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Abstract
Plasma-facing materials (PFMs) for nuclear fusion, either in inertial confinement fusion (ICF)
or in magnetic confinement fusion (MCF) approaches, must withstand extremely hostile
irradiation conditions. Mitigation strategies are plausible in some cases, but usually the best, or
even the only, solution for feasible plant designs is to rely on PFMs able to tolerate these
irradiation conditions. Unfortunately, many studies report a lack of appropriate materials that
have a good thermomechanical response and are not prone to deterioration by means of
irradiation damage. The most deleterious effects are vacancy clustering and the retention of
light species, as is the case for tungsten. In an attempt to find new radiation-resistant materials,
we studied tungsten hollow nanoparticles under different irradiation scenarios that mimic ICF
and MCF conditions. By means of classical molecular dynamics, we determined that these
particles can resist astonishingly high temperatures (up to ∼3000 K) and huge internal pressures
(>5 GPa at 3000 K) before rupture. In addition, in the case of gentle pressure increase (ICF
scenarios), a self-healing mechanism leads to the formation of an opening through which gas
atoms are able to escape. The opening disappears as the pressure drops, restoring the original
particle. Regarding radiation damage, object kinetic Monte Carlo simulations show an
additional self-healing mechanism. At the temperatures of interest, defects (including clusters)
easily reach the nanoparticle surface and disappear, which makes the hollow nanoparticles
promising for ICF designs. The situation is less promising for MCF because the huge ion
densities expected at the surface of PFMs lead to inevitable particle rupture.
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1. Introduction

The development of nuclear fusion power plants is limited by
a number of bottlenecks [1–3]. In recent decades, the scientific
communities working on magnetic confinement fusion (MCF)
and inertial confinement fusion (ICF) have made important
efforts to overcome these issues. One of the limiting factors
is the lack of appropriate plasma-facing materials (PFMs) (see
[2–6] and references therein) able towithstand the harsh irradi-
ation conditions, particularly the high temperatures and atom-
istic damage levels reached under pulsed irradiation events in
both ICF andMCF [5, 7]. Different engineering solutions have
been proposed for plasma-facing applications. The very exist-
ence of some of these projects is often seen as the only way
to bridge gaps that otherwise would be naturally resolved by
the use of appropriate materials. It is not our intention to dis-
miss engineering solutions; for certain problems they are the
optimal solution. Even the most unorthodox projects consti-
tute an expression of the need for solutions to overcome the
lack of suitable PFMs. However, true solutions must properly
address cost, complexity and actual performance, and not only
partial aspects of these.

An example of an optimal engineering solution is the use
of a buffer gas to mitigate the arrival of ions and intense x-
ray pulses to the chamber walls in ICF plants with indirect-
drive targets [8, 9]. There are some concerns about harm due to
shrapnel (large neutral clusters with hyper-velocities) in these
plants [10], which are more serious for the final optics than
for the chamber walls. Otherwise, if shrapnel effects could
be ignored the buffer gas solution would relax the irradiation
conditions at the chamber walls to the extent that even bare
steel could survive. In the case of ICF with direct-drive tar-
gets, shrapnel is not a concern, but the buffer gas is incompat-
ible with target cryogenics during injection [11]. Alternative
solutions [12] have been proposed, such as magnetic interven-
tion [13] or wetted wall concepts [14, 15]. Many years after
the first proposals of wetted walls [16], aspects like the form-
ation of aerosols, the vapour pressure inside the chamber or
the maintenance of a liquid layer over all the internal surfaces
of the chamber remain unaddressed [17], despite their para-
mount importance for this approach. Indeed, aerosols may pre-
clude the propagation of the laser beam, the vapour pressure
may prevent the target injection and a poor protection of all
the internal surfaces goes against the first goal of the wetted
wall projects, i.e. to protect the chamber materials against irra-
diation. Obviously, for ICF power plants, appropriate PFMs
would solve a long-standing problem that is difficult to tackle
otherwise. On the other hand, in MCF concepts, the divertor
is expected to suffer the most hostile conditions, complicating
the survival of a solid divertor. This has led to proposals based
on the use of liquid materials [18]. An extensive validation of
all the relevant aspects of these designs is under way.

Tungsten is considered the most promising candidate for
plasma-facing applications [19, 20] due to its high melting
temperature and hardness, low chemical sputtering yield, and
good thermal conductivity. However, despite these remarkable
properties, the performance ofW is compromised when facing
high particle fluxes (typically, higher than 1019 cm−2 s−1),
due to thermomechanical considerations [6], andmore import-
antly, due to atomistic considerations, which are behind a
myriad of detrimental effects such as blistering, swelling and
fuzz formation [19, 21, 22]. The origin of the atomistic effects
is the nucleation of light species (mainly He and H) in point
defects. The role of He is particularly relevant due to its low
solubility and high binding energy to vacancy-type defects
[23]. Moreover, He clustering is energetically favourable and
possible due to its high mobility [24]. Vacancy clusters may
accumulate He atoms until, at high enough temperatures, the
generation of open volume by the creation of Frenkel pairs
becomes energetically favourable. The highly mobile intersti-
tial atoms easily escape, and the vacancy is retained in ever-
growing vacancy clusters able to accommodate the excess of
He. Thus, these clusters are unwanted bubble precursors. From
the mechanical point of view, the presence of bubbles is asso-
ciated with high local stress fields and dislocation loop nucle-
ation, with fatal effects on the mechanical performance, such
as embrittlement, which is especially relevant in a material as
brittle as W. Suppressing the formation of vacancy clusters
contributes to improving the resistance of PFMs.

Different strategies have been proposed to overcome this
situation. Many of them are based on finding materials or con-
figurations with self-healing properties, i.e. able to eliminate
spontaneously the deleterious effects of irradiation [25]. Some
studies focus on materials with a high density of grain bound-
aries to promote the annealing of point defects [26], enhanced
under certain conditions [27]. This approach showed prom-
ising results for the annihilation of self-defects and the release
of hydrogen isotopes [28] but, as in the case of bulk W, does
not solve the problem of He retention because the grain bound-
aries do not favour He release [29, 30]. A related approach is
based on the development of engineered surfaces with a large
surface area to distribute the heat loads along the material.
This has been achieved by fabricating microstructures such
as dendrites, needles or foams at the surface of the PFMs.
These structures have the added advantage that they contrib-
ute to release light species and annihilate self-defects, enhan-
cing the self-healing properties of the material [31–34]. Irra-
diation tests in conditions similar to those expected in real
facilities are essential to attain useful conclusions about the
different strategies for materials development. For example,
realistic irradiations were carried out in a dedicated facility
(RHEPP, Sandia National Laboratories, NM, USA) [31–34],
appropriate to mimic first wall (FW) irradiation conditions in
ICF plants. Thus, the authors showed that the development
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of engineered surfaces has a positive impact on the materials
response to ICF conditions. Unfortunately for the ICF com-
munity, RHEPP is now dismantled, and nowadays useful val-
idation tests demand the adaptation of facilities that were not
originally designed for ICF studies and the use of sophisticated
modelling methods to extract useful conclusions.

Surface microstructures have also been studied under MCF
conditions and, although in this case there exist more irradi-
ation facilities, the high fluxes of low-energy ions complicate
the development of a solidmaterial able towithstand the irradi-
ation conditions. Nonetheless, recent works report on signific-
ant improvements for micro-modified surfaces [35, 36]. Fur-
ther size reduction from the micrometre to the nanometre level
has been explored, and nanostructured materials are regarded
as a viable alternative to prevent He accumulation and the
associated bubble growth [37–40]. The key advantage of nano-
structured materials is that the surfaces and grain boundar-
ies act as sinks for defects. In these materials, defects easily
annihilate at the abundant annihilation sites located within the
mean free path of mobile defects. Thus, defect evolution in
nanostructured materials is considerably faster than in micro-
structured materials and it is completely different with respect
to that in their bulk counterparts. The most important con-
sequence is the efficient reduction of nucleation sites, i.e. clus-
tering precursors. Indeed, some works have exploited defect
sinks to reduce the number of nucleation sites, with prom-
ising results. Recently, Qin et al [37] explored a nanochannel
design as a route to delay He bubble growth inW. They found a
decrease of 50% in the fuzz formationwhen comparedwith the
bulk case. A similar approach employs carbon nanotube inclu-
sions [39]. Other works showed that W nanoparticles (NPs)
with a high surface-to-volume ratio have enhanced radiation
tolerance, strongly related to the NP size [38, 41]. Many of the
current efforts require validation tests in well-defined irradi-
ation conditions to extract useful conclusions. These tests are
difficult to perform for a number of reasons, and the lack of
dedicated facilities for ICF irradiations is not the only prob-
lem. A correct identification of the irradiation conditions and
subsequent mimicking in an irradiation facility is not straight-
forward, even when dedicated facilities are available, as is the
case for MCF. In addition, the fabrication of nanostructured
samples is in some cases done by state-of-the-art nanotechno-
logy techniques, which typically produce tiny samples on del-
icate substrates not designed for extreme irradiation. In this
sense, modelling reports (such as this paper) provide useful
insight into possible pathways to explore in order to develop
new PFMs.

Nanostructuring approaches suggest that highly porous
materials—combining migration channels, short diffusion
paths, high surface areas, and several recombination sinks—
are promising alternatives to avoid He accumulation. In recent
years, hollow nanospheres (hNPs), a new kind of low-density
nanomaterial, have been synthesized. They are composed of
a thin shell enclosing an empty cavity (core). The existence
of a cavity inside the NP has been exploited for gas stor-
age purposes, offering a great performance in energy devices.
In addition, these structures exhibit an improvement in the
mechanical stability due to their convenient combination of

strength and flexibility [42–45], and a considerable enhance-
ment in the kinetics of defect annihilation [46, 47]. Thus, the
use of tungsten hollow nanoparticles (W-hNPs) to fabricate
the outer layer of a plasma-facing component is attractive for
several reasons: (i) point defects generated by light species in
the W-hNP shell will easily reach the surface and annihilate;
(ii) light species will easily reach either the outer surface and
desorb or the inner surface and accumulate in the cavity; and
(iii) the existence of pressurized gas trapped in the cavity con-
tributes to stopping the incoming ions without negative effects
for the W-hNPs.

In this paper, we explore the behaviour of W-hNPs under
realistic irradiation conditions expected in future ICF and
MCF facilities. In particular, key aspects like their resistance
to high temperature and pressure, release of light species, and
defect annihilation are addressed through a combination of
molecular dynamics (MD) and object kinetic Monte Carlo
(OKMC) simulation methods. With this strategy we can study
in detail short-time scales and explore the behaviour of the W-
hNP over long irradiation times to estimate: (i) the thermal
behaviour to ensure material stability in real nuclear fusion
environments; (ii) the effect of the ion flux on the NP integ-
rity and properties (the main difference between the MCF and
ICF approaches); and (iii) the time evolution of the generated
defects.

We show thatW-hNPsmay fulfil the stringent requirements
of a PFM under ICF conditions due to their remarkable self-
healing properties. Therefore, if these findings are confirmed
experimentally, the principles behind the good behaviour of
W-hNPs could be used to develop the long searched-for PFM
for realistic plant designs, which will certainly overcome the
drawbacks mentioned above. Regarding MCF conditions, W-
hNP behaviour is less promising due to the high ion fluxes
expected in discharge events such as edge localized modes
(ELMs).

The efforts made towards the development of newmaterials
are highly relevant, since many problems stem from a lack of
appropriate materials. This paper is an effort to make progress
on materials development for FW applications. Being success-
ful on this front not only solves an existing problem (how to
protect the chamber) but does it in the simplest way, avoiding
the need for additional efforts to develop complex solutions.
It is hoped that our findings will open a new route towards the
development of materials for plasma-facing applications with
enhanced radiation resistance properties, particularly in terms
of irradiation damage.

2. FW made of hollow NPs in different irradiation
scenarios

In order to assess the performance of W-hNPs as a PFM, we
have identified realistic irradiation scenarios expected in future
nuclear fusion facilities. In the case of ICF with indirect-drive
targets, a realistic solution is to mitigate the effects of the x-
ray pulses on the chamber wall by means of a residual gas
in the chamber [8, 9]. With this configuration (ignoring the
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Figure 1. Schematic representation of the HiPER fusion chamber
for the Prototype and Demo scenarios. It is an evacuated dry-walled
chamber of radius 6.5 m with 48 square lenses at a distance of
12–16 m from the chamber centre. On the right is a sketch of the
wall, which, for the purpose of this work, consists of a FW of
W-hNPs, supported on a structural substrate and surrounded by a
cooling blanket. A detail of the studied W-hNPs is given top right.

open question of shrapnel threats [10]), the irradiation condi-
tions at the chamber wall are very relaxed, to the extent that
even bare steel is expected to survive. Therefore, we do not
consider the indirect-drive target scenario here. On the other
hand, ICF with direct-drive targets requires a vacuum cham-
ber (schematically shown in figure 1) and a radiation-resistant
PFM for the FW to withstand the generated ion pulses. The
divertor inMCFwill be the component most exposed to poten-
tially fatal irradiation conditions during pulsed events such as
ELMs [48].

2.1. Hollow NPs

Our main goal in this paper is to study the performance of a
FW made of W-hNPs under different scenarios. The uncer-
tainties in relevant thermal parameters are significant, but we
have tried to use realistic values for the irradiation fluxes
and chamber dimensions, including a model for the W-hNPs.
Thus, we studied W-hNPs with an outer radius of 7.5 nm
and inner radius of 5 nm, i.e. the shell thickness is 2.5 nm.
A compact configuration of NPs (as an fcc arrangement in
crystallography) has a density of 10 030 kg m−3, i.e. 52%
of the bulk tungsten density (19 250 kg m−3). The thermal
conductivity of a FW made of these W-hNPs has been con-
servatively estimated to be 1/3 that of bulk tungsten [49],
which agrees well with the values given by Bhatt et al [50]
for metal NPs. Our calculations assume considerably lower
values of thermal conductivity, as shown next. In order to
estimate the FW temperature under different irradiation condi-
tions, we solved the 1D heat equation with rough source terms
as described below. Further sophistication is meaningless at
this point, due to the uncertainties in the thermal parameters.
For verification, we used the same rough approach to obtain
the temperature evolution of bulk tungsten under irradiation
and compared the results with those rigorously calculated in
[6], obtaining a satisfactory agreement for the purpose of this
work.

2.2. ICF approach with direct-drive targets

For the direct-drive target ICF approach, the scenarios con-
sidered in this work are based on the HiPER project [6]. Figure
1 schematically depicts the spherical reaction chamber (radius
6.5 m) and details the wall structure: a FW supported on a
structural substrate in contact with the breeding blanket, which
also has cooling functions. In an effort to overcome the prob-
lems encountered for FWs made of bulk tungsten, we study in
this work chambers with a FW composed of W-hNPs. Table 1
shows two scenarios considered here to address the perform-
ance of the W-hNPs as a FW material. These scenarios were
previously used in the ICF HiPER project [6]. The ‘Demo’
scenario is the expected irradiation scenario of a full-scale
power plant, whereas the ‘Prototype’ scenario is a relaxed
mode scenario useful to test plant systems and materials. The
major concern regarding the FW is related to the arrival of
short and intense ion pulses originated in the target explo-
sions. Ions account for more than 25% of the total energy
reaching the FW (neutrons carry most of the generated energy,
∼70%). These pulses are responsible for the extreme thermo-
mechanical conditions that the FW must face. In addition, ion
irradiation is responsible for defect generation and determ-
ines the final fate of the material at a microstructural level,
eventually with fatal consequences for FWs made of tung-
sten [6]. According to the irradiation spectra [51], the most
important ion contributions stem from fast burn product He
ion pulses and slow debris D + T ion pulses (details in table
1). These pulses account for 19% of the total energy deposited
in the wall. Since the uncertainties in the thermal parameters
ofW-hNPs are important, we will ignore other contributions to
estimate the temperature and defect evolution of the FWmade
of W-hNPs, similarly to in [48].

Figure 2 shows the results of simulations obtained with the
binary collision approximation (BCA) code SRIM [52, 53]
for the irradiation of bulk W and W-hNPs with D and He
ions using representative ion energies (300 keV and 2 MeV,
respectively) as model cases. The effect of the material mass
density can be clearly observed. The implantation and vacancy
profiles become broader and reach a maximum deeper in the
case of hNPswith an effectivemass density of 0.52 that of bulk
W. The deposited energy profiles also broaden in the case of
hNPs due to the mass density effect. Related to these profiles,
we can obtain the maximum implanted ion concentration and
vacancy concentration for these irradiation energies (table 1),
which, unsurprisingly, are lower for the hNPs than for bulk W.
From these values, we can determine the maximum number of
He, D + T and vacancies, expected for the considered hNPs
(volume 1767.15 nm3). For example, the maximum number of
D + T ions per shot expected in a hNP in the Demo scenario
is 2.8, and in the Prototype scenario it is 0.9.

Both implanted ion concentration and vacancy concentra-
tion are lower for hNPs than for bulk W, which in principle
favours the use of hNPs. However, this factor is not so determ-
inant as the temperatures reached for both types of walls. The
lower thermal conductivity of the FW made of hNPs leads
to considerably higher temperatures. Figure 3 shows a rough
estimate of the temperature evolution for a FW made of hNPs
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Table 1. Irradiation scenarios Prototype and Demo of the HiPER
project [6] considered in this work for ICF power plants with an
evacuated chamber of 6.5 m radius.

Prototype Demo

Yield (MJ) 50 154
Rep. rate (Hz) 1–10 10–20
Power (GW) <0.5 <1
On FW per shot – –
Total energy (J cm−2) 9.4 29.0
Debris D + T energy (J cm−2) 1.2 3.7
Burn product He energy (J cm−2) 0.6 1.8
Debris D + T density (cm−2) 4.5 × 1013 1.4 × 1014

Burn product He density (cm−2) 1.9 × 1012 5.8 × 1012

With bulk tungstena – –
Max. D + T (1016 cm−3) 91 280
Max. D + T-induced vacancies (1016 cm−3) 890 2700
Max. He (1016 cm−3) 4.2 13
Max. He-induced vacancies (1016 cm−3) 150 470
With hollow NPsa,b – –
Max. D + T (1016 cm−3) 51 (0.9) 160 (2.8)
Max. D + T-induced vacancies (1016 cm−3) 360 (6.3) 1100 (19.4)
Max. He (1016 cm−3) 2.4 (0.04) 7.5 (0.1)
Max. He-induced vacancies (1016 cm−3) 76 (1.3) 230 (4.1)
aModel case: 300 keV D and 2 MeV He irradiations.
bIn brackets: number per hNP.

Figure 2. Implantation profile, damage generation and deposited
energy by irradiation of a FW composed of bulk tungsten or hollow
NPs obtained for the following model cases: irradiation with
300 keV D-ions (top row), and with 2 MeV He-ions (bottom row).

under Demo and Prototype irradiation conditions. For the cal-
culation, we considered that the energy deposited by burn
product He and debris D + T ions per time are step func-
tions (source terms of the heat equation). This means that the
source terms were just approximations to the deposited energy
curves of figure 2, but they provide acceptable results. Both
He and D + T temperature peaks exceed the meting point of
W in the Demo scenario (154 MJ), which invalidates the use
of hNPs as FW material in this case. For bulk W, the same
scenario leads to temperatures of∼3400 and∼2400 K for the
He and D + T peaks, respectively [6]. These values are below
the melting point of W but, as has been discussed in [6, 54],
this is not enough to assure the survival of a FW composed of
bulk W. On the other hand, the maximum temperature expec-
ted in the Prototype scenario, assuming the thermal conduct-
ivity of the hNPs to be 1/3 (1/7) of that of bulk tungsten, is

Figure 3. Temperature of a FW made of hollow NPs as a function
of time after target explosion (t = 0) for target yields of 154 MJ
(blue) and 50 MJ (rest), Demo and Prototype scenarios, respectively.
In the Prototype scenario, the temperature at the surface (black) and
at a depth of 5.5 µm beneath the surface (red) is plotted.
Temperatures are estimated by assuming two contributions: a fast
burn product He pulse followed by a debris D + T pulse, which
results in the two observed peaks. The calculations are done with
different effective thermal conductivities, 1/3 and 1/7 of the tungsten
thermal conductivity (continuous and dashed lines, respectively).
The shaded region is above the melting point of tungsten.

around 2000 K (3000 K) at the FW surface and below 1500 K
at 5.5 µm beneath the surface (the region where the maximum
concentrations of implantedHe ions and induced vacancies are
produced, according to figure 2). These values are consider-
ably below the melting point of W, and as discussed in section
4, within the operational temperature limits for hNPs.

2.3. The divertor in the MCF approach

Regarding the MCF approach, the considered scenario cor-
responds to the conditions found in ITER during an ELM
[48]. During this event, particles reach the divertor in 0.2 ms,
which is translated to a power density of 5000 MW m−2. The
ion energies are below 50 eV, much lower than in the ICF
approach. Note that this scenario is based on ITER conditions,
which are not actually power-plant conditions. However, the
low ion energy leads to a very shallow implantation, which,
combined with the high particle fluxes, results in a very high
ion density in themean implantation depth, which is very detri-
mental for the PFM in the divertor. Figure 4 shows the expec-
ted temperature evolution after an ELM discharge onto a W
divertor covered with a few layers of hNPs to stop the low-
energy ions. With this configuration, we assumed the thermal
conductivity of bulkW for the calculations, but evenwith these
relaxed conditions, the temperature exceeds the melting point
of W, which certainly compromises the survival of the diver-
tor. In order to complete this study, we considered a relaxed
ELM scenario in which only 70% of the actual ELM energy is
deposited onto the divertor (i.e. 3500 MW m−2). In this case,
the expected maximum temperature is slightly over 3000 K.
As will be discussed, due to the difficulties found even in
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Figure 4. Surface temperature of ITER divertor as a function of
time after ELM discharge. Two cases were considered: the expected
ELM discharge (5000 MW m−2), and a relaxed case with only 70%
of the actual power (i.e. 3500 MW m−2). The divertor is supposed
to be made of tungsten covered with a layer of W-hNPs, thus the
thermal conductivity assumed for the calculations was that of bulk
tungsten.

this relaxed scenario of ITER, no other MCF scenarios were
explored, i.e. no realistic power-plant scenarios were taken
into account for the MCF approach.

3. Methods

3.1. Atomistic simulations

Atomistic simulations were carried out using the MD code
LAMMPS [55]. The W–W interaction was simulated with
an embedded atom method potential [56] using the Ackland–
Thetford [57] parametrization, together with the modification
proposed by Juslin et al [58]. For the W–He interaction, we
employed the pair potential of Juslin and Wirth [58]. This
potential successfully reproduces the formation energy of He
atoms in tetrahedral and octahedral sites. Several many-body
potentials have been proposed to study He defects and bubble
growth inWmaterials [59, 60]. Among them, the Juslin poten-
tial shows a good agreement with density functional theory
(DFT) calculations for the binding energy of He clusters of
sizes relevant to our study. Finally, the He–He interaction
was simulated by using the Beck potential [61]. In all cases,
the short-range interaction for each interatomic potential was
splined with the Ziegler–Biersack–Littmark (ZBL) potential
[62].

The W-hNPs were created from <100> W bulk, by cutting
two concentric spheres of 5.0 and 7.5 nm radius. The resulting
W-hNP is perfectly crystalline, with an outer radius and thick-
ness of 7.5 nm and 2.5 nm, respectively (figure 1). This pro-
cedure has been used to describe the stability of W-hNPs [47,
63, 64], showing a good agreement with experimental results.
TheW-hNPswere relaxed by annealing to remove any residual
stress [63]. For the study of thermal stability, the W-hNP tem-
perature was raised from 300 to 3000 K in steps of 20 K every

0.2 ns, by means of a Nosé–Hoover thermostat with a 1 fs time
step. Once theW-hNPwas relaxed, the nanostructure was irra-
diated with He ions in the range from 50 to 200 eV. At this
stage we kept the W-hNP temperature constant at 300 K. He
ions impinged onto random surface positions but targeting the
W-hNP centre. During the irradiation, an adaptive time step
ranging from 0.001 to 1.0 fs was chosen to avoid problems
with energy conservation due to the high-energy collisions.

To study the capacity of the hNP to retain He in the inner
cavity, He atoms were continuously inserted every ∼20 ps,
up to a maximum limit of 52 100 He atoms. This simulation
was performed at 300, 1000, 2000 and 3000 K, using a Nosé–
Hoover thermostat and an adaptive time step ranging from 0.1
to 1.0 fs. After the hNP rupture due to the He gas pressure, the
dynamics was followed during 50 ns to observe whether the
remaining structure ende up collapsing or the spherical geo-
metry was successfully preserved.

To compute the gas pressure and the system stresses, we
calculate the per-atom stress of the atom α using the virial
stress tensor

σα
ij =

1
Vα

[
1
2

∑(
rβi − rαj

)
Fαβ
i +mαvαi v

α
j

]
, (1)

where the subscripts i and j refer to the x, y, or z direction, and
mα refers to the mass of the atom α. The vαi and vαj terms cor-
respond to the i, j components of the velocity. The first term of
the equation represents the elastic strain defined by the com-
ponent i of the force between the α atom and its neighbour
atom β (Fαβ

i ), and the β index ranges from 1 to N, where N is
the number of neighbours of the atom α. rαi and rβj correspond
to the components i, j of the position for both α and β atoms,
respectively. The term Vα represents the atomic volume of the
atom α. To compute the He gas pressure, the atomic volume
was calculated assuming theHe van derWaals radii,R= 1.4Å.
Based on the virial stress tensor the atomic pressure of α, pα,
can be obtained as:

pα =

(
σα
xx+σα

yy+σα
zz

)
3

. (2)

Defect identification was performed using the polyhedral tem-
plate matching method [65], and defect identification, post-
processing and visualization were carried out with OVITO
software [66, 67].

3.2. OKMC simulations

whereas the time scale of irradiation events is achievable by
MD simulations, defect evolution and He diffusion are com-
putationally very expensive to simulate due to the long char-
acteristic time scales. Therefore, a multi-scale approach based
on MD and OKMC simulations was followed to simulate
long-time dynamical features. The intrinsic characteristics of
OKMC methods makes them an attractive option to simulate
defect evolution in realistic geometries, being able to access
long time periods (from nanoseconds to hours). Following this
multi-scale approach, OKMC simulations were performed to
study the evolution of the damage cascades produced in the

6



Nucl. Fusion 60 (2020) 096017 P Díaz-Rodríguez et al

different ICF and MCF irradiation scenarios. OKMC simu-
lations were performed with the Open Source MMonCa code
[68]. This code has been parametrized bymeans of DFT calcu-
lations to simulate the irradiation and defect evolution in dif-
ferent refractory materials. More specifically, in W–He sys-
tems, MMonCa has been used as a tool to understand the
microscale behaviour of clustering and fuzz formation, provid-
ing good agreement with previous experimental reports [69,
70]. The code takes into account themigration of point defects,
He, vacancies (V), self-interstitials (I) and vacancies with one
He atom (HeV). Cluster formation is also considered, includ-
ing pure helium clusters, Hen, mixed clusters with vacancies,
HenVm, and with self-interstitial atoms, HenIm. Details on the
parametrization can be found elsewhere [71, 72]. A W-hNP
such as the one shown in figure 1 was used for the simulations.
Damage cascades produce by He irradiation were obtained
with SRIM [52, 53] for the different irradiation scenarios.
Due to the large He formation energy in W (around 6 eV),
the inner and outer surfaces of the W-hNP were considered
to be desorption surfaces. Regarding point defects, they act
as perfect sinks, i.e. point defects reaching the surfaces were
removed from the simulation. We took into account the num-
ber of He atoms reaching the inner cavity in order to quantify
the inner pressure. Several OKMC simulations (with different
random seed) were performed for each irradiation scenario (at
least 20) to minimize artefacts.

4. Results

4.1. Temperature and pressure effects on hollow NPs

A minimal requirement for a nanostructured material such as
W-hNP to be useful as a PFM is structural stability at high
temperatures. In W-hNP, the cavity introduces an additional
degree of freedom, leading to a structural collapse driven by
the surface diffusion of the inner wall. Hence, the temperature
resistance of W-hNP with respect to bulk materials is lowered
[73]. Our MD simulations of the potential energy, as a func-
tion of temperature, show the first structural transition near to
3000 K (figure 5). When dealing with NPs, this transition is
usually associated with the melting point, but in the specific
case of W-hNPs, the first drop corresponds to the partial col-
lapse or shrinkage of the hollow nanostructure (figure 5(b)), as
has been reported by Huang et al [73]. At higher temperatures
the W-hNP fully collapses into a solid NP, and finally melts at
3500K. Even though theW-hNP has its first (partial) structural
transition at 2700 K it remains somewhat stable up to at least
3000K, a value astonishingly close to themelting point of bulk
W. Note that the results shown in figure 5 were obtained for
an empty W-hNP. As shown below, a more realistic situation
with a pressurizedW-hNP leads to a reduced trend to collapse.
A structural analysis using the polyhedral template matching
method reveals that theseW-hNPs preserve their bcc structure,
radius and spherical shape at temperatures beyond the typical
experimental conditions of a PFM. Its underlying bcc lattice,

Figure 5. (a) Potential energy per atom for a hollow NP as a
function of the temperature. Numbers 1–4 indicate the
corresponding snapshots in (b), which represent a cross section of
1 nm thickness. Colours represent the local atomic structure
obtained with the polyhedral template matching method. Blue, red
and green represent bcc, hcp and fcc atoms, respectively.

hindering the glide of preferential planes and the Shockley dis-
location nucleations at low energies, can explain the resilience
ofW-hNPs to high temperatures. Bothmechanisms are the first
precursors of the collapse of fcc hNPs [63, 64, 74].

The thermal stability of these structures is an issue that can
only be completely elucidated with dedicated experiments, but
MD simulations can also provide some valuable information.
We performed five independent simulations at 2500 K, last-
ing 10 µs each (i.e. much longer than usual simulations) to
study the temperature-driven collapse, surface reconstruction
or grain growth. Figure 6(a) illustrates the average potential
energy (U) of a W-hNP. The potential energy does not vary
for times longer than 1.5 µs, indicating the stability of the W-
hNP. Recently, similar curves have been employed to demon-
strate the thermal stability of polycrystalline hNPs (smaller
than the ones analysed in this paper), which are affected by
grain boundary coarsening [75]. Snapshots in figure 6(b) show
that the cavity is preserved at 2500 K and that the variation in
the potential energy is mainly due to surface atom rearrange-
ment. It is important to note that high-temperature driven col-
lapse has already been reported in other hollow nanostructures
based on Pt, Au or MgO [76], thus the elevated thermal res-
istance shown by the W-hNPs can be attributed to the high
melting point of W-based materials.
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Figure 6. (a) Potential energy and mean square displacement
(MSD) of a W-hNP kept at 2500 K for 10 µs. The curves were
constructed averaging five independent simulations. (b) Illustration
of a half cut of the hNP before and after the heating process.

Additionally, the mean square displacement (MSD) is
included in figure 6(a), and is defined as:

MSD=
1
N

N∑
i=1

[
(xi (t)− xi (t= 0))2 +(yi (t)− yi (t= 0))2

+(zi (t)− zi (t= 0))2
]
,

(3)
where N is the number of atoms, and xi, yi and zi are the
coordinates as a function of time of the ith atom. The MSD
initially increased almost linearly for the first 5 µs, but fur-
ther on, the MSD remained stable. The initial increase indic-
ates that the system evolved by means of a process of surface
reconstruction and faceting without evidence of shrinkage (in
agreement with the snapshots), while the later stabilization
allows us to discard any significative atomic motion which
could subsequently trigger the collapse of the structure. To
quantify the atomic motion, a diffusion coefficient was com-
puted from the MSD as D= 1

6tMSD(t). The atomic motion
during the reconstruction rendered a diffusion coefficient of
5.8 × 10−10 cm2 s−1 (for t < 4 µs), slightly higher than the
surface self-diffusion coefficient of bulk W reported for the
same temperatures, but rather low as expected due to the spher-
ical shape of the W-hNP, which provides stability to the W-
hNPs. In a microsecond time scale, discontinuities in physical
parameters such as the MSD, the diffusion coefficient, and the
potential energy provide information regarding drastic events,
such as collapse, coalescence or reconstruction. The smooth

Figure 7. Potential energy of a W-hNP during five thermal load
cycles. The temperature was raised from 300 to 2000 K in 3 ns, then
held at 2000 K for 0.3 ns and returned to 300 K in 3 ns. Remarkably,
the potential energy does not vary from cycle to cycle.

behaviour observed is a good indication of the structural integ-
rity and thermal resilience of the hNP.

In order to use hNPs for FW applications, it is necessary to
assess their thermal load resistance. This is related to the sta-
bility issues just discussed. Thus, dedicated experiments must
be carried out for validation purposes with thermal load cycles
of relevance in the context of the described fusion scenarios. In
this work, we carried out MD simulations to study a W-hNP
subject to several thermal load cycles. The potential energy
evolution is shown in figure 7. The system was heated and
cooled during five successive cycles, in which the temperature
was raised from 300 K to 2000 K in 3 ns, kept at that value for
the following 0.3 ns, and finally cooled down again to 300 K in
3 ns. Remarkably, the potential energy minima and maxima do
not vary from cycle to cycle. In addition, the slopes from min-
imum to maximum and from maximum to minimum do not
differ, which shows that the thermal loads are not inducing any
structural collapse. These results indicate a good thermal load
resistance of hNPs subject to sudden temperature ramps. The
subtleties of long-term real experiments cannot be captured by
our simulations, but they provide a reliable idea about the good
behaviour of W-hNPs subject to thermal loads.

Upon irradiation, the fraction of incoming He ions that
end up becoming captured in the inner cavity, either by direct
implantation or through diffusion from the shell, is very signi-
ficant. Obviously, the fraction captured depends on the energy
of the incoming ions. In figure 9(a) we observe that at least
40 eV is required to implant the He atoms directly in the cavity
(ions backscattered at the outer surface are ignored and 1000
effective implantations were considered for each energy, to get
reliable curves). The maximum efficiency is achieved in the
range of 40–200 eV, with∼35% of the ions trapped inside the
cavity. Note that the captured fraction remains constant even
at 200 eV. This is remarkable considering that the ion range
obtained by SRIM calculations [31] is large enough to cross
radially the whole W-hNP. However, if the He ions penetrate
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Figure 8. (a) Fraction of helium ions captured inside the hNP at
different ion energies. (b) Illustration of ion capturing inside the
cavity at the indicated times. For illustrative purposes, a half-cut of
the hNP is displayed. Red dots represent the W atoms and blue lines
the He trajectories.

the W-hNP shell a fraction of the kinetic energy is lost by dif-
ferent scattering mechanisms, including effective interactions
with He atoms already captured in the cavity. Once inside the
cavity, the energy of the incoming ion drops to only a few tens
of eV. This energy loss translates into an increase of the reflec-
tion coefficient to almost 1.0 (full reflection) when impacting
the inner wall of the W-hNP; thus, the He ion becomes cap-
tured inside the cavity. As a comparison, an ion with energy in
the range 50 to 200 eV has a reflection coefficient close to 0.6–
0.9 [22, 77, 78]. He atoms are slowly thermalized in the cavity
via consecutive collisions with the inner surface, remaining in
gas state as shown in the figure 8. It is interesting to note that
in the case of pressurized cavities a significant part of the ion
energy is transferred to the gas in the cavity, not producing
damage to the W material. This is also true for high-energy
ions during their passage across many W-hNPs.

Since the He formation energy in W is higher than 6 eV,
the probability that a He atom captured as cavity gas will
escape is very small. This is true even for very high temper-
atures near the melting point. Considering that the most rel-
evant events in ICF and MCF are pulsed, high temperatures
are only reached for a small fraction of a second in every
pulse, reducing to a negligible value the fraction of captured
He able to escape from the cavity. In this situation, it is very
important to study the W-hNP behaviour when the cavity is
pressurized. Figure 9 shows an example of the behaviour of
a W-hNP when an excessive number of He atoms enters the

Figure 9. Rupture of a hNP due to the excessive pressure caused by
the access of He atoms (in blue) to the inner cavity at 3000 K.

Table 2. Rupture conditions in terms of temperature, He entering
the cavity and inner pressure reached before rupture (determined
following equation (2)).

Temperature (K)

Number of He
atoms in the cavity
prior to rupture Inner pressure (GPa)

300 52 100 10.5
1000 48 900 7.5
2000 37 500 6.7
3000 32 000 5.5

cavity, raising the inner pressure and causing the rupture of the
NP. The W-hNP is able to resist very high internal pressures;
however, rupture is produced at certain pressure depending on
the temperature. Table 2 shows the relevant values; the pres-
sure was calculated by means of equation (2). At room tem-
perature, W-hNP rupture is produced at 10.5 GPa. This value
decreases with increasing temperature to 5.5 GPa at 3000 K,
which corresponds to 32 000 atoms in our W-hNPs. Despite
the rupture pressure being roughly half of that at room tem-
perature, it remains very high at 3000 K. Going to the fusion
scenarios, in MCF the capture of tens of thousands atoms in
the cavity occurs very rapidly, because the low-energy ions
from the intense plasma discharge are implanted in roughly a
monolayer of W-hNPs. In the case of ICF, He ions have high
energies, therefore, cavity pressurization is a slow process.
According to table 1, the maximum He filling rate is around
0.1 (0.04) He/pulse for the Demo (Prototype) scenarios. This
means that 320 000 (1 066 667) pulses are needed in order to
reach 32 000 atoms in the cavity. It may seem a large number
but at a typical repetition rate of 10 Hz, this can be achieved
in around 9 (30) hours, actually a very short time compared to
the lifetime of a power plant. The situation is very different for
hydrogen isotopes (D + T debris ions) because the formation
energy of these isotopes in W is low (1–2 eV) [79, 80] to the
extent that unlike the He case, captured D and T easily escape
from the hNP cavity at the temperatures reached during the
pulsed irradiation events.

The effective capture of He leads to NP rupture, which at
first sight is a major concern for the use of W-hNPs in fusion
applications. However, a careful study suggests that rupture is
not always the final fate of the NPs. Contrary to the situation
in MCF scenarios, where an abrupt pressure rise occurs in just
one pulse, figure 10 shows that a gentle pressure increase (ICF
scenarios) leads to the formation of an opening through which
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Figure 10. Example of self-healing process that leads to the
recovery of a pressurized hollow NP at a constant temperature of
3000 K during 50 ns after the appearance of the opening. For
illustrative purposes, the He atoms were deleted in the figure.

gas atoms escape, reducing the pressure in the cavity. Next,
the opening gradually closes in a few nanoseconds, recover-
ing the original situation with a nearly perfect W-hNP con-
taining some gas. Considering the specific example of a hNP
at 3000 K, the escape of the gas results in a dramatic reduc-
tion in the cavity pressure from 5.5 to 0.5 GPa during the
first nanosecond. The opening closes subsequently, in less than
50 ns, restoring a perfect W-hNP. Importantly, the remaining
He pressure is too low to introduce detrimental tensile stress in
the hNP shell. The results show that, under ICF scenarios, the
W-hNPs behave as a self-regulating pressure device due to this
extraordinary self-healing mechanism. According to figure 3,
W-hNPs cannot operate under the Demo scenario because the
peak temperature considerably exceeds the W melting point.
However, under the Prototype scenario the use of W-hNPs for
the FW turns out to be a promising solution.

4.2. Ion irradiation-induced damage evolution in hollow NPs

In the previous section, we concluded that a FW made of W-
hNPs is promising for the ICF approach under the Prototype
scenario because, according to our simulations, the hNPs turn
out to be resistant to the temperature and pressure conditions.
However, this is not enough to guarantee the survival of the
FW. In the case of bulk tungsten, the damage generated by
irradiation is the ultimate limit for the survival of the FW [6].
Hence, the role of irradiation damage must be studied for the
case of a FW made of W-hNPs. For this purpose, we concen-
trated on the model cases shown in table 1. The defect genera-
tion and evolution in a hollowNP at a depth of 5.5µmwas sim-
ulated with the OKMC codeMMonCa. This depth was chosen
because it is where the maximum He implantation and He-
induced vacancy concentration is expected, as shown in figure
2. The temperature evolution was taken from figure 3. Consid-
erably stricter irradiation conditions than those of the Proto-
type scenario (table 1) were used to recreate adverse conditions
as e.g. neutron irradiation or the arrival of high-energy hydro-
gen isotopes. Thus, instead of 0.04He/hNP, we implanted 2He
ions in the first 500 ns and instead of 1.3 He-induced vacan-
cies/hNPwe included 22 vacancies. Furthermore, although the
D/T range and the He range do not overlap, we implanted 3 H
ions during the first 2 µs. Note that we would expect only
0.9 D + T/hNP in the Prototype scenario and at a depth of
∼2.5 µm.

Figure 11 depicts the results, showing only the defects in
the shell. Ions can easily escape through the surfaces due to

Figure 11. OKMC simulations of a hollow NP subject to stricter
conditions than those expected in the ICF approach under the
Prototype scenario. The temperature was varied according to figure
3 for NPs at a depth of 5.5 µm. In the first 500 ns, 2 He ions and 22
vacancies were introduced in the NP. In addition, 3 H ions were
added during the first 2 µs.

their high mobility. For this reason, neither He nor H atoms are
visible. On the other hand, we can observe the vacancy incor-
poration to the shell and their easy annihilation as the temper-
ature increases. Hence, no vacancies remain in the hNP at the
end of the cycle, once the temperature of the W-hNP is again
at the base temperature. Vacancies, including those decorated
with He and H, are very mobile at elevated temperatures and
the outer and inner surfaces of the particle are so extremely
close that the vacancy nucleation is suppressed. Therefore,
the hNPs are unaltered by irradiation and, consequently, their
mechanical properties are not expected to change much. In
other words, unlike a FW made of bulk W, a FW made of
hNPs is promising under relaxed ICF conditions (Prototype
scenario). The ability to withstand the harsh temperature and
pressure conditions and, even more importantly, to maintain
integrity in spite of atomistic processes, reveals an inherent
self-healing behaviour, very useful for nuclear applications
in hostile irradiation conditions. We show next that, from the
atomistic point of view, astonishingly, the hNPs can even res-
ist the extreme conditions expected in MCF.

The situation in the MCF approach is completely differ-
ent. We have already shown that the sudden ion discharge in
the first layer of W-hNPs leads to pressurization and rupture,
invalidating the use of hNPs against plasma discharges onto
the divertor. However, it is instructive to ignore this fact and
study irradiation damage in the MCF relaxed ITER scenario
described in section 2.3 (ELM discharges of 3500 MW m−2

with a pulse duration of 0.2 ms). We followed defect evolution
in aW-hNPwith OKMC simulations. Assuming an ion energy
of 50 eV and a <1% He content of the plasma, we obtain a
He fluence <9 × 1016 cm−2 on the hNPs that cover the diver-
tor. The backscattered fraction is ∼50% according to SRIM
and MD. Therefore, for the considered hNPs (projected area
176.7 nm2) we obtain ∼7 × 104 He/hNP in every ELM dis-
charge event. It is actually a huge number, particularly if we
recall that the number of D or T ions expected per ELM is
around two orders of magnitude higher. Figure 4 contains the

10



Nucl. Fusion 60 (2020) 096017 P Díaz-Rodríguez et al

Figure 12. OKMC simulations of a hollow NP on the surface of the
ITER divertor subject to an ELM in a relaxed scenario, i.e.
discharges of 3500 MW m−2 resulting in the implantation of
∼70 × 103 low-energy He ions in 200 µs. The temperature
evolution follows figure 4. White spheres correspond to vacancies,
red spheres to He atoms, yellow spheres to HeI clusters and blue
spheres to HeV clusters.

temperature evolution in the relaxed ITER scenario and figure
12 the results of the OKMC simulations. We can observe how
the huge number of He ions populate the hNP shell. The high
He density at elevated temperatures leads to the formation of
Frenkel pairs. Thus, many HeI clusters are visible (shown in
yellow in figure 12). These clusters are mobile and annihilate
at the surfaces releasing He, leaving behind vacancies, which
are swiftly populated by incoming He ions. At 2566 K, HeV
clusters are clearly visible (blue). Since the temperature con-
tinues to increase, despite the fact that the mobility of these
clusters is not high, they can reach the surfaces and annihilate
releasing He, or otherwise dissociate releasing a highly mobile
He atom and a vacancy. At higher temperatures and during
the cooling down we observe that all the remaining defects
escape. Obviously, in these simulations we are not consider-
ing the expected hNP rupture due to the huge overpressure.
However, it is interesting to observe the highly efficient self-
healing mechanism that leads to a total restoration of the hNP
after such a severe irradiation. This is our most important find-
ing for the development of fusion materials for plasma-facing
applications, considering that most attempts to develop suit-
able materials face unsolved issues related to irradiation dam-
age, precisely where hNPs excel by exhibiting an extraordin-
ary resistance.

5. Discussion

As mentioned in the introduction, one of the bottlenecks in
the design of nuclear fusion power plants is related to the lack

of materials able to withstand the hostile conditions expected
during operation. Hence, the fusion community has devoted
important efforts to developing new radiation-resistant mater-
ials. In the case of plasma-facing applications, materials sur-
vivability is ultimately related to irradiation damage [6], which
negatively affects macroscopic properties and leads to failure.
In this paper, we have discussed a new approach based on a
new type of material: hollow NPs. There have been reports
about their good properties [38, 39, 46]. In this paper, we have
studied their behaviour under extreme temperatures, thermal
load cycles, pressure and irradiation conditions in different
fusion scenarios. MCF conditions are the most severe ones,
although we have considered ITER relaxed conditions in the
divertor, not actual power-plant conditions. The high ion fluxes
expected in pulsed events such as ELMs lead to unaccept-
ably high temperatures and high ion concentrations. Thus,
our hypothetical FW made of closely packed hNPs will not
work in MCF power plants. On the other hand, for ICF with
low-yield (50 MJ) direct-drive targets, a FW composed of
hNPs exhibits an outstanding performance. These NPs resist
very high temperatures and pressures, as well as thermal load
cycles, and show extraordinary self-healing properties that
assure total defect annihilation after every irradiation pulse.
The self-healing behaviour takes place because the defects in
the hNP shell can easily migrate to the outer or inner surface
and annihilate, restoring the original hNP configuration. Gas
atoms can be stored in the inner cavity, which has at least three
positive effects: (i) the trapped gas atoms contribute to stop
incoming ions without creating defects; (ii) they contribute to
increase the overall thermal conductivity; and (iii) certain gas
pressure in the cavity helps to maintain the hNP integrity at
high temperatures, i.e. the gas avoids that the cavity closes and
eventually disappears. However, excess pressure leads to hNP
rupture, which in the MCF scenarios means the ultimate fail-
ure of the structure due to the sudden arrival of many ions. On
the other hand, ions are captured very gently in ICF scenarios,
producing an opening in the particle wall that relieves the pres-
sure and closes afterwards, restoring the hNP configuration.
This is another expression of the remarkable hNP self-healing
properties.

These findings need experimental support but, once the
good performance of the NPs has been confirmed experiment-
ally, we can establish the basis of a route for materials devel-
opment with enhanced radiation resistance properties. Experi-
ments must also be used to study unaddressed aspects, like the
role of the gas trapped in the cavity to reduce radiation dam-
age and increase thermal conductivity, the synergies between
damage induced by bothHe andH isotopes and the variation of
the thermal properties of the ensemble of hNPs as a function
of temperature and during irradiation. We made calculations
on temperature evolution using conservative values for the
thermal conductivity. However, irradiation effects and the gen-
eration of internal pressures can lead to contact loss between
NPs with fatal consequences for heat release.

It is interesting to note that the solution based on a FWmade
of hNPs is promising for the case of low-yield targets (Pro-
totype scenario). In principle, high-yield targets are attractive
because they enable power plants with a high nominal power at
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a low repetition rate. However, not only this study, but also pre-
vious ones on FWs and others on final lenses [81], indicate that
from the point of view of materials integrity, the use of high-
yield targets with the present state of the art will lead to excess-
ively large chambers with the consequent cost increments and
additional engineering needs. This suggests that future full-
scale power plants may demand strategies based on low-yield
targets with higher repetition rates in compact chambers, sim-
ilar to those currently being developed for small modular react-
ors. Indeed, laser systems are flexible enough to operate with
several small chambers in a natural way.

We have not addressed the practical realization of a FW
made of hNPs. Instead, we considered an ensemble of close-
packed hNPs with good contact to assure good thermal con-
ductivity. A practical realization requires further efforts to
determine whether the ensemble can be directly grown by
existing methods [82], or if there exist appropriate surfact-
ants able to withstand the irradiation conditions. Alternat-
ively, practical realizations can be based on closed-pore, nano-
metre wall foams with regularly located open channels for gas
release.

6. Conclusions

By means of MD and OKMC simulations, we studied the
behaviour of W-hNPs (7.5 and 5.0 nm external and internal
radius, respectively) under different ICF and MCF nuclear
fusion scenarios. The simulations show that the W-hNPs are
able to withstand very high temperatures (∼3000 K) and huge
internal pressures (>5 GPa at this temperature) before rupture
occurs. Interestingly, a gentle pressure increase, as in ICF irra-
diation, does not produceW-hNP rupture but the appearance of
an opening in the particle wall which enables the release of the
trapped gas; subsequently, the opening closes in a few nano-
seconds, restoring the initial hNP. This constitutes an efficient
self-healing mechanism for pressure relief that prevents hNP
rupture. There is yet another self-healing mechanism to elim-
inate the irradiation damage (the ultimate problem for PFMs),
which takes place because the defects in the hNP shell easily
reach the internal or external surfaces at the operation tem-
peratures, where they annihilate. Thanks to this behaviour, the
W-hNPs are able to withstand the relaxed ICF scenario (Pro-
totype). The situation in MCF divertor scenarios is very differ-
ent. The huge fluxes of low-energy ions lead to a sudden rise of
light species concentration at the surface of the FW. As a res-
ult, hNPs would simply explode due to extreme overpressur-
ization. However, even in this scenario of large discharges, the
W-hNPs would be able to recover radiation damage due to He
irradiation, which proves the good radiation resistance prop-
erties of W-hNPs. If our findings are experimentally proven,
new routes to PFM development can be explored based on
the principles behind the extraordinary resistance of the hNPs,
in particular, to irradiation damage, which is the long-term
unsolved problem of PFMs.

The development of a new class of material with enhanced
radiation resistance properties has important implications for
power-plant design. As discussed here, these new materials

will be beneficial not only for plasma-facing applications, but
also for other components in nuclear facilities that can take
advantage of them for improved designs. Despite the prom-
ising good properties reported in this paper, we are still con-
cerned about the very extreme conditions that materials must
face in nuclear fusion facilities. It is not clear whether solu-
tions can be found for all the expected scenarios (e.g. real-
isticMCF power-plant conditions, not discussed in this paper).
This enforces the need for team work to find solutions based
on a combination of smart strategies and materials develop-
ment. The final designs will be a compromise dependent upon
what can be achieved in different fields, one of them mater-
ials resistance. For example, in this sense, we mentioned in
this paper our concern about the use of high-yield targets
with realistic-sized chambers and recalled suggestions made
by others about the advantages of low-yield targets, which
would require power-plant strategies similar to those under
development for modular reactors.
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