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A B S T R A C T   

In this work, we have investigated the role of pre-existing nano-scale cavities and irradiation sequence in helium 
clustering, and in the evolution of the cavity population in tungsten at 800 ◦C, by performing in-situ Trans
mission Electron Microscopy (TEM) characterizations under dual-beam W2+(600 keV)/He+(10 keV) irradiation 
to a total dose of 0.351 dpa, and supported by atomistic simulations. Pre-existing cavities, induced by single W2+

irradiation to 0.256 dpa, were seen to attract induced defects from subsequent irradiations, resulting in enhanced 
cavity size and a reduced number density in sequential irradiation when compared to concurrent irradiation. 
Such cavities developed faceted geometries and saturated in number density at an additional 0.051 dpa induced 
by He+ exposure in the sequential irradiation. In contrast, concurrent irradiations generate a denser cavity 
distribution that showed no sign of saturation or faceting up to the total irradiation damage of 0.351 dpa. In 
addition, Molecular Dynamics and Statics simulations were performed using LAMMPS software. These showed 
the pre-existing cavities to be trapping sites for helium atoms. Despite the large binding energy of ~6 eV of those 
cavities, He-He interactions still occurred beyond the effective radius of such sinks, leading to additional He-He 
clustering not seeded by neighbouring cavities. These results point to the importance of selecting the irradiation 
conditions to simulate synergistic ion effects on cavity formation and evolution in plasma-facing tungsten-base 
materials.   

1. Introduction 

Tungsten (W) is currently the frontrunner candidate as armor ma
terial for plasma-facing components in fusion devices, including in the 
divertor region [1–3], where it will experience high particle fluxes and 
steady-state heat loads ranging from ~8–20 MWm− 2. These local con
ditions will generate W surface temperatures ≥800 ◦C [4], together with 
predicted radiation-induced dose levels of ~0.1 dpa for the first ITER 
divertor [5] and dose rates of ~3 dpa/fpy in the divertor and up to 9dp/ 
fpy at the first wall for DEMO plasma-facing W components [6–7]. 

Energetic He particles impinge on the divertor surface at low en
ergies, <100 eV, but alpha particles in the keV range can also be present 
at both the divertor and the first wall due to alpha particle loss form the 
separatrix and core [8–10]. These He atoms can diffuse and agglomerate 
into nano-scale bubbles within the tungsten matrix, reducing the 

material’s ductility and degrading its thermal properties over time 
[11–14]. He atoms present a special affinity for vacancies in the W lat
tice [15–17], with these vacancies either present thermally in the 
structure or formed during the neutron- or He-induced displacement 
cascade. Consequently, He-vacancy complexes are generated as early 
precursors of bubble formation. Vacancy characteristics in tungsten 
have been probed to demonstrate monovacancy mobility at 350 ◦C 
[18,19] and stable voids at 800 ◦C, which order into extended void 
lattices at higher fluences [20–23]. Thermal or fast neutron fluxes pro
duce both dislocation loops and voids (both <10 nm in diameter) at 
≤750 ◦C, whereas at higher temperatures the microstructure is charac
terized primarily by larger voids (>10 nm) [24–27]. There are addi
tionally Re and Os produced through transmutation, forming nano-scale 
solute clusters or precipitates, and decorate dislocations and grain 
boundaries [28]. 
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Ion beams available at linear and cyclotron facilities can be used to 
emulate the effects of neutron irradiation in structural materials. When 
these are coupled with in-situ Transmission Electron Microscopy (TEM) 
studies, defect generation and accumulation can be monitored in real 
time as a function of ion fluence [29–33]. In-situ TEM characterizations 
under single He+ irradiations have revealed the formation of nano-sized 
He bubbles, simultaneously with mixed vacancy/interstitial dislocation 
loops with a Burgers vector b = ±1/2〈111〉, from room temperature up 
to ~800 ◦C [34,35]. Less mobile b = 〈100〉 dislocation loops (<20 % of 
the total loop fraction) have also been observed at temperatures 
~450–700 ◦C, formed either by interactions between high-density He 
clusters or by the reaction of two b =±1/2〈111〉 loop variants [36]. The 
b = ±1/2〈111〉 loop mobility seemed to be inhibited by the presence of 
He interstitials in the lattice [35,37]. Large (~5–10 nm) loops at 
600–800 ◦C can evolve into tangled networks [34] or elongated rafts 
[38]. 

The diameter of helium bubbles formed under irradiation increases 
with temperature at 800–1000 ◦C [35,39,40], and larger faceted bubbles 
(≤10 nm) are detected along grain boundaries at 950 ◦C [40,41]. 
Moreover, sequential dual-beam irradiations of coarse-grained W at 
950 ◦C with Kr2+ and He+ revealed the annihilation of dislocation loops, 
initially produced by Kr2+-induced cascades, by defects produced in the 
early stages of a subsequent He+ irradiation. This was followed by the 
nucleation of new dislocation loops and loop rafting, due to the He 
implantation. However, this loop annihilation process did not occur 
when irradiating W simultaneously with Kr2+ and He+ at that temper
ature thus exemplifying the effect of irradiation sequence. The number 
density of bubbles at the end of the irradiation campaign was similar for 
both sequences of irradiation, although a smaller average value of 
bubble diameter was measured in case of sequential irradiation [42]. 

To investigate the He interaction with voids in tungsten, and to 
further view the potential impact of the type of irradiation sequence, in- 
situ TEM experiments were performed in this study, supported by both 
Molecular Dynamics (MD) and Molecular Statics (MS) simulations. This 
work encompasses the use of W2+ and He+ ions in both concurrent and 
sequential irradiations at 800 ◦C and in-situ monitoring of the micro
structure evolution, with the focus on the void/bubble formation 
throughout the irradiation campaign. Additionally, MD simulations, 
alongside complementary MS simulations, were pursued to further study 
the effects of vacancy and void formation on the initial He clustering 
within the W microstructure. 

2. Experimental 

2.1. In-situ TEM under irradiation 

As part of a wider program on W-base alloys, as-received W rods 
from Alfa-Aesar (99.95 %, major impurities <30 ppm) were crushed, 
and subsequently melted and solidified in an arc melter. The material 
produced was subsequently machined into thin slices and ground to 
~100 µm in thickness. X-ray fluorescence analysis yielded any detect
able element other than W to be in a concentration <0.05 % (it should be 
noted that XRF cannot pick up C or O impurities). The average grain size 
was ~1.5 mm. TEM discs of 3 mm in diameter were then punched from a 
thinned (<100 μm, SiC grinding paper p4000) and electropolished at 
− 5 ◦C using an electrolyte containing 14 vol% H2SO4 and 84 vol% 
CH3OH and a voltage of 20 V. 

In-situ TEM experiments at 800 ◦C under irradiation, using 600 keV 
W2+ and 10 keV He+ beams, were undertaken at the MIAMI-II TEM/ion 
accelerator facility of the University of Huddersfield [30]. The TEM disc 
was inserted into a double-tilt heating holder (Gatan Model 652), that 
uses a current flow through a Ta furnace surrounding the sample and 
heated to the target temperature until stability achieved (fluctuations ≪ 
1 ◦C detected) before the start of ion irradiation. The temperature was 
measured via a thermocouple attached to the furnace near the sample 
surface. The sample was held in place by two Ta washers using a 

Hexring® clamping mechanism to ensure good thermal contact between 
the sample and the furnace. The irradiation parameters are shown in 
Table 1. The damage and implantation profiles were calculated using the 
Stopping and Range of Ions in Matter (SRIM-13) software [43,44] with the 
quick Kinchin-Pease method [45], an average displacement energy of 
90 eV for W [46] and default values for other software settings. The total 
damage level achieved by each type of ions was 0.256 dpa (W2+) and 
0.095 dpa (He+). The total He concentration was 36,500appm, giving a 
final He:dpa ratio of ~104,000 He/dpa. The dose profiles and implanted 
ions can be seen in Fig. 1 where the central area of the ~60 nm sample 
was taken to account for surface affects with the doses being produced as 
per the method in Stoller et al. [45]. 

To evaluate the effect of the sequence of irradiation on the structure 
evolution in W, we carried out a sequential (‘SQN’) irradiation at 800 ◦C 
using first a 600 keV W2+ beam until a total damage level of 0.256 dpa 
was achieved. Afterwards, the W2+ beam was switched off while the disc 
was kept at 800 ◦C. The disc was then immediately irradiated by a 10 
keV He+ beam with an additional 0.095 dpa and 36,500 appm He, 
before switching off the beam and cooling the sample back to room 
temperature. In a separate experiment, an equivalent sample was subject 
to a concurrent (‘CON’) irradiation with a W2+ beam (600 keV) and a 
He+ beam (10 keV) at 800 ◦C to a total damage level of 0.351 dpa and 
the 36,500 appm (with the same ratio as in the SQN irradiation). Table 1 
describes the flux and fluence of each irradiation, and the respective 
damage and appm of He implanted in the samples. 

For in-situ imaging during irradiation, a Hitachi H-9500 TEM with a 
300 kV acceleration voltage was used at the Huddersfield facility. Mi
crographs were recorded off zone axes for better cavity contrast, during 
stepwise increase in ion fluence. An integrated EELS system allowed us 
to determine the sample thickness in the region of interest prior to the 
heating/irradiation cycle [47]. The sample thickness was ~60 nm. The 
incoming W2+/He+ ion beams were at an angle of 18.7◦ with respect to 
the electron beam in the TEM. Additionally, post-mortem TEM analysis 
of the in-situ irradiated samples was carried out ex-situ using FEI Tecnai 
TF30 microscope also operating at a voltage of 300 kV. 

Cavities (used to refer to voids and/or bubbles produce during irra
diation) were imaged with the “out-of-focus” Fresnel imaging technique, 
where they are detected as black dots with bright fringes in over- 
focussed images, and the opposite in under-focus conditions [48]. All 
images were taken with a defocus value of Δf = ±500 nm, and in the 
bright-field (BF) condition. The number density and average size of the 
cavity distribution for in-situ irradiation were determined using the 
whole single frames taken during the irradiations. For post-mortem ex- 
situ characterization, the samples were further analysed for the same 
values at higher resolution and at multiple areas across the foil. Five 
frames per sample covering 70 nm2/frame were taken for each sample. 
These images were analysed using image filtering and processing with 
ImageJ software [49] to automatically count and size the cavities, thus 
reducing possible human error and maintaining consistency across 
samples. The analysis sequence is captured in more detail in Fig. S.1 the 
Suppl. Material. 

2.2. MD and MS simulations 

To support the dual-beam irradiation campaign, Molecular Dy
namics (MD) simulations were performed using the LAMMPS software 
[50,51]. The simulation cell consisted of a 40a × 40a × 40a box with 
128,000 atoms and periodic boundary conditions (a being the lattice 
parameter of 3.165 Å). The relevant interatomic potentials were 
accessed from the Interatomic Potential Repository (https://www. 
ctcms.nist.gov/potentials/). For W-W interaction, a potential from 
Mason et al. [52] was used, W-He interaction from Juslin and Wirth [53] 
and He-He interaction from a Beck potential modified by Morishita et al. 
[54]. This collection of potentials has been shown to reproduce reliably 
the ab-initio interaction energy for helium, tungsten and vacancy mixed 
interactions [55,56]. Each simulation was performed on LAMMPS 
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version 29-Sep-2021 on 48 cores using the Computational Shared Fa
cility at the University of Manchester. 

The aim of the MD simulations was to assess the helium interaction 
with either pre-existing void structures or single vacancies distributed 
throughout the lattice, mimicking the pre-damage causing void forma
tion in sequential (SQN) irradiations or the more evenly distributed 
vacancies that would be generated in concurrent (CON) irradiations, 
respectively. For the SQN irradiation, the starting structure contained 
spherical voids of radius 2a giving a number density of ~1025 m− 3. This 
gives 10 voids in the simulation box. This structure was used to represent 
void structures formed under single W2+ irradiation and prior to He+

beam exposure of the W material and is hereafter referred to as the 
voided (V) structure. For the CON irradiation, a finer distribution of 
vacancies was created by randomly removing atoms from the lattice to a 
0.5 % initial porosity, “porosity” here being a LAMMPS command that 
randomly deletes a set percentage of the atoms in the simulations box. 
This is termed the porous (P) structure. This finer distribution was 
representative of the concurrent irradiation, where radiation-induced 
vacancy formation and He implantation would take place simulta
neously with the W2+/He+ bombardment, and thus vacancies would be 
distributed throughout the lattice. While self-interstitial atoms would 

still be produced in the irradiations, the higher He-vac interaction en
ergies than He-SIA [57] meant these were the focus of these simulations. 
For both type of simulations, 650 atoms per run were removed by either 
void formation or random atom removal. The locations of the voids and 
the random vacancies were varied across four different simulations, and 
the final values were averaged for each type of simulation. Helium was 
inserted at random locations every 10 ps (giving an equivalent flux of 
~6.24 × 1026 m− 2s− 1) up to a total 6.4 ns totalling 640 atoms (0.5 at%). 
Each simulation was run at 800 ◦C (1073 K) using a Nose-Hoover 
thermostat. The simulations results were visualised with the OVITO 
software [54], and a cluster analysis was carried out using the in-built 
cluster analysis tool with a cut-off distance of 1.1a. After completion 
of the simulations, the cluster datasets were combined to tally the cluster 
with the most He atoms in it (termed the largest cluster in later figures) 
for each run and the total cluster evolution with time. The starting 
structures for the MD simulations can be seen in Fig. 2. 

Additionally, MS simulations were conducted to understand the 
effectiveness of pre-existing voids as sinks for He atoms. Voids with 
radius 1, 1.5 and 2a were generated in the simulation, with a helium 
atom inserted along the 〈111〉, 〈011〉 and 〈001〉 directions, at selected 
locations from the centre of the void in steps of 0.1a to a maximum 
distance of 5a. Each simulation was run 5 times with a different random 
number seed to account for any variation in location caused by inter
action of the inserted helium atom with tungsten atoms. The system was 
minimised before and after the helium insertion and the formation was 
recorded as per the equation below: 

Eformation = Ef −

(
Ni + 1

Ni
*Ei

)

where Ef is the final total energy of the system, Ni is the initial number of 
atoms and Ei is the initial total energy of the system. The binding energy 
was then calculated by subtracting the energy of an equivalent system 
with the He atom at a very large distance from the void. These gave a 
tentative indication of the strength of voids as sinks for helium atoms. 
Each simulation used the minimise command and the potentials used 
were the same as the MD simulations described prior. 

3. Results 

3.1. Ion irradiations 

Micrographs taken during the sequential and concurrent irradiations 
are shown in Fig. 3, respectively. During SQN irradiation, the initial W2+

irradiation to 0.256 dpa generated cavities in the W microstructure, with 
an average diameter of 1.2 ± 0.6 nm and a number density of 8 × 10− 23 

m2. This can be seen in the first image of Fig. 2. During the subsequent 
He+ bombardment, there is a continuous increase in number density, 
with a saturation detected at ~0.051 dpa, whereas the average diameter 
rises gradually with He+-induced damage level until a subtle drop takes 
place between 0.063 and 0.095 dpa, see Fig. 4a–b. The small drop in 
cavity size can be attributed to the cavities becoming faceted, and 
therefore their 2-D image in TEM appears smaller, despite a significant 
reduction in volume not occurring. In contrast, the CON irradiation is 
characterised by a weak, gradual increase up to the maximum damage 
level of 0.095 dpa. Due to the experimental conditions the values at 

Table 1 
Experimental parameters used during the in-situ sequential (SEQ) and concurrent (CON) irradiation of tungsten (W), together with the average cavity diameter and 
number density measured ex-situat room temperature at the end of the dual beam irradiation. The dose (dpa) and He content (appm) was taken from the middle third of 
the 60 nm specimen to account for surface affects.  

Irradiation sequence Time (s) Flux (m− 2 s− 1) Damage (dpa) He (appm) Ion energy (keV) Average diameter (nm) Number density (1023 m− 3) 

WSQN 800 
660 

7 × 1014 

2 × 1017 
0.256 
0.095 

−

36,500 
600 W 2+

10 He+
2.0 ± 0.6 6.7 ± 0.6 

WCON 800 7 × 1014 

1.7 × 1017 
0.351 36,500 600 W 2+

10 He+
1.7 ± 0.5 11.1 ± 0.7  

Fig. 1. SRIM calculations detailing the sample thickness and the sampling area, 
with the latter being the chosen area for the dpa and He concentration calcu
lations, to account for denuded zones due to surface image forces. 
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measured at 0.013dpa were omitted due to a required change in viewing 
location. The average diameter of the radiation-induced cavities shows a 
simultaneous, weak increase throughout the irradiation, see Fig. 4c–d. 

Fig. 5 shows representative micrographs of the final dual-beam 
irradiated W structure at 0.5 dpa, taken ex-situ at room temperature, 
together with the cavity size distribution for both irradiation sequences, 
based on five frames per sample covering 70 nm2/frame at higher 
magnification than the in-situ micrographs as per the ImageJ method
ology described in Section 2. The CON irradiation generates a finer 
population of cavities dispersed in the W microstructure, as compared to 
the SQN irradiation. In the latter case, two types of cavities can be 
observed, i.e. larger, less frequent, faceted cavities in addition to a set of 
smaller cavities. The final values of the average diameter and number 
density of cavities for both types of irradiation sequences are given in 
Table 1. The ex-situ micrographs reveal consistently a by of smaller 
cavities than those captured in situ during irradiation. Even though both 
types of irradiations reached a final damage level of 0.5 dpa, there are 
clear differences in the cavity population, characterised by an average 
diameter of 2.0 ± 0.6 nm (SQN) and 1.7 ± 0.5 nm (CON), whereas the 
final number density amounts to 6.7 × 10− 23 m− 2 (SQN) and 11.1 ×
10− 23 m− 2 (CON), respectively. 

3.2. Simulations 

The evolution of He clustering in W throughout the MD simulations 
at 800 ◦C is shown in Fig. 6 for selected times, namely 1 ns, 3.2 ns (half- 
way) and 6.4 ns (final), or 1,000,000, 3,200,000 and 6,400,000 time
steps. The variation in total cluster number and number of He atoms in 
the largest cluster with simulation time is shown in Fig. 7, for a structure 
initially containing either porosity (P) or voids (V). These simulation 
results show limited He clustering in the more finely distributed vacancy 
population (P structure), with the largest cluster being five times smaller 
than the largest cluster in the voided cell (V structure) (see final values 
of the simulations in Table 2). The V structure, on the other hand, 
showed a higher number of large He clusters, together with a 55 % 
reduction in the final number of clusters as compared to the P structure. 
The cavity density of 1025 m− 2 led to 10 cavities being present in the 
simulation cell of the V structure. The evolution of the cluster numbers 
revealed a higher number of clusters present than cavities, where He 
atoms were observed to cluster outside of the pre-existing voids or 
cavities, as well as being attracted to those cavities. This is exemplified 
in Fig. 8 showing helium clustering both in voids and inter-void spaces. 

In addition, complementary MS simulations demonstrated a strong 
He-void binding energy for all void sizes tested. There was little differ
ence in binding energy with void size, with all producing values of ~6 

eV. The plots in Fig. 9 show the strong binding energy of these voids, 
with the radius of the void highlighted with a line cutting the x-axis. The 
larger the void, the larger the capture radius was, with a helium-free 
zone being shown in the top figure. As the void radius decreased, 
more intermediate binding energies appeared closer to the void edge, 
with the most being seen at the small void radius. 

4. Discussion 

4.1. Cavity behaviour during in-situ TEM irradiations 

The cavity structures observed in the SQN irradiation underwent a 
marked increase in average diameter and number density with damage 
level. With vacancies mobile at 800 ◦C [58], cavities were formed during 
the initial exposure to the W2+ beam, those cavities grew with further 
He+ irradiation. Since vacancies possess a great affinity for He in W [59], 
agglomerated vacancies in the form of cavities acted as traps for 
incoming He ions. Vacancies generated by the He-irradiation-induced 
damage cascade also have an affinity for voids [60], and therefore 
these would also contribute to the void size increase. 

As the temperatures of these irradiations are above Stage IV (720 ◦C 
[61]), helium, helium-vac and vacancy mobility are all possible. Despite 
this, the generation of defects during the irradiations would act to hinder 
some of this diffusion. Yang et al. [62] used Kinetic Monte Carlo (KMC) 
simulations to study He nucleation in tungsten with vacancy addition 
finding a reduction in the mobility of He with vacancy addition, with 
vacancy concentrations of 1–50 appm. This study found that at tem
peratures above Stage IV recovery there was a contribution of self- 
trapping of less than 50 % for both 1000 ◦C and 1200 ◦C simulated 
and vacancy-helium complexes nucleated the remaining clusters. The 
contribution of vac-impurity migration, a key feature of Stage IV [61], 
was not taken into account and therefore some mobility of these clusters 
would still feature at these temperatures. Despite this reduction in 
mobility, in-situ TEM work by Harrison et al. [35] has shown an increase 
in cavity size and a reduction in the number density moving from 500 ◦C 
to 750 ◦C suggesting increased mobility at Stage IV temperatures. Such 
an increase suggests more contributors to cavities (He, He-vac, vac etc.) 
are mobile at these temperatures, implying the generation of cavities in 
this study would have contribution from diffusive processes. Overall, 
this suggests a reduction in the mobility caused by the damage cascade 
in this study, but this reduction to not be sufficient to suggest the He 
implanted cannot interact with the defect structures present in the 
sample as well as the self-generated damage cascade. This is significant 
in the discussion of the sequential and concurrent irradiations, due to 
the different vacancy distributions in either study. 

Fig. 2. Figure showing the two starting structures using the OVITO surface mapping function. The surface mapping function gives the surfaces of the voids and the 
vacancy sites in light blue while the matrix atoms are in orange and are reduced in size in the image to not obscure the surface structures. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The cavity growth in Fig. 2 shows such interactions in practice with 
the pre-existing cavities growing and faceting during the irradiation 
demonstrating the mobility of the defects created and He injected in the 
sample. There is an increase in cavity number density, consistent with a 
higher number of resolvable cavities becoming visible, which begins to 
level off at 0.051 dpa. The observed saturation in number density is an 
order of magnitude higher than a comparable single 40 keV He ion 
irradiation study at 800 ◦C, with saturation taking place at 0.2 dpa [38]. 
Due to the W+ beam in this study there are more defects present, a 
higher number density would be consistent with the increased presence 
of vacancies as trapping sites for helium in this study, thus pinning the 
helium and reducing overall agglomeration. 

In the CON irradiations, there was also a steady increase in number 
density with increasing dose. This value was found to be lower for de
fects detected at the in-situ magnification. Ex-situ measurements taken in 
the post-mortem analysis of these samples, in contrast, confirmed the 

number density for the concurrent irradiations to be significantly higher 
than the SQN as seen in Fig. 5. This may be due to the smaller cavities in 
the CON irradiations, meaning the higher magnification images could 
not resolve the smaller defects with sufficient precision. The average 
cavity diameter slowly increases as He atoms and further vacancies are 
attracted to the already formed cavities. This increase is at a much lower 
rate than the SQN irradiations, most likely due to the reduced mobility 
of the small He-vac clusters [63] where He atoms were being pinned by 
defects and other He atoms in the matrix. The number density showed 
no clear evidence of saturation ≤0.095 dpa from He and 36,500 appm 
He. 

The final cavity density and average diameter are markedly different 
between the two sets of irradiations. The pre-damaged SQN sample had 
agglomerated vacancies in the form of voids, whereas the concurrent 
irradiations had vacancies present in more even quantities throughout 
the sample. The formation of smaller cavities is consistent with reported 

Fig. 3. (a) Evolution of the W microstructure during He+ irradiation at 800 ◦C, up to an average He level of 36,500appm and 0.095dpa. The sample had undergone a 
prior irradiation by W+ ions to 0.256 dpa. The initial location is highlighted, then digitally zoomed images follow showing the building of cavities. (b) Demonstrates a 
similar evolution in concurrent irradiations up to the full 36,500 appm He and a total dose from both W2+ & He+ of 0.351 dpa (0.256 dpa from W2+ and 0.095 from 
He+). Due to experimental conditions during the concurrent irradiations, the location for the concurrent irradiation was changed after the first and second image, this 
data is excluded from the latter quantitative analysis and the digital zooms are taken only on the relevant dose levels. 
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DFT and experimental work [59,64,65] which showed He readily 
occupying available sites in W; such sites would be formed and 
distributed throughout the lattice in the CON irradiation thus reducing 
He mobility. Pre-existing cavities in the SQN irradiation would act to 
trap local He and mobile vacancies and SIAs, thus leading to less of these 
defects present in the intra-cavity spaces. Without these, He would be 
more mobile in these intra-cavity spaces. This would lead to more 
clusters of He therefore reducing their number density and increasing 
their size. Further accumulation of vacancies at the voids would have 
also increased their size and further limit smaller, more frequent, cluster 
formation. 

Injected self-interstitials from the W2+ beam could also contribute to 
these differences. Additional SIA-He complexes could form, and this 
would be more pronounced in CON irradiations. The mobility of the He- 
vac complex could be affected by these additional SIAs, in addition to 
the vacancies and SIAs generated from the damage cascade, therefore 
contributing to the higher number density in the CON irradiation. The 
SQN work, on the other hand, contained nucleation sites for cavity 
growth due to the cavities that had been formed in the initial single ion 
irradiation, which may have further been sinks for the injected SIAs. To 
isolate whether these effects observed in this study were due to injected 
SIAs, the following simulations were performed. 

4.2. Cavity evolution in MD and MS simulations 

Helium atoms within the MD simulations were mobile and clustered 
due to the high He-He affinity and He-vac interaction. These conditions 
revealed two additional effects in the cavity distributions and evolution 
in the two types of irradiations. First, the V structure promoted a higher 
degree of He clustering, consistent with the larger cavity structure 
observed in the SQN irradiation. This was further demonstrated by the 

Fig. 4. Variation of the average diameter and number density of bubbles in the 
W microstructure at 800 ◦C, with increasing He+-induced damage level (dpa) 
for (a)–(b) sequential and (c)–(d) concurrent W2+ & He+ irradiation. Note due 
to experimental conditions, the imaging site had to be changed and therefore 
values from the first 0.013dpa of the concurrent irradiation have been omitted. 
Variation in bubble size per frame is captured by standard deviations from one 
sigma values, while number density is only taken from the single frame imaged 
during the irradiation. 

Fig. 5. Representative micrographs of the dual ion irradiated W structure characterized ex-situ at room temperature, after having been subject to W2+ and He+

irradiation at 800 ◦C up to a total damage level of 0.351 dpa during (a) sequential and (b) concurrent irradiation. (c) Bubble size distribution for both irradiation 
sequences, based on five frames per sample covering 70 nm2/frame with (d) showing the number density and average sizes of the cavities. One sigma standard 
deviations account for variation across each frame is included as error bars. 
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high binding energy of the void seen in the MS simulations. In the P 
structure, in contrast, He atoms are trapped by single vacancies or small 
vacancy clusters present in the lattice. This is consistent with the greater 
number density of cavities seen in the CON irradiations. Growth of these 
small clusters by further incorporation of He atoms was observed as the 
He was still mobile, but this mobility was reduced. This He-vacancy 
affinity is a well-known interaction [15,66] and clearly plays a domi
nant role in these simulations in slowing the He mobility and hindering 
cavity growth. 

Additionally, the second observation was the formation of He-He 
clusters in the intra-void regions through self-affinity in the V 

structure, despite the presence of pre-formed voids. This suggests the 
formation of additional cavities in the SQN irradiations may have not 
been nucleated from the pre-existing cavities from the first irradiation, 
with these then growing with further exposure to the He+ beam. This is 
consistent with He atoms not necessarily requiring the presence of va
cancies to nucleate an immobile cluster, rather when attaining sufficient 
size they immobilise by punching out an SIA forming a He/vac cluster 
[53]. Additionally, it suggests that the range of the void interaction is 
not large enough to inhibit this He-He interaction. The mobility of the 
He atoms in between the cavities would therefore be higher as they are 
also not inhibited by the presence of defects in these spaces. MS 

Fig. 6. Evolution of He clustering in W throughout the molecular dynamics simulation at 800 ◦C for selected computing times. The initial structure for the simulation 
contained a porosity level of 0.5 % (left column) or voids of radius 2a giving a number density of ~1025 m− 3 (right column), being representative of concurrent or 
sequential (W2+ and He+) irradiations, respectively. 
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simulations confirm the short range of the cavity interaction with a high 
binding energy being seen close to the void, but this rapidly falling off as 
the distance from the void increases. These simulations also showed an 
increasing trapping radius with increasing cavity size. If the void is 
assumed to be a free surface, this may be due to an increased volume 
relaxation with increasing void size would give an increased image 
interaction and, thus, increasing capture radius. 

The value of 6 eV for the binding energy well recreated the trend seen 
in the original Juslin & Wirth [53] paper, which simulated helium 
binding energy with high vacancy number (up to 20 vacancies) finding a 
strong interaction when NHe < Nvac. The original paper also shows good 
agreement with DFT results at low vacancy number. The value of ~6 eV 
for He in tungsten approaches He interstitial formation energy [65] with 
strong interaction between a single He and a void following a similar 
trend to He-cluster interaction with a He bubble as in [67] where a 
potential well equivalent to the formation energy of a He4 cluster was 
seen for the cluster interacting with a He bubble. Voids would therefore 
act as a strong trapping site for He migrating in W, such as that migrating 
during the in-situ TEM irradiations and MD simulations. 

The MD simulations in this study assumed that the voids would be 
formed by vacancy agglomeration during the initial W2+ beam expo
sure, and therefore very few monovacancies would be present in the 
inter-void spaces in the V structure. Effective He mobility in these 
‘damage-free’ regions remains unaffected and is higher than that in the 

porous cell. He migration to voids would therefore be easier, and He-He 
encounters for self-trapping would also not be inhibited. It should be 
noted that this latter effect is enhanced by the inherent high-flux nature 
of the simulations (~1026 m− 2). Attempts to compensate for this were 
made by enhancing the initial void density in the simulation (1025 m− 3 

simulated compared to ~1023 m− 3 in experiment), thereby encouraging 
He-void interaction. The total cluster-to-void ratio at the end of the 
simulation was seen to be 20:1, demonstrating a clear preference for He- 
He cluster nucleation rather than voids being the nucleation sites. This 
suggested that despite the enhanced flux, there is therefore a strong 
possibility that self-affinity in reduced defect density areas was still 
causing cavity formation in the SQN irradiation. Overall, these simula
tions suggest that despite there being SIAs generated in the irradiations, 
the differences in the final cavity population could still be primarily 
attributed to the vacancy-helium interaction. 

5. Conclusions 

The interaction of large pre-existing cavities and smaller vacancy- 
type complexes with helium has been studied at 800 ◦C using in-situ 
TEM investigations under W2+/He+ irradiation and supportive MD and 
MS simulations. W2+ irradiation to 0.256 dpa induces the formation of a 
cavity distribution in the W microstructure. The sequential (SQN) 
exposure to a He+ beam for an additional 0.095 dpa generated a lower 
number density distribution of cavities with a larger average diameter, 
as compared to concurrent (CON) irradiation. The large cavities in the 
SQN irradiation, formed during the initial W2+ irradiation, not only 
survive but also grow during the subsequent He+ irradiation, and those 
cavities become faceted at >0.063 dpa. In contrast, the simultaneous 
generation of vacancies and implanted He interstitials in the pristine W 
microstructure during a CON irradiation induced a fine distribution of 
small cavities after irradiation. Furthermore, MD simulations revealed 
the role of pre-existing cavities in attracting He atoms during cavity 
growth, further confirmed by the binding energies of ~6 eV obtained in 
MS simulations. Additional He-He clustering occurred in the vacancy- 
free inter-cavity space in the simulation structure. This implies that 

Fig. 7. Variation in total cluster number and number of He atoms in the largest 
cluster with simulation time in the case of an initial structure containing 0.5 % 
porosity (P) or voids with a number density of ~1025 m− 3 (V). To distinguish 
different clusters, each cluster has been coloured differently in the cell, while 
the tungsten atoms have been deleted. 

Table 2 
Final cluster distribution obtained in the molecular dynamics simulations after 
injection with 640 He atoms in W for the two starting simulation structures, 
namely void (sequential irradiation) and porous (concurrent irradiation).  

Structure Cluster number Largest number of He atoms in a cluster 

Void 228 ± 11.8 25 ± 4.9 
Porous 532 ± 13.2 5 ± 0.96  

Fig. 8. Figure showing the clustering of helium both inside and outside of 
voids. The helium atoms are shown in purple, with the voids being shown in 
light blue. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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the cavity binding energy for He is not sufficient to counteract He-He 
affinity and prevent self-trapping. In contrast, the presence of a fine 
distribution of porosity, simulant of the radiation-induced vacancy for
mation during W2++He+ CON irradiation, leads to a fine distribution of 
small cavities in the final structure due to a strong He-vac interaction 
and reduced He mobility. Consequently, the CON irradiation causes a 
higher density of cavities with a reduced average diameter. 
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