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Neutron cross-sections have an energy dependence which is uniquely varying according to isotopic composition.
By measuring the local neutron beam attenuation of an object as a function of energy, this can be related to its
elemental composition. Therefore material decomposition measurements using a deuterium-deuterium (D-D)
compact fast neutron generator in an energy-selective fashion have been carried out. Previous work described
determining setup-specific effective reference cross-section data for homogeneous samples. This work presents
first tests of this non-destructive analysis principle in a 2D computed tomography (CT) setup using heterogeneous
samples, based on the aforementioned reference cross-sections. Measurement data were collected at five angles
around the neutron generator corresponding to five effective energies. At each angle a CT reconstruction was
performed to obtain energy-specific CT images. These CT images were use to calculate an elemental decompo
sition of the samples of interest. Good agreement between theory and experiment was found for most of the
samples, while the more challenging cases highlighted limitations of the technique. These first tomographic
measurements are discussed along with an outlook for further developments of the technique.

1. Introduction
Among non-destructive investigation techniques, fast neutron
transmission imaging offers a good alternative when more common
methods such as X-ray and thermal neutron radiography are limited
(Lehmann et al., 2004; Anderson et al., 2009; Kardjilov et al., 2018). Fast
neutrons tend to be highly penetrating in ordinary solid and liquid
materials (relatively low macroscopic cross-section, of the order of 0.1
cm− 1) regardless of the type of material. Unlike X-rays, fast neutron
cross-sections do not show a sharp increase in their amplitude with the
atomic number (Z) of the probed element. Instead, the amplitude
generally remains of the same order of magnitude. There is therefore no
risk of a high-Z material strongly and disproportionately attenuating a
neutron field and inducing beam starvation artifacts, a problem common
in X-ray imaging (Kak and Slaney, 2001). Unlike X-rays, fast neutron
cross-section features (peaks and valleys) are noticeably isotope- and
energy-dependent. Therefore, fast neutrons can often provide contrast
between elements with a small difference in atomic number much more
easily than X-rays. Thanks to this isotope- and energy-dependence, it is
in principle also possible to obtain quantitative elemental information
about a sample (i.e., material decomposition) based on a set of

measurements acquired at different energies. Fast neutron-based tech
niques could therefore have a promising future in the field of homeland
security (discrimination between hazardous materials, such as drugs and
explosives, from innocuous organic materials) where more common
techniques fail to show significant contrast.
Using a D-D fast neutron generator, the quasi mono-energetic energy
spectrum of the emitted neutrons depends on its emission angle relative
to the direction of the incident deuteron beam. Therefore, by performing
sample measurements at different emission angles, a range of effective
fast neutron energies can be utilized. This, combined with unique
element- and isotope-specific fast neutron cross-section tendencies as a
function of energy, forms the basis of the material decomposition
technique which this paper aims to develop.
Due to the deuteron ions slowing down in the generator target to a
varying degree before undergoing D-D fusion, it was shown in detail in a
previous study (Soubelet et al., 2019) that the neutron output is indeed
not completely mono-energetic, but instead has an energy spread of up
to few hundred keV depending on the direction of emission. The impact
of this energy spread on the elemental analysis was studied in (Soubelet
et al. Prasser) and showed that an experimental calibration of the
apparatus was necessary in order to fully correct for those effects. Within
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the same publication, the calibration was performed and the results
presented for nineteen individual elements. Using that calibration
dataset as a reference, the current work focuses on the elemental anal
ysis of heterogeneous samples.
In the following sections, after a theoretical overview of the material
decomposition principle and a presentation of the computed tomogra
phy (CT) apparatus used, cross-sectional 2D images of samples will be
presented and analysed. The principle of material decomposition based
on multi-energy neutron attenuation measurements was presented in
detail in (Soubelet et al. Prasser), but for the sake of completeness some
critical points are reproduced here. Simplified maps of the elemental
composition of the sample will be shown. The limits of the techniques
and the areas of potential improvement will be discussed.

1.2. Scaling up from 0D to 2D images using CT
With a CT apparatus, macroscopic attenuation is obtained not just on
a “0D” way but as localized information averaged over a given pixel or
voxel (Kak and Slaney, 2001). In contrast, a radiograph of a sample gives
information integrated in one direction along the source-detector path.
In radiography, several separate materials along such a path would
appear as one mixture, and it would be in general impossible from this
radiographic information to separate the material composition between
the different materials without a priori information about their distri
bution within the sample. In other words, the τ in Equation set 1 is an
extra unknown. In CT, however, this τ is the pixel or voxel size, based on
the assumption that the pixel or voxel is uniformly filled with a given
material or material mixture. In the case of the fast neutron CT system
developed at PSI in the frame of a previous study (Adams, 2015), the
system effectively uses a 1D detector array to provide 2D cross-sectional
tomographic images of a sample. Each pixel of the 2D image obtained
can then be considered independently and the methodology described in
Section 3.1 can be applied to each. As a result, cross-sectional elemental
maps of the samples can be generated, either on a pixel by pixel basis or
by averaging over a given set of pixels within a region of interest.

1.1. Material decomposition principle
At first it is here considered that a collimated neutron neutron beam
goes through a homogeneous sample of known thickness τ composed of
a mixture of i ∈ [1, n] different elements, with their atomic concentra
tions noted as Ni and their spectrum-averaged total microscopic crosssections as σ i. The beam intensity after passing through the sample is
considered to be detected by a one-pixel detector whose response is
proportional to the flux of the beam, therefore giving at first what we
refer to as purely “0D” results. Several attenuation measurements are
considered to be made at different effective neutron energies, noted as j
∈ [1, m]. The measurements are always acquired in pairs: with and
without the sample present in the field of view of the neutron detectors,
respectively noted Iτ,j and Iemp,j, where the latter can be considered a
kind of flat-field correction. It is then possible to write Equation set 1
based on the Beer-Lambert attenuation law.
⎧
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2. Experimental setup
2.1. Measurement apparatus
The tomographic apparatus is a combination of hardware adapted
from (Soubelet et al., 2019) and (Adams, 2015). The main features of the
setup are summarized here. It consisted of 60 individual neutron de
tectors in an arc-shaped fan-beam array with a pitch of 6 mm. Each
neutron detector is made of a plastic scintillator coupled to two 3 × 3
mm2 silicon photomultipliers (SiPM) of the type RGB produced by
AdvanSiD (AdvanSiD, 2015), read out in parallel. The signal from each
pair of SiPMs are read out in parallel, such that the pair behaves as a
single SiPM. Each individual plastic scintillator (type BC400 (Crystals,
2016)) provides a 5 × 8 mm2 sensitive area facing to the neutron source
and has a depth of 80 mm. The signal from the SiPMs of each detector is
processed by a dedicated pulse processing chain. The pulse is first
amplified and if the analog signal is above a given discriminator
threshold, it is considered to be a valid neutron event and a corre
sponding digital signal is generated. The threshold is chosen as the
minimum necessary to entirely suppress parasitic Bremsstrahlung X-ray
signals emitted from the source. The digital signals are counted by
several Arduino Due microcontroller boards (Arduino.a) which also
keep track of the time elapsed during measurements.
The detector array is attached to a trolley that moves on an arcshaped track centered around the neutron source. The radius of the
track is about 1 m. The studied sample was placed about half-way be
tween the source and the detector array. The trolley is able to accurately
go to certain angular position of the track using a stepper motor
controlled by an Arduino Uno board (Arduino.b). Also connected to the
same Arduino Uno is the rotation stage CR1-MZ7 from Thorlabs
(Thorlabs) which is used to provide the second rotational degree of
freedom needed for the CT. Specifically, the probed object is rotated to
allow acquisition of data at multiple projection angles at each neutron
output. All the Arduino boards, whether for counting or motion control,
are connected to a Raspberry Pi compact single-board computer
(Foundation) which can be controlled remotely via Ethernet. The
overarching software used to control the system is MATLAB (The
MathWorks, 2016) which communicates with the central Raspberry Pi
unit through said Ethernet network.
Standing in the center of the whole setup, a neutron D-D fusion fast
neutron generator emits neutrons in all directions. It was described in
detail in (Kromer et al., 2019; Soubelet et al., 2019). One of its most
remarkable features is the variation of neutron energy depending on the
neutron direction of emission. The goniometric setup described above

Note that the m different neutron spectra must be carefully selected
so that the system is not underdetermined. It means that m ≥ n and that
the m different equations of the system are linearly independent from
each other. Or, in other words, that the n nuclides of interest show
significant differences in their respective energy dependence. The
measured macroscopic cross-section data is written as Σmeas,j = −
( )
Iτ,j
1
and the Equation set 1 can then be reduced to a compact
ln
τ
Iemp,j
matrix form:
Σmeas = σN

(2)

Given that microscopic cross-section matrix σ consists of coefficients
that are strictly positive and finite, and each row of the matrix (corre
sponding to a given neutron source spectrum) is not a linear combina
tion of the other rows, the determinant of the matrix exists and is nonzero. The least-square analytical solution of Equation set 2 is then as
follows:
( T )− 1 T
N = σ σ σ Σmeas
(3)
Using the set of reference experimental data described in (Soubelet
et al. Prasser), the spectrum-averaged microscopic cross-section data σ
are known. The macroscopic cross-section data Σmeas are obtained
through experimental measurements. Therefore the elemental compo
sition of the sample, i.e. N, can be in principle computed using this
approach.
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was tailored to take advantage of the different neutron energies by
moving the neutron detectors around the source. Under typical oper
ating conditions, i.e. a 80 kV electrostatic acceleration of the deuteron
before fusion, it provides neutron energies varying from roughly 2.2
MeV in the direction opposite to the deuteron beam and 2.8 MeV in the
direction aligned with this same deuteron beam, smoothly varying in
between as illustrated in Fig. 1. Other deuteron acceleration voltages are
also shown so that the reader can easily visualize its impact on the
neutron energy distribution. To give the reader an overview of the
apparatus, Fig. 2 shows a detailed computer visualization of the setup,
Fig. 3 shows a simplified top view, and Fig. 4 shows an actual
photograph.

here, the volume of the samples was kept small, and this scattering
contribution was estimated to be negligible. It was not considered
further.
In order to perform CT image reconstruction, a measured dataset
should cover a sufficient range of projection angles. This means stepwise rotation of the sample itself at a fixed source emission angle. Ac
cording to the Shannon-Nyquist sampling theorem, the minimum
number of projection angles P should be greater than 2π ⋅R, with R the
number of measurement rays, i.e. the number of detectors. Since there
are 60 detectors, that’s a minimum of 95 projections. For added safety in
avoiding artifacts more projections were used: 360 equally-spaced po
sitions in steps of 1◦ from 0◦ to 359◦ . Exposure times per projection and
quantity of projections were chosen to be a balance between total
measurement time and image quality. The exposure time was adapted to
each trolley position to compensate for the angular dependency of the
neutron flux provided by the D-D generator, in order to keep counting
statistics roughly constant and such that a minimum of 500 counts per
detector and measurement was maintained for all cases.
Two different sample sets were investigated with the CT apparatus.
Material decomposition was applied to each set in individual regions of
interest. The elemental contents of both samples were well known,
which could be compared with the results of the material decomposi
tion. Sample Set 1 consisted of a block of solid high-density polyethylene
(C2H4), one cylinder of powder sugar (C12H22O11) and one cylinder of
liquid deionized water (H2O). The cylindric containers were thin-walled
tubes made of polypropylene. Sample Set 2 consisted of two solid blocks,
one of aluminum (Al) and one of beryllia (BeO). A dimensioned drawing
of each sample set is shown respectively in Fig. 5a and b. On these fig
ures, the regions of interest (ROIs) are also defined.
The data acquisition over the range of projection angles was repeated
at several trolley positions (i.e. neutron spectra) that were selected to
match some of the most relevant cross-section structures with the
intention of enhancing the elemental contrast: 0, 40, 60, 90, and 115◦ .
The corresponding structures are highlighted in Fig. 6a and b. There, the
curves shown are the results of weighting the discrete macroscopic
cross-section data of the sample (taken from literature) with the
modelled neutron spectrum at each angle. Literature data was used for
that purpose instead of experimental calibration data because the former
is available in far greater detail, allowing better visibility of the peaks
and valleys in the curves. More details about this process are available in
(Soubelet et al. Prasser). About 8 h of measurements were needed at
each angular position for a given sample. This includes the measure
ments with the sample in the field of view of the detectors, another
without the sample, and finally one with the blinding cone. It should be
noted that it would be desirable to measure at more trolley positions, but
due to time constraints and neutron source availability, it was not
possible to collect more data.

2.2. Measurement method
The measurement methodology introduced in Section 3 was
expanded with the addition of scattering correction based on a so-called
“blinding cone” measurement (also referred in other works as “shadow
cone” (Zboray et al., 2017)) which was performed along with the two
previously mentioned object and flat field measurements, meaning a
total of three datasets for each emission direction and projection angle
(although only the object images change with projection angle). For the
“blinding cone”, a very thick piece of polyethylene was used which
effectively reduces the direct beam contribution to a negligible amount,
meaning the remaining counts are almost entirely due to the parasitic
scattering of the neutrons with the environment (floor, walls, nearby
equipment, etc.). This unwanted count rate IBC,j should be subtracted
from the other measurements in order to cancel out this effect. For all
measured values, the count rate was also calculated relative to a refer
ence detector which never moves, and gives a count rate proportional to
the total neutron emission rate. This is done in order to correct for
fluctuations in the source output over time. The experimental macro
scopic cross-section Σmeas,j is then given by Equation (4).
(
)
Iτ,j − IBC , j
Σmeas,j = ln
(4)
Iemp,j − IBC,j
A secondary scattering correction is in theory needed (Soubelet et al.
Prasser) as the sample itself might induce some scattering. However, in
the case of an uncharacterized sample, it is not possible to a priori model
with a Monte Carlo code the amount of scattering generated by the
sample, since its nature is not yet known. In the particular cases studied

2.3. Data processing and CT image reconstruction
Before any aggregation, it is necessary to preprocess the three values
acquired for each combination of emission direction, projection angle,
and detector: Iτ,j, Iemp,j, and IBC,j. Typically four specific detectors were
found to produce faulty data due to spurious counts. The count rates of
fauly detectors were discarded and replaced by values obtained with a
piecewise cubic hermite interpolation using the count values of the
neighbor detectors. All data from one source emission angle (i.e, with
the full set of detectors and projection angles) was aggregated to pro
duce a sinogram by applying Equation (4).
Some further rectification of the sinogram was needed for robustness
of the analysis. Because for some pixels the logarithm calculation lead to
complex values (coming from a negative term if noise in the blinding
cone counts measurement results in a value greater than a flat field or
object counts value) only the real part of such results were kept for
further analysis, as the reconstruction algorithm used generally does not

Fig. 1. Theoretical neutron energy depending on its angle of emission for an
incoming deuteron acceleration of 50, 100, 150, and 200 kV. Reproduced from
(Soubelet et al., 2019). These idealized distributions do not take into account
the slowing down of the deuterons in the target before they undergo fusion, as
mentioned in Section 3, where a solution to these non-ideal neutron spectra is
also given.
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Fig. 2. Computer visualization of the CT measurement setup. The yellow arrows show how the trolley moves on the circular track. The orange arrow shows how the
sample is circularly rotated in order to capture the different CT projections. The dashed red arrow represents the 0◦ forward direction. The solid red arrow points in
the direction of emission aligned with the sample, at an angle θ with respect to the forward direction. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 3. Simplified top view of the CT measurement setup. The critical components are identified, as well as some of the neutron emission directions.
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Fig. 4. Photograph of the CT measurement setup.

Fig. 5. The two sample sets used for CT imaging. The dimensions are given in millimeters.

Fig. 6. Effective microscopic and macroscopic cross-sections data for the elements and samples of interest as a function of the emission angle, spectrum-weighted
according to a model of the source emission. The solid vertical magenta lines indicate where the measurements were done.
5
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accept complex values. The sinogram was then median filtered based on
a window of ten pixels (for each set of data corresponding to one
emission angle and one projection angle).
To avoid CT reconstruction artifacts due to non-ideal alignment of
the setup (i.e., object not exactly in the center of the detector array) it
was necessary to shift the sinogram data.. This was applied on a subpixel basis, interpolating as necessary. In order to find the optimum
shift, a sensitivity study was carried out on the comparison between the
projections at 0◦ and 180◦ . Ideally, for a parallel beam CT arrangement,
at 180◦ the CT projection is the mirrored version of the one at 0◦ . Even
though the current setup is in a fan beam mode, which causes slight
distortion to this 0◦ versus 180◦ similarity, it was anyway considered a
good enough approximation. The shift was selected such that the dif
ference between the 0◦ and mirrored 180◦ projection data was mini
mized. This resulted in a 0.8 pixel shift for Sample Set 1 and a 0.5 pixel
shift for Sample Set 2.
Since the two sample sets are well-characterized in terms of their
composition, it was possible to predict in advance their macroscopic
cross-section according to published library data. Preliminary mea
surements showed a non-negligible discrepancy between the measured
macroscopic cross-section reference dataset and the expected one ac
cording to cross-section libraries. It was established that a further
correction was needed so that the experimental cross-section data would
match this estimate. A correction was applied to the scattering compo
nent IBC in order to reduce this discrepancy. This was done by multi
plying it with a constant factor aBC to artificially increase its prominence
in the calculation, transforming Equation (4) into Equation (5). A
sensitivity study on this factor aBC was carried out, and its results are
shown in Fig. 7. On this figure, the average least square error between
expected macroscopic correction (from the models) and the measured
one (including the above-mentioned correction) is shown. From this
study, the factor aBC = 1.5 produced the best agreement. Physically, this
correction is based on the assumption that the original blinding cone
measurement fails to capture the scattered component in its entirety. A
large blinding cone structure was used because this was necessary in
order to cover the rather large detector array. It might be that a signif
icant part of the scattered flux is influenced by this blinding cone (not
only the direct flux) causing the blinding cone measurement to need this

correction. It was not attempted to estimate this effect with a simulation
because the very intricate surroundings of the detector arc, filled with
many small components, would be laborious to accurately reproduce
with a Monte Carlo code.
Once the sinogram data has been prepared, a CT reconstruction al
gorithm can be used. The most commonly used method, the filtered
back-projection (FBP) (Kak and Slaney, 2001), is relatively inexpensive
in computing time. One option for filtering is the “Hann” filter which is
frequently applied when data are relatively noisy, as is the case here, and
is therefore used in the frame of this work. An alternative reconstruction
algorithm, the Simultaneous Algebraic Reconstruction Technique
(SART) (Andersen and Kak, 1984) was also tested. The current case is
well-defined with many CT projections available evenly spaced between
0◦ and 360◦ . Therefore, the FBP algorithm already gives good results and
the preliminary SART results did not bring any noticeable improve
ments. They are not presented here. Use of such algebraic algorithms
other than the FBP, however, would provide a viable alternative in cases
where the FBP algorithm cannot be applied. Typical limiting cases
include when a limited range of projection angles is available or when
there is irregular detector spacing. A pixel size of 0.252 cm was used in
the reconstruction process because this is comparable to what the system
is capable of resolving (Adams et al., 2016). The reconstructed CT image
data were then scaled to give attenuation values in units of cm− 1.
3. Imaging results and material decomposition
3.1. Sample set 1
The results of all the CT measurements are displayed for Sample Set 1
at 0, 40, 60, 90, and 115◦ in Fig. 8a–e. Since the sample ROIs are known
to be homogeneous, the median grayscale value was computed over
each ROI, as defined in Fig. 5a and b. Each pixel could be considered
individually, but taking the median of the ROI instead allows significant
reduction of the stochastic variation from one pixel to the next. The
values are summarized in Table 1 and compared to the calibration
macroscopic cross-section data from (Soubelet et al. Prasser) in Fig. 9.
The material decomposition, described by Equation (3), was then
performed. The vector Σmeas contains the median values of the macro
scopic cross-section of the different ROIs, calculated using Equation (5).
The matrix σ contains the microscopic data obtained from the calibra
tion (Soubelet et al. Prasser). In essence, well-characterized reference
samples were used to isolate the spectrum-averaged microscopic crosssection of nineteen nuclides, among those were the ones of interest
here: hydrogen, carbon, and oxygen.
Given that CT data were collected only for five emission angles, a
unique solution of the linear system of equations can be found only if
there are a maximum of five unknowns, i.e. an assumption that the
sample consists of up to five different elements, with proportions vary
ing spatially. Because of the relatively sparse and noisy dataset, reliable
results could not be obtained using the full five unknowns. With longer
measuring times at each emission angle and/or with more measurement
angles, solving for five elements might have been more robust, but time
constraints and source availability prevented this from being explored in
the current study. In order to anyway investigate the basic feasibility of
the method using a CT dataset, the number of unknowns was thereafter
reduced to three, namely carbon, hydrogen, and oxygen for this sample
set. In this frame, the solver yielded very encouraging results, as shown
in Fig. 10a and b. The water (ROI1) and sugar (ROI2) are reasonably
well reconstructed through the material decomposition process. On the
other hand, the high-density polyethylene (ROI3) gives nonsensical re
sults. This can be explained because, as shown in Fig. 6b and a, there are
very few cross-section structures available and the solver struggled to
differentiate one nuclide from the other. As highlighted in 3, it means
that the equations of the system are not sufficiently linearly independent
relative to the stochastic noise and/or other systematic uncertainties.

Fig. 7. Sensitivity study on the scattering component factor. A factor of 1.5
gave the smallest discrepancy between expected and measured (including
correction) macroscopic data. The least square study was computed over all the
available trolley positions.
)
(
Iτ − aBC ⋅IBC
Σmeas,j = ln
(5)
Iemp − aBC ⋅IBC
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Fig. 8. Reconstruction of the CT of Sample Set 1 at 0, 40, 60, 90 and 115◦ with the FBP reconstruction algorithm.

3.2. Sample set 2

Table 1
Sample Set 1 - Median grayscale values (cm− 1).
ROI

0◦

40◦

60◦

90◦

115◦

1
2
3

0.193
0.159
0.277

0.195
0.158
0.263

0.198
0.153
0.243

0.199
0.162
0.275

0.166
0.153
0.345

The results for Sample Set 2 at 0, 40, 60, 90, and 115◦ follow in
Fig. 11a–e. The median value for each ROI was computed and is sum
marized in the corresponding Table 2 and compared to the calibration
macroscopic cross-section data from (Soubelet et al. Prasser) in Fig. 12.
The same material decomposition process described in Section 5.1
7
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Fig. 9. Comparison for Sample Set 1 of the ROIs median grayscale value and the macroscopic cross-section from the calibration (Soubelet et al. Prasser).

Fig. 10. Atomic concentrations of carbon, hydrogen, and oxygen for the three regions of interest of Sample Set 1, according to the theory and from the solution of the
material decomposition linear systems.

was also performed for Sample Set 2. As before and for the same reasons,
the number of unknowns was reduced from the theoretical maximum of
five to a more overdetermined number. Specifically, in this case, the
three elements known to be present: aluminium, beryllium, and oxygen.
The results are available in Fig. 13a and b. The results are very good for
both ROIs, significantly better than for Sample Set 1. This was an ex
pected result considering that the cross-section features are significantly
larger for Sample Set 2, as shown in Fig. 6b and a, making it easier for the
solver to discriminate the elements.

over regions of interest to reduce counting statistic fluctuations. It
should also be highlighted that only three unknowns were introduced in
each problem to be solved, making it easier for the solver to find a
physical solution. Using more unknowns resulted in problematic results.
To preserve the robustness of the approach with more unknowns, more
trolley positions corresponding to unique cross-sections structures are
needed. In other words, if a larger quantity of elements must be distin
guished within a sample, then correspondingly larger numbers of mea
surements positions are needed.
These promising results showed that energy-selective fast neutron
tomography is an innovative tool with strong potential to get quanti
tative elemental information about uncharacterized samples, in ways
that more common established techniques are not capable. Low neutron
output of the generator and limited measurement time restricted the
number of different emission energy spectra which were used to inter
rogate the samples used in this study. These limitations could be reduced
in the future in several ways, most notably an increase in neutron
output. Ongoing upgrades to the neutron generator are expected to bring
the output approximately one order of magnitude higher, with higher
beam currents and higher acceleration voltages, which will corre
spondingly reduce measurement time and enable more detailed explo
ration of this technique. Improved neutron detection technology, mainly
focused on the spatial resolution of the setup which can be achieved,
could also allow study of samples with more finely resolved structures.

4. Conclusion and outlook
This publication was focused on the scaling up from 0D to 2D the
energy-selective material decomposition method using fast neutrons as
introduced in (Soubelet et al., 2019). CT data of two heterogeneous
samples were obtained with a fan-beam array of neutron detectors. From
the CT data acquired at five different trolley positions, cross-sectional
images were reconstructed using the FBP CT algorithm. The material
decomposition technique presented in Section 3 and based on reference
data from (Soubelet et al. Prasser) was then applied to the median of
several ROIs defined for each sample. Although data was only generated
for a small number of few emission angles, very promising results were
obtained for most of the selected phantoms. The samples were selected
to be simple in shape and composition so that the data could be averaged
8
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Fig. 11. Reconstruction of the CT of Sample Set 2 at 0, 40, 60, 90 and 115◦ with the FBP reconstruction algorithm.

The current detector array was optimized more for efficiency than for
fine resolution in order to utilize the few neutrons available as effec
tively as possible. With detector improvements, ideally both higher ef
ficiency and finer resolution could be achieved, something not currently
available. With the existing detector design, though, a scaled-up tomo
graphic arc and improved neutron output could broaden applicability to

Table 2
Sample Set 2 - Median grayscale values.
ROI

0◦

40◦

60◦

90◦

115◦

1
2

0.347
0.193

0.284
0.174

0.266
0.201

0.224
0.150

0.188
0.164
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Fig. 12. Comparison for Sample Set 2 of the ROIs median grayscale value and the macroscopic cross-section from the calibration of Section (Soubelet et al. Prasser).

Fig. 13. Atomic concentrations of aluminium, beryllium, and oxygen for the three regions of interest of Sample Set 2, according to the theory and from the solution of
the material decomposition linear systems.

larger samples. If it becomes possible to obtain sufficient statistics on the
order of a few seconds per CT projection, or a few minutes per complete
CT measurement, energy-selective fast neutron imaging would be more
practically applicable not only in research, but in applied domains like
explosive and drug detection, industrial oil/water mix cases, and many
more. Further simulations on the counting statistics could also help
quantify the detectability limits of an element for given operating con
ditions, and help steer the project towards particularly attractive
applications.

interests or personal relationships that could have appeared to influence
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