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Abstract To obtain a small-angle monoenergetic neutron
source, a shielding collimator device is designed for the
neutron source generated by a neutron tube. The device is
divided into the collimator and the capture cave. The col-
limator is made of three layers of stainless steel and borated
polyethylene and is used to constrain neutrons in a small
angle. The capture cave is used to increase the number of
times neutron inelastic scattering occurs in the opposite
direction of the radiation field, thereby reducing the pro-
portion of scattered neutrons in the radiation field. Material
thickness, aperture size, and the optimum structure of the
capture cave were simulated using MCNP. The design
features a neutron emission angle within a range of 3° and
neutron fluxes in the radiation field, which are higher by
two orders of magnitude than those outside the radiation
field. This research has practical value for the generation of
monoenergetic small-angle neutron sources and neutron
applications.
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1 Introduction

Neutron sources are essential in numerous fields of
studies, and their applications include neutron dosimeter
validation tests, neutron radiography techniques, studies on
neutron radiation characteristics in new materials, and
research on radiation hardening techniques [1, 2]. Com-
monly used neutron sources include the isotopic source and
the small-sized neutron generator [3]. Isotopic sources,
such as Am—Be, Am-B, and 232Cf exhibit energy spread,
which causes energy response errors in the detection and
application of neutrons. Hence, small-sized neutron gen-
erators, such as D-D and D-T tubes, play an irreplaceable
role as monoenergetic neutron sources in neutron applica-
tions [4].

The advantages of neutron tubes are the monoenergetic
neutrons produced by neutron tubes, high neutron yield,
and the fact that neutron tubes do not produce radiation
when they are not operating, making them convenient for
management, storage, and transportation. However, draw-
backs still exist for the neuron source generated by the
neutron tube. First, the exit direction of the neutrons is
approximately isotropic, which is unsuitable for small-an-
gle neutron source application. Second, neutron scattering
makes neutrons less monoenergetic [5].

To obtain a small-angle monoenergetic neutron source
using neutron tubes, a shielding collimator device is
designed based on the neutrons generated by D-D and D-T
neutron tubes. Neutrons generated by a D-D tube have
relatively low levels of energy and can be collimated and
shielded easily. Therefore, high-energy (14.1 MeV) neu-
trons generated by a D-T neutron tube are selected as the
research subject.
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2 Design concept
2.1 Problem description

Neutron scattering influences the neutron radiation field,
which can usually be estimated using the shadow cone
method. The shadow cone method involves placing a
shielding material between the radiation source and the
detector. The radiation recorded by the detector comes
from the scattering. The shielding material should be thick
enough to ensure that the detector will not be affected by
the source. However, when the detector and neutron source
are relatively close, the energy response of the detector for
the scattering neutron spectrum is unknown. In this case,
the shadow cone method cannot be used to measure neu-
tron scattering [6].

To understand the impact of scattering on the neutron
radiation field, neutron spectra for different operating space
sizes were simulated using MCNP software. The operating
space sizes were 4 X 4 x 4,6x 6 x 6,and 8x 8 x 8 m>,
respectively. The ideal neutron operating space was infi-
nite. The neutron source was located in the center of the
space, with an energy level of 14.1 MeV. The emission
direction was isotropic. The number of simulated neutrons
was 10’. F5 and ES5 statistical cards were used in the
simulation. The F5 card was a point flux card, which was
used to simulate neutron flux at the measurement point.
The unit of measure is particles/cm®. The E card estab-
lished energy bin ranges, and the neutron spectrum at the
measurement point was obtained from the combination of
the F5 and ES5 cards. The neutron fluxes in different energy
regions were counted as 1 m away from the neutron source.
The results are shown in Fig. 1.
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Fig. 1 Neutron fluxes for different energy regions under different
conditions. Note: Fast neutron: E>1 MeV, Intermediate neutron:
0.001 <E<1 MeV, Thermal neutron: £<0.001 MeV
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Under ideal conditions, the neutron energy in the radi-
ation field was nearly the same as that of the neutron source
with no scattering, whereas the neutron scattering became
apparent in small operating spaces. Taking an operating
space of 6x 6 x 6 m’ as an example, the flux of inter-
mediate and thermal neutrons accounted for 11.3% of the
total neutron flux. To improve the monoenergetic property
of neutrons, the scattering neutrons in the radiation field
should be reduced.

2.2 Design idea

Neutrons have no charge, and no effective way to
change their trajectories exists. Thus, a small-angle
monoenergetic neutron source can be obtained only by
absorbing surrounding neutrons with the use of a shielding
collimator device [7]. The device has two functions. The
first one is collimation [8], which involves moderating and
absorbing neutrons outside the radiation field. Collimation
constrains the neutron source within a small angle. The
other function is shielding [9], which reduces the number
of scattered neutrons and improves the monoenergetic
property of neutrons.

Commonly used neutron shielding materials include
boron-containing concrete, lead boron polyethylene, boron-
containing stainless steel, and Al-B4C alloy materials.
However, these materials do not meet the requirements of
neutron shielding. Lead boron polyethylene has good
radiation shielding properties [10], but they have poor
mechanical performance. Boron-containing stainless steel
possesses high strength and good corrosion resistance [11].
However, boron has low solubility in stainless steel,
thereby causing difficulty in the preparation of stainless
steel with high boron content. Al-B,C alloy possesses good
thermal neutron absorption performance [12], and it can act
as a structural material, but it involves a complex prepa-
ration process and a high production cost. Thus, shielding
requirements cannot be met using only a single material.
To absorb neutrons effectively, a multi-\layer shielding
structure was used in this research [13].

The interactions of neutrons with matter involve short-
range nuclear forces between neutron and atomic nuclei,
and specific reaction types include elastic scattering,
inelastic scattering, and radiation capture [14]. Fast neu-
trons interact with matter first by inelastic scattering, and
heavy metal materials are usually selected as shielding
materials because they have large [n, n], [n, n'], and [n, 2n]
reaction cross sections, so that they can rapidly moderate
fast neutrons to become intermediate neutrons below
1 MeV. The intermediate neutrons interact with matter by
elastic scattering, and light materials that contain a high
percentage of hydrogen offer a good choice. After being
moderated by hydrogen materials, the energies of most
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intermediate neutrons are reduced to the thermal neutron
energy region. The materials should have large thermal
neutron reaction cross sections for absorption. During
reactions between neutrons and matter, secondary y rays
will be generated, thereby allowing heavy metal materials
to be added to the outermost layer to shield y rays. The
overall structure design idea is shown in Fig. 2.

3 Shielding collimator structure design

The shielding collimator device includes the collimator
and the capture cave. Specifically, the collimator consists
of multilayer moderated materials and is mainly used for
producing a small-angle neutron source. The capture cave
is mainly used for absorbing neutrons in the opposite
direction of the radiation field, thus improving the
monoenergetic property of neutrons in the radiation field.

3.1 Collimator structure simulation
3.1.1 Collimator aperture

The most common structures for an aperture are the
cylindrical extraction structure, multi-tube extraction
structure, and cone extraction structure [15]. These struc-
tures increase scattered neutrons outside the radiation field
due to edge scattering. A multilayer, ladder-shaped aper-
ture structure was adopted in this research, and a diagram
of the structure is shown in Fig. 3.

Neutrons can be scattered at the edge of the aperture,
which could increase the proportion of scattered neutrons
outside the radiation field. The multilayer-shaped aperture
forms a step shape according to the material of the colli-
mator. Neutrons scatter at the edge of each ladder thereby
greatly reducing the probability of neutrons directly hitting
the outermost edge of the aperture and reducing the

Fig. 2 Design idea for a
shielding and collimating
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Fig. 3 Sketch of the neutron emission aperture

proportion of scattered neutrons outside the radiation field.
The size of the collimator aperture is determined by the
thickness of the shielding material and the angle of the
neutron radiation field. The diameters of the radiation field
under different cone angles are shown in Fig. 4.

As shown in Fig. 4, when the neutron emission angle is
3°, the radiation field diameter is 5-20 cm for neutrons 1—
4 m away from the neutron source, and the neutron
intensity within the radiation field is 50-800 n cm > s '
(a 10® s! neutron tube is adopted in this paper).

3.1.2 Collimator thickness

1. Heavy metal material

Heavy metal materials are used to moderate fast neu-
trons. The shielding properties of aluminum, iron, stainless
steel, and boron carbide-containing aluminum were simu-
lated [16]. The source was a 14.1 MeV isotropic neutron.
The fast neutron (£>1 MeV) flux 1 m from the source was
counted with the change in the thicknesses of materials.
The results are shown in Fig. 5.

As shown in Fig. 5, iron and stainless steel produced
better shielding properties for fast neutrons than aluminum
and boron carbide-containing aluminum. Iron is a relatively
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Fig. 4 Radiation field diameters at different distances
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Fig. 5 Fast neutron flux with material thickness

common shielding material with a high density [17]. Iron
releases more secondary y rays under 10 MeV upon cap-
turing thermal neutrons. Compared with iron, stainless
steel has superior shielding properties for neutrons and y
performance, has a large inelastic scattering cross section,
and can more effectively shield fast neutrons than iron. In
addition, stainless steel has high structural integrity and a
low price. Therefore, stainless steel is used for moderating
fast neutrons.

Neutron fluxes in different energy regions for various
thicknesses of stainless steel are shown in Fig. 6. The fast
neutron flux decreased rapidly with an increase in the
thickness of stainless steel; when the thickness of the
stainless steel reached 50 cm, the fast neuron flux did not
decrease significantly. Therefore, the thickness of the
stainless steel was set to 50 cm.
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Fig. 6 Neutron fluxes for different energies and stainless steel layer
thicknesses

2. Hydrogen-containing material

After moderation and adsorption by stainless steel, fast
neutrons transformed into intermediate and thermal neu-
trons. Hydrogen-containing materials have large elastic
scattering cross sections for intermediate neutrons [18]. B—
10 can be used to absorb thermal neutrons. To simplify the
structure and improve the moderating properties on neu-
trons, hydrogen-containing materials mixed with boron are
usually adopted. These materials include borated poly-
ethylene, boric paraffin, and boric acid. Boric acid aqueous
solution, which is a simple and cheap protective material,
must be placed in large containers made of a protective
medium [19]. The mechanical processing property of boric
paraffin is poor. Obtaining uniform boric paraffin is diffi-
cult [20, 21]. Therefore, borated polyethylene is selected
for moderating intermediate neutron.

To test the moderating performance of polyethylene, the
intermediate neutron that fluxes through different thick-
nesses of polyethylene was simulated. The neutron source
was located in the stainless-steel-layer aperture port. The
stainless steel layer was a hollow cylinder with an outer
diameter of 100 cm, an inner diameter of 1.3 c¢cm, and a
thickness of 50 cm. The polyethylene behind the stainless
steel layer had the same outer diameter as the stainless steel
layer, but its inner diameter was determined by the thick-
ness of the polyethylene. The intermediate neutron fluxes
inside and outside the radiation field, which were 1 m away
from the source with the change of the thicknesses of
polyethylene, were counted. The results are shown in
Fig. 7.

As shown in Fig. 7, with an increase in the thickness of
polyethylene, the intermediate neutron fluxes inside and
outside the radiation field decreased. When the
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Fig. 7 Neutron flux with thickness of polyethylene

polyethylene thickness reached 20 cm, the intermediate
neutron flux remained unchanged. Therefore, the thickness
of the polyethylene was set to 20 cm.

To absorb the thermal neutrons, B—10 was added to the
polyethylene material. The thermal neutron fluxes with
different boron contents are shown in Fig. 8. When the
boron content was 6%, the thermal neutrons were basically
absorbed. The boron content of polyethylene was set to
6%.

3. Lead layer

When neutrons interacted with the matter, secondary
gamma rays were generated. Lead was used to shield y
rays. The y ray fluxes inside and outside the radiation field
with different ranges of thicknesses were simulated. The
neutron source and stainless steel layer had the same

x10°

4 T T T T T
----- Thermal neutron in radiation field
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Fig. 8 Thermal neutron flux with boron content

settings as those given above (Sect. 3.1.2). The thickness of
borated polyethylene was 20 cm, and its inner diameter
was 1.8 cm. The lead layer had the same outer diameter as
the stainless steel and polyethylene. The inner diameter
was determined by the thickness of lead. The y ray fluxes
1 m away from the source were counted. The results are
shown in Fig. 9.

As shown in Fig. 9, the fluxes inside and outside the
radiation field of y rays decreased with the increase in the
thickness of lead. When the lead thickness was 2 cm, the y
ray flux in the radiation field reached a minimum level.
When the thickness of lead reached 8 cm, the y ray flux
outside the radiation field did not decrease significantly.
The y rays were lower by two orders of magnitude than the
rays with no lead shielding. Therefore, the thickness of the
lead was set to 8 cm.

3.1.3 Collimator radius

Within the limited operating space, neutrons that pass
through the collimator scatter on the wall, thus causing the
neutrons to scatter in the radiation field. To reduce the
interference of scattering, the radius of the neutron colli-
mator was simulated. The neutron source was 14.1 MeV,
being 1.5 m from the ground, and placed at the center of
the collimation aperture. The front of the shielding was a
three-layered collimation structure that was made of 50 cm
of stainless steel, 20 cm of borated polyethylene, and 8 cm
of lead. The inner diameter of each component measured
1.3, 1.8, and 2.0 cm, respectively. The rear part of the
shield material was made of stainless steel, whose thick-
ness was equal to the radius of the collimator. The entire
device was placed in an operations room with dimensions
of 6x6x%x6 m3, and the room’s walls were 60-cm-thick
concrete structures. The neutron fluxes inside and outside
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Fig. 9 y ray flux with thickness of lead
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the radiation field were counted. The results are shown in
Fig. 10.

As shown in Fig. 10, as the collimator radius increased,
the neutron flux decreased. When the radius of the colli-
mator exceeded 30 cm, the neutron flux inside the radiation
field changed slightly. When the radius of the collimator
reached 35 cm, the neutron flux outside the radiation field
was almost unchanged. Therefore, the radius of the colli-
mator was set to 35 cm.

3.2 Capture cave structure simulation

The capture cave was cylindrical, made of stainless
steel, and contained a cylindrical air layer. Figure 11 shows
the basic structure of the capture cave.

The fast neutrons outside the capture cave were simu-
lated. The collimator structure was set according to the
simulation results in Sect. 3.1. The source was located in
the cavity of the interface between the capture cave and the
collimator, and its energy was 14.1 MeV. The fast neutron
flux on the outside surface of the capture cave with the
change in the thickness and diameter of the capture cave is
shown in Fig. 12.

As shown in Fig. 12, fast neutron flux decreased with an
increase in the thickness of the capture cave. When the
thickness of the capture cave reached 25 cm, fast neutron
flux outside the capture cave began to change slowly.
Therefore, the thickness of the capture cave was set to
25 cm. However, the fluxes of thermal and intermediate
neutrons outside the capture cave increased. To absorb the
intermediate and thermal neutrons better, borated poly-
ethylene was added to the outer surfaces of the capture
cave and collimator. The proportions of intermediate and
thermal neutrons in the radiation field with the change of
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Fig. 10 Neutron flux with the collimator radius
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thicknesses of borated polyethylene were simulated. The
results are shown in Fig. 13.
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Fig. 13 Proportion of intermediate and thermal neutrons with the
thickness of borated polyethylene
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When the thickness of borated polyethylene increased to
12 cm, the proportion of intermediate and thermal neutrons
in the total flux decreased to less than 1%. The thickness of
the borated polyethylene outside the capture cave and
collimator was set to 12 cm. The schematic and photograph
of the shielding collimator device are shown in Fig. 14. A
round hole with the same diameter as the neutron tube was
opened at the joint between the collimator and the capture
cave, and the neutron tube was placed along the hole so
that the neutron exit position was at the center where the
collimator and capture cave contacted.

4 Performance verification of shielding collimator
structure

4.1 Neutron energy spectrum simulation

The shielding collimator device was placed in a
6x 6 x 6 m’ space. D-D and D-T tubes were placed in the
device. The neutron spectra 1 m from the radiation field
were simulated. The results are shown in Fig. 15.

As shown in Fig. 15, after shielding and collimating, the
energies of the neutrons were monoenergetic, and the dose
rates of secondary y rays 1 m from the radioactive source
were 0.75 and 1.01 pGy h™' for D-D and D-T tube,
respectively.

4.2 Radiation field size simulation

The neutron fluxes 1 m from the neutron source at dif-
ferent sites on a plane vertical to the exit direction were
simulated, and the results are shown in Fig. 16.

As shown in Fig. 16, the neutron source beam was
limited within the range of 3°, and the neutron flux outside
the radiation field was lower by two orders of magnitude
than that within the radiation field 1 m away from the
source.
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Fig. 15 Neutron spectra inside the radiation field

The simulation results showed that the shielding colli-
mator device achieved the design goal.

4.3 Dose rate measurement

To test the shielding and collimating characteristics of
the device, the neutron dose rates inside and outside the
radiation field 2 m away from the source were measured in
an experiment. The neutron source was the D-T tube, and
the intensity of the source was 10®. The detector used was a
high-sensitivity regional neutron monitor produced by the
Institute of High Energy Physics.

The background dose rate of the laboratory was 0.022+
0.018 pSv/h. The neutron dose rate inside the radiation
field 2 m from the source was 1.75+0.02 mSv/h, and the
neutron dose rate outside the radiation field 2 m from the
source was 18.56+0.27 pSv/h. The simulation results of
dose rates inside and outside the radiation field were 1.92
and 14.82 pSv/h, which were 9.7 and 20.1% of the errors
with the experimental results, respectively. The simulation
results were in the same order of magnitude as the

Fig. 14 Schematic and photograph of the shielding and collimating device
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experimental results, and the errors may be the effect of the
scattering of the supporting frame of the device. The dose
rate value inside the radiation field was higher by two
orders of magnitude than that outside the radiation field.
The results illustrated the rationality of the structure of the
device.

5 Conclusion

To obtain a small-angle monoenergetic neutron source,
a shielding collimator device was designed for a 4z source
of neutrons generated by small D-D and D-T neutron
tubes. The device was divided into the collimator and the
capture cave. The structure sizes of the collimator and the
capture cave were simulated, and the device was built
based on the simulation results. Thereafter, the perfor-
mance of the device was verified by simulation and
experiment. Results showed that the angle of the neutron
source was controlled within a range of 3°, and the neutron
flux outside the neutron irradiation field was lower by two
orders of magnitude than those inside the radiation field,
which was 1 m away from the source.

The designed device can generate a small-angle
monoenergetic neutron source using D-D and D-T tubes.
The neutron sources can find practical application in vali-
dating neutron dosimeters and in studying the characteris-
tics of radiation resulting from the interactions of neutrons
with matter.
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