
  
  
     Laser-induced breakdown spectroscopy (LIBS) is 
expected to be a promising technique for in situ monitoring 
of plasma-facing surfaces in fusion devices1), since remote 
sensing is possible. In this study, toward the application for 
Large Helical Device (LHD), the feasibility of LIBS is 
examined at UCSD-PISCES and at the Heliotron-DR device 
in Kanazawa University.  
     Stark broadening parameters for W I lines were 
experimentally determined for the first time, which allowed 
to measure the electron density in laser-induced W plasmas.  
     Fig. 1 (a) shows the Ar ambient gas pressure, PAr, 
dependence of the average ablation rate (AAR) of W 
irradiated with a nanosecond (ns) Q-switched Nd:YAG laser 
(wavelength λ = 1064 nm, pulse width ΔtL = 5 ns, laser 
energy EL = 230 mJ). The depth of the crater was measured 
with a laser confocal microscope. The AAR is found to be 
constant up to PAr ~ 20 Torr, and rapidly drop with a further 
increase in PAr. The W I 429.4 nm line intensity peaks at PAr 
~ 20 Torr. The decrease in AAR and the emission intensity 
at PAr > 20 Torr is caused by the plasma shielding of the 
incident laser energy as well as by the obstruction of plasma 
expansion.  
     Depth profiling of Al (layer thickness ~4.4 µm) 
deposited on the W substrate was performed with the ns 
laser. The shot number dependence of emission intensity of 
Al I lines exhibits a gradual decay: the Al I lines were 
observed even after 30 shots. On the other hand, a quick 
decay was obtained with Al II lines, which disappeared after 
4 shots. A selection of transitions is found to be important 
for depth profiling.  
     Collinear double-pulse LIBS (DP-LIBS) using two ns 
lasers was tested for signal enhancement in comparison with 
single-pulse LIBS (SP-LIBS). With an interpulse separation 
time Δt12 = 5.32 µs, the W I 429.4 nm line intensity was 
enhanced with DP-LIBS at PAr ≥ 100 Torr. This is caused 
by the local pressure reduction in front of the target. Namely, 
the first plasma pushes away the ambient gas, and thus the 
second plasma can expand, leading to a larger plasma 
volume and a higher signal intensity compared to SP-LIBS. 
By varying Δt12, a further study will be carried out at lower 
PAr.  
     A LIBS system has been designed and developed at 
the Heliotron-DR device, Kanazawa University. A 
preliminary experiment was conducted with a ns laser (λ = 
532 nm, ΔtL = 5 ns) and a USB small spectrometer 

borrowed. In Heliotron-DR, ~150 nm thick a-C:D layer was 
first deposited on the Si substrate in D plasma discharge 
with C6D6 injection. The sample was then transferred in the 
interlock chamber for LIBS analysis. As shown in Fig. 2, D 
I lines were observed at He background pressure PHe ~ 5 
Torr, while not observed at PHe ~ 1 Torr. Thus, the 
background pressure can be a key parameter, and will be 
further explored together with the effect of gas species. Note 
that D I lines were not observed in the following shots, 
indicating that the layer was removed with one shot.  

 
  
  

1) Philipps, V. et al..: Nuclear Fusion 53 (2013) 093002. 
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Fig. 1. PAr dependence of (a) W average ablation rate 
and (b) W I 429.4 nm line intensity.  
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Fig. 2. D I line emission from a-C:D layer 
irradiated by a ns laser pulse at PHe ~ 5 Torr. Those 
lines were not seen at PHe ~ 1 Torr.  

Recent studies show neutron damaged sites in tungsten 
can trap significant tritium in the bulk. Detailed studies of 
damage characteristics, local concentration, dependence of 
dpa, and difference between ion damage and neutron damage 
are under progress. Since neutron damaged sites are created 
in the bulk of tungsten, their tritium retention could reach 
unacceptable amounts even in DEMO reactors. One of the 
removal methods proposed is isotope exchange with non-
active hydrogen isotopes (H or D) with T. But its mechanisms 
are not very clear yet. This exchange reactions take place at 
relatively low temperatures and recently from first principle 
calculations this could be related to multiple trapping of one 
defects[1] (vacancy and so on). To make more detailed 
studies and clarify isotope exchange mechanisms, it is 
necessary to make systematic experiments by varying 
irradiation conditions and temperature conditions.

In this study, we make systematic scan of temperature 
conditions to compare experimental data and simulation data 
to understand isotope exchange mechanism at damaged sites 
of tungsten. Ion damage was made by 6.4 MeV Fe ions at 473 
K. Then H and D ions with the energy of 1 keV at 473 K were 
injected sequentially to observe hydrogen isotope exchange 
between H &D. Residual H and D in tungsten was measured 
by TDS.

Figure 1 shows isotope exchange behavior Fe damaged 
tungsten (0.7 dpa at a peak position of damage profile). For 
(a), D was implanted followed by H implantation, and for (b)

Fig. 1  TDS profile data for isotope exchange from D (H) to H (D). (a) D 
implantation to 1.5x1024 m-2 followed by H implantation to 0.5 x 1024 and 1.5 
x 1024 m-2. (b) Exchange implantation order of D and H. H implantation first.

vice versa. Under current experimental conditions with 
relatively high ion energy of 1 keV and high fluence of an 
order of 1024 m-2 D(H) ion implantation itself could 
dominate trap sites formation probably due to oversaturation 
effects. Therefore, TDS data shown in Fig. 1 could closely 
relate to isotope exchange phenomena at these self-created 
sites. 

From Fig. 1 (a), as post H implantation fluence 
increased isotope exchange from D to H proceeded. At first, 
H desorption in the TDS spectrum is dominant at low 
temperatures, then desorption around high temperatures was 
increased up to 950 K, where desorption of all hydrogen 
isotopes stopped. Since low temperature desorption 
corresponds to that from low energy trapping sites, isotope 
exchange firstly took place at weak trapping sites and 
developed to strong trapping sites. Even at the trappings 
sites from which D is not released around ion irradiation 
temperature of 473 K, isotope exchange took place.

Then we changed an order of D and H implantation.
Improvement in vacuum quality raised S/N ratio of H signal  
to an acceptable level for TDS measurements. It was found 

Fig. 2 Evolution of removal ratio of pre-irradiated isotopes ( D or H ) by post 
-irradiation of the other isotopes (H or D). 

that similar behavior of isotope exchange took place for the 
H to D case. For the case (b) (H to D), isotope exchange 
also started at low temperatures and as post fluence (D) 
increased isotope exchange at high temperatures proceeded. 

In Fig. 2, removal ratio of pre-irradiated isotopes by 
post-irradiated isotopes. It was found that the removable 
ratio increased sharply till about 0.5 x 1024 m-2 and almost 
saturated over 1.5 x 1024 m-2. Quite similar behavior was 
seen for two different order irradiation cases. These results 
suggest that there are very few isotopes effects for the 
isotope exchange reactions at hydrogen trapping sites 
created by oversaturation phenomena and high energy ion
damage (6.4 MeV Fe). 
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