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We conducted benchmark calculations of neutron-shielding experiments for fusion
applications such as (1) Neutron spectra in iron shields with 14 MeV neutrons; and (2)
Leakage neutron spectra from various sphere piles by 14 MeV neutrons, and for
Accelerator-Driven Sub-Critical system (ADS) such as (3) Neutron energy spectra
after transmission through iron and concrete shields using a quasi-monochromatic
neutron source, (4) Thick target neutron yield produced by high-energy heavy ion
incidence on a thick target, and (5) Induced radio activity in concrete exposed to
secondary particles produced by heavy-ion incident reaction on an iron target by
using the Particle and Heavy Ion Transport code System (PHITS). For case (1), the
calculated neutron energy spectra using the nuclear data libraries, JENDL-4.0,
agreed with the experimental data in iron shields. For the cases (2) of Al, Ti, Cr,
and As piles, the neutron energy spectra calculated with JENDL-4.0 agreed with the
experimental results well. For the case (3), the neutron spectra calculated with
JENDL-4.0/HE reproduced the experimental data because the proton data library
of 7Li can produce source neutrons for proton incident reactions. For the case (4),
calculated results for thick target neutron spectra produced by a 400 MeV per
nucleon carbon incident reaction on lead reproduced the experimental data well.
For the case (5) with a neutron source produced by the 200–400 MeV per nucleon
heavy-ion incident reaction, the calculated results of the reaction rate depth profiles
of 197Au (n, γ)198Au reactions reproduced the experimental results within a factor of 2.
Overall, PHITS with nuclear data libraries reproduced the experimental data
sufficiently well. Thus, PHITS has a potential application in the design of
advanced reactor systems, such as fusion and ADS facilities. This experimental
data are also useful in validating nuclear reaction models in other Monte Carlo
codes and evaluating nuclear data libraries for advanced reactor systems.
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1 Introduction

A fusion nuclear facility is one of the most advanced reactor systems in the high-energy
region. Nuclear fusion is a process to fuse two lighter nuclei to form one heavier nucleus, which
releases a large amount of energy. Fusion reactions occur in a matter at a state called plasma,
which is a hot mixture composed of positive ions and freely moving electrons. Plasma has
unique properties different from those of solids, liquids, and gases. The reaction between two
hydrogen isotopes, deuterium (D) and tritium (T), is the most efficient fusion reaction. The
International Thermonuclear Experimental Reactor (ITER) is an international research project
aimed at producing energy through fusion processes. It is the first fusion device to produce
energy continuously by chain reactions; ITER will test the integrated technologies, materials,
and physical regimes necessary to commercially produce electricity from fusion.
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Fusion neutron engineering is one of the most important issues in
the development of fusion reactors, which studies various nuclear
parameters. D-T neutrons interact with steel materials as structural
materials for blankets and diverters, SiC/SiC composites as functional
materials, copper alloys as heat sink and cooling tube materials, and
tungsten as counterpart materials for high load parts, causing nuclear
heating and induced radioactivity production, along with tritium
breeding. In particular, the tritium breeding ratio is the most
important parameter in terms of fuel self-sufficiency. Fusion
reactor design involves concerns such as radiation shielding,
material heating, and displacement damage. Activation is also an
important concern in terms of dose rate, heat generation, and
radioactive waste management. These evaluations are essential to
obtain approval for equipment construction in terms of radiation
safety. Important parameters in activation are products of the
interaction between neutrons and materials. On the other hand,
the effects of gamma irradiation must be considered in radiation
shielding design and material aging. Tritium treatment is also
important from the viewpoint of radiation protection. The nuclear
design of a fusion reactor relies on currently-available computational
codes and data. These include Monte Carlo particle codes and related
data libraries such as neutron cross sections and neutron activation
cross sections. In order to accurately evaluate the above nuclear
parameters, the codes and data applied to the design calculations
need to be validated using experimental data. Fusion neutron
engineering research began in Japan in the early 1980s. The high-
intensity D-T neutron facilities, i.e., the Fusion Neutronics Source
(FNS) at the Japan Atomic Energy Research Institute (JAERI, now the
Japan Atomic Energy Agency) and the OKTAVIAN at Osaka
University, are the world’s leading facilities providing experimental
data related to fusion research (Konno et al., 1991; Sub Working
Group of Fusion Reactor Physics Subcommittee, 1994). Fundamental
integral benchmark experiments were performed in these facilities for
fusion applications. These integral experiments were performed using
the D-T neutron source, with simple geometry and materials.

The Accelerator-Driven Sub-Critical system (ADS) is also one of the
advanced reactor systems. In this system, the transmutation and
separation of actinides and some long-lived fission products from
nuclear production produced in a fission reactor can reduce the
radio-toxicity of high-level waste to one-hundredth that of the
current once-through fuel cycle (Mukaiyama et al., 2001). Only
fission reactors and spallation sources are available in the medium
term because of the high intensity required for transmutation. The
concept of ADS combines a proton particle accelerator using an
energy of around 1 GeV with a sub-critical core. Protons are incident
on a spallation target made up of solid or liquid heavy metals, such as a
lead bismuth eutectic alloy, that produces source neutrons to drive a
subcritical reactor. The spallation reaction at the target produces dozens
of neutrons per incident proton and introduces them into the subcritical
core. It is similar to a critical reactor core, except that it is subcritical. In
the design of an ADS facility, the behavior of spallation neutrons in the
material and radiation shieldingmust be studied as well as those in fusion
devices as described above. It should be noted that themaximumneutron
energy is 14 MeV for fusion. The maximum neutron energy for ADS is
around the energy of the maximum energy of the proton for a proton
driven system. Therefore, experimental data on high-energy neutron
shielding is required to validate nuclear reaction models in the Monte
Carlo (MC) code and data libraries used for fusion and ADS design
calculations. The nuclear reaction model of the intranuclear cascade

model + evaporation model is used for energies above the table based
cross sections. Shielding experiments for neutrons have been performed
at the Takasaki Ion Accelerator for Advanced Radiation Application
(TIARA) (Nakao et al., 1996; Nakashima et al., 1996) and the Heavy Ion
Medical Accelerator in Chiba (HIMAC) at the National Institute of
Radiological Science (NIRS) (Kurosawa et al., 1999; Satoh et al., 2007;
Ogawa et al., 2011). These facilities have achieved results in fundamental
benchmark experiments for accelerator applications. These neutron
shielding experiments have been performed using a neutron source
with a 40–70 MeV proton-lithium nuclear reaction, a neutron source
with a 230–400 MeV/u helium, and various ions with 100–800MeV/u
incident nuclear reaction on a thick target.

The experimental data needs to be reviewed and then compared to
the results calculated with nuclear reaction models and nuclear data
libraries so as to validate nuclear reaction models and nuclear data in
the design of advanced reactor systems in the high-energy region.
Therefore, it is desirable for benchmark calculations to use the
shielding integral benchmark archive and database (SINBAD) [9–11].

In this paper, our developing MC code, the Particle and Heavy Ion
Transport code (PHITS) (Iwamoto et al., 2017; Sato et al., 2018), was
validated with the experimental data included in the SINBAD database
and our experimental data. This paper is organized as follows. Section 2
presents experimental and calculation conditions of two experiments
related with fusion and three experiments related with accelerator-
shielding, which were generated from (1) Integral experiment on iron
cylindrical assembly with D-T neutron source at FNS (Konno et al., 1991;
Sub Working Group of Fusion Reactor Physics Subcommittee, 1994), (2)
Leakage neutron spectra from various sphere piles with D-T neutron
source at OKTAVIAN, Osaka university (Sub Working Group of Fusion
Reactor Physics Subcommittee, 1994), (3) Neutron energy spectra after
transmission through shields using a quasi-monochromatic neutron
source at TIARA (Nakao et al., 1996; Nakashima et al., 1996), (4)
Thick target neutron yield produced by high-energy heavy-ion
incident reaction at HIMAC (Kurosawa et al., 1999; Satoh et al.,
2007), and (5) Induced activity in shield exposed to particles produced
by heavy-ion on Fe at HIMAC (Ogawa et al., 2011). For the cases of (3),
(4), and (5), the benchmark studies have been conducted in our previous
paper and report (Ogawa et al., 2011; NEA, 2022b; Iwamoto et al., 2022).
In this paper, we introduce a part of our benchmark study for these cases
and present a new benchmark calculation with PHITS for the case of (1)
and (2). Section 3 presents the benchmark results and discussion in all
cases, and Section 4 shows the summary of this research work.

2 Experiments and calculation
procedure

2.1 Overview of the PHITS code

PHITS (Iwamoto et al., 2017; Sato et al., 2018) is a general-purpose
Monte Carlo particle transport code. It can deal with the transport of
all particles over wide energy ranges, using several nuclear reaction
models and nuclear data libraries. For the PHITS nuclear reaction
models, the Liège intranuclear cascade model (INCL4.6) (Boudard
et al., 2013) is used for neutrons above 20 MeV and protons above
1 MeV. The JAERI Quantum Molecular Dynamics (JQMD) model
(Ogawa et al., 2015) is used for nucleus above 10 MeV/u. These models
are coupled with the evaporation model GEM (Furihata, 2000), which
handles the statistical decay of the spallation residues. The nuclear data
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library, JENDL-4.0 (Shibata et al., 2011), is used for neutrons below
20 MeV. For the case (3), the high-energy nuclear data library,
JENDL-4.0/HE (Kunieda et al., 2016), is also used for protons and
neutrons below 200 MeV.

The weight window variance reduction method in PHITS is
similar to that in the MCNP code (Goorley et al., 2012). Particle
weights are affected by importance, forced collisions, implicit capture,
and the weight window function. If the weight is lower than a user-
defined weight cutoff, a Russian roulette method is applied to
determine if the particle should be killed. In PHITS, the weight
window defined in the weight widow section is automatically
determined by the weight window generator section.

2.2 Experimental conditions

This subsection describes the experimental condition of five
experiments.

2.2.1 Integral experiment on iron cylindrical
assembly at FNS

Figure 1 shows the experimental setup with a 0.95-m-thick-iron
and calculation geometry for the FNS experiment. The experimental
data and the calculation geometry of the integral experiment on the
iron cylindrical assembly at the FNS were compiled in the SINBAD
abstract NEA-1553/45 (Kodeli et al., 2006; NEA, 2022a; ORNL, 2022).
The experiment was done in the first target room of the FNS facility of
JAERI (Konno et al., 1991; Sub Working Group of Fusion Reactor
Physics Subcommittee, 1994). Neutrons were produced by D-T
nuclear reaction. A 350 keV deuteron beam with 0.5–150 μA
current was incident on a water-cooled Tritium-Titanium (T-T)
target. The activity of tritium was 3.7 × 1011 Bq. Neutron at the
tritium target were measured by the alpha particle counting
method with an accuracy of about 3%. The iron shield with 1 m
diameter and 0.95 m thickness was placed 0.2 m from the T-T target.
Impurities include 0.148 wt% S, 0.834 wt% Mn, and 0.185 wt% C. It
has 6 holes (20 × 20 × 630 mm) in the radial direction. The proton
recoil gas counter was placed into the 6 holes inside the iron assembly
to measure neutron spectra with energies from a few keV to 1 MeV.
The center locations of the holes were 0.11, 0.21, 0.31, 0.41, 0.61, and

0.81 m from the front of the iron shield. The number of incident
neutrons was monitored at the front of the iron shield. Total neutron
yields ranged from 9.4 × 1011–2.8 × 1014. The calculation geometry in
PHITS was taken from the MCNP input in the SINBAD abstract
NEA-1553/45. The neutron energy spectra of the D-T source compiled
in the SINBAD abstract were employed as a source term in the PHITS
calculation. Neutrons were emitted in isotropic direction. The nuclear
data library, JENDL-4.0 (Shibata et al., 2011), was used for the
transport calculation of neutrons in the iron assembly. Neutron
energy spectra in the iron assembly were tallied at each depth with
the [t-cross] tally, which is the surface crossing tally for neutrons. The
flux tally is representative for the flux on the surface with 4 cm radius
of the block.

2.2.2 Leakage neutron spectra from various sphere
piles with D-T neutrons

The experimental data and the calculation geometry of the
leakage neutron spectra from various sphere piles with D-T
neutrons at OKTAVIAN were compiled in the SINBAD abstract
NEA-1553/45 (Kodeli et al., 2006; NEA, 2022a; ORNL, 2022). The
experiment was conducted at the beam line of OKTAVIAN (Sub
Working Group of Fusion Reactor Physics Subcommittee, 1994). A
250 keV deuteron beam was incident on a 370 GBq tritium target to
produce neutrons. Figure 2 shows the experimental set-up and
calculation geometry. The 40-cm diameter sphere piles were used
for the piles of aluminum, titanium, chromium, cobalt, arsenic, and
tungsten. There is a layer of 0.2-cm thick stainless steel (JIS SUS-
304) around the 40-cm diameter sphere pile. The pile has a 20 cm
diameter void and an 11 cm diameter re-entrant hole through
which the target beam duct can pass. A target was set at the
center of the pile. This pile was replaced after each
measurement. The neutron source spectra given in (Sub
Working Group of Fusion Reactor Physics Subcommittee, 1994)
were obtained with the time-of-flight (TOF) technique. Note that
the references 1 and the SINBAD abstract NEA-1553/45 contain no
information about the tritium target. The neutron energy spectrum
listed in reference 1 was used as a source term and neutrons were
emitted isotropically in the calculation.

The liquid organic scintillator NE-218 to measure neutrons was
positioned at 55° to the beam direction and 10.5 m from the target.

FIGURE 1
Experimental setup (left) and geometry in PHITS (right) for the FNS experiment (Konno et al., 1991; Sub Working Group of Fusion Reactor Physics
Subcommittee, 1994). The neutron energy spectra produced by the D-T reaction compiled in the SINBAD (NEA, 2022b) was used as a source term.
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Detailed information on the collimator system is available in reference 1. A
collimator with multi-layer polyethylene and iron was placed between the
detector and the sphere pile to decrease the background events. The absolute
value of the leakage neutron yield from the pile is obtained by the gamma-
rays intensity of the induced radioactivity of 92mNb, a niobium foil in front of
the target, and the number of the integrated source neutron spectrum (Sub
Working Group of Fusion Reactor Physics Subcommittee, 1994).

The simplified calculation geometry in PHITS was taken from the
MCNP input in the SINBAD abstract NEA-1553/45 (Kodeli et al.,
2006; NEA, 2022a; ORNL, 2022). The neutron transport was
calculated by using JENDL-4.0. The neutrons that penetrated
through a pile were scored with the [t-cross] tally, and the neutron
energy spectra of source compiled in the SINBAD were used as a
source term in the PHITS calculation.

2.2.3 Transmuted neutron energy spectra through
shields using a quasi-monoenergetic neutrons

The shielding experiments were performed for iron and concrete
shields with quasi-monoenergetic neutron sources with energies of
41- and 65-MeV developed at TIARA. Quasi-monoenergetic neutrons
were produced by the 43- and 68-MeV proton incident reaction on

lithium. In this experiment, neutron energy spectra transmitted
through 25- to 200-cm-thick concrete shields (Nakao et al., 1996)
and through 10- to 130-cm-thick irons (Nakashima et al., 1996) were
obtained by using Bonner ball sphere detectors and a liquid scintillator
BC501A. The neutron spectrum in the energy region between a few
MeV and a peak energy were obtained with a BC501A and thermal
neutrons with energies below a few MeV were obtained from Bonner
ball measurements.

Figure 3 shows the calculation geometry with PHITS for TIARA
experiments (Kos and Kodeli, 2019).

The targets were 3.6-mm and 5.2-mm thick lithium (99.9%
enriched 7Li) for the 43- and 68-MeV proton, respectively.
Neutrons went through an iron collimator with 10.9-cm-diameter
and experimental assembly. The protons that penetrated the target
were bent downward to the iron beam dump by the magnetic field.
The 25–200 cm thick concrete shields were assembled with 120 ×
120 × 25 cm thick plates and the 10–130 cm thick steel shields were
assembled with 120 × 120 × 10 cm thick plates. The concrete density
was 2.31 g/cm3 and the iron density was 7.87 g/cm3.

The contribution of the neutrons generated by the iron beam
dump to the detector is negligible. The proton incident reaction on
lithium was simulated with the physics model, INCL4.6 (Boudard
et al., 2013), or the proton data library for JENDL-4.0/HE (Kunieda
et al., 2016).

2.2.4 Thick target neutron yield produced by heavy-
ion incident reaction

Secondary neutron yields from thick targets (Kurosawa et al.,
1999; Satoh et al., 2007) of graphite, aluminum, copper, and lead
irradiated with heavy-ions from helium to xenon with energies of
100–800 MeV/u were obtained at HIMAC of NIRS, compiled in the
SINBAD abstract NEA-1552/35 (Kodeli et al., 2006; NEA, 2022a;
ORNL, 2022). The neutron yields from materials produced by heavy-
ion-induced reactions were used as the source term for the neutron
shielding experiment at HIMAC (Kurosawa et al., 1999). The
thicknesses of the materials varied depending on the ion energy so
as to ensure that the ions come to a complete stop within the target.

The experiment was performed in the general-purpose
irradiation room (PH2) beam line shown in Figure 4A. Room

FIGURE 2
Arrangement of the experimental configuration and modeling geometries for the OKTAVIAN experiments.

FIGURE 3
Geometry in PHITS calculations for the TIARA experiments. The test
shield is either an iron shield or a concrete shield.
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walls, made of 2-m-thick concrete, were located at least 8 m away
from the target in all directions, except for the pillars near the
target. The concrete ceiling was located about 6 m above the
target, and the floor was about 1.25 m below the target. The
distance from the target to the beam dump surface was set to
be 8.0 m.

Figure 4B shows a schematic view of the typical arrangement of
target and detectors. Neutron energy produced in the target was
obtained by TOF between the beam pick-up detector set in front of
the target and a liquid organic scintillator (NE213, 12.7 cm in
diameter, 12.7 cm long), located at 0°, 7.5°, 15°, 30°, 60°, and 90°.
Figure 4C shows geometry in PHITS calculations for the experiment of
thick target neutron yields.

Regarding the radiation transport calculation, the
INCL4.6 model was employed for nucleons and light particles
(proton, deuteron, triton, and alpha) and the JQMD model
(Ogawa et al., 2015) was used for nucleus. JENDL-4.0 was applied
for neutrons below 20 MeV.

2.2.5 Induced radioactivity in shield exposed to
secondary particles produced by heavy ions on Fe

The experiments were performed at the PH1 of HIMAC at
NIRS (Ogawa et al., 2011) where heavy ion beams of several
100 MeV/u are available. Figure 5 shows the experimental
layout and the calculation geometry in HIMAC. The target was
a stack of 16 × 16 cm iron plates. Its thickness, 6.85 cm was larger
than the range of the projectiles. The center of the target was an
independent stack of cylindrical iron plates with 0.15 cm thickness
and 4 cm diameter used to verify the direction and positioning of
the beam. The target center was positioned to agree with the beam
axis with an accuracy of a few millimeters.

A 90-cm-thick ordinary concrete shield was assembled from
rectangular blocks measuring 60 × 15 × 15 cm and having a
density of 2.27 g/cm3. The concrete shield, whose upstream surface
had a roughness of less than 1 cm owing to the minor tilts of concrete
blocks accumulated from the ground to the top, was located 50 cm
downstream from the target.

FIGURE 4
(A,B) Experimental setup for thick target neutron yield produced by heavy-ion incident reaction in HIMAC and (C) geometry in PHITS calculations.

FIGURE 5
The experimental layout used in HIMAC and geometry in PHITS calculations. Heavy ion beam was incident on the iron target and secondary particles
produced by nuclear reactions were injected into the concrete shield. The activation samples were set in parallel or lines along to the beam axis (Ogawa et al.,
2011). A 90-cm-thick ordinary concrete shield was assembled from rectangular blocks measuring 60 × 15 × 15 cm.
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Table 1 shows the chemical composition of the concrete blocks
analyzed by using atomic emission spectrometry, atomic absorption
spectrometry, and gravimetry. Moisture varies by aging and
equilibration in environment but it is fair to assume that the moisture
reached equilibrium because the blocks had been stored in the
PH1 irradiation room, where the temperature and moisture were kept
stable for the accelerator components, for more than 10 years. Owing to
the difficulty in chemical composition analysis, carbon was not measured

which is likely to be responsible for the discrepancy between the total
density of 2.27 g/cm3 obtained by weighing actual concrete blocks and the
sum of the partial densities (Ogawa et al., 2011) of Table 1.

The detectors for activation were set along four parallel lines, at 0,
15, 30, and 45 cm, in the vertical plane that included the beam axis and
were shifted below the beam axis. At several depths, thin foils of gold
(15 μm thickness), gold (15 μm thickness) covered with cadmium
(500 μm thickness) on both sides, and aluminum (1–3 mm thickness)

TABLE 1 Chemical composition of the shielding concrete used for the shielding experiment (Ogawa et al., 2011). The unit is g/cm3.

Hydrogen Oxygen Sodium Magnesium Aluminum Silicon Potassium Calcium Iron

0.0237 1.08 0.049 0.02 0.138 0.641 0.0435 0.188 0.0438

FIGURE 6
(A) Neutron energy spectra at each depth in the iron shield for a 350-keV D-T neutron source. The experimental data only includes uncertainty due to
counting statistics. (B) The ratio of calculation results and experimental data to the neutron energy. Note that there are places where the energy bins in the
experimental neutron flux plots are different from those in the calculated results.
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activation detectors were placed to measure the activation depth
profiles. The ion beams were extracted through an Al beam
window with 100 μm thickness as pulses of 400–600-msec-long
with 3.3 s repetition intervals. The beam was injected into the
target surface and collimated to less than 1 cm in diameter. The
iron plate stack, which constituted the central part of the target,
was disassembled after irradiation and put on a BAS-MS Imaging
Plate to confirm the beam collimation and positioning.

3 Results and discussion

All results are discussed in this section. Numerical data including
computational and experimental uncertainties in the figures are

provided as Supplementary Material. In the case of (1), (2), and
(3), the ratios of calculated and experimental data and their
uncertainties in figures are also included as Supplementary Material.

3.1 Integral experiment on iron cylindrical
assembly at FNS

Figure 6A shows neutron energy spectra at 11, 21, 31, 41, 61, and
96 cm from the surface of the iron assembly (Konno et al., 1991; Sub
Working Group of Fusion Reactor Physics Subcommittee, 1994).
Figure 6B shows the ratio of calculation results and experimental
data to the neutron energy. The experimental data only includes
uncertainty due to counting statistics. At energies above 50 keV, the

TABLE 2 C/Ewith one standard deviation for the accumulated neutron yields in the neutron energy region from 0.003 MeV–10 MeV in the iron shield for a 350-keV D-T
neutron source. The experimental data only includes uncertainty due to counting statistics.

Depth (cm) 11 21 31 41 61 96

C/E 1.39 ± 0.01 1.31 ± 0.01 1.24 ± 0.01 1.21 ± 0.01 1.15 ± 0.01 1.78 ± 0.02

FIGURE 7
(A) Neutron energy spectra from Al, Ti, Cr, Co, As, and W piles for a 250-keV D-T neutron source. The experimental errors include only the statistical
deviation of neutrons in the measurement. (B) The ratio of calculation results and experimental data to the neutron energy. Note that there are places where
the energy bins in the experimental neutron flux plots are different from those in the calculated results.
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total error of experiments was almost 10% or less. In these spectra, fine
structures due to iron resonance were clearly observed around 10, 30,
100, 150, 200, 400, and 800 keV. Table 2 indicates C/E with one
standard deviation for the accumulated neutron yields in the neutron
energy region from 0.003 MeV–10 MeV in the iron shield for a 350-
keV D-T neutron source.Overall, the PHITS calculation results agreed
with the experimental data within a factor of 2 as shown in Table 2.

3.2 Leakage neutron spectra from various
sphere piles with D-T neutrons

Figure 7A shows the leakage neutron energy spectra from sphere
piles of aluminum, titanium, chromium, cobalt, arsenic, and tungsten
with D-T neutrons. The experimental errors include only the statistical
deviation of neutrons in the measurement. Figure 7B shows the ratio
of calculation results and experimental data to the neutron energy. The
relative error in measuring the niobium activation foils was less than
1%. The calculated results for Al, Ti, Cr, and As piles reproduce the
experimental data within a factor of 1.5 over a wide neutron energy
region for all energy bins. The calculated results for a W pile were
lower than the experimental data by a factor of 2 at around 10 MeV
due to the underestimation of peak neutrons by a factor of 2. The
calculated results for a Co pile were lower than the experimental data
by a factor of 1–2 below 10 MeV and by a factor of 1.5 at around

15 MeV. Table 3 lists C/E with one standard deviation for the
accumulated neutron yields in the neutron energy region from
0.1 MeV–20 MeV from Al, Ti, Cr, Co, As, and W piles for a 250-
keV D-T neutron source. The PHITS calculation results agreed with
the experimental data within 20%.

3.3 Neutron energy spectra after transmission
through concrete and iron shields using a
quasi-monoenergetic neutron source

Figure 8A shows the neutron energy spectra after transmission
through the iron and concrete shields for the TIARA experiment with
the 43-and 68-MeV proton incident reactions on lithium target (NEA,
2022a). The experimental errors include one standard deviation based
on a full uncertainty analysis. The solid line shows the results
calculated with the proton and neutron data libraries, JENDL-4.0/
HE, and the dashed line shows the results with the physics model,
INCL4.6 (Boudard et al., 2013). These figures show that the JENDL-
4.0/HE can simulate the peak neutron production. The peak indicates
the discrete levels of excited nuclei generated by the proton-lithium
reaction. JENDL-4.0/HE also reproduces the experimental data well in
the continuum part of the energy spectrum. This is because the
neutron data for nuclides in the shielding composition of JENDL-
4.0/HE was correctly evaluated. Figure 8B shows the ratio of

TABLE 3 C/Ewith one standard deviation for the accumulated neutron yields in the neutron energy region from 0.1MeV to 15 MeV fromAl, Ti, Cr, Co, As, andWpiles for
a 250-keV D-T neutron source. The experimental data only includes uncertainty due to counting statistics.

Target Al Ti Cr Co As W

C/E 1.028 ± 0.001 1.118 ± 0.002 1.039 ± 0.001 0.804 ± 0.002 1.064 ± 0.002 0.866 ± 0.002

FIGURE 8
(A) Neutron energy spectra after transmission through iron and concrete shields for the TIARA experiments with the 43- and 68-MeV proton incident
reactions on lithium target. The experimental errors include one standard deviation based on a full uncertainty analysis. (B) The ratio of calculation results with
JENDL-4.0/HE and experimental data to the neutron energy.
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calculation results with JENDL-4.0/HE and experimental data to the
neutron energy. For the 43-MeV proton incidence, the PHITS results
agree with the experimental data within a factor of 2 except for the
neutron energies below 10 MeV for iron. For the 68-MeV proton
incidence, the PHITS results agree with the experimental data within a
factor of 2 except for neutron energies around peak.

3.4 Thick target neutron yield produced by
heavy-ion incident reaction at HIMAC

Figure 9 presents the measured normalized neutron yields for the
lead target irradiated by 400 MeV/u C ions. The neutron detection
efficiency of a BC501A was calculated by SCINFUL-QMD code (Satoh
et al., 2006). The data were measured at various angles and then
compared with the results of the calculation by PHITS. A broad peak
was found in the yields in the forward direction, 0°. This peak was at
the neutron energy equal to about 2/3 of the incident particle energy
per ion. It would happen through the peripheral collisions between
projectile and target nuclei. An ion strikes directly a neutron of the
target nucleus, and transfers its momentum to the neutron. The broad
peak energy was moved to a lower energy side and become broad due
to the decrease of the incident particle energy in the target material.

Table 4 presents the comparisons between calculation and
measurement in terms of accumulated neutron yield, based on a
full uncertainty analysis (NEA, 2022b). Though the values of C/E
depend on angles, they were found to be within a factor of 2. The
evaluation report of these series of measurements using various targets
and ion beams in HIMAC will be published in the International
Criticality Safety Benchmark Evaluation Project Handbook (NEA,
2022b) by OECD/NEA.

Figure 10 shows the reaction rate distributions of 27Al (x, α)24Na,
cadmium-covered 197Au (n, γ)198Au and bare 197Au (n, γ)198Au
reactions. The experimental errors include one standard deviation
based on an uncertainty analysis. As explained in the figure, the
reaction rates along the 4 lines were scaled by 1,10,100 and 1,000.

Comparison of the measured and calculated reaction rates shows
that the deviation is largest for 27Al(x,X)24Na reactions along the
15–45 cm axes in the 230 MeV/u He irradiation. This deviation
probably came from the overestimation of source term neutrons
because spallation induced by helium ions tends to be inaccurate
owing to its cluster characteristics. A discrepancy of similar magnitude
was observed for cadmium-covered 197Au (n, γ) reactions at the depth
from 0–20 cm for the 230 MeV/u He beam. Except for the systematic
overestimation of 27Al(x,X)24Na reaction with 230 MeV/u He, the
calculated and measured reaction rates at the depth of 60 cm agree
within a factor of 2 as shown in Table 5. The reaction rates in the first
20 cm of depth are strongly dependent on the depth therefore a slight
fluctuation of the depth leads to a large uncertainty of the ratios. To
avoid this uncertainty, the ratios are calculated at 60 cm of depth
where the reaction rate decline is exponential.

According to (Ogawa et al., 2011), the thick target neutron yield
calculated by PHITS at the forward direction of 230 MeV/u He incident
reaction is relatively high with neutron energies below 20MeV and low
with neutron energy above 20MeV compared with FLUKA code
(Ferrari et al., 2005; Battistoni et al., 2007). Moreover, in the first
20 cm of concrete, cadmium-covered 197Au(n, γ) reactions are
attributed to the source neutrons with energies below 20MeV down-
scattered in the concrete, while the reaction beyond a greater depth is
attributed to the neutrons of higher energies. This explains why
cadmium-covered 197Au(n, γ) reaction rates are overestimated in the
first 20 cm while the agreement is good in the deeper region (Ogawa
et al., 2011). It means that source neutrons in a few MeV are important
as the main contributor of the induced radioactivity maximum, which is
found at 10–20 cm of depth.

4 Summary

In this study, we conducted benchmark studies of neutron
shielding experiments for fusion, such as (1) Neutron spectra in
iron shields with 14 MeV neutrons and (2) Leakage neutron
spectra from various piles with D-T neutrons and for Accelerator-
Driven Sub-Critical systems, such as (3) Neutron energy spectra after
transmission through concrete and iron shields using a quasi-
monochromatic neutron source (4) Thick target neutron yield
produced by high-energy heavy ion incident reaction in a thick
target and (5) Induced activity in shield exposed to particles
produced by heavy ion irradiation in a target using the PHITS code.

The calculated neutron energy spectra in the case (1) using the nuclear
data libraries, JENDL-4.0, agreed with the experimental data well in iron
shields at various depths. For the Al, Ti, Cr, and As piles in the case (2),
neutron energy spectra calculated using JENDL-4.0 agreed with the

FIGURE 9
Normalized neutron yields for 400 MeV/u C-ion incidence on lead
target. The experimental errors include one standard deviation based on
an uncertainty analysis.

TABLE 4 C/E with one standard deviation based on a full uncertainty analysis for the accumulated neutron yields for 400 MeV/u C-ion bombardment of lead target.

Angle 0° 7.5° 15° 30° 60° 90°

C/E 0.68 ± 0.16 1.16 ± 0.28 1.27 ± 0.30 1.36 ± 0.33 1.55 ± 0.37 1.35 ± 0.32

Induced activity in shield exposed to secondary particles produced by heavy ions on Fe.
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experimental values well. However, the calculated results for case (2)
underestimate the experimental data for Co and W piles. The neutron
energy spectra for case (3) using JENDL-4.0/HE reproduced the
experimental data well because proton data library for lithium could

simulated this reaction. The proton data library in JENDL-4.0/HE was
essential for good reproduction of proton incident reactions. In case (4),
the calculated results for a thick target neutron yield produced by
400MeV per nucleon carbon incident reaction on lead showed good

FIGURE 10
Reaction rate distributions of 27Al (x, X)24Na, 197Au (n, γ)198Au, and 197Au (n, γ)198Au reactions for (A) 230 MeV/u He reaction and (B) 400 MeV/u C reaction
(Ogawa et al., 2011). The experimental errors include one standard deviation based on an uncertainty analysis.

TABLE 5 C/E with one standard deviation for Al(n, X), Cd-Au(n, γ), and bare Au(n, γ) reaction rates at 60 cm of depth. The experimental errors include one standard
deviation based on an uncertainty analysis.

Al(n, X) reaction Lateral coordinate

0 cm 15 cm 30 cm 45 cm

(a) 230 MeV/u He 2.30 ± 0.11 2.75 ± 0.14 2.83 ± 0.17 2.47 ± 0.13

(b) 400 MeV/u C 0.41 ± 0.02 0.59 ± 0.03 0.85 ± 0.04 0.95 ± 0.05

Cd-Au(n, γ) Lateral coordinate

0 cm 15 cm 30 cm 45 cm

(a) 230 MeV/u He 0.71 ± 0.05 0.68 ± 0.05 0.68 ± 0.06 0.81 ± 0.05

(b) 400 MeV/u C 0.57 ± 0.03 0.56 ± 0.03 0.67 ± 0.03 0.74 ± 0.03

bare Au(n, γ) Lateral coordinate

0 cm 15 cm 30 cm 45 cm

(a) 230 MeV/u He 1.22 ± 0.13 1.16 ± 0.13 1.03 ± 0.11 0.99 ± 0.11

(b) 400 MeV/u C 0.83 ± 0.03 0.94 ± 0.04 1.15 ± 0.04 1.11 ± 0.04
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agreements with the experimental data. For the case (5) with a neutron
source produced by the 200–400MeV per nucleon heavy-ion incident
reaction, the calculated results of the reaction rate depth profiles of 197Au
(n, γ)198Au reactions agreed with the experimental data within a factor of
2. Thus, the results of the PHITS calculations using the nuclear data
library are in good agreement with the experimental data. Based on these
findings, PHITS has been validated for usage in the domain in the design
of advanced reactor systems such as fusion and ADS facilities. These
experimental data are also useful in validating other Monte Carlo codes
and evaluating nuclear data libraries for advanced reactor systems. The
usage of the SINBAD database for fusion and ADS applications is also
useful in benchmark shielding calculations with all Monte Carlo codes
and evaluated nuclear data libraries.
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