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Radiographs of a small motor taken at different beam positions
with different L/D ratios.
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Radiographs of a 3,5" floppy drive in 0 cm, 10 cm and 20 cm distance 
from a film + Gd sandwich taken at a cold neutron guide with L/D=71.
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3He + 1n ð 3H + 1p + 0.77 MeV

6Li + 1n ð 3H + 4He + 4.79 MeV

10B + 1n ð 7Li   + 4He + 2.78 MeV    (7%)
              ð 7Li* + 4He + 2.30 MeV    (93%)

155Gd + 1n ð 156Gd + g´s + CE´s (7.9 MeV)

157Gd + 1n ð 158Gd + g´s + CE´s (8.5 MeV)

235U, 239Pu 1n ð fission products + 80 MeV

GADOX

LiF-ZnS/Ag

Resolution à limit detection

à 25	µm

à 10	µm



MCP

others

Digital	detectors
Area	and	(spatial)	resolution	coupled
Linear	large	dynamic	range
Pushing	boundaries	of	resolution	à below	10	micrometer,	milliseconds

Film
high	spatial	resolution
Big	area
Low	time	resolution

^Scattering	detectors/other	neutron	detectors

Resolution à limit detection

events

images



(10)	milliseconds

microsecs

a radiograph of a thin Cd plate placed at 5 cm of
the scintillator. The resolution was defined as the
10%–90% width of the edge spread function. The
result was 8 pixels or 1.5mm. This meant that the
camera images could be binned by a factor of 2 in
each dimension without significant loss of resolu-
tion. As a result, exposure times were 4 times
lower, of the order of 10ms. Camera readout and
writing to hard disk were proportionally shorter,
each around 9ms. At full resolution the time per
projection would only increase by an extra
exposure of 30ms since the time for readout and
saving would still fall within the time needed to
move the motors. Yet the total number of
projections would have to be doubled in order to
obtain a good quality tomographic reconstruction.

5. Applications

As a first example we show the absorption of
petrol fuel in a porous limestone. This so-called
limestone of Maastricht is a homogeneous and soft
porous rock. The sample was a 4! 4! 4 cm3 cube.
A small amount of fluid was released on top of it
and followed as it penetrated the rock.

Fig. 2 shows a typical radiograph of the object
under study. It is obvious that the stone is easily
penetrated and that the fluid blocks a large
fraction of the neutrons. Some of the resulting
3D reconstructions are shown in Fig. 3. The stone
itself is rendered semi-transparent to show the
fluid. The fluid can easily be discerned. Fig. 3a
shows the reconstruction recorded between 10 and
20 s after the release of a single drop of fluid. Then

more fluid was released and Fig. 3b shows the
absorbed fluid between 20 and 30 s after this
second wetting. Fig. 3c shows the situation 3min
later. This particular sample shows a very sphe-
rical and distinct flow front. Based on these 3D
reconstructions, the speed of the flow front could
be measured at different locations in the sample.
The flow front itself could be extracted as a
surface. This example illustrates the possible
importance to petrology. It gives information on
how the porosities are interconnected. This way
the extraction efficiency of oil-containing rock can
be judged.
As a more complex sample we show a sandstone

of Bray, a commonly used building material in
many European historical monuments. Much
research is done on treatments to protect these
against the negative influences of water. In this
particular sample the stone is treated with hydro-
fuge. The goal of this particular experiment was to
determine if the product could be seen with
tomography, to measure how deep it penetrates
the stone and finally to evaluate its hydrophobic
properties. The product could be identified in the
stone and water was released on the top surface
where the hydrophobic behavior became clearly
apparent since the water formed a big droplet.
More water was added until it spilt over the sides.
Fig. 4 shows the result 40 s after this spill. In this
rather complicated 3D reconstruction a cut was
made in the top half of the volume. The stone itself
is again rendered almost transparent (d). The
hydrofuge (b) penetrated almost half of the stone,
i.e. 2 cm deep. The water can be seen lying on the
top surface (a) without penetrating the treated part

ARTICLE IN PRESS

Fig. 3. Reconstruction of fuel in a porous limestones (a) 20 s after first wetting, (b) 30 s after second wetting, and (c) 3min later.

M. Dierick et al. / Nuclear Instruments and Methods in Physics Research A 542 (2005) 296–301 299

(10)	seconds

3Dkinetic stroboscopic tomographic

kinetic	tomographic

Digital à time resolution &…



Fourier

Slice

Theorem

à

backprojektion

Radon

Transform

Tomography

Gr
ey
	le
ve
l



Neutron Imaging - Principles

Fundamental	for	Imaging

- Spatial	Resolution
Geometry
Detectors

- Contrast
Interactions
Techniques



Source Detector

I0

òS- dxx
eI

)(
0

~

x

Object

I0 – primary beam

S(x) – attenuation coefficient

x – propagation direction

Contrast

Σ 𝑐𝑚%& = 𝑁 ) 𝜎

𝜎[𝑏𝑎𝑟𝑛 = 10%23𝑐𝑚2] = 𝜎5 + 𝜎7



Photoelectron

Absorption

Photon	Energy	E0

Scattering

Nucleus

X-ray interaction with matter

Contrast



Absorption

Scattering

Neutron	Energy	E0

Nucleus

Transmission

neutron interaction with matter

Contrast



Some	advantages:
à High	penetration	power

Contrast



Some	advantages:
- High	penetration	power
à Scattered	contrast

Contrast



Thermal	neutrons Cold	neutrons

Contrast



Contrast



Irregularly	scattered	values

Contrast



Contrast



1.4 cm

Some	advantages:
- High	penetration	power
- Scattered	contrast
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Seite 38

Contributions of neutron imaging to nuclear safety

At KIT the severe accident of PWR cores are investigated in the QUENCH program.

Emerging cooling of the overheated reactor core results in steam oxidation of the 
zirconium alloys used as fuel rod cladding material:

2 H2O + Zr � ZrO2 + 4 H (very simplified)
4 H � 2H2� / 4 Habsorbed

released molecular hydrogen

risk of hydrogen detonation 
in the environment

absorbed hydrogen

embrittlement of the 
cladding material

M Grosse: investigations at NEUTRA/ICON

Seite 25Seite 2510. März 2013PSI,

LWR fuel pellets

10. März 2013PSI, Seite 25

UO2: natural uranium

UO2: enriched uranium

Zircaloy cladding only: ZrH2 blisters

Contrast



DOE Hydrogen Program  FY 2004 Progress Report 

Figure 2. Flow Fields with Blocked Water Channels 

carried out using the newly developed neutron 
imaging instrument at the National Institute of 
Standards and Technology (NIST) Center for 
Neutron Research (NCNR) reactor.  Using neutron 
imaging methods, visual and quantitative 
characterization of flow field performance in 
hydrogen/air dispersion and water removal has been 
performed. In most cases, a temporal resolution of 
nearly 100 micrometers and water detection 
sensitivity of one micro-gram or better was achieved. 
In linear terms, a water layer of nearly 50 
micrometers can be detected with only 1 second of 
exposure of the PEM to the neutron beam. This is 
enabling us to observe water dynamics in flow 
channels with very high sensitivity. 

Figures 2 and 3 illustrate the difference in water 
distribution in two different flow fields in identical 
operating conditions. Difference in water dispersion 
capabilities between the two designs is clearly 
visible. 

Figure 4 shows the cumulative water distribution 
in both cathode and anode flow fields in an operating 
fuel cell. Uniform hydration hints at a properly 
functioning MEA. 

Figure 3. Flow Fields with No Blocked Channels 
(Operating conditions the same as those in 
Figure 2) 

Figure 4. Image of Nearly Uniformly Hydrated Flow 
Fields and Membrane Assembly 

It has been shown that a multi-stack commercial-
grade fuel cell stack can be successfully studied by 
neutron imaging techniques. An advanced data 
reduction algorithm has been developed and is 
helping to quantify imaging data to help the fuel cell 
design and characterization process. 
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! Improve time resolution to 30 frame/second or better for short-stack fuel cells. 

! Improve spatial resolution to near 25 micrometers. 

! Test design concepts for flow fields and membrane electrode assemblies (MEAs). 

! Enhance non-proprietary research collaboration with academic institutions/industry. 

Introduction 

Current PEM fuel cells commonly use 
perfluorosulfonic acid based membrane technology. 
During operation, hydrogen (H2) is brought to the 
anode side of the MEA, while air is brought to the 
cathode side of the MEA (Figure 1). H2 is oxidized 
to protons and electrons. Protons are driven through 
the membrane to the cathode side and react with 
oxygen (O2) in the air to form water; electrons are 
conducted externally to provide DC electricity. The 
control of incoming humidity and the product water 
within the MEA and gas diffusion layer (GDL) is 
generally acknowledged as a difficult yet crucial 
aspect of operating a PEM fuel cell. Too much water 
within the MEA or GDL layer results in flooding 
conditions that impede gas diffusion and membrane 
life; too little water will reduce the membrane proton 
conductivity, thereby decreasing the cell 
performance. Many attempts have been made to 
improve PEM fuel cell water management using data 

Figure 1.  Schematic of a PEM Fuel Cell 

obtained ex situ or via trial-and-errors. However, no 
satisfactory experimental method has been found to 
accurately measure the water transport phenomena 
within the MEA. Proper water management is the 
key to a stable and long-life PEM fuel cell and must 
be achieved by properly designing the flow field, the 
GDL, the MEA, and their interfaces. This requires a 
fundamental understanding of the in situ water 
distribution in an operating fuel cell. 

Approach 

Neutrons are highly efficient in probing 
complex structures because of their tremendous 
penetration capability in almost all known materials 
and due to their unique ability to distinguish 
different materials with very similar physical 
properties. They are particularly effective in 
detecting hydrogenous materials (and other light 
elements). We have employed charged coupled 
device (CCD) based digital neutron imaging 
techniques for non-destructive, in situ visualization 
and quantification of hydrogen transport phenomena 
and structural anomalies, such as interface de-
lamination, in the most common forms of fuel cells 
that are in development today.  We have 
successfully developed an advanced neutron 
imaging facility that is capable of employing both 
absorption and the newly developed Xphase contrast 
imaging for neutronsY. We plan to utilize both 2-D 
and 3-D imaging with typically 30 �m spatial 
resolution and sub-second temporal resolution. 
In special cases, with proper amplification of the 
sample (such as the PEM) image, a spatial 
resolution down to 10 �m or better can be expected. 
We shall also develop the necessary competence in 
physics, mathematics, and computational algorithms 
to describe and interpret the complex interaction 
process that the neutrons experience. 

Results 

Non-destructive study of single and multi-stack 
PEM fuel cell water transport mechanisms is being 
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