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The production of neutrons can be carried out with the bombardment of the nuclei of heavy atoms, with accelerated
and energetic particles (generally electrons). The electron collides with the target nuclei, so, 20 to 30 neutrons are produced
by a process called "spallation". Several countries begin to develop neutron sources especially in the United States, Europe
and Japan. The development of new measuring instruments and methods has generally increased the demand for neutron
utilization in several areas, such as accelerator proton-based, where protons bombard a heavy metal target. The atoms of
the target are excited, resulting in neutron emission.
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Introduction

This article focuses on the design of a spallation target in the electron acceler-
ator system [1-3]. Monte Carlo simulations have been carried out with targets at
varying thicknesses and diameters, bombarded by electron source particles with
energy of (18 MeV). The neutron yields escaping from the outer surfaces of the
targets were calculated and compared as a function of the beam energy of the
target geometry and the target materials. In this study we kept the beam size 1
cm in diameter.

Due to the availability of nuclear data of photoneutron cross-sections [4], the
application potential of spallation based on the electron accelerator increases [5]
not only in medical applications [6-7], but also in other areas of research [8] . The
subject of neutron yields from targets bombarded by electrons has been studied
for many years [9-15]. This study describes the performance and nature of the
target, design geometry, and size of target materials for a maximum neutron flux
[15-16].

First, the photoneutrons converted by a target of heavy materials able of gen-
erating a beam of electrons into a neutron flux. Nevertheless, our article is de-
voted to the study of the design and to the optimization of the choice of the spal-
lation target geometry for the generation of neutron flux.

The spallation system has been studied to find an optimal material used as a
neutron converter. We performed several simulations with MCNP-6 using heavy
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materials (Tantalum, Lead and Tungsten) [18-19]. The total neutron flux was cal-
culated by varying the thickness and diameter of the target and the variation in
the incident energy of the beams.

Theory

Description of the matrix approach

In order to obtain a large neutron flux, the study of the physical design of the
targets is a mandatory condition. In this study, we tried to optimize the neutron
flux by varying several parameters such as the geometry of the target and the
energy of the beams. With the diameter and thickness variation of the target,
we calculated the neutron flux exiting the surface of each cylinder indicated by
a given thickness and diameters, in other words, the arithmetic variables of the
target geometry vary according to the following matrix:

Poo ' Pom

Pno 't ONM

Withi=0,1, ..., M represents the maximum thickness of the target;

j=0,1, .., Nrepresents the maximum diameter of the target;

¢ : the neutron flux in each cylinder surface.

The neutron generation in the target materials was studied as a function of
the accelerator energy, in order to evaluate the model based on the calculation of
the matrix which represents the neutron flux in different types of targets (Lead,
Tantalum and Tungsten) with dimensions 9 x 9.

Poo Po1 Poz Po3 Pos Pos Pos Po7 Pos
P10 P11 P12 P13 Pia Pis Pie P17 Pis
P20 P21 P22 P23 P2a P25 P26 P27 P2s
P30 P31 P32 P33 P3a P35 P3e P37 P3s
Paso Pa1 Paz Paz Pas Pas Pae Pa7  Pas
Ps0 Ps1 52 P53 Psa 55 Yse¢ P57 Pss
Peo Pe1 Pe2 Pe3 Pesa Pes Pes Pe7 Pes
P70 P71 P72 P73 P74 P75 P76 P77 P78
Pso Ps1 Ps2 Ps3 Psa Pss Pse Pg7 Pss

Description method of Mesh tally

The application of this technique is practically compatible with the majority
of the Monte Carlo code. This method is based on the plotting of points using the
results of the MCNP code, "Mesh-tally"; it is a graphical display of the particle
flux (Voxel), and the distribution of the dose or other quantities on a rectangular,
cylindrical or spherical grid superimposed at the top of the geometry of the stan-
dard problem. The particles are tracked through the independent mesh as part
of the regular transport problem; and the content of each mesh was written in a
DATA file at the end of the simulation. This file converts to a number of standard
formats suitable for reading by different graphical analysis packages. The GRID-
CONYV conversion application that is provided in the MCNP package is a link
that connects the MCNP "MDATA" calculation file with a graphical software. For
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each mesh control card, it is necessary to have maps that give details of the mesh
characteristics described as flux:

TMESH

RMESH1:n FLUX

CORA1 -10.0 50i 10.0

CORB1 -10.0 10.0

CORC1 -10 50i 10

ENDMD

The target materials mentioned above are Lead, Tantalum and Tungsten, of
cylindrical shape along the Z axis. The electron beam has an energy of 18 MeV
and an electrical current equal to 10 mA bombards the targets at the zone surface
area of each target used.

Results and discussion

The results obtained from the surface flux matrix data and by mesh tally onto
each surface of the each target study during the Monte-Carlo simulation, and
shows an important rapport is that the surface flux connected logically with the
studied parameters (Thickness, diameter and electron beams) as shown in the
following table which shows the neutron efficiency characteristics as a function
of thickness and diameter with 18 MeV beams.

Distribution in Lead Target

Several variables are used to determine the optimal geometry of the target
of lead, that is, the thickness and diameter of the target. Among the important
parameters used in this study is the radius of the beam which is set at 0.5 cm.
The 18 MeV energy electron beam bombards the cylindrical target at the lower
center. The thickness varies with a 1 cm pitch along the target up to 8 cm; and the
diameter of the target changes from 1 cm to 8 cm. The calculation error for the
results obtained is less than 3%.

The total neutron flux on the surface of each cylinder has the lateral, lower
and upper surfaces. It gives an overview of the neutron efficiency as a function
of the diameter and thickness of the lead target (Figure 1), shows the neutron flux
distribution as a function of the thickness and the diameter with an energy of
electron beam of 18 MeV.

1,20E+12-1,40E+12

 1,00E412-1,20E412

1,40E+12 u 8,00E+11-1,00E+12
1,20E412 —— H 6,00E+11-8,00E+11
#4,00E+11-6,00E+11
® 2,00E+11-4,00E+11
¥ 0,00E+00-2,00E+11

1,00E+12
8,00E+11
6,00E+11
4,00E+11
2,00E+11

0,00E400

Figure 1. Neutron flux efficiency as a function of thickness and the target diameter of Lead under a 10 mA electron beam
and an energy of 18 MeV.
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The total neutron efficiency on all surfaces is the sum of neutron efficiency
across the bottom surface, side surface and top surface. It gives an overview
of the neutron efficiency as a function of the diameter and thickness of the lead
target. The results mentioned in Figure 1 show that the flux is maximal when
the thickness is between the values X = 1 to 6 cm and the diameter between the
values D = 1 and 5 c¢m, in the two intervals. Concludes that the flux is between
a maximum value of 1.26 x 10'2 n/cm?s and a minimum value of 9.48 x 10!
n/cm?s.

From the results obtained, the zone of diameter of the optimum target must
be about 2 cm and its thickness about 1.5 cm.

The following figure shows the neutron spectrum related to the neutron types
involved in this study. The MCNP code gives the opportunity to give the neu-
tron flux as a function of energy. Figure 2 shows the neutron distribution which
defines the neutron flux as a function of energy.
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Figure 2. Neutron flux as a function of neutron energy in the lead target.

From the curve of Figure 2 where neutron flux is plotted as a function of neu-
tron energy, a wide range of neutron energy of the Lead target is seen to have
two very large peaks between 2.5 x 10 =2 up to 7 MeV, which explains why lead
is a target that can be useful for neutron production in particle accelerators. For
the first peak of energy 0.821 MeV, the neutron flux is of the order of 1.42 x 10 !
n/cm?s. For the second energy peak of 1.5 MeV the corresponding neutron flux
is2.41x 10" n/em?s.

With the application of rectangular mesh, we divided the targets for three
coordinates of (50 x 50 x 50), yielding 125.000 points. For each point, the neutron
flux.

We have calculated the axial flux which gives a maximum flux of the order of
1.51 x 10'2 n/cm? s, and according to Figure 3, it can be seen that the maximum
flux in the case of the thickness varying between 0.5 and 2.5 cm of the target of
lead and of diameter between 0 and 2 cm. Then the intensity of the neutron flux
decreases as a function of thickness and diameter, and the change of color from
inside to outside explains the change in the intensity of the flux.

The radial flow expressed in Figure 4 clearly explains that the intensity of
the neutron flux in the lead target is symmetrical with respect to the X axis and
maximum in the diameter between 0 and 2 cm.
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Figure 3. Axial neutron flux distribution of the Pb target driven by a 10 mA electron beam and an energy of 18 MeV.

Neutron Flux (Unit/em?s A)

1,25E+12

9,38E+11

6,25E+11

3,13E+11

Radius (cm)

Figure 4. Radial neutron flux distribution of the Pb target driven by a 10 mA electron beam and an energy of 18 MeV.

Distribution in the Tantalum target

The same variables are applied in the Tantale study to determine the optimal
geometry of the target used as a spallation system. First, the thickness and diam-
eter of the target, and then the 18 MeV electron beam bombarding the Ta target.
The other data remain fixed to compare the results found with Lead (the size of
the beam was fixed at 1 cm, the thickness varies with a step of 1 cm along the
target up to 8 cm and the diameter of the target changes 1 cm, 2 cm, 3 cm, 4 cm,
up to 8 cm). The calculation error for the results obtained is less than 3%.

After the calculation has been made, the neutron flux on the surface of each
cylinder has the lateral, lower and upper surfaces. The figure shows that the neu-
tron efficiency varies remarkably as a function of the diameter and the thickness
of the Tantalum target. Figure 5 shows the neutron flux distribution as a function
of thickness and diameter with electron beam energy of 18 MeV.

The results mentioned in Figure 5 show that the flux is maximal when the
thickness comprises the values X = 1 to 4 cm and the diameter the values of D
=1 and 4 cm. In the field of the results selected in this interval, the maximum
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Figure 5. Neutron flux efficiency as a function of thickness and the target diameter of Tantalum under a 10 mA electron
beam and an energy of 18 MeV.

flux is of the order of 1.32 x 10?2 n/cm?s and the minimum value is 8.48 x 10 !
n/cm?s. According to the results obtained, the zone of optimum diameter of the
target is 2 cm and the thickness of the optimal target is 1 cm.

The spectrum of the neutron flux whose diameter is 1 cm and the thickness of
1 cm of the target as a function of the neutron energy is shown in Figure 6.
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Figure 6. Neutron flux as a function of neutron energy in the lead target.

From the analysis in Figure 6, we observe that when a Tantalum target is
bombarded by an electron beam, the phenomenon of photoneutron (v, n) takes
place, the type of neutron produced is in the energy range of 10 = up to 4 MeV,
which means that the majority of neutrons are of a fast nature. The peak of 10 !
MeV is give a flux of 3.05 x 10! n/cm?s.

The calculated axial neutron flux is about 1.63 x 102 n/cm?2s, in this Figure
7 there is a change in color which means changes in the intensity of the flow.
The optimum geometry according to the results found is placed 0.5 and 2 cm in
thickness and 0 to 2 cm in diameter.

The radial neutron flux symmetrical with respect to the X axis is maximum
at the medium; a maximum flux peak of the order of 1.58 x 10 12 h/em?s, then
decreases symmetrically on both sides. In Figure 8§, it is noted that the diameter
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at 2 cm is an optimum diameter which gives a maximum flow.
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Figure 7. Axial neutron flux distribution of the Ta target driven by an electron beam of 10 mA and an energy of 18 MeV.
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Figure 8. Radial neutron flux distribution of the Ta target driven by an electron beam of 10 mA and an energy of 18 MeV.

Distribution in Tungsten Target

Tungsten is the third target exposed to an electron beam of 10 mA and 18 MeV.
The matrix clearly shows that the neutron flux varies as a function of thickness
and diameter. After the calculation of neutron fluxes on all the surfaces binding
each diameter to a given thickness of W. Figure 9 shows that the neutron flux
changes exponentially as a function of the thickness and diameter of the target.

The curve gives an accuracy on the surface neutron flux of each surface framed
by a diameter and a thickness of the target of W. The total neutron flux in the
thickness is between the values X = 1 to 4 cm and the diameter between the values
of D =1and 3 cm. The flux of 1.3 x 10'> n/cm?s has a maximum value and
8.98 x 10! n/cm? s as the minimum value.
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Figure 9. The neutron flux efficiency as a function of the thickness and the target diameter of Tungsten under a 10 mA
electron beam and an energy of 18 MeV.

From the results obtained, the zone of diameter and the optimum thickness of
the target are in the vicinity of 1 cm.

After the analysis of the neutron flux spectrum Figure 10, in the case where the
geometry of the target of W is 1 cm in diameter and thickness as a function of the
neutron energy. The spectrum of Tungsten is obtained at the energy of 0.5 MeV.
The peak has the same characteristics as the Tantalum target with some variation
in the flux Tungsten gives more neutrons than the Tantalum. It can be explained
that the W and Ta are two elements of Z closer to each other by adding to lead
(Pb) which has a larger Z, which explains their large neutron flux.
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Figure 10. The neutron flux as a function of neutron energy in the Tungsten target.

The flux of the electron source beam gives a neutron flux of 1.75 x 1012
n/cm?s. Figure 11, using the meshing method.

Figure 12 represents the radial neutron flux which is of the order of 1.56 x 1012
n/cm?s, the symmetrical flux by contribution to the x = 0 axis, the flux rapidly
deprived on both sides of the origin.
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Figure 11. Axial neutron flux distribution of the W target, driven by a 10 mA electron beam and 18 MeV energy.
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Figure 12. Radial neutron flux distribution of the W target, driven by a 10 mA electron beam and 18 MeV energy.

Conclusion

The production of neutrons using a spallation source based on an electron ac-
celerator, explained previously, is done via the photo-neutron interaction. How-
ever, a 10 mA electron beam with an energy of 18 MeV can generate a neutron
flux of different energy ranges for different targets (Lead, Tantalum and Tung-
sten). The intensity of the neutron flux varies according to the thickness and
diameter of the target (geometry).

Since all the calculations made, Table 1 shows the results of different fluxes
produced (Photon, Neutron and total flux) for a 10 mA electron beam that bom-
bards the targets (Pb, Ta and W). Table 1. Maximum neutron, photon and total
fluxes for Pb, Ta and W with an electron-based accelerator of 10 mA and an en-
ergy of 18 MeV

It has been estimated that an 18 MeV electron beam-driven accelerator pro-
duces a maximum neutron flux generated by the spallation targets (Pb, Ta and W)
is 1.26 x 10'2,2.63 x 102 and 1.301 x 10'? (n/cm?s) using the matrix method.
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Then, the estimated values of the maximum photon flux calculated for the same
targets, give the following results: 1.438 x 101°, 1.221 x 10! and 1.158 x 101°
(unit/cm?s). It has been observed that the flux has varied according to the tar-
get and its geometry. Lead has been shown to give the maximum flux among
all the targets considered. The results are consistent with the results obtained
by the meshing method where the flux gives the following results: 1.50 x 1012,
1.63 x 1012 and 1.75 x 1012 (n/cm?5s).

Table 1.
Maximum neutron, photon and total fluxes for Pb, Ta and W with an
electron-based accelerator of 10 mA and an energy of 18 MeV.

Electrons Pb Ta W

Beam

(MeV)
Photon flux | 18 MeV | 1.438 x 10 | 1.221 x 10® | 1.158 x 10T
(unit/cm?s)
Neutron flux | 18 MeV | 1.26 x 1012 | 2.63 x 102 | 1.301 x 1012
(unit/cm?s)
Total (unit/cm?s) 18 MeV | 1.439 x 10" | 1.222 x 10™® | 1.160 x 10'°

The neutron generation is performed by several parameters, including target
materials, target size, beam energy, and beam size. Optimization of the neutron
flux by the matrix or mesh approach gives acceptable results to obtain a maxi-
mum flux of optimum thickness and diameter of 1 cm respectively.

The generation of neutrons from the target is not only related to the neutron
flux distributions, but also to the distributions of the source particle beams. In
the previous section concerning the neutron flux distribution and the neutron
generation from the targets, we have focused our research on the flux distribution
for different bombarded targets by electrons.
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