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Abstract

A new modular helical configuration named "Modular Heliotron” with clean
and efficient helical magnetic divertor is proposed as an extension of the
present conventional design of the continuous helical coil system. The
sectored helical coils on one plane of the torus and the sectored returning
vertical field coils on the other plane are combined. This coil system
produces magnetic surfaces nearly equivalent to those of the £ =2 helical
system with one-pair poloidal coils, and overcomes the defects of
construction and maintenance difficulties of the continuous coil systems. This
concept satisfies the compatibility between the coil modularity and the
sufficient divertor-space utilization, different from previous modular coil
designs. The allowable length of the gap between each modular coil is
clarified to keep good magnetic surfaces. Typical examples of the reactor coil
configuration are described as an extension of the LHD (Large Helical
Device) configuration.

Keywords:  modular coils, helical system, helical divertor,
magnetic surface, heliotron/torsatron, steliarator



1. Introduction

Helical confinement configurations bave remarkable advantages in
demonstrating steady-state operations of fusion reactors [1]. From this
viewpoint the helical systems are superior to the tokamak systems that might
suffer from serious plasma current disruptions. This will be demonstrated in
the LHD (Large Helical Device) [2] in the near future.

Helical systems are presently suffering {rom the anomalous plasma
energy loss as well as tokamak systems. As has been demonstrated in
tokamaks, clean divertor configurations for recycling controls are important
to improve plasma confinement like H-mode. Even in helical systems an H-
mode transition requires clean magnetic separatrix [3]. Moreover, impurity
and ash exhaust controls in the reactor require efficient divertor pumping.
This clean and efficient divertor concept with helical magnetic separatrix
will be demonstrated in the LHD with continuous helical coil systems.
However, the continuous coil system requires sophisticated SC joint concept
[4] to keep modularity, otherwise, it might become quite difficult to
consiruct and repair this coil system.

To keep easy maintenance and reliable modularity in the helical system
the W7-X modular stellarator project is proposed [5]. Especially, plasma
shapes are optimized for high-beta and good confinement with sophisticated
modular coils. However, this is not optimized for magnetic separafrix
configurations outside the outer-most surface, and therefore will utilize the
local bundle divertor, ergodic divertor or isiand divertor, instead of helical
divertor with larger and efficient divertor chamber space.

Until today, a lot of modular coil systems based on the stellarator
concept are proposed [6-9]. The modular coil design based on
heliotron/torsatron system is also discussed [10]. However, there is no
proposal for the coil configuration compatible between the helical divertor
and the coil modularity.

Both clean divertor and coil modularity are essential for the
achievement of reliable helical reactor systems. This paper proposes an
advance modular helical system named "Modular Heliotron™ that is



compatible with closed helical divertor. This is based on the LHD
configuration [11] with £ =2 and m=10 coil system which was optimized for
high-beta achievement, particle orbit confinement, divertor space utilization
and transport scaling. The effects of gaps between each modular coil on the
magnetic surfaces are also surveyed in this paper.

2. Modular coil configurations

The clean divertor concept and the coil modularity scheme are essential
for the achievement of good plasma confinement and reliable engineering
reactor systems. By using continuous helical coil systems, helical divertor
separatirix can be potentially formed. Especially, the heliotron/torsatron
system is superior to the classical stellarator requiring a pair of plus-minus
helical coil currents, because the larger space for helical divertor chamber
can be utihized and the medium or strong magnetic shear can help good
confinement. Within heliotron/torsatron systems an { =2 system is better than
£ =1 or more than 3 because of enough experimental data-base and the
existence of magnetic rotational transform near the plasma center. This is the
basic reason why the =2 heliotron configuration has been chosen for LHD
[11]. However, this continuous coil system is not preferable as a reactor with
respect to the easy construction and maintenance of the machine, as
summarized in Table 1.

As an extension of this LHD configuration to the reactor, one way is to
use this continuous coil system with superconducting joint [4] for easy
maintenance. Another way is to consider modular coil systems, however, the
previously proposed modular heliotron/torsatron system, for example
"Symmotron” [10], is not appropriate to install efficient divertor pumping
chamber. In a similar manner, the present advanced modular helical
systems, for example Wendelstein-7X configurations [5], are not appropriate
for producing clean magnetic surface near the plasma edge and for keeping
enough space for closed divertor chamber.



As an extension of the present continuous coil configuration, we can
propose new modular coil design for the heliotron/torsatron and the stellarator
as shown in Fig. 1(a) and (b). The essential difference between the present
proposal and the well-known previous modular coil systems is whether the
closed helical divertor can be installed or not. The improvements of the
plasma properties in the continuous coil systems are realized by the plasma
shifting, cross-sectional shaping and/or coil pitch modulations. The same
technique might be used even in these modular systems by adding flexible
coil systems as shown in Fig. 2 (a) and (b). This concept can be applied to
the 0=1or =3 helical systems, too.

These modular concepts can ensure the compatibility between the
sufficient ash exhaust though the helical divertor and the easy reactor
maintenance due to modular coil properties (Table 1). Clean magnetic
separatrix will also help confinement improvement as suggested in the W7-
AS experiment [3].

3. Plasma shaping, magnetic energy and leakage field

We would like to consider one of simplest modular coil systems as
shown in Fig. 1(a), instead of Fig. 2(a). The constraints used here on the
continuous helical coil (HC) with one-pair poloidal coil (PC) are based on
the LHD design described by;

(1) helical coil polarity =2,

(2) helical coil period number m = 10,

(3) pitch parameter gamma y=1.25,

(4) pitch modulation alpha = 0.0, and

(5) position of magnetic axis A=-0.15m at Rg=4m.

Here, the winding law of the helical coil with the major radius Ry and the
minor radius THC 1S given by

8 =(mo /L) + o sin (mo/),

y= (mruac)/(LRo),



where © and ¢ are the poroidal and toroidal co-ordinates, respectively. The
final LHD design parameters (= 0.1,R¢=3.9m) are slightly different from

the above parameters. All these parameters of LHD are determined by the
trade-off among the following issues [2,11];
(1) physics design (orbit loss-cone, high-beta achievement,
divertor clearance and confinement scaling),

{2) scenarios for plasma axis shift and plasma shaping,

(3) reduction of leakage magnetic field, and

(4) minimization of magnetic energy.

Here, we will focus on the advanced modular coil design extended from the
above LHD helical coil. The other shape of this modular coil system is
defined by

(1) location of return coil current ( Tpc/THC, OpC ), and

(2) gap between modular coils ( Agap ),
as shown in Fig. 3.

Figure 4(a) shows the effects of the location of one-pair poloidal coil
(PC) system with continuous helical coil (HC) on the plasma shaping, plasma
axis, and magnetic energy. The poloidal angle of PC is fixed to 45° in this
figure. The increase in Ipc gives rise to the increase in the required poloidal
coil current Ipc and total magnetic energy Wpc normalized by helical coil
energy Wyc. The leakage magnetic field By at Rj = 4Rg becomes nearly zero
at Iec=2Tpc . The quadrupole component of poloidal coil normalized by
that of helical coil, BQ, is almost constant because of fixed angle 6pc. The
condition that the Ipc value coincides with the Iyc is realized at I'pc/Tye =
3.5, and leads to the possibility of simple modular heliotron without PC
systems.

The dependence of these parameters on the angular position of one-pair
PC system is shown in Fig. 4(b). The magnetic energy and the leakage
magnetic field remain almost constant because of fixed I'pc/I'yc, while the
B vale increases as Opc is raised. The typical configuration of Ipc=Iyc is
Ipc/THe = 3 and 6 pe. = 55° Figure 5 shows this coil configuration of
continuous HC and cne-pair PC system and its magnetic surface. Using



these results, we might construct a " Modular Heliotron " as an advanced
modular system with helical divertor.

4. Effects of coil gap on magnetic configurations

The irregular magnetic field will easily destroy the clean magnetic
surfaces of helical confinement configurations. In the present proposed
modular coil system the gaps between each modular coil will make bad
effects on the plasma confinements. These wide gaps are important for
reducing the electromagnetic forces, and for easy mainienance of modules.

Figure 6 shows the variations of magnetic surfaces due to the coil gap
(Agap). The calculations are carried out using single filament model for
simplicity, but the characteristics of the effects of the gap might be
maintained. Without gaps the same magnetic field configurations are
obtained, while the existence of > 6 ° gap between two 18 ° periodic
modules is not acceptable because of the strange shape of plasma cross-
section and the unfavorable existence of the pitch minimum. The gap less
than 4° is acceptable, which is equivalent to 0.7 m distance for Rg=10 m
machine. Since the magnetic field strength of ~ 6 T (the coil current of ~ 30
MA) is required for ignition in this machine, the width of the rectangular coil
is estimated less than 0.55 m in the case of coil current density of ~ 100
A/mm?2, which is within the above-stated permissible gap of 0.7m.

By changing the position of return module current and/or adding
supplementary PC systems, we might enlarge the modular gap without
sacrificing the magnetic surfaces. More optimized coil configurations will be
investigated in the near future.

5. Discussions and summary

In summary, we proposed new modular helical coil systems compatible
with the closed helical divertor operations as an extension of the present



continuous coil concept. Generally we can produce nearly same magnetic
surfaces by this modular system as those obtained by the equivalent
continuous coil design. We studied the effect of the gap between each module
on the magnetic surfaces and clarified the effectiveness of this new modular
helical system (called "Modular Heliotron™) as a reactor system (Fig. 7).

'The remaming items relevant to this modular coil system is as follows:

(1) analysis of magnetic surfaces and separatrix using finite-sized coils,

(2) possible utilization of pitch-modulated and non-circular helical coil

windings for configuration optimization,

(3) reduction of electromagnetic forces on the modular coils, and

(4) stability and transport analyses as a function of the gap length.
These issues are now under investigation and will be published in the near
future.
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Figure Captions

Fig. 1 Modular Coils for Helical Configurations.
(a) Modular Heliotron
(b) Modular Stellarator

Fig. 2 Flexible modular systems
(a) addition of modular poloidal field coils
{(b) addition of modular toroidal field coils

Fig. 3 Configuration of £ =2 Modular Heliotron

Fig. 4 Position of the return coil vs. coil current, quadrupole field component
and magnetic energy for 1 =2 Modular Heliotron.

(a) effects of radial position,
(b) effects of angular position.

Fig. 5 Magnetic configurations with one-pair poloidal coils
(a) £ =2, m=10 continuous coil system at I'pc/Tuc=3, Opc=55",
(b) magnetic surfaces.

Fig. 6 Magnetic configurations by modutar helical coils.
(a) 2=2, m=10 modular coil system with A gap = 4°, I'pcTuc=3 and
Opc=55",
(b) effects of A gap on magnetic surfaces,
(c) effects of A gap on rotational transform .

Fig. 7 Modular Heliotron Reactor Concept.
{a) single reactor module,

(b) schematic cross-sectional view of Modular Heliotron Reactor.
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