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HIGHLIGHTS

e Neutron and gamma shielding by layer method for IECF device.

e Calculation of necessary parameters and selection of suitable materials.
e Simulation of IECF device and its shield using MCNPX code.

e Dosimetry of different parts of the shield and the human environment.

e Dose Reduction of different parts to standard values and determining the optimal thickness for the shield.

ABSTRACT

In this work, neutron and gamma shielding were simulated using MCNPX code for an
inertial electrostatic confinement Fusion (IECF) device. In this regard, various properties
of shields were investigated. Portland reinforced concrete was considered as the first
layer. In addition to being effective in reducing the dosage of fast neutrons, concrete layer
was also considerably effective in reducing the dose of gamma rays. As for the second
and third layers, we opted for paraffin and boric acid based. These layers were chosen
based on parameters such as lethargy, macroscopic slowing down power (MSDP), etc. in
order to reduce the speed of epithermal neutrons and then absorb the thermal neutrons,
thus reducing the transmitted neutron dosage as much as possible. A layer lead was used
after these three layers of shielding to attenuate the gamma ray reaching this layer. In
this study, a fusion source based on D-T fuel with homogeneous and isotropic radiation
of neutrons was used and then dosimetry was performed for different parts. Afterwards,
the thickness of the shielding layers was optimized in such a way that the neutron and
gamma doses were reduced according to the standards. We found that it is possible to
achieve safe neutron and gamma fluxes and doses by applying about 5 layers of 50 cm
thickness. We compared the results of our study with the those of another study done on
shielding for the IECF device, which were in good agreement.
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1 Introduction

While the majority of research on fusion energy is focused
on magnetic confinement, several alternative confinement
methods have also been carried out, such as inertial elec-
trostatic confinement Fusion (IECF) (Black et al., 2021).
An IECF device is designed to perform nuclear fusion
reactions together with other applications such as gen-
erating neutron, proton and X-ray (Chan and Herdrich,
2019; Farnsworth, 1966). However, this device cannot be
used as a power device such as tokamaks (De Vries and
Gribov, 2019; Spaeth et al., 2016). It has a relatively
simple design and is also economical in terms of its us-
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ages and functions (Miley and Murali, 2014). These de-
vices, like dense plasma focusing (DPF) equipment, are
rich sources of high-energy electrons and ions, X-rays, and
neutrons (Schmidt et al., 2014). Moreover, it has many
applications in other fields such as medicine, industrial
and research works. IECF device is a cylindrical device
which is being developed as a tabletop neutron source (Sy-
ring and Herdrich, 2017). As a small neutron source, it
can be used for neutron activation analysis, detection of
landmines, neutron radiography, medical isotope produc-
tion, plasma space propulsion and examining the prop-
erties of materials (Gueibe et al., 2022; Bhattacharjee
et al., 2020; Damideh et al., 2012; Semsari et al., 2013).
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Among all mentioned applications, its applications as the
source of neutron production are of crucial importance
(Buzarbaruah et al.; 2015, 2017, 2018). When neutrons
are produced in the IECF as a result of nuclear fusion re-
actions such as D-T, as a consequence, neutron dose con-
trol is an essential matter for safety purposes. Therefore,
in order to measure the rate of fast neutrons production
by the IECF in a proper manner, it is necessary to explain
the neutron transfer rate between an IECF and the radia-
tion shield and the workplace where the neutron detector
is located.

The Monte Carlo model is a suitable model to simulate
particle collisions and calculate the energies left by them.
One of the most important computational codes based on
the Monte Carlo model is the MCNP code and one of
the important codes for protecting neutron and gamma
sources is the MCNPX code. To bring an example, the
latter was used to build a shield for the Am-Be source
(Nasrabadi and Baghban, 2013). Therefore, considering
the hazards of radiations, we have designed suitable neu-
tron and gamma shields in this study. We employed the
MCNPX code to simulate neutron and gamma shields and
performed dosimetry calculations. There are several stud-
ies that have used MCNP code to simulate neutron shields
and so on (Werner et al., 2018; Werner, 2017; Pelowitz
et al., 2013).

Concrete is one of the most well-known protective ma-
terial. The composition of concrete has an important ef-
fect on its protective ability. The interaction between neu-
trons and the protective material depends on its energy
and the density of the protective material. To improve
the protective performance of concrete, an additional ma-
terial can be mixed with it. The criteria for selecting the
type of materials to increase the effectiveness of the inter-
action between neutrons and the material of shield must
include some characteristics, namely high neutron scat-
tering cross section as well as high density. Adding high
density materials such as iron to concrete can improve its
shield performance (Sariyer and Kiiger, 2020; Bevelacqua
and Mortazavi, 2020; Sariyer and Kiiger, 2018). To im-
prove the performance of neutron shields, a metal such as
iron was added to the concrete layer of the shields, as con-
firmed by (DiJulio et al., 2016). Neutron has no electrical
charge and its interaction with nuclei occurs via elastic
and inelastic scattering, neutron capture, and nuclear fis-
sion and etc., while gammas interact mostly with orbital
electrons and ionization of target atoms occurs due to the
following interaction through photoelectric, Compton, and
pair production phenomena. Consequently, the types of
suitable materials for neutron shielding are quite different
compared to those which are appropriate for gamma/X-
rays shielding (Singh et al., 2015). Composites containing
high atomic number materials such as Barium (Ba), Lead
(Pb) and Bismuth (Bi) are utilized to absorb gammas or
X-rays, while materials which contain low atomic num-
ber elements such as Hydrogen (H), Lithium (Li), Carbon
(C), Boron (B), and Aluminum (Al) are preferred in ab-
sorbing neutron particles (Kagal et al., 2019). Low atomic
number elements with high scattering cross sections (the
probability of neutron-target interaction) are found to be
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suitable for neutron attenuation and shielding (Okuno,
2005). Polyethylene and paraffin are often applied as ba-
sic materials for shielding small size sources, while for
larger sources concretes and water are recommended as
shielding materials (Zhang et al., 2017). High-density
concretes containing both high atomic number materials
and boron-enriched materials have been recommended for
shielding both gamma-rays and neutrons (Mesbahi and
Ghiasi, 2018; Naseri and Mesbahi, 2010).

Our goals in this research are firstly to find suitable
materials for neutron and gamma shielding for IECF de-
vice of University of Isfahan (Salehizadeh and Nasrabadli,
2021), and secondly to simulate the best geometry for
shielding and doing dosimetry calculations to guarantee
the safety of different users’ workplace with MCNPX code,
and finally to prepare the conditions for setting up and us-
ing this device. For an exact shielding, it should obtain
a realistic picture of geometry, location of detectors and
other involving parameters. It is necessary to calculate
the dose and flux of neutrons and gammas in all cells.
Therefore, the MCNPX code was used in order to cal-
culate these parameters. In this study, we tried to find
some approaches to improve the shielding and all parame-
ters, which can be obtained from experimental values and
the other methods. Most of the published articles about
shielding the IECF devices are for D-D fuel, where the
energy of neutrons produced by this reaction is 2.45 MeV,
but in this study, we have simulated shielding for a D-T
fuel, where the energy of neutrons produced by this re-
action is 14.1 MeV and despite this difference in neutron
energy in this reaction, the thickness we obtained in the
shielding simulation is in agreement with and close to the
results of the reference paper.

2 Material and Methods

In shield structure, we have a combination of neutron and
gamma fields. Each of these has its own interactions. So
we have to consider specific geometric arrangements for
each of them. There are several ways to design shields, in-
cluding neutron and gamma layer shields (Sazali et al.,
2019). 1In the second method, after selecting different
suitable materials for neutron and gamma shielding, we
combine them to create a unit shield that is called a ho-
mogeneous shield (Pomaro et al., 2019). In shield con-
struction, we can have a combination of methods 1 and 2
at the same time (both a homogeneous shield and a lay-
ered shield). Here, we chose the layered shielding method.
The steps of constructing the shield in this method were
as follows: 1) Since the neutrons of the IEC device are
fast neutrons, we chose the first layer of protection from
a material that reduces the population of fast neutrons
(Hu et al., 2020) as much as possible. 2) For the second
layer of protection, we chose a material that slows down
the neutrons (Santosa and Anggraini, 2018). 3) For the
third layer of the shield, we chose a material that absorbs
neutrons that were slowed down and became thermal in
the previous layers (Zan et al., 2020). 4) In this step we
chose a material to absorb the gammas that reach this
layer. 5) In this step we chose a material that reflects the
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thermal neutrons which reach this distance (Stone et al.,
2019). There are three important parameters in choosing
the first material of the shield: 1) Determining the thresh-
old energy of the inelastic scattering of that material. 2)
Determining the cross sections of the inelastic scattering
of neutrons with that material. 3) Reviewing the manu-
factured by-products. According to Table 1, we compared
the inelastic scattering threshold energy of different mate-
rials.

According to Table 1, iron has one of the lowest in-
elastic scattering threshold energies, so it is more useful
in controlling high-energy neutrons. As mentioned earlier,
the presence of metal in the shield layers helps control
high-energy neutrons. For the first layer of the shield, we
chose Portland reinforced concrete. In the next step, the
cross section of the inelastic scattering of neutrons with
materials, for instance for Fe, was obtained (Fig. 1).

To select the material of the moderator layer, we also
considered some important properties, including: 1) the
appropriate elastic scattering cross section, 2) lethargy,
3) MSDP, and 4) Thermalize Factor (TF). Lethargy is
the mean decrement of the logarithm of the energy of a
neutron passing through the matter in the slowing down
process and is given by Eq. (1). A good moderator should
possess a high average energy reduction for neutrons (Za-
kalek et al., 2021). Table 2 lists the lethargy values for
some materials in case for comparison. For calculating
the lethargy of elements, we use Eq. (1), in which A is the
mass number of the desired nucleus. If the slowing-down
medium contains n kinds of nuclides, each of the micro-
scopic scattering cross section og and average logarithmic
energy decrement ¢, the mean value of ¢ for the n species
is given by of Eq. (2).

B (A-1)2 A-1
c=14 () (1)
Zr‘il UsiNigi
= ==L - 2
° Zzlzl UsiNi ( )

As can be seen in the Table 2, water, boron and paraf-
fin with high lethargy were chosen. Another parameter to
study the moderator material is MSDP which is given as
below (Lamarsh, 1966):

MSDP = ¢¥, (3)

where 3 is the elastic scattering cross section. High
MSDP is another property of a good moderator, whose
value for some materials is given in Table 3.

According to Table 3, paraffin has the highest amount
of MSDP, which shows that it is a suitable material for the
second layer. In Table 4, the lethargy and MSDP param-
eters were compared and the best materials for the second
layer of shields were selected.

Based upon Table 4, paraffin and light water have the
best values of these two parameters in order to be used
in the moderator layer. Another indicator of the choice
of moderator material is TF, which its value for different
materials is given by the following equation:

TF Fast neutron yield (s71)

(4)

~ Thermal neutron flux (cm—2.871)
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Table 1: Inelastic scattering threshold energy (ENDF, 2022).

Material —Inelastic scattering threshold energy (MeV)
Fe Ey <2.10
Al Eb ~ 2.25
Pb Ey = 3.20
C Ey =4.80
(0) Ep = 6.60

Table 2: Calculated lethargy of materials.

Material Lethargy
H.O 0.927
D20 0.510

Be 0.207
CasHso 0.910
BeO 0.180
He 0.427
B 0.171

C 0.158

Table 3: Macroscopic Slowing Down Power.

Material MSDP
H.0 1.425
D>O 0.176

Be 0.158

CasHso 1.690

BeO 0.130
He 1.6 x 107°

B 0.092

C 0.060

Table 4: The Lethargy MSDP Comparison (Bell and Glas-

stone, 1970).

Material Lethargy MSDP
H20 0.927 1.425
D20 0.510 0.176

Be 0.207 0.158

CasHso 0.910 1.690

BeO 0.180 0.130
He 0.427 1.6 x 107°

B 0.171 0.092

C 0.158 0.060
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Figure 2: Thermal absorption cross section of B-10 (ENDF,
2022).

The materials selected for shielding should have small
values of the Thermalize Factor (TF) parameter. In the
third step, in order to choose the absorbers of thermal neu-
trons which must have the maximum amount of neutron
absorption cross section, materials such as B-10, Li-6, Li-7,
Gd-152, Xe-135, Cd-113 are selected as the best materi-
als. In the next step, we should add a gamma attenuating
layer for shielding. Figure 2 shows the cross-sectional area
of thermal absorption for B-10 (Lamarsh, 1966).

According to Fig. 2, due to the cross-sectional area
of the thermal adsorption of B-10, we found it suitable
for the third layer of the shield. Boron is also used in
nuclear reactors to absorb thermal neutrons to reduce re-
actors power. To select the fourth layer of the shield, we
should have a gamma attenuating layer for shielding. In
the next step, in order to design the shielding, we also
needed to control the gamma dose rate. In this regard, we
considered features such as the half-value layer (HVL) for
the shield. This parameter is obtained from the following
equation (Stults and Karpius, 2021; El-Toony et al., 2020;
Asadi and Hosseini, 2021).

I =Ipe ™" (5)
where xgyvy = In2/u, x is the thickness of the shield de-
sired, ig is the initial intensity of the radiation beam and
@ is the linear attenuation coefficient. Table 5 shows the
linear attenuation coefficient for several materials.

According to Table 5, for several elements, the linear
attenuation coefficient (p) is different and by an increase
in the energy of beam, p decreases. Pb and Concrete have
the maximum value of © and can be a good choice to de-
crease the energy of gamma beam. Table 6 shows the
HVL values for three different gamma energies and differ-
ent materials according to which we selected the fourth
layer material.

According to Table 6, based on this factor, lead is the
suitable choice for the shield layer that should be used to
attenuate photons. According to Table 6, the materials
described above for the different layers of shield were se-
lected and used in different thicknesses in our simulations.
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Some of these materials had dual or multiple uses for us,
such as reinforced concrete, which reduced both the neu-
tron and the gamma doses. Based on above parameters
we selected the first layer of shield Portland reinforced
concrete to create large dispersions for the fast neutrons
produced. This layer, in addition to being able to reduce
the neutron dose well, has also had a great effect in re-
ducing the gamma dose, which is another advantage of
using this type of concrete. We chose the second layer to
slow down the neutrons to absorb in the next layer. In
the third layer, paraffin was able to reduce the neutron
dose to an appropriate amount to be absorbed by reduc-
ing the energy of neutrons and convert them into thermal
neutrons. We selected the third layer of boric acid to ab-
sorb the thermal neutrons that reached this thickness to
the maximum because boron has a high cross-sectional
area of thermal neutrons, which was reduced by measur-
ing the neutron dose. We chose lead for the fourth layer to
control the gamma dose, which by measuring the gamma
dose, this layer was able to reduce the gamma dose well.
We also reached the last layer to reflect the thermal neu-
trons so that we chose this thickness to act as a reflector
of these neutrons inside the shields. However, it is pos-
sible to choose other materials and the number of these
choices can be very large. The list of materials used in
our simulations is given in Table 7.

3 Simulation

After studying the physics of the problem and selecting
the appropriate materials, we proceeded to the simulation
of different shield layers for the IECF device using the
MCNPX code. MCNPX is a powerful code to simulate
shielding for various neutrons, gamma and other sources.
First we designed the geometry of the shield. Then we
studied and simulated a neutron source that is compat-
ible with the TECF device of the University of Isfahan.
Then we performed dosimetry calculations to measure the
stopping power of the simulated shields.

3.1 Geometry design

In this step of simulation, we first simulated the geometry
of the shields. Due to the fact that the anode geometry
of the IECF device is cylindrical, we thought it would be
better to design the different layers of protection geometri-
cally cylindrical, because they will have perfect symmetry
with the source chamber, which is the best case. Figure
3 is the two-dimensional (2D) images of the simulated ge-
ometry.

Figure 3 shows the order of the different layers of the
simulated shield and the different dimensions of the shield
in two dimensions. Figure 4 shows the names of the ma-
terials used and the sizes and thicknesses used in the sim-
ulation of the IECF device. We designed the geometry di-
mensions so precisely that from the point of view of all the
plates, the distances of the shields correspond exactly to
the thickness of the different layers of shields, both around
the cylinders and at the top and bottom of the cylinders.
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Table 5: Linear attenuation coefficient (1) per cm™" (Hubbell and Seltzer, 1995).

Material  p (g.cm™?) Energy (MeV)

0.1 0.2 0.3 0.5 0.8 1 2 3 5 8 10
C 2.25 0.335 0.274 0.238 0.196 0.159 0.143 0.100 0.080 0.061 0.048 0.044
Al 2.70 0.435 0.324 0.278 0.227 0.185 0.166 0.117 0.096 0.076 0.065 0.062
Fe 7.90 2.720 1.090 0.838 0.655 0.525 0.470 0.335 0.285 0.247 0.233 0.232
Cu 8.90 3.800 1.309 0.960 0.730 0.581 0.520 0.372 0.318 0.281 0.270 0.271
Pb 11.35 59.700 10.150  4.020 1.640 0.945 0.771 0.516 0.476 0.482 0.518 0.522
Air 1.213 1.954 1.594 1.374 1.124 9.125 8.455 5.755 4.605 3.545 2.845 2.615
x10™ x10™ x10™ x10™ x10~ x10™ x10™ x10~ x10™ x10™ x10™ x10™
H>O 1 0.167 0.136 0.118 0.097 0.079 0.071 0.049 0.040 0.030 0.024 0.022
Concrete 2.35 0.397 0.291 0.251 0.204 0.166 0.149 0.105 0.085 0.067 0.057 0.054
Table 6: HVL for several beam energy (Es) of gamma rays.
Material HVL For 100 keV (cm) HVL For 200 keV (cm) HVL For 500 keV (cm)
Air 3555 4359 6189
H2O 4.15 5.1 7.15
C 2.07 2.53 3.54
Al 1.59 2.14 3.05
Fe 0.26 0.64 1.06
Cu 0.18 0.53 0.95
Pb 0.012 0.068 0.42
Table 7: List of materials used in our simulations.
Material Composition ~Atom Fraction Density (g.cm™°) Chemical Formula
C 0.000150
. N 0.784431
Air o 0.210748 0.001205 -
Ar 0.004671
C 0.003405
N 0.004866
Si 0.009708
P 0.000528
Stainless Steel S 0.000255 7.860000 -
Cr 0.188773
Mn 0.086851
Fe 0.065916
Ni 0.046454
H 0.135585
O 0.150644
Mg 0.002215
Reinforced concrete Al 0.005065
(iron-Portland concrete) Si 0.013418 5.900000 -
S 0.000646
Ca 0.040919
Mn 0.002638
Fe 0.648869
H 0.675311
Paraffin C 0.324689 0.930000 CQ5H52
H 0.428571
Boric Acid B 0.142857 1.500000 H3BO3
O 0.428571
Lead Pb 1.000000 11.350000 Pb
Cadmium Cd 1.000000 8.650000 Cd
3.2 Source design itive and negative voltages are applied to the anode and
the cathode respectively.
After designing the geometry, we designed the neutron After applying the voltage to the anode and cathode,
source in accordance with the IECF device. In the IECF a potential well is created inside the device according to
device inside the anode, there is a cathode. The shape of Fig. 6, the center of the potential well is spherical grid,
the cathode is a spherical grid. As shown in Fig. 5, pos- and fuel injection and ionization cause the ionized fuel
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Boric acid

Figure 4: Dimensions and geometry size of the IECF device.

particles to fall into the potential well. In fact, most of
the fuel particles go into the spherical grid.

After a short time, in the ion-neutral collisions, in the
center of the device IECF, electrons separate from neutral
particles and create a virtual anode with all the ions in the
center of spherical grid shown in Fig. 7. Then, because of
the released electrons, we will also have virtual cathodes
at the same time with virtual anodes in the center of the
well.

Therefore, according to the Fig. 7, trapping the fuel
particles occur between these virtual anodes and cathodes,
and the collision between these particles, which leads to
fusion and production of neutrons, takes place in the cen-
ter of the device and in a spherical grid, and their state
becomes spherical due to the virtual anodes and cathodes.
Therefore, the source was simulated as a spherical volu-
metric source. For source energy, we used the fusion func-
tion (Gaussian function) defined for the fusion source in
the MCNPX code. The energy spectrum of all neutrons
produced from this source is 14.1 MeV. We considered
the angular distribution of the neutron radiation from the
source to be isotropic in all directions based on reality and
the intensity of the source (109 s71).
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Figure 5: Anode and cathode voltages of IECF device.

3.3 Dosimetry calculations

In dosimetry calculations, we used different tallies of MC-
NPX code. Tally F4 or F5 was examples of tallies used to
calculate neutron and gamma doses in different layers of
shields. We used point and ring detectors in different lay-
ers and around the device to measure neutron and photon
fluxes for dosimetry calculations.



H. Zanganeh and M. Nasri Nasrabadi

Figure 6: Potential well created after voltage is applied.

Figure 7: Virtual spherical cathodes and anodes shells.

4 Results and discussion

Neutron protection is based on the slowing down of fast
neutrons and then their absorption. Here, we investigated
suitable materials to slow down and then absorb neutrons,
in addition to absorbing gamma. After achieving the best
combination of materials described in the previous sec-
tions, based on their effective thicknesses, we measured
the values of flux and neutron and photon doses after pass-
ing through these shield layers, and measured and reduced
them to safe and standard values as defined in ICRP60.
In the table below, we have listed different thicknesses of
selected materials. In Table 8, we showed the different
thicknesses we used to simulate the shield. We added the
thicknesses in order of 2 cm and performed the calcula-
tions.

As can be seen in Table 8, the most changes have been
made to reinforced concrete, which is the first layer of the
shield, and then the other two materials have changes in
thickness. Based on Table 8, Fig. 8 shows neutron dose
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for different thicknesses of the layers that is calculated by
DF4. It has been done on cells number 4 to 8. The per-
centage error of the simulation calculations with the MC-
NPX code, which is shown in Figs. 8 to 14, was always
less than 5%.

According to Fig. 8, the maximum neutron dose re-
duction occurs by increasing the concrete thickness, i.e.
Portland reinforced concrete has the most neutron dose re-
duction, and then the second and third 10 cm, i.e. paraffin
and boric acid, reduce the neutron dose to our expected
level. In Fig. 5, we also calculated the neutron surface
dose rate values for different thicknesses with F2 tally that
modified by DF2.

As can be seen in Fig. 5, the largest decrease in neu-
tron dose rate occurred during the increase in the thick-
ness of Portland reinforced concrete, and this calculation
of surface neutron dose rate also confirms the results of vol-
umetric neutron dose rate calculations calculated with F4
tally in the previous figure. Figure 10 shows the amount
of photon dose reduction at different thicknesses.
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Figure 8: Neutron dose rate in the shield by F4 Tally.

Figure 9:
F2 Tally.

Neutron surface dose calculation in the shield by



