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Abstract

The numerical optimization of stellarator systems from the viewpoint of plasma equi-
librium, stability and particle confinement has shown that rather good properties can be
achieved in configurations having most of the B contours closed around a magnetic axis
of helical form. Note that the optimized stellarator W7-X (see, e.g., Ref.[1]) belongs just
to this type. The possibility to fulfill the quasi-isodynamicity condition in such type of
stellarators with poloidal closed mod-B contours was analyzed in Ref. [2] for deeply to
moderately trapped particles. In Ref. [3] it was shown for moderate number of periods
N = 6, and aspect ratio per period Ap = R/Na ∼ 2 (R, a are the major and averaged
minor radii of toroidal system), that this condition can be extended to all reflected par-
ticles. It is worth to emphasize that the configurations considered have no symmetric
analogue even for a large number of periods and high aspect ratio. Thus, the confinement
properties of such kind of stellarators for large number of periods should be investigated
step by step. In the present report, some results are presented for a nine-period system.

Introduction

In the present paper, the stellarator configurations with mod-B = constant lines in
the poloidal direction on the magnetic surfaces are considered. For such type of magnetic
configurations, the improvement of the reflected particle confinement can be achieved by
optimization of the contours of the second adiabatic invariant, J =

∫
v‖dl = J (s), to

be constant on magnetic surfaces through the poloidal closure of these contours (s is
normalized toroidal flux; s=1 on the boundary). In Ref. [2], where this condition was
named quasi-isodynamicity, the possibility was shown to satisfy it for deeply to moder-
ately deeply trapped particles. In Ref. [3] it was demonstrated by numerical optimization
that this condition can be satisfied for all reflected particles. A six-period configuration
found with finite β ≈ 5% possesses good collisionless fast-particle confinement. In addi-
tion, it was shown that the requirement of good particle confinement is well compatible
with local interchange-mode stability conditions.

In the configurations of the type considered, the bumpy component of the magnetic
field strength is necessary to create mod-B = constant lines in the poloidal direction
on the magnetic surfaces. To avoid the appearance of islands in the B = constant
lines on the magnetic surfaces, the longitudinal variation of B should be larger then the
poloidal variation of B connected with the curvature of the magnetic axis. In the cross-
sections with magnetic field strength extrema, the toroidal variation of B is zero and
cannot compensate finite poloidal variation. Thus in these cross-sections the magnetic
axis curvature should be zero. Nevertheless, significant curvature of the magnetic axis
is needed in most parts of the system for the creation of a vacuum magnetic well. Note
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that the magnetic well can be realized in systems with poloidal closed B contours due to
the helical-type structure of the magnetic axis. Thus, it is interesting to investigate the
confinement properties of such kind of stellarators for large number of periods. As a step
in this direction, a nine-period system is considered in the present paper. As one can
expect, the secondary currents are smaller in the nine-period configuration in comparison
with the previously optimized six-period system. Because of this, it becomes possible to
find a configuration with an increased value of plasma pressure, < β >= 10%.

Results of numerical optimization

The numerical optimization was performed on the supercomputers Himiko (Germany)
and Prometeo (Switzerland) by using the equilibrium code VMEC [4], the code JMC [5]
for transition to magnetic (Boozer) coordinates and the codes for calculation of different
target functions. The direct particle drift orbit calculation was performed with the MCT
code [6].

Starting configuration and choice of the target functions

The boundary magnetic surface of the earlier six-period configuration [3] with
< β >= 5% was adapted to nine periods with a corresponding change of the aspect
ratio from 12 to about 22. The transformed configuration had very small secondary cur-
rents and almost zero or even inward magnetic axis shift both for zero and high enough
β, and possesses a vacuum magnetic well (except in the near-boundary region). This
configuration was optimized at < β >= 10% by using the conditions of pseudosymmetry
[7], closure of the second adiabatic invariant contours [8] and Mercier and resistive mode
stability criteria.

The structure of the surfaces B = constant and particle confinement

Fig. 1 shows a 3D view of the boundary magnetic surface of the optimized
N = 9 configuration. The color here marks the value of the magnetic field strength
on the boundary. It is seen that the lines B = constant go around the magnetic axis
(see, also, Fig. 2). The structure of the surfaces B = constant is shown in Fig. 3 along
with two magnetic surfaces. The reflected particles are trapped between the correspond-
ing surfaces B = constant, i.e. inside the system period. Fig. 4 shows the contours of the
second adiabatic invariants in polar representation

√
s, θB for a set of increasing values

of Breflect.

Fig. 1. 3D view of optimized nine-period con-
figuration. The color defines the value of the
magnetic field strength.
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Fig. 2. Contours of B on the magnetic sur-
face with s = 0.25 (one half of minor plasma
radius) for the optimized configuration.
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Fig. 3. The magnetic surfaces are intersected
by surfaces B = constant. One system period
is shown.
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Fig. 4. Contours of the second adiabatic
invariant in polar representation (normalized
plasma radius

√

s, poloidal angle θB) for in-
creased set of Breflect

An example of projection of the trapped α-particle drift trajectory along the magnetic
field lines on the surface ζB = constant is shown in Fig. 5. Here the color marks the value
of the parallel velocity. The quality of the fast α-particle confinement was checked by
direct calculation of the collisionless guiding centre orbits of 1000 particles during 1 sec
and the results of these calculations are shown in Fig. 6. The following power plant-size
normalization was used: B0 = 5T and a plasma volume of 1000 m3. It is seen that there
is almost zero loss for particles started at 1/2 of the plasma minor radius, while about
10% of particles started at 2/3 of the plasma radius escaped from the plasma, despite
the closure of most of the J contours.
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Fig. 5. The projection of α-particle colli-
sionless guiding centre trajectory on the cross-
section ζB = constant. The colours define the
sign and the value of the parallel velocity (red
corresponds to positive direction, blue means
negative direction).
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Fig. 6. Collisionless α-particle confinement
in the optimized configuration as a function
of the time of flight. Particles are started at
sstart = 0.25 (red, 1/2 of the plasma radius)
and at sstart = 0.44 (blue, 2/3 of the plasma
radius); the dashed lines show the fractions of
the reflected particles.

Equilibrium and stability properties of the optimized configuration

Fig. 7 shows the cross-sections of the optimized configuration in the beginning, one
quarter and one half of a period and radial profiles of the rotational transform, magnetic
well and plasma pressure for almost zero β (top) and < β >= 10% (bottom).
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Fig. 7. Cross-sections of optimized config-
urations for < β >= 0 and < β >= 10%.
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Fig. 8. Mercier and resistive mode stability of
optimized configurations.

It is seen that the vacuum configuration has a magnetic well of the order of 1%. The
transition from zero β to < β >= 10% increases the shift of the magnetic surfaces
only slightly, the rotational transform profile is not changed very much, too. Fig. 8
demonstrates that Mercier and resistive modes are stable in this optimized configuration.

Conclusion. It is shown by numerical optimization for configurations with
mod-B = constant lines in the poloidal direction on the magnetic surfaces that increas-
ing the number of plasma periods and aspect ratio permits to realize good collisionless
particle confinement properties and to satisfy the local interchange-mode stability cri-
teria for a sufficiently high < β > value. In spite of the small toroidal curvature of the
magnetic axis, a vacuum magnetic well can be created due to the non-planar behavior
of the magnetic axis.
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