted in a reference mode
(right image). These
measurements were done with
the tilted detector option [9].
Visible is the membrane in the
center (50 um) and the gas
diffusion layer (GDL, 400 pum)
around

Fig. 4 Inspection of a cylinder
head of a combustion engine
with neutron tomography: the
complex outer structure (left)
can be visualized and measured
and all inner components (right)
as well. The most challenging
task was to investigate the
lubricant distribution inside the
engine under operational
conditions. This became
possible due to the high contrast
of hydrogenous materials (oil)
in comparison to the relatively
transparent metals (here Al) in
neutron imaging applications

There are many aspects for further research using the
presently available neutron imaging capabilities: lubricant
distribution under stationary and real operational condi-
tions, soot filter performance during loading and unloading
phases, fuel injection during operation of engines, study of
casting parts in respect to material homogeneity. Neutron
imaging can further provide alternative information com-
pared to other (more conventional) non-destructive tech-
niques.

5 Inspection of highly activated samples

The neutron-producing target of the spallation source SINQ
consists of an array of lead rods clad in steel, more recently
in Zircaloy (see Fig. 5). Because of the necessity to inves-
tigate used targets with regard to their mechanical integrity
and for lifetime assessment of future targets, neutron radi-
ography of highly activated irradiated target rods became an
issue of major importance.

@ Springer

Cathode

For imaging these target rods, due to their high activity
with dose rates on the Gy/h level, only an indirect imag-
ing method can be used. Dy-loaded plates were used in
the 1960’s. When a neutron is captured, a beta-emitting ra-
dioactive isotope is created, which activates the plate that
can be read by conventional X-ray sensitive photographic
film. This method, although somewhat intricately, has suc-
cessfully been used for nuclear fuel inspection, the burn up
study of control rods or the study of pressure vessel material
integrity [10].

A new approach for such kind of investigations is
based on imaging plates containing Dy, embedded inside
the neutron/gamma sensitive layer, as proposed and intro-
duced by Tamaki [11, 12]. After exposure in the mixed
neutron/gamma spectrum and subsequent erasure of the
neutron/gamma-excitations, the image arising from the Dy-
decay can be read.

Such an image obtained from a lead rod containing a ther-
mocouple at one side is shown in Fig. 6. Obviously, the ther-
mocouple has been bent during operation, most likely by
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Fig. 5 The 5th spallation target of SINQ, consisting of Zr clad (outer rows) and steel clad (central rows) lead rods with space for water cooling in
between. Some selected rods were inspected with neutron imaging methods before (not activated) and after operation (highly activated)

Fig. 6 Target rod of SINQ with lead filling after two years of proton exposure, inspected by neutron imaging methods using an adapted imaging
plate method [11, 12]. Watch the inserted thermocouple at the right and the crack in the lead filling at the left

levitation forces when the lead was partially melted. On the
left side, a crack is visible in the lead filling, which occurred
during solidification of the liquid lead. The darker area in
the middle can be attributed to the accumulation of higher
neutron absorbing spallation products, mostly Hg. The ob-
tained spatial resolution is relatively high (0.05 mm) and the
contrast is directly related to the attenuation of the involved
materials. This inspection showed no indication for corro-
sion or damage of the cladding hull, which would have lim-
ited the lifetime of such kind of target elements in the future.
The amount of hydrogen in the cladding was found reason-
ably low and distributed homogenously.

6 Phase contrast imaging

Usually, neutron imaging investigations are performed in a
sample—detector setup with only a small distance d, in be-
tween. In this way, the limitations with respect to spatial res-
olution caused by beam divergence can be kept small. The
image blurring by geometrical reasons u, is described by
the relation:

dx
U = .
¢ L/D
If the beam is highly collimated (L/D > 1000), larger
sample—detector distance can be tolerated. Furthermore, in

ey

Fig.7 Phase contrast image of Al foam: image diameter 4.5 cm, expo-
sure time 180 min on imaging plates, sample—detector distance 80 cm;
the experiment was performed at NEUTRA

such configuration interference features become visible in
the neutron images as shown in Fig. 7: An edge enhance-
ment occurs when the source point is small (typically 1 mm)
and far from the detector (about 10 m), and the distance d, is
selected appropriately. Such kind of imaging is called propa-
gation based phase contrast. It can be particularly useful for
weakly absorbing materials by enhancing the edge contrast
at the interface between otherwise almost indistinguishable
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Fig. 8 Energy selective studies
with a turbine selector device
(AX/A ~ 15%) in the region
near the Bragg edges of iron
(bce): a high contrast variation
is obtained at about 4 Angstrom.
The finite energy resolution is
smoothing the edge

Fig. 9 Study of a steel weld in
energy selective imaging mode
at 4 Angstrom in transmission:
special features become visible
(left image) which are attributed
to strain streaks resulting from
the crystallization process
during solidification. This
bulk-structural information
cannot be obtained from a
surface analysis with etched
polished surfaces (right: photo).
The shown sample is 24 mm
high

features. An overview on the state-of-the-art of this method
is given in [13].

There is another approach involving phase effects in
imaging, i.e. the direct determination of the phase contribu-
tion to neutron-sample interaction. Considering the neutron
propagation as wave type property, a complex neutron re-
fraction index n can be defined as:

n=1-8+ip. 2)

The absorption based contribution S can be determined in
the “standard” attenuation setup, whereas the phase signal
observation (8) needs some special installation. As proposed
and realized in [14], a separate phase signal for each sam-
ple material can be derived under certain conditions (in-line
coherence, limited spectral range, phase stepping scanning
with a grating interferometer). This method can be used to
distinguish materials with about the same attenuation but
different phase shift properties. An installation dedicated for
phase contrast imaging is under way to be realized at the
ICON beam line in due course.

@ Springer

7 Energy selective neutron imaging

The availability of cold neutrons at ICON opened another
interesting method for material research, i.e. the study of
structural materials (Fe, Ni, Ti, Zr, Al, Cu, ...) in transmis-
sion mode near their Bragg edges. As shown in Fig. 8, the
Bragg edges are most pronounced at wavelength around 4
Angstrom and above, depending on the individual mater-
ial. This behavior has several consequences: the transmis-
sion and/or contrast vary by a factor 2 and more when the
energy passes the Bragg edge of a specific element. On the
other hand, scattering artifacts occur at several energies as
illustrated by the example of a weld in Fig. 9, which gives
indications about textured structure or strain streaks within
the weld. These features result from the bulk and do not nec-
essarily correspond to the structural information obtained at
the weld surfaces after polishing and etching.

The energy resolution of a mechanical, turbine type ve-
locity selector [15] is of the order of 10-15%. As also shown
in Fig. 8 this results in a smoother contrast variation at the
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Fig. 10 Head of a diesel
injection nozzle, investigated
with cold neutron tomography
in high resolution mode: the
outlet channels, only 0.15 mm
in opening diameter, are well
visible. Residual
non-evaporated diesel fuel is
imaged in high contrast (bright
in the left picture)

Bragg edges. Narrower energy resolution is obtained by us-
ing single crystals, however, on the expense of intensity. The
most favorable approach for best energy/intensity selection
can clearly be expected by the time-of-flight (TOF) tech-
nique at pulsed spallation neutron sources [16].

8 Future trends in neutron imaging

It is a real challenge to improve the spatial resolution in dig-
ital neutron imaging. The new high resolution tomography
setup allows for new kinds of investigation also for industrial
applications. As an example, the three-dimensional struc-
tural analysis of a diesel injection nozzle is shown in Fig. 10.
It shows how well the duct channels in the steel head can be
visualized and measured dimensionally. On the other hand,
the remaining diesel fuel can be imaged with high contrast
due to the high contrast of hydrogenous materials for neu-
trons.

With the improvement of the energy resolution in neu-
tron imaging it might be possible to see also internal stresses
in structural materials. The advantage to use direct imaging
for this purpose is the much higher spatial resolution com-
pared to the point-wise scanning with diffractive devices.
Although the neutron intensity becomes smaller and smaller
with narrowing energy bands this approach is still justified
when the performance and the output is compared to the ex-
isting strain scanning devices. In the future, using the TOF
option at the new, most powerful pulsed spallation sources,
i.e. SNS in the US or JSNS in Japan, even tomography stud-
ies might be possible.

It was demonstrated first at ICON [14] that a device for
differential phase contrast measurements based on a grating
interferometer is promising to extract additional material in-
formation complementing the common absorption contrast.
In the meantime more studies were done, i.e. for the detec-
tion of magnetic domains in bulk materials. A user device
is under construction for ICON which will enable routine
experiments for phase dependent material effects.

Imaging with polarized neutrons, as well, is a promising
approach for the investigation of magnetic structures and

phenomena. After first feasibility studies there is potential
for improvement of the setup regarding spatial resolution,
field of view and sensitivity for magnetic fields. The beam
line FUNSPIN at SINQ [17], providing a polarized beam,
can be modified in the future to a test device for polarized
neutron imaging.

9 Summary

Neutron imaging is established at PSI as a well accepted
research method within the suite of experimental devices
around SINQ. The two well-equipped neutron imaging fa-
cilities deliver high flexibility in the user program and in
the service for industrial partners. Some new and challeng-
ing approaches are in preparation or envisaged for the fu-
ture progress of neutron imaging at SINQ: differential phase
contrast, energy selection imaging, polarized neutron appli-
cation, which after the successful installation will be made
available to the user community.
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