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The deuterium-tritium neutron generator should be fully shielded for the safety of the opera-
tors participating in the experiments since the D-T neutron generator is commonly used in ac-
tivation 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-con-
taining 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 nSvh-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, si-
multaneous analysis of multiple elements, high accu-
racy, non-destructiveness, and high sensitivity. It is
widely used in biophysics [1] and environmental mon-
itoring [2, 3], radiography [4, 5], industry [6-8], explo-
sives 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 ra-
diation dose is still far higher than the safe dose value
(5 uSvh ") [13]. Therefore, it is necessary to study the
entire shielding device. Boron-containing polyethyl-
ene (BPE) is a new type of neutron shielding material,
which is not only significantly better than polyethyl-
ene 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
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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 con-
duct 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 devel-
oped by Northeast Normal University was used as the
neutron source which can generate 14 MeV neutrons.
It consists of a neutron emitter, a corresponding elec-
tronic system, and a control box fig. 1(c). The entire
neutron emitter is a stainless-steel cylinder with a ra-
dius of 4.3 cm and a length of 89 cm fig. 1(a). The Pen-
ning 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 cmand 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 (p = 1.4 gem™), and sulfur hexafluoride
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Moderator

(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 envi-
ronment. 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 de-
vice in fig. 2 are as follows: L, =8 cm, L, =20 cm,
Ly=4cm,L,=20cm, Ly=25cm, and Lg = 3.5 cm.
Among them, high-density polyethylene (HDPE) with
a density of 0.950 gcm is selected as the moderator,
lead (p= 11.34 gcm™>) as the multiplier and reflector,
and nickel (p = 8.90 gcm™) 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

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

neutrons. Among them, ¢, and ¢, respectively, rep-
resent the thermal neutron flux and total neutron flux
on the optimized device output surface

2
P:@ (1)
Pr

In this research, the collimator is needed to im-
prove to optimize the thermal device. Change the aper-
ture 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 in-
creases and then decreases. When the collimating aper-
ture 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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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 di-
rectly perform activation experiments in the laboratory
after the thermalization device is surrounded by shield-
ing 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 (p =0.955
gem ) 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 0of 53.5 cm dis-
tance from the source on the side close to the source. A
layer of cylindrical lead (p = 11.34 gem™) 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
ofthe 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.

BPE Air Lead

Nickl— pppE| | |

Polyimide
Y

Figure 4. Initial shielding design

Kovar alloy

Table 1. The initial simulated dose rate
(neutron yield is 4-10% ns™)

Location Neutron dqs]e Photon do§le Total dosE:l rate

rate [uSvh '] | rate [uSvh '] [uSvh™]

+X 1506.7 19.9 1526.6

-X 1342.0 19.2 1361.2

+Y 1209.7 11.9 1221.6

-Y 50.8 0.4 51.2

+Z 2143.9 19.5 2163.4

-Z 1045.6 14.3 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 calcu-
lated 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 7*(10) is
all multiplied by 4-10% neutrons per second (the maxi-
mum yield of the neutron generator) to obtain the neu-
tron, 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 pSvh™ 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 cmin steps of 5 cm, at the same time, the thickness
oflead 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 uSvh~! 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
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Figure 5. The neutron dose rate changes with BPE radius
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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 (B,C) has the advantages of good
neutron shielding performance, low price, easy manu-
facturing, good high-temperature stability, ezc. [21, 22].
A layer of B,C 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 B,C, 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 neu-
tron dose rate and total dose rate are both higher than
5 uSvh! 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 B,C because
B,C has a weak ability to absorb thermal neutrons and
BPE has better thermal neutron absorption capacity.
Therefore, part of the BPE replaced with B,C will in-
crease the dose rate in other directions.

Figure 8. Improved shielding device with B,C

Table 2. Dose rate after adding B,C and when BPE
radius is 100 cm (neutron yield is 4-10 ns™)

. Neutron dose | Photon dose | Total dose rate
Location | te [uSvh '] | rate [uSvh'] | [uSvh]
+X 8.5 1.1 9.6
X 5.7 1.1 6.8
+Y 1202.7 11.5 1214.2
-Y 52.3 0.3 52.6
+Z 5.0 0.4 5.4
7 3.1 0.8 3.9

THE SHIELDING DESIGN WITH WALL

Considering the cost and the safety of operators,
aconcrete 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 opera-
tors are in different rooms with the device. The se-
lected 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 lcm
on the outer wall of the laboratory. Six points are re-
spectively 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 4108571

. Neutron dose | Photon dose | Total dose rate
Location rate [uSvh™'] | rate [uSvh™] [uSvh™]
+X 46.5 3.2 49.7
-X 4.7 0.5 52
+Y 13.6 0.5 14.1
-Y 2.1 0.2 2.3
+Z 4.1 0.4 4.5
-Z 3.8 0.3 4.1

Table 4. The total dose rate of different materials
[uSVh'I] (neutron yield is 410%s™)

Location BPE Concrete | HDPE | H,O D,0O
+X 19.7 17.2 15.1 15.8 13.8
-X 5.1 10.4 6.1 4.5 4.7
+Y 5.0 43 5.0 4.4 3.9
-Y 12.6 1.9 10.4 9.0 33
+Z 5.6 43 4.1 3.0 4.3
-7 2.3 3.0 2.6 33 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 ra-
dius is 50 cm, the total dose rate in—Y, +Z, and —Z direc-
tion is less than 5 uSvh™!, 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 (H,O), HDPE,
BPE, and heavy water (D,0). 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 uSvh™!, and the dose rate in the —Y direction is
mostly higher than 5 uSvh™!. 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,
H,0, and D,0 as shielding plates, the dose rate in the
+X direction is lower. Considering the cost, HDPE and
H,O 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 H,0, so a
layer of 110 cm % 10 cm % 110 cm water wall can be
placed in the —Y direction. For the shielding plate, con-
sidering 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 uSvh!, and the dose rate in other directions has in-
creased 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 thick-
ness 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 uSvh™! . A water wall with a size
of 5cm x 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 uSvh™' af-
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Figure 10. The total dose rate at the measurement point
with the thickness of the water wall
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Table 5. Dose rate at each point after adding water wall in
X direction (neutron yield is 4-10° s7)
Locati Neutron dose | Photon dose | Total dose
ocation rate [uSvh™'] | rate [uSvh™'] |rate [uSvh™'] fiitik % —a—Z71
+X 4.1 0.7 49 o \ T
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e .
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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 thick-
ness 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
73 and Y2 is still higher than 5 uSvh™'. Double-layer
materials such as the shielding wall are designed, con-
sidering that the size of the space in the laboratory is
not suitable for such a thick concrete wall, as well as

20 25 30 35 40 45 50

Concrete thickness [cm]

Figure 13. The neutron dose rate changes with concrete
thickness
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Figure 14. The photon dose rate changes with concrete
thickness
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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 con-
crete 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 D,0
have good shielding effects, but the total dose rate at
multiple locations is higher than 5 uSvh™'. Another
layer of material for shielding should be added, for ex-
ample, HDPE and D,0. A layer of 5 cm thick D,0O is
added on the side of the original HDPE near the de-
vice, and the total dose rate after adding a layer of 5 cm
thick HDPE on the side of the original D,O 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 uSvh™'.
Under this condition, the device is changed to the —Z
direction, there is a 20 cm air layer between the shield-
ing layer and the device in the Z direction. After mov-
ing, the total dose rate results are shown in tab. 7. The
total dose rate at Z2 is higher than 5 uSvh. 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

Table 6. The total dose rate of measurement points under
different materials (uSVh'l) (neutron yield is 4 10857

Location Air BPE HDPE H,0 D,0

Z1 6.1 43 4.2 4.1 3.5
z2 7.4 6.0 5.1 52 3.9
Z3 16.5 18.5 16.8 13.9 10.3
Y1 7.8 32 3.7 3.12 5.0

Y2 20.6 12.3 11.3 12.1 10.3
Y3 4.8 3.5 4.5 3.3 3.5

is close to three times the safe dose rate, it is more dan-
gerous to stay around Z3. Therefore, the scope of ac-
tivities of teachers and operators during the experi-
ment is adjusted to the outer side of the concrete wall
with the axial direction of +Y, and three dose rate mea-
surement 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

Concrete wall —
- HDPE D,0

Y4 Y3 Y2 | Y1 Y5 Y6

@ z1

'B,‘(‘ Lead——»

Z;

w2’

Y ) z3

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 4-10% s™)

Photon dose rate| Total dose rate
[uSvh '] [uSvh ']

One Two One Two | One | Two
Location| water | layers of | water | layers of | water | layers of
layer | water | layer | water |layer | water

Y1 2.8 2.1 0.3 0.4 3.1 2.5
Y2 3.7 32 0.5 0.2 4.2 34
Y3 2.5 2.8 0.3 0.3 2.8 3.1
Y4 4.4 24 0.3 0.3 4.7 2.7
Y5 52 2.8 0.3 0.4 5.5 3.2
Y6 4.9 2.0 0.3 0.4 52 24

Neutron dose rate [uSvh™']
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Concrete wall =

Figure 17. The structure of the final design (not in scale)

rate at Y5 and Y6 is slightly higher than 5 uSvh™!. A
layer of 5 cm thick water wall is added along the Y-axis
in the radial direction to connect it with the L-shaped
concrete wall to form a T-shape. The dose rate of
Y1-Y6 (shown intab. 8)is less than 5 uSvh~!, which is
lower than the safe dose value after adding the water
wall. The final simulation device is shown in fig. 17.

CONCLUSIONS

In this work, Monte Carlo simulation is used to
design a shielding system for the thermalization de-
vice based on an NG-9 D-T neutron generator for pro-
tecting the safety of the teachers and students partici-
pating in the experiment. After calculation for the
thermalization device with BPE for neutron shielding
and Pb for photon shielding, the results show that the
dose rate around the device is higher than the safe dose
value even when the volume of the shielding material
is relatively larger enough. The models with shielding
walls are designed including two cases. One case is
that the experimental device and the participants are in
the different laboratory rooms. The other is that the ex-
perimental device and the operators are in the same
lab, but there is an L-shaped concrete wall as a parti-
tion. The dose rate is lower than the safe dose value af-
ter optimization design, which may be a reference for
operators of neutron activation experiments based on
the D-T generator.
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‘Bunrgej AT, Musej BUHI, duaynr XE, Janrgentunr OY, Cunju JIUHT, buarounr JIA

ON3AJH BAIITUTE CUCTEMA EKCIIEPUMEHTA 3A AKTUBAILINJY HEYTPOHA
3ACHOBAHOI' HA JEYTEPUJYM-TPUILIMJYMCKOJ HEYTPOHCKOJ LIEBA

JleyTepujyM-TpUIMjyMCKH TeHEpaTOp HeyTpoHa Tpeba ja Oyje MOTHYHO 3amTwheH paau
6e36eqHOCTH onepaTepa KOju yU4ecTBY]Yy Y €eKCIIEpUMEHTHMA jep ce IeYTepHUjyM-TPHULMjYMCKH FeHEPATOP
HEYTPOHA OOMYHO KOPUCTH y €KCIIEpUMEHTHIMA akTUBanuje. Y oBoj cryauju, MITHIIS kop kopuirheH je 3a
cuMmynupame edekTa 3amTuTe ypebaja 3a TepManmn3alyjy HeyTpOoHa KOjU je TPETXOHO AN3ajHUPaH ca
OJIOBOM U IOJIMETUIIEHOM KOjU cafip>Ku O0p Kao 3alITUTHU MaTepujal. JaunHa J03e HeyTPOHa Y OKOIMHU
NMpeTXOAHOT ypebaja 3a TepMmanuzauujy He 3a0BOJbaBa, TAKO fia je moTpebaH OeTOHCKHU 3uj u3Meby
ypebaja u omeparepa. [IBa Mopena mpojeKTOBaHa Cy ca OETOHCKMM 3HWAOM. JefgaH je ma ypebaj u
eKCIEpUMEHTAJIHU OIlepaTepu HUCY Y MCTOj MPOCTOPHjH, a APYTH je fia cy ypebaj n ekcnepuMeHTaTHU
omnepaTepu y UCTOj MPOCTOpuju a n3Mehy wux je 6eToHckn 3uf1 y 00nuKy cinoBa L. Y o6a Mmopena, jaunHa
03¢ 3a onepaTepe Ouia je Mama of 5 uSvh .

Kwyune pewu: MITHII cumyaayuja, 3awiiuitia, Oeyiiepujym-idpuyjymcKu MOOYAUCAHU HEYIIPOHCKU
unuyujaiiop, MI{THIIT ko0



