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ABSTRACT: This paper reports on the edge enhancement and refraction/scattering effects in neu-
tron radiography measured at thermal and cold neutron beams with a high resolution (~55 um)
microchannel plate neutron counting detector. These effects in some cases can enhance the con-
trast of certain features in the neutron radiographic images. At the same time, the edge effects
introduce image distortions, as in case of tomographic reconstructions. The edge effects in ra-
diographies of several steel and aluminum objects are shown for different beam divergences and
sample orientations relative to the beam. It is also demonstrated how novel microcapillary neutron
collimators can enable refraction and scattering contrast imaging in some cases, where the refrac-
tion and scattering angles are relatively large. These collimators can also be used to reduce some
refraction artifacts, namely remove bright edges in the transmission images.

KEYWORDS: Instrumentation for neutron sources; Inspection with neutrons; Neutron radiography;
Neutron sources
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1 Introduction

Following the advances in X-ray imaging several new imaging modalities have been demonstrated
recently in thermal and cold neutron radiography [1]-[4]. While conventional radiography and
tomography are based on neutron attenuation contrast (due to both absorption and scattering) the
relatively novel imaging techniques exploiting propagation and grating-based diffraction contrast
as well as phase contrast have been demonstrated with neutrons [5]-[10]. These imaging modali-
ties enable unique non-destructive testing techniques that are complimentary to the measurements
performed with X-rays. Existence of absorption, refraction and scattering contrasts in neutron ra-
diographic images has been observed with certain materials and geometries, e.g. aluminium and
steel objects with flat and curved surfaces illuminated at grazing incidence. In certain cases, where
the variation of the neutron attenuation coefficient across the sample is very low the existence of
these effects substantially enhances the image contrast [11]. However, in some cases these ef-
fects introduce unwanted distortions and should not be confused with real features of objects under
study.

This paper does not present a thorough study of refraction/scattering/reflection effects in neu-
tron radiography, but rather demonstrates several practical examples of where these effects are
present and should be taken into account, as well as demonstrates how some of the image dis-
tortion can be eliminated by our neutron collimators. We also describe our first attempt to use
compact collimators for refraction contrast imaging. A thorough and systematic study of edge ef-
fects differentiating between refraction, scattering and reflection needs to be conducted for their
full quantitative description enabling accurate interpretation of experimental data.

One of the typical examples of image distortions is shown in figure 1, where a bright halo is
seen around a steel nozzle. The high contrast of the steel imaged in a cold neutron beam does not
benefit from the edge enhancement in that case and only introduces a bright feature not present in
the real sample.
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Figure 1. (Left) Radiography of a stainless steel injection nozzle performed at ICON beamline. (Right)
Cross section through the image area shown by the dotted line. The edges of the nozzle appear to be brighter
by 20% than the intensity of the incoming beam. This halo around the sample introduces image distortion
in tomography reconstructions.

2 Experimental setup

The experiments reported in this paper were performed at a cold neutron beamline facilities
ICON [12] (Spallation Neutron Source, Paul Scherer Institute, Switzerland) and CONRAD [13]
(Helmbholtz Centre Berlin). In most cases the edge effects require a neutron beam with high degree
of collimation and a high resolution detector. The 175:1 to 700:1 beam collimation in our experi-
ments was determined by an input aperture installed upstream in the beam from the detector. The
images were recorded by a neutron counting detector consisting of neutron sensitive microchan-
nel plates and a Timepix readout [14] providing ~55 yum spatial resolution and >50% detection
efficiency [15] with no readout noise. The Pixelman data acquisition software was used during
experiments [16]. The active area of this detector was limited by the size of the Timepix readout of
14 14 mm?. The objects exhibiting edge enhancement in neutron radiography were placed ~2 cm
away from the detector active area. In some cases a set of images was taken at different tilt of
object relative to the beam demonstrating the angular dependence of the edge effects.

3 Results and discussion

3.1 Edge effects in radiography of Al objects

The low attenuation coefficient of Aluminium is very useful for some experiments, where Al com-
ponents are used as an invisible support structure. However, in some cases, where the thin Al parts
need to be visualized it is the edge enhancement which helps to improve the image contrast and
thus decrease the integration time. Typically the edges of Al objects with flat surfaces illuminated
at grazing incidence consist of a bright and a dark line, figure 2. A bright line is seen at both hori-
zontal and vertical edges, where the intensity of registered neutron flux is higher than the intensity
of area around it. Those extra neutrons come from a dark line seen adjacent to the bright one. The
results shown in figure 2 indicate that the intensity of the bright and dark edges is proportional to
the length of flat Al surface in the direction parallel to the neutron beam and the angle of neutron
illumination. The same sample tilted by few degrees relative to detector normal exhibited reduced
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Figure 2. Edge enhancement in step-edge Al sample. ICON beamline. The edge enhancement effects are
seen as narrow white and dark lines next to the edges of the sample, both in horizontal and vertical direction.
Tilting the sample decreases the intensity of the bright/dark lines and moves them apart, but the width of
these lines does not change substantially, indicating it is not caused by reflection off a flat surface of the
sample.

edge intensity. The width and separation of the bright and dark horizontal lines increased with the
tilt, while intensity of vertical lines remained nearly the same. A larger tilt (~30 degree) substan-
tially decreased the intensity of the edges. These results indicate that the existence of these bright
and dark lines in the image is likely caused by the refraction at the edges, not by the reflection off
the flat surfaces [11]. If it was due to reflection the width of the bright/dark lines should have been
very wide for the large tilt of the sample.

The other Al sample with typical edge enhancement is shown in figure 3. An Al cylinder with
3 holes exhibited strong edge effects around the holes. What is interesting with this example is the
fact that the edge of the same hole was bright in the case when neutrons illuminated the edge with
no material behind it. At the same time the edge appeared to be dark in the image when there was
Al material behind the edge. The sharpness of these edges also indicates that they are likely caused
by the refraction rather than by reflection off the Al surfaces.
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Figure 3. Radiography of an Al cylinder with three holes obtained at two different tilt angles relative to the
neutron beam. Cross section through the area of the image shown by dotted line is shown on the right. ICON
beamline.
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Figure 4. Neutron radiography of Al honeycomb support structure (photo insert in the middle, built from
~10 mm wide and 50 um thick Al foil). ICON beamline. (Left) Beam divergence of L/D=350:1. (Middle)
Beam divergence of L/D=175:1. (Right) The cross sections through the images show the reduction of the
edge effect for neutron beams with higher divergence.

3.2 Edge effects versus beam divergence

The intensity of the edge effects in our measurements had a strong dependence on the degree
of beam collimation. A larger beam divergence substantially decreases the amplitude of the
bright/dark lines, figure 4. The edges become very pronounced when both collimated beam and
high resolution detector are used in radiographic experiments.

The variation of beam divergence can in fact be used to improve the contrast in some radio-
graphic experiments enabling reduction of image integration time. An example of the possible
contrast enhancement is shown in the figure 5. The same mask consisting of objects made from
different materials is imaged twice: once with a beam aspect ratio of L/D=350:1 and then with
L/D=175:1. Division of those two images enhances edges of some objects, which have relatively
strong refraction, e.g. stainless steel needle, screws and nut, while Mg and Cu (triangular pieces)
did not exhibited edge enhancement.



Figure 5. (Left) Imaging mask containing M2 steel and plastic screws, various pieces of copper, Mg and
plastic. The objects are glued to an aluminium foil. (Middle) Neutron transmission images taken at beam
divergence of 350:1. Beryllium filter is used. (Right) Division of middle image by the image taken at
L/D=175:1.The division of two images emphasizes the changes due to refraction, which is weakened for the
beam with a higher divergence. No changes at the edges are seen for the objects with low refraction. ICON
beamline.

3.3 Reduction of edge effects by neutron collimators

The compactness of novel neutron collimators with micropores of small diameter (6—10 um) [17]-
[19] enables their placement between the object and the detector without degradation of image
quality due to the beam divergence, figure 6. It was already reported how these collimators can
be used to improve quantification in experiments with scattering materials by removing the scat-
tering component from the radiographic images [19]. The small pore size of these devices results
in no observable distortions of the images unless the detection resolution is better than 10 um.
However, the use of these collimators decreases the measured neutron flux at the detector as the
transmission of current micropore collimators is on the scale of 55% for L/D ratios below 250:1
and only 25% for L/D~1000:1. In some experiments where the edge effects can be reduced or
enhanced by these collimators the reduction in flux is compensated by the improved image quality
with increased contrast.

In case these collimators are to be used to decrease the image distortions due to the edge effects
they are to be aligned with the incoming neutron beam so that only neutrons parallel to the initial
beam direction reach the detector, while scattered or refracted neutrons will be absorbed by the
collimator. Depending on L/D ratio of collimator the range of acceptance angles can be changed.
Thus the bright edges at the radiographic images can be suppressed by the collimators, while the
dark edges still remain as strong as those neutrons missing in the dark edges cannot be put back by
the optics. A typical example of how the bright edges are removed by a collimator with ~1000:1
L/D is shown in figure 7.

3.4 Refraction contrast imaging with neutron collimators

The relatively narrow acceptance angle of neutron collimator with L/D ratio of 1000:1 of £0.2
degree can be used to enhance the contrast in imaging of objects where the attenuation contrast is
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Figure 7. Elimination of bright edges by a micropore collimator with L/D ratio of ~1000:1. (Left) An Al
container walls exhibit strong edge enhancement effects in radiography experiments with well collimated
cold neutron beam (L/D~350:1). (Right) The same object imaged with collimator installed between the
object and the detector. The bright edges (“extra” neutrons refracted by the edges) can be removed from
the image by the collimators. No neutrons can be added where they are missing (the dark refracted edges).
ICON beamline.

relatively low. In the example shown in this section the attenuation contrast was not low and we
chose these objects for imaging due to their known high refraction as an easy case for the proof-
of-principle experiment. A “Swagelok™ fitting filled with steel beads of 1 mm diameter and small
screws was imaged first with collimator aligned parallel to the incoming neutron beam, figure 8,
and then imaged with collimator tilted by 0.3 degree off peak transmission in vertical direction.
Tomographic reconstruction of the same object is shown in figure 9, which was performed in nor-
mal mode with no collimator installed in the beam. The ratio of radiographic images taken with
collimator at O and 0.3 degree is shown in figure 10, where the contrast due to absorption con-
trast is removed and only variation of intensity due to the neutron angle deflection in the object is
shown. The “Swagelock™ contours almost disappeared from the image except for the lines which
contain horizontal components: no vertical edges of the structure are seen in that image, as ex-
pected, since collimator was tiled in the vertical direction. The steel balls appeared to be brighter
in that image as they are probably refracting neutrons stronger than the threads on the fitting due to
their relatively small diameter of 1 mm. It should be noted here, that tilting the collimator by 0.3
degree was not enough to eliminate the non-refracted neutron beam completely as the combination



Figure 8. Neutron transmission radiography of a steel Swagelok fitting filled with 1 mm steel balls and a
screw. (Left) image is taken with collimator aligned parallel to the beam transmitting mostly non-refracted
neutrons. (Right) The same object imaged with collimator misaligned by 0.3 degree in vertical direction.
Mostly refracted and some transmitted neutrons are imaged. The collimator with L/D ratio of 1000:1 is
used in this experiment. The peak transmission of the collimator is 25%, the acceptance angular range 0.2

degree. CONRAD beamline.

Figure 9. Tomographic recon-
struction of the object radiogra-
phies of which are shown in fig-
ure 8. The 1 mm steel balls are
easily seen inside the Swagelok
fitting.

Figure 10. The refraction and small angle scattering contrast image of the
object shown in figures 8,9, obtained with a neutron collimator tilted by
0.3 degree from its peak transmission, divided by the peak transmission
image. The fraction of refracted and scattered neutrons in the transmitted
neutron beam is enhanced by the collimator, rejecting the large fraction
of transmitted neutrons. Most of the absorption features in the Swagelok
fitting disappear and only the refraction in the vertical axis reveals the
existence of the fitting. At the same time, the steel beads appear brighter
in this image than the open beam area due to the scattering of neutrons on
beads, which is enhanced in the image taken with the tilted collimator.

of limited beam divergence and the angular acceptance range of our collimator enables some non-

refracted neurons to pass the filtering. It is the division of those two images which emphasized the

refracted component of the image. We hope with more systematic study this method can be added

to the non-conventional techniques in neutron radiography experiments, enhancing the capabilities

of non-destructive investigations with thermal and cold neutrons.



4 Conclusions

The results of our measurements with some examples of edge enhancement effects demonstrate the
image distortions and, in some cases, new opportunities in thermal and cold neutron radiography.
These artefacts in the images should be treated properly and not confused for the real features of
more complicated objects, where it may be not easy to distinguish the edge effects from the vari-
ation of attenuation coefficient in the sample. A more detailed study of refraction/reflection and
scattering at the edges is being conducted at this time. It will be very helpful for a quantitative in-
terpretation of these phenomena in neutron radiography and shall enable an accurate interpretation
of experimental data. At the same time, the application of micropore collimators can be a com-
plimentary method in elimination of bright edges. The thin collimators with large L/D ratios can
also enable improvement of image contrast by enhancing refraction features in experiments where
attenuation contrast is not sufficient.
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