
Helium plasma exposure experiments have been
carried out under wide temperature range between 65
and 800 ◦C in 17th and 18th LHD experimental cam-
paign. Cross sectional transmission electron microscope
(TEM) observation shows that the helium nano-bubbles
are distributed deep inside tungsten (< 70 nm) beyond
the range of helium implantation (∼ 15 nm) at any tem-
perature. The bubbles become larger and sparser as
temperature increases especially above 500 ◦C by grow-
ing and coalescing small bubbles. These results imply
that the bubble nucleation is dominated by the accumu-
lation of helium and the bubbles grow efficiently captur-
ing vacancy at 500 ◦C and above.

Tungsten is a promising material for the first-wall
of fusion devices, hence it is of prime importance to un-
derstanding its behavior facing plasma. Produced by
the fusion reaction in ITER and DEMO, helium irradi-
ation is known to drastically affect surfaces of exposed
tungsten, even at energies below any expected displace-
ment damage. As first-wall materials will reach 500 ◦C
in DEMO, and temperature affects atoms and vacancies
mobilities, temperature is a crucial parameter to con-
sider when characterizing the micro-structural changes.
In this aim, a new temperature controlled material probe
was designed for the exposure of tungsten samples to He
plasma in LHD. We saw via TEM that important dam-
ages (bubbles and dislocation loops) were created at high
temperatures. It is crucial to understand if these micro-
structure changes have a global effect on the material
behavior in the reactor.
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Fig. 1: Cross-sectional TEM image of the helium ex-
posed tungsten at 800 ◦C

In order to expose tungsten samples to the LHD
helium plasmas under the high temperature conditions,
two temperature controlled sample holders with micro
ceramic heater and a retractive material probe, which is
installed at 10.5L port, have been employed. One sample
holder can provide multi temperature using temperature
gradient between heater (600 ◦C) and heat sink (65 ◦C).
Another sample holder has reduced thermal loss struc-
ture and can achieve to higher temperature up to 800 ◦C.
The tungsten samples, which are keep at high temper-
ature, are exposed to a charge exchange particles from
the LHD helium plasma inserting the retractive material
probe at the first wall position. The fluence is estimated
at ∼ 1023 /m2 for a sequence of 100 NBI heated plasma
with helium gas puff. Since the energy of the charge
exchange particles mainly distribute below the thresh-
old energy of the displacement damage to the tungsten
(∼ 550 eV), the vacancy production rate is two order
lower than the helium implantation rate.

Cross-sectional observation has been carried out us-
ing a TEM after processing a sample with the Focused
Ion Beam (FIB). Fig. 1 shows typical damage structure
of the helium exposure sample at 800 ◦C. Helium bub-
bles are formed not only near surface layer (< 10 nm),
where heavily damage is induced by helium implanta-
tion, but also deep region beyond the range of helium
implantation, although the bubble size become small in
the deep region.

Fig. 2 (a) shows depth distribution of the bubble
number density at 190, 530, and 800 ◦C. The bubble for-
mation depth (< 70 nm) is insensitive to temperature,
despite the fact that the vacancy migration becomes ac-
tive at temperature above 500 ◦C. It seems that vacan-
cies play a lesser role in bubble nucleation, and this pro-
vide supporting evidence for bubble nucleation by ac-
cumulating helium itself. On the other hand, the bub-
ble becomes larger and sparser under high temperature
conditions by growing and coalescing. Large size bubble
dominate the total bubble volume at 800 ◦C (Fig. 2 (b)).
This implies that the bubbles grow efficiently capturing
vacancy at temperature above 500 ◦C.
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Fig. 2: Temperature dependence of (a) bubble depth
distribution, and (b) bubble size distribution.

 
77 and 154GHz gyrotrons have been newly developed 

by collaboration with the University of Tsukuba and 
installed on the LHD ECH system in recent years. Each of 
the 77 and 154GHz gyrotrons generates more than 1.0MW 
port-through power. The 77GHz gyrotrons suffer gradual 
increases of internal pressure during long pulse operation 
delivering power to LHD. To mitigate the problem, quasi-
steady operation by combination of on-off operations of the 
77GHz gyrotrons should be performed for long pulse 
experiments. On the other hand, the first 154GHz#1 
gyrotron works well for CW operation, without noticeable 
increase of internal pressure contrary to the 77GHz ones, 
due to its short wavelength reducing wave diffraction inside 
the tube and furnished sub-window to remove stray 
radiation inside the tube. 

In the 18th campaign in 2014, a new 154GHz#2 
gyrotron was applied for long pulse experiment for the first 
time, together with the former 154GHz#1. Using the EC-
waves generated by the 154GHz#1 and injected from 2-
OLL antenna, the 154GHz#2 from 2-OUL, the 77GHz#1 
from 2-OLR, and the 77GHz#2 from 2-OUR, a long pulse 
plasma sustainment was attempted. The magnetic 
configuration was Rax = 3.6m with Bt = 2.75T.      

The injection powers from the gyrotrons were 120kW 
(154GHz#1), 91kW (154GHz#2), 110kW (77GHz#1), and 
163kW (77GHz#2), respectively. Two 154GHz gyrotrons 
were operated continuously, and two 77GHz ones were 
operated alternately with 2 min. intervals. The time average 
of injection power Pinj was 350kW. Figure 1 shows the 
waveforms of the most successful 39 min. discharge 
#131059: from top to bottom, Pinj, central electron 
temperature Te0 measured with Thomson scattering 
measurement and line average electron density ne_ave of a 
reference discharge #131054, radiation signals from 
impurities (FeXVI, OV, CIII), central ion temperature Ti0 
and ne_ave. The fed gas for the discharge was hydrogen. The 
density ne_ave was kept quite stably at 1.1×1019m−3 using a 
newly developed gas-feed system furnished with mass-flow 
controllers and a new feedback control scheme for density.  

The Thomson scattering measurement failed in data 
acquisition procedure in the 39 min. discharge #131059 so 
that no electron temperature and density profile data exist 
for the discharge. Te0 and ne_ave of the similar discharge 

#130154 are plotted until 940s in the second frame for 
reference. 

Figure 2 shows the electron temperature profiles of 
the reference discharge #130154, at the timings of 800, 841 
and 900s with Pinj of 320, 370 and 620kW, respectively. It is 
clearly seen that Te0 becomes higher and the profile becomes 
fatter with the increase of Pinj, that is, more robust plasmas 
against impurity influx, which is the major cause of the 
termination of long pulse discharges, can be sustained by 
higher Pinj. 

 
Fig. 1. From top to bottom, waveforms of EC-wave 
powers, ne_ave and Te0 in a discharge #131054 for 
reference, radiation signals from iron, oxygen and 
carbon, and ne_ave and Ti0 in the 39 min. discharge 
#131059. 

 

 
Fig. 2. Electron temperature profiles at 800, 841 
and 900s with injection powers of 320, 370 and 
620kW, respectively.  
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