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A B S T R A C T   

The evolution of the tungsten microstructure and properties under helium irradiation could cause problems for 
both operational and safety reasons in fusion reactors. In particular, the presence of helium bubbles, formed 
mainly in the subsurface area, modifies the mechanical and retention properties of radioactive elements. In that 
context we have investigated the shape of helium bubbles in tungsten induced by helium irradiation under well- 
defined experimental conditions. We have used single crystals with controlled bombardment energy, flux, flu
ence and post-irradiation annealing at high temperature under ultra-high vacuum in order to get closer to the 
thermodynamic equilibrium of the helium bubbles. The bubble shape has been characterized by a combination of 
TEM and 3D reciprocal space map by in-situ GISAXS. We have shown the presence of facetted bubbles exposing 
{110} and {100} facets of similar size. Using Wulff theorem and experimental results from both techniques, we 
derive a surface energy ratio of γ100

γ110
= 1.03 ± 0.03.   

Introduction 

Nuclear fusion, as a carbon-free energy source, is actively pursued by 
the international community. In tokamaks, the confinement is obtained 
through intense magnetic fields, but some plasma ions escape the 
magnetic confinement and interact with the first physical barrier, the 
plasma-facing materials that constitute the first wall [1]. This wall and 
in particular the divertor plays a key role by extracting the excess of heat 
and particles and is a key component in the fusion reactor efficiency. 
However, this irradiation can lead to important damages at the surface 
and deeper in the bulk, affecting the properties and life span of the 
materials, and essentially the efficiency of the reactor [2]. Tungsten (W) 
has been chosen for some of the most recent fusion reactors (ITER [3], 
WEST [4]) as the material of the divertor exposed to the most intense 
flux of particles such as deuterium, tritium and helium (He) ions, neu
trons and heat. The ITER divertor could reach 1573 K in normal oper
ation [3] and up to 2273 K in off-normal operation. Transmutation 
elements and displacement damage caused by neutron irradiation alter 

the plasma facing properties of W materials. For instance it has been 
shown an increase of hardening and electrical resistivity [5–7]. The 
charge-exchange neutrals are expected to irradiate the divertor with 
only low energy (<20 eV) [8], therefore they should not penetrate deep 
and should not lead to sputtering, as the threshold displacement energy 
of W is much higher (~90 eV [9]). The interaction with He has been 
proven to significantly affect the surface, with the observed formation of 
bubbles, or W-nanotendrils (so-called fuzz) in the material [10–12]. 
These changes at the material surface, particularly the He bubbles, can 
modify the thermal and mechanical properties and increase tritium 
retention in the material [13,14]. These alterations are identified as a 
major issue for next generation reactors. Understanding He impact on W 
properties as a plasma-facing material is therefore of considerable 
importance. 

In a tokamak environment, the study the He/W interaction to 
address the atomic mechanisms responsible for bubbles formation is 
very complex. Indeed, several parameters are difficult to control sepa
rately as temperature, implantation energy, flux, fluence, 
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contamination… Hence, significant theoretical and computational ef
forts have been made. Several research groups have performed a variety 
of atomistic simulations on He interaction with W over the last ten years. 
These studies include the He bubble formation and growth, both in bulk 
[15–22] and near surfaces [23,24] as well as the He interaction with 
grain boundaries and surfaces [15,25–27]. Such simulations are crucial 
to address W evolution in future fusion devices however their validation 
through well-controlled experiments is now mandatory. 

Until now the experimental studies on He bubbles in W have been 
performed using a wide range of parameters (manufacturing parame
ters, polycrystalline material, large/low defect content, oxidized W 
surface, non-controlled atmosphere, different temperature…) that make 
the results and interpretation of the basic mechanisms of the micro
structure evolution questionable. For instance it has been reported that 
the shape of He bubble is spherical [28,29] or faceted [30–32] in W 
depending on the temperature [33]. Results on polycrystalline W are 
partially in disagreement:  

(i) Harrison et al. [34] have reported that He implantation at 773 K, 
1073 K and 1273 K forms non facetted He-bubbles.  

(ii) {110} facets are observed in polycrystalline W, implanted and 
annealed up to 1273 K [35]. Similarly Ialovega and co-workers 
[36] have proposed a 3D shape of bubbles composed exclu
sively of {110} facets after He implantation at 1073 K and 
annealing up to 1350 K.  

(iii) More recently Bergstrom et al. [37] have compared in details 
density functional theory (DFT) calculations and transmission 
electron microscopy (TEM) images of small bubbles (<5 nm 
diameter) in a polycrystalline sample implanted at 1223 K. They 
conclude on a more complex shape composed of {110}, {111}, 
{013} and {112} facets. The differences among the literature 
results are probably inherent to different implantation conditions 
and to non-controlled parameters used for He implantation in W. 

In addition, TEM technique does not provide a statistical view of the 
sample that makes the detection of all the facets questionable. Grazing 
incidence small angle x-ray scattering (GISAXS) is a well-established, 
non-destructive and complementary technique to TEM for the investi
gation of thin films, surface and subsurface structures [38]. Using this 
technique, the shape and size of nanostructures can be measured 
providing much greater statistical information than with TEM. 
Thompson and coworkers have characterized post-mortem poly
crystalline W samples exposed to He plasma in the research facilities 
PISCES-B, MAGPIE and in the Large Helical Device (LHD). Spherical 
bubbles with bimodal distribution of the diameter in the range of 1.5 to 
5 nm and located in the first 31 nm below the material surface are re
ported for He implantation at 973 K in PISCES-B [39]. GISAXS and TEM 
analysis are in agreement for the characterization of samples exposed to 
a He plasma in the LHD at 1073 K, where spheroidal bubbles with 
average diameter of 0.6 nm have been reported [40]. 

In this context we propose to characterize He bubbles in W using 
nanoscience methods and techniques. Our approach is based on He 
implantation in single-crystalline W under well-controlled experimental 
conditions in combination with TEM/GISAXS measurements to address 
the shape of He bubbles. In that purpose we have worked under UHV 
environment to avoid contamination. He bombardment is performed at 
a well-defined energy (2 keV). The annealing temperature is sufficiently 
high (1773 K) to be representative of the ITER divertor temperature and 
enhancing atomic diffusion to approach the thermodynamic equilibrium 
shape of He bubbles. 

Experimental protocols 

Single-crystalline W samples (purity greater than 99.999 %) oriented 
{100}, {110} and {111} consist of disk-shaped specimens with 9 mm 
diameter and a thickness of 1 mm. Samples with an orientation accuracy 

below 0.1◦ and polished with surface roughness below 0.01 µm where 
purchased from MaTeck. The surface preparation procedure is fully 
described in [41]. Briefly, it consists in annealing the W crystals at 1273 
K under a O2 partial pressure of 10-6 mbar to remove carbon impurities 
and high temperature ultra-high vacuum (UHV) flash up to 2273 K to 
remove the remaining tungsten oxide layer. The level of contamination 
is checked to be below the detection limit of Auger electron spectroscopy 
(AES). The flatness of the samples surface is also controlled by low- 
energy electron microscopy (LEEM) to decrease the background signal 
when performing GISAXS measurements. Finally, a 5 nm Au layer is 
deposited on top of the surface to avoid contamination during trans
portation to the European synchrotron radiation facility (ESRF) for He 
bombardment and GISAXS studies. 

Prior the He bombardment, the Au layer is removed by heating the 
samples to 1100 ◦C under UHV. The Au desorption is monitored by 
grazing incident X-ray diffraction (GIXD) to ensure that no Au remains 
on the surface. Samples are crystallographically oriented by GIXD. Both 
GISAXS/GIXD measurements and ion implantation of He at 2 keV have 
been performed at the ESRF in the INS2 set up of the BM32 beamline. 

The principle of GISAXS measurements is presented in the scheme of 
the Fig. 1. ki and kf are defined as incident and scattered X-ray wave 
vectors, with |ki| =

⃒
⃒kf

⃒
⃒ = 2π

λ = k0, αi and αf are the incident and exit out- 
of-plane angles, 2θf is the in-plane scattering angle and ω is the 
azimuthal angle. Scattering of X-ray on the sample is defined by the 
wave vector transfer q = kf – ki. 

The right part of the Fig. 1 shows a 3D iso-intensity surface map of 
the reconstructed reciprocal space. It corresponds to a set of 150 GISAXS 
patterns recorded over an angular range in ω of 150◦ (1◦ degree angular 
step) at constant incident angle αi (0.6◦). 

GISAXS measurements were performed at 10 keV (wavelength λ =
0.124 nm), the detector is a charge-coupled device (CDD) camera 
composed of two modules. The dead zone visible on the recorded pat
terns is the gap between those two modules. The sample-camera dis
tance was 802 mm for W(110) and W(100) and 1246 mm for W(111). 
The X-ray incident angles αi were between 0.2◦, and 0.6◦, i.e. below and 
above the critical angle of total external reflexion (0.4◦) in order to tune 
the penetration depth of the X-ray beam. At incident angle equal to 0.6◦

the maximum of X-ray penetration depth is 40.7 nm. The applied He flux 
is 2.4x1017 He.m− 2.s− 1 and the reached fluence is 1.0x1022 He.m− 2. The 
samples temperature was maintained at 1273 K during He bombard
ment. After He implantation, all crystals were heated up to 1773 K 
during 20 min in UHV while characterizing the bubble morphology and 
size by GISAXS. After He implantation and UHV annealing, thin lamellae 
for TEM analysis were fabricated by focused ion beam (FIB) using a FEI 
Helios 600 Nanolab Dual Beam. A protective layer of platinum (Pt) is 
deposited on the surface of the cutting area to prevent the degradation of 
the bubble zone. TEM analysis is performed with a Jeol JEM-2100F 
apparatus. The surface of the samples is also analysed by scanning 
electron microscopy (SEM) using a JEOL JSM-7900F. 

Results 

TEM analysis: Shape determination of He bubbles in W 

TEM analysis reveals He-bubbles in the first 40 nm deep area of all 
the samples. The shape of the bubbles is facetted, and does not depend 
on the bubble size, nor on the crystallographic orientation of the sample 
surface. Spherical bubbles have not been observed. In Fig. 2a is pre
sented a TEM image of He-bubbles in W(100) close to the [001] zone 
axis as shown by the diffractogram in the inset. We can see that the large 
bubbles show a preferential elongation in one direction that is attributed 
to bubbles coalescence. Bubbles are composed of {110} and {100} 
planes forming an octagonal shape as similarly found by Goodhew and 
Tyler in other bcc metals or alloys [42]. Previous observations of other 
authors also mention {110} planes to compose the surface of facetted 
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bubbles [35–37]. However, {100} planes have never been mentioned in 
those studies even though they could minimize the surface energy of 
bubbles as discussed in the next section. We do not detect other planes, 
indicating that all other {hk0}-facets are absent (e.g. {210}, {310}). In 
Fig. 2b is shown the same area close to the [102] zone axis. The {100} 
plane at the surface of the bubbles is again visible. However, the bubble 
edge is rounded everywhere else. This result indicates that {h2kk}-type 
facets with h ∕= 0 are absent (e.g {121}, {221}, …). At last Fig. 2c shows 
a TEM micrograph considering the [113] zone axis. The {110} facets are 
visible, but again the other parts of the edges are rounded indicating no 
other facet exists with normal vector perpendicular to the [113] direc
tion (e.g. {301}, {211}, …). Similarly, only {100} and {110} facets are 
observed for W(110) and W(111). 

We have measured the facet length of at least 15 bubbles per sample. 
We have chosen bubbles with diameter larger than 5 nm to clearly see 
the facet limits. The sizes of {110} and {100} facets measured by TEM 
in [001] zone axis for each sample are shown in Fig. 3. The average size 
of {110} and {100} facets follow the same tendency observed in 
[35,43] for lower fluence and temperature conditions. However, the 
measurements show a very disperse distribution. The standard de
viations and the mean of the distributions are of the same order due to 
the low statistics achievable by TEM technique. 

GISAXS analysis: Statistical study of the He-bubbles facets 

GISAXS measurements were performed to have a statistically sig
nificant determination of all the facets present at the internal surface of 
the He bubbles. To probe all possible crystallographic orientations of 
facets, GISAXS patterns were measured at different azimuths for all three 
W single crystals, i.e. by rotating the sample around the normal to the 
surface. Fig. 4 shows iso-intensity surface maps for implanted W(100), 

W(110) and W(111) single crystals and recorded after annealing up to 
1773 K and some particular GISAXS patterns at different azimuth angles 
(ω angle). 

The iso-intensity surface maps show lateral streaks highlighted with 
red arrows and red ellipses in precise directions of the reciprocal space. 
These diffuse scattering streaks result from the truncation of the bubbles 
by well-defined planes corresponding to facets [38]. The inclination 
angle between the diffuse scattered intensity and the surface normal 
depends on the relative orientation of the facets with the surface of the 
single crystal (e.g. 45◦ for {110} facets on (100)-oriented W). 

The origin of these lateral streaks has been investigated by varying 
the incident angle αi. When αi decreases down to 0.4◦ and 0.2◦, the 
surface contribution is enhanced while the contribution from buried 
bubbles decreases. In these conditions the intensity of all lateral streaks, 
except the twin streak visible in the white ellipse on Fig. 4b, tend to 
disappear. Thus, the lateral streaks are attributed to buried bubbles 
facets. As seen by TEM, two types of facets exist at the bubbles surface: 
the {100} and the {110} facets. We have not observed streaks corre
sponding to bubble facets other than {100} and {110} ones. In addi
tion, no spherical bubbles are observed as no 3D isotropic scattering is 
recorded. 

In the case of W(100) the X-ray diffuse scattering on {100} facets is 
expected to produce scattering rods at 90◦ with respect to the vertical (αf 
= 0◦) which is located below the critical angle that defines the limit 
where intensity can be transmitted. Hence, {100} facet on W(100) 
cannot be measured. On W(110) a twin lateral scattering rod of {100}- 
type is visible (see white ellipse in GISAXS pattern of Fig. 4). This 
doubling effect is due to multiple scattering processes occurring at the 
sample surface and below the surface that can be described within the 
Distorted Wave Born Approximation (DWBA) [38]. It combines X-ray 
diffuse scattering due to holes formed at the surface by bubble bursting 

Fig. 1. Schematic of the GISAXS geometry. Incident and scattered X-rays are defined respectively by the wave vectors ki and kf, the incident angle αi is set in the 
range 0.2◦ to 1◦. αf and 2θf are respectively the scattering out-of-plane and in-plane angles. ω is the azimuthal angle that defines the probing direction. The right part 
is a 3D iso-intensity surface map obtained from the compilation of 2D patterns recorded after azimuthal rotation. 

Fig. 2. Bright-field TEM Images of He implanted W(100) annealed up to 1773 K. The three images are taken in the same area from close to the [001] zone axis (a), 
close to the [102] zone axis (b) and close to the [113] zone axis (c). Facetted He-bubbles are composed of {110} and {100} facets (in blue and red respectively). 
Diffractograms are shown in the insets, rings are due to polycrystalline platinum (Pt) deposited on the W surface. (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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and also buried bubbles. Indeed, as shown by scanning electron micro
scopy (SEM) in Fig. 5 the surface of W(110) is not flat. Holes due to 
bubbles bursting, appearing in black on the SEM micrograph, pave the 
surface. In addition, elongated surface structures due to surface healing 

are observable. Similar morphologies have also been observed in 
[36,44]. 

The average size d of a facet can be deduced measuring the full width 
at half maximum (FWHM) of the diffuse scattering streak of the corre

Fig. 3. TEM measurements of the facet lengths of He bubbles in W using [001] zone axis. {100} facet in blue and {110} facet in red, in W(100) (a), W(110) (b) and 
W(111) (c).The length distribution is fitted by a Gaussian function in blue for {100} facet and red for {110} facet. The standard deviation and the mean of the 
distribution are shown for all facets. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. a) Reconstruction of iso-intensity surface map of W(100),b) W(110) and c) W(111) recorded during azimuthal scan at αi = 0.6◦, after 2 keV He implantation 
and UHV annealing up to 1773 K. Below: particular GISAXS patterns corresponding to a cut of the 3D map. Lateral rods on GISAXS patterns are due to X-ray 
scattering on He-bubbles facets (red dashed circle). Corresponding facets are {110} and {100}. On W(110) (b) the twin rod of {100}-type facet (white dashed 
circle) is due to multiple scattering on surface morphologies and buried bubble internal surface. (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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sponding facet noted Δq and approximated as: 

d =
2π
Δq  

In Table 1 the sizes d of {110} and {100} facets measured by GISAXS 
for each W crystals are shown (except for W(100) where only the {110} 
facet can be measured). The uncertainty on the measurement is mostly 
due to the fit quality of the intensity profile along the streak width. In 
our case, the uncertainty on the sizes d is evaluated at maximum 5% of 
the measured length. The average length of the facets measured by 
GISAXS is then much more precise than by TEM and thus more adequate 
to establish the general shape of the bubbles. In the following only 
GISAXS measurements will be considered to address the bubble shape. 

Discussion 

The experimental equilibrium shape of bubbles in W 

The Wulff theorem [45] predicts the equilibrium shape of objects 
(crystals or voids in crystals) by minimizing the total surface energy of a 
given volume. In crystals, due to surface energy anisotropy, facets of 
well-defined crystallographic orientations are formed to minimize the 
total surface energy. The Wulff theorem shows that the surface energy of 
a plane (γhkl) is proportional to the distance hhkl from the centre of the 
bubble to this facet: 

γ100 = h100.C  

γ110 = h110.C  

where C is a constant independent of the volume of the bubble. For a 
cubic lattice structure, the distances h100 and h110 are related to the facet 
length d100 and d110 (defined in Fig. 6) through: 

h100 =
d100

2
+

d110
̅̅̅
2

√

h110 =
d100

̅̅̅
2

√ +
d110

2 
Hence the energy ratio between {100} and {110} 

facets can be deduced from the size of those facets: 

γ100

γ110
=

d100+
̅̅̅
2

√
d110

̅̅̅
2

√
d100 + d110  

The ratio of d100 and d110 provides the γ100
γ110 

energetic ratio from which we 
can deduce the Wulff shape of the He bubbles and compare it with the 
literature results. In Table 2 is shown a summary of the γ100

γ110 
energetic 

ratio obtained by GISAXS. We can evaluate the γ100
γ110 

ratio as 1.03 ± 0.03 
by GISAXS. The simulated Wulff bubble shape corresponding to this 
ratio is given in Fig. 6, the visualisation is performed using the Wulff
pack software [46]. 

The simulated equilibrium shape of bubbles in W 

Our experimental result can be compared with the literature. Density 
Functional Theory (DFT) [37,47–49] or Molecular dynamics (MD) 
[50,51] simulations have been used to calculate the surface energy of 
different orientations of W crystals. Fig. 7 combines different energetic 
ratios γhkl

γ110 
determined from the literature and the deduced Wulff shapes. 

A large discrepancy between the values has been found, corresponding 

Fig. 5. SEM micrograph of W(110) surface after 2 keV He implantation and 
UHV annealing up to 1773 K. Surface healing is occurring as shown by aligned 
rectangular reconstruction structures. Black dots correspond to holes formed by 
bubbles bursting. 

Table 1 
GISAXS measurement of facet length of bubbles in W(100), W(110) and W 
(111) after 2 keV implantation at 1273 K and annealed up to 1773 K.  

Sample Average length of facet by GISAXS (in nm) 

d110 d100 

W(100) 9.1 ± 0.5 X 
W(110) 11.3 ± 0.6 9.2 ± 0.5 
W(111) 13.6 ± 0.7 12.2 ± 0.6  

Fig. 6. Wulff construction generated by the energetic ratio deduced by GISAXS. 
Black arrows represent the lengths used in the energetic ratio calculation. 

Table 2 
The energetic ratio between surface (100) and 
(110) measured by GISAXS for W(100), W(110) 
and W(111).  

Sample γ100
γ110  

W(100) X 
W(110) 1.04 ± 0.02 
W(111) 1.02 ± 0.02  
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to very different expected bubble shapes. The studies coupling DFT to 
quasi-harmonic approximation (QHA) in [49] or MD in [51] aim at 
taking into account the effect of temperature on surface energies. In all 
cases, the {100} facet appears on the equilibrium shape generated at 
1773 K. According to the literature the γ100

γ110 
energetic ratio decreases as 

the temperature increases, therefore the {100} facet size is expected to 
increase with temperature. According to the calculations, the {211} is 
the second most dominant facet of the Wulff shape at 0 K, but it is re
ported to shrink when the temperature increases (see [49]). Therefore, 

the lack of {211} facets in our high-temperature experimental obser
vations is not in disagreement with the simulations. Let us note that DFT 
simulations do not lead to a consensus, and that predicting an equilib
rium shape at a given temperature from simulations performed at 0 K is 
delicate. Furthermore, most calculations neglect the W-He interaction. 
Recent approaches combining QHA-DFT [49] or MD-DFT [51] to take 
into account temperature dependence show a closer agreement to our 
experimental observations. 

Fig. 7. a) Energetic ratio deduced by dft or md simulations for various surface orientations, circles are coupled approach considering temperature effect. b) wulff 
constructions generated using the energetic ratios of (a). 
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Conclusions 

In conclusion, we have studied the shape of He bubbles in W by TEM 
and GISAXS. We have used well-controlled W samples in terms of 
crystallography, purity and defectuosity. Moreover, we have selected 
monokinetic He ion exposure conditions and performed high tempera
ture annealing up to 1773 K under ultra-high vacuum environment to 
get closer to the equilibrium shape of the formed bubbles. By combining 
in situ GISAXS measurements with azimuthal scan and TEM cross sec
tion analysis we have found that the He bubbles are made exclusively of 
{110} and {100} facets. The deduced size of {110} and {100} facets is 
similar allowing us to estimate the surface energy ratio γ100

γ110
= 1.03 ±

0.03 with relatively low experimental uncertainty thanks to the GISAXS 
technique. We believe that these experimental results will be a basis for 
future theoretical work to better describe the He-bubble shape and 
formation processes, in the context of the development of fusion re
actors. Finally, as the implantation energy is expected to be around 100 
eV [8] in tokamaks, we aim at decreasing the implantation energy of He 
ions in future experiments to get closer to fusion relevant conditions. 
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