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Renaissance bronzes

Renaissance bronzes from the Rijksmu-
seum Amsterdam were investigated by 
neutron tomography in order to study 
their casting. Old bronzes usually have 

a quite high lead content, which make 
them ideal candidates for nondestruc-
tive analysis by neutron tomography. 
From the tomographic volume, virtual 
slices can be generated, revealing the 
inside of the bronze as figure below 

shows. The shape and size of bronze 
hollows or additional filling materials 
yield conclusions about the casting 
process. Resins or varnish used for the 
conservation of sculptures appear with 
high contrast.

How neutrons see plant-soil 
interactions

The water balance between atmos-
phere and land surface is often domi-
nated by the influence of vegetation, 
and water is a limiting factor in the 
cultivation of agricultural crops. How-
ever, water uptake by plants and its 
feedback to soil water is not yet under-
stood in detail. Using neutron imaging 
of plant roots in soils, it is now possible 
to gain new insights into root-soil in-
teraction. With this method, a new 
mechanism was found that allows roots 
to sustain their water supply during dry 
conditions.
Neutron imaging was performed at the 
NEUTRA and ICON beamlines of SINQ, 
at PSI. Different plant species (white 
lupin, chickpea, and maize) were grown
in cylinders (height: 100 mm, diameter: 
27 mm) filled with a sandy soil. When 

the plants were 12 days old, we started 
to scan the samples. Tomography ac-
quisitions of the samples were taken 
over the course of 4 days and moni-
tored the changes in soil water content 
around the roots as they took up water 

and dried the soil. Contrary to current 
models of root water uptake, which 
predict a drier soil close to roots, we 
consistently observed higher soil water 
content closer to roots than far away 
from them.

Measured soil 
water distribution
around the roots 
of a plant. In this 
horizontal cross-
section, the white 
zones represent 
roots, while the 
regions in colour 
show how much 
water is present 
in the soil – red 
means a larger 
amount of water.

A. Moradi et al,  
New Phytologist, 
192:653, 2011

Tomographic views of a bronze  
sculpture: virtual slices and  
transparent views can be created  
without damaging this unique  
object.

Photo: Rijksmuseum Amsterdam

See animations at: https://www.psi.ch/
niag/bronze-sculptures
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Water distribution  
in fuel cells

Polymer electrolyte fuel cells (PEFCs) 
are seen as an attractive alternative to 
internal combustion engines in auto-
motive applications, because of their 
high efficiency and the absence of pol-
lutant and CO2 emissions. They produce 
electrical energy thanks to an electro-
chemical reaction between hydrogen 
(the fuel) and oxygen which can be 
taken from the atmosphere. The prod-
uct of this reaction is water which usu-
ally condensates at the typical operat-
ing temperature of these fuel cells 
(70–80 °C), and the accumulation of 
water in the flow channels and porous 
media dedicated to the supply of hy-
drogen and air can result in perfor-
mance loss.
Neutron imaging has characteristics 
making it a very valuable tool for fuel 

cell research. First, the neutrons can 
penetrate through high thicknesses of 
materials such as steel (up to 10 mm) 
or aluminum (up to 10 cm). This allows 
imaging the water in fuel cells with 
minimal or even without any modifica-
tion of their construction. Second, the 
hydrogen contained in water provides 
a high contrast for neutrons, allowing 
the detection of water thicknesses as 
small as a few micrometers. Thanks to 
this unique combination, neutron im-
aging is a highly demanded method for 
the study of water management in fuel 
cells.
At PSI, both conventional through 
plane imaging and high resolution in 
plane imaging are performed. For the 
latter, we use anisotropic enhance-
ments developed specifically for fuel 
cell application. A recently developed 
setup even allows the simultaneous 
operation and imaging of up to 6 fuel 

cells, which is of high interest for ma-
terials comparison and reproducibility 
studies.

Through plane imaging  
of a 50 cm2 fuel cell, 
showing the detailed  
water distribution during 
operation.

P. Stahl et al., J. Electrochem. 
Soc. 162, F677 (2015)

In plane imaging of a small scale fuel 
cell, showing the distribution of  
water across the fuel cell structure. 
The anisotropic imaging setup based 
on a tilted detector provides a magni-
fication in the direction of interest.

With the multicell setup, 
up to 6 small scale  
operating fuel cells can 
be imaged simultane-
ously 

P. Oberholzer et al., 
Electrochem. Commun. 20, 
67 (2012)
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Palaeontology

Neutron radiography permits nonde-
structive evaluation of large fossils. The 
Figure below shows the photograph and 

neutron radiograph of the partly dis-
sected head and neck of an ichthyosaur. 
In the tomographic study of the head 
section, the skeleton can be segmented 
from the surrounding sediment. If suffi-

ciently precise details about skeleton 
can be retrieved, further restoration 
steps can be envisaged to yield addi-
tional insight into the development of 
ichthyosaurs.

Neutron imaging of  
nuclear fuel

Traditional X-ray investigations of nu-
clear fuel elements are almost impos-
sible, since irradiated nuclear fuel is a 
strong emitter of γ-rays. Contrary to 
X-rays, neutrons easily penetrate heavy 
metal samples like e.g. UO2. Therefore, 
neutron radiography, using area detec-
tors sensitive to neutrons only, permits 
the nondestructive evaluation of highly 
radioactive material. Fuel rod segments 

from nuclear power plants are investi-
gated in collaboration with the PSI hot 
cell facility. They must be transported 
and manipulated with in heavily 
shielded containers and equipment as 
provided by the NEURAP setup pre-
sented on page 16. The aim of nuclear 
fuel investigations is to check the in-
tegrity of fuel pellets after long term 
irradiation (figure below) or to evaluate 
the corrosion of zircaloy cladding ma-
terial (figure below middle). The high 
sensitivity of thermal neutrons to the 

U-235 isotope can be used to check 
isotopic enrichment by neutron trans-
mission measurements (figure below 
bottom).

Fossilised skeleton of an ichthyo-
saur partially dissected by  
U. Oberli, St Gallen. Photograph 
(left), radiograph (middle),  
and tomographic view of head 
section (right).

Radiographic inspection of nuclear 
power plant fuel rod segments: single 
fuel pellets show fractures and  
chips (top), zirconium hydride lenses 
due to cladding corrosion (middle), 
or fresh fuel pellets with varying iso-
topic enrichment (lower).



31

Neutron 
Imaging

Combustion 
engines

Welding, soldering
and brazing

Adhesive connections

Fuel cell properties
Structural integrity
and performance

Two-phase flow

 
Industrial applications

Welding, soldering & brazing: 
Quality assurance and tightness,  
integrity

Adhesive connections: 
Glue distribution, in particular behind 
thick metal layers

Fuel cell performance: 
Water production rate and local
distribution

Structural integrity and performance: 
Observation for cracks, corrosion  
after operation

Two-phase flow: 
Water detection in metal pipes,  
time dependent, e.g. refrigerator

Combustion engines: 
Real time studies of running devices,  
Diesel particular filter performance



32

Industrial applications 

Neutron Imaging is in use as a tool for 
nondestructive and non-invasive in-
spection of industrial components. The 
higher standards in safety issues, the 
permanent improvement of material 
properties and more complex struc-
tures in industrial systems require more 
sophisticated techniques for diagnos-
tics. 
Here, neutron imaging fits in as a com-
plementary option in respect to the 

well-known X-ray techniques which are 
also under progressive improvement. 
The example in figure on the right of an 
actuator shows impressively the differ-
ence in the image results of the two 
methods – neutron and X-ray inspec-
tion. Whereas neutrons better identify 
plastics and sealing materials, the 
X-rays show metallic components while 
“ignoring” organic materials more or 
less. 
Neutron imaging techniques can fa-
vorably be applied when larger metallic 

components have to be transmitted 
and small amounts of hydrogenous 
materials have to be visualized. 
Neutron tomography is presently the 
only possibility to obtain information 
about the three-dimensional distribu-
tion of soot and ash in a filter monolith. 
The estimation of the soot distribution 
in a diesel particulate filter with neu-
tron imaging is possible because neu-
trons are highly sensitive to the ele-
ment hydrogen, which is content of 
soot.

Adhesive connection of a metallic  
car component (photo left) where 
neutron tomography allows a separa-
tion of the glue (red colored) from  
the metallic structure; the inhomoge-
neous distribution becomes obvious 
and might limit the solidity of the 
structure.  

Neutron tomography data of a 
loaded diesel particulate filter: 
(left) The steel jacket is no barrier 
for neutrons and allows an insight 
into the loaded monolith. (right) 
High-resolution tomography of a 
piece of the monolith. Green color 
indicates the soot, the blue color 
indicates the ash.

C. Grünzweig et al, MTZ Motortech-
nische Zeitschrift 73, 326 (2012)
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A non-invasive inspection tool for 
boron containing soldering  
connections is found in neutron  
imaging. A destructive inspection  
is not required when neutron  
tomography is applied to the object 
on the left. By suitable software 
tools the metal can be separated 
from the solder distribution show 
on the right.  

C. Grünzweig et al, 9th Int. Conf. Proc.  
on Brazing, High Temperature Brazing 
and Diffusion Bonding (2010)

Car airbag inflator  
module. 

3D cut view created by 
neutron tomography.
Part of the gas-forming 
salt is shown in red.

There are also some materials with a 
high absorption ability (B, Cd, Li, Gd,…) 
for neutrons which can be observed in 
very high detail and sensitively inside 
structures. 
Based on these main features of neu-
tron imaging the following principle 
categories of industrial applications 
could be identified until now:
• Gluing connections between metals 

and other materials
• Solder and brazing connections of 

metals
• Casting failures and structural de-

tects in metals
• Thin films of lubricants, water, cor-

rosion and lacquer
• Periodic processes (running engines, 

pumps, injectors, …)
• Deposits in filters and on sensors in 

small amounts
• Water deposition and distribution in 

running electric fuel cells  

There is certainly the potential for fur-
ther applications for industrial part-
ners. First tests will be done on demand 
in order to define the performance for 
the particular study and find out the 
best possible boundary conditions.
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It is well known that neutrons as ele-
mentary particles obey a spin which 
occurs in two states (up/down). A neu-
tron beam extracted from a source con-
tains both states in the same amount,
Polarized neutrons with only one spin 
state can only be obtained if the other 
state is sorted out by means of different 
filter options which absorb and sup-
press 50% of all neutrons. 
Neutrons also carry a magnetic moment 
which follows the spin orientation. In 
this way, neutrons can be considered 
to be small microscopic magnets. They 
can be arranged in a magnetic field and 
precise around the direction of the 
field. 
This property of the polarized neutrons 
enables to visualize directly magnetic 
structures, the distribution of magnetic 
fields and effects of magnetization in 
different materials. 
For this purpose, a setup is needed as 
shown in Figure: after their polarization 
the neutrons hit the area with the mag-
netic relevant structure where a varia-
tion of the distribution of the polarized 
neutrons happens. This influence of 
the magnetic effects onto the distribu-
tion of the polarized neutrons can be 
measured by means of a neutron sen-

sitive imaging detector arranged be-
hind the analyzer of the polarized neu-
trons. 
The principle of this kind of measure-
ments has already been demonstrated 
[1]. At PSI we intend to establish and to 
improve the method by using the BOA 
beam line which already delivers a 
highly intense polarized beam in order 
to improve the spatial resolution and 
to reduce the acquisition time in the 
measurements. New magnetic materi-
als and magnetic phenomena should 
be investigated and visualized on the 
macroscopic level. 

Reference:
[1] M. Morgano, et al., NIMA, 754, 

46-56, (2014)
 doi:10.1016/j.nima.2014.03.055.

Outlook
Neutron Imaging with polarized neutrons

Principle setup of experiments with 
polarized neutrons for the study  
and visualization of magnetic phe-
nomena

Visualization of the mag-
netic field lines inside  
a rectangular coil with 
electrical current passing 
through its spires.  
The contrast is given by 
the different precession 
angles applied to the  
polarized neutrons by the 
magnetic field.
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PSI in brief

The Paul Scherrer Institute PSI is a research institute for natural and engineering sciences, conducting cutting-edge research 
in the fields of matter and materials, energy and environment and human health. By performing fundamental and applied 
research, we work on sustainable solutions for the major challenges facing society, science and the economy. PSI  
develops, constructs and operates complex large research facilities. Every year more than 2500 guest scientists from 
Switzerland and around the world come to us. Just like PSI’s own researchers, they use our unique facilities to carry out 
experiments that are not possible anywhere else. PSI is committed to the training of future generations. Therefore about 
one quarter of our staff are post-docs, post-graduates or apprentices. Altogether PSI employs 2000 people, thus being 
the largest research institute in Switzerland.

Aerial view of the Paul Scherrer Institute. 
The Swiss Spallation Neutron Source 
SINQ, and the Swiss Muon Source SμS 
are on the left bank of the River Aare.

Contacts

niag@psi.ch

NIAG: http://www.psi.ch/niag

NEUTRA: http://www.psi.ch/sinq/neutra

ICON: http://www.psi.ch/sinq/icon

Industrial Applications:
http://www.psi.ch/sinq/icon/industrial-services
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