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h  i g  h  l  i g  h  t  s

• New  ideas  proposed  to  solve  key  issues  in  a helical  fusion  reactor  are  introduced.
• A  structural  design  modification  involved  new  ideas  are  investigated.
• Electromagnetic  force  and  stress  distribution  of a  coil  support  structrure  is  shown.
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a  b  s  t  r  a  c  t

A  conceptual  design  for a  helical  fusion  reactor  is currently  being  undertaken  by  the  National  Institute
for  Fusion  Science,  Japan.  The  coil  support  structure  is  designed  from  the  perspective  of  the  allowable
stress  of the material.  A continuous  helical  coil  winding  with a low  temperature  superconductor  and  a
water-cooled  divertor  made  of  tungsten  and  copper  alloy  have  been  considered  for  use  in this  reactor,
and  it  is  defined  as  the  basic  option.  Several  flexible  design  options  have  also  been  proposed;  these
options  solve  existing  issues  in the  basic  option  and  they  are  treated  as  the  challenging  options.  They
can  be  implemented  by  modifying  the  structural  components  of  the  basic  option.  The  structural  design
modifications  need  to be made  in  order  for the  challenging  options  and  the  mechanical  soundness  were
investigated.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

A conceptual design study for a helical-type fusion reactor is
being conducted by the National Institute for Fusion Science in
Japan. It is developing a Large Helical Device (LHD) type fusion reac-
tor that has been designated the codename FFHR-d1 [1,2]. Fig. 1
shows the magnet system of this reactor; it is comprised of one
pair of helical coils (HC), two sets of vertical field coils (VFC), and a
coil support structure. The major and minor radii of the helical coils
are 15.6 m and 3.774 m,  respectively. The magnetic field at the cen-
ter of the plasma is 4.7 T, and the total magnetic stored energy is
160 GJ. The coil support structure has been designed so as to have
large apertures that allow for the maintenance of in-vessel compo-
nents. The structure was also designed with the perspective of the
allowable stress of the structural material in mind.
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A continuous helical coil winding with a low temperature super-
conductor (LTS) and a divertor made of tungsten and copper alloy
with water cooling are considered for use in the “basic option” of
FFHR-d1. A construction scheme has been carried out with this
specification in mind, along with research and development into
the components that would be used in FFHR-d1. In addition to
this basic option, there are several flexible design options that look
to solve the issues the basic option has; these issues include the
winding method of the huge helical structure, high heat flux and
neutron irradiation of the divertor component, and the narrow
space between the plasma surface and the helical coil at the inboard
side of the torus.

The alternative design proposals that address these issues are
treated as “challenging options.” For example, a joint coil wind-
ing with a high temperature superconductor (HTS), an additional
helical coil with a negative current flow that widens the distance
between the plasma surface and the main helical coil, and a liquid
metal divertor with molten tin, have been proposed.
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Fig. 1. Schematic of the FFHR-d1, and cross section of the superconducting helical
coil.

This paper investigates the structural design modifications that
would need to be made in order for the challenging options to be
used.

2. Challenging options and structural components

2.1. Joint-winding of the helical coil with a HTS

Two types of cooling schemes have been proposed for the basic
option’s helical coil: one is a cable-in-conduit conductor using an
LTS [3]; the other is an indirect cooling system with an aluminum
alloy-jacketed LTS [4]. Both assume a continuous winding method.

A challenging idea is the “joint-winding” that efficiently connect
segmented HTS [5]. A prototype HTS conductor sample having also
a bridge-type mechanical lap joint successfully achieved 100 kA at
20 K, 5.3 T with a low-resistance joint of 1.8 n� [6].

There is no difference in the final cross section of the helical coil
winding package between the joint-winding and the continuous
winding methods. As a result, any candidate superconductor and
winding method can be adopted as the spatial design for the coil
support structure since the electromagnetic (EM) force induced by
the coils is identical.

2.2. Using a NITA coil as a supplementary helical coil

�c−p is the distance between the plasma surface and the bot-
tom of the HC, and it is estimated to be 890 mm in the basic option
of FFHR-d1 [7]. �c–p could be enlarged by setting an additional HC,
named NITA (Newly Installed Twist Adjustment) coils, outside the
main helical coils and providing them with an oppositely directed
current. This can increase the �c–p to more than 1 m without
decreasing the average minor radius of the plasma [8].

A coil current of HCs and the VFCs are needed to increase to
maintain the plasma volume and the geometrical center. Table 1
shows the coil specifications of both the basic option and the option
where the NITA coils are added. It can be seen that the EM force
distribution can be changed by adding in the NITA coils. As a result,
the coil support structure is possibly needed to be re-designed in
case of the NITA coil addition.

Table 1
Coil geometry and current specifications for the FFHR-d1 basic option and the NITA
coil  addition.

Basic option with NITA

HC major radius 15.6 m ←−
HC  minor radius 3.744 m 3.9 m
HC  current 36.66 MA  39.715 MA
NITA minor radius – 7.488 m
NITA current – 3.06 MA
Inner VFC current 18.5 MA 22.05 MA
Outer VFC current −19.88 MA ←−

Fig. 2. Fundamental design of the basic option of FFHR-d1 (above), and the modified
design involving the challenging options (bottom).

2.3. Liquid metal divertor

The steady state heat load in the divertor system exceeds
20 MW/m2 at its peak. The basic option for the divertor system is a
full helical construction made from a tungsten and copper alloy and
cooled by flowing water. The divertor component has to remove an
extremely large amount of heat flux, and it is also severely irradi-
ated.

Alternative challenging options include a liquid metal diver-
tor using a shower of molten tin [9] and a novel divertor location
[10,11] (which will be discussed in 2.4). The first of these options
is expected to deliver high divertor durability, small amounts of
radioactive waste, and high permissible heat loads. In order to
implement this system into FFHR-d1, an additional aperture has to
be made so as to allow vertical access to the liquid metal divertor,
which is set at the cross-point of the divertor’s legs at the inboard
side of the torus. Furthermore, the inner port area has to be enlarged
so that a circulation pipe and an exhaustion path can be installed
through the inner port.
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