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LHD-type fusion reactor magnetic configuration with helical coils
winding along geodesic line of a torus
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A new concept, the geodesic winding helical coil system, to satisfy the requirement of the wide blanket
space and the large plasma volume is proposed for the LHD-type fusion reactor. The position of the magnetic
axis shift close to the center of the two helical coils. The magnetic well is formed in the core region, and the
high magnetic shear is present in the peripheral region. The D-shaped to the bean-shaped cross-section of the last
closed magnetic surface is produced at vertically elongated cross-section. Direct loss of 3.52MeV alpha particles
is reduced by the adoption of a ”winding frame” with oval shaped cross-section.

1. Introduction
LHD-type magnetic configuration (` = 2 Heliotron

configuration) is produced by continuous helical and verti-
cal coil systems. LHD experiments have achieved an aver-
age beta value of 5 % without beta collapse.

The LHD helical coils are wound asθ = pφ+αc sinpφ
on a torus with circular cross section (Rc = 3.9m, ac =

0.975m), wherep is the helical pitch number (≡ m/` = 5).
The coil pitch parameterγ ≡ (m/`)/(Rc/ac) = 1.25. The
small pitch modulation ofαc = 0.1 was determined by con-
sidering the the gap distance between the first wall and the
last closed magnetic surface (LCFS) and the confinement
properties of the high energetic particles [1]. High helical
symmetry of magnetic surface with elliptic cross-section,
and good confinement of high energetic particles of stan-
dard LHD configurations have been numerically confirmed
[2]. High performance of energetic particle confinement
was experimentally proved by a high energy ion tail which
extended up to 1.6MeV during the long-pulse ICRF heat-
ing operation of LHD [3].

In the LHD-type fusion reactor (FFHR) design stud-
ies, the balance blanket space and plasma volume become
an important issue. Kozaki have pointed out that theγ de-
pendence of magnetic structure is essential in LHD-type
reactors, which is critically sensitive not only for optimiz-
ing plasma volume but also for selecting the optimum blan-
ket conditions[4]. Sufficient blanket space is necessary for
adequate tritium breeding and for shielding the magnet.
For this purpose, the smallγ configuration is preferable,
but this leads to the reduction the plasma volume.

For the compatibility of the sufficient blanket space
and the large plasma volume, we have studied the pos-
sibility of the D-shaped cross-section of the LCFS. For
this purpose, we have analyzed numerically the mag-

netic configuration produced by the helical coils winding
along a geodesic line of a torus, which we call the torus
as ”winding frame” for the helical coils. The effective
value of the coil pitch parameterγ of the geodesic line
is reduced(increased) inboard(outboard) side of the torus.
Therefore, the enough space between the first wall and the
LFCS is reserved, and the position of the magnetic axis
shift close to the center of the two helical coils, and the vol-
ume of the LCFS increased and magnetic well is created.
However, when the cross-section of the ”winding frame”
is a circle, the geodesic line is very close to the pitch mod-
ulation curve withαc ' 0.532, (Rc = 3.9m,ac = 0.955m).
Helical field produced by large positive pitch modulation
winding law has very poor confinement performance for
the high energetic particles. To recover the confinement
performance for the high energetic particles, we have de-
veloped a magnetic configuration with helical coils wind-
ing along geodesic line of a ”winding frame” with oval
type cross-section.

In Sec. 2, we describe the helical winding along the
geodesic line on a toroidal oval. Characteristics of the
magnetic lines of force produced by the helical coil sys-
tem is summarized. In Sec. 3, we discuss our results.

2. Helical winding along the geodesic line on
a toroidal oval
To achieve an excellent alpha-particle confinement,

we mitigate the variation of magnetic field intensity dis-
tribution in horizontally elongated cross-section (φ = 0)
by introducing a ”winding frame” with oval shaped cross-
section as shown in Fig.1(a), given by constant major ra-
dius Rc and variable minor radiusa(χ). The orbit of the
helical coil centerrc is given

rc(φ) = {Rc cospφ + a(χ) cos(χ − pφ)} i



+ {−Rc sinpφ+ a(χ) sin(χ − pφ)} j , (1)

using helical rotating helical coordinate system [2]. The
orbit lengthL of the helical coil centerrc is given

L =

∫ π/2p+2π/p
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)2

dφ, (2)

the Euler equation for the geodesic line is reduced to
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In the present paper we have adopted the following func-
tional form for the variable minor radius,

a(χ) = a0

(
1 + a2 sin2 χ + a4 sin4

)
, (5)

with parameters shown in Table.1, with scale correspond-
ing to the LHD.

Table 1 Parameters of ”winding frame” of geodesic winding he-
lical coils(I) and of the LHD helical coils(II).

p Rc (m) a0 (m) a2 a4 Rax (m) Vlcfs (m3)
I 5 3.9 0.865 0.4 0.5 3.9 67.0
II 5 3.9 0.975 0.0 0.0 3.6 28.9
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Fig. 1 (a): An example of oval shaped cross-section of a ”wind-
ing frame” for helical coils. (b): Variation of poloidal
angleχ of geodesic line on the ”winding frame”. One
period of toroidal angleφ for the helical coils is 2π/5,
because ofp = 5.

Structure of the magnetic surface is shown in Fig.2
and distributions of the rotational transformι/2π and the
specific volumeU, produced by helical coils winding
along geodesic line of a toroidal oval, is shown in Fig.3.

Fig. 2 Magnetic configuration produced by helical coils, wind-
ing along geodesic line of a toroidal oval. Poincaré plot
of the lines of force atφ = 0, π/20, π/10 are shown with
the cross-section of helical coils and vacuum vessel.
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Fig. 3 Distributions of the rotational transformι/2πand the spe-
cific volumeU produced by helical coils, winding along
geodesic line of a toroidal oval.

3. Discussion
It is shown that the geodesic winding helical coil

method satisfies the requirement of the wide blanket space
and the large plasma volume. The magnetic well is formed
in the core region, and the high magnetic shear is present in
the peripheral region. In addition, geodesic winding allows
tightening winding of the superconducting wires.

Numerical computations show the 14.0% direct loss
rate of 3.52MeV alpha particles, born uniformly in the
region of ρ/ρlcfs ≤ 0.8, for the case ofRc = 14m and
Bax = 6T. The direct loss rate of alpha particles of standard
LHD configuration under the same condition is 0.2%

For discussing the geodesic winding helical coil sys-
tems, the author thanks the members of the Meeting on
Helical Reactor Design at the National Institute for Fusion
Science.
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