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1. Introduction

The magnetic coil system of Wendelstein 7-X is the result of an optimization procedure con-
cerned with the physics properties of a magnetic configuration important for a fusion reactor,
such as equilibrium, stability, neoclassical transport and o-particle confinement [1]. The optim-
ization led to a 5 field period HELIcal-axis-Advanced-Stellarator HELIAS configuration with
reduced equilibrium and bootstrap currents. Good «-particle confinement required a toroidal
mirror of 10% and was also beneficial for further reduction of the bootstrap current. The mirror
ratio is defined as (Bg=0-B¢=36)/(Bo=01Bg=36), =0, 36 being the toroidal angles of the two sym-
metry planes. Major resonances are avoided by a rather flat profile of the rotational transform t
with a central value above 5/6 and below 1 at the boundary. A vacuum magnetic well of 1% to-
gether with the finite shear in the outer half of the plasma provides MHD-stability up to <B>-
values of 5%. The configuration was realised with 10 modular coils per field period. For experi-
mental flexibility, the currents in the modular coil system can be adjusted independently, so that
the toroidal mirror can be varied to influence size, location and behavior of the trapped particle
population. An additional 4 planar coils per period allow the adjustment of rotational transform
and plasma position. Reference cases have been proposed at the beginning of the project [2,3] to
show the flexibility regarding rotational transform (low- t, (5/6), standard (5/5), high- t. (5/4)),
shear (low-shear), toroidal mirror term (high- (10%) and low-mirror (0%) compared to standard
(5%)) and plasma position (in- and outward shifted). The optimization point in this set is the
high-mirror configuration and the standard configuration is named as such because all modular
coils carry the same current (no planar coil currents). However, to date there has been no
systematic investigation of the large configuration space offered by the W7-X coil system.
Limited work was done on stability [4] and on neoclassical transport for optimizing HELIAS-
type configurations [5].

This paper starts to investigate the configuration space by considering configurations with dif-
ferent toroidal mirror fields. First, important properties of the reference cases are summarized
with their implications for interchange stability. Next, configurations with very large mirror ra-
tios (ca 20%) are explored with respect to interchange stability and initial results on neoclassical
transport properties are reported. The pressure profiles generally used are linear in the toroidal
flux. The free-boundary 3D-equilibria were calculated with VMEC2000 [6], the local inter-
change stability analysis is based on the JMC-code[7] and neoclassical transport coefficients
were calculated with the DKES-code [8].

2. Reference cases

The reference cases can be viewed as basic variations of the standard configuration in three dir-
ections of the configuration space: mirror-ratio, t and plasma position. In a simplistic model, the
modular coils are used for mirror variation and the planar coils for the variation of t and plasma
position. For simplicity this intuitive view is used here, although it should be noted that position
variation effectively varies the mirror field. The low-shear and the limiter case can be inter-
preted as configurations resulting from combinations of these 3 basic variations. Except for the
high- and low- t cases, all reference cases are located at a boundary-t, value just below the 5/5-
resonance. Figs 1 and 2 show shear and vacuum magnetic well depth for the different configur-
ations being important quantities for local interchange stability. Note that the shear increases
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Fig. 1: Shear variation of reference cases.
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Fig.2: Vacuum magnetic well for reference
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Fig.3: Summary of vacuum configuration
changes on shear and magnetic well (black
arrows), and on parallel current densities
suppression (ved arrows). Interesting regions
are marked with symbols (stars/crosses).

0.6 ’—’_//’//\
05 __/_/477%"/”
A ——
8 ———
I — ]
% high-iota ——
“.‘} 031 low-iota ——
N‘; 02 | high-mirror —— |
04 inward-shifted ——
g outward-shifted ——
0 ‘ ‘ ‘ _low-shear ——
0 5 10 15 20 25 30 35
flux surface volume

Fig4: Parallel current density suppression
for reference cases. A classical stellarator has
avalue of 2.

and the magnetic well deepens with t, with in-
ward-shifting and with a lower mirror-ratio. With
respect to inward/outward shifting the effect on
the magnetic well is opposite to the situation in
LHD where outward shifting deepens the magnet-
ic well. The mirror ratio affects the shear only
slightly but affects the vacuum magnetic well
depth similar to inward/outward shifting. The
joint effect can be seen in the low-shear configur-
ation being a combination of outward-shift and in-
creased mirror field. This is summarized in Fig.3,
where black arrows show the trend to less stable
configurations. Note that all except the low-shear
configuration are Mercier stable for <f>-values
up to at least 5-6%, since finite shear acts to
stabilise at outer radii where the derivative of V' is
marginal or positive in some cases, e.g. low- t and
high-mirror cases. These configurations already
show resistive interchange unstable regions at the
boundary for low <B>-values (below 1%).
Another figure of merit to assess configuration
properties is the ratio of the average of the square
of parallel to perpendicular current density (see
[7] for its definition). Since the pressure driven
parallel current density is inversely proportional to
t, this dependency can be removed by multiplying
the ratio by t%. For a classical stellarator this figure
of merit can be estimated to be 2. The suppression
of the parallel current density by optimization
shows up in a reduction of this value. Fig. 4 shows
a reduction by roughly a factor of 4 for the refer-
ence cases. Within them the ratio falls with in-
creasing t and mirror-ratio and with inward-shift-
ing. The latter behavior differs from the one ob-
served for shear and vacuum magnetic well. Fig. 3
summarises this with the help of red arrows.

3. Cases with very large toroidal mirror

In a first step the mirror ratio was scanned from
slightly inverted (ca -3%) to values twice as large
as that of the high-mirror reference case (ca.
23%) without using the planar coils, thus keeping
the boundary value of the rotational transform
roughly at 5/5. To perform the scan, the two coil
currents around the triangular plane (¢=36°) were

varied simultaneously while the others were kept constant. The tendency seen with mirror-
ratio in the reference cases is also obvious here: with increasing mirror-ratio, the shear is
slightly reduced (Fig.5) and the vacuum magnetic well becomes less stabilizing (Fig.6), so
that for the largest mirror ratio considered here, a significant vacuum magnetic hill region
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combination with outward-shifting (vim,lo-t-
outw.). In the latter cases, a vacuum magnetic hill region with low shear extends over the en-
tire plasma volume. These configurations are Mercier-unstable from the very beginning with
no indication of stabilization with higher B-values. The second class shows a strong suppres-
sion of the parallel current density — up to a factor of 3 compared to the standard reference
configuration - and arises when shifting inward or when going to high-t. These configurations
show an increased shear and a deeper vacuum magnetic well. They are stable for very low [3-
values but develop a Mercier-unstable region in the outer half of the plasma volume which
grows as 3 increases. The configurations prove to be very stiff due to the strong reduction of
the parallel current densities: very small changes in the t-profile, no significant Shafranov-
shift even at high . The strong reduction of the parallel currents results from the coupling of
the mod-B Fourier harmonics B, (in Boozer-coordinates) By, (toroidal mirror) and By; (helic-
al) which, for large enough By, can compete with By (toroidal curvature term) in the drive of
the parallel current densities. A complete suppression of the dipole-part of the secondary cur-
rents can be achieved and is especially attractive when combined with good stability and
transport properties [9].
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4. Neoclassical transport

We investigated the neoclassical transport
properties at r/a=0.5 and compared the refer-
ence configurations with different mirror ratios
(mr=0, 4 and 10%) with the large mirror cases
(mr=13, 18 and 23%) and added one case
between low-mirror and standard configuration
and two cases extrapolated to negative mirror
ratios. As seen in Fig. 8 from the effective hel-
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al bootstrap current coefficient for E,=0 vs which is not yet understood. First investiga-

normalised collisionality for mirror scan. tions on the effect of the radial electric field

show an improvement in the particle transport as usually observed. For the bootstrap current,

however, the calculations show that part of the optimisation may be lost for medium electric

field strengths, leading to values with a sign depending on the toroidal mirror.
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