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LHD-type reactors have attractive features for fusion power plants, such as no requirement of a current drive
and a wide space between the helical coils for the maintenance of in-vessel components. One disadvantage was
considered the requirment of a large major radius to attain the self-ignition condition with a sufficient space for
blankets. According to the recent reactor studies based on experimental results in LHD, the major radius of
plasma is set at 14 to 17 m with the central toroidal field of 6 to 4 T. The stored magnetic energy is estimated at
120 to 130 GJ. Both the major radius and the magnetic energy are about three times as large as those for ITER.
We intend to summarize the requirements for superconducting magnets of the LHD-type reactors and propose a
conceptual design of the magnets with cable-in-conduit (CIC) conductors based on the technology for ITER.
c© 2008 The Japan Society of Plasma Science and Nuclear Fusion Research
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1. Introduction
Superconducting magnets for fusion reactors should

have high mechanical strength, high reliability, and low
costs as well as sufficient current densities in high fields.
Cable-in-conduit (CIC) conductors have been developed
for large pulse coils, and they are adopted for all magnets
of ITER [1–3]. Major features of the CIC conductors are
a large current up to 100 kA, high strength with thick con-
duits, small AC losses, and high cryogenic stability. One
disadvantage is that the necessity of circulation pumps for
forced-flow cooling. The maximum length of the cooling
path is about 500 m, determined by the pressure drop at the
required mass flow against nuclear heating. A CIC conduc-
tor will not be the best for magnets of a helical reactor oper-
ated with a constant current. However, technology related
to the CIC conductors will be strongly improved through
the construction of ITER, especially in cost and the wind-
ing technique. Further, their features of high strength and
large currents are suitable for large magnets for helical re-
actors. Therefore, we study a helical winding with CIC
conductors using ITER technology as a conventional op-
tion.

2. Magnet Systems of an LHD-type
Reactor
A magnet system of an LHD-type reactor consists of

a pair of continuous helical coils and more than one pair
of poloidal coils [4]. The position of the poloidal coils
is determined by the dipole magnetic field, the quadruple
magnetic field, stray field, position of ports, etc. At least
one set of poloidal coils is necessary to adjust the major
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radius of the plasma, quadruple field, and stray field. In
this case, the magnetic field around the machine center is
high, and the stored magnetic energy is large. Two pairs
of poloidal coils are appropriate, because they can reduce
the total weight of supporting structures with reduction of
the stored magnetic energy. In addition, the position of
plasma axis can be controlled without increasing the stray
field. The position of the coils is not determined uniquely
by the above restrictions because of the rest of the degrees
of freedom. The coil position can be adjusted to attain the
space for the blanket, mechanical support, and ports. In
this study, we adopt two additional restrictions that aIV =

aOV and ZIV = ZOV, where a is the distance from the major
radius circle of the helical coils, and Z is the height, as
shown in Fig. 1.

The lead angle of the helical coils is defined as the
pitch parameter γ = (mac)/(lRc), where l, m, Rc, and ac are
the pole number, pitch number, coil major radius, and coil
minor radius, respectively. Figure 2 shows the normalized
magnetic energy of the LHD-type reactors with two sets
of poloidal coils. Since the poloidal coils cancel the verti-
cal field of the helical coils, the magnetic energy increases
with increasing distance between the poloidal coils. It also
increases with increasing γ because the toroidal field area
increases with increasing γ.

The coil current density j is very important for the de-
sign of superconducting magnets. Although the high den-
sity is useful to enlarge the space for blankets and ease
of maintenance, it is restricted by cryogenic stability, me-
chanical strength, and the maximum field. Considering the
space for structural materials inside the winding, j is set
approximately 25 A/mm2 in this study. The highest mag-
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Fig. 1 Magnets and supporting structures of an LHD-type fu-
sion reactor.

Fig. 2 Magnetic energy of LHD-type reactors with two pairs of
poloidal coils. It is normalized to the magnetic energy us-
ing helical coils with γ of 1.15 at the same central toroidal
field.

netic field is also important for the superconducting mag-
nets. The ratio of the highest field to the central toroidal
field depends mainly on the ratio of the height of the heli-
cal coils to ac [5]. The design criterion stipulates the high-
est field to be less than 13.5 T, the same as the ITER-CS
coils.

The necessary magnetic field and size can be deter-
mined by the scaling law for plasma confinement and the
necessary space for blankets. The scaling law of ISS04 [6]
is adopted in this study. First, we studied the necessary
size to satisfy the self-ignition condition in the case that
the enhancement factor of energy confinement is 1.12 in
the ISS04 scaling. Since LHD has attained a factor of 0.93,
the required further improvement is a factor of 1.2 that can
be achieved in the near future. The other design conditions
in this parameter study are the minimum space for blan-
kets of 1.1 m and the helical coil current density of 20-30
A/mm2. The assumptions required to estimate the fusion
power are as follows: a parabolic distribution for both the
plasma density and temperature, helium ash ratio of 3%,

Fig. 3 Average plasma radius and the plasma radius at the posi-
tion of the minimum gap in the helical coils of LHD.

oxygen impurities ratio of 0.5%, and alpha particle heating
ratio of 90%. The plasma density was set to the density
limit of the Sudo scaling [7]. The central temperature was
adjusted to adjust the average β, the ratio of plasma pres-
sure to the central magnetic pressure, to 5%. According
to the ISS04 scaling, high-density operations increase the
energy confinement time. Therefore, the enhancement fac-
tor is less with the higher β operation in which the larger
fusion power is produced.

The plasma shape is assumed to be similar to that of
LHD at the inward shift mode, in which the best plasma
confinement has been achieved. We use the same ratio of
the average plasma minor radius ap to the coil minor radius
as LHD, as shown in Fig. 3. Since the plasma radius is al-
most independent of the current density of the helical coil,
the minimum gap for blanket, ∆d, is derived as,

∆d = ac − ap-in − H/2 − 0.1, (1)

where ap-in is the inward plasma radius at the position
where the plasma is vertically elongated and the blanket
space is the narrowest. The last term of 0.1 m is the space
for thermal shields.

In the above conditions, the smallest major radius is
determined mainly by the space for blankets, rather than
the highest magnetic field. Table 1 shows typical exam-
ples of the design parameters of the FFHR2m2 in the case
of j = 27.5 A/mm2. In addition, the effects of γ and j
on the major parameters are shown in Fig. 4. Although
the coil major radius around 17 m is required for a reactor
similar to LHD, the stored energy is in the range of 120 to
130 GJ in the case of j = 25 A/mm2. It is comparable to
the conventional tokamak reactors. The major radius and
magnetic energy can be reduced by increasing j. On the
other hand, the maximum magnetic field on the coil in-
creases with increasing j. In this design area, high j close
to 30 A/mm2 seems to be preferred to reduce the construc-
tion cost, as far as the mechanical strength can be secured.
The fusion power increases with increasing γ, because of
the increase in plasma volume. The stored energy is pro-
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Table 1 Case study of LHD-type reactors FFHR2m2 j27.5.

Fig. 4 Case study of LHD-type reactors FFHR2m2 for various
current densities of the winding.

portional to the square of the central magnetic field and the
third power of the major radius, and it decreases around γ
of 1.2 under these conditions.

Table 2 Design criteria for CIC conductors based on ITER.

3. Helical Coils with CIC Conductors
Main specifications of helical coils for an LHD-type

reactor, FFHR2 m are as follows: a magnet-motive force
of about 40 MA, a magnetic energy of 120 to 130 GJ, a
coil center line of 150 to 175 m, and an average coil cur-
rent density of 25 to 30 A/mm2. Design criteria for CIC
conductors based on the ITER magnets are summarized in
Table 2. Since the length of the coil center line of a helical
coil is five times as long as that of a TF coil, some modifi-
cations are necessary in addition to adopting a large current
of almost 100 kA. Parallel winding is a practical solution
to shorten the cooling length within 500 m.

Two types of mechanical structures are known for CIC
conductors. One is a thick conduit type, in which rectan-
gular conductors wrapped in insulating tapes are simply
wound. A high stress is induced in the insulating tapes by
addition of forces on the conductors in line. The other is an
internal plate type, in which conductors are wound in the
grooves of the internal plate. The stress in the insulation is
reduced. Besides, the force for winding is relatively small
because of thin conduits. Its disadvantage is the compli-
cated process for manufacturing internal plates. However,
its technology will be improved through the construction
of ITER-TF coils. Internal plates with grooves are suited
for parallel winding, because CIC conductors are placed in
the grooves as shown in Fig. 5. In this structure, a react-
and-wind method is preferred to use a conventional insu-
lator and to prevent huge thermal stress. Nb3Al is a candi-
date for the superconducting strands of the conductor be-
cause of its good tolerance against mechanical strain [8,9].
Degradation of the critical current density of Nb3Al by the
axial strain of 0.4% at 12 T is only 5% in comparison with
more than 30% in the case of Nb3Sn [10]. A method of
react-and-wind can be adopted by managing strain during
winding within about 0.5%.

The magnetic field in the helical coils is the highest in
the first layer and lower in the higher layers. Therefore, the
average current density of the superconducting strands can
be increased by grading the conductors in the case of layer
winding. Non-copper current density of Nb3Sn is given
as [11],

jc = 1/(1/ jc1 + 1/ jc0), (2)

jc0 = j0
(
1 − (T/Tc0)2

)
, (3)

jc1 = C0

(
1 − (T/Tc0)2

)2
B−0.5 (1 − B/Bc2)2 , (4)
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Fig. 5 Concept of helical winding with CIC conductors. The
curvature of the bottom of the coil is determined to attain
the maximum gap to the plasma. The helical coil support
is assembled after winding.

Bc2 = Bc20

(
1 − (T/Tc0)2

)
(1 − T/3Tc0) , (5)

Bc20 = Bc20 m(1 − aε1.7), (6)

Tc0 = Tc0 m(1 − aε1.7)0.333, (7)

where j, T , B, and ε are the current density, temperature,
magnetic field, and strain, respectively. For ITER con-
ductor j0 = 33.51 kA/mm2, Tc0 m = 18 K, Bc20 m = 28 T,
a = 1250 for tensile, 900 for compressive, and C0 = 1150
[3]. Figure 6 shows the non-copper current density of the
strands for various magnetic fields at 7 K with the strain
of −0.5%. In the case of Bmax of 12 T, the average current
density can be increased by 60% by adopting four grades
of conductors. In the case of Nb3Al strands, a higher cur-
rent density can be attained [8].

The typical design parameters of the helical coils are
listed in Table 3, compared with the ITER-TF coils. By
adopting large conductors of about 90 kA and the paral-
lel winding of five-in-hand, the length of the cooling path
is within 530 m including the case of γ = 1.25 in Table
1. By increasing the number of quench protection circuits,
the maximum discharge voltage can be managed to be less
than 10 kV, in spite of the larger inductance and shorter
discharge time constant than the ITER-TF coils. Conse-
quently, the CIC conductors for the helical coils can be
made with the same technology as for ITER.

The winding method is a critical issue for the helical
coils. In the case of LHD, a special winding machine was
developed. The conductors from a rotating bobbin were
formed plastically into a helical shape using a shaping head
near the winding guide. This method will not be compati-
ble with the react-and-wind method, because the allowable
strain is in the range of 0.5% even for Nb3Al strands. A
candidate winding method is as follows:
(1) Conductors are heated for the reaction of Nb3Al on
a bobbin the circumference of which is the same as the
length of one pitch of a helical coil.

Fig. 6 Increase in non-copper current densities of superconduct-
ing strands of helical coil conductors with grading.

Table 3 Specification of a helical coil with CIC conductors.

(2) The conductors are transferred to a reel of a winding
machine. The reel revolves through the helical coil as
shown in Fig. 7.
(3) The conductors are pulled aside by a set of winding
guides and wound in grooves of the inner plate while being
wrapped with glass tapes.
(4) After winding all turns in a layer, the next inner plates
are assembled.

The torsion strain rθ in winding is given as

rθ =
r · tan−1 η

2πac/4
, (8)

where r and η are the radius of the conductor and the
lead angle of the helical coils, respectively. In the case
of FFHR2m2 in Table 1, the strain is estimated at about
0.3%. If plastic forming of the conduit is required to settle
it into the winding groove, extra torsion strain is neces-

S1050-4



Plasma and Fusion Research: Regular Articles Volume 3, S1050 (2008)

Fig. 7 Concept to wind a helical coil with CIC conductors.

sary. Since the effect of the torsion strain on the proper-
ties of superconducting strands is not known, a feasibility
study is necessary. Thus, helical winding with CIC con-
ductors requires the further development of technology for
the ITER-TF coil.

4. Poloidal Coil with CIC Conductors
The poloidal coils of LHD-type reactors are circular,

similar to those of ITER. The typical design parameters of
the poloidal coil of FFHR2m2 are listed in Table 4, com-
pared with the largest poloidal field coil of ITER, PF3 coil.
Since the radius of a larger coil, OV coil, is almost twice
as large as the ITER-PF3 coil, parallel winding is also nec-
essary. Although the coil current is large, the highest mag-
netic field can be lowered to a value less than 7 T by de-
creasing the coil current density. Therefore, NbTi strands
can be adopted, and these coils are expected to be realized
with the same technology as that for ITER.

5. Summary
CIC conductors can be adopted for large helical wind-

ings by adopting layer winding and a parallel winding
method. Since a react-and-wind method is preferred for
large magnets, Nb3Al is a candidate for the helical coil
conductor because of its good tolerance against mechan-
ical strain. It is necessary to demonstrate the feasibility
of its winding method. In addition, structural analyses of

Table 4 Specifications of poloidal coils with CIC conductors for
FFHR2m2 γ1.20 j27.5 (*1).

the winding area are necessary to confirm the mechanical
feasibility of the helical coils with a high current density
of 25 to 30 A/mm2. This conceptual design is expected
to be a conventional option that can be realized by a small
extension from the ITER technology.
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