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Background and motivation
H. Urano et al Nucl. Fusion (2015)

The choice of the full tungsten
wall makes it necessary to seed
impurities into the edge plasma
for cooling.
The
energy
confinement
improvement with the neon (Ne)
or argon (Ar) seeding in many
tokamaks devices has been
reported.

While these results are encouraging, questions remain as
to the irradiation effects of these inert-gas on tungsten.

Background and motivation
It is well known that irradiation of helium (He) into tungsten can
result in bubble formation, surface blistering, nano-metre-sized
fuzz formation.
S. Kajita et al Nucl. Fusion 49 (2009)

Background and motivation
As the inert-gas, the physical
properties of Ne and Ar are in
common with He. Therefore, it
can be assumed that the Ne and
Ar plasma could also cause the
same irradiation effects on
tungsten.
However,
recent
experiments showed that Ne or
Ar plasmas cannot lead to the
formation of bubbles and nanostructures on tungsten surface
under the similar irradiation
condition to the He plasma that
leads to nano-structures.

Yajima M. et al 2013 Plasma Sci. Technol.
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The cross-sectional TEM micro-graphs of the
irradiation samples

Our recent work try to understand this differences.

Computation method
• A first-principles method, density functional theory
• VASP code
• PAW-GGA
• Ecut: 500 eV
• K-points: 3 ×3 ×3
• Force on all the atoms : less than 10-3eV/Å
• Supercell: 4 ×4 ×4 , 128 lattice sites

Computation method
The solution energies of the inert-gas atom (IGA)
located in the interstitial sites ϒ

The total energy of the supercell with an inert-gas atom in ϒ site
The total energy of the perfect supercell
The energy of an isolated inert-gas atom.
He (0.002 eV), Ne(-0.006 eV), and Ar (-0.025 eV)
ϒ: indicating the tetrahedral (TIS) or octahedral (OIS) interstitial sites

Computation method
The binding energy of the clustering of the interstitial inert-gas
atoms (IGAm)
the simultaneous way

Multi-atoms gather simultaneously

positive value means the cluster is energetically favorable relative to
the individual interstitial atom
the sequential way

The atoms gather sequentially

positive value indicates that it is energetically favorable to add an atom
to the cluster.
The sequential way can more intuitively reflect the ability of the cluster
to capture additional atom, relative to the simultaneous way.

Computation method
The emission energy for the interstitial inert-gas atom
emitting from the interstitial inert-gas atom cluster

The emission energy for a self-interstitial atom (SIA)
emitting from the interstitial inert-gas cluster to mutate
into a vacancy-inert-gas-atoms complex (VacIGAm)

it is more energetically favorable for the emission of a
SIA than an IGA.
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The solution energies are very large while the migration energies are very small.
The values are about three and four times for Ne and Ar than He, respectively.
These inert-gas atoms are quite insoluble in tungsten, especially for Ne and Ar.

Binding energies of the inert‐gas atom pair
Ar**
He*

The most stable configurations correspond to the relaxed configuration of

cases E, C, and F for He-He, Ne-Ne, and Ar-Ar pairs, respectively,
Such large binding energy indicates that the inert-gas atom pairs are very

probable and stable.

Binding energies of the inert‐gas atom pair

The binding energies of the inert-gas atom
pairs as a function of their final distance

The final distances of the
inert-gas atom pairs after
relaxation
are
mostly
around 1.5 Å for He, 1.9 Å
for Ne, and 2.5 Å for Ar,
respectively, despite their
initial distance are very
different. This indicates
that there is an optimum
interaction distance for the
inert-gas
atoms
in
tungsten.

Interstitial inert‐gas atom cluster
These

large
binding
energies suggest that the
inert-gas atoms tend to
cluster together.
The binding energies in
sequential
way
increase
rapidly with the cluster size
increase, meaning that the
ability of the cluster to
capture additional atom is
enhanced as its size growth.
The inert-gas atoms prefer to aggregate between the (110) planes.
The binding energies of Ne/Ar clusters are much larger than that of

He clusters, meaning a stronger clustering tendency for Ne/Ar than He.

Interstitial inert‐gas atom cluster
The inert-gas atoms prefers to occupy the sites with low electron density

The low electron-density isosurfaces
for the IGA clusters. The light and
dark yellow regions denote the low
electron-density isosurfaces of 0.20
e/Å3and 0.16 e/Å3, respectively.
The electron density becomes lower and lower with the increase of

cluster size. So the vicinity of the cluster becomes more favorable for the
inert-gas atom with the increase of the cluster size.
The low electron-density regions spread between the (110) planes with
the cluster size growth. So the inert-gas atoms prefer to aggregate
between the (110) planes.

The emission energies of the IGA/SIA from the IGA cluster
With the increase of the cluster size,

the emission energies of the inert-gas
atom increase rapidly while those of
self-interstitial atom decrease quickly.
The

emission energies of the
interstitial inert-gas atom becomes
larger than those of the self-interstitial
atom at m=6 for He and m=3 for Ne
and Ar.
It is energetically favorable for a self-

The emission energies of the
interstitial inert-gas atom and the
SIA from the interstitial clusters.

interstitial atom to emit from the
clusters when the numbers of atoms
are above 6 for He and 3 for Ne and Ar.

Self‐trapping process
Based on the above results, the inertgas atoms have a strong tendency to
form the interstitial cluster. Once the
formation of interstitial cluster occurs,
the cluster will increase rapidly due to
the increasing ability to trap an
additional interstitial atom and the low diffusion barrier of the
interstitial atom. As the cluster grows up, the nearby tungsten atoms
are pushed away from their original lattice sites. Thus, the
interstitial cluster mutate into a vacancy-inert-gas-atoms complex.

The difference between He and Ne/Ar
1. The binding energies of the Ne/Ar cluster are much larger
than that of the He cluster.
2. The occurrence of the self-trapping process only requires 3
atoms in the Ne/Ar cluster, which are much smaller than
that in He cluster, 6.
Therefore, Ne and Ar have a lower trigger condition of
the self-trapping process than He.

The different between He and Ne/Ar

Under the irradiation, a large
amount of Vac-Nem/Arm complexes
would formed near the surface.
These complexes are immobile and
can capture the interstitial Ne/Ar
atom and the small clusters nearby,
impeding the diffusion of Ne/Ar
into the bulk.

The density of the Vac-Hem
complex is greatly lower than that
of the Vac-Nem/Vac-Arm complex
near the surface region. So more
He atoms can diffuse deeper into
the bulk and form large bubbles.

Conclusion
 The small interstitial inert-gas atom clusters can form due to the

strong attraction between inert-gas atoms.
 The cluster of the inert-gas atoms tend to expand along the (110)

planes.
 With the cluster size increase, the ability of the cluster to capture

additional atom is enhanced
 It is energetically favorable for a self-interstitial atom to emit from

the clusters when the numbers of atoms are above 6 for He and 3
for Ne and Ar.
 These results provide a sound explanation for the difference of

irradiation effects on tungsten under the He and Ne/Ar plasmas

Thanks for your attention!

The influence of Ne/Ar on He
Nem-He
Arm-He
VacNem-He
VacArm-He

1
1.69
1.66

2
2.10
2.06

3
2.45
2.72

It can act as a buffer layer to block He diffusion into the deeper

tungsten bulk and reduce He penetration in tungsten that a large
amount of Ne/Ar interstitial clusters and the subsequent formed VacNem/Vac-Arm complexes near the surface layer under the Ne/Ar
irradiation.
The Ne/Ar pre-implantation can suppress the bubble formation,
surface blistering, nanometer-sized fuzz formation induced by the
subsequent helium irradiation.

The binding energies of the VacIGAm with the IGA
The
most
stable
configurations of VacIGAm complexes and
their corresponding
binding energies in
both the simultaneous
and sequential ways.

The large positive binding energies indicate that the vacancy has a

strong ability to trap the inert-gas atoms.
The inert-gas atoms trapped in the vacancy prefer to form a

symmetric polyhedra.

