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The maintenance scheme in the compact helical fusion reactor, FFHR-c1, equipped with the liquid metal divertor, 
REVOLVER-D (Reactor-oriented Effectively VOLumetric VERtical Divertor) and the cartridge-type molten salt 
blankets, CARDISTRY-B (CARtridges Divided and InSerTed RadiallY - Blanket), is investigated. The magnetic 
configuration of the compact variant FFHR-c1 is similar to that of the Large Helical Device (LHD), while the device 
size is 2.8 times enlarged from LHD and a strong magnetic field strength of ~8 T at the plasma center is adopted. The 
maintenance of the REVOLVER-D is simpler than that of the helical divertor with a complicated structure as seen in 
the LHD. In the REVOLVER-D, showers of molten tin are injected into the ergodic layer at 10 inner ports. To 
circulate the molten tin, 10 sets of the shower system including a liquid metal pump, ducts, a showerhead, a pool, and 
a heat exchanger, are installed. These can be replaced with simple up/down motions. The CARDISTRY-B consists 
of 320 tritium breeding blanket cartridges, which are toroidally segmented every two degrees. These cartridges are 
maintained by using heavy manipulators with a simple 4DOF motion at a constant toroidal angle.  
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1. Introduction      

Conceptual design of the helical fusion reactor FFHR-
d1 has been conducted in NIFS [1-3]. The FFHR-d1 is 
designed based upon the knowledge obtained in the Large 
Helical Device (LHD) [4]. The magnetic configuration of 
FFHR-d1 is similar to that of the LHD, while the device 
size is four times larger. The major radius of the helical 
coil center, Rc, is 15.6 m in the FFHR-d1 and 3.9 m in the 
LHD. Basically, the FFHR-d1 will be operated in the self-
ignition mode, where no auxiliary heating is applied for 
plasma sustainment. The fusion output, Pfusion, is ~3 GW 
and the lifetime of the device is assumed to be more than 
30 years. Multiple options have been defined. For 
example, the FFHR-d1A is the standard option with the 
magnetic field strength at the helical coil center, Bc, of 4.7 
T (the maximum field on the conductor, Bpeak, is 11.7 T) 
and the FFHR-d1B is the option with high Bc of 5.6 T 
(Bpeak is 14.0 T) [2]. Each of these has two further options 
called the basic and challenging options [3]. The basic 
option is based on the conservative technologies, 
including those being developed for the ITER. On the 
other hand, the challenging option boldly includes new 
ideas that are not necessarily well matured but may 
possibly be beneficial for making the reactor design more 
attractive. For example, the High-Temperature 
Superconducting (HTS) magnets, the Liquid Metal (LM) 
divertor, and the toroidally segmented Molten Salt (MS) 
blanket are adopted in the challenging option. Typical 
candidates for the LM divertor and the cartridge-type MS 
blanket are the REVOLVER-D (Reactor-oriented 
Effectively VOLumetric VERtical Divertor) [5,6] and the 
CARDISTRY-B (CARtridges Divided and InSerTed 

RadiallY - Blanket) [7], respectively.  

Discussions led by the Joint-Core Team (JCT), which 
consists of experts from the Japanese fusion community 
including industry, on the strategic establishment of 
technology bases for the Japanese fusion DEMO reactor 
have progressed [8]. In Japan, the first DEMO reactor is 
tentatively assumed to be the tokamak, whereas the 
helical and/or inertial fusion reactors are taken as the 
alternative. Three missions are proposed for the Japanese 
DEMO by the JCT: (1) steady power generation beyond 
several hundred thousand kilowatts, (2) availability which 
must be extensible to commercialization, and (3) overall 
tritium breeding sufficient to achieve fuel-cycle self-
sufficiency. As an alternative, it is necessary to prepare 
the conceptual design of a helical fusion reactor that can 
achieve these three missions. Of course, the FFHR-d1 can 
be a candidate for the DEMO, since the three missions are 
inherently included in its design. However, the 
specification of the FFHR-d1 is too high. A cost-efficient 
model will be more suitable for the DEMO. A compact 
version of the FFHR-d1, called the FFHR-c1, has been 
also investigated in our design activity [2,9]. The FFHR-
c1 can be a strong candidate for DEMO. Since the design 
parameters of FFHR-c1 have not been fixed yet before 
now, these are determined in this paper to satisfy the 
requirement for the DEMO.  

The missions of DEMO include demonstration of 
practical availability. This at the same time means that the 
DEMO should demonstrate sufficient RAMI, that is, 
Reliability, Availability, Maintainability, and 
Inspectability. Without establishing a concrete and fast 
maintenance scheme, it is impossible to achieve the 
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practical availability with high reliability. From this point 
of view, the FFHR-c1 adopts the challenging option, 
which consists of the HTS magnets, the REVOLVER-D, 
and the CARDISTRY-B, as the primary candidate. The 
basic strategies in maintaining the REVOLVER-D and 
the CARDISTRY-B are given in this paper. 

In the next section, the design parameters of FFHR-c1 
are determined first. Discussions on the maintenance 
schemes for the REVOLVER-D and the CARDISTRY-B 
are given in sections 3 and 4, respectively. The 
maintenance schedule is discussed in section 5. Finally, 
these are summarized in section 6.  

 

2. The FFHR-c1 
To design a fusion reactor, what should be defined 

first is its mission. A simple mission has been defined for 
the FFHR-c1: “One-year steady-state operation with self-
produced fuel and electricity.” This automatically 
includes the three missions for the Japanese DEMO, 
discussed in the introduction. The sub-ignition operation, 
where the auxiliary heating of Paux is additionally applied 
to sustain the fusion plasma, is the main operation 
scenario. To sustain the plasma with the self-generated 
electricity, the fusion gain, Q (º Pfusion / Paux), should be 
larger than 10. Since the plasma is confined in the nested 
magnetic surfaces generated by external magnet coils in 
helical devices, no plasma current is necessary. Since no 
power for plasma current drive is necessary, the reactor 
itself only requires electrical power to heat the plasma, to 
cool the HTS magnet coils, and to circulate LM in the 
REVOLVER-D, or MS in the CARDISTRY-B. At Q ~ 10, 
however, the “net” electricity generation will be nearly 
zero. Therefore, the operation at Q ~ 10 is the minimum 
target for the FFHR-c1. The self-ignition operation at Q = 
¥, as in the FFHR-d1, is also to be considered. Then, how 
small can the device size be in order to achieve the 
mission for the FFHR-c1? The answer is given in below. 

In a quite rough estimation, the construction cost of a 
fusion reactor is mainly determined by the material costs 
of the magnetic coil support structure and the blankets. 
The material cost of a component is roughly proportional 
to its weight. According to the Virial’s theorem, the 
weight of the magnetic coil support structure is 
approximately proportional to the magnetic stored energy, 
Wmag µ Bc

2 Rc
3 [10]. On the other hand, the weight of the 

blanket is proportional to Rc
3. Here, we are basically 

considering similar devices with different sizes, instead of 
assuming an identical blanket thickness required from the 
points of view of tritium breeding and neutron shielding. 
The performance of the blanket depends on the device 
size, in this case. Therefore, it is necessary to evaluate the 
blanket performance for each case, as in [11]. Under this 
assumption, size reduction is effective for cost reduction. 
However, size reduction also results in degradation of the 
plasma confinement characteristics.  

The characteristics of the energy confinement time, tE, 
in stellarators and heliotrons including the LHD have been 
intensively studied and summarized in the forms of ISS95 
and/or ISS04 scalings [12,13]. Both scalings show the so-
called gyro-Bohm property, as is also recognized in the 
scalings for tokamaks [14]. The plasma parameters in 
FFHR-d1 have been estimated by using the Direct Profile 
Extrapolation (DPE) method, which is based on the gyro-
Bohm model [9,15-18]. According to the DPE method, 
two devices having an identical value of Rc Bc

3/4 can 

 
Fig. 1. The design points of the FFHR series in the Rc – Bc 
plane, where a closed square, open squares, and open circles 
denote the FFHR-c1, the former versions of FFHR-c1 (c1.0, 
c1.1, and c1.2), and two versions of FFHR-d1 (d1A and 
d1B). Two closed circles denote CHS and LHD. Thick and 
thin solid curves denote the constant Wmag of ~155 GJ and 
~230 GJ, respectively. The broken curve denotes the 
constant Bc ~ Rc-3/4. Thick and thin solid lines denote 
constant helical coil current densities of 55 A/mm2 and 25 
A/mm2, respectively, in the devices with similar helical coil 
cross sections.  
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Table 1. Design parameters of the helical coil major radius, Rc, the ratio of Rc to that of FFHR-d1, Rc / Rd1, the ratio of Rc to that of 
LHD (Rc = 3.9 m), Rc / RLHD, the magnetic field strength at the helical coil center, Bc, the magnetic stored energy, Wmag, the auxiliary 
heating power for steady-state sustainment, Paux, the fusion output, Pfusion, and the fusion gain, Q = Pfusion / Paux, in FFHR-d1 and c1. 

 d1 d1A d1B ¬ c1.0 c1.1 c1.2 c1 ¬ 
Rc (m) 15.6 ¬ ¬ ¬ 13.0 ¬ 10.4 10.92 ¬ 
Rc / Rd1 1 ¬ ¬ ¬ 0.833××× ¬ 0.66××× 0.7 ¬ 
Rc / RLHD 4 ¬ ¬ ¬ 3.33××× ¬ 2.7 2.8 ¬ 
Vp,vac (m3) 1,880 1,420 ¬ ¬ 820 ¬ 420 490 ¬ 
Bc (T) 4.7 ¬ 5.6 ¬ 4.0 5.6 ¬ 7.3 ¬ 
Wmag (GJ) 163 ¬ 224 ¬ 68 125 61 155 ¬ 
Paux (MW) 0 ¬ ¬ 27 53 40 49 45 0 
Pfusion (GW) 2.7 3.0 1.5 0.43 0.0065 0.25 0.13 0.45 3.0 
Q ¥ ¬ ¬ 16 1.2 6.2 2.6 10 ¥ 
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achieve the same Q, as long as the plasma beta and the 
confinement improvement factor are fixed [9]. In other 
words, it is possible to achieve a similar Q in two devices 
with different Rc, if only Rc Bc

3/4 is kept constant.  

Table 1 summarizes the design points of the FFHR 
series defined as d1, d1A, d1B, c1.0, c1.1, and c1.2 in the 
former studies [2,9]. These design points together with 
those of CHS and LHD are plotted on the Rc – Bc plane in 
Fig. 1. As discussed above, size reduction is effective for 
cost reduction. On the other hand, Rc Bc

3/4 should be kept 
constant to maintain the plasma performance. In 
determining the design point of c1 in this study, the design 
point of d1B is taken as the reference point, since the 
detailed physics analyses of the plasma characteristics 
have been most intensively conducted on d1B [17,18]. 
The self-consistent solution of Q ~ 10 has been 
established using the parameters of d1B, where both 
requirements from the MHD stability and the neoclassical 
transport theory are simultaneously satisfied within the 
range observed so far in the experiment on the LHD [18].  

As listed in Table 1 and plotted in Fig. 1, the design 
point of the FFHR-d1 is finally set at Rc = 10.92 m and Bc 
= 7.3 T [19]. The Bpeak and the helical coil current density, 
JHC, are tentatively considered to be ~19 T and ~48 A/mm2, 
respectively. Note that these depend on the detailed coil 

design and not yet fixed at this moment. The device size 
is 0.7 times reduced from the FFHR-d1, or, 2.8 times 
enlarged from the LHD. Device sizes of LHD, FFHR-c1, 
and FFHR-d1 are compared in Fig. 2. The self-consistent 
solution of Q ~ 10 as in d1B can be achieved in c1, since 
high Bc of 7.3 T is adopted to keep Rc Bc

3/4 the same as that 
of d1B. Although the detailed physics analysis is beyond 
the scope of this paper and will be published elsewhere, 
Pfusion at Q ~ 10 is estimated to be ~450 MW with Paux ~ 
45 MW [18 19]. If one can ignore the requirements from 
the MHD stability and the neoclassical transport theory, 
or unknown confinement improvement takes place, it 
becomes possible to achieve self-ignition of Q = ¥ in the 
FFHR-c1. In that case, Pfusion will be increased to ~3 GW. 
It should be noted that since the thickness of the neutron 
shielding blanket in the FFHR-c1 is reduced by 0.7 times 
compared with that in the FFHR-d1, the nuclear heating 
on the superconducting magnet will become extremely 
high. The system code HELIOSCOPE predicts ~770 kW 
of nuclear heating on the superconducting magnet coils, 
which requires ~250 MW to remove it, in the FFHR-c1 
operated at Pfusion ~ 3 GW [19]. Furthermore, the neutron 
damage reduces the lifetime of the superconducting 
magnets. If the FFHR-c1 is operated at Pfusion ~ 3 GW, the 
lifetime of the device will be within a few months [19]. 

 
Fig. 2. Comparison of the device size between LHD (left), FFHR-c1 (center), and FFHR-d1 (right). 

 

  
Fig. 3. The building layout for the FFHR-c1. 














