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Abstract

Fast neutrons that are produced via compact neutron generators have been used for thermal and fast neutron
radiographies. In order to investigate objects with different sizes and produce radiographs of variable qualities, the
proposed facility has been considered with a wide range of values for the parameters characterizing the thermal
and fast neutron radiographies. The proposed system is designed according to article 4 of the Restriction of
Hazardous Substances Directive 2002/95/EC, hence, excluded the use of cadmium and lead, and has been
simulated using the MCNP4B code. The Monte Carlo calculations were carried out using three different neutron
sources: deuterium-deuterium, deuterium-tritium, and tritium-tritium neutron generators.

Keywords : Fast neutron radiography, Thermal neutron radiography, Restriction of hazardous substances directive,
Compact neutron generator, MCNP4B
PACs: 28.20.Pr, 21.60.Ka, 24.10.Lx, 29.25.Dz.
Background
Neutron radiography (NR) has been around since the
first research reactors became available in the 1950s and
has grown in use and application throughout that time.
NR is a technique of growing importance to science and
industry, particularly as a method of nondestructive test-
ing [1]. The technique is commonly used in security
applications, engineering studies, geology, medicine, and
biological research [2-5]. Depending on the neutron en-
ergy used, NR can be generally categorized as fast neu-
tron radiography and thermal neutron radiography.
Due to the increasing availability of intense and bril-

liant thermal neutron beams at nuclear research reactors
and neutron sources in recent years, the thermal NR be-
came a well-accepted inspection technique. The fast NR
is especially more suitable than the conventional thermal
NR when the inspected object is thick or dense. This
occurs due to the extremely high penetration depth of
the fast neutrons in comparison with the thermal or cold
neutrons in most materials of industrial interest [6,7]. A
neutron radiography system mainly consists of the
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following three components: a neutron source, a colli-
mator guiding the neutrons to the investigated object,
and the detector placed behind the object (Figure 1).
The use of a deuterium-deuterium (DD) neutron gen-

erator for radiographic purposes has already been
demonstrated by Fantidis et al. [8]. In this paper the pro-
posed facility has been optimized for different neutron
generators such as DD, deuterium-tritium (DT), and
tritium-tritium (TT) using the MCNP4B Monte Carlo
code [9]. The aim of the work was to design a unit
which is suitable both for fast and thermal NR. The pro-
posed system is designed according to article 4 of the
European Union Restriction of Hazardous Substances
Directive 2002/95/EC regarding the choice of materials
[10]. Hence, lead, cadmium, mercury, hexavalent chro-
mium, polybrominated biphenyls, and polybrominated
diphenyl ethers have been excluded [11].
Modeling
The neutron source
There are a number of candidate neutron sources which
are available for fast and thermal neutron radiography
studies. The neutron generators have a compact size and
offer an on/off switching of the emitted neutrons. They
an Open Access article distributed under the terms of the Creative Commons
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Figure 1 Principle of neutron radiography.
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can produce high neutron flux with logical cost, while
the spectrum of the emitted neutrons extends up to
15.5 MeV (in a DT mode) [12]. The nuclear reactors and
large accelerators, even though can generate neutron
beams with high intensities, are extremely expensive per-
manent facilities. Isotropic neutron sources, such as
241Am/Be and 252Cf, although portable and relatively
inexpensive, have low neutron intensity and they are
not on/off switchable without special shutter systems
(e.g.,252Cf source) [8].
In this work, three neutron generators (DD, TT, and

DT) were simulated based on a coaxial RF plasma neu-
tron generator developed in Lawrence Berkeley National
Laboratory (Berkeley, CA, USA) and by Adelphi Tech-
nology Inc (Redwood City, CA, USA). Neutrons in these
generators are formed by using D-D, T-T, or D-T fusion
reaction. The deuterium, tritium or deuterium-tritium
gas mixture is ionized in an RF-driven plasma source.
The ion beams are accelerated to approximately 120 keV
energy using high current (350 mA) and high voltage
DC power supply (120 kV), neutrons are produced when
the beams impinge on a titanium target [13-15]. The fa-
cility has overall dimensions of 60 × 45 cm, with an ex-
traction aperture composed of seven slits 1.5 mm wide
and 75 mm in height [13]. The emitted neutron yield
according to the manufacturer's guidelines is shown in
Figure 2. The Figure 2 shows the normalized neutron
spectra for each mode. The total neutron fluxes are
1011 ns-1 for DD and TT mode and 1013 ns in the case
of DT neutron generator [16-19].
Figure 2 Normalized neutron spectra for DD, TT, and DT
neutron generator.
Fast neutron collimator
The quality of fast NR imaging is determined by the col-
limator ratio (L/D) where L is the length of the collima-
tor and D is the collimator aperture diameter. The
geometric unsharpness ug, caused by the finite size of
neutron source, is given by the equation [20]

ug ¼ DLf
Lα � Lf

ð1Þ
where Lf is the image surface to object distance and La is
the distance from the aperture to the image plane.
The beam quality profile determined by the number of

uncollided neutrons that reach the detector position
within the neutron beam could also characterize the im-
aging quality of a fast NR facility. Although no materials
exist that would be strong absorbers for fast neutrons,
suitable imaging systems can be effectively built and
used. Metals are found to be more suitable as collimator
material for fast neutrons. Then neutrons would be scat-
tered away from the interior walls of a collimator follow-
ing very few collisions, with an insignificant loss in
energy. Hence, iron and tungsten are preferred as colli-
mator materials. The low cost of iron (Fe) compared
with tungsten and the difficulties associated with tung-
sten fabrication makes the former the best solution [21].
The geometrical configuration of the collimator for

both fast and thermal NR used in the present study is
similar to the one described previously, in [8], with a
minor difference in geometry. Figure 3 shows the pro-
posed collimator system for fast NR. In keeping with



Figure 3 The aperture geometry and the collimator for fast neutron radiography (not in scale).
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Figure 3, the fast neutron collimator studied in this work
comprises two parts. The first, which is a high-density
polyethylene cylinder with a radius of 10 cm, incorpo-
rates a void conic convergent collimator, with length of
14 cm for DD source and 15 cm for DT and TT neutron
sources. The convergent collimator has radii of 3.75 and
0.5 cm, with the larger radius close to the source.
The second collimator, which is a divergent one with

an inlet aperture of 1 cm and changeable length and
walls, is made of four layers of different materials. These
materials (from the inside outwards) are 8-cm thick iron
(Fe), 0.5-cm thick gadolinium (Gd), 2-cm thick poly-
ethylene with 5% boron (PE-B), and 1.5-cm bismuth
(Bi). Between the two collimators is an aperture consist-
ing of two materials: 0.3 and 1 cm thick layers of Gd
and Bi, respectively, which are used to absorb thermal
neutrons whereas preventing the gamma rays originated
within the other materials to reach the second collima-
tor. Moreover, there is a 2-cm thick layer of Bi casing
the front side of the collimator in order to provide a
shield against any gamma rays that may be produced
within the collimator's material by neutron activation.
The recordings of the scattered neutrons, which affect
the imaging contrast, depend on the object-to-detector
distance (Lf ) and reduce by 1=L2f . When this distance

increases, the scattered neutron intensity decreases by
1=L2f , while the source neutron intensity in the detector

plane decreases owing to the simultaneously increasing
distance from aperture to the image plane.
Thermal neutron collimator
In a similar way as in the case of fast NR, the collimator
ratio (L/D) determines the quality of the NR imaging for
a given design. This ratio is described by the equations
[22]:

ϕi ¼
ϕα

16 LS
D

� �2 ð2Þ

and

ug ¼ Lf
D
Ls

ð3Þ

where Lf is the image surface to object distance, Ls is the
source to object distance, D is the inlet aperture diam-
eter, φi is the neutron flux at the image plane, φα is the
neutron flux at the aperture and ug is the geometric
unsharpness.
The spatial resolution of an image depends not only

on the detector resolution but also strongly on the beam
divergence. In addition, the quality of an image (spatial
resolution) depends also on the beam divergence. The
beam divergence is described by its half-angle (θ) which
is given by equation [22]

θ ¼ tan�1 I
2L

� �
ð4Þ

where I and L are the maximum dimensions of the
image area and the length of the collimator. The imaging
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quality of a system would be additionally characterized
by the thermal neutron content (TNC), describing the
number of thermal neutrons within the neutron beam

TNC ¼ thermal neutron flux
total neutron flux

ð5Þ

and the relative intensities of the neutron (n) and the
photon (γ) components of the beam, with the (n/γ) typ-
ically greater than 104 n cm−2 mSv−1 [23].
Since the neutron generators emit fast neutrons, in the

case of thermal NR, the first step in the design of the
unit is to slow down these fast neutrons to a lower
temperature. The slowing down or thermalization is nor-
mally done with suitable moderating materials. HD-PE
(in Equation 1) was used as a moderator in order to pro-
vide the maximum neutron flux at the collimator inlet
aperture from the generators using layers with depths of
2.1, 2.4, and 2.8 cm for DD, TT, and DT sources, re-
spectively (Figure 4).
The collimator is a combination of two parts. The first

attached to the HD-PE moderator is an HD-PE cylinder,
with a radius of 8 cm and length of 14 cm for DD gener-
ator or 15 cm for DT and TT neutron generators, and
incorporated with a conic collimator made of either sin-
gle sapphire (Al2O3) or void. The conic collimator has
radii 3.75 and 1 cm, with the larger radius nearer to the
source. The single sapphire is used for filtering out the
fast neutrons from the collimated beam. High-quality
single-sapphire crystals is better fast neutron filter than
silicon or quartz [24], and the transmission properties of
sapphire are not distorted by irradiation even after years
within the neutron beam tube of a nuclear reactor [25].
Figure 4 The aperture geometry and the collimator for thermal neutr
The second part adjacent to the HD-PE cylinder is a
divergent collimator, which is the basic component in
neutron imaging and determines the quality of the
image. The most important element of each collimator is
its lining which should be made of a neutron-absorbing
material [22]. The lining is composed of a 0.8-cm layer of
boron covered by PE-B with a depth of 3.2 cm as a shield
against stray neutrons. Bi with 1 cm thickness was
chosen as the collimator casing.

Results and discussion
Penetration calculations
In order to evaluate the penetration of the neutron gen-
erators, five neutron sources (DD, TT, DT, 252Cf, and
241Am/Be) and one gamma source (60Co) have been uti-
lized. The results, which were obtained from the
MCNP4B simulations, are shown in Figure 5. The pene-
tration was determined using the F5 tally card which
gives the neutron flux at a point in neutrons per square
centimeters per starting neutron (Figure 5). This figure
illustrates the thicknesses of various materials through
which 0.1% of the neutrons are transmitted from DD,
TT, or DT sources. According to the results, the DD
neutron generator is significantly more penetrating for
heavier elements and less penetrating for organic materi-
als compared to a 60Co gamma source. The penetration
of the TT source is larger than DD source and similar
with 241Am/Be. As can be seen from the Figure 5, the
DT neutron generator has the advantage of better pene-
tration than all the other neutrons sources.

Fast NR results
In the case of fast NR, the proposed system has been
considered with a second collimator having variable
on radiography (not in scale).
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Figure 5 Comparison of penetration for five neutron sources (DD, TT, DT,252Cf and 241Am/Be) and one gamma source (60Co).
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length (L= 100 to 300 cm) and diameter of its aperture
next to the image plane (D0 = 12 to 20 cm). The object-
detector distance (Lf ) was considered to be 25 or 50 cm.
In order to calculate the ug, it is necessary to know the
object depth (t). In our simulations the t was equal to Lf,
so the distance between the end of the collimator and
the detector was 2Lf. In all circumstances, the n/γ ratio
has values that are about four orders in magnitude less
than the recommended values.
Fast neutron fluxes (fF) were calculated using the F2

tally which gives the required neutron flux an average
over a surface in neutrons cm−2 per starting neutron for
the number of particle histories (NPS = 6× 107) neu-
trons, yielding an accuracy <0.5%. The photon dose (γ)
was calculated with the MCNP4B Monte Carlo code,
using the F2, and Fm2 tallies combined with the DE and
DF cards. The tallies describe the neutron flux over a
Table 1 The fast NR-calculated parameters using the proposa

L/D D0 (cm) ug (cm) DD

Uncollided fF (%) fF (n cm−2 s−1) Unco

100 12 2.00e-1 97.09 5.78e+ 4

150 14 1.42e-1 97.75 3.18e+ 4

200 16 1.11e-1 97.93 1.94e+ 4

250 18 9.09e-2 98.27 1.31e+ 4

300 20 7.69e-2 98.55 9.57e+ 3
surface, while the D cards convert the absorbed dose to
equivalent dose. Calculations were performed for a total
number of histories of 6 × 106, yielding an accuracy in
the calculations of <1%.
The calculated parameters for the fast NR system are

shown in Tables 1 and 2. In the case of DD neutron
source, the uncollided fast neutron flux (uncollided fF),
which characterizes the beam quality [26], ranges be-
tween 97.09 to 98.55% for Lf = 25 cm and 97.28% to
98.76% for Lf = 50 cm. The total fast neutron flux (fF)
varies from 7.25 × 103 to 5.78 × 104 n cm−2 s−1. The fF at
the field of view of the object was uniform to 1.5%. The
good-quality fast neutron images require exposures in
the order of 1.5 × 107 n cm−2 [27], with the exposure
time being analogous to the fast neutron flux. In the
case of L/D= 100, the exposure time is 4.3 and 7.6 min
at Lf = 25 cm and Lf = 50 cm distances, respectively.
l system with t and Lf = 25 cm

TT DT

llided fF (%) fF (n cm−2 s−1) Uncollided fF (%) fF (n cm−2 s−1)

95.19 5.86e + 4 92.40 6.71e + 6

96.38 3.12e + 4 95.36 3.45e + 6

96.76 1.94e + 4 95.92 2.13e + 6

97.36 1.32e + 4 96.54 1.44e + 6

97.38 9.59e + 3 96.95 1.04e + 6



Table 2 The fast NR-calculated parameters using the proposal system with t and Lf = 50 cm

L/D D0 (cm) ug (cm) DD TT DT

Uncollided fF (%) fF (n cm−2 s−1) Uncollided fF (%) fF (n cm−2 s−1) Uncollided fF (%) fF (n cm−2 s−1)

100 12 3.33e-1 97.28 3.30e+ 4 95.87 3.32e + 4 92.88 2.81e + 6

150 14 2.50e-1 97.98 2.01e+ 4 96.68 2.01e + 4 95.89 2.21e + 6

200 16 2.00e-1 98.14 1.34e+ 4 96.98 1.35e + 4 96.15 1.48e + 6

250 18 1.66e-1 98.47 9.72e+ 3 97.51 9.71e + 3 96.66 1.06e + 6

300 20 1.42e-1 98.76 7.25e+ 3 97.56 7.34e + 3 97.03 7.94e + 5
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Higher L/D values would require higher exposure times;
for example, L/D= 300, which necessitates exposure
times in the range of 26.1 to 34.4 min, gives radiogra-
phies a better quality. TT neutron generator has slightly
worse results compared to the DD source. The fF varies
from 7.34 × 103 to 5.86 × 104 n cm−2 s−1, while the uncol-
lided fF ranges from 95.19 to 97.38% for Lf = 25 cm and
between 95.87% and 97.56% for Lf = 50 cm.
In the case of DT neutron generator, the uncollided fF

fluctuates between 92.40% and 96.95% for Lf = 25 cm
and 92.88% to 97.03% for Lf = 50 cm. The fF varies from
7.94 × 105 to 6.71 × 106 n cm−2 s−1. Qualitative fast neu-
tron images need exposures in the order of 1.8 × 107 n
cm−2 [28]. The high yield of DT coaxial neutron gener-
ator is able to offer radiographies in a very short time.
For L/D= 100, the exposure time is 2.7 and 6.4 s with
Lf = 25 and Lf = 50 cm, respectively; in the cases of L/D=
200 and 300, exposure times are in the range of 8.45 to
12.2 s and 17.4 to 22.7 s. According to the values for the
exposure time, the DT neutron generator is capable of
producing real-time NR.

Thermal NR results
The suggested system was further simulated for thermal
NR. The divergent collimator has changeable length
(L= 50 to 150 cm), diameter of its aperture next to the
image plane (D0 = 12 to 20 cm), and divergence angle (θ)
of the beam (θ= 1.4° to 5.7°); while the inlet aperture (D)
of the collimator is 1 cm. The distance between the ob-
ject and the imaging detector (Lf ) was considered at
0.5 cm [22]. The variation of the thermal neutron flux at
the field of view at the object position was less than 2%.
The calculated thermal neutron flux (fth), TNC, and (n/γ)
Table 3 Thermal NR-calculated parameters using the proposa

L/D D0 (cm) ug (cm) θ (°) DD

fth
(n cm−2 s−1)

n/γ
(n cm−2mSv−1)

TNC
(%) (n c

50 12 1.00e-2 6.8 1.59e+ 4 7.03e+ 5 3.58 8.8

75 14 6.67e-3 5.3 7.21e+ 3 8.74e+ 5 3.76 4.3

100 16 5.00e-3 4.6 4.11e+ 3 9.11e+ 5 3.88 2.3

125 18 4.00e-3 4.1 2.63e+ 3 1.22e+ 6 3.88 1.6

150 20 3.33e-3 3.8 1.82e+ 3 1.31e+ 6 3.89 1.1
parameters are given in Table 3 for different collimator
parameters. The neutron flux was calculated with the
aid of the MCNP4B code using the F2 tally, which gives
the required neutron flux average over a surface in neu-
trons square centimeters per starting neutron. The cal-
culations were carried out with NPS = 6× 107 neutrons,
yielding an accuracy <0.5%. An energy boundary of 0.01
to 0.3 eV was used to score the thermal neutron flux.
The dose rate due to the photons, (γ), was calculated
with the MCNP4B Monte Carlo code using the F2, Fm2
tallies, and the DE and DF cards. Cutoff (NPS) values up
to 3 × 107 histories were considered to yield an accuracy
of <2% in the calculations.
The DT neutron generator gives the maximum values

for the fth which varies from 4.03 × 104 to 3.81 × 105 n
cm−2 s−1. On the occasion of DD and TT sources, the fth
fluctuates among the values of 1.8 × 103 to 1.59 × 104 and
1.14 × 103 to 8.83 × 103 n cm−2 s−1, respectively. These
values, especially in the case of DT neutron source, are
comparable with fluxes from low power research reac-
tors [29,30]. The (n/γ) parameter remains in all circum-
stances at least 70 times higher than the recommended
limit of 104 n cm−2 mSv−1. Due to the fact that the neu-
tron generators emit mostly fast neutrons, the TNC can-
not overcome the 0.53%, 2.26%, and 3.89% for DT, TT,
and DD generators correspondingly (Table 3).
Except from the TNC, all the other parameters have

values which forebode qualitative neutron radiographs.
In order to optimize the TNC of the beam, sapphire is
used as a fast neutron filter. For this reason the fth,
TNC, and (n/γ) parameters were determined for differ-
ent sapphire filter thicknesses in the case of two L/D
values (Table 4). The fth has decreased up to 41.5%
l unit

TT DT

fth
m−2 s−1)

n/γ
(n cm−2mSv−1)

TNC
(%)

fth
(n cm−2 s−1)

n/γ
(n cm−2mSv−1)

TNC
(%)

3e+ 3 4.38E + 7 2.02 3.81e+ 5 7.25e+ 7 0.46

1e+ 3 5.55E + 7 2.10 1.58e+ 5 7.31e+ 7 0.46

6e+ 3 6.44E + 7 2.11 8.99e+ 4 7.29e+ 7 0.49

3e+ 3 6.49E + 7 2.23 5.81e+ 4 8.25e+ 7 0.51

4e+ 3 6.67E + 7 2.26 4.03e+ 4 8.36e+ 7 0.53



Table 4 Thermal NR-calculated parameters for minimum and the maximum L/D values with single sapphire filter

Sapphire filter (cm) L/D=50 L/D=150

DD TT DT DD TT DT

fth
(n cm−2 s−1)

TNC
(%)

fth
(n cm−2 s−1)

TNC
(%)

fth
(n cm−2 s−1)

TNC
(%)

fth
(n cm−2 s−1)

TNC
(%)

fth
(n cm−2 s−1)

TNC
(%)

fth
(n cm−2 s−1)

TNC
(%)

0 1.59e + 4 3.58 8.83e + 3 2.02 3.81e + 5 0.46 1.82e+ 3 3.89 1.14e+ 3 2.26 4.03e+ 4 0.53

5 1.28e + 4 7.86 7.28e + 3 3.64 3.14e + 5 0.79 1.49e+ 3 9.36 9.39e+ 2 4.37 3.31e+ 4 0.96

10 1.09e + 4 18.45 6.16e + 3 6.40 2.66e + 5 1.38 1.27e+ 3 21.36 7.96e+ 2 8.43 2.79e+ 4 1.56

14 (DD) or
15 (DT and TT)

9.64e + 3 27.03 5.17e + 3 8.38 2.23e + 5 1.83 1.12e+ 3 35.36 6.68e+ 2 13.13 2.36e+ 4 2.92
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approximately, and the (n/γ) is still at least six times
higher than the recommended limit.
The TNC has a considerable gain. In the case of DD

generator, the TNC reaches 27.03% (3.58% without filter)
or 35.36% (3.89% without filter) for L/D equal to 50 and
150, respectively. The improvement for TT neutron gen-
erator is also appreciable but smaller than the DD
source. The TNC values vary between of 2.02% to 8.38%
or 2.26% to 13.13% for L/D= 50 and L/D= 150 corres-
pondingly. Finally, in the case of DT generator, although
there is a noticeable difference, the fast neutron content
in the beam is significant. With the purpose to detect
defects lower than 0.025 cm, the thermal NR requires
exposures in the order of 107 n cm−2 [31], and Table 5
show the exposure time in each case.

Conclusions
The fast and thermal neutron radiography facilities have
been simulated using the MCNP4B Monte Carlo code.
Suitable collimators have been simulated for the two
radiography options. All the selected materials were
chosen according to the European Union Directive
2002/95/EC, hence, excluded lead and cadmium. The
results of the simulation study showed that neutron gen-
erators are suitable for both thermal and fast neutron
radiography studies and have similar performance. In
the case of thermal NR, the DD source is able to offer
radiographs with slightly better quality than TT or DT
neutron generator, but the DT source with the higher
neutron output is able to reduce the exposure time. For
fast NR the DD and TT sources have similar results, but
the TT has better penetration through the materials.
Table 5 The required time for quality thermal NR

Sapphire filter (cm) t (min)

L/D=50 L/D=150

DD TT DT DD TT DT

0 10.48 18.88 0.44 91.58 146.20 4.14

5 13.02 22.89 0.53 111.86 177.49 5.04

10 15.29 27.06 0.63 131.23 209.38 5.97

14 (DD) or 15 (DT and TT) 17.29 32.24 0.75 148.81 249.50 7.06
The DT neutron generator owing to its neutrons, with
higher flux and energy, seems to be the best solution.
Methods
Based on the use of three different types of neutron gen-
erators, namely DD, DT, and TT, a unit has been simu-
lated, both for fast and thermal radiography purposes,
using the MCNP4B Monte Carlo code. Appropriate col-
limators have been designed for each of the radiography
modes with small alteration in the dimensions of the
unit which are dependents of the neutron spectrum of
the generator. All the materials considered were chosen
according to the European Union Directive 2002/95/EC,
excluding lead and cadmium. The proposed facilities
have been simulated for a wide range of values for the
parameters characterizing the thermal and fast neutron
radiographies. In the case of Fast NR, simulations were
carried out at five different values of the collimator ratio
(L/D) 100, 150, 200, 250, and 300. The object-detector
distance (t) was considered to be 25 or 50 cm. In the
case of thermal NR, simulations were performed for col-
limator ratio equal to 50, 75, 100, 125, and 150. The pro-
posed system was further simulated for minimum and
maximum values of the collimator ratio for different
sapphire filter thicknesses which is commonly used for
fast neutron filtration.
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