
The conceptual design studies on the LHD-type 
helical fusion reactor (FFHR) are progressing at National 
Institute for Fusion Science (NIFS) by employing the 
heliotron magnetic configuration with continuous helical 
coils [1]. The major radius of the helical coils is 15.6 m. 
This is four times larger than that of the currently working 
Large Helical Device (LHD). In the future fusion reactors, 
ferritic steel is a realistic candidate to be used as a structural 
material of the blanket, because of the low activation 
characteristics after neutron irradiation which can reduce the 
issue of radioactive waste disposal. And thus, it is 
considered to be applied also to FFHR-d1. However, since 
the ferritic steel is a ferromagnetic material, distortion of 
magnetic field produced by the magnet coils is a concern on 
the plasma confinement due to island formation and partial 
changes of magnetic surfaces [2].

Fig.1 The finite element model of the coils and blankets of 
FFHR-d1A. The element model “SOLID 97” is used for the 
coils, blanket, and air. The element model “INFIN111” is 
used for infinity.  

In order to include the distortion of magnetic field by 
the ferritic steels in the blanket, the numerical calculation 
code ANSYS based on the finite element method (FEM) is 
incorporated. First, the precise structure of the magnet coils, 
vacuum vessel, and blanket is input to establish the 3D 
modelling for the finite element calculation as Fig.1. The 
element SOLID 97 is used for coils, blanket, and air. The 
element INFIN111 is used for infinity. The current in the 

helical coils is +36.66 MA. The currents in the Outer 
Vertical Coils and the Inner Vertical Coils are -20.14 MA
and +21.61MA, respectively. Second, the magnetic field by
assuming a nonmagnetic material in the blanket (vacuum) is 
calculated as a reference. In this phase, the magnetic field-
line tracing code “HSD” is combined to obtain the magnetic 
surfaces and their associated parameters, such as the 
rotational transform and magnetic well. Third, the 
nonmagnetic material is changed to a ferritic material 
(F82H) and the new magnetic fields are calculated. 
Comparison of the magnetic field properties by changing 
the permeability of the structural material is investigated.  

The obtained vacuum magnetic surfaces of FFHR-
d1A are shown in Fig.2 as a function of the relative 
magnetic permeability r. Slight expansion of magnetic 
surfaces is seen for r > 1. In the latest design of FFHR, a 
pair of sub-helical coils, named “NITA coils” with opposite-
directed currents and located at the outer region of the main 
helical coils, are used to enlarge the blanket space [3]. We 
propose that the NITA coils be used to control the magnetic 
surfaces in case the expansion by the ferromagnetic effect is 
too large.  

Fig.2 Changes of vacuum magnetic surfaces of FFHR-d1A
with the relative magnetic permeability r of 1.0, 1.3, and 
1.5. The magnetic axis is shifted slightly outward in the 
present calculation compared to the standard case of FFHR-
d1A. 
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1. Introduction 

The first wall of a commercial fusion reactor may 
employ coatings made of refractory metals such as tungsten 
to protect structural materials chosen from reduced activation 
ferritic steels. This paper reports on laboratory-scale studies 
with a steady-state linear plasma device to investigate the 
hydrogen plasma-driven permeation behavior through 
vacuum plasma-sprayed tungsten (VPS-W) and sputtering-
deposited tungsten (SP-W) coated F82H at ~250-550℃. 
 
2. Results 

Shown in Fig. 1 is the hydrogen PDP breakthrough 
curves for three of the samples tested at ~500℃. The net 
implantation fluxes are ~2 x 1016 H/cm2/s. Time zero in the 
figure corresponds to the plasma-on time. The observed 
steady-state permeation flux through vacuum plasma-sprayed 
tungsten (VPS-W) coated F82H has been measured to be 
~5×1012 H/cm2/s, which is more than one order of magnitude 
lower than that of bare F82H. In contrast to the permeation 
rates observed for VPS-W, hydrogen permeation flux 
through the sputtering-deposited tungsten (SP-W) coated 
F82H is very high, which is ~2×1015 H/cm2/s, even nearly one 
order of magnitude higher than that of bare F82H. Fig. 2 
shows the temperature dependence of hydrogen PDP fluxes 
through F82H with/without W coatings at ~250-550℃. It is 
shown that the VPS-W coatings decrease hydrogen 
permeation fluxes by more than one order of magnitude 
compared to bare F82H. However, the SP-W coatings tend to 
increase the permeability of F82H substrate, and notice that 
the permeation fluxes decrease as the temperature increases. 
 
3. Discussions  

In our previous work, hydrogen GDP through VPS-W 
coated F82H was studied [1]. It has been found that VPS-W 
coatings are porous and have connected pores, even a 170 µm 
thick layer of VPS-W coating has connected pores, which 
connect the front and rear surfaces of the deposited layer. 
Therefore, the data obtained for VPS-W coated F82H (Fig. 2) 
could be attributed mainly to molecular hydrogen permeation 
through open pores of VPS-W coating combined with 
permeation in a dissociated form through F82H substrate. 

Shown in Fig. 3 is the evaluated recombination 
coefficient Kr of hydrogen on W and F82H. For W,  

𝐾𝐾𝑟𝑟(W) = 5.1 × 10−12exp (−1.21 eV
𝑘𝑘𝑘 ) cm4s−1 

Notice that the Kr for SP-W coating increases as 
temperature increases. This explains the data shown in Fig.2 
that the permeation fluxes decrease as the temperature 
increases. Besides, the Kr for SP-W coating is orders of 
magnitude lower than that of F82H, which leads to increased 
permeation fluxes through the SP-W coated F82H (Fig. 2). 
 

4. Conclusions 
VPS-W coatings reduce hydrogen PDP fluxes by about 

one order of magnitude, but have been found to be penetrated 
through connected pores by GDP. SP-W coatings tend to 
enhance hydrogen PDP fluxes under the given conditions, 
which is attributed to the lower hydrogen recombination 
coefficient for SP-W coating compared to that of F82H. The 
recombination coefficient is a key parameter relating the 
permeation flux for PDP in the recombination-diffusion 
regime, suggesting that surface effects on PDP should be 
further investigated. 
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Fig. 1 Hydrogen PDP breakthrough curves for VPS-W 
and SP-W coated F82H membranes at ~500℃.  

 

Fig. 2 Temperature dependence of steady-state 
hydrogen PDP fluxes through W coated F82H and bare 
F82H under plasma bombardment: net implantation 
flux ~2 x 1016 H/cm2/s, ion energy 100 eV.  

 
Fig. 3 Kr of hydrogen on W and F82H. Literature data 
are shown for comparison [2-4]. 
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