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Abstract. Neutron imaging (radiography and tomography) has a long history at the 
Paul Scherrer Institut. During the last eight years the development in neutron 
imaging techniques with thermal neutrons (at the facility NEUTRA) was a 
successful story with an increasing number of internal and external users from 
universities and industry. Due to this increasing demand it was decided to build a 
new neutron imaging facility with cold neutrons (ICON). Both facilities are an 
efficient and versatile tool for industrial non-destructive testing as well as for basic 
scientific investigations. 
 High pressure waterjet machining is an advanced technology. Due to negligible 
thermal effects and minimal induced stresses, this process is widely used for cutting 
hard to cut materials like ceramics, ceramic composites or metallic materials at 
larger material thicknesses. The ITFE Laboratory is actively engaged in the 
development and optimization of new water jet systems. Besides modelling high-
pressure nozzle systems hydro dynamics and crushing physics, experimental work is 
performed on selected systems in order to understand wear phenomena limiting 
nozzle lifetime.  
Neutron radiography and tomography is an alternative to high kV X-ray 
investigations of jet nozzles. We will present 2D and 3D results of different nozzles, 
and discuss the advantage of neutron transmission measurements for this type of 
investigation. 

1. Neutron Imaging Facilities at PSI  

The first steps in neutron radiography at the Paul Scherrer Institute (PSI) were made in the 
late 80’s of the last century at the swimming pool research reactor SAPHIR. The final 
shutdown of the reactor at the end of 1993 imposed a temporary stop to neutron 
radiography at PSI. A new neutron radiography facility (NEUTRA) [1] was designed for 
the spallation source SINQ. Together with the operational start of SINQ at the end of 1996, 
the first tests concerning beam properties and new detector systems could be performed. 
The last seven years of NEUTRA show a successful development. The progress is two-
fold: one in imaging techniques, detector and camera systems and the other in an increasing 
number of internal and external users from universities and industries [2, 3, 4]. 
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1.1 The NEUTRA facility  

 
 

Figure 1: Layout of the neutron imaging facility NEUTRA 
 

The neutron imaging facility NEUTRA has three different positions for radiography with 
thermal neutrons (Figure 1). The beam size increases from 15 cm at position 1 to 29 cm at 
position 2 up to 40 cm at the very back position 3. For this reason, small probes of a few 
cm as well as probes up to 30 cm can be examined with radiography or with tomography.  

Inspection of highly radioactive probes can be performed with the special setup 
NEURAP at position 2. Highly radioactive probes emit so much gamma radiation, that a 
standard X-ray inspection is not possible. The use of special detectors, which are only 
sensitive for neutrons, permits the non-destructive examination with neutrons. 

Another special feature at NEUTRA is an X-ray tube, which is mounted on a 
swivelling holder at position 1. This allows an inspection of samples with X-rays and 
neutrons under the same geometrical conditions and the identical detection system (Figure 
2). 

 

 
Figure 2: Neutron and X-ray tomography of a concrete sample. The two images on 

the left side are cross-sections through the 3D volume data sets from X-ray and 
neutron tomography. The images in the middle are 3D views from the segmented 

volume data sets from X-ray and neutron tomography. 
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1.2 The ICON facility  

 
 

Figure 3: Layout of the neutron imaging facility ICON. 
 
The neutron imaging facility ICON [5] has two different positions for radiography with 
cold neutrons. As shown in Figure 3, Nr. 2 and 3 are the standard experimental positions. 
At position Nr. 2 small and light probes can be examined (e.g. micro-tomography), where 
as at position Nr. 3 bigger and heavier probes can be scanned through the neutron beam. 

Location Nr. 1 is the inner bunker, where a neutron velocity selector, a Beryllium 
filter and other equipment can be inserted into the flight path of neutrons.  

Cold neutrons have several advantages over thermal neutrons. The reaction 
probability of most elements with cold neutrons is about a factor three higher than for 
thermal neutrons. Therefore higher contrast in images can be achieved and thinner detectors 
(scintillators) can be used, which results in a higher spatial resolution. Furthermore, many 
metals have in the wavelength (energy) range of the cold neutrons relatively high changes 
in their reaction probability with neutrons (Bragg edges) in relatively small wavelength 
steps. The welded joint in Figure 4 is an example for this energy selective neutron 
radiography. The image contrast changes dramatically when the wavelength (or the energy) 
of the neutrons is changed from 3.2 Å to 4 Å and the same statement is valid for a 
wavelength change from 4 Å to 5.4 Å. 

Another promising approach to improve the performance of the ICON facility is 
phase contrast imaging using the pinhole geometry for edge enhancement and 
magnification [6] and the neutron phase imaging using a grating interferometer which 
allows even phase contrast tomography [7]. 
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Figure 4: Neutron radiography images of a welded joint. The different images have been acquired at different 
neutron wavelengths using a neutron velocity selector. 

 

Table 1. Performance parameters for NEUTRA and ICON  

 NEUTRA ICON 
Neutron aperture D fix: Ø 20 mm Ø 0.5 – 80 mm 
Collimation ratio L/D 200, 350, 550 90 – 20’000 
Neutron flux [n/cm2/s/mA] 
Distance L = 7.1 m, D = 2 cm 

7.5·106 5.8·106 

Wavelength distribution 0.5 – 3.5 Å 0.5 – 7 Å 
Filter for γ and fast neutrons Bismuth none 
Beryllium filter none available 
Velocity selector none available 
Combination with X-ray XTRA none 
Setup for highly radioactive 
probes 

NEURAP none  

Setup for tomography available available 
 

1.3 Detectors and camera system  

Neutron radiography images are recorded by a high performance 2048 x 2048 pixel CCD 
camera system Andor DV 436 from Andor Technology, looking on to a 6Li based neutron 
scintillator screen, which has been optimized in performance and price in our group. The 
camera and a custom-made lens optic system (1:1 optic) is mounted on a common bench. 
One of our goals is the improvement of the spatial resolution. With this camera we have a 
nominal pixel size of 13.5 µm (CCD chip size: 2.76 cm x 2.76 cm and 2048 x 2048 pixels). 
Our aim is to reach at least an effective resolution of 30 µm.  

For dynamic neutron radiography, imaging with either an intensified CCD camera 
system or an amorphous Silicon based flat panel can be used. Static radiography with the 
inherently highest possible resolution can be performed with the imaging plate technique 
(BAS-2500: 40 cm x 20 cm / pixel size: 50 µm and VistaScan: 10 cm x 10 cm / pixel size: 
12.5 µm). Some promising other imaging techniques based on CMOS technology or pixel 
detectors (e.g. PILATUS–N, a PSI development) are under consideration too. 
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2. NDT of Abrasive Water Jet Nozzle’s  

2.1 Abrasive water jet cutting  

Water under high pressure (up to 4000 bar) enters from the upper part of the cutting head 
through a sapphire nozzle into the mixing chamber, where the abrasive material (garnet 
sand, grit size 0.1 to 0.5 mm) is added (Figure 5). The cutting head leads this abrasive water 
jet along a given outline. Due to its high impact it cuts materials without thermal effect and 
without load forces.  
 

 
Figure 5: Drawing and photo of the abrasive cutting head 

 

2.2 Wear pattern in mixing tubes 

The abrasive water jet cuts not only the target structure, but also wears out (with high 
efficiency) the focusing tube, which is required to accelerate the abrasive material to water 
speed, to bundle the abrasive water jet, and to align it with accuracy onto the desired place. 
Dependent on the geometry and the material of the focusing tube, different wear patterns 
are known: divergent wear, convergent wear, outbreak wear, and wavy wears (Figure 6).  
 

 
Figure 6: Cut through a focusing tube with wavy wears (the arrows show the 

nodes of the standing wave like wear pattern) 
 

The focusing test tubes examined in this study were made of Tungsten carbide (> 90 
%), had a length of 70 mm, an outer diameter of 6.5 mm and a mass of 32 g. The inner 
diameter of the exit part was 0.8 mm. 
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The main wear pattern of the focusing test tubes was the wavy wear (Figure 6). The 
performance and the lifetime of abrasive water jet mixing tubes depend on the build-up of 
this wavy wear pattern. The wavy wear pattern looks like a standing wave pattern: between 
the “nodes” (minimal wears are marked by arrows in Figure 6) are the “antinodes”, which 
are the positions, where maximal wear occurs. If these antinodes are just at the exit, the 
lifetime of the focusing tube is quite short. The main parameters, which influence the wears 
in focusing tubes, are the pressure, the diameter of the water jet, the grit size of the abrasive 
material, the chosen abrasive material, the abrasive mass flow, the length, and the diameter 
of the focusing tube. The aim of the current investigation was to examine non-destructively 
the positions of the nodes in the wavy wear pattern and how the pressure and the abrasive 
mass flow influence them. 
 

2.3 Experiments  

The focusing test tubes have been examined under different parameter settings: pressure 
ranged from 2500 bar to 3500 bar and the abrasive mass flow from 270 g/min to 430 g/min. 
Each experiment was performed with four test tubes and lasted one hour. 
 

 
Figure 7: A set of four focusing test tubes was examined under different parameter settings 

 

2.4 Examination methods  

2.4.1 Standard methods  

The mass and the exit diameter of the focusing test tubes are measured before and after the 
experiment using standard techniques (weighing and microscopic digital imaging). The 
summary of the analysis results is, that the mass of the focusing test tubes has decreased by 
up to 2 %, whereas the exit diameter has increased up to 4 % after one hour of testing. 
These results are reasonable, however, no unambiguous correlation with the chosen 
parameters (pressure, abrasive mass flow) could be found.  
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2.4.2 Neutron Radiography  

To investigate non-invasively the positions of the nodes and antinodes of the wavy wear 
inside the test tubes with high accuracy, two imaging methods are principally possible: X-
ray radiography and neutron radiography.  

The linear attenuation coefficient – which describes the fraction of a beam of X-rays 
or neutrons that is absorbed or scattered per unit thickness of the absorber – is for Tungsten 
and X-rays (300 keV photon energy) more than four times higher than for thermal neutrons. 
Due to this fact it is practically impossible to get an X-ray image of the inner part of the 
tube (Figure 8 a), whereas with neutrons one can see the inner structures (Figure 8 b).  
 

 
Figure 8 a: X-ray image of a focusing tube (voltage of the X-ray tube: 300 kV) 

 
Figure 8 b: Neutron image of a focusing tube 

 
During the experiment, 35 focusing tubes have been imaged with neutrons before 

and after their treatment under the different experimental conditions. The focusing tubes 
have been exposed to a neutron flux of 6⋅106 cm-2⋅ s-1 for 60 seconds together with neutron 
sensitive imaging plates. One example of the analysis for three focusing tubes is shown in 
Figure 9. 

 
Figure 9: Neutron images of the focusing tubes Nr 33, Nr 34 and Nr 35 (before the experiment on the left 

side and after the experiment on the right side in each case). 
 

The analysis of the images shows that the positions of the two nodes (the two 
dashed lines in Figure 9) of all the test tubes are within 3 mm at the same position. That 
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means that the pressure and the abrasive mass flow in the chosen range had no influence on 
the position of the nodes. 

 
2.4.3 Neutron Tomography  

The 3D neutron tomography volume data sets of the metallic mixing chamber (Figure 10) 
allow the non-destructive inspection of all internal parts under different view angles. The 
location of wears, their development and dependency on changing experimental conditions 
can be studied in a convenient way.  

  

  
 

Figure 10: Neutron tomography of the mixing chamber (dimensions: 1.5 cm in diameter and 3 cm in height). 
The cuts through the 3D volume data set (right) show the wears (red circle) in the mixing chamber on the 

opposite side of the abrasive entrance channel. 

Abrasive 
material inlet

Water inlet
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3. Conclusion  

Neutron radio- and tomography are non-destructive inspection methods, which deliver high 
quality images supplementary to others (e.g. X-ray). For special demands (material, probe 
size, resolution etc.) it is the method of choice – as shown in the example of the abrasive 
water jet nozzles. 
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