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The deuterium-tritium neutron generator should be fully shielded for the safety of the operators participating in the experiments since the D-T neutron generator is commonly used in activation experiments. In this study, MCNP5 code was used to simulate the shielding effect of
the neutron thermalization device previously designed by our group with Pb and boron-containing polyethylene as the shielding material. The neutron dose rate outside of the previous
thermalization device can not meet the requirement, so a concrete wall is needed between the
device and the operators. Two models are designed with concrete walls. One model is that the
device and the experimental operators are not in the same room, another one is that the device
and the experimental operators are in the same room, and there is an L-shaped concrete wall
between them. In both models, the dose rate to the operators was less than 5 mSvh–1.
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INTRODUCTION
Neutron activation analysis is a technique for
qualitative and quantitative analysis of elements in
substances. It has the advantages of low pollution, simultaneous analysis of multiple elements, high accuracy, non-destructiveness, and high sensitivity. It is
widely used in biophysics [1] and environmental monitoring [2, 3], radiography [4, 5], industry [6-8], explosives detection [9-12], and other fields. Learning and
mastering the neutron activation analysis technology
is very useful for college students. Many colleges
commonly use a D-T neutron generator as a neutron
source for neutron activation analysis. Since the D-T
neutron generator emits neutrons and gamma-rays
which will cause radiation damage to personnel, even
under the package of the thermalization device, the radiation dose is still far higher than the safe dose value
(5 mSvh–1) [13]. Therefore, it is necessary to study the
entire shielding device. Boron-containing polyethylene (BPE) is a new type of neutron shielding material,
which is not only significantly better than polyethylene in shielding thermal neutrons, fast neutrons and,
gamma radiation but also has good stability, corrosion
resistance, electrical insulation, wear resistance, and
other advantages [14-16]. Because lead metal has a
* Corresponding author, e-mail: jingsw504@nenu.edu.cn

high density, lead is often used as a gamma shield [17].
Therefore, lead and BPE are, respectively, selected as
the gamma-ray and neutron shielding materials. To
obtain a shielding device suitable for operators to conduct neutron activation analysis experiments, MCNP5
was used to simulate the shielding of the
thermalization device, and the results may lay the
foundation for future neutron activation experiments.

INITIAL THERMALIZATION
DEVICE AND OPTIMIZATION

Initial thermalization device
In this study, NG-9 D-T neutron generator developed by Northeast Normal University was used as the
neutron source which can generate 14 MeV neutrons.
It consists of a neutron emitter, a corresponding electronic system, and a control box fig. 1(c). The entire
neutron emitter is a stainless-steel cylinder with a radius of 4.3 cm and a length of 89 cm fig. 1(a). The Penning ion source, accelerating electrode, reservoir and
target are enclosed in a neutron tube. The neutron tube
is a cylinder with a radius of 2.5 cm and a length of
10 cm, fig. 1(b). Between the transmitter head and the
neutron, the tube is filled with a thickness of 1.7 cm
polyimide (r = 1.4 gcm–3), and sulfur hexafluoride
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Figure 1. The picture of the
NG-9 neutron generator;
(a) the emitter of the
neutron generator,
(b) the neutron tube, and
(c) the main control box

Figure 2. The design of
our previous thermalization
device

(SF6) gas is also filled inside the transmitter head.
Polyimide and SF6 gas are used to isolate the high
pressure in the neutron emitter from the external environment. The thermalization system designed for
NG-9 D-T neutron generator by our group was used as
the initial thermalization device [18], which is shown
in fig. 2. The specifications of the thermalization device in fig. 2 are as follows: L1 = 8 cm, L2 = 20 cm,
L3 = 4 cm, L4 = 20 cm, L5 = 25 cm, and L6 = 3.5 cm.
Among them, high-density polyethylene (HDPE) with
a density of 0.950 gcm–3 is selected as the moderator,
lead (r= 11.34 gcm–3) as the multiplier and reflector,
and nickel (r = 8.90 gcm–3) as the collimator.
Optimization of initial
thermalization device
Let P be the thermal efficiency, eq. (1), which
represents the ability of the device to thermalize fast

neutrons. Among them, jTh and jT, respectively, represent the thermal neutron flux and total neutron flux
on the optimized device output surface
P=

2
jTh
jT

(1)

In this research, the collimator is needed to improve to optimize the thermal device. Change the aperture size of the collimator and use the F2 counter card to
measure the thermal neutron flux and total neutron flux
on the output surface, to get P. Figure 3 shows the change
of P with the aperture of the collimator. It can be seen
from fig. 3 that as the aperture size increases, P first increases and then decreases. When the collimating aperture size is 3 cm P reaches its maximum value. So, 3 cm
diameter aperture size of the collimator was selected in
the subsequent thermalization device.
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Table 1. The initial simulated dose rate
(neutron yield is 4×108 ns–1)
Location
+X
–X
+Y
–Y
+Z
–Z

Figure 3. P changes with collimation aperture

SHIELDING DESIGN WITHOUT
CONCRETE WALL

The first model is without a concrete wall between
the device and operators in the room. Operators can directly perform activation experiments in the laboratory
after the thermalization device is surrounded by shielding material. The shielding design is shown in fig. 4. The
Y-axis and Z-axis are, respectively, along with the axial
and radial directions of the emitter of the NG-9 neutron
generator. In the Z-axis direction of the shielding device,
for the activation experiment, there is a cylindrical cavity
(3 cm diameter) filled with air with a height of 15 cm. The
air layer is placed on the collimator, which is included in
the thermalization device. A layer of 5 % BPE (r = 0.955
gcm–3) with a cylindrical density is first covered based on
the thermalization device. Suppose the initial BPE has a
radius of 50 cm, a length of 159 cm, and a of 53.5 cm distance from the source on the side close to the source. A
layer of cylindrical lead (r = 11.34 gcm–3) is coated on
the BPE. The thickness of the lead layer is 5 cm, the
length is 169 cm, and the distance from the source close
to the source is 58.5 cm, respectively. The bottom surface
of the BPE and lead is perpendicular to the XY plane and
extends in the Y-axis direction, which is the same as the
thermalization device. Then six ballpoints with a radius
of 1 cm are set on the surface of the shielding device.

Figure 4. Initial shielding design

Neutron dose
rate [mSvh–1]
1506.7
1342.0
1209.7
50.8
2143.9
1045.6

Photon dose
rate [mSvh–1]
19.9
19.2
11.9
0.4
19.5
14.3

Total dose rate
[mSvh–1]
1526.6
1361.2
1221.6
51.2
2163.4
1059.9

These six points are respectively in the X-axis, Y-axis,
and Z-axis directions of the emission source. Their flux
value is calculated with F5 counter, and the DE and DF
counter cards are used to convert the flux in the calculated cell into the environmental dose equivalent H*(10)
[19]. The flux-dose conversion coefficient of neutrons
and photons comes from ICRP publication 74 [20]. In
this simulation, the number of particles participating in
the experiment is 1×107, and the output result H*(10) is
all multiplied by 4×108 neutrons per second (the maximum yield of the neutron generator) to obtain the neutron, photon dose rate, and total dose rate of the initial
shielding design, which are shown in tab. 1.
It shows in tab. 1 that the neutron dose rate and
total dose rate are far higher than 5 mSvh–1 when the
BPE radius is 50 cm and the length is 159 cm. When
the radius of BPE gradually is increased from 50 cm to
100 cm in steps of 5 cm, at the same time, the thickness
of lead is fixed at 5 cm, the variation of the dose rate of
each location with the BPE is shown in figs. 5-7.
It can be seen from three figures that the dose
rate in the +Y axis and –Y axis only fluctuates slightly
without decreasing since only the radius of the BPE is
changed. The dose rate of the four directions of the
X-axis and Z-axis decreases rapidly with the increase
in BPE radius, but the total dose rate everywhere is still
higher than 5 mSvh–1 when the BPE radius is 100 cm.
The dose rate in the +Z direction is much larger than
that in the other three directions because this direction

Figure 5. The neutron dose rate changes with BPE radius
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Figure 6. The photon dose rate changes with BPE radius
Figure 8. Improved shielding device with B4C
Table 2. Dose rate after adding B4C and when BPE
radius is 100 cm (neutron yield is 4×108 ns–1)
Location

Neutron dose
rate [mSvh–1]

+X
–X
+Y
–Y
+Z
–Z

8.5
5.7
1202.7
52.3
5.0
3.1

Photon dose Total dose rate
rate [mSvh–1]
[mSvh–1]
1.1
1.1
11.5
0.3
0.4
0.8

9.6
6.8
1214.2
52.6
5.4
3.9

THE SHIELDING DESIGN WITH WALL

Figure 7. The total dose rate changes with BPE radius

is the output direction of thermal neutrons and there is
an air cavity as the neutron activation experiment area.
Boron carbide (B4C) has the advantages of good
neutron shielding performance, low price, easy manufacturing, good high-temperature stability, etc. [21, 22].
A layer of B4C cylindrical with a radius of 4 cm and a
height of 71.9 cm is added above the air cavity. Figure 8
shows the improved device model with B4C, and the
simulation results of six ballpoints on the surface of the
shielding device are shown in tab. 2.
It can be seen from tab. 2 that when the radius of
the BPE is 100 cm and the length is 159 cm, the neutron dose rate and total dose rate are both higher than
5 mSvh–1 at five positions except the –Z axis direction.
The dose rate in the two directions of the X-axis is
slightly larger than that when there is no B4C because
B4C has a weak ability to absorb thermal neutrons and
BPE has better thermal neutron absorption capacity.
Therefore, part of the BPE replaced with B4C will increase the dose rate in other directions.

Considering the cost and the safety of operators,
a concrete wall is added as a gap between the operators
and the experimental instrument. There are two cases
to be considered to change the wall-less shielding to
wall shielding.

The operator and the instrument
are not in the same laboratory
In this case, the device is placed in the laboratory
and the operators conduct experiments in the control
room outside the laboratory, which means the operators are in different rooms with the device. The selected laboratory is 577 cm long, 349 cm wide and 315
cm high respectively, along the Z-axis, Y-axis, and
X-axis directions. The thickness of concrete wall of the
laboratory room is 26 cm The device is placed in the
center of the YZ plane of the room, 15 cm away from
the ground (+X axis direction). The device model is
shown in fig. 9. Set six ballpoints with a radius of 1cm
on the outer wall of the laboratory. Six points are respectively in the positive and negative directions of the
emission source along the X-axis, Y-axis, and Z-axis of
the lab room. The neutron dose rate, photon dose rate,
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Figure 9. Outdoor shielding design (not in scale)
Table 3. Outdoor shielding dose rate when the BPE
radius is 50 cm (neutron yield is 4×108 s–1)
Location

Neutron dose
rate [mSvh–1]

+X
–X
+Y
–Y
+Z
–Z

46.5
4.7
13.6
2.1
4.1
3.8

Photon dose Total dose rate
rate [mSvh–1]
[mSvh–1]
3.2
0.5
0.5
0.2
0.4
0.3

49.7
5.2
14.1
2.3
4.5
4.1

Table 4. The total dose rate of different materials
[mSvh–1] (neutron yield is 4×108 s–1)
Location
+X
–X
+Y
–Y
+Z
–Z

BPE
19.7
5.1
5.0
12.6
5.6
2.3

Concrete
17.2
10.4
4.3
1.9
4.3
3.0

HDPE
15.1
6.1
5.0
10.4
4.1
2.6

H 2O
15.8
4.5
4.4
9.0
3.0
3.3

D 2O
13.8
4.7
3.9
3.3
4.3
3.1

and total dose rate of these six points are simulated
when the BPE radius is 50 cm, the length 150 cm, and
the radius of lead is 55 cm and 160 cm in length, which
are shown in tab. 3.
It can be seen from tab. 3 that when the BPE radius is 50 cm, the total dose rate in –Y, +Z, and –Z direction is less than 5 mSvh–1, which meets the safety dose
requirement. The dose rate in the +Y is much higher
than that in –Y direction because the detection point in
the +Y is close to the position of the emission source. It
is needed to increase the thickness of the BPE in +Y and
reduce the thickness of the BPE in –Y direction. The
thickness of the BPE in the +Y direction is increased by
3 cm, and the thickness of the BPE in the –Y direction is
reduced to zero. A 15 cm thick shielding plank can be
placed in this direction and the device can be placed on
this plank because the dose rate in +X direction is far
higher than the safe value. The materials selected for the
shielding board are concrete, water (H2O), HDPE,
BPE, and heavy water (D2O). The dose rate of six
points under different shielding materials is shown in
tab. 4.

It can be seen from tab. 4 that regardless of the
material, the dose rate in the +X direction is higher
than 5 mSvh–1 , and the dose rate in the –Y direction is
mostly higher than 5 mSvh–1. A double-layer material
is considered to use as a shielding plate. It can be seen
from tab. 4 that under the condition of using HDPE,
H2O, and D2O as shielding plates, the dose rate in the
+X direction is lower. Considering the cost, HDPE and
H2O are chosen as the double-layer material, at the
same time, to raise the device 10 cm, that is, 25 cm
from the ground. The dose rate in the –Y direction is
higher under the condition of HDPE and H2O, so a
layer of 110 cm × 10 cm × 110 cm water wall can be
placed in the –Y direction. For the shielding plate, considering that the cost of the water wall is lower than
that of HDPE, first fix the HDPE thickness to 10 cm
and change the thickness of the water wall. The total
dose rate change at each measurement point is shown
in fig. 10. It can be seen from the figure that as the
thickness of the water wall increases, the dose rate in
the +X direction decreases, but it is still higher than
5 mSvh–1, and the dose rate in other directions has increased at some stage as the thickness of the water wall
increases. This may be due to the effect of the water
wall on the neutrons' reflection effect. From the figure,
the overall shielding effect is better when the thickness
of the water wall is 5 cm. So, keep the thickness of the
water wall at 5 cm, the HDPE thickness increased from
10 cm to 20 cm in steps of 5 cm, and the thickness of
HDPE is 25 cm, the thickness of the water wall is 0 cm.
The total dose rate at each point varies with the thickness of HDPE as shown in. It can be seen, fig. 11, that
the shielding effect is the best when the thickness of
HDPE is 20 cm, but the dose rate in the -X direction is
slightly higher than 5 mSvh–1 . A water wall with a size
of 5 cm × 93.7 cm × 110 cm is needed to install on the
wall in this direction to reduce the dose rate, as well as
to ensure the safety of the operators in this direction.
The dose rate after adding the water wall, tab. 5, shows
that the dose rate at each point is less than 5 mSvh–1 af-

Figure 10. The total dose rate at the measurement point
with the thickness of the water wall
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Figure 11. The total dose rate at the changes
measurement point changes with the HDPE thickness
Figure 12. L-shaped concrete wall
Table 5. Dose rate at each point after adding water wall in
X direction (neutron yield is 4×108 s–1)
Location

Neutron dose
rate [mSvh–1]

+X
–X
+Y
–Y
+Z
–Z

4.1
2.6
3.7
1.0
2.7
2.9

Photon dose Total dose
rate [mSvh–1] rate [mSvh–1]
0.7
0.4
0.4
0.1
0.3
0.4

4.9
3.0
4.1
1.1
3.0
3.3

ter adding the water wall in the –X direction, which
reaches the safe dose rate standard.

The operator and the instrument
are in the same laboratory
In this case, a concrete wall will be placed in the
laboratory, so that the operator and the device can be in
a room. This case is considered for the condition of
lack of laboratories. The selected laboratory model is
the same as the previously mentioned mode. For this
model, the BPE radius is 50 cm and the length is 150
cm, the lead radius is 55 cm and the length is 160 cm.
An L-shaped concrete wall is designed to surround the
device, and six detection points Y1, Y2, Y3, Z1, Z2,
and Z3 along the wall are set, fig. 12. The initial thickness of the L-shaped concrete wall is supposed to be 20
cm, with 5 cm as a step length the dose rate at six points
under different concrete thicknesses is shown in figs.
13-15.
It can be seen from the figures that when the
thickness of the concrete wall is 50 cm, the dose rate of
Z3 and Y2 is still higher than 5 mSvh–1. Double-layer
materials such as the shielding wall are designed, considering that the size of the space in the laboratory is
not suitable for such a thick concrete wall, as well as

Figure 13. The neutron dose rate changes with concrete
thickness

Figure 14. The photon dose rate changes with concrete
thickness

J. Cai, et al.: Shielding Design in Neutron Activation Experiment System ...
Nuclear Technology & Radiation Protection: Year 2022, Vol. 37, No. 1, pp. 42-50

48

Table 7. The total dose rate of each point under double
shielding and after adding the air layer (mSvh–1)
(neutron yield is 4×108 s–1)
Location
Z1
Z2
Z3
Y1
Y2
Y3

Figure 15. The total dose rate changes with concrete
thickness

the cost and difficulty of production. It can be seen
from figs. 13-15 that when the thickness of the concrete wall reaches 35 cm, the rate of dose rate changes
little with the increase of wall thickness, so select a
35 cm thick concrete wall. Then a layer of shielding
material with a thickness of 10 cm is added to the wall
near the side of the device. Water, HDPE, BPE, and
heavy water are selected as shielding materials. The
total dose rate at six points after adding different
shielding layers is shown in tab. 6.
It can be seen from the table that HDPE and D2O
have good shielding effects, but the total dose rate at
multiple locations is higher than 5 mSvh–1. Another
layer of material for shielding should be added, for example, HDPE and D2O. A layer of 5 cm thick D2O is
added on the side of the original HDPE near the device, and the total dose rate after adding a layer of 5 cm
thick HDPE on the side of the original D2O near the
device is calculated and shown in tab. 7. It can be seen
from tab. 7 that the overall shielding effect of the latter
model is better than that of the former one, but the total
dose rate of Z3 and Y2 is still higher than 5 mSvh–1.
Under this condition, the device is changed to the –Z
direction, there is a 20 cm air layer between the shielding layer and the device in the Z direction. After moving, the total dose rate results are shown in tab. 7. The
total dose rate at Z2 is higher than 5 mSvh–1. In order to
reduce the dose rate at this point, a layer of 5 cm thick
water wall is added outside the concrete wall with the

10 cm HDPE +
5 cm D2O
3.7
5.0
13.5
3.0
9.1
4.7

Location
Z1
Z2
Z3
Y1
Y2
Y3

Air
6.1
7.4
16.5
7.8
20.6
4.8

BPE
4.3
6.0
18.5
3.2
12.3
3.5

HDPE
4.2
5.1
16.8
3.7
11.3
4.5

H 2O
4.1
5.2
13.9
3.12
12.1
3.3

D 2O
3.5
3.9
10.3
5.0
10.3
3.5

Adding air
layer
4.3
6.2
14.2
3.4
7.2
3.2

Z-axis in the radial direction. Since the dose rate of Z3
is close to three times the safe dose rate, it is more dangerous to stay around Z3. Therefore, the scope of activities of teachers and operators during the experiment is adjusted to the outer side of the concrete wall
with the axial direction of +Y, and three dose rate measurement points Y4, Y5, Y6 that are on the same line as
Y1, Y2, and Y3 are added to confirm the dose rate on
this straight line. The configuration of the device is
shown in fig. 16 and the dose rate at each point are
shown in tab. 8. It can be seen from tab. 9 that the dose

Figure 16. The distribution of Y1 to Y6 (not in scale)
Table 8. Dose rate at each point after adding water layer
and after adding two layers of water layer (neutron yield
is 4×108 s–1)
Photon dose rate
[mSvh–1]
One
Two
One
Two
Location water layers of water layers of
layer water layer water
Y1
2.8
2.1
0.3
0.4
Y2
3.7
3.2
0.5
0.2
Y3
2.5
2.8
0.3
0.3
Y4
4.4
2.4
0.3
0.3
Y5
5.2
2.8
0.3
0.4
Y6
4.9
2.0
0.3
0.4

Neutron dose rate [mSvh–1]

Table 6. The total dose rate of measurement points under
different materials (mSvh–1) (neutron yield is 4 ×108 s–1)

10 cm D2O +
5 cm HDPE
3.9
4.6
14.3
3.1
8.5
3.0

Total dose rate
[mSvh–1]
One
Two
water layers of
layer water
3.1
2.5
4.2
3.4
2.8
3.1
4.7
2.7
5.5
3.2
5.2
2.4
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\ingfej CAJ, [ivej \ING, Didung HE, Jangventing OU, Sinji LING, Bingbing LI
DIZAJN ZA[TITE SISTEMA EKSPERIMENTA ZA AKTIVACIJU NEUTRONA
ZASNOVANOG NA DEUTERIJUM-TRICIJUMSKOJ NEUTRONSKOJ CEVI
Deuterijum-tricijumski generator neutrona treba da bude potpuno za{ti}en radi
bezbednosti operatera koji u~estvuju u eksperimentima jer se deuterijum-tricijumski generator
neutrona obi~no koristi u eksperimentima aktivacije. U ovoj studiji, MCNP5 kod kori{}en je za
simulirawe efekta za{tite ure|aja za termalizaciju neutrona koji je prethodno dizajniran sa
olovom i polietilenom koji sadr`i bor kao za{titni materijal. Ja~ina doze neutrona u okolini
prethodnog ure|aja za termalizaciju ne zadovoqava, tako da je potreban betonski zid izme|u
ure|aja i operatera. Dva modela projektovana su sa betonskim zidom. Jedan je da ure|aj i
eksperimentalni operateri nisu u istoj prostoriji, a drugi je da su ure|aj i eksperimentalni
operateri u istoj prostoriji a izme|u wih je betonski zid u obliku slova L. U oba modela, ja~ina
doze za operatere bila je mawa od 5 µSvh–1.
Kqu~ne re~i: MCNP simulacija, za{tita, deuterijum-tricijumski modulisani neutronski
..........................inicijator, MCNP kod

