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The traditional methods for radiation shield design always only focus on either the structure or the
components of the shields rather than both of them at the same time, which largely affects the shielding
performance of the facilities, so in this paper, a novel method for designing the structure and compo-
nents of shields simultaneously is put forward to enhance the shielding ability. The method is developed
by using the genetic algorithm (GA) and the MCNP software. In the research, six types of shielding
materials with different combinations of elements such as polyethylene (PE), lead (Pb) and Boron
compounds are applied to the radiation shield design, and the performance of each material is analyzed
and compared. Then two typical materials are selected based on the experiment result of the six samples,
which are later verified by the Compact Accelerator Neutron Source (CANS) facility. By using this method,
the optimal result can be reached rapidly, and since the design progress is semi-automatic for most
procedures are completed by computer, the method saves time and improves accuracy.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

It is known that neutrons and y-rays are two main types of ra-
diation, and in order to shield them, nuclear facilities such as
accelerator neutron sources and nuclear reactors have to be care-
fully developed. Nowadays, commonly used shielding materials for
nuclear facilities are often composed of hydrogen, heavy metal el-
ements, neutron absorbers, and an effective shield is always
multilayer. In the early stage of shield design, the concept of super
shield was proposed by JaeSub Hong [1]. The shield contains three
layers: a moderator that reduces the energy of the neutrons, an
absorber that stops the degraded neutrons and the last layer that
absorbs the y-rays, and the super shield is constructed in accor-
dance with the characteristics of neutrons and y-rays, which allows
each layer to perform its function in the shielding at its best. It can
be seen that a multilayer radiation shield with an optimal combi-
nation of structure parameters can improve the shielding perfor-
mance, otherwise, the result may deteriorate.

In order to design the optimal multilayer shield, nuclear particle
transport based software MCNP is widely used. ]. C. Liu adopted
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MCNP to design the thickness and the cost of a shield for a 14 MeV
neutron source [2]. In A. X. da Silva's investigation, a shield was
designed against neutrons and y-rays for a**Cf source through
Monte Carlo simulation [3]. Also, Huasi Hu proposed a shield design
method which was established by GA and MCNP software in 2008
[4], and in 2017, this method was applied to the shield design for the
target station of the RIKEN Accelerator Compact Neutron Source [5].
In 2010, S Ashayer proposed a multi-objective y-ray shielding ma-
terial design method by using GA and MCNP Code, aiming at
improving shielding performance and reducing the cost of shields
[6]. In 2017, Mehmet Tiirkmen used GA and MCNP to shape the
beams of neutron sources [7]. In the same year, Seyed Mehrdad also
used GA and MCNP to investigate the effects of some important
parameters of HPGe detector [8]. In these previous studies, either the
thickness of each layer or the mass ratio of each components of a
radiation shield was designed; however, they didn't devise the both
at the same time, and the shields' performance was not satisfactory.

When developing a nuclear device, the shield always takes up
most of the volume and weight of the nuclear device. The optimal
design of the structure and components of the shield can make it
much more compact and lightweight so that the efficiency of the
device can be improved. Therefore, a novel method for designing
the structure and components of radiation shields simultaneously
is established in this research, and the shielding ability of the
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materials designed by using the method is also verified by the
Compact Accelerator Neutron Source (CANS) facility.

2. Materials and methods
2.1. Physical basis for the method

The purpose of shielding is to protect people from being radiated
by reducing the energy of particles, absorbing the particles and their
secondary radiation as much as possible. For fast neutron shielding,
the interactions between neutrons and target nucleus can be divided
into inelastic scattering, elastic scattering, absorption and capture.
The inelastic scattering dominates in fast neutron range (around
1.0 MeV) and the elastic scattering dominates in medium energy
range (around 10->MeV—1.0 MeV). The energy of fast neutrons is
mainly reduced by inelastic scattering and when the fast neutron
energy drops below the threshold value of the inelastic scattering,
the neutrons are slowed down by the elastic scattering until the
energy of the neutrons reach the thermal neutron region. Then the
thermal neutrons could be absorbed easily. For y-rays, the shielding
mainly depends on y-rays’ three forms of interactions with the
shielding material: photoelectric absorption, Compton scattering
and pair production. Therefore, the radiation shield has to be
designed according to the interactions of neutrons and y-rays with
the material. When the energy of neutrons is high, the elements of
the high inelastic cross section are chosen as the first layer, such as
W, Pb, Fe and Cu. When the energy of the neutrons reaches the
threshold value, the elements of the high elastic cross section are
chosen as the second layer, such as H and C. The elements, B, Li and
Gd of the high thermal neutron capture cross section are selected as
the third layer. Commonly, the second layer and the third layer are
mixed to constitute a composite material consisting of elements
such as Boron carbide (B4C) and PE. Secondary y-rays are produced
when neutrons interact with the material; therefore, the material
consisting of W or Pb is chosen as the fourth layer for shielding the
primary y-rays and secondary y-rays. The whole interactive process
is shown in Fig. 1. The energy of neutrons is reduced after it interacts
with the elements in the material, and for the shielding material as a
whole, the reduced energy is closely connected with the structure
and components of the material.

2.2. Materials for shield design

Three components PE, B4C and Pb are combined in six different
groups to construct six types of shielding materials as shown in
Fig. 2. In each group, the total thickness of the designed shield is
20 cm. The detector for measuring the total dose of the neutrons
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and y-rays is installed on the right-hand surface of each shielding
material. The area of the detector's cross section is as same as that
of the shielding. The details of each group of the materials are
described as follows:

o Group (a) is a single-layer material consisting of PE, B4C and Pb.

o Group (b) is a three-layer material with PE, B4C and Pb from left
to right.

o Group (c) is a four-layer material withPb, PE, B4C and Pb from
left to right.

o Group (d) is also a four-layer material with Pb, B4C, PE and Pb
from left to right.

o Group (e) is a three-layer material with Pb, mixed material and
Pb from left to right. The mixed material is made up of PE and
B4C.

o Group (f) is a three-layer mixed material. Each layer consists of
PE, B4C, Pb.

It is worth noticing that how the six groups are designed is
different:

o The group (a): only the components of the material are well
designed.

o The group (b), (c) and (d): only the thickness ratio of each layer
is well designed.

o The group (f): the thickness of each layer and the components of
the material in each layer are both well designed.

2.3. Computer program based on genetic algorithm and MCNP code

The design method in this research is established by using Ge-
netic Algorithm (GA) and the MCNP Code. The parameters, such as
the thickness, density and components of shielding material, are set
in cell cards and material cards in MCNP code. The data showing the
dose equivalent of neutrons and y rays are extracted from the
output file of the MCNP code, which are then set as the objective
function of GA. In the GA program, the optimal combination of
structure, components and density are sought out, which meets a
preset objective. In the shielding design, the objective is the lowest
dose equivalent of neutrons and y-rays after they penetrate the
shielding. The objective function is as follows:

MinH (LA) = min[aHy(LA) + BH,(LA)] (1)

where, Hy(L,A) and Hy (L, A) are dose equivalents of neutrons and y-
rays respectively. In the manuscript the optimization constraint is
only on the total dose equivalent. L is the parameter of thickness, A
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Fig. 1. The interactions of neutrons and y-rays in the multilayer shield.
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Fig. 2. Six groups of the shielding materials.

is the parameter of the components, « is the number of the neu-
trons and ( is the number of the y-rays at the initial state. The
constraint conditions are as follows:

p
ZLL—: 2)

p
Aj+Ay+ A =1 3)
i=1

Px < Peff < Py (4)

where, L; is the thickness of each layer, Ly, is the total thickness of
the shield, A; is the mass ratio of each component and p. is the
equivalent density of the shielding.

Then, a program is written in C language to combine GA with
MCNP to design the shielding material. The flow chart is shown in
Fig. 3 which contains five steps as follows:

1) Input the parameters of the thickness and the components of
the material.

2) Generate the “inpn” file and “inpp” file for simulating the neu-
trons and y-ray passing through the material.

3) Calculate the “inpn” file and “inpp” file by MCNP and generate
the “outpn” file and “outpp”.

4) Extract the data for the dose equivalent of the neutrons in the
“outpn” file and y-rays in the “outpp” file.

5) The program stops when the fitness value does not change or
the iteration times reach Np (the generation number). If this
doesn't happen, new thickness and components of the shielding
material will be generated and then the next calculation starts.

At first, MCNP model is prepared and put into the GA code. Then
an executable file is produced. Double click this file, the design will
begin as shown in Fig. 3, the following procedures are automatic.

This method can seek out the optimal combinations of the
structures and components of the shield accurately and quickly.
After MCNP model prepared and put into GA code, all the step is
automatic. Even if the source is complex neutron and gamma ray
spectrums, this method is also active.

3. Results and discussions
3.1. Simulation results

In this new method, the optimal combination of thickness and
components is provided by the function of GA. After repeated
generations’ calculations of GA and with the help of MCNP, the total
dose equivalent of neutrons and y-rays reaches the minimum on
the whole. Fig. 4 shows the relationship between them.

The radiation source is the fission neutrons and fission y-rays. In
one-time fission, 2.4 neutrons and 7.7 y-rays are produced, so « is
2.4 and B is 7.7 in Formula (1). The crossover rate and mutation rate
in GA are both 0.3. The population size is 200 and the generation
number is 500. The densities of Pb, PE, and B4C are respectively
1134 g cm~3,0.96 g cm > and 2.52 g cm ™3

The design results are shown in Table 1 and Table 2.

The shielding performances of the designed materials are
shown in Table 3.

From the result shown in Table 3, it can be found that 1) By
comparing group (b) and group (d), (c), four-layer shield performs
better than three-layer shield because Pb in the first layer of the
four-layer shield is able to moderate high-energy neutrons by in-
elastic scattering; 2) by comparing group (a) and group (b), (c), (d),
the evenly mixed one-layer material made in this research is better
than multilayer material as shown in Fig. 2; 3) by comparing group
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Fig. 3. Flow chart of the structure and components of the shield design.
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Fig. 4. The relationship of dose equivalent and generation number.

(e) and group (a), the material with a layout of Pb-interlayer-Pb is
better than the mixed one-layer material (the interlayer is mixed by
PE and B4C). 4) According to group (f) and other designed shields,
three-layer mixed material is better than other shields.

The designed materials are also compared with the materials
made up of Pb202, Pb, Fe, graphite and Fe-PE-Pb respectively.
Pb202 consists of Pb, B4C and PE. The mass ratios of Pb and PE are
80% and 19% respectively. The density of PB202 is 3.42 g cm 3. The
thickness ratio of Fe-PE-Pb is 6:3:1. Pb202 is a material with the
component design only and Fe-PE-Pb with the structure design
only. The shielding performances of these shields are shown in
Table 4, which calculated by MCNP. The result shows that the
shielding performance of group (e) and group (f) is better than that
of the shield made up of pb202 and Fe-PE-Pb. But the materials
with the component or structure design are better than the ma-
terial without any particular design in regard to the shielding
performance.

3.2. Experimental results

3.2.1. Neutron and +y-ray spectrum of CANS

The verification experiment was carried out on the CANS. The
CANS consists of a 7 MeV proton linear accelerator, a target station,
a neutron beam tube and a box for experiment samples as well as
the detector [9]. Two typical materials are selected for the experi-
ment, one is PE + Pb and the other one is BPE + Pb. The structure
and components of the CANS are shown in Fig. 5. Inside the
graphite reflector is the beryllium target [10]. Outside the graphite
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Table 1
The thickness of the shield's each layer.

No. of layers First layer (cm) Second layer (cm) Third layer (cm) Fourth layer (cm)
Group (a) 1 20 0 0 0
Group (b) 3 18.10 0.10 1.80 0
Group (¢) 4 2.87 16.45 0.30 0.38
Group (d) 4 2.82 0.52 16.54 0.12
Group (e) 3 242 17.54 0.04 0
Group (f) 3 8.46 0.68 10.86 0
Table 2
The components of the shield's each layer.
PE (W/[%) B4C (W/%) Pb (W/%)
Group (a) First layer 0.393 0.032 0.575
Group (e) Second layer 0.604 0.092 0.304
Group (f) First layer 0.175 0.011 0.814
Second layer 0.387 0.001 0.612
Third layer 0.514 0.050 0.436
Table 3 detector is 5.0 cm x 3.2 cm.

Comparison of shielding performances of different materials.

Shielding performance (Sv) Density (g.cm ™)

Neutron Secondary y y-ray Total
Group (a) 1.79E-14 1.20E-16 2.85E-15 2.09E-14 2.52
Group (b) 1.96E-14 7.47E-16 3.34E-15 2.37E-14 2.11
Group (c) 1.89E-14 1.88E-15 1.98E-15 2.27E-14 1.91
Group (d) 1.93E-14 1.69E-15 1.62E-15 2.26E-14 265
Group (e) 1.79E-14 2.62E-16 1.70E-15 1.99E-14 2.66
(

1.76E-14 1.92E-16 1.72E-15 1.93E-14 2.63

Table 4
Comparison of shielding performances of different shields.

Shielding performance (Sv) Density (g.cm™>)

Neutron Secondary y y-ray Total
No shielding 4.90E-13 0.00 E+00

2.34E-14 5.14E-13 0

Pb 1.69E-13 8.52E-17 1.92E-18 1.69E-13 11.3
Fe 1.32E-13 2.08E-16 5.40E-17 1.33E-13 7.86
Graphite 8.47E-14 6.46E-17 5.24E-15 9.00E-14 2.25
PB 202 4.78E-14 1.04E-16 7.67E-16 4.87E-14 3.42
Fe-PE-Pb 3.98E-14 6.89E-16 1.20E-16 4.06E-14 6.13

reflector is a shield made up of PE and Pb. The collimator consists of
BPE and PE. The inside layer of the collimator is BPE and the outside
layer is PE. The box is made up of PE and Pb. The distance between
the detector and the PE moderator is 484 cm. The size of the

484 cm

The simulation started with proton bombing beryllium target,
which produced the neutrons and y-rays. When the current beam
of the proton was 100 pA, the total number of the neutrons and vy-
rays was about 1.23X10'%/s, in which neutrons was 9.80 x 10'!/s
[11]. The energy of y-ray was 3.562 MeV [11]. The neutron spectrum
and y-ray spectrum at the detector were simulated by MCNP and
PHITS. PHITS is a kind of Monte Carlo software for simulating the
interaction of neutrons and y-ray s with matters. The simulation
results are shown in Fig. 6.

3.2.2. Experimental setup

Fig. 7 is the setup of the experiment. The detector is 484 cm
away from the PE moderator. The center of the detector and the
center of the neutron beam are in a straight line. The detector
consists of the scintillator and the multi-pixel photo counter. The
scintillator is made up of poly vinyl toluene, p-terpheny and POPOP.
In order to avoid the dead time of the detector, the current of the
proton beam in the experiment was set to be around 13.5 pA [5].
The detector can't distinguish neutrons from y-rays, so only the
total number of the neutrons and y-rays is shown [5].

Before putting the sample into the CANS, the two typical ma-
terials which will be used in the experiment are designed by the
new method. The source is shown in Fig. 6. The detailed design
procedures and the design result are shown in 3.3.1. Table 5 illus-
trates the selected groups of components for the material design,
among which 418 cm PE+1cmPb and 5 cm BPE+1cmPb are
selected according to the design result.

i 10cm

15cm1em 4em 20cm

Collimator

41.2em

Accelerator

Target station

Fig. 5. The structure of the CANS.



G. Hu et al. / Nuclear Engineering an

—=— MCNP data

1E-7 —o— PHITS data

m
&

m
o

Neutron flux /(cm’s)

1E-10

1E-11

T,
1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1 1

Neutron Energy (MeV)

10

(a) Neutron spectrum

Fig. 6. The neutron spectrum and

2

d Technology 52 (2020) 178—184 183

—m— MCNP data
1E7
,r'"‘\-
= un l""/.]'-'.
-m-H-m
g 84— e
7 S
é 4
: /
o 1E9
g | |
g J
1E-10 4 .
T 1

o1
Gamma energy (MeV)

0.01 1

(b) y-ray spectrum

y-ray spectrum at the detector.

Reflector
Proton

———"

Neutron

Bell PE

Target station

Fig. 7. The setup of

3.2.3. Uncertainty analysis

The neutron number is proportional to the current beam of
protons, the number of pulses and the measurement time. The
uncertainty of the neutron number is due to the uncertainty of
these measurement parameters. The uncertainty of neutron num-
ber is calculated by

484cm

the experiment.

uncertainty of the pulse number of protons, A, is the uncertainty of
measurement time. The relative uncertainty of the detector is
calculated by

AN

N

oln f
0

oln f
Oc

2
a

2
c

oln f
0p

oln f

E
N Fy

) e (50 e (B) ()

where, N is the neutron number, A, is the uncertainty of the de-
tector, Ay is the uncertainty of the current beam of protons, A is the

Table 5
Selected groups of components for the shield design in the experiment.

IAN|/ N = (1/ N) x 100% (6)
2
43 (5)

The uncertainties of the measurement of the current beam of
protons and the pulse number of protons are smaller than 2%. The
measurement time is 60 + 1.2 s.

Group a with PE and Pb
Sr. #

Thickness of PE (cm) Thickness of Pb (cm)

Group b with BPE and Pb
Thickness of BPE (cm)

Thickness of Pb (cm)

0.54
4.18
9.30
13.90
19.20

g W=
[ S ey
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The error of the simulation is calculated by

A= /f202 + f2,02, + f2,)02, (7)

where, f, is the flux of neutrons, f, is the flux of secondary y-rays,
fy2 is the flux of primary y-rays, Ay is the error of neutrons, A, is
the error of secondary y-rays, A, is the error of primary y-rays.

3.3. Comparison of simulation and experimental results

3.3.1. Simulation result of the new method in response to the
neutron and vy-ray spectrums of CANS

The energy and intensity of the mixed neutrons and y-rays from
the CANS are close to the fission neutrons and fission vy-rays.
Therefore, the verification experiment was carried out on the CANS.
The simulation starts with the neutron spectrum and y-ray spectrum
shown in Fig. 6. The structure and components are shown in Fig. 5.
The position of the detector is as same as that in the experiment.

The thickness and components of PE + Pb and the BPE + Pb
were well designed to shield the mixed neutrons and y-rays shown
in Fig. 6. The density of PE is 0.96 g cm>. BPE is a mix of PE and
B,0s. The objective is to obtain the minimum quantity of neutrons
and y-rays after them penetrating the shield. The designed result is
as followed: the thickness ratio of PE and Pb is 4.2:1. The thickness
of BPE and Pb is 4.96:1. The mass ratio of B,O3 is 9.6% in BPE.

The simulation result is shown in Fig. 8. It is the transmission
ratio of both neutrons and y-rays. The y-rays include the primary vy-
rays and secondary y-rays produced by the interaction of neutrons
and the shielding material.

3.3.2. Comparison and analyses

Fig. 8 is the experimental data and the simulated data of different
shields. The abscissa shows the thickness of the shield as a whole.
The ordinate illustrates the transmission ratio of both neutrons and
y-rays. As the thickness increases, the transmission ratio decreases.
The groups of 4.2 cm PE + 1 cm Pb and 5 cm BPE + 1 c¢m Pb, which
are arranged according to the designed result, are able to shield more
neutrons and vy-rays than other combinations of components
adopted to make other kinds of shields. 5 cm BPE + 1 cm Pb sample
whose structure and components were designed at the same time
shields more neutrons and y-rays than 4.2 cm PE + 1 cm Pb whose
structure was the only concern while being designed.

To sum up, the shield with only structure or components
designed reduces more neutrons and y rays than other shields with

= Simulation data of PE+Pb
e Experiment data of PE+Pb
% I A-- Simulation data of BPE+Pb
= v Experiment data of BPE+Pbt
=)
g
&0 ks
o ;
g ;l i
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[=} S5t
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Thickness /cm

Fig. 8. The experimental data and simulated data of different shields.

no particular design. The shield with structure and components
designed together reduces more neutrons and y-rays than the
shield with only structure or components designed.

4. Conclusions

The novel method is suitable for designing both the structure and
components of a shield against arbitrary mixed neutrons and y-rays.
The shield designed by this method is better than other shields in
terms of radiation resistance. The research also shows that the one-
layer evenly mixed shield is better than some multilayer shields, but
the Pb-interlayer-Pb shield is better than other shields except for the
layer mixed shielding which is the best among all. The verification
experiment was carried out on the CANS, in which PE + Pb and
BPE + Pb were selected as the sample materials. The thickness ratios
and components of these materials are designed against the mixed
neutrons and y-rays generated from the CANS. The selected groups
of components adopted to make the shield, which are arranged
according to the designed results, are able to shield more neutrons
and y-rays than other groups. A5 cm BPE + 1 cm Pb sample, whose
structure and components were designed at the same time, shields
more neutrons and y rays than a 518 cm PE + 1 cm Pb sample
whose structure was only predesigned.
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