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INTRODUCTION 

Worldwide magnetic fusion program is focused on 
tungsten (W) as a plasma facing material in fusion 
devices. Helium (He) arising from D-T reaction will be 
implanted into the W near surface. Helium being 
virtually insoluble in W precipitates into bubbles as 
shown in Fig. 1. At specific conditions (1000 < T < 2000 
K, 20 < Eion< 100 eV) He irradiated tungsten results in 
complex W-nanostructure formation as shown in Figure 
2. The complex tendrils are usually filled with large He 
bubbles. In the first wall region of a tokamak, W will 
also be irradiated with EUV irradiation. It is well known 
that He and other noble gases are efficient absorbers of 
EUV irradation. The resulting energy absorption and 
excitation of He atoms trapped near the surface may lead 
to W surface roughening. An increase in surface 
roughness can initiate unipolar arcing that can severely 
reduce the lifetime of W material by generating copious 
amounts of dust particles, which in turn destabilize the 
plasma. While the photodynamics of EUV light 
interaction with He nano-droplets has been well studied, 
the interaction of EUV irradiation with He trapped under 
equilibrium conditions within a solid state metal lattice at 
relatively high pressures (~4 MPa) has so far not been 
investigated. The research objective is to study this 
interaction between laser driven EUV light and He 
trapped in solid state lattice and its influence on W 
surface roughening and morphology changes. 

EXPERIMENTS 

Two W specimens measuring 10×10×1 mm 
manufactured by ALMT corp, Japan were used. These 
samples were stress relieved at 1573 K and the surface 
mechanically polished to a mirror finish. One specimen 
was irradiated by D+He mixed ion beam (extraction 
voltage of 1 keV, 2% He ion concentration in beam) at 
600 K up to a fluence of 1×1023 D/m2. This results in He 
bubbles <1 nm in diameter distributed within 20 nm of 
the surface with average concentration of ~5 at% (see 
Fig 1c). The second specimen was exposed to He plasma 
(Te~10 eV; Ne ~ 1017 m-3) at -150 V bias upto a fluence 
of ~1×1025 He/m2, which results in W nanostructures < 
200 nm in depth. The absolute He concentration in these 
W nanostructures is not well known. 

These specimens along with a reference W 
specimen were irradiated using pulsed EUV light (13 mJ  
φ~200 μm) generated by laser ablation of solid Xe 
target. The wavelength spectrum is shown in the 
secondary y-axis in Figure 3. The pulse shot number was 
varied from 1-1000 shots. The calculated values of 
attenuation length (1/e) for He and W are shown in 
Figure 3 assuming theoretical density values. It can be 
seen that the EUV absorption in pure W occur over 
length scales (~30 nm) similar to the depth of the He 
bubble layer in D+He mixed irradiation specimen. Even 
taking into effects of He dilution (5 at %), it is 
anticipated that the attenuation length will not change 

limited experimental counts and a maximum depth 
resolution of ~ 20 nm in W. To account for the low 
sensitivity of D in ERD, additional NRA measurments 
were performed using D(3He,p)4He nuclear reaction at 
0.69  to 4.0 MeV.10 D depth profiles were determined by 
SIMNRA fitting.  

Next, the structure of the implanted He was examined 
by TEM at Kyushu University. Cross sectional specimens 
were prepared by ion milling to a thickness of  10-100 
nm. Bright field images at 200 kV was collected. 

TDS was performed at 0.5 K/s heating rate up to 
1200 K. Two mass spectrometers were used, including a 
high resolution mass spectrometer capable of separating 
D2 and He. The signals were calibrated using a standard 
D2 leak resulting in error of ± 20%.  

 
III. RESULTS AND DISCUSSION 
 
III.A. Helium distribution and structure 
 
III.A.1. Temperature dependence - 0.3 keV 

 
Figure 1a-c shows the cross sectional TEM 

micrographs at three different irradiation temperatures. 
The incident He fluence was kept constant at (7±1) × 1021 
He/m2. At T = 1000 K, He bubbles are clearly visible; see 
Fig 1a. Typical sizes are tens of nanometer. The shapes of 
the He bubbles are polygon in shape. This indicates that 
the bubble gas pressure is lower than the equilibrium 
pressure. The bubble field is visible up to a depth of 20 - 
25 nm as indicated by the dashed line. At T = 800 K, He 
bubbles of nanometers or less are visible as bright dots to 
similar depths; see Fig 1b. At T = 600 K, the He bubble 
field becomes more apparent with stronger contrast, 
indicating higher He bubble density.  

An increase in He concentration was further 
supported by ERD depth profiles shown in Figure 2. With  

 

 
 

Fig. 1. Cross sectional TEM images following 0.3 keV 
irradiation at: (a) 1000 K, (b) 800 K, and (C) 600 K. The 
dashed line indicates depths to 20 nm. 
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Fig. 2. Helium depth profiles obtained by fitting the ERD 
spectra using SIMNRA.  
 
decreasing temperature, the He concentration increases 
from 4 to 5 at.% and extends to slightly deeper depths. 
The increase in He concentration indicates higher 
trapping efficiency at lower temperatures.  

The He distributions determined from both TEM and 
ERD measurements were 7-10 times larger than the 
calculated range of 3 nm using SRIM.11 Clearly, the 
implanted He is not precipitating near its end of range, but 
is mobile following implantation. This is consistent with 
observations of He nano bubble fields extending tens of 
nm in depth from linear plasma experiments with E ~ 60 
eV. 12 

From Figure 2, the He concentration levels are same 
at T = 800 and 1000 K. While from Figure 1, a large 
difference in the He bubble structure exists. Therefore, the 
formation of larger He bubbles does not necessarily 
indicate higher He concentration. Rather, it suggests that 
the He bubbles observed at 1000 K may result from the 
migration and coalescence of smaller He bubbles such as 
those observed at 800 K.  

  
III.A.2. Incident ion energy dependence 
 

At 1.0 keV, the incident fluence was not constant for 
different temperatures. It varied from (2-45) × 1021 He/m2. 
Therefore, the He concentration determined from ERD 
was divided by the incident He fluence. The resulting 
trapping ratio, defined as the retained He/incident He, is 
plotted as function of temperature in Figure 3. 

A rather striking difference in the temperature 
dependence was observed for different ion energies. At T 
= 500 K, no ion energy dependence was observed. This 
indicates that ion damage (defect creation and cascade 
phenomena) was not driving the observed growth of He 
bubbles. Furthermore, it indicates that the trapping ratio 
does not depend on the ion range. 

Figure 1: Cross section image of nm He bubbles 
formed in W near surface (~20 nm) during mixed 
D+He irradiation at various irradiation temperature. 

Figure 2: Cross section image of nm W nanostructure 
following He plasma exposure at 1073 K. 



drastically. However, absorption depths in W 
nanostructure is not straightforward as absolute He 
concentrations and W density are unknown, as well as 
other effects such as geometry need to be considered. 

RESULTS 

The changes in surface morphology following 1 
shot of EUV irradiation for W-nanostructure, D+He 
mixed ion irradiated, and unexposed area of the D+He 
mixed ion irradiated specimen are shown in Figure 4 
below. The irradiated area is more clearly visible for the 
two specimens containing He compared to the unexposed 
area without He irradiation. Upon closer magnification, 
surface melting and cracking can be observed on all 
specimens. From the observation that the cracks go 
through the melted features, it is clear that surface 
melting occurs first followed by crack initiation. This is 
generally consistent with cracking in bcc metals where 
cracks form during the cooling phase due to tensile 
forces. In addition, for the W nanostructure sample, the 
EUV irradiation has largely resulted in destruction of the 
tendril structures either from melting or ablation effects. 
The images tentatively indicate that the presence of He 
leads to larger changes to surface morphology, possibly 
due to stronger EUV absorption process. However time 
resolved in-situ characterization during EUV irradiation 
is needed to separate out the effects of absorption process 
as opposed to the effects of ablated plasma. Such 
measurements will be performed in next fiscal year 
(H28). What is clear however is that specimens 
containing He resulted in significantly higher damage 
(e.g. cracking) and surface morphology changes with 

increasing shot numbers (not shown). What is interesting 
is that the cracking and subsequent delamination of 
whole W grains at the surface was observed with the 
thicknesses in the order of a ~μm. (i.e at depths far 
greater than typical thermal diffusion lengths) Such 
artifacts have never been observed in calibration 
experiments using laser irradiation of comparable energy 
density. This suggests that the EUV irradiation resulted 
in much higher peak stress of the propagating wave 
following energy absorption in comparison to laser 
irradiation.  This would lead to an increase in the depths 
where plastic deformation occurs as the peak stress 
remains above the dynamic yield stress of the material, 
which may promote irreversible cracking.  
 

Figure 4: Surface morphology changes following EUV irradiation (1 shot) of W nanostructure, D+He mixed ion 
irradiated specimen, and unexposed area of the D+He mixed ion irradiated specimen. 

Figure 3: Attenuation length of He and W, as well as 
EUV spectrum generated by Xe ablation shown as 
function of wavelength. 


