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The effect of sapphire and bismuth single-crystal filters and their combinations on the quality of neutron
radiographic images and neutron tomography data has been studied. The parameters of the contrast
of the neutron image were analyzed depending on the monocrystalline filters. Neutron transmission
spectra were obtained for sapphire and bismuth single crystals. Additionally, the effect of filters on
the overall intensity of the thermal neutron beam and the background of gamma-rays was investigated.
Based on the obtained data, we assume that a single-crystal sapphire filter can be most effectively used
for radiographic and tomographic installations using thermal neutrons.
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Introduction

In recent decades, there has been a growing interest in the development, design,
and parameters optimization of neutron radiography and tomography facilities
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in the world’s neutron centers. Firstly, neutron imaging is a powerful non-
destructive testing technique [1, 2]. The difference in the nature of the interaction
of neutrons with a matter in comparison with X-rays gives additional advantages
to neutron methods, including sensitivity to light elements and isotopes, the
difference in contrast between neighboring elements, and deep penetration into
bulk objects. All these features make neutron radiography and tomography
highly demanded tools with a growing range of applications in nuclear industry
[3], building materials [4, 5], lithium-ion batteries [6], geophysics [7], paleontology
and archaeology [8], and other various fields. On the other hand, the relative
budget and simplicity of implementation of the neutron radiography method on
various types of neutron sources lead to the development of neutron imaging
facilities as a project of the first stage realization at the different neutron centers
[9, 10]. In this context, the steady trend of the development of neutron imaging
instrumentation on reconstructed or updated nuclear reactors should be noted.
As an example, the new well-advanced neutron imaging facilities on the IR-8
reactor (Moscow, Russia) [11], BRR reactor (Budapest, Hungary) [12], WWR-K
research reactor (Almaty, Republic of Kazakhstan) [13, 14], LVR-15 reactor (Rez,
Czech republic) [15], NCNR reactor (Gaithersburg, USA) [16] and IBR-2 high-flux
pulsed reactor (Dubna, Russia) [17, 18] are being put into operation. One of
the features of these neutron facilities is using a collimator system that forms
a neutron beam for radiography and tomography experiments. In comparison
with modern advanced neutron imaging facilities with curved neutron guides
[19-22], the direct-of-sight collimator system provides a neutron beam with a high
admixture of fast neutrons as well as gamma rays. This causes rapid degradation
of the CCD-chip of camera and electronics of the detector system and irradiation
of other facility components. The use of single-crystal neutron filters is the
simplest and relatively cheap solution to reduce the concomitant unwanted
radiations of the neutron beam. Several computational and experimental works
are devoted to the problem of optimization and choosing of single-crystal filters
[23, 24], like silicon [25], quartz [26], sapphire [27-29], bismuth [30], and lead [31].
However, there is a lack of experimental data on the performance or efficiency of
neutron filters concerning the neutron imaging data. In our work, we present the
results of measurements of an effect of sapphire and bismuth single-crystal filters
on the quality of neutron imaging data.

Experimental part

The description of the single-crystal neutron filters

Several single-crystal sapphire and bismuth samples were selected for measure-
ments, the real photo of which is shown in Figure 1. The sizes of cylindrical
sapphire and parallelepiped bismuth filters are listed in Table 1. In all experimen-
tal measurements, the crystallographic axis (111) of bismuth and sapphire single
crystals was parallel to the direction of the incident neutron beam.



Eurasian Journal of Physics and Functional Materials, Vol.5(4). 171

Table 1.
Size of the neutron filters
Filter material Sapphire Bismuth Bismuth
Size 50x100 mm 60x60x20 mm 60x68%x30 mm

Sapphire

~ Bismuth-30 mm

Bismuth-20mm

50 mm

o

Figure 1. The photography of the single-crystal filters used in the neutron imaging experiments.

For neutron imaging experiments, we used both separate fragments of each
single-crystal filter and their combinations, which description and labeling, used
below, is given in the Table 2. With the aim of simplicity of implementation or
modification of the neutron filter block and their easy replacement, all experi-
ments were carried out at room temperature.

Table 2.
The labeling of the filter configuration used in the neutron measurements.
Label Filter configuration
1 without a filter
2 Bismuth, thickness=20 mm
3 Bismuth, thickness=30 mm
4 Bismuth, thickness=50 mm
5 Sapphire, thickness=100 mm
6 Sapphire + Bismuth, thickness=20 mm
7 Sapphire + Bismuth, thickness=30 mm

Neutron radiography and tomography measurements

The experiments were performed at the neutron radiography and tomography
facility NRT placed on beamline 14 of the IBR-2 high-flux pulsed reactor [17, 18].
The incident thermal neutron beam has a spectral distribution maximum of 1.8
Aand covers wavelength range from 0.2 to 8 A. The neutron flux at the sample
position is ~ 5.5(2)x 10® n/cm? /s. The distance from the moderator (light
water, 300 K) to the detector system of the setup is 23.5 m, and the collimation
parameter was the same in all experiments L/D = 380. The main components
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of the experimental setup NRT are shown in Figure 2. In our measurements,
we used the CCD-camera based detector system with the chip HAMAMATSU
512101 and LiF/ZnS:Ag scintillation screen with a thickness of 100 pm. The
average neutron image was formed by the summing of five separate images
using a Z-projection median filter [32]. The imaging data were corrected by the
dark current image and normalized to the image of the incident neutron beam
using the Image] software [33]. The test neutron tomography experiments were
performed using the system by rotating the sample through 180° and with a step
of 0.5°. 360 neutron radiographic images for the different angular position of the
test sample relative to the neutron beam direction was used for the tomography
reconstruction procedure, which was performed by the SYRMEP Tomo Project
software [34].

Figure 2.Layout of neutron radiography and tomography instrument NRT of IBR-2 pulsed reactor: 1 - position for
neutron filter block, 2 — evacuated flight tube, 3 — biological shielding, 4 — sample rotating stage and detector system
position.

The quality of neutron radiographic images was characterized through several
standard parameters [35]. These are the spatial resolution, signal-noise ratio
(SNR) and the contrast of radiographic images [36]. In neutron radiography, a
plane-parallel beam from a source is used, which is created by a slit of a finite size,
the spatial resolution of the image mainly depends on the collimation of the beam
or the L/D ratio. The use of filters does not particularly affect the collimation
of the beam, and therefore the geometric blur. The SNR of a neutron image
mainly depends on the number of neutrons or statistics. In our experiments, the
same exposure time was set to obtain a neutron image. Therefore, this means
that different intensities of neutrons fall on the detector. This makes it difficult
to compare the efficiency of neutron filters. Due to the above reasons, in this
work, changes in SNR parameters and spatial resolution were not considered.
We evaluated the effect of additional filters on the contrast parameter, which
significantly affects the quality of neutron radiography and tomography images.
Image contrast is the appearance of a difference in a grayscale of the resulting
image between closely spaced materials with different attenuation coefficients.
The contrast parameter was defined as follows:

I, — 1
Contrast = —*—% (1)
If + 1)

where [, and I, are the intensities of the image pixels corresponded to different
materials or densities of the tested objects. The neutron attenuation coefficient u
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for studied samples is determined by the Beer-Lambert formula:

(= —1n<f—;> @)

where I, is the initial intensity the beam, I; is the transmitted intensity.

The measurements of neutron transmission spectra

The neutron transmission spectra corresponding to different single-crystal filters
were measured using the DN-6 diffractometer at the IBR-2 pulsed reactor [37].
The neutron scattering patterns of the vanadium sample with a volume of 75
mm? were measured by the time-of-flight mode at fixed scattering angle of 26 =
90° with an exposure time of 15 min. Single crystals of filters were placed in front
of the vanadium sample at a distance of 1.2 m. The obtained neutron spectra
were normalized to the initial vanadium spectrum.

Results and discussions

Neutron transmission spectra

The obtained neutron transmission spectra of different single-crystal filters are
shown in Figure 3. For the single-crystal sapphire filter, a sharp increase in
the neutron transmission curve from 53% to 80% is observed in the range of
the neutron wavelengths of 0.8-2 A. For the cold neutrons region 3.2 A-8 A,
a monotonic decrease in the sapphire transmission curve from 78% to 58% is
observed. The neutron transmission spectra of the single-crystal bismuth filters
of different thickness of 20 mm and 50 mm are shown in Figure 3. A rather
smooth neutron transmission spectrum is observed, and the transmission level
is 93-98% for the neutron wavelength range 4-8 A. With an increase of bismuth
thickness to 50 mm, some decrease in the intensity of transmitted neutrons occurs.
In the range of short wavelengths neutrons from 1 to 4 A, several dips on the
transmission curve appear due to losses caused by diffraction scattering with the
mosaicity of a bismuth crystal with a thickness of 30 mm.

The next step was to study the effect of filters on the attenuation of the
thermal neutron beam intensity and gamma-ray background was investigated.
The intensity of thermal neutrons was estimated by the intensity value of the
image pixels of an empty open beam with various filter configurations (see Table
1) were obtained by a detector based on a scintillation screen and a CCD camera.
A comparative diagram of the decrease in the total intensity of thermal neutrons
and the background of gamma rays for various filter configurations is shown in
Figure 4.

As can be seen from the diagram, the use of filters reduces the overall intensity
of the neutron beam, for example, up to 2.5 times for filter configuration 4 with
a 50 mm bismuth filter and up to 3 times for configuration 7. It is interesting
to note that the gamma background level of the open beam also decreases with
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Figure 3. Neutron transmission spectra from different single-crystal filters: (red) sapphire with a thickness of 100 mm,
(blue) bismuth with a thickness of 20 mm, (yellow) bismuth with a thickness of 50 mm.
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Figure 4. Comparative diagram of changes in the attenuation of the intensity of thermal neutrons and gamma-ray
background depending on the different configurations of filters. The relative values are given normalized to the data
for configuration 1 without a filter.

adding filters. Despite the fact that the bismuth filter is the main filter for gamma-
ray suppression, the sapphire filter contributes more to the improvement of the
background state near the detector system and the experimental facility as a
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whole. This indicates that initially the neutron flux from the reactor moderator
is not fully thermalized and fast neutrons predominate in the beam in large
quantities. Then fast neutrons hitting the protective elements and the collimator
system of the facility enter into reactions and, as a result, create an undesirable
background from gamma rays. When using a sapphire filter (configuration 5),
a 6.8-fold decrease in gamma rays is observed, while the intensity of thermal
neutrons decreases by only 40% or 1.6 times. The combination of bismuth
tilters with a sapphire filter (configuration 6 and 7) improves the radiation state
insignificantly and gives a decrease in the gamma background by 7.2 and 8.1
times, respectively.

Contrast study at the neutron radiography experiments

In this part of the work, the change in contrast parameters in neutron images
obtained using various filters was investigated. We had selected several model
test objects from different materials with different neutron attenuation coefficients
to compare the observed effect for high-, moderate- and low-neutron-attenuated
materials. There are four metal cylinders with a diameter of 13.5 mm (Figure
5a). The materials for cylinders were lead, aluminum, copper and iron. To
reduce the effect of scattered neutrons, in all measurements the sample was
located at a distance of 4.8 cm from the detector. The example of the neutron
radiography image of tested metal objects is shown in Figure 5b. The yellow and
red rectangles label the selection areas used to calculate the contrast parameter
in the experimental tests. The signal intensity was determined for a rectangular
area of 20*4 mm? in the central part of cylindrical samples (colored yellow in
Figure 5), and the standard deviation was determined for an area of 20 -4 mm?
near these samples (colored red in Figure 5).

e Pb Al 0

Pb Al Cu Fe

Figure 5. Photo (a) and neutron radiography image (b) of the cylindrical samples of lead, aluminum, copper and iron.
The yellow and red rectangles (with dimension 20 - 4 mm? ) label the selection areas used to calculate the contrast
parameters in the experimental tests.

An average value of attenuation coefficients and contrast parameters for var-
ious metallic materials depending on filter configuration is shown in Table 3.
For tested materials with a low attenuation coefficient, like aluminum, inserting
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filters on the beam improves the attenuation coefficients and the contrast param-
eter, but all changes are at the statistical error level. For a lead sample, a high
attenuation coefficient appears only in configuration 1, when there is no filter. In
other configurations, the values of the attenuation coefficients and the contrast
parameters decrease, due to the fact that the filtered beam reduces a large fraction
of gamma rays. At the same time, for iron and copper samples, an improvement
in these parameters is observed for all filters used. This is due to an additional
attenuation of the intensity of fast neutrons and gamma-rays of the beam by
filtering materials. The maximum attenuation and contrast coefficients for lead
and copper samples correspond to configuration 6, which used a combination of
sapphire and bismuth filters. As an illustration, Figure 6 shows a comparative
graph of the change in the value of the neutron attenuation coefficients for the
iron sample at various configurations.

Table 3.

The average values of the p attenuation coefficients and C contrast parameters of
radiographic images for metal samples depending on the different configurations
of filterss.

Sample Pb Al Cu Fe
Label I, C u C U C i C

1 0.268 | 0.193 | 0.072 | 0.0606 | 0.702 | 0.456 | 0.801 | 0.506
2 0.259 | 0.187 | 0.073 | 0.0613 | 0.723 | 0.466 | 0.826 | 0.516
3 0.254 | 0.183 | 0.074 | 0.0608 | 0.734 | 0.472 | 0.830 | 0.519
4 0.252 | 0.178 | 0.079 | 0.0602 | 0.752 | 0.479 | 0.852 | 0.526
5 0.259 | 0.186 | 0.077 | 0.0610 | 0.759 | 0.484 | 0.878 | 0.543
6 0.258 | 0.182 | 0.080 | 0.0613 | 0.787 | 0.495 | 0.906 | 0.554
7 0.248 | 0.177 | 0.078 | 0.0612 | 0.786 | 0.495 | 0.903 | 0.549

Contrast study at the neutron radiography experiments

The effects from the filters and their configurations on neutron tomography
data were studied using a test object (Figure 7a) similar to the corresponding
one from the PSI NIQA samples kit [38]. It is an aluminum cylinder with
six inserts of different materials. There are copper, lead, aluminum, nickel-
silver alloys, iron and empty hole. This test sample is designed to test the
ability to qualitatively determine the contrast parameters and neutron attenuation
coefficients for various materials using tomography processes. The neutron
tomography contrast parameter was obtained by averaging the voxel values
over the entire volume of the cylindrical inserts (Figure 7b). For the contrast
parameters calculation using Eq. (1), several regions of interest (ROI) of the
tomography slice were chosen (Figure 7c). The obtained contrast parameters were
presented in comparison to corresponding parameter of the aluminum material.
To measure the value of the signal I, a circular region of interest was selected,
which includes most of it while avoiding the edges. The attenuation coefficient
of the aluminum cylinder was chosen as the values of the adjacent region ( I ),
which was measured as the average value of the intensity of the voxels in four
square regions of interest located near the circular region I, .
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Figure 6. Comparative graph of the change in the value of the neutron attenuation coefficients for the iron sample at
various configurations.

Figure 7. Photo (a) and the slice (b) of the 3D model reconstructed from the tomography data of a model cylindrical
sample. The example of circular ROIs (c) corresponding to I, and I, for the contrast parameters calculations using
Eq.1. The corresponding parameter Ia is the average number of the pixels of the circular region A (red label), the
intensity Ib corresponds the average number of the pixels of restricted area labeled by yellow circle.

Attenuation coefficient and contrast values calculated from neutron tomogra-
phy data for metal rods using various filter configurations are shown in Table
4. As can be seen from the table, for metals with a high attenuation coefficient
(copper, iron and nickel-silver alloy), an increase in the contrast parameter is
observed with an increase in the attenuation coefficient when filters are added.
At the same time, the opposite effect is observed for a lead sample, the values of
both parameters decrease with the addition of filters. High values of the observed
parameters are achieved only in configuration 1, when there is no filter in the
beam. The contrast parameter between aluminium and voids (air) is maximum
in configuration 6, but the changes in the attenuation coefficient are practically
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insignificant. Compared to the others, the configuration of filter 6 gives a notice-
able increase in the parameter for all materials except lead. As can be seen from
the data, the combination of sapphire and bismuth filter provides an increase in
the neutron attenuation coefficient on average by 14-22%, while the same filter
increases the contrast between aluminium and metal inserts by about 3-6%.

Table 4.
The average values of the contrast parameters and neutron attenuation coefficients
calculated from tomographic data of the test sample with different metal rods for
different configurations of filters.

Sample Pb Ni-Ag Cu Fe Air

Label | Y C U C 1 C U C U C

1 0.270 | 0.505 | 0.673 | 0.766 | 0.661 | 0.763 | 0.808 | 0.801 | 0.016 | 0.688
4 0.254 | 0.480 | 0.733 | 0.783 | 0.724 | 0.780 | 0.864 | 0.813 | 0.018 | 0.661
5 0.262 | 0.495 | 0.736 | 0.785 | 0.720 | 0.780 | 0.880 | 0.817 | 0.016 | 0.687
6 0.262 | 0.492 | 0.827 | 0.805 | 0.790 | 0.797 | 0.8936 | 0.832 | 0.014 | 0.713

The choice of filter material for thermal neutron beams depends on many
factors: the distance between source and detector, the location of the beams, and
the type of unwanted radiation (gamma-rays or fast neutrons). For fast neutron
suppression, a sapphire filter may be the preferred option, a bismuth filter for the
gamma-ray component, and a combination of bismuth and sapphire filters for
both. In most cases, a sapphire filter (10-15 cm thick) can be effectively used for
most neutron radiography and tomography stations as a cheaper option than a
single crystal bismuth filter. Based on our data, it can be argued that single-crystal
sapphire is more preferable as a neutron filter for use on a thermal neutron beam
where short wavelength neutrons prevail. In addition, the effect of attenuation
of gamma radiation when using a sapphire filter is observed, which makes it
possible to reduce the background of secondary gamma-rays appearing when fast
neutrons interact with the radiation-protective elements of the experimental setup.
Furthermore, as shown by our measurements, after the main sapphire filter, a
thin filter for gamma-rays such as bismuth can be added which improves the
quality of radiographic and tomographic images. The additional 20 mm thickness
of bismuth is sufficient to suppress the low energy gamma-rays that appear after
fast neutron scattering with sapphire. Consequently, the combination of sapphire
with an additional thin bismuth filter can improve the contrast of the image,
as well as increase the neutron attenuation coefficient for good identification of
materials in tomographic measurements.

Conclusion

In our work, we investigated the effects of single-crystal sapphire and bismuth
filters, as well as their configurations, on the quality of neutron imaging data,
including radiography and tomography. The neutron transmission spectra of
these filters were obtained. Their influence on the quality parameters of neutron-
radiographic images and tomographic data has been studied in detail. In most
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cases, a sapphire filter can be effectively used for most neutron radiography
and tomography stations as a cheaper option than a single crystal bismuth filter.
It should also be noted that sapphire filters can be used to improve radiation
conditions at experimental stations located on radial channels and to increase the
life of the detector system, as well as to improve the quality of neutron imaging
data.
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