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Abstract

Experiments that combines the information from two different radiation sources can provide more in-

formation than experiments using single radiation sources. This claim was confirmed using the bimodal

installation at the thermal neutron imaging beamline NEUTRA at Paul Scherrer Institut. This installation

is equipped with a 60-320kV X-ray source and is used for mid-sized samples. The combination of the

neutron and X-ray imaging can be used in different ways depending on sample composition and purposes

of the experiments. The first and most obvious operation mode is to exploit the fact that the two modali-

ties have different attenuation coefficients with a non-linear relation. A bivariate segmentation algorithm

to improve the reconstruction in the presence of sample and radiation related artefacts: sample responses

will be affected by differently for the two modalities and thus cause artefact on different positions in the

sample. We describe the new X-ray installation which is under construction at the cold neutron imaging

beamline ICON. The aim of this installation is to increase the resolution obtained at NEUTRA and match

the high-resolution neutron imaging options available at ICON. The design at ICON is based on a dual

detector concept with a short X-ray beamline across the neutron beamline using cone beam geometry for

magnification. A micro-spot 40-150kV X-ray source was chosen for the new beamline. The dual-mode

installation is mainly intended for computed tomography. The oblique arrangement of the two radiation

sources has the advantage that bimodal image sequences can be obtained with less or no delay since

the source does not have to be removed from the beamline at modality change. Strategies for the data

evaluation are outlined for the future analysis of the bimodal data. A soil sample with roots was scanned

to demonstrate the differences between the two images from the two radiation sources.
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1 Introduction

Neutron imaging is an alternative and some cases complementary imaging method to X-ray

imaging. Both methods are based on the same basic principle, i.e. the radiation attenuation is

described by the universal attenuation law. The difference lies in the attenuation mechanism

which provides two different sets of attenuation coefficients for the elements. This difference

can be exploited by providing a bimodal imaging instrument based on X-enhanced neutron

imaging to learn more about the sample composition. Ideally, the combination of the two

modalities will provide more information than when each modality is evaluated individually.

The X-ray images will be used to augment the information provided by the neutrons as neutron

imaging is the main focus of the instrument. Experiments at NEUTRA [1] have proven the

usefulness of combined neutron and X-ray -imaging. The applications are often found in exper-

iments observing dynamic processes in different types of porous media. In these experiments,

the samples originate from research in the fields of soil/geology [2] and building materials re-

search [3]. Further applications are found in investigations of objects from the cultural heritage.

These samples often show combinations of metals and organic materials [4].

The X-ray installation at NEUTRA is arranged in line with the neutron beam at a remote

position relative to the detector, allowing pixel-wise comparison between images from the two

modalities. This has the advantage that the need to perform a registration operation to match the
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two data sets on a common grid is reduced to a minimum. The drawback of this arrangement

is that it prevents simultaneous acquisition using the two radiation sources and that the X-rays

have to pass though the aluminium windows of the neutron flight tubes. The later sets a lower

limit on the X-ray spectrum to about 60keV making applications with small samples containing

organic matter less ideal. The success of combined neutron and X-ray imaging at NEUTRA

has motivated us to build an X-ray beamline at the cold neutron imaging beamline ICON[5].

The new installation is intended for small samples at resolutions that match the micro setup at

ICON[6]. Samples with dimensions in the order of 30 mm are considered for the new setup.

2 Methods

2.1 The bimodal installation at ICON

A micro-spot X-ray source is required to match the resolution of the neutron micro setup. These

sources operate in cone beam mode, i.e. the they provide magnification thanks to the divergent

beam. There are basically three arrangements of the X-ray beamline relative to the neutron

beamline as shown in figure 1; inline as the installation at NEUTRA, orthogonal, and slated at

an arbitrary angle relative to the neutron beam. The latter alternatives require a second detec-

tor, which is beneficial considering the different beam geometries of the two modalities. The

second detector has two advantages: simultaneous acquisition and the possibility to exploit the

magnifying effect of the cone beam. A last constraint is that the sample should not be too re-

motely placed relative to the neutron detector due to edge enhancement effects [7] that may

occur, especially in the case of metals. Given these boundary conditions the optimal beam line
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Figure 1: Possible arrangements of the X-ray beamline relative to the neutron beam are (a)

inline, (b) orthogonal, and slanted (c).

orientation is slanted across the neutron beam. This makes it possible to bring the sample very

close to the neutron detector. The X-ray beamline is designed as a semi-permanent installation

that can be easily mounted and removed from the experiment position for the case that pure

neutron experiments require space near the neutron detector.

The design is based on the L12161-07 X-ray source from Hamamatsu and a flat panel X-ray

detector. The source has a spot size of 5 µm and can provide an X-ray spectrum from 40–

150keV with a power up to 150W. The cone angle is 42◦. The detector active area is foreseen to

have dimensions in the order of 240×300 mm. Both source and detector are mounted hanging

under a rail that allows to adjust the acquisition distances in order to handle different sample



sizes and degrees of magnification. Magnification factors up to 8 will be feasible with full beam

utilization, table 1. Placing the detector more remote will give higher magnification at the cost

of lower beam utilization. The shortest source object distances (SOD) can only be obtained

when the X-ray beamline is orthogonal to the neutron beam. This limitation is due to geometric

constraints given by the neutron detector setup. Samples larger than 30 mm require that the midi

setup with a field of view up to 150×150 mm2 is used for the neutron acquisition. The hanging

Detector

Source

SDD

SOD

Size [mm] SOD [mm] SDD [mm] Magn.

30 39 310 8

50 65 310 4.8

100 130 310 2.4

150 195 310 1.6

Table 1: Magnifications for different sample dimensions using a cone angle of 42◦ and detector

width of 240mm.

design was chosen due to space constrains under the experiment position. The rail forming the

X-ray beamline can be turned from 45◦–90◦ relative to the neutron beam. The sample position

and the orientation of the X-ray beamline are determined by factors like geometric blurring for

the neutrons, the neutron detector setup may shadow the X-rays, and the amount of cross-talk

between the beamlines that can be tolerated. This may result in a more remote sample position

than is normally used for experiments with the micro setup. The optimal operation conditions

needs to be determined experimentally during the characterization experiments of the setup.

The X-ray source is commissioned by radiation protection and can be operated in the ICON

experiment bunker using the access control system at ICON to avoid personnel hazards. Pre-

liminary tests using have already been performed using the camera-scintillator based image

acquisition systems available at ICON. The X-ray beamline is planned to be operational for

first tests after the neutron source winter shut-down period 2015 and to be offered to the user

community later in 2015.

2.2 Reconstruction

The image data provided by the X-ray beamline consists of radiographs representing a per-

spective projection of the sample. This makes the direct comparison between images from the

two modalities very difficult, i.e. computed tomography is the only relevant mode of opera-

tion for the installation, except in the case of flat and thin samples. The general reconstruction

method for the bimodal imaging is based on cone beam geometry. This geometry is obvious

for the X-ray part, but is likely to be relevant for the neutron part as well, especially when the

sample detector distance have to be increased, as mentioned in the previous section, to such

extent that the penumbra blurring will play a roll for the image quality. For the initial work

we will use analytical reconstruction methods like the Feldkamp algorithm[8]. Iterative recon-

struction methods will be considered should special cases arise. One application using iterative
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Figure 2: Experiment position 2 at the ICON neutron imaging beamline. The components are

(a) neutron micro setup camera detector system, (b) X-ray flat panel detector, (c) X-ray source,

(d) neutron beam limiter, (e) carrier frame for the X-ray beamline, (f) neutron flight tube.

reconstruction methods is to use the bimodal data to enhance and improve the quality of the

reconstructed data in cases when starvation occurs in data from one modality while the data

from the other is intact.

Many of the intended experiments involve the study of displacements within the sample

over time. A typical example is the study of water movement in porous media, which has many

fields of application, e.g. soil science and building materials. Dynamic samples introduce a

new degree of freedom in the experiment, sample motion, that will result in motion artefacts.

By the introduction of an acquisition scheme based on the golden ratio it is possible to handle

the motion artefacts better[9]. Most important of the golden ratio scan is however that it allows

to arbitrarily select the length of the time frame after the experiment. This allows the user to

observe the process at different time scales using data from a single scan. The spatio-temporal

component can already be included in the reconstruction of the data to improve the quality of

the images already during reconstruction. Efforts to reconstruct this type of projection data have

already been started [10] where the reconstructions are regularized in time as well as space.

2.3 Data fusion and analysis

A first processing task of data from a bimodal experiment is to register and align the two data

sets on a common grid. The alignment is needed to be able to compare and/or co-process the

data. Depending on wether the co-processing is done during reconstruction or on volume data

either projections or reconstructed data must be registered in a common coordinate system.

The choice of analysis strategy of the bimodal data depends on the type of sample and on

the questions that are supposed to be answered by the experiment. In general the analysis can

be divided into several categories that may be combined to obtain the final result. A method that



can be used for visualization is to use the two data sources to control the color and intensity of

the image. Going toward analytical methods with the aim to quantify the information provided

by the image data a first option would be bi-variate classification that uses the two data sources

to increase the accuracy of the classification into different materials[11, 12]. Assuming Gaus-

sian intensity distribution of the different classes, the classification problem could be defined as

a set of hypotheses like

H0 : N (m0,C0)

H1 : N (m1,C1)
...

HN : N (mN ,CN) (1)

where mi = [mneutron
i ,m

X−ray
i ] represents the mean values of the material classes and C is the

covariance matrix describing the joint probability between the two radiation types. This clas-

sification approach would produce linear decision boundaries between the classes. There may

however be non-linear cases that have to be handled by non-linear classification methods [13].

The bimodal data can also be used to estimate the material mix of two materials. Images from

neutrons (f ) and X-rays (g) describe the local attenuation coefficient as a linear combination of

the contributing materials, therefore a linear equation system with two unknowns can be defined

as

x0 Σ0 + x1 Σ1 = f

x0 µ0 + x1 µ1 = g (2)

where xi are the mixing coefficients, Σi and µi are the attenuation coefficients for the two in-

volved materials with neutrons and X-rays respectively. To be able to solve this mixing problem

it is required that the attenuation coefficients are known a priori. In other cases the evaluation

benefits from a processing procedure that identifies sample regions using one data set and then

uses this information to estimate the amount of a material using the other data set. The esti-

mation problem could for example be formulated using regions defined by a threshold interval

[γlow, γhigh) in the X-ray data

θ = E[f(p)] p ∈ {q|γlow ≤ g(q) < γhigh} (3)

How the region is defined depends on the sample and experiment. It is possible that a basic

intensity interval is insufficient, but that has to be determined for each experiment. This esti-

mation approach is of special interest in the case when the sample is swelling or shrinking as

an effect of for example water uptake while the observed process is active. Finally, the last type

is to improve the performance of the evaluation near artefacts. Both radiation types have their

weaknesses, fortunately they are not always overlapping and therefore the undisturbed data set

can be used to support the other when artefacts are present.

3 Experiment

A pretest using the X-ray source in combination with the neutron beam at ICON was made to

show the difference between the two modalities. A soil sample in a round polycarbonate con-

tainer (diameter 25 mm) with a small Lupin plant was scanned. For this experiment the in-line

configuration was used, figure 1 with the midi setup (150×150 mm) for neutron imaging as



detector. The detector box was equipped with an Andor NEO sCMOS camera and a Nikkor

50mm, 1.4/f lens . In this case the field of view was set to 96×120 mm2 with a pixel size of

45 µm. The camera box was equipped with a 100µm thick 6LiF/ZnS scintillator. This scintilla-

tor delivers good performance for neutrons, but is suboptimal for X-rays. The same scintillator

was used for both radiation types to avoid changing sample or detector position in this basic test

setup.The two CT scans with neutrons and X-rays were made in a sequence after each other.

The projection data from the two CT-scans were reconstructed using the Octopus reconstruc-

tion software [14] in cone beam mode. This provided two data volumes that were aligned using

using the registration tools in VGStudio Max [15]. Figure 3 shows two slices from the same

location in the sample. Here, it can clearly be seen were the root is located, especially in the

the case of neutrons which are sensitive to the water in the roots, for X-rays the roots appear as

voids. On the other hand the X-ray image is more sensitive to small stones. A further obser-

vation is that in the neutron image the sample seems to have a coarse pore space, on contrary

in the X-ray image the same slice indicates that sample is homogeneous. An interpretation of

this discrepancy is that water in the sample is inhomogeneously distributed in the bulk soil. By

Figure 3: Slice from the reconstructed soil/root sample using neutrons (left) and X-rays (right).

Close up region shows that there are clear differences in the images, roots are highlighted by

neutrons while denser stones are highlighted by X-rays.

observing the histograms from the two data sets, figure 4, a first observation is that it would be

hard to separate the roots from the soil using X-ray data only while a rather good segmenta-

tion would be expected using the neutron data. However, the segmentation performance can be

improved further by using the bivariate information. Looking at the bivariate histogram the dis-

tinction is even more clear in the region were the histogram modes for roots and soil overlap in

the neutron data. In this representation it is also possible to identify the grey value distribution

for roots in the X-ray data. The histograms in this example are relatively clear, but in the case

of wet soil the mode representing the roots will smear out in the neutron data. In this case the

importance of support from the X-ray data increases since this data is rather insensitive to the

water content.
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Figure 4: Histograms representing the soil/root sample. The bivariate histogram shows that the

different components can be better identified using bivariate methods.

4 Outlook

The described installation will be realized and is planned to be ready for first characterization

experiments during the summer of 2015. Once the system is characterized, the next step is to

develop calibration routines that are needed to provide geometry information for reconstruction

and analysis.

A central topic will be reconstruction of data from the bi-modal setup and to evaluate differ-

ent sample positions and acquisition strategies. The typical acquisition model is to use a plane

circular trajectory using small angular increments, it will however also be relevant to investigate

if helical scans are beneficial. For X-rays this is obvious since it provides an exact solution and

the cone angle is rather wide, but the small divergence of the neutron beam makes this type of

scan less relevant for neutrons. The benefits and problems of helical scans have to be evaluated.

An suite of evaluation strategies that can be applied to most use cases must be developed

and evaluated. This suite will include specification and realization of the evaluation methods

previously proposed in section 2.3.

In parallel to the work developing the instrument, experiments with early external users

will be performed to mutually learn more about how the user community can benefit from the

additional information provided by the new installation. Typical questions will be which sample

composition are optimal, which time scale can we achieve, how do we proceed with the data

evaluation in the specific use cases.

5 Summary

We have presented a new X-ray beamline that will be installed at the cold neutron imaging

beamline ICON at Paul Scherrer Institut. The X-ray beamline will be used to obtain additional

information about the samples in a bi-modal context. The advantage of using a combined

installation is that the sample can be observed using both modalities at the same time without

removing the sample or making interleaved acquisition. The described installation is mainly

intended for CT applications due to the great difference in beam geometry which makes direct

pixelwise comparisons impossible. The next steps involves characterization of the combined



installation and optimization of the experiment procedure. The data from a dual detector setup

requires registration before it can be compared and depending on the type of data this can be

fully automated but there may be cases that require interaction to obtain satisfying results. Once

the bimodal instrument is in operation and produce data there will be a need to develop analysis

routines to be able to serve the users that will perform experiments with bimodal imaging.
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