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1. Introduction

For the safe and efficient operation of advanced
nuclear energy systems, development of robust mate-
rials and establishment of reliable system management
methods are essential. This section addresses the mis-
sion of establishing the maintenance management
methodology as well as material R & D for advanced
nuclear energy systems such as fusion and fission re-
actors. Our research interests are as follows:

(1) Theory, modeling, numerical simulation and
data-driven science & technology of irradiated ma-
terials

Radiation damage processes in materials during ir-
radiation occur at a wide variety of time and length
scales. To understand this process, so-called mul-
tiscale viewpoint and statistical arguments are re-
quired. In this section, efforts are made to model ma-
terial behavior during irradiation complementarily us-
ing several computational techniques such as molecu-
lar dynamics, ab-initio quantum calculations, kinetic
Monte-Carlo, rate-equation theory analysis, FEM and
CFD. Recently, additional efforts have also been de-
voted to this research using machine learning, Al (ar-
tificial intelligence) and data-driven techniques.

(2) Plant integrity analysis

Structural integrity of a reactor pressure vessel
(RPV) during a pressurized thermal shock (PTS)
events is of critical importance in the quantitative as-
sessment of reactor safety. We evaluate this using
three-dimensional computational fluid dynamics (3D-
CFD) and the finite element method (FEM). Through
this evaluation, the risk of the RPV function loss is
quantified and it is proposed as an indicator available
for optimizing maintenance strategy.

(3) Effects of irradiation on the microstructure and
mechanical property changes of materials

High energy particle irradiation leads to the for-
mation of oversaturated interstitials and vacancies.
The behavior of point defects is responsible for the
evolution of the microstructure, which may cause deg-
radation, (or development), of the mechanical proper-
ties of the material. The elucidation of the behavior of
point defects is essential for understanding the mech-
anisms responsible for the changes in mechanical
properties. In our study, the microstructure evolution

under high energy particle irradiation has been inves-
tigated experimentally and computationally.

2. Mechanism of non-equilibrium point defect pro-
duction in irradiated materials

In materials of fusion reactor components, high en-
ergy neutrons entering the material collide with many
target atoms, initiating displacement cascade pro-
cesses. This process produces locally dense athermal
point defects within the material. This has a profound
effect on the material’s microscopic composition and
structure thus altering its mechanical properties.
Therefore, it is important to investigate the impact of
these processes in the design and selection of compo-
nent materials. However, the displacement cascade
process occurs on an extremely short timescale of sev-
eral tens of picoseconds, it is very difficult to observe
it experimentally. As such, computer simulation tech-
niques are often employed instead. Among them, mo-
lecular dynamics (MD) is one of the most powerful
tools. In this study, the MD technique was used to sim-
ulate displacement cascades in Fe. Fig. 1 shows a sim-
ulated example of the time evolution of this process
initiated from a 50 keV recoil atom.

Fig. 1: Our molecular dynamics simulation shows
the time evolution of athermal defect production
process in Fe during irradaition.

As shown in the figure, at about sub-ps after the pri-
mary recoil atom starts to move, a large number of dis-
placed atoms are formed with a very high density. In
the central region, the kinetic energies and arrange-
ment of the atoms exhibit a quasi-molten state. As time
evolves, the cascade core cools down gradually, dur-
ing which the displaced atoms in the molten zone re-
turn to their lattice point positions and annihilate. Al-
most all of the displaced atoms are annihilated (disap-



peared) during this cooling phase, but some still re-
main. These can be described as lattice defects (i.e.,
interstitial atoms) that are athermally introduced into
the material by the effects of incident neutrons. Inter-
estingly, some of these interstitial atoms are isolated at
this time, while others are grouped together to form
clusters. Such information is highly valuable, as
whether the interstitial atoms thus produced are iso-
lated or clustered can have a significant impact on sub-
sequent defect reactions.

The mechanism of defect production demonstrated
here is quite different from the conventional one em-
ployed by the NRT model for evaluating dpa. A more
detailed model construction is underway.

3. Size and temperature dependence of point de-
fect binding free energy to defect clusters in Fe

Size and temperature dependence of the point de-
fect binding free energy has numerically evaluated for
self-interstitial atom (SIA) clusters and vacancy clus-
ters in bcc Fe by using continuum models based on
thermodynamics and linear elasticity. The estimated
binding free energy of SIAs to SIA-clusters is much
higher than that of vacancies to vacancy clusters, indi-
cating that SIA-clusters are more thermally stable than
vacancy clusters. For relatively small clusters, the es-
timated binding free energy at 0 K is comparably con-
sistent with atomistic calculation data; and then, the
SIA biding free energy at 850 K is averagely about
35 % lower than that at 0 K, while the vacancy binding
free energy is about 6 % lower; which may remarkably
affect the formation kinetics of those defect clusters
under irradiation. These kinds of information will be
one of the basic parameters for a theoretical model of
the microstructural evolution of Fe-based materials in
the nuclear fusion DEMO environment.

This work was performed in the collaboration with
Dr. Watanabe et al. at of National Institutes for Quan-
tum Science and Technology (QST).

Fig. 2: Temperature dependence of the free energy
of point defects to small defect clusters in Fe.

4. Development of new power device “DISTAR”

With the aim of developing new energy devices
with higher functionality, we prototyped a small de-
vice (Distar) that combines a light-receiving element
(LED) and a light-emitting element (solar panel),
which is inspired by the operating principle of a con-
ventional bipolar transistor. By applying positive feed-
back to the current flowing through the circuit, our
prototype device showed a current amplification fac-
tor of about 1000. Then, this prototype circuit was
modeled theoretically, and a simulation model was
constructed so that the relationships between the cur-
rent, voltage, resistance, etc. of the circuit could be un-
derstood. It was found from the model calculations
that although the current amplification factor reaches
1000, the Joule heat in the resistor is very large, and
the energy efficiency of the entire circuit is extremely
low (90 percent of input energy is lost). Based on this
fact, it is currently concluded that further efforts are
necessary to improve energy efficiency. This research
is a joint research with Professor Emeritus Kensho
Okamoto of Kagawa University.

Fig. 3: DISTAR circuit

5. Application of Al technology to the image
analysis for nuclear materials development

TEM image analysis of post-irradiation metals has often
been conducted in the field of nuclear material development
research, where an interpretation of imges is different
unfortunately from person to person. To avoid this gap, a
new attempt is being made to apply the state-of-the art Al
technology to the image analysis. If this attempt progresses
successfully, it should be possible to bridge the gap between
the skill levels of skilled and novice users.

Fig. 4: Image analysis using Al
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