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L/D=71      L/D=115               L/D=320 L/D>500.

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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Why neutrons then?



Neutron	Imaging	for	safety

1.4 cm



Neutron tomography is presently the only possibility to obtain information about 
the three-dimensional distribution of soot and ash in a filter monolith. The esti-
mation of the soot distribution in a diesel particulate filter with neutron imaging 
is possible because neutrons are highly sensitive to the element hydrogen, which 
is content of soot. In order to increase the soot contrast and hence increase the 
probability of soot detection, the Paul Scherrer Institute in collaboration with 
the ETH Zurich have developed a gadolinium additive that can be directly add-
ed to the diesel fuel.
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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
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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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Interaction	of	neutrons	with	matter:	Scattering
&	Absorption

• Cross	sections:		
Microscopic cross	sections : s = sa + ss

Unit of s :   1 barn  = 10-24 cm2

Macroscopic	cross	section	:		S  (i.e. µ linear attenuation coefficient)

S = N . s ,       N = number of nuclei per cm3 . 

Unit  of S is [cm-1]. 
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Some	advantages:
High	penetration	power

Introduction Neutron imaging
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Contrast



Penetrates	metal	– sensitive	to	hydrogen	(water)

Courtesy	E.	Lehmann,	PSI
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Application:	coolant	flow	in	reactor	core

J.L.	Kickhofel NIMA	2011
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Zircaloy cladding only: ZrH2 blisters
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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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DOE Hydrogen Program  FY 2004 Progress Report 

! 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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Application:	hydrogen	storage
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B.	Schillinger et	al.	Physica B	(2006)
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Neutron tomography is presently the only possibility to obtain information about 
the three-dimensional distribution of soot and ash in a filter monolith. The esti-
mation of the soot distribution in a diesel particulate filter with neutron imaging 
is possible because neutrons are highly sensitive to the element hydrogen, which 
is content of soot. In order to increase the soot contrast and hence increase the 
probability of soot detection, the Paul Scherrer Institute in collaboration with 
the ETH Zurich have developed a gadolinium additive that can be directly add-
ed to the diesel fuel.
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Application:	diesel	particulate	filters

accuracy. The tracer is based on a gadolinium (Gd) compound. 
Gd is an element showing one of the highest attenuation coeffi-
cients for neutrons (Σ25meV  = 1500 cm-1). Even smallest Gd concen-
trations (within the ppm-range) in the fuel are hence sufficient to 
increase the contrast. For the loading of the DPFs, 0.01 g pure Gd 
per  litre diesel were sufficient.

❽ shows the NT data of a DPF loaded with normal diesel fuel 
(⑧ (a), (c)) and a DPF loaded with fuel containing the tracer agent 

(⑧ (b), (d)). The loading of the latter was achieved using an un-
loaded silicon-carbide monolith. The contrast enhancement of the 
soot containing the tracer with a layer thickness of 80 µm is clearly 
visible; this allows for a much more effective and precise visuali-
sation of the soot layer within the filter. In ⑧ (b) no ash is observed 
as the filter had not yet been regenerated. Prominent features in 
⑧ (d) are the crossing points of the monolith walls (small squares), 
which show clearly less soot inclusion than the filter walls between 

❻ High-resolution neutron tomogra-
phy: (a) photo of the prepared sample; 
bright deposits are ash residues, black 
deposits result from the soot loading; 
(b) 3D representation; (c) segmenta-
tion of the individual components of 
the sample

❼ Cross-sectional images of high resolution tomography: (a), (b) vertical sections 
at different positions; at the plug end one can clearly see the ash deposit, the soot 
is located on the wall and on top of the ash, bright spots are metallic deposits;  
(c) horizontal section through the upper part of the sample: soot deposit on the wall; 
(d) horizontal section through the lower part of the sample: soot and ash deposits

❽ Neutron-tomography data showing the comparison between a loaded DPF loaded 
using normal diesel fuel (left) and a DPF loaded with fuel containing a tracer agent 
(right); the contrast enhancement of the soot is clearly visible in (b) and (d)

RESEARCH EXHAUST GAS

60
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Neutron imaging

Some	advantages:

High	penetration	power

High	sensitivity	to	Hydrogen

Scattered	contrast

accuracy. The tracer is based on a gadolinium (Gd) compound. 
Gd is an element showing one of the highest attenuation coeffi-
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phy: (a) photo of the prepared sample; 
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deposits result from the soot loading; 
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using normal diesel fuel (left) and a DPF loaded with fuel containing a tracer agent 
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Application: fuel cells
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Introduction Neutron imaging

Some	advantages:

High	penetration	power
High	sensitivity	to	Hydrogen
Scattered	contrast
Isotope	sensitivity
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⑧ (d) are the crossing points of the monolith walls (small squares), 
which show clearly less soot inclusion than the filter walls between 

❻ High-resolution neutron tomogra-
phy: (a) photo of the prepared sample; 
bright deposits are ash residues, black 
deposits result from the soot loading; 
(b) 3D representation; (c) segmenta-
tion of the individual components of 
the sample

❼ Cross-sectional images of high resolution tomography: (a), (b) vertical sections 
at different positions; at the plug end one can clearly see the ash deposit, the soot 
is located on the wall and on top of the ash, bright spots are metallic deposits;  
(c) horizontal section through the upper part of the sample: soot deposit on the wall; 
(d) horizontal section through the lower part of the sample: soot and ash deposits

❽ Neutron-tomography data showing the comparison between a loaded DPF loaded 
using normal diesel fuel (left) and a DPF loaded with fuel containing a tracer agent 
(right); the contrast enhancement of the soot is clearly visible in (b) and (d)
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Conservatory treatment of corrosion in iron objects
Safekeeping, preservation, conservation and restoration are very 
important topics when dealing with cultural heritage objects. 
Here, not only the actual condition of an object is important but 
also the development of new techniques, allowing for better 
restoration or conservation of the objects. One still on-going study, 
which is being carried out by PSI in collaboration with the Swiss 
National Museum, is focusing on the improvement of conservation 
treatments for corroded iron objects.

Archaeological iron artefacts often build up high chloride 
contents, especially when they are buried in soil. One prominent 
chloride-containing corrosion product is akaganeite (beta-
FeO(OH,Cl)), which forms a very unstable corrosion layer. After 
excavation, the high concentration of chlorides in addition to the 
presence of humidity and oxygen can cause the complete decay 
of the iron objects. In order to stabilise the iron objects, either the 
chlorides, oxygen or water must be completely removed from the 
system. 

As storage in oxygen or humidity-free environments is not 
feasible under standard museum conditions, the aim of modern 
iron conservation is to remove the chlorides within the iron objects. 
This can be achieved using the method of iron desalinisation[18,19]. 
The impact of this treatment is nevertheless hard to validate, as the 
condition within the object has to be monitored before and after the 
treatment, which entails, with standard methods, the destruction of 
the sample. 

The goal of the joint project with the Swiss National Museum is 
to determine the impact of the desalinisation treatment on heavily-
corroded iron nails. In the preliminary investigation presented, 
the applicability of neutron imaging to discern and assess regions 
with differing corrosion products is demonstrated. Besides the 
akaganeite, other corrosion products can be present, such as 
magnetite (Fe3O4), maghemite (Fe2O3) or goethite (FeO(OH)). 
These iron compounds already show clear differences concerning 
their theoretical attenuation coefficients for neutrons (Table 1).
Table 1. Theoretical attenuation coefficients for different iron 
compounds for cold neutrons (9 meV)[20]

Compound Density ρ 
(g cm–3)

Attenuation coefficient Σ 
(for 9 meV) (cm–1)

Akaganeite 
(FeO(OH,Cl))

5.27 3.71

Magnetite (Fe3O4) 5.2 0.91

Maghemite (Fe2O3) 4.9 0.85

Goethite (FeO(OH)) 4.3 2.01

The test objects were examined by means of neutron 
microtomography[17]. The first results are shown in Figure 3. 
Here, regions with different grey levels and thus attenuation can 
be discerned. Although these regions could not yet be assigned to 
certain corrosion products, the results prove the suitability of the 
method for such an investigation. In the next step, the corroded 
objects will be desalinised and, after the treatment, re-examined by 
means of neutron imaging in order to assess the efficiency of the 

treatment. Together with the treated objects, material samples of 
different corrosion products will be examined in order to obtain a 
calibration for the different materials and to be able to confirm the 
identity of different regions. 

Buddhist bronze sculptures
One field of research where neutron imaging proved to be especially 
useful is concerned with the examination of bronze sculptures[21,22]. 
Interesting here, for example, are Buddhist bronze figures, which 
often feature devotional objects placed within the sculpture. As 
shown before by Lehmann et al[23], neutrons are the only option for 
such investigations as X-rays fail due to a limited contrast and too 
low a transmission. 

The big advantage of neutron imaging in this example is the 
high penetrability of metal combined with a high sensitivity for 
hydrogen and hence organic material. This enables the metal of the 
sculpture to be penetrated and allows the devotional objects within 
the sculpture, which consist to a great extent of organic material, 
to be visualised and thus yield good contrast in the neutron image. 

Figure 4 shows a 15th century Bodhisattva Avaloktesvara 
from the collection of the Rietberg Museum in Zurich. In the 
frontal radiography of the sculpture, inner features can already be 
distinguished. Several shapes can be made out within the sculpture, 
but it is not possible to retrieve in-depth information on the exact 
position and shape of the objects. 

The reconstructed volume data allows for a closer inspection 
and description of the objects (Figure 5). Segmentation also allows 
the objects to be virtually retrieved and studied separately from all 
sides (Figure 5(c)). In the void within the sculpture, three major 
features are noticeable. One is a scroll tied up with cord. The scroll 
was inserted along the vertical axis of the inner void and probably 
contains some religious text (for example prayer, mantras, etc). 
Another feature is a small heart-shaped object in the chest of the 
sculpture. It appears to be a kind of small capsule tightly wrapped 
in a piece of cloth and tied up with string. The capsule itself features 
another void, which is partially filled with a less attenuating 
material than the capsule wall. The third object seems to be a small 
pouch containing a couple of smaller spherical objects. The pouch 
itself is convoluted and tied up with another piece of string.

Bronze knives
Besides standard transmission-based neutron imaging, more 
advanced imaging methods, such as the energy-selective neutron 
imaging or Bragg-edge imaging, can also be used successfully to 
investigate cultural heritage topics. 

In a joint research project with the University of Zurich and 
the Swiss National Museum, bronze blades found in Wollishofen, 
near Zurich, were studied with respect to their manufacturing 

Figure 3. Slices (left: slice along the rotation axis; and right: slice 
perpendicular to the rotation axis) through the reconstructed 
volume data of neutron microtomography of a heavily corroded 
iron nail – areas consisting of different corrosion products and 
iron compounds can be clearly discerned by their differing 
attenuation

Figure 4. A Bodhisattva Avaloktesvara from the 15th century 
(collection of Rietberg Museum, Zurich). Left: photograph; and 
right: neutron radiography showing devotional objects on the 
inside of the sculpture
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Figure 6. Reconstructed images with di◆erent methods showing the axial slices (1000⇥
1000 pixels) of one time frame from the set of motion incorporated projections. The recon-
structed time frame consists of 60 projections.
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Figure 7. Rendered volume of the stationary “dry” sample (sandstone) prior to water ingress.
Reconstruction from 150 projections using CGLS-TV algorithm.
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72 7. GRAIN SHAPE RECONSTRUCTION

Figure 7.21: The final 3D reconstruction of the grains composing the sample combines
the four partial reconstructions obtained for extinction spots with area A 2 [100,500];
A 2 [100,1000], A 2 [100,2000] and A >1000. The final reconstruction consists of
119 individual grains, each represented in a different color. The grain numbering is the
same in Fig. 7.21 and Fig. 7.22.

Figure 7.22: Volume, in voxels, of the grains in the final reconstruction. Data relative
to different grains are shown in different colours. The grain numbering is the same in
Fig. 7.21 and Fig. 7.22.
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Figure 3 Visualization of magnetic fields with polarized neutrons.

a, Radiographic projections of trapped flux in a polycrystalline lead cylinder at
different temperatures below Tc = 7.2 K. b, Trapped flux at 7.0 K (yellow) visualized
in different tomographic views. The magnetic field strength in the sample can be
analysed to be about 1.0±0.2mT (yellow parts, see also Supplementary
Information, Fig. S5). This result corresponds well with values observed in the
reference coil in Fig. 2, which is of comparable size.

In summary, the introduced method of neutron polarization
imaging is superior to conventional techniques because neutrons
can penetrate thick layers of matter. For the first time, fields
of trapped magnetic flux in a bulk superconductor could
be measured, analysed quantitatively and visualized in three
dimensions. The method presented is a major step forward not
only in the field of neutron imaging but also for investigations
of magnetic phenomena in condensed matter. The prospects of
imaging with polarized neutrons are not limited to the physics
of superconductivity but can also be applied to many other
fields of science and technology. For example, eVects of bulk
magnetism, including magnetic domain distributions in crystals,
magnetoelastic and magnetostrictive stress and strains, or even
electrical current distributions in conductors (causing, for example,
the skin eVect) can be addressed. Hence, we predict manifold
application of our method in all areas where information about
magnetic fields in bulk materials is desirable but currently
not available.

METHODS

NEUTRON IMAGING TECHNIQUE
The experiments were conducted at the Hahn–Meitner Institute using the cold
neutron radiography facility25. A double-crystal monochromator consisting of
two adjustable C(002) crystals with a mosaic spread of 3.5� was used to choose

a wavelength of l = 0.33 nm with a bandwidth 1l/l = 0.12 (ref. 26). The flux
density at the sample position for an unpolarized monochromatic beam was
about 5⇥105 neutrons cm�2 s�1. The 400-µm-thick scintillator screen used for
neutron detection was based on a powder mixture of 6Li and ZnS providing a
maximum light emission at 450 nm wavelength. The light was deflected by a
mirror into the 50-mm-focus Nikon camera lens and was recorded by an Andor
DW436N-BV CCD (charge-coupled device) camera with 2,048⇥2,048 pixels,
each 13.5⇥13.5 µm2 in size. The readout time of the chip was 2 µs per pixel.
The CCD was cooled down to �50 �C to minimize electronic noise. The spatial
resolution achieved was measured using a test pattern as described elsewhere27.
The obtained values were 300 µm in the vertical and 500 µm in the horizontal
direction for a sample-to-detector distance of 50 cm. Spatial resolution was
lowered by the polarizers and the large sample-to-detector distance and was
therefore below the achievable resolution of the instrument of about 100 µm. To
enable the investigation of samples wider than the beam width of 15 mm, a scan
technique was applied. The samples together with the detector were scanned
through the beam defined by the fixed polarizing benders. Exposure times of
the order of 15 min were necessary for a single image on a scan path of 6 cm.

NEUTRON POLARIZATION
Both solid-state polarizers used in the experiments consisted of several
250-µm-thick bent Si wafers coated on one side with FeCo polarizing
supermirrors and on the other side with Gd (strong neutron absorber). They
either deflect or absorb neutrons depending on their spin orientation relative
to the magnetic field of two permanent magnets situated on top of and
beneath the benders20. The curvature causes a displacement of 250 µm halfway
through the polarizer and thus avoids straight and undeflected beam paths. The
measured transmission was approximately 30% and the beam cross-section
15 mm ⇥ 40 mm (width ⇥ height). The measured degree of polarization
was �95%.

CRYOGENIC TECHNIQUE
For cooling the superconductor, a closed-cycle refrigerator was used that
enabled selection of a desired temperature from room temperature down to
5 K with an accuracy of 0.01 K. Magnetic fields were generated by a cylindrical
Helmholtz coil.

CALCULATION PROCEDURE
For the comparison presented in Fig. 2, the magnetic field induced by the
configuration of current elements with defined strengths and orientations
has been calculated as a three-dimensional array using Biot–Savart’s law.
The corresponding Larmor precession of the neutron spin was determined
recursively voxel by voxel along line trajectories through the field, thus yielding
the orientation of the final spin direction relative to the incident polarization.
This information was converted to transmission images by assigning grey values
between ‘white’ for parallel and ‘black’ for antiparallel spin orientation with
respect to the analyser. The calculated image was convoluted with the resolution
function of the instrument, an asymmetrical gaussian with a full-width at
half-maximum corresponding to the measured resolution in the vertical and
horizontal directions. The same procedure was used to compare calculated
dipole fields with the measurement presented in Fig. 1. By varying the strength
of the dipole field in the calculation, the measured values could be fitted and the
whole dipole field could be recovered three-dimensionally (see Supplementary
Information, Fig. S3a). The results could also be verified by measuring the
magnetic field of 120±5 mT at 4 mm distance from the surface of the dipole
(owing to the thickness of the probe and the experimental geometry) using a
Hall probe (LakeShore 421 Gaussmeter). The fact that the sample is a dipole as
well as the best orientation to simplify the quantification can easily be deduced
from various images recorded earlier (see Supplementary Information, Fig. S3).
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Figure 3: Reconstruction results. (a) shows the structural reconstruction from
the attenuation signal. (b)-(d) respectively shows the Bx, By, and Bz compo-
nents of the reconstructed magnetic field for field strengths above the threshold
indicated by the colorbars. (e)-(h) shows di↵erent slices through the recon-
structed 3D magnetic field volume, with the slice location indicated by the gray
planes in the above figures. (Supplementary animation online).

ancy between this and the reconstructed magnetic field from measurements can
be attributed to imperfections in the measured solenoid. Also small imperfec-
tions in the instrumental set-up are not taken into account.

Discussion

We have with our succesfull measurements demonstrated the capabilities of
a powerful technique for measuring three dimensional magnetic fields using
ToF 3DPNT. Using the neutron spin precession in a magnetic field as a probe
in combination with complicated reconstruction algorithms extracting informa-
tion from the recorded data output, our proof-of-principle results are in a good
agreement with calculations and serves as an initial demonstration of a novel
technique that can extract hitherto unattainable information non-destructively
from bulk samples.

In our FR correction we only corrected for the non-perfect polarisation char-
acteristics of the polariser, analyser and ⇡ spin flipper. It should be noted that in
order to take into account the comparatively much smaller [12] depolarisation in
the spin rotators, further open beam measurements could have been performed
at the expense of longer measurement time, or instead of using open beam mea-
surements a polar decomposition by scaled Newton iteration could have been
used to correct for small depolarisation e↵ects thereby reorthonormalising P0.

The current limitation of our technique is that the reconstruction relies on
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