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a b s t r a c t

Imaging and scattering techniques using thermal neutrons allow to analyze complex specimens in sci-
entific and industrial researches. Owing to this advantage, there have been a considerable demand for
neutron facilities in the industrial sector. Among neutron sources, an accelerator driven compact neutron
source is the only one that can satisfy the various requirementsdconstruction budget, facility size, and
required neutron fluxdof industrial applications. In this paper, a target, moderator, and reflector (TMR)
system for low-energy proton-accelerator driven compact thermal neutron source was designed via
Monte Carlo simulations. For 10e30 MeV proton beams, the optimal conditions of the beryllium target
were determined by considering the neutron yield and the blistering of the target. For a non-borated
polyethylene moderator, the neutronic properties were verified based on its thickness. For a reflector,
three candidatesdlight water, beryllium, and graphitedwere considered as reflector materials, and the
optimal conditions were identified. The results verified that the neutronic intensity varied in the order
beryllium > light water > graphite, the compacter size in the order light water < beryllium < graphite
and the shorter emission time in the order graphite < light water < beryllium. The performance of the
designed TMR system was compared with that of existing facilities and were laid between performance
of existing facilities.
© 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/).
1. Introduction

It is possible to analyze complex specimens in atomic or mo-
lecular scales for scientific and industrial research using scattering
or imaging techniques; especially, for thermal neutrons whose
wavelength is larger than an angstrom. Currently, the HANARO [1],
a research reactor, is the only neutron facility that allows neutron
scattering and imaging experiments in Korea. However, not only
research reactors but also accelerator-driven neutron sources have
been established and operated in foreign countries. Spallation
Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL), Los
Alamos Neutron Science Center (LANSCE) at Los Alamos National
by Elsevier Korea LLC. This is an
Laboratory, and Japan Proton Accelerator Research Complex (J-
PARC) at the Japan Atomic Energy Agency (JAEA) are representative
large neutron facilities driven by high-energy proton accelerators
[2e4]; Low Energy Neutron Source (LENS) at the Indiana university
and the RIKEN Accelerator-driven compact pulse Neutron Source
(RANS) at RIKEN are representative compact neutron sources
driven by low-energy proton accelerators [5,6].

On comparing the compacter sizes for the research reactors or
spallation sources, neutron sources driven by low energy acceler-
ators may be the only that can be employed for medical or indus-
trial applications. Although there are three compact neutron
sources in Korea, they are fast neutron sources and aremajorly used
for irradiation and cross-section measurements [7]. A neutron
target system for the 100MeV linear accelerator at KOMAC is under
development for slow neutrons [8]; however, the development of a
thermal neutron target system for low energy accelerators that
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allows neutron scattering or imaging experiment remains lacking.
In this paper, a target system for thermal neutrons applicable to

low energy proton accelerators has been addressed. For 10, 13, 15,
20, 25, and 30 MeV proton beams, target systems have been
designed via Monte Carlo simulations [9,10]. The materials and
optimal conditions of the target system consisting of the target,
moderator, and reflector (TMR) were decided, and the neutron
beams were characterized for each energy of proton beams. For
cylindrical shapes of the target, moderator, and reflector, the
thickness of the target was optimized by considering the neutron
yield and the hydrogen blistering effect, and the thickness of
moderator and the height and radius of the reflector were opti-
mized by considering the fluxes and spectra of the thermal neutron
beams.
Fig. 1. A schematic of Target-Moderator-Reflector system.
2. Materials and method

An accelerator driven compact neutron source consists of a
driver and a TMR system. The driver is a particle accelerator that
accelerates charged particles, typically electrons or protons. When
accelerated particles are bombarded on the TMR system, neutrons
are produced by charged particle reaction or spallation. In the TMR
system, the target is a neutron converter, which emits neutrons
when accelerated particles are incident on it. The moderator re-
duces the energy of the neutrons from that of fast neutrons to that
of thermal neutrons(<100 meV). The reflector acts to reflect and
premoderate neutrons back to the moderator, and causes an in-
crease in the neutron flux. For compact neutron sources, the
charged particle reaction is utilized for producing neutrons. The
energy of the charged particle is higher than the threshold energy
of the reaction. Table 1 shows the typical mechanisms of neutron
production and the relevant examples. For a compact neutron
source driven by a proton accelerator, the proton should be accel-
erated over 2 MeV because the threshold energy of the (p,n) re-
action for lithium is 1.9MeV and that for beryllium is 2.1MeV. Then,
fast neutrons with energies in the order of kilo electronvolts to
several million electronvoltsdequivalent to the energy of the
bombarded protondare produced.

The geometry of the TMR system was defined to simulate the
neutron source. Fig. 1 shows a schematic of the TMR system. The
proton beam passes through a vacuum flight tube and is bom-
barded on the target. The vacuum tube, target, and moderator were
defined to have a horizontal-cylinder shape. The reflector was
defined as a vertical-cylinder shape centered on the target. Since an
accurate operation condition is required, biological shielding was
not designed in this paper. However, neutron shielding was defined
to absorb neutrons escaping outside of the beam path in all simu-
lations. To design and characterize the TMR system for each energy
of proton beams, numerous simulations were conducted. Neutron
yields depending on the thickness of the target were confirmed,
and the fluxes and spectra of the neutrons were confirmed by
Table 1
Neutron production reactions and examples.

Reactions Type of source Examples

Spallation Accelerator driven
source

184W þ p - > A*þB*þxn
<x>~20

Charged particle
reaction

Accelerator driven
source

9Be þ p -> 9B þ n
7Li þ p -> 7Be þ n

Fission Reactor 235U þ n - > A*þB*þxn
<x>~2.5

Fusion Portable generator d þ d -> a(0.87 MeV)þ
n(2.4 MeV)
dþ t -> a(3.5 MeV)þn(14MeV)
varying the thickness of the moderator and the radius and height of
the reflector. MCNP 6.2 [9], which is the Monte Carlo based
computational code for particle transport was used to calculate
neutron yields, fluxes and spectra, and the SRIM code [10], which is
also the Monte Carlo based computational code for calculating the
stopping power of ions in materials, was used to calculate the range
of the bombarding protons and to find the thickness that can pre-
vent the blistering effect of the target.
2.1. Materials of target, moderator and reflector

For a compact neutron source driven by a proton accelerator, a
light material that has low nuclear binding energy, typically lithium
or beryllium, is used as a neutronic target. Fig. 2 shows neutron
Fig. 2. Neutron yield for low energy nuclear reactions [11]. Lithium and beryllium have
high neutron yields for bombardment of low energy ions.



Table 2
Mechanical properties of candidates of target materials.

Material Neutron production reaction Melting point Thermal Conductivity Radioactive products Gamma to neutron ratio [12]

Lithium 7Li(p,n) 7Be [EThr:1.9 MeV] 181 �C 71 W/(mK) 7Be [EThr:1.9 MeV] 0.4
@Ep 7 MeV

Beryllium 9Be(p,n) 9B [EThr:2.1 MeV] 1287 �C 210 W/(mK) 7Be [EThr:13.4 MeV] 0.23
@Ep 7 MeV

Table 3
Neutronic properties of atoms for moderation and reflection of neutron.

Parameter H D He Li Be C O U

A 1 2 4 7 9 12 16 238
N(collision) [2 MeV -> 0.0253 eV] 18 25 43 67 86 114 150 2172
Scatt xs
@ 0.0253 eV

82.03 b 7.64 b 1.34 b 1.4 b 7.63 b 5.559 b 4.232 b 8.871 b

Absorp xs
@ 0.0253 eV

0.3326 b 0.0005 b 0 b 0.0454 b 0.0076 b 0.0035 b 0.0001 b 2.68 b

Fig. 3. Cross section of 9Be(p,n)9B reaction for low energy proton bombardment. The
peak of cross section occurs near the proton energy of 6 MeV, and there's slight
increment of the cross section near the proton energy of 30 MeV.

Fig. 4. Simulation results on the dependence of the thickness of the target and the
neutron yield from 10 to 30 MeV proton beams. Neuton yields for each proton energy
are saturated after certain thickness, which means that the energy of proton begins to
be reduced to lower than 2.1 MeV.
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yields for low energy nuclear reactions, and Table 2 shows the
mechanical properties of the candidates of target materials.
Although beryllium has a lower neutron yield and a higher
threshold energy of (p,n) reaction than that of lithium, it has a
higher melting point and thermal conductivity than lithium.
Furthermore, beryllium has a lower radiation risk because it has a
lower gamma-to-neutron ratio and higher threshold energy for the
reaction generates 7Be than lithium. Here, 7Be is the only radioac-
tive material, which emits 477 keV of gamma rays and has 53 days
of the half-life excluding very short-lived radioisotopes generated
by proton bombardment on lithium or beryllium. In addition,
generation of 7Be means the increment of impurities in the target.
From these points of views, beryllium was considered as more
suitable material for the neutonic target than lithium. Therefore,
beryllium was employed as the target material in this paper.

When protons are bombarded on a beryllium target with their
energy over the threshold energy of the 9Be(p,n)9B reaction, fast
neutrons are generated with an energy ranging from kilo-
electronvolts to severalMillion electronvolts. For slowing down fast
neutrons to thermal neutrons, the moderator is necessary. Since
neutrons are produced in 4 pi directions, the reflector is necessary
to increase the flux of the neutron in the desired direction. Table 3
lists the neutronic properties of atoms for the moderation and the
reflection of neutrons.

A material that contains hydrogen, such as light water or non-
borated polyethylene, is typically used as a moderator for slowing
down fast neutrons efficiently [6e8]. In this paper, non-borated
polyethylene was employed as the moderator material because it
has a solid state and good processability. Several facilities employed
solid methane as the moderator because solid methane provides a
higher cold neutron yield than light water or polyethylene [13e16].
However, it is necessary to ensure that the temperature of the solid
methane moderator is less than 91 K, which is the freezing point of
themethane. Since it is achievable at higher cold neutron yield with
lower temperature of solid methane, most of facilities which need
cold neutrons employed solid methane moderator with auxiliary
instruments which help to keep the temperature of solid methane
under 20 K. However, solid methane was not considered as the
moderator because cold neutron source is not the objective of this
study.

A material that has low neutron absorption cross section and
high neutron scattering cross section is utilized as the reflector. For
compact neutron sources, light water [13,17], beryllium [14], and
graphite [6,15,18] were used as the typical materials for the
reflector. Heavy water, which contains deuterons that have the



Fig. 5. Dependence of the thickness of the target, neutron yield and hydrogen ion distribution for 10e30 MeV proton beams. The optimal thicknesses of the target were defined as
90% of the values obtained by subtracting the strugglings from the ranges.
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Table 4
Simulated proton range in the target and neutron yield for optimal target thickness.

Proton energy
[MeV]

Range
[mm]

Struggling
[mm]

Optimal thickness
[mm]

Neutron yield @ Optimal thickness [n/
mC]

Maximum neutron Yield [n/
mC]

Optimal to Maximum ratio
[%]

10 0.803 1.13 � 10�2 0.72 2.10 � 1013 2.14 � 1013 98.13
13 1.29 2.07 � 10�2 1.14 3.72 � 1013 3.83 � 1013 97.13
15 1.66 2.58 � 10�2 1.5 5.09 � 1013 5.25 � 1013 96.95
20 2.79 3.85 � 10�2 2.5 8.89 � 1013 9.56 � 1013 92.99
25 4.18 5.85 � 10�2 3.8 1.33 � 1013 1.43 � 1013 93.01
30 5.82 8.13 � 10�2 5.2 1.75 � 1013 1.92 � 1013 91.15
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lowest neutron absorption cross section are also one of the candi-
dates of reflector materials; however, they are rarely used because
of its expensive price. Among the three materials, light water has
the highest scattering cross section, but it also has the highest ab-
sorption cross section. For beryllium and graphite, beryllium has a
higher scattering cross section, and it also has higher absorption
cross section. Since they have no remarkable neutronic character-
istics one another, it is impossible to simply choice which one is the
best reflector material. Therefore, it was confirmed the perfor-
mances of each material as a neutron reflector via MCNP
simulations.
3. Results and discussion

3.1. Neutronic target

The beryllium target produces neutrons when protons are
bombarding on the material. Fig. 3 shows cross section of
9Be(p,n)9B reaction for bombardment of low energy protons. As
shown in Fig. 3, the highest cross section of the reaction occurs near
the proton energy of 6 MeV, and gradually decreased according to
the decrement of the proton energy. After then, the cross section is
slightly increased near the proton energy of 30 MeV. Based on this
data, the range of proton energy was selected from 10 to 30 MeV.

For a beryllium target, the MCNP simulations were conducted to
calculate neutron yields of the target for each energy of proton
beams. The range of proton energy is from 10 to 30 MeV with an
interval of 5 MeV. Because the threshold energy of 9Be(p,t)7Be is
13.4 MeV, we added a case for the proton energy of 13 MeV, which
can be considered as a threshold level in terms of radiation safety.
The detailed geometry on the MCNP simulations is as follows: for
an empty vacuum space, the beryllium target was defined as a
horizontal-cylinder shape with a 5 cm radius and a density of
1.868 g/cm3; 1 mC of protons with a pencil beam shape that has a
diameter of 1 cm were incident on the target. The F2 tally was
defined on a sphere surface centered at the target with a radius of
10 cm to record neutrons. The particle history number was defined
as 108. Fig. 4 shows the simulation results on neutron yields
depending on the thickness and the energy of the proton beams. As
shown in Fig. 3, the neutron yield is higher when the energy of the
bombarding proton is higher. Meanwhile, it is shown that the
neutron yields are saturated after certain thicknesses. This is
because the energy of the proton begins to be reduced to lower
than 2.1 MeV, the threshold energy of the 9Be(p,n)8B reaction, from
the thicknesses.

Since protons are ions of hydrogen, they become hydrogen gas
when stopped inside of the target and cause blistering of the target
[19,20]. Therefore, the target should be designed considering the
prevention of the blistering effect. Because blistering occurs near
the range of the proton that loses the most of its kinetic energy, the
thickness of the target should be thinner than the range of the
proton to prevent this effect. To decide the thicknesses of the target
for 10e30 MeV proton beams, the ranges of protons in beryllium
were calculated via the SRIM code. Fig. 5 shows the neutron yields
and the distribution of hydrogen ions for each energy of the proton
beam, and Table 4 shows the summary of calculations using the
MCNP and SRIM code. We choose the optimal thicknesses of the
target as 90% of the values obtained by subtracting the strugglings
from the ranges. For 10, 15, and 30 MeV proton beams, the calcu-
lated optimal thicknesses and neutron yields are similar to that of
other studies that choose the optimal conditions of the target by
considering the heat deposition in the target [21].

3.2. Neutron source term evaluation

When a 10 MeV proton beam is bombarded on the beryllium
target, the neutron yield is approximately 0.3%. This means that
only 0.3% of particle histories (history number, NPS inMCNP) set for
the simulations contribute to neutron production. Although the
neutron yield is increased according to an increase in the energy of
the bombarding proton, even in the case of the 30 MeV proton
beam, the neutron yield is still low at approximately 2%. To increase
the efficiency of the simulations, the neutron source terms were
evaluated for each energy of the proton beams. For the identical
geometry of the neutron yield calculation, the thickness of the
target was set as the optimal value, and the values of the F2 tally
were recorded in 18 angular groups from 0 to 180� at intervals of
10� and 112 energy groups from 1 eV to 10 MeV in the log scales
with the history number of 1010. Fig. 6 shows a result on the
neutron source term evaluation for 10e30 MeV proton beams.

3.3. Moderator

We defined the geometry of the moderator simulation as shown
in Fig. 7 to confirm the fluxes and spectra of neutrons according to
the dimension of the moderator. A vacuum tube, a flight path of
proton beam, is an aluminum tube with a length of 1 m, an inner
diameter of 5 cm, and a thickness of 8 mm; one end of the tube is
blocked with a vanadium plate, a backing for the target. The vac-
uum tube was defined as the vacuum material, AL6061, with a
density of 2.7 g/cm3, and backing plate was defined as pure vana-
dium with a density of 6.11 g/cm3. The thickness of the vanadium
backing is analogous with that in other research studies, which
means that the thickness is sufficient as vacuum backing [19,22].
The proton and beryllium target were not defined; however, the
evaluated neutron source term was defined at the center of the
target. Because most of the kinetic energy of the proton is trans-
ferred as heat energy in the target, the cooling system is necessary.
However, the cooling system is not considered in this paper
because the detailed operating conditions of the proton accelerator
are necessary to design the system. After vanadium backing, the
polyethylene moderator was defined with a diameter of 7 cm and a
density of 0.97 g/cm3. For tallying naturally collimated neutrons,
the F2 tally was defined 3 m apart from the target with a divergent
angle of 5�.

For the geometry defined as shown in Fig. 7, MCNP simulations



Fig. 7. Schematic of geometry defined for moderator simulation. Evaluated neutron
source term was used instead of the proton and beryllium target.

Fig. 6. Evaluation of neutron source term for the 10e30 MeV proton beams. Neutron source terms consist of 18 angular groups from 0 to 180� at intervals of 10� and 112 energy
groups from 1 eV to 10 MeV in the log scales.

B. Jeon et al. / Nuclear Engineering and Technology 52 (2020) 633e646638
were conducted by varying the thickness of the moderator from 1
to 7 cm at intervals of 1 cm. Fig. 8 shows the simulated total and the
thermal neutron fluxes according to the thickness of themoderator,
and Table 5 shows the simulated thermal neutron fluxes near the
optimal thicknesses for 10e30 MeV proton beams. The results of
the MCNP simulations indicates that the total neutron flux
decreased with an increase in the thickness; however, the thermal
neutron flux was maximized when the thickness was 4 cm for all
energies of proton beams.

Although the target cooling system is not addressed in this
paper, the cooling system is one of the mandatory components for
the TMR system. The system should be designed with the operation
condition of proton accelerator considering heat deposition in the
target, chemical impurity due to toe radiolysis of the cooling me-
dium, etc. If the cooling medium is water, optimal moderator
thickness should be calculated again because neutrons are
moderated in the cooling water. Although the thickness of cooling
water layer can't be determined, simulations were conducted to
confirm tendency for neutronic moderation performances of water
and polyethylene according to their thicknesses for 10 MeV proton
beam. For the identical geometry to Fig. 8, light water with a
density of 0.9982 g/cm3 was defined for the simulation. Fig. 9
shows simulated thermal neutron fluxes depending on the



Fig. 8. Simulated neutron fluxes depending on moderator thickness at 3 M away from the target. (a) Shows total neutron fluxes, and (b) shows thermal neutron fluxes
(En < 100 meV) for each energy of the proton.

Table 5
Simulated thermal neutron fluxes near the thickness maximizing thermal neutron flux of the moderator at 3 M away from the target.

Proton energy [MeV] Thermal neutron flux
@ T 3 cm [n/cm2/mC]

Thermal neutron flux
@ T 4 cm [n/cm2/mC]

Thermal neutron flux
@ T 5 cm [n/cm2/mC]

10 1.178 � 105 ± 3.729 � 103 1.384 � 105 ± 3.932 � 103 1.293 � 105 ± 3.726 � 103

13 1.910 � 105 ± 6.275 � 103 2.176 � 105 ± 6.518 � 103 2.093 � 105 ± 6.251 � 103

15 2.519 � 105 ± 8.428 � 103 2.853 � 105 ± 8.651 � 103 2.659 � 105 ± 8.284 � 103

20 3.949 � 105 ± 1.378 � 104 4.545 � 105 ± 1.449 � 104 4.372 � 105 ± 1.392 � 104

25 5.777 � 105 ± 2.063 � 104 6.744 � 105 ± 2.153 � 104 6.271 � 105 ± 2.038 � 104

30 7.364 � 105 ± 2.654 � 104 8.646 � 105 ± 2.828 � 104 8.194 � 105 ± 2.701 � 104

Fig. 9. Simulated thermal neutron fluxes depending on the thicknesses of light water
layer and polyethylene for 10 MeV proton beam. It shows that light water has poorer
performance on neutronic moderation than polyethylene.
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thicknesses of water layer and polyethylene. Thicknesses of each
material were from 0 to 2 cm at intervals of 0.5 cm. Simulation
results show that light water has poorer performance on neutronic
moderation than polyethylene. For example, thermal neutron flux
moderated by polyethylene at 1 cm was analogous to the flux
moderated by light water at 1.5 cm.
3.4. Reflector

The optimal conditions for each material should be determined
before confirming neutronic performances. A geometry of the
MCNP simulation was defined to find the optimal conditions as
shown in Fig. 10. Radiation shielding is not presented in Fig. 9;
however, it is considered in the simulations. The vacuum tube, non-
borated polyethylene, and the neutron source termwere defined as
an identical geometry used in the moderator simulations. The
reflector was defined as a vertical-cylinder shape centered at the
center of the target. As a moderator material, light water with the
density of 0.9982 g/cm3, berylliumwith the density of 1.848 g/cm3,
or graphite with the density of 1.7 g/cm3 was used for simulations.
The flight path for neutrons was defined as an empty space with a
diameter of 5 cm. To record naturally collimated neutrons, the F2
tally was defined 3 m apart from the target with a divergent angle
of 5�. For the defined geometry, MCNP simulations were conducted
by varying the radius and height of the reflector.

Optimal radius and height of each reflector that maximize the
thermal neutron fluxes were determined for the 10e30MeV proton
beams as follows: First, the optimal radii of each material were
foundwith an arbitrary height; the height was set to 60 cm. Second,
the optimal heights were searched with the optimal radius. Finally,
the optimal radii were verified using optimal heights. Figs. 11 and
12 show the results of the first and second step of searching for
the optimal radius and height.

As shown in Figs. 11 and 12, thermal neutron fluxes were
maximized with analogous radii and heights regardless of the en-
ergy of the proton beams. When the height of the reflector was set
to 60 cm, the optimal radius of the light water was 15 cm for
10e25 MeV proton beams and 20 cm for the 30 MeV proton beam.
The optimal radius of beryllium was 30 cm for 10e20 MeV proton
beams and 35 cm for 25 and 30 MeV proton beams. The optimal
radius of graphite was 35 cm for 10e30 MeV proton beams. When
the radius of the reflector was set to optimal values for each case,



Fig. 10. Schematic of geometry defined for reflector simulations.

Fig. 11. Simulated thermal neutron fluxes depending on the radius of reflector with the height of 60 cm at 3 M away from the target.
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optimal height was in a range of 30e50 cm for light water, from 80
to 90 cm for beryllium, and it was 100 cm for graphite. Table 6
summarizes the optimal conditions and simulated neutron fluxes
at optimal conditions, and Figs. 13e15 show the simulated thermal
neutron fluxes, neutron spectra and emission time distributions
with optimal conditions for each material.

As shown in the simulation results, threematerials havemerit in
different perspectives. For the efficiency of the neutron reflection,
it's possible to achieve higher intensity in the order:
beryllium > light water > graphite. In terms of size, the size of the
neutron reflector was larger size in order:
graphite > beryllium > light water. For the time dependency on
neutron transportation, it has longer emission time distribution in
the order: beryllium > light water > graphite. Beryllium is the best
reflector material for high intensity thermal neutron source, but it
has the poorest characteristic for emission time distribution of
thermal neutrons. Furthermore, beryllium is the most expensive as
the price of the rawmaterial is expensive, and it requires a specially
treated machining process owing to its toxicity. It is possible to
construct the most compact thermal neutron facility with light
water reflector. Even though it requires a structural case and a
system for filtering impurities for maintenance, light water has
moderated characteristics for efficiency of neutron reflection and
emission time distribution. Graphite has the poorest performance
in terms of size and neutronic intensity, but it has the shortest
emission time distribution, which is the most important charac-
teristic for a pulsed neutron source.

Although the detailed thickness of biological shielding for the



Fig. 12. Simulated thermal neutron fluxes depending on the height of reflector with optimal radius at 3 M away from the target.

Table 6
Simulated thermal neutron fluxes with optimal conditions at 3 M away from the target.

Proton energy
[MeV]

Light Water Beryllium Graphite

Radius
[cm]

Height
[cm]

Thermal neutron flux [n/
cm2/mC]

Radius
[cm]

Height
[cm]

Thermal neutron flux [n/
cm2/mC]

Radius
[cm]

Height
[cm]

Thermal neutron flux [n/
cm2/mC]

10 15 30 1.337 � 106 30 90 1.739 � 106 35 100 5.151 � 105

13 15 40 2.163 � 106 30 80 3.202 � 106 35 100 8.492 � 105

15 15 40 2.845 � 106 30 80 4.406 � 106 35 100 1.115 � 106

20 15 40 4.632 � 106 30 80 7.859 � 106 35 100 1.793 � 106

25 15 40 6.633 � 106 35 80 1.195 � 107 35 100 2.602 � 106

30 20 50 8.316 � 106 35 80 1.586 � 107 35 100 3.314 � 106

Fig. 13. Simulated thermal neutron fluxes with optimal conditions at 3 M away from
the target.
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compact neutron source cannot be calculated as the operation
current of the proton accelerator is not provided, it is expected that
the thickness of the shielding is approximately over 50 cm.
Therefore, there is a possibility that the height of reflector should be
chosen as less than that for the optimal conditions owing to the
height of the proton beam path when beryllium or graphite is
employed as the material of the reflector. Fig. 11 indicates that the
increase in thermal neutron flux decreases after a height of 30 cm,
for light water; 60 cm, for beryllium; and 70 cm, for graphite.
Thermal neutron fluxes at these heights are approximately over
than 95% of the maximum fluxes for each material. Therefore, if it is
necessary to reduce the height of the reflector, another optimal
height should be determined considering other aspects such as size
or cost constraints. It will be adequate if the initial values for
searching optimal heights that 30 cm for light water, 60 cm for
beryllium and 70 cm for graphite.



Fig. 14. Simulated total neutron spectra (left) and thermal neutron spectra (right) with optimal conditions of light water, beryllium and graphite at 3 M away from the target. The
results show that the efficiency of the neutron reflection was higher in the order: beryllium > light water > graphite for 10e30 MeV proton beams.
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Fig. 14. (continued).
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3.5. Performance comparison of simulation results with existing
facilities

For verification, the simulation results were compared with the
results of other existing facilities that produce neutrons using the
Be(p,n) reaction. One of the representative compact neutron sour-
ces, LENS, which is driven by 13 MeV proton accelerator, has a
thermal neutron flux of 104 n/cm2/s at 8.55 m with an operating
power of 4 kW [23]. RANS has few � 104 n/cm2/s thermal neutron
flux at 5 m with a 7 MeV proton beam and an operating power of
0.7 kW [24]. The Aomori Prefecture Quantum Science Center in
Japan has a thermal neutron source for which the thermal neutron
flux is 6.1 � 105 n/cm2/s at 2.33 m with a 20 MeV proton beam at
1 kW power, and SHI-ATEX in Japan has a thermal neutron flux of
2.0 � 105 n/cm2/s at 2.2 m under the operating condition of
0.36 kW of the 18 MeV proton beam [24]. Fig. 16 shows the com-
parison of the neutronic performance for the simulation results
with those of the existing facilities. The operating powers of
simulated neutron source were set to 1 kW in this figure. Even
though it is difficult to compare the simulation results with those of
the existing facilities directly because of the different operating
conditions and positions for measuring the neutron fluxes, our
results are laid between the fluxes of the facilities.
4. Conclusion

In this paper, the conceptual design and characterization of TMR
systems for a thermal neutron source driven by 10e30 MeV proton
accelerators was determined. The optimal conditions of the target,
moderator, and reflector were found, and the neutronic perfor-
mances were predicted via Monte Carlo simulations. The optimal
conditions of the target were decided by considering the neutron
yield and the blistering effect. For 10, 15, and 30MeV proton beams,
our optimal thicknesses were similar those of the results from other
researches that have a different approach than our study. The
optimal conditions of the moderator were found by considering the
thermal neutron fluxes and they were identical to one another
regardless of the energy of the proton beams. Light water, graphite,
and beryllium were considered as candidates for the reflector
materials, and the optimal conditions for each material were
determined. It was verified that all of them have merit in different
perspectives. They showed better neutronic intensities in the



Fig. 15. Simulated emission time distribution for fasteepithermal neutrons (left) and thermal neutrons (right) with optimal conditions of light water, beryllium and graphite at 3 M
away from the target. The threshold energy to distinguish epithermal from thermal neutron is 100 meV. The results show that the emission time distribution was shorter in the
order: graphite < light water < beryllium for 10e30 MeV proton beams.
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Fig. 15. (continued).
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following order: beryllium > light water > graphite, they showed
more compact size in the order: light water > beryllium > graphite,
and they showed shorter emission time distribution of thermal
neutrons in the order: graphite > light water > beryllium.

According to the increment of the proton energy, thermal
Fig. 16. Comparison of simulated results with existing facilities. Simulated results are
laid between the thermal neutron fluxes of the facilities.
neutron flux is increased. However, the size of proton accelerator
and biological shielding should be also increased. Furthermore, the
performance of target cooling system should be also increased,
because of higher level of heat deposition in the target. However,
designs on the biological shielding and target cooling system were
not addressed in this paper because they required detailed oper-
ating conditions of the proton accelerator. If the operating condi-
tions of the proton accelerator are decided, the target cooling
system should be included in the design process, and the shielding
assessment should be conducted to decide the materials and the
sizes of the biological shielding. Furthermore, it is expected that the
optimal conditions of the TMR system should be found with other
practical constraints such as budget, size, and radiological hazard,
by referring to the results of this paper.
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