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ABSTRACT

In this work, a comparison of six neutron beams was carried out using the MCNPX Monte Carlo code
for thermal neutron radiography purposes. The necessary neutrons produced via the “Li(p,n) reaction for
1 mA proton beam with energies 2.3, 2.5, 3, 4, 4.5, and 5 MeV. The design of the facility was governed
from the purpose to achieve the maximum thermal neutron flux in the position of the investigated object.
An extensive number of simulations were realized for every source under different conditions. The
higher energy of proton beam provides higher intensity for the neutron source but at the same time, the
produced spectrum shifted to the fast neutron area. Protons with energies from 2.3 to 3 MeV are more
suitable when the thermal neutron content is the main issue of the facility design. Neutrons produced by
proton beam in the energy range of 4-5 MeV provide higher thermal neutron fluxes at the cost of the
thermal neutron content. The final choice is a compromise, between the thermal neutron content that can

be tolerated, in combination with a workable thermal neutron flux.

doi: 10.5829/ije.2020.33.11b.12

1. INTRODUCTION

Radiography without a doubt is the most widespread non-
destructive testing (NDT) in human history. Radiography
today uses not only gamma or X -rays but also electrons,
protons, and neutrons. Neutron radiography (NR) is
maybe the most interesting case because neutron seems
to be a complementary method compared to the powerful
and most commonly used X-ray imaging. X-rays (and
gamma rays) can penetrate effortlessly through light
materials but cannot pass dense materials. Neutrons on
the contrary direction easily penetrate even the dense
metals, conversely attenuate strongly through some light
elements such as hydrogen, boron, or lithium. The
thermal neutrons range is the most interest for NR
because in this range the neutrons have higher cross-
sections and their detection is more efficient. Compared
to the X-ray radiography thermal NR facilities are rather
rare. The reason for this is the lack of high-intensity
sources [1-3].
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According to many previous works to increase not
only the thermal NR units but also many other facilities,
there is a need for non-reactor high-intensity neutron
sources [3-6]. Accelerators although are not "low-
priced" but have a considerably lower cost than nuclear
reactors or spallation neutron sources, and seem like the
most suitable solution. Proton, electrons, deuterium, and
tritium accelerators on heavy or light materials target
have been proposed; however, based on the results the
"Li(p,n) reaction is the best solution both for thermal and
epithermal neutrons beams because offer both soft
spectrum and high-intensity neutron yield. Neutrons via
"Li(p,n) reaction can be used for thermal NR, for Boron
Neutron Capture Therapy, for medical isotope
production, for physics cross-section experiments, and
for the development of a quasi monoenergetic neutron
beam [7-9].

However, the Li(p,n) reaction requires special
attention because the lithium metal has poor mechanical
and chemical properties. In addition, based on the fact
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that has a rather low melting temperature (=180°C) is
necessary for the presence of an appropriate cooling
system. Previous works from Bayanov et al. have
indicated that is possible to cool a lithium target with
water using up to 10mA proton beam [10, 11]. The
energy of the protons determines the total neutron yield,
the maximum and the minimum energy of the emitted
neutrons. The increment of the energy in the protons
beam increases the neutron flux but simultaneously
provides a harder spectrum so a compromise is
necessary.

A representative unit for thermal NR based on
Deuterium-Tritium, Deuterium-Deuterium or Tritium-
Tritium neutron generators, 2%Cf, *1Am/Be isotopic
neutron sources, and proton or electron accelerators
usually on beryllium target [3, 7, 12-14]. The use of
proton accelerators in a lithium target for NR facilities is
rare. In this article, the proposed thermal NR facility
improves the only previous similar proposed system [9]
in four ways. Firstly, by using 6 different proton beam
energy; secondly, to maximize the thermal neutron flux
in the object the angle between the proton beam and the
collimator was 0°; thirdly, by using a smaller disk source
with a lower proton beam current which reduces
considerably the scattered neutrons and fourthly,
optimizing the divergent collimator dimensions. Hence,
this work aims to evaluate the performance of a thermal
NR facility based on neutrons emitted when the lithium
target bombarded by protons beams with 6 different
energies 2.3, 2.5, 3, 4, 4.5, and 5 MeV. The facility firstly
modified to maximize the flux of the thermal neutrons
and secondly the quality of the beam enhanced using a
sapphire filter. Both the design and the calculations have
been simulated with the help of the MCNPX 2.5.0 Monte
Carlo code [15, 16]. For this article, the results are based
on the use of 1 mA protons beams as a result the
presented facility does not require any special cooling
system for the lithium target [7].

2. MATERIAL AND METHODS

2. 1. Neutron Source Although there are many
articles that study and measure the neutron yield from
lithium target for different energy of proton accelerator
some discrepancies still exist [17, 18]. Theoretical the
neutron yield emitted per second into solid angle dQ
when a thick lithium target bombarded by a proton beam
can be calculated from the equation [19, 20]:
it = 190 () oys " S B 0

where i is the proton beam current in pA, g gives the
number of protons per uA, D is the atomic density of “Li,

(dcﬂ) describes the differential cross-section for the
CMS

do
"Li(p,n) reaction, E, is the proton energy, En is the energy

of the emitted neutrons in the solid angle Q and S™* (Ep)
is the inverse stopping power in lithium.

In this article 6 protons beams with energies 2.3, 2.5,
3,4, 4.5, and 5 MeV bombard thick lithium target. The
lithium target is a disk with 4 cm diameter and 100um
thickness with the intention to minimize the unwanted
flux of 478 keV y-rays [15, 16]. The spectra of the emitted
neutrons are shown in Figure 1 for proton current equal
to 1 mA. The estimated total neutron yields are
5.78x10', 8.83x10%, 1.56x10%, 3.62x10'?, 4.96x10'?,
and 6.48x10% ncm%s! for 2.3, 2.5, 3, 4, 4.5, and 5 MeV
protons beams respectively. From the spectra is obvious
that despite the relatively soft spectra more
thermalization of the beams is necessary. According to
many previous works, the best material for this purpose
is the high-density polyethylene (HD-PE) so HD-PE was
selected as a neutron moderator [3, 12].

2. 2. Collimator Design There are a number of
parameters that govern the quality of the radiography
produced by a thermal NR facility. The most important
parameter is the L/D ratio, where L is the length of the
collimator and D is the diameter of the inlet aperture. L/D
ratio is used as an indicator of the efficacy of the neutron
beam. A large L/D ratio value means better spatial
resolution but in the same time decreases the thermal
neutron flux (fw) in the investigated object so is necessary
a mutual compromise between high spatial resolution and
high fi. The part of neutrons lost due to collimation
defining by the ratio [2]:

¢ =16, (%)2 @

where @; describes neutron intensity at the entrance to the
collimator and ¢, is neutron flux at the exit of the
collimator. The spatial resolution losses can be calculated
by the geometric unsharpness ug [2]:

ug = L¢ - (LBS) (3)

where Ls expresses the neutron source to investigated
object distance and Ls is the image to object distance
(usual equal to 0.5 cm). The divergence of the neutron
beam is described by the equation [2]:

6 = tan™! (ZI—L) (4)

where 0 gives the half-angle of the beam divergence, I is
the maximum dimension of the image plane and L is the
length of the divergent collimator. Thermal neutron
content (TNC) is the number of thermal neutrons within
the neutron beam. Usually, this parameter has small
values which can be improved using fast neutrons filters.
The n/y ratio, which is the ratio of neutron intensity of the
beam versus the gamma components, is a factor that
creates noise in the radiographic image and has suggested
value > 10* ncm2mSv? [1, 2].
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Figure 1. Neutron spectra for 1ImA proton current

2. 3. Thermal Neutron Radiography Facility
The geometrical configuration of the proposed facility is
shown in Figure 2. All the presented dimensions have
chosen with a criterion to provide the maximum fi. Next
to the neutron source, there is HD-PE moderator, the
parameter a (distance between the source and convergent
collimator) is equal to 1.4 cm for the 2.3 MeV proton
beam and 1.7 cm for the others beams. The divergent
collimator has a conical shape with radii 1.5 and 1 cm
with the bigger one on the side of the source. The length
b of the divergent collimator is 10 cm for the 2.3 and 2.5
MeV protons beams, 11 cm for 3, 4, 4.5 MeV protons
beams, and 12 cm for the 5 MeV proton beam. The
divergent collimator is void but to improve the TNC
parameter can be filled with a single sapphire filter which
is an excellent fast neutron filter [21].

Next to the convergent collimator, there is a divergent
collimator with variable length (L = 50-200 cm) while
the inlet aperture (D) is 1 cm. The divergent collimator
has as lining material Boral with thickness 0.8 cm, while
borated polyethylene (PE-B) and bismuth (bi) with
thicknesses 3.2 and 1 cm were selected as filling
materials. The aperture in the side of the investigated
object (Do) has a changeable dimension (14-18 cm).
Boral and bi were also chosen as materials for the
configuration of the aperture with dimensions 0.8 and 1.2
cm correspondingly; the first prevents the stray and
scattered neutrons and the second minimizes the
unwanted gamma-rays.
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Figure 2. Geometric configuration of the simulated facility

3. RESULTS AND DISCUSSION

To evaluate and compare the 6 beams the presented
facility was simulated for a wide range of the parameters
which characterize a thermal NR unit. L/D ratio has
values from 50 to 200, divergence angle (8) varies from
1.29-4° and the geometric unsharpness diversifies from
2.5x10° up to 1x1072. In this work, the n/y ratio values
are not presented because in each simulation has a value
of at least two orders of magnitude higher than the
recommended value (10* n-cm2-mSv?). The i (with
energy 0.01-0.3 eV) was calculated with the MCNPX
code using the surface tally (F2). F2 tally calculates the
averaged neutron flux in a surface in neutrons cm= per
starting neutron. In the presented facility this surface was
placed 0.5 cm away from the divergent collimator and
has a radius equal to the aperture beside the image
detector [2].

fin and TNC parameters for every source and for the
different values of the basic parameters are shown in
Table 1. From these results, it is evident that the 2.3 MeV
proton beam offers the higher values for the TNC
parameter but the minimum fi, in each simulation. In the
opposite direction, the 5 MeV proton beam owing to the
higher neutron yield provides the higher intensities for
the fy but with the smaller TNC values. For the same
configurations, the fi, varies by a factor up to 5.43, in the
same conditions the TNC fluctuates by a factor up to
2.27. However, in every simulation, the TNC has values
less than 5.9%, which is not always practical. To
overcome this drawback, the use of a fast neutron filter is
necessary. Figures 3a-3c show the beam profile at the
image plane with and without a single sapphire filter in

TABLE 1. Thermal NR calculated parameters for the 6 beams and for different L/D values

2.3 MeV proton

2.5 MeV proton 3 MeV proton

4 MeV proton 4.5 MeV proton 5 MeV proton

L/D L DO 0 Ug fin TNC fin TNC fin TNC fin TNC i TNC fin TNC

(cm) (cm) (deg) (cm) (ncm?Z?Y) (%) (nemBY) (%) (nemZsh) (%)  (nemZst) (%)  (nem?st) (%) (nemZsT) (%)
50 50 14 400 1.00E-2 1.82E+5 585 229E+5 547 3.75E+5 525 5.98E+5 3.04 7.54E+5 2.77 9.69E+5 2.72
100 100 16 2.29 5.00E-3 4.67E+4 555 6.11E+4 540 9.95E+4 512 143E+5 269 186E+5 252 238E+5 245
150 150 18 1.71 3.33E-3 2.05e+4 537 266E+4 517 444E+4 502 654E+4 269 8.18E+4 243 1.08E+5 243
200 200 18 129 250E-3 1.14E+4 529 147E+4 504 259E+4 5,01 3.75E+4 270 4.69E+4 244 6.08E+4 2.40
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the convergent collimator for L/D = 50. The thermal
neutrons (0.01-0.3 eV) are separated in 10 groups, the
epithermal neutrons energy range (0.3 eV-0.1 Mev) are
arranged in 26 groups and the fast neutrons are divided in
11 bands. The presence of the filter reduces significantly
the fast neutrons in the cases of 2.3, 2.5, and 3 MeV
protons beams, without important consequence on the
thermal neutrons energy range.

Figures 4a-4c illustrate that for harder neutron spectra
although there is a noticeable reduction in the fast
neutrons band the quantity of them is still rather high. The
thermal energy range presents again a small decrement.
fin and TNC parameters were also calculated for each
source and each L/D ratio for 3 different thickness of the
sapphire filter. For the 2.3 MeV proton beam, the results
are listed in Table 2. The TNC parameter is nearly stable
for the same thickness of the sapphire filter and practical
independent of the L/D ratio. The TNC is about 18%,
37%, and 68% for 3, 6 and 10, cm thicknesses of the
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Figure 3. Neutron spectra at the image position for L/D=50,
a) 2.3 MeV, b) 25 MeV, c) 3 MeV protons energy
respectively
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Figure 4. Neutron spectra at the image position for L/D=50,
a) 4 MeV, b) 4.5 MeV, c) 5 MeV protons energy respectively

filter respectively. At the same time, the reduction of the
fin is about 11%, 21%, and 33%. The second beam gives
lower TNC values for the same thicknesses of the filter
with percentages in the region of 13%, 28%, and 57%
and a similar tendency for the fy (Table 3). Similar

TABLE 2. Thermal NR simulated parameters using a proton
beam with energy 2.3 MeV

Sapphire filter (cm)

L/D 3 6 10

fin TNC fin TNC fin TNC
(nem?st) (%)  (nemEY) (%) (nemZsh) (%)

50 249E+5 1855 221E+5 37.85 193E+5  67.90
100 6.38E+4 1834 5.67E+4 37.36 4.95E+4  68.27
150 2.80E+4 1794 248E+4 3717 217E+4  67.97
200 156E+4 17.80 1.39E+4 36.88 1.21E+4  67.62
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TABLE 3. Thermal NR simulated parameters using a proton
beam with energy 2.5 MeV

Sapphire filter (cm)
3 6 10

L/D

fin TNC fin TNC fin TNC
(nemZst) (%)  (nemZst) (%)  (nem?st) (%)

50 2.05E+5 1340 1.82E+5 2890 159E+5  58.13
100 5.46E+4 1343 4.86E+4 29.26 4.24E+4  58.35
150 2.38E+4 1295 2.12E+4 2855 1.85E+4  58.37
200 1.32E+4 1270 1.17E+4 28.07 1.02E+4  57.95

behavior, both for the TNC and the fu, presents and the 3
MeV proton beam. The filter with thickness 3, 6, and 11
cm reduces the fy by a factor 1.12, 1.26, and 1.48
respectively, at the same time the TNC ratio is about
12%, 28%, and 64% (Table 4).

For proton energy > 3 MeV the neutron spectra are
harder so the TNC parameter gives lower percentages
while the fi, does not have significant alteration, with a
decrement in the flux similar to the previous cases. Table
5 shows the results for the 4 MeV proton beam for 3, 6,
and 11 cm of a sapphire filter; the TNC is approximately
5%, 11%, and 27% correspondingly. In the case of 4.5
MeV proton beam (Table 6) for the same thicknesses of
the filter, the TNC values are lower compared with the 4

TABLE 4. Thermal NR simulated parameters using a proton
beam with energy 3 MeV

Sapphire filter (cm)
3 6 11

L/D

fin TNC fin TNC fin TNC
(nem3st) (%)  (nem¥Y) (%)  (nemPsTt) (%)

50 3.36E+5  13.06 299E+5 27.87 254E+5  61.77
100 8.90E+4 1294 791E+4 28.03 6.73E+4  64.19
150 397E+4 1281 353E+4 2799 3.00E+4  64.17
200 2.32E+4 1314 2.06E+4 28.80 1.75E+4  65.66

TABLE 5. Thermal NR simulated parameters using a proton
beam with energy 4 MeV

Sapphire filter (cm)
3 6 11

L/D

fin TNC fin TNC fin TNC
(ncm?t) (%) (nem?Zst) (%)  (nem?Zst) (%)

50  5.35E+5 6.37 475E+5 12.09 4.04E+5  25.76
100 1.28E+5 577 114E+5 1148 9.65E+4  27.18
150 5.85E+4 500 5.20E+4 11.68 4.42E+4  28.83
200 3.36E+4 587 298E+4 1191 254E+4  29.98

MeV proton beam (5%, 10%, and 25%). As expected the
neutrons produced by 5 MeV proton beam provide the
lower TNC values owing to the harder spectra so the
TNC for 3, 6, and 12 cm of sapphire filter has values
about 5%, 9%, and 21% respectively (Table 7).

TABLE 6. Thermal NR simulated parameters using a proton
beam with energy 4.5 MeV

Sapphire filter (cm)
3 6 11

L/D

fin TNC fin TNC fin TNC
(nem?st) (%)  (nem¥%Y) (%) (nem?Zst) (%)

50 6.74E+5 576 5.99E+5 10.90 5.10E+5  23.13
100 1.67E+5 534 148E+5 10.55 1.26E+5  24.92
150 7.31E+4 512 6.50E+4 10.16 553E+4  25.76
200 419E+4 520 3.72E+4 1045 3.17E+4  26.73

TABLE 7. Thermal NR simulated parameters using a proton
beam with energy 5 MeV

Sapphire filter (cm)
3 6 12

L/D

fin TNC fin TNC fin TNC
(nem?st) (%)  (nem¥Y) (%) (nemZsh) (%)

50 8.67E+5 510 7.70E+5 9.09 6.33E+5 21.42
100 213E+5 469 189E+5 849 156E+5  21.49
150 9.68E+4 468 8.61E+4 852 7.07E+4  22.00
200 5.44E+4 463 4.84E+4 852 397E+4  22.62

4. CONCLUSION

The performance of six neutrons beams generated by
"Li(p,n) reaction with proton energy in the range between
2.3 up to 5 MeV for a thermal neutron radiography
facility was evaluated using the MCNPX Monte Carlo
code. The geometrical configuration of the facility has
been designed with the intention to maximize the fu
which reaches at the image position. For each source, the
facility has been simulated for a wide range of the
parameters ~ which  characterize every thermal
radiography system. To reduce the intensity of the fast
neutrons and enhance the quality of the beam a single
sapphire was used as a fast neutron filter. The presence
of the filter improves drastically the TNC without
significant sacrifice in the fy values. Neutrons which
produced by proton energy from 2.3 to 3 MeV provide
softer spectra and better TNC values but with lower fi,
on the contrary, neutrons generated by proton energy in
the range 4 to 5 MeV offer higher fi, but the TNC, even
though the use of a filter, has a relatively low percentage.
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For this reason, is compulsory a mutual compromise
between fi, and TNC.
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