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Abstract 

Two opinions are often better than one. This claim is also valid for non-descructive testing; therefore the use of multiple 

modalities is very relevant, especially for cases when a single modality may provide ambiguous or incomplete results. The 

neutron imaging instruments at Paul Scherrer Institut are equipped with optional X-ray beamlines that are used to provide 

better understanding about sample composition or behavior under different experiment conditions. We describe our 

instrumentation and demonstrate an example performed using bimodal neutron and X-ray imaging at ICON. To enable highest 

flexibility in the applications, we cover the range of the field-of-view from 40 cm down to 1 cm with the corresponding spatial 

resolution between 0.1 mm and a few micro-meters. Whereas the neutron spectrum is mainly given by the spallation neutron 

source SINQ, the photon energy of the X-ray sources can be tuned by the voltage of the tubes between 40 and 320 kV. 
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1 Introduction 

Neutron imaging has proven a successful method to investigate samples with low atomic number (H, B, Li, C, etc.) embedded 

in high atomic number bulk material (metals, heavy elements) or dense sample containers. Sometimes, it can occur that the 

material composition gives ambiguous results and it is not possible to make a clear decision about the sample composition. In 

other investigations the sample contrast may be either too low or too high, which makes the results hard to interpret. To go 

beyond this point of the investigation an additional modality is needed. We have chosen to combine neutron imaging with X-

ray imaging at our facilities. This is an attractive combination since both modalities can operate on the same scales and they 

provide two clearly different sets of attenuation coefficients, one correlated with neutron contrast and the other sensitive to the 

X-ray contrast at the specific photon energy. Often the sensitivity is reversed between the modalities. Commonly, many 

radiography and tomography experiments for industry are performed using X-rays which also provides the recognition effect 

with the resulting data. This can increase the understanding of the much rarer neutron data, which can only be provided with 

adequate quality at large-scale facilities such as SINQ at PSI. The requirement that a large-scale facility is needed to produce 

sufficient neutrons for neutron imageing is a limitation that makes online inspections at industrial production lines impossible. 

Therefore we focus our applications on product development and process understanding where small models or short test series 

are brought to the neutron source. 

At the point of combing imaging data from the two modalities, the strategy very much depends on the material combination. In 

some cases both modalities are equally contributing in combined segmentation or estimation models, while in other cases one 

modality is used to define sample structure through segmentation and the other provide information about the sample 

composition.  

2 Instrumentation 

At Paul Scherrer institut we have adapted the idea of combining neutron imaging with X-ray imaging in the form of dedicated 

installations that allows on-site simultaneous or pixel-wise mapped acquisition of images using both modalities. The two 

neutron imaging instruments NEUTRA [1] (thermal neutrons) and ICON [2] (cold neutrons) are operated in the neutron 

imaging user program at the Swiss spallation neutron source (SINQ) and also offer commercial imaging services for paying 

customers. Both instruments are equipped with camera/scintillator based image acquisition systems for the neutrons and have 

sample environments that allow acquisition of projection data for computed tomography. The X-ray sources installed at our 

instruments make it possible to perform experiments at different scales in time and space using bimodal imaging. A further 

option, when higher resolution is required, is to use the off-site approach and carry the samples to the synchrotron imaging 

facility TOMCAT at the Swiss Light Source (SLS). This approach will provide data on different scales therefore the data 

interpretation will also require different strategies. An overview over the different setups and the achievable resolutions and 

fields of view is given in Fig. 1. 
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Fig. 1: Setups for combined neutron/X-ray imaging on different length scale (consider: logarithmic format) 

 

The X-ray beamline at NEUTRA is installed in the same beamline geometry as the neutron beam, which allows the same 

camera system to be used for both modalities. The setup is equipped with a powerful source reaching up 320kV that has to be 

slided in and out of the beamline for different operation modes. The powerful X-ray source at NEUTRA matches the ability of 

the thermal neutrons to penetrate larger samples. In this setup since the sample can be left untouched on the sample throughout 

the entire experiment. With a similar source-detector distance for the two modalities, it is possible to make pixel-wise 

comparison between the two modalities. A scintillator-exchanging device has been installed to allow us to switch between 

different scintillators with little effort. This is used to optimize the imaging performance for each radiation type. The X-ray 

beamline at ICON is currently in the endphase of the construction and first experiments have been performed with the 

prototype. This installation has a different design based on an X-ray beamline transverse the neutron beam [3]. In contrast to 

NEUTRA this installation is a dual detector system with a cone beam X-ray source (150kV) and an amorphous silicon flat 

panel detector as second detector. 

 

  

Fig. 2: A picture of the NX-combination installed at ICON. The X-ray beamline is installed tranverse to the neutron beamline and is using a 

second detector for the image acquisition. 

The source spectrum and power of the chosen source is relevant for smaller low contrast samples. This is also the typical 

sample type measured using cold neutrons (lower energy and greater attenuation coefficients). The transverse installation will 

make it possible to obtain simultaneous images from the two modalities. This is beneficial for the study of dynamic processes 

where the sample constitution changes for the duration of a scan. The chosen combination of X-ray source and detector will, 

thanks to the divergent beam geometry, allow magnified acquisition providing images in the same scale as with neutrons 

reaching voxel sizes down to about 10 microns. On the other hand it is hard to obtain the pixel-wise comparable radiography 

know from the installation at NEUTRA. On the time scale the combined system will be able to acquire projections up to a 

frame rate of about 10 frames per second. This makes it possible to acquire CT volumes at the rate of a few minutes per 

volume. At these rates the neutron statistics is rather poor and the analysis will gain from the supporting information from the 

X-ray data. An option for future applications is to mount the X-ray source in combination with the neutron microscope, which 

will provide voxel sizes down to a few microns [4]. This installation will however be using an inline configuration due 

geometric constraints given by the n-microscope setup. The inline configuration can also be considered for the micro-setup 

when the source is placed remotely from the detector, but the X-ray imaging performance will be limited due to low intensity 

and the very thin scintillator used in the micro setup.  
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Shielding of the two systems is also an important matter since the detectors of the two modalities are mutually sensitive to the 

opposite radiation type. Depending on operation mode different acquisition patterns can be applied. The fastest mode requires 

both beam types to be active simultaneously, but more relaxed patterns would allow interleaved acquisition with either the 

sample on the same position or even to translate the sample between the acquisition locations for each modality. We will also 

install an X-ray shutter for the interleaved acquisition patterns to avoid unnescessary switching the X-ray source on and off and 

thereby reduce the X-dose on the neutron detector. We have already observed that neutrons introduce a bias on the X-ray 

detector. This effect can be reduced to a minmum by shielding the flat panel detector with a layer of 10 mm boron plastic. The 

X-ray influence of the neutron detector has not yet been investigated.  

3 Applications 

The neutron/X-ray synergy approach can be used for scientific problems, but also for technical and industry related 

investigations where the visibility of setup components will be enhanced are considered. The industrial applications have to be 

limited to offline investigations due to the nature of the neutron source. It is not possible to use neutron imaging with thermal 

or cold neutrons for routine online testing in an industial production line – it would be too expensive and also inefficient. 

Typically, the combined neutron and X-ray experiments are used for product development by increasing the understanding of 

processes taking place in a product, fault detection, or verification applications. We demonstrated the performance of bimodal 

imaging with neutrons and X-rays in the analysis of an ancient sword [5] made of metals and wood. Only by using the 

combination of neutrons and X-rays it was possible to get extensive insight of the sword consisting of a combination between 

metal and wood. Further success has been found to detect sealing rings in metallic or even plastics environment. 

Case study: Plastics and metals  

As an example to demonstrate the capabilities of the bimodal setup at ICON we used an electro-mechanical valve (Fig. 3a). 

The valve is made of a mix of metal and plastic components. The neutron projection data was acquired using the micro setup 

equipped with the ANDOR DW436BV CCD camera and a 20 micron thick scintillator. This combination provides a pixel size 

of 13.5 microns. The white neutron beam was used for this experiment and the collimation ratio (L/D) was 370. With this 

combination of collimation ratio and sample dimensions we consider the neutron beam to be parallel. A 90s exposure time was 

used to obtain the required neutron statistics for an acceptable signal to noise ratio. The X-rays projection data was acquired 

using the new X-ray beamline equipped with a Hamamatsu (L12161-07) X-ray source with a 43 degrees cone angle and a 

Varian amorphous silicon flat panel detector (2530HE) as acquisition device. The two data sets were acquired after each other 

since the X-ray beamline is not yet fully optimized for simultaneous acquisition. This is however not a limitation since the 

sample in this case is static. Allready in the projection data there is a clear difference between the modalities, showing the 

complementarity in the response for plastic and metals (figure 3b and 3c).  

 

 

     
 (a) (b) (c) 

Fig.  3: A picture of the electro-mechanical valve used in the experiment (a). Comparison of radiographs using neutrons (b) and X-rays at 

120 kV (c). Sample dimensions: 15 mm x 35 mm. 

The projection data was reconstructed using the Octopus CT reconstruction software. The reconstructed data was then aligned 

on a common coordinate system using the registration tools provided in the visualization and image analysis software 

VGStudio MAX 2.2. The complementarity of the two modalities is even more pronounced in the reconstructed CT data 

compared to the radiographs. Fig. 4 shows vertical and horizontal CT slices representing the sample from the view of the two 

modalities. Plastic and rubber components are highlighted in the neutron data while metal components are highlighted in the 

X-ray data. The horizontal slices show the location of a sealing that is separating the electromagnetic components from the 

valve cavities. Visually, it can be seen that the sealing is well pronounced in the neutron data and barely visible in the X-ray 

data. On the other hand the coil case and the coil core are much better pronounced in the X-ray data.  
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Fig. 4: Vertical and horizontal CT slices of the valve using neutrons (left) and X-rays (right). The lines in the vertical slices show the location 

of the horizontal slices. The horizontal slices show the location of a sealing.  

Our first approach to a combined analysis of the two data sets in based on the bivariate histogram in Fig. 5. The bivariate 

histogram has the advantage that classes that appear to be ambiguous in the univariate histograms from neutron and X-data are 

well separeated when the data sets are combined. We tried a basic classification method based on the assumption that the data 

follow a bivariate normal distribution and computed the probability that each pixel belongs to a certain class. The class (i) 

resulting in the greatest probability (pi) was chosen as label (i) for each pixel value pair (x) using:  
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where �! and �! are vectors describing the class mean and covariance respectively. The class descriptions were selected 

manualy from the bivariate histogram. This resulted in the image shown to the right in Fig. 5. The performance of this 

approach may not be very impressive to begin with. One reason is that there are several artefacts in the data that degrade the 

result. Most of these artefacts are located in the upper part of the device. This is also the thickest part with many absorbing 

components for both neutrons (plastic) and X-rays (metal). More method specific artifacts are bias introduced by neutron 

scattering or cone-beam artifacts are very pronounced near the top of the coil core. Both data set show cupped intensity-

profiles, this contributes to the poor accuracy of the classification. 

This study has shown us the need for improved calibration procedures and analysis methods that will improve the analysis 

workflow and the performance of future experiments using our new setup. 

 

 

 



6th Conference on Industrial Computed Tomography, Wels, Austria (iCT 2016) 

www.3dct.at  5 

 

Fig. 5: A collection of histograms describing the two data sets. To the left the individual histograms show the intensity variations for each 

modality. The bivariate histogram for the two modalities shows that the classes can be better separated and be used as guide for a 

classification method. 

4 Summary and outlook 

We have presented how bimodal imaging with neutrons and X-rays can be performed at our imaging beamlines. Here, we 

mainly fouced on the first tests using our new combined setup. This setup is installed at the cold neutron imaging beamline 

ICON. By combining the two modalities it is possible to make more detailed descriptions of the investigated samples. The 

equipment available at Paul Scherrer Institut supports bimodal investigations of a variety of samples with very different 

dimensions. The samples can already be observed in steady state, but we aim at making experiments with dynamic processes. 

The goal is to observe these processes using time series acquisition of CT data. There are already a great variety of applications 

that have been demonstrated and with a creative user community we expect more applications in the future. Once the 

instrumentation installation is finalized our focus will be directed towards automated or semi-automated analysis of the 

produced experiment data. Due to the great variety of applications, it will hard to define a single evaluation strategy for 

merging data from the two modalities. Therefore, a collection of analysis strategies and methods must be developed where pre-

knowledge about the attenuation coefficient values will play an important role. 

With our two neutron imaging instruments equipped with X-ray imaging capability we will be able to handle a wide variety of 

experiment tasks from users with very different requirements concerning spatial and temporal resolution. The scope of the 

experiments is not limited to academic research but also experiments related to industrial research and product development 

are welcome. With an increasing user base with many different applications using bimodal imaging, we will also increase our 

experience regarding bimodal imaging and thereby be able to refine our experiment and analysis procedures. 
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