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A B S T R A C T

The ANET project aims at developing 2D compact neutron collimators for neutron imaging applications. The
results of the ANET collimator performances, presented in this communication, are based on data collected at
the FISH beamline at TU-Delft. Two independent methods to evaluate the neutron radiography resolution are
described and discussed, as well as a comparison of the beam divergence with or without the ANET collimator.
1. Introduction

The ANET project aims at developing a 2D Compact Neutron Col-
limator (CNC) for Neutron Imaging applications. Its design and opera-
tional principles have been described in [1], while the first results on
its performance have been reported in [2].

This paper illustrates two novel methodologies to determine the
image resolution from measured data. A PSI Siemens-Star and a Gd
knife-edge assembly are used as reference samples [3]. The applica-
bility of the herein exposed methods is general and not restricted to
a specific beam-line or collimation system. Data have been collected
at the FISH beamline [4] at the HOR research reactor, owned by
Technische Universiteit Delft. In the following sections, after having
illustrated the experimental setup, a detailed description of the analysis
methods will be given. The ANET CNC effectiveness, in terms of beam
divergence reduction and consequent resolution improvement, will also
be demonstrated.

2. The experimental setup

The FISH beam-line provides, at the standard detector position (5.5
m from the shutter), a thermal neutron flux of 3 ⋅106 cm−2s−1, with a
rectangular field of view of 50 𝑥 100 mm2, resulting in an asymmetric

∗ Corresponding author at: Universita degli Studi di Torino, Via Pietro Giuria 1, Torino, 10125, Italy.
E-mail address: oriol.sansplanell@to.infn.it (O. Sans-Planell).

divergence for the horizontal and vertical axis: the quoted divergence
angles are 0.176 and 0.207 degrees respectively.

This is a very interesting working case for the application of the
ANET CNC due to its intrinsic 2D symmetric geometry. For this measur-
ing campaign, a neutron imaging system with a 100 μm thick LiF/ZnS
(Ag) scintillator and a 16-bit ANDOR camera had been installed at
232 cm from the beam shutter, as shown in Fig. 1. The distance of
the ANET CNC from the shutter has been constrained by hardware
limitations on the beam-line. To measure the horizontal and vertical
divergence of the neutron beam, with and without the ANET CNC, the
procedure explained in [5] has been applied. It requires the acquisition
of neutron radiographies of a reference sample at several distances from
the detector, in an appropriate range, as specified in the following.

The ANET CNC has been operated following the procedure detailed
in [2], in which a dynamic pattern is used. The exposure time for each
radiography has been tuned to 30 s without the collimator and 300 s
with the ANET CNC. The acquisition time has been set to reach ap-
proximately one-half of the full dynamic range of the ANDOR camera.
For each reference sample, eight different radiographs were taken, from
10 mm to 105 mm away from the scintillator. To evaluate the impact
of the ANET CNC in terms of resolution and beam divergence, two
independent analysis methods have been applied. They are described
in the following sections.
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Fig. 1. Scheme of the set-up used for the measurements (not to scale). The ANET collimator is mounted on top of a Stewart Platform and raised at the beam axis height by a
calibrated spacer. The samples are installed on top of X-Y remotely controlled moving stages.
Fig. 2. Comparison between two Siemens star measurements at FISH, without (left) and with (right) the ANET CNC. The distance of the sample from the detector is at 20 mm.
Fig. 3. Representation of the process of ‘‘unfolding’’ the Siemens star using FIJI. The reslicing is done clockwise from the 45◦ line.
3. The ‘‘unfolded’’ Siemens star method

In Fig. 2 two radiographs are shown, which show at bare glance the
improvement in resolution produced when the ANET CNC is placed in
front of the sample. By choosing the appropriate ImageJ Look-Up-Table
(LUT) it is possible to highlight the blurry areas and separate them from
the well-defined regions of the Siemens star. The right image, in which
the ANET CNC is included in the set-up, shows an evident improvement
in spatial resolution with respect to the image on the left, in which the
collimator is not present.

The precision to appreciate the resolution on the Siemens star by
optical means is limited to ±25 μm. When a neutron beamline has a
2

rectangular guide, it may not be easy to give a clear value for the
resolution, given that it changes for the vertical and horizontal axis. In
order to improve the evaluation of spatial resolution, a new numerical
approach has been taken.

By means of the software FIJI [6], the single image has been radially
re-sliced from the centre to the most external circle, starting at 45◦

angle. The procedure is represented in Fig. 3. The image contains,
on the right, a representation of the Siemens star ‘‘unfolded’’, where
the top pixel row is equivalent to the 45◦ radius used to start the
re-slicement. Dividing the image in four 90◦ slices allows to separate
the two components of the divergence. Fig. 4 shows the 4 images
representing the resolution in the 4 different sectors of the Siemens star.
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Fig. 4. Visualization in four angular slices of the ‘‘unfolded’’ Siemens star. The greyscale image is displayed using the ‘‘jet’’ LUT in order to highlight the difference between the
noise region and the actual spikes of the Siemens star.
Fig. 5. Left: Sample of the standard deviation of a measure at 10 mm from the detector, without the ANET CNC present. The red dotted line separates the noise region and the
signal. Using a 2𝜎 threshold, the value for the resolution is 76 μm. Right: Histogram of the noise created by the standard deviation in the noise region. The noise is fitted with a
aussian curve in order to obtain the 2𝜎 threshold.
To improve the best-possible optical precision of ±25 μm, the fol-
owing method is adopted: for each single image, the standard deviation
f every vertical array of points is taken (from left to right). The
tandard deviation is a measure of the amount of dispersion of a set
f values, and thus the expectation will be constant and small on the
irst points, in the inner area of the Siemens star (inner rings, leftmost
rea in each figure), where only noise is present. The standard deviation
alue will increase with the higher contrast (outer rings, right-most area
n each figure). This is shown in Fig. 5, where the Standard deviation
s plotted against the resolution. In the figure, the initial region is
lmost constant and it is possible to distinguish the valleys made by
he Siemens star ring markers. The decrease in the standard deviation at
hose points is due to the fact that the points in the area corresponding
o the incisions are more uniform than that of the surroundings, thus
ecreasing the variation. The quoted value for the spatial resolution is
ound at the intersection between the constant (on average) area and
he sloped one.

Applying this threshold, the graph in Fig. 8 is generated: a clear
mprovement in the resolution when including the ANET CNC in the
ISH set-up is visible. To determine the value of the resolution, a
hreshold to distinguish signal from noise has been chosen. What has
een noticed from the experimental data is that, in the region where
here is only noise, the pixel counting has a relatively small standard
eviation (low contrast), while in the signal region, the pixel count
istribution has a larger standard deviation (high contrast). In Fig. 5
he green line represents the threshold, tuned to the region where
nly noise is present, set at 2𝜎 from the average value of the noise.
3

Fig. 6. Two examples of radiographs with the ANET collimator, at 10 mm (top) and
100 mm (bottom) from the detector.
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Fig. 7. Detector contribution to the spatial resolution measurement as a function of the MTF threshold.
Fig. 8. Resolution fit for the vertical measurement of the divergence with and without the ANET CNC.
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Table 1
Horizontal and Vertical divergence angles with and without the ANET CNC, measured
using the ‘‘unfolded’’ Siemens method.

Horizontal Horiz+ANET Vertical Vert+ANET

0.215 ± 0.011 0.144 ± 0.007 0.325 ± 0.022 0.162 ± 0.008

The vertical red dotted line separates the noise and signal regions. A
systematic study to evaluate the sensitivity of the result with respect
to the choice of the threshold has been done, varying from 2𝜎 to
5𝜎, observing a maximum variation on the final L/D of less than 5%.
This possible systematic error is taken into consideration for the error
calculation. For the horizontal resolution calculation, the average of top
(45 to 135 deg) and bottom (225 to 315 deg) images are used, while
for the vertical resolution the left (135 to 225 deg) and right (−45 to
45 deg) are used.

The procedure to calculate the effective L/D factor is done by
repeating the measurement and varying the distance of the sample from
the scintillator, as detailed in [5].

Finally the divergence angle is extracted through Eq. (1).

𝜃𝑑𝑖𝑣 = 𝑎𝑟𝑐𝑡𝑎𝑛
( 1
𝐿∕𝐷

)

(1)

he horizontal and vertical divergence angles measured with and with-
ut the ANET CNC are reported in Table 1.

. The gadolinium knife-edge technique

The gadolinium knife-edge is a reference sample, composed by a
00 μm thick gadolinium sheet with two polished edges and mounted
n an aluminium frame. With a fixed field of view, The edge images
rom this high contrast edge device allow a good estimate of the
 v

4

patial resolution by means of the Modulation Transfer Function (MTF)
nalysis method [7].

The measurements, as explained in the previous section, have been
erformed at 8 different distances from the scintillator, ranging from
0 mm up to 105 mm.

The gadolinium knife-edge sample has been placed orthogonal to
he beam, in order to properly measure the vertical and horizontal
patial resolutions. Fig. 6 shows the variation in image blurring from
wo measurements (with the ANET CNC) at respective distances from
he detector of 10 mm (top) and 100 mm (bottom).

For each distance, two images have been taken, and the MTF has
een calculated.

The MTF method relies on the setting of a threshold identifying
he so-called limit resolution, i.e. the resolution at which it becomes
mpossible to separate a line’s pair. Nevertheless, it is well known, there
s not a universal standard criteria to set the threshold value. [8–11].
n the following we propose a procedure to determine in an empirical
ay the proper threshold, relying on an independent measurement
f the limit resolution, i.e. the detector blurring. In our case, the
reviously described measurement with the Siemens star attached to
he scintillator delivers a precise value of the limit resolution and it
ill be used to fix the proper threshold. The procedure has been the

ollowing:

1. Set a MTF threshold value in the physical range.
2. Calculate the MTF for each radiography on the dataset obtained

by moving the sample at different distances from the scintillator
3. Calculate the values for the L/D and the detector contribution

using the method described in [5]

his procedure has been iteratively performed for several threshold
alues in the range from 0.05 up to 0.25, leading to the graph in Fig. 7.
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Fig. 9. Calculated divergence angle on every configuration using the gadolinium knife-edge method and the Siemens star. The errors have been evaluated through a Monte-Carlo
error propagation.
Table 2
Table to test captions and labels.

Horizontal Horiz+ANET Vertical Vert+ANET

0.200 ± 0.008 0.148 ± 0.006 0.354 ± 0.013 0.160 ± 0.006

There is a clear dependence between the detector blurring contribution
and the choice of the threshold. The measurement with the Siemens star
in contact with the scintillator leads to a value for the limit resolution
of 50 μm, which in Fig. 7 corresponds to a threshold value of 0.08.

Consequently, an improvement of the beam divergence, is expected:
he horizontal and vertical divergence angles measured with and with-
ut the ANET CNC are reported in Table 2.

. Results

The paper presents the performance of the ANET CNC in terms of
patial resolution and beam divergence. Two different reference sam-
les and analysis methods have been used. The L/D values are extracted
or each sample, one for the vertical and one for the horizontal axis.
he results are summarized in Fig. 9 where the comparison between
he divergences measured at the FISH beamline with and without the
NET CNC are shown.

The divergence measurements obtained using the Siemens star are
ompatible with those obtained using the gadolinium knife-edge.

The 2D structure of the ANET CNC tends to make uniform the
ertical and horizontal divergence. It is important to remark that,
espite the ANET CNC applying the same theoretical correction on both
xes, the effect is more relevant on the vertical axis with respect to the
orizontal one, being the horizontal one originally more collimated.

The ANET CNC has proven to be a valid instrument not only to
mprove but also to make more uniform the divergence of a neutron
eam. It is an advantageous device for small to medium sized sources,
n which space constraints do not allow for long collimation systems.
n this paper, the effect on the divergence has been studied, with two
ovel methods that allow to estimate the resolution quantitatively with
mproved control of the inherent parameters.
5
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