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Abstract

At IPP Garching, the future experiment Wendelstein VII-X is being developed.
A Helias configuration ( Helical Advanced Stellarator ) has been chosen because of its
confinement and stability properties [1]. The goals of Wendelstein VII-X are to continue
the development of the modular stellarator, to demonstrate the reactor capability of this
stellarator line, and to achieve quasi-steady-state operation in a temperature regime
above 5 keV. This temperature regime can be reached in Wendelstein VII-X if neoclas-
sical transport plus the anomalous transport found in Wendelstein VII-A prevails. A
heating power of 20 MW will be applied to reach the reactor-relevant parameter regime.

The magnetic field in Wendelstein VII-X has 5 field periods; other basic data are:
major radius Bo = 6.5 m, magnetic induction Bo = 3 T and stored magnetic energy
W =~ 0.88 GJ. The average plasma radius is 0.65 m. Superconducting coils are favoured
because of their steady-state field, but pulsed water-cooled copper coils are also being
investigated. Unlike planar circular magnetic field coils which experience only a radially
directed force, twisted coils are subject to a lateral force component as well. Studies
of various superconducting coil systems for Helias configurations have shown that the
magnitudes of these radial and lateral force components are comparable. Based on
a support model the mechanical stresses are calculated; all components of the stress
tensor are of equal importance. Other studies are concerned with the many complex
engineering aspects presented by the construction of non-planar superconducting coils.




I. Introduction

Wendelstein VII-X is a continuation of the Advanced Stellarator line, which has been
developed at IPP Garching and successfully inaugurated with the construction of Wendel-
stein VII-AS . Wendelstein VII-X will go a step further than Wendelstein VII-AS , aiming
to reach reactor-relevant parameter regimes and to demonstrate the reactor capability of
modular stellarators. For this purpose, Wendelstein VII-X has been chosen to be large
enough to give access for powerful heating and to allow quasi-steady-state operation. The
main goals of the Wendelstein VII-X experiment are:

e to achieve quasi-steady-state opération in a reactor-relevant parameter regime with
temperatures above 5 keV and densities above 102° m—3,

e to demonstrate stable plasma equilibrium with (8) = 5%,

e to confine a plasma over a sufficiently long period of time, allowing extrapolation
to reactor parameters,

e to control the plasma density and impurity content,

e to operate the magnetic field in steady state with a field generated by modular
superconducting coils.

Wendelstein VII-X does not aim at ignition; therefore D-T reactions will not occur and
provisions for handling radioactive materials need not be made. The temperature goal
of 5 keV has been chosen since in a reactor this temperature regime must be reached
with auxiliary heating only, without the assistance of a-particle heating which becomes
important at higher temperatures. The aim of (8) = 5% results mainly from economic
considerations; since fusion power output grows with (8) , the limits of () , set by plasma
instabilities, must be pushed as high as possible and explored experimentally.

Confinement is also a critical issue facing stellarator reactors; even given the assumption

of neoclassical losses a careful optimization of particle orbits and the magnetic configuration '

must be made in order to reach ignition. Therefore, particular attention will be given to
this topic in Wendelstein VII-X .

Another important issue is steady-state operation, which is one of the principal ad-
vantages of stellarator reactors. In the Wendelstein VII-X experiment this means a pulse
duration of 20-30 seconds, since in this time all transient phenomena presumably have
saturated and a steady state has been reached. Such a state may be endangered by con-
tinuous impurity release from the wall and impurity accumulation in the plasma center;
control of these effects and a careful examination of the underlying mechanisms is a major
goal of Wendelstein VII-X .

The envisaged pulse duration of the plasma, the available space for coils and relevance
for future application in reactors has led to the decision to produce the magnetic field by
modular superconducting coils. With a magnetic field of 3 T on axis and 6 T at the coils,
it is possible to employ the existing technology of NbTi. Normal-conducting modular coils
have been built already and are successfully in use on Wendelstein VII-AS . Based on
feasibility studies made by industry, it is believed that extending this technique to larger
experiments and superconducting coils does not present insurmountable difficulties.
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II. The Principles of Optimization

Since plasma confinement and stability depend mainly on the properties of the mag-
netic field (e.g. rotational transform, shear, magnetic well, and the structure of B on the
magnetic surfaces) a careful optimization of the magnetic field and the modular coils is
required to simultaneously achieve the following desirable properties:

I. High quality of the magnetic surfaces.
This implies a confinement region with good magnetic surfaces and an average aspect ratio
A < 10. If low-order rational surfaces are avoided, field errors cause only small islands
which are considered to be harmless. For this purpose, the shear must be small but finite.
A typical value is 6¢ /¢ = 0.1.

II. Good finite-8 equilibrium properties.
A small Shafranov shift and a small variation of the rotational transform with (3) for
vanishing net toroidal current will yield a high equilibrium-(8) limit. This is possible
when < j”2 /72 > < 1, which is primarily achieved by a suitable combination of helical
curvature and elliptical flux surface cross-section; see for example (1, 2].

ITII. Good MHD-stability properties.

MHD stability in low-shear stellarators is mainly provided by a magnetic well. A vacuum
field magnetic well of approximately 2% can be created by exploiting the helical curvature
and suitably chosen indentation and triangularity of the flux surfaces. Magnetic well
stabilization of resistive interchange modes at high (3) values requires sufficiently reduced
parallel current density. Side conditions on the magnetic surfaces (aspect ratio, local
curvature, local flux surface spacing) have to be observed in order to avoid ideal ballooning
instabilities becoming more restrictive than Mercier instabilities.

IV. Reduced neoclassical transport in the 1/v regime.

Isodynamic configurations (3] have j; = 0 and classical instead of neoclassical losses but
apparently cannot be closely approximated at a finite aspect ratio because it is impossible
to eliminate all poloidal variation from B in a curved system. The existence of quasi-
helically-symmetric stellarators [4] implies that toroidal stellarators without 1/v transport
exist. The general nonaxisymmetric stellarator can be characterized by a normalized ripple
transport coefficient D = 1.6562 /2 L*(L*= normalized mean free path) with the magni-
tude of the equivalent ripple 6. determined by Monte Carlo simulation of electron transport
in the long-mean-free-path (Imfp) regime. This ripple must be kept small, typically 2%
or smaller at half of the minor radius, to guarantee sufficiently good neoclassical energy
confinement. This can be achieved by reducing the radial drift velocity of particles.

V. Small bootstrap current in the Imfp regime.
The bootstrap current alters the rotational transform and for this reason it is particularly
dangerous in low-shear stellarators. While axisymmetric configurations exhibit a bootstrap
current which increases the rotational transform, quasi-helically-symmetric stellarators
show a ‘reversed’ bootstrap current, i.e. one which decreases the rotational transform. It
is possible to reduce the bootstrap current to a tolerable level by a proper combination of
helical components and toroidal curvature effects in B on every magnetic surface.




VI. Good modular coil feasibility
Generally, strong geometrical shaping of the plasma boundary will improve confinement
and stability properties while it adversely affects coil feasibility. Thus, side conditions on
the shaping parameters on the plasma boundary have to be used to qualitatively ensure
coil feasibility. Important issues for selecting the coil geometry are the minimum distance
between the coils and the plasma and the minimum radius of curvature of the coils.

A further necessary prerequisite for an experimental device is a sufficiently broad range
of accessible and variable magnetic field parameters, (e.g. field strength, rotational trans-
form and axis position).

In designing Wendelstein VII-X , a simultaneous optimization of all properties men-
tioned above is possible, however some compromises must be accepted. For example, the
necessity of small bootstrap current requires some deviation from quasi-helical symmetry
and therefore an increase of neoclassical 1/v transport occurs. In Wendelstein VII-X,
the resulting enhancement of the plasma losses is small, however confinement of highly-
energetic trapped particles, e.g. a particles in a Helias reactor, may be strongly degraded
by these asymmetries.

I11. Basic Data of Wendelstein VII-X

The magnetic field configuration of Wendelstein VII-X differs from Wendelstein VII-
AS mainly in the shape of the magnetic surfaces and in the existence of a helix-like mag-
netic axis. This Helias concept 1] (Helias = Helical Advanced Stellarator), extends the
principle of minimum Pfirsch-Schliiter current to its maximum while it preserves MHD
stability by maintaining a magnetic well. Helias configurations, which — as candidates for
Wendelstein VII-X — have been investigated for 4, 5 and 6 field periods [5], are character-
ized by a small Shafranov shift and a small change of the rotational transform with finite
(B) . Configurations which are stable up to an average (4) of 9% (resistive interchange
modes) have been found. In the special case of quasi-helically-symmetric configurations
[4] neoclassical transport is very low and comparable to axisymmetric configurations since
trapped particles are on confined orbits. Other Helias configurations are more of the
‘linked-mirror’ type [1,2,6] with poloidally closed mod-B contour lines. Furthermore, He-
lias configurations with very small bootstrap currents for all plasma radii have been found.

For all these reasons, a Helias configuration with 5 field periods has been selected for
Wendelstein VII-X . The choice of 5 field periods is mainly dictated by resistive interchange
and ideal ballooning modes, which lead to {(3) limits below or equal to 3% for 4 field period
configurations. Otherwise, the 4-period case would be preferable due to the less complex
geometrical properties of the coil system. :

For the sake of experimental flexibility, provision has to be made for variation of the ro-
tational transform. The rotational transform of 5-period Helias configurations lies between
0.7 and 1.4 with a shear of §¢ /¢ < 0.2. A variable rotational transform can be achieved by
either dividing the modular coils in an upper and lower winding pack and feeding each one
separately with current or by adding a separate coil system which superimposes a toroidal
field parallel or antiparallel to the field of the modular coils. The latter solution has been
chosen for Wendelstein VII-X ; by superimposing a field of 10%, the rotational transform
can be varied by +25%.




The number of modular coils per field period is driven in opposite directions by the desire
for maximum distance between adjacent coils for heating and diagnostics purposes and the
necessity to minimize the magnetic field ripple arising from these gaps. A compromise has
been found with 12 coils per period.

A heating power of at least 20 MW is necessary to reach a reactor-relevant parameter
regime in Wendelstein VII-X . For this reason, the geometric dimensions of the device have
been chosen large enough to give access to heating schemes like neutral beam injection and
to allow for heat removal systems. Furthermore, the distance between the plasma and the
wall must be made as large as possible to keep wall loading and impurity influx low.

Collecting all physical arguments, a magnetic field on axis of 3 T and a major radius of
6.5 m (leading to an average plasma radius a = 0.65 m) have been chosen for Wendelstein
VII-X . A representative coil system of Wendelstein VII-X and magnetic surfaces are shown
in Figs. 1-2 for the case HS-5-8. In this specific version, the rotational transform on axis is
¢ = 1.02 and ¢+ = 1.18 on the boundary. By a slightly different choice of the geometrical
parameters another version, HS-5-7, with ¢ (0) = 0.75 and ¢ (e) = 0.95 is obtained. A list
of important parameters for Wendelstein VII-X candidates is given in Table I.

Table I
HS5-7 HS5-8

Average major radius Ro [m] 6.5 6.5
Average coil radius P [m] 1.30 1.30
Radial coil height t [m] 0.20 0.20
Lateral coil width w [m] 0.18 0.18
Average coil volume Ve [m3] 0.33 0.33
Total coil volume n-Ve [m? 19.7 19.8
Min. radius of curvature Pe [m] 0.27 0.28
Min. distance between coils e [m] 0.06 0.04
Coil number total / per FP n/np 60/12 60/12
Total coil current ds [MA] 1.73 1.73
Overall current density X [MA/m?] 48.6 48.6
Total inductance (one-turn) L [«H] 591. 580.
Stored magnetic energy w [(GJ] 0.88 0.87
Induction on axis B, [T] 3.0 3.0
Max. induction at coil Ba [T 5.7 5.8
Rotat. transform on axis &= 0.75 1.02
Rotat. transform on boundary ¢, 0.95 1.18
Average plasma radius o [m] 0.65 0.70
Average force density (f) [MN/m?] 76. 75.
Local max. force density |flm  [MN/m3 274. 282.
Max. net force (one coil) Fiss 2% |MN] 3.8 4.0
Virial stress oy [MPa)] 44.7 44.0




Fig. 1 Coil system of HS-5-8 with 5 field periods, 12 coils per period. The geometrical
data are listed in Table I.

Fig. 2 Cross section of the vacuum magnetic surfaces of HS-5-8 at: (left) the beginning
of a field period, (center) 1/4 field period, (right) 1/2 field period. Solid lines:
coil contours, dashed line: first wall.




IV. MHD Equilibrium and Stability

Equilibrium in Helias configurations has been investigated using the VMEC-code which
employs a fixed boundary [7]. Optimization of the shape of this boundary in a multidi-
mensional parameter space with characteristically 10 variables led to the Helias stellarator
(1]. Various examples of Helias equilibria are given in [8].

A common feature of Helias equilibria is the small Shafranov shift, A, which in con-
ventional stellarators is given by the simple estimate A/a =~ (8)A/2¢2? (A =aspect ratio).
Fig. 3 shows a 5-period Helias equilibrium with (8) = 0.15.

Fig. 3 Example of a 5-field-period Helias equilibrium with 8 = 0.15 [7].

A further characteristic of Helias equilibria is that the rotational transform is only
slightly modified by the finite-(8) effect; this is particularly important in low-shear stel-
larators. Free-boundary equilibria of the Helias type have been studied [9] using the
NEMEC Code. Due to the small Pfirsch-Schliiter current, the plasma pressure has little
affect on the shape of the boundary. However, some questions still remain; these, in par-
ticular, concern the role of islands, stochasticity and a self-consistent description of these
phenomena. In selecting the parameters of Wendelstein VII-X , the importance of islands
in the plasma region can be kept small by avoiding low-order rational magnetic surfaces
where large islands could otherwise occur. On the plasma boundary, however, islands may
actually be helpful in controlling plasma density and impurities.

The MHD stability of Helias configurations has been investigated mainly on the basis of
localized resistive interchange modes and ideal ballooning modes [7]; the analysis of global
modes is under study. Since the shear in Helias configurations is rather small, MHD sta-
bility relies on the depth of the magnetic well and on the reduction of the Pfirsch-Schliter
current, both of which appear in the resistive interchange criterion (which approximately
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coincides with Mercier’s criterion). The magnetic well of a Helias vacuum field is rather
small, typically less than 2%, so that < j[f/ J2 > 5 1, is necessary for stability against
resistive interchange modes at sizeable # values. The resistive interchange stability limits
of various Helias configurations with 4, 5 and 6 field periods are given in Table II.

4889 | 4978 | 4881 [ 4081 | 4099 | 5081 | 5099 | 5281 | 5912 | 6081 | 6281

M 4 4 4 4 4 5 5 5 5 6 6

A=| 8 9.5 8 10 10 10 10 12 10 10 12

t, | 08 (07|08 |08 |08)| 08 |08)|08]|11|08] 08

¢, | 09 (08| 10|10|(09| 10 |09 ]| 10|12 |10 ]| 1.0

(B) [0.045| 0.05 | 0.04 | 0.03 | 0.05 |0.075| 0.07 | 0.09 | 0.05 | 0.06 | 0.075

Table II: Various Helias configurations, stable against resistive interchange modes. The
configuration label designates the number of periods (first digit), approximate
aspect ratio (second digit), ¢, in the vacuum field (third digit), ¢, in the vacuum
field (fourth digit).

A somewhat lower limit is set by ideal ballooning modes. With respect to these modes,
magnetic well, maximum field line curvature, shear and connection length are the decisive
governing quantities. With respect to the connection length, one has to expect higher (3)
limits in 5-period configurations than in 4-period configurations, all other quantities being
kept fixed. In Table III, numerical results for the critical (8) values defined by MHD-
ballooning modes are listed; in 4-period cases (#) = 3% is the maximum stable value .
whereas in 5-period configurations () = 5% can be achieved. This is the main reason for
choosing 5 field periods in the design of Wendelstein VII-X .

5281 | HS4V12 | 4881 | 4081 | 5081 | 5099 | 6081 | 6281
7 5 T 7 7 T 7 7

6 8 8 8 8 8 8
(8) | 0.05| 0.03 |0.023|0.02[0.047|0.047 | 0.03 | 0.047

3
oo

Table III; Ballooning mode numbers n,m and () values for marginal stability of the
ballooning mode investigated.



Below the ideal ballooning mode (8) limit, the plasma will be unstable against resistive
ballooning modes. However, the growth of these modes occurs on the resistive time scale
rather than on the Alfvén time scale and it is generally believed that this instability leads
to an increase of plasma losses instead of a violent destruction of the plasma column.
Numerical studies of resistive ballooning modes in Helias configurations are in preparation

[10]. Stability in Helias configurations is further endangered by drift modes excited by
trapped particles.

V. Neoclassical Transport

Particle orbits in a magnetic field are the basis of neoclassical transport and therefore
extensive studies of particle orbits have been carried out. In magnetic coordinates, v,8, ¢
( ¥ = radial flux coordinate, # = poloidal and ¢ = toroidal angular variables), the scalar
function B = B(y,0,¢) completely determines the particle orbits. An example of B =
constant contours on a magnetic surface is given in Fig. 4.
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Fig. 4 Contour lines of B(8,¢) = constant on a magnetic surface are shown over one
field period of the configuration HS-5-8. Horizontal axis = toroidal angle, ver-
tical axis = poloidal angle.




Isodynamic configurations are characterised by B(¢,4), while in quasi-helically-
symmetric cases, B = B(¢,0 — M¢) . Trapped-particle orbits are of particular interest
since transport in the Imfp regime is determined by these particles. All banana orbits
would be confined if B=B(1,0 — M) were to hold. However, small symmetry-breaking
terms, B1(y, 0, ¢), lead to neoclassical diffusion following the 1/v scaling. Concerning
a - particles in a stellarator reactor, a situation similar to ripple-induced stochastic orbit
losses in tokamaks may arise. In general, the function B(y,8 ,@) varies if the plasma
pressure increases and particle orbits may change. However, this is not typical of Helias
configurations, where it is found that the Fourier spectrum of B experiences only small
variations with finite (8) . Particle orbits, and consequently neoclassical transport, depend
only slightly on finite plasma pressure.

Neoclassical transport in Helias configurations has been studied by various methods:

e Monte-Carlo technique
e Analytical solution of the bounce-averaged drift kinetic equation
e Numerical solution of the drift-kinetic equation (DKES-code)

The Monte Carlo code [11] calculates transport coefficients by convoluting monoener-
getic results with a Maxwellian distribution and appropriate weighting factors. The same
technique is used in the DKES Code [12]. Concerning neoclassical ion transport, config-
urational details are less important than the presence of a radial electric field, ¢’, which
in the case of e¢’/kT’ ~ 1 reduces the diffusion coefficient well below the plateau level.
Therefore, electron behaviour is of great importance since it is less affected by the electric
field (electrons largely being in the 1/v regime). For conventional stellarators with

B = Bo(1 — € cos @ + €, cos (10 — M¢))
the diffusion coefficient in the 1/v regime is

2
€
D,;, = Const- eilz—t

(v = collision frequency, €; = r/R = inverse aspect ratio). In Helias configurations D, v
may be expressed in a similar manner with e, replaced by an ‘equivalent ripple’ §. (see Sec.
IT), which for the Helias configurations under consideration is found to be around 0.01. This
result has been confirmed by each of the different methods listed above and demonstrates
the strong reduction of neoclassical transport in Helias configurations compared with non-
optimized stellarators where this value may be as large as 0.1 or more.
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Fig. 5 Neoclassical diffusion coefficient for HS-5-7 vs collisionality. Solid line: result
of the DKES code, dashed line: 0.2Dy g (Hazeltine-Hinton), dot-dashed line:
Shaing-Houlberg approximation with e, = 0.005,¢; = 0.02,7 = 0.55 m (left)
and e, = 0.006,¢; = 0.006,7 = 0.2 m (right). Simulation parameters: B = 3 T,
¢ =082, T, = 3 keV (right), T, = 1 keV (left).

Particles trapped in modular ripple wells do not experience a reduction of their radial
drift; these losses can only be kept small by a small modular ripple. Extensive studies
using the bounce-averaged drift-kinetic equation [13] were undertaken to calculate these
losses resulting in the conclusion that at least 12 coils per field period are required if
modular-ripple losses are to remain smaller than helical-ripple losses for every flux surface
in the plasma cross-section [14].

Diffusion in the plateau regime is determined by circulating particles. Since in Helias
configurations the toroidal harmonic of B is much smaller than the inverse aspect ratio,
these particles circulate on drift surfaces very close to magnetic surfaces and therefore
a smaller radial diffusion is found than in standard stellarators. Reduction of plateau
diffusion by a factor of 5 can be achieved; see Fig. 5. In summary, it can be stated that
the Wendelstein VII-X experiment is being designed in such a way that its performance
will not be seriously limited by neoclassical transport.
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VI. The Bootstrap Current

A further neoclassical effect is the bootstrap current which leads to a shift of ¢ with
increasing plasma pressure. It is mainly this shift of ¢ across low-order rational surfaces,
associated with deteriorated confinement, which requires the selection of Helias configura-
tions with a greatly reduced bootstrap current. The Imfp regime is of particular interest
since here the bootstrap current is large and nearly independent of the collision frequency
so that it has to be minimized by a proper choice of B(¢,6,¢) in conjunction with the
other principles of optimization. Helias configurations have been investigated using the
Monte-Carlo method [15] and the DKES code [12]; furthermore, the geometrical boot-
strap coefficient Cp [16] has been evaluated. In order to compare various configurations
this factor is normalized to 1 in axisymmetric configurations.

In quasi-helically-symmetric configurations the bootstrap current is finite and opposite
to that in axisymmetric tokamaks. With Wendelstein VII-X parameters the current could
be as large as 250 kA leading to a shift of the rotational transform of ¢ = —0.3, which is
considered to be unacceptably large. For this reason a certain deviation from quasi-helical
symmetry is necessary, i.e.

B = BO(I\[)! 0 — M¢) =+ Bl(¢; 0, ¢)

The dominant term in the Fourier series of B; to compensate the bootstrap current is
the toroidal-curvature term Cp ; cos 8 and it is found that Co; =~ 1/3 Cag,1 is required
to obtain nearly zero bootstrap current. Examples of Helias configurations with strongly
reduced bootstrap currents are HS-5-7 and HS-5-8. In Fig. 6 the geometrical factor Cj
is shown; in both cases |Cy| = 0.05 is found, which means that the expected bootstrap
current is 1/20 of the current in an equivalent axisymmetric configuration. Taking into
account the achievable plasma parameters in Wendelstein VII-X , this would lead to a
maximum bootstrap current of 50 kA.

Because of the assumptions and approximations of the theory, a further optimization
of the bootstrap current by field shaping is irrelevant. A small residual bootstrap current
can also be controlled experimentally by ECRH-current drive, a technique which has been
successfully demonstrated on the Wendelstein VII-AS experiment [17].
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Fig. 6 Normalized geometrical bootstrap factor Cy of Helias configurations HS-5-7,
HS-5-8 and HS 5081. Cy = 1 in an axisymmetric tokamak with the same aspect
ratio and rotational transform.

VII. Boundary Region

A generic feature of Helias configurations is the existence of a last magnetic surface
surrounded by a region of stochastic field lines, between which small islands or remnants
of islands may exist, and a region of open field lines. Usually the stochastic region is very
small and field lines started outside this stochastic region intersect the vacuum chamber
after a few toroidal transits. The distance between the last magnetic surface and the first
material wall depends critically on the value of the rotational transform on this last surface;
a minimum distance of 10 cm is required to yield sufficient decoupling of plasma and wall.
Fig.7 shows the standard case of HS-5-7, where at the boundary 5 islands with ¢ = 1.0 exist
and the last magnetic surface has more than 10 cm distance to the wall (dashed line). Field
lines started in the ergodic region need several toroidal transits before they reach the wall
and therefore a scrape-off layer of cold plasma surrounding the last magnetic surface will
exist. The width of this scrape-off layer is determined by radial diffusion competing with
parallel plasma flow to the wall or neutralizer plates. This situation resembles the scrape-
off layer in tokamaks with an open divertor except for its three-dimensional geometry.
Studies have been carried out to investigate the structure of the magnetic field in this
boundary region and to identify the region of maximum wall loading by the outflowing
plasma [18].
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Recycling of neutral particles has been investigated using the Monte-Carlo code DEGAS
[19]. Control of neutral gas is necessary to prevent sputtering of wall material by highly
energetic neutrals. This occurs preferentially in the region of vertically elongated magnetic
surfaces where at the inner indented position a strong interaction between charge-exchange
neutrals and the wall is possible. The diffusion of neutrals into this region can be reduced
by suitable divertor plates. Plasma outflow is expected on narrow fans along the separatrix
of the boundary islands, which is similar to the plasma outflow into the open divertor of
a tokamak, except for the 3-D geometry. Studies are ongoing with the goal of achieving a
high density of neutrals in the boundary region and a high-recycling regime.

A critical issue for any approach which hopes to control the boundary region is the
modification of the last magnetic surface by finite plasma pressure. This implies that any
solution (divertor plates, neutralizer plates) must be designed to handle several different
equilibrium configurations.

Fig. 7 Cross section of magnetic surfaces of HS-5-7. Islands at the boundary corre-
spond to ¢+ = 1.0.
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VIII. Prediction of Plasma Parameters

To predict plasma parameters in Wendelstein VII-X , a 1-D transport code has been
developed which solves the combined equations of particle and energy transport for given
radial source terms of particles and energy. The transport coefficients are modelled ac-
cording to the results of neoclassical theory described in the previous sections. For this
purpose the analytic approximations of Shaing and Houlberg were used to describe Imfp
transport with €, being replaced by é.; at higher collision frequency the reduction of the
plateau transport coefficients is also accounted for. Furthermore, anomalous thermal con-
duction of electrons — as has been found in Wendelstein VII-A (Xe,an ~ nad T, g Y 5
has been taken into account. There is no theoretical explanation of this anomaly and
further experiments in Wendelstein VII-AS and other stellarators are necessary to find the
scaling laws for anomalous transport. If the anomalous thermal conduction, X, an, scales
inversely with temperature, its effect will be rather small in the expected parameter regime
of Wendelstein VII-X and confinement will be dominated by neoclassical! transport. The
other extreme position is to predict plasma parameters on the basis of empirical scaling
laws found in tokamaks under the assumption that these are universal and hence valid in
currentless stellarators. This can be done with the Kaye-Goldston scaling by replacing the
plasma current I, by the equivalent rotational transform. Another approach is that of the
LHS-group [20], where an empirical scaling law for stellarators has been used

TE = 0.21P_0'53ﬁ0'6630'53a23

(MW, T, 102°m—3, m, s). Both scaling laws, Kaye-Goldston scaling and LHS-scaling, yield
similar results.

On the basis of these transport models, the following results are obtained: With B =
2.5 T, i = 102°m 2 and a heating power of P = 10 - 20 MW, the achievable average
temperature is: 4 - 6 keV ( neoclassical transport ) and 1 - 2 keV ( LHS-scaling ). The
energy confinement times are: 7g = 0.5—1.0 s (neoclassical transport) and 75 = 0.1—0.3 s
(LHS-scaling). (8) values of 5% can be reached if the confinement time is 1 second for B
= 2.5 T. At lower magnetic field this (8) value is obtained for shorter confinement times.
With anomalous transport following the LHS-scaling the achievable (8) stays below 2% .

In summary, on the basis of neoclassical transport plus anomalous transport as found
in Wendelstein VII-A, the plasma parameters listed in the goals of Wendelstein VII-X can
be reached at a heating power of 10 - 20 MW. Anomalous transport following the Kaye-
Goldston L-mode scaling or LHS-scaling would lead to much smaller values of achievable
temperature.
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IX. Plasma Heating

A heating power of 20 MW in Wendelstein VII-X will be provided by various methods:
ECRH, NBI-heating and ICRH. To which extent each method will contribute is not yet
decided. This decision will be made based on results obtained with current stellarator
experiments.

ECRH is necessary to provide a target plasma for neutral beam injection; for this
purpose only a small power (1 MW) is needed. Neutral beam injection in Wendelstein
VII-X has been designed starting from the experience with ASDEX-Upgrade sources [21]
(6 MW-units, 55 keV full energy, 10 seconds pulse length). Since special coils of the type
employed on Wendelstein VII-AS are not foreseen for Wendelstein VII-X , the injection
angle is nearly perpendicular to the magnetic field. The available space between coils
allows an injection angle of 20 degrees, which is sufficient to ensure that most of the high
energy particles will be born on circulating orbits. The aim of injection heating is to
achieve a high-(8) plasma and to explore plasma stability at the stability limit. In this
context, the density rise which is necessarily correlated with neutral beam injection (for
the planned heating power a particle influx of ~ 10%! per second is expected) is tolerable or
even useful since high-(f) values can best be achieved at high density and low temperature.

Furthermore, testing () limits or stability limits does not require steady-state opera-
tion; therefore the density rise and the associated power loss by impurity radiation is not
considered as a serious obstacle to this particular goal of Wendelstein VII-X .

ECRH is an appropriate heating scenario in Wendelstein VII-X for quasi-steady-state
operation at high temperature with the plasma in the Imfp regime. Calculations show
that this can be reached at a heating power of 10 MW. Further parameters of ECRH are:
second harmonic heating at f = 140 GHz, B = 2.5 T and a maximum plasma density n(0)
= 10°m~3. Gyrotrons at this frequency are being developed for Wendelstein VII-AS ;
further development towards power units of at least 1 MW each is necessary for application
to Wendelstein VII-X . A further application of ECRH is current drive, which has been
investigated for Wendelstein VII-X parameters [22]. These results indicate that at (8) =
5%, a current drive efficiency of 10 kA per MW heating power should be achievable, which
is sufficient to control the residual bootstrap current.

As a third heating scenario, ICRH has been investigated [23]. The frequency regime is
38 to 76 MHz with units of 2 MW power. This allows second harmonic heating of hydrogen
and deuterium and also minority heating of H in D at a magnetic field of 2.5 T.

Geometrical access to Wendelstein VII-X is provided for all heating schemes, since with
12 coils per field period the largest portholes are 40 x 80 cm?. Therefore, application of
all three heating schemes is planned in Wendelstein VII-X , either each one separately or
in combination. To a large extent the planning will make use of the hardware and the
expertise developed at IPP Garching in order to avoid expensive R and D programs for
new heating sources.
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X. The Modular Coils of Wendelstein VII-X

10.1 Methods for Finding Coils

The traditional approach to constructing stellarator fields starts from coils. Prescrib-
ing the geometry of current filaments by a so-called ‘winding law’, the magnetic field is
calculated by using Bio-Savart’s formula. A typical stellarator magnetic field with twist
of the field lines — called rotational transform — can be generated either by helix-like
toroidally closed coils (‘helical windings’) or by poloidally closed (‘modular’) coils with
lateral excursions [24]. Even with planar coils [25], a considerable rotational transform
can be obtained. A winding law of modular stellarator coils is described in [26], which
was used to compute classical £ = 2 and £ = 3 stellarator fields as well as configurations
with helical magnetic axes. By varying the parameters of the winding law, the magnetic
field can be optimized with respect to physics criteria such as rotational transform, shear,
magnetic well, MHD equilibrium and stability properties and with respect to technical
constraints such as curvature of current filaments, current density and optimum access
to the plasma. Major limitations of this approach are that the functional space in which
coil variations have to be considered is very large — a given confinement region can be
realized with many coil systems — and that parameter variations of the coils easily cause
a deterioration of the aspect ratio.

In a second approach, which was used for devising Wendelstein VII-AS [27], the proper-
ties of the confinement region are optimized by composing the field from sets of harmonic
functions; for example, Dommaschk potentials [28]. Within this procedure a surface cur-
rent producing the optimized field can easily be determined on a surface bounding a
toroidal domain. Coils are then obtained by discretizing the surface currents. Again, a
major disadvantage of this procedure is that variation of the amplitudes of the harmonic
functions easily leads to an increase in aspect ratio.

A third approach tries to overcome the above-mentioned limitations and starts from
the observation that the magnetic properties of a stellarator equilibrium are completely
determined by the geometry of the plasma boundary. Variation of this boundary led
to the Helias stellarator (see Sec. II). In a practical sense, specifying this boundary also
guarantees that magnetic surfaces will exist inside the boundary. Further, it decouples the
discussion of the magnetic properties of a stellarator configuration from its realization by
coils and so necessitates a new method of determining coils. For this purpose the NESCOIL
code was developed [29] to solve a Neumann problem at the plasma boundary in which a
surface current is determined, such that the normal component of the field B produced by
it is minimized at the plasma boundary. The input for the code consists of two toroidal
surfaces, Sy, a magnetic surface at the plasma boundary, and S3, an appropriately chosen
surface outside of, and thus enclosing, S;. Both surfaces are represented in Fourier series
of two angular variables 0 < u < 1 and 0 < v < 1 in the poloidal and toroidal directions,
respectively,

mp,np mp,Np
r= E Tmmn €08 2m(mu+nv) , 2= E Zm,n sin 27(mu + nv)
m=0,n=—ny m=0,n=-ny
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© = 'A_JU 3
where M is the number of toroidal periods, (r,z,¢) are cylindrical co-ordinates and the
usual stellarator symmetry r(u,v) = r(—u,—v),z(u,v) = —z(—u,—v) is assumed. The

code calculates a current distribution on S; such that the normal component of its field B
on the surface S; is minimized. The surface current lines on S are defined by ¢(u,v) =
constant, where ¢ can be written as

K,N I
¢(u,v) = z ®m,n sin2m (mu + nv) — ﬂpv — L,

m=0,n=—N

where I, and I; are the prescribed values for the net poloidal and toroidal surface currents,
respectively. The magnetic field in the domain bounded by S; depends only on the net
poloidal current I, and is independent of the net toroidal current I;. This is because
a current distribution with zero net poloidal and finite net toroidal current which does
not generate a field inside S can be added to the solution. This property offers the
possibility of producing the magnetic field either by poloidally-closed modular coils (I = 0)
or by torsatron-like toroidally-closed coils (I,/I; rational). Which of these solutions is
advantageous depends on the structure of the stellarator field to be realized; while it has
been shown that toroidal Heliacs do not lend themselves to modular realization [30], it
turns out that Helias stellarators are quite well suited for this approach.

The approximate solution of the boundary value problem yields a vacuum field which is
regular in the whole domain bounded by the outer surface S;. The outer current-carrying
surface can be shaped in such a way that the resulting surface current distribution is not
too complicated and can be discretized into a finite number of feasible coils. Fig. 8 shows
a magnetic surface of a classical [ = 2 stellarator with 5 field periods as well as a portion of
the current lines determined by the NESCOIL code on a circular toroidal surface. Similarly,
by using a torus with elliptic cross-section rotating with the flux surfaces, the planar coils
of the first ‘modular stellarator’ [25] can be reproduced.
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Fig. 8: Magnetic surface of a classical l = 2 stellarator with 5 field periods and a portion

of the current lines on a circular toroidal surface determined by the NESCOIL
code.
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10.2 Optimization of the Coil System

The coils of Wendelstein VII-X were calculated following the above procedure. The two
surfaces S;, Sz and a map of the current lines on S, are exhibited in Figs. 9 and 10. These
current lines are considered as the central filaments of the finite-size coils. By varying the
Fourier coefficients of S; and the number of Fourier harmonics in ¢(u,v) an improvement
of the current lines can be achieved according to the following criteria :

- Maximum distance between the plasma and the coils.

— Maximum distance between two adjacent coils.

— Maximum radius of curvature of the coils.

- Quality of the resulting magnetic field with respect to the given field.

An extended version of the code alters the coefficients of Sz systematically to get max-
imum distance between the plasma and the coils; constraints for coil curvature and maxi-
mum surface current density are also taken into account. The number of Fourier harmonics
®n,m retained and the choice of S2 mainly determine the quality of the approximation and
the properties of the resulting magnetic field. In particular, these include the occurrence of
magnetic islands on magnetic surfaces with low-order rotational transform. These natural
islands are generic properties of stellarator fields (which are necessarily nonaxisymmetric)
and not the result of symmetry-breaking error fields. In optimizing the geometry of Sz and
the spectrum of ¢(u,v), this effect has been taken into account by appropriate modification
of S;. A small variation of the surface S; may also be helpful in optimizing the magnetic
field with respect to natural islands without adversely affecting the other properties of the
magnetic field.

Locally the current lines calculated by NESCOIL may be too dense or too curved and
therefore a local smoothing has been introduced. The deviation from the orginal field
introduced by this smoothing has to be acceptable and limits this procedure. Such a coil
set of one field period before and after smoothing is shown in the two parts of Fig. 11.
The average major radius is Ro = 6.5 m with the coils being arranged on a helix-like curve
which has a maximum distance of 0.2 m from this axis. HS-5-8, for example, has the
following geometric data: minimum radius of curvature 30 ¢cm, minimum lateral distance
between coil centers 22 ¢cm and a minimum radial distance of 36 cm between the current
surface (coil center) and a flux surface with an aspect ratio of 9.
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Fig. 9: Cross-sections of the surfaces S, and Sy at two toroidal planes and Poincaré plots
of the magnetic field produced by the current filaments shown in Fig. 10.
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Fig. 10: Surface current lines on S, for HS-5-8 as calculated by the NESCOIL code. One

field period is shown.
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Fig. 11: Finite coils constructed from the current lines of Fig. 10. Top: before smoothing,

bottom: after smoothing.

10.3 Finite Coils

The current lines on S, represent the central filament of the modular coils. To construct
the geometry of the finite-size coils, the tangential vector t of the central filament x(s),
the normal vector n of the surface S; and the binormal vector b= txn are used. Here
s is the length along the central filament. The four curves at the edge of the rectangular

cross section are defined by

x(s) + wb+ hn
x(s) + wb — hn
x(s) — wb — hn
x(s) —wb + hn,

Yi =

where 2 h is the radial height of the coil and 2 w its width.
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Since the normal vector of the surface S; and not the normal vector of the central fila-
ment X(s) has been used to define the orientation of the coils, this method allows maximum
utilisation of the available space, especially where the coils come close together and the
boundaries are nearly parallel. If coils are nearly in contact, parallel alignment has to be
made locally. The width and height of the winding pack are determined by the magnetic
field and the maximum current density; data are listed in Table I. After replacing the
central filament by these finite coils, the real magnetic field deviates slightly from that of
the filaments. However, in the region of closed magnetic surfaces this change is negligible,
a result which has been tested by taking several filaments instead of one to calculate the
field. In this region the magnetic field can be well represented by the field of two current
filaments located at different radial positions inside the finite coil. For the purpose of force
and stress analysis the magnetic field inside the coils and in their close vicinity has been
calculated using the EFFI code [31].

10.4 Variation of the Magnetic Field

The modular coils described above generate a magnetic field with a fixed rotational
transform. An experimental device, however, requires provisions for varying the rotational
transform and for shifting the magnetic axis by use of a vertical field. Variation of the
rotational transform can be achieved by an additional set of external coils or by radially
divided coils where the lower and upper layers can be energized separately [32]. This double
layer concept, however, is rather inefficient in a large coil system with relatively slim coils
and therefore the other method, using 4 planar coils superimposed on the modular coils,
is preferred. The arrangement is shown in Fig. 12.

The separate adjustment of currents in the coils A and B allows one to introduce toroidal
and vertical fields as well. The attainable range of ¢ is shown in Fig. 13; here ¢ on axis,
¢ at the edge and 6§ V' are plotted vs the current in the extra coils. A current of 0.5 MA
per planar coil and of 1.75 MA in each modular coil changes the rotational transform by
about 25%. Among the configurations obtained by varying the currents in the outer coils
are those with ¢ = 5/5 and 5/4 at the boundary. In these cases 4 or 5 islands exist at the
edge, which may be of interest for active control of the edge region.

By energizing the four coils in the outer system separately, vertical fields can also be
superimposed. Opposite currents of 0.5 MA in the planar coils A and B (see Fig. 12) shift
the magnetic axis by about 1% of the major radius. The toroidal modulation of mod B
introduced in this case can be reduced considerably if the modular coils carry different
currents.
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Fig. 12: One field period of HS-5-8 showing modular coils and external planar coils A and B
for varying the rotational transform and axis position.
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10.5 Coil Design

The choice of superconducting coils for Wendelstein VII-X offers the possibility of
steady-state operation, limited only by the capabilities of the heating schemes and the
heat removal system. (At the maximum heating power of 20 MW a pulse duration of no
more than 10 - 30 seconds appears possible; at reduced power, however, a truly steady-state
experiment is possible.) The maximum field at the conductor is less then 6 T, allowing
the use of NbTi as the superconducting material with a current density of 50 MA/m?
averaged over the winding pack of the coils. The dimensions of the nearly rectangular coil
cross section are 0.18 m x 0.2 m and the total current in each coil is 1.75 MA. Several op-
tions for superconducting cables have been investigated [33], leading to a ‘cable-in-conduit’
conductor as the optimum solution due to its high cryogenic stability. Cooling is provided
by liquid helium and forced-flow cooling. The cross section of the superconducting cable
is determined largely by the minimum radius of curvature — 30 cm for HS-5-8, limiting
the cross section to 2 cm? with a maximum current of 10 kA. The details of the supercon-
ducting cable are being investigated; the final choice will depend on performance tests of
various cables and on the results of a test coil.

The technique to be employed in the winding of the coils is another important issue
presently under investigation. Similar to the procedure applied to Wendelstein VII-AS,
the single cables must be bent in three dimensions and wound mechanically into a mold.
Careful control of this process must be provided to minimize the ‘spring-back’ effect. The
cables are insulated by glass fiber tapes and impregnated by epoxy resin after completion of
the winding process. Unlike the normal-conducting coils of Wendelstein VII-AS, the coils
of Wendelstein VII-X must be enclosed in a stainless steel casing to give them sufficient
mechanical stiffness. Geometric tolerances of 10~2 are required to avoid field errors; the
experience with manufacturing the modular coils of Wendelstein VII-AS has shown that a
precision of this order is feasible.

Strong transient magnetic fields are not expected in the coil system and therefore eddy
currents do not require enhanced cooling. Transient fields outside the plasma region do
occur during the heating phase of the plasma; how.ever, in the region of the superconducting
coils, these time derivatives are not larger than B »~ 0.1 Ts™ L.
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10.6 Normal-conducting Coils

Normal-conducting coils in Wendelstein VII-X would not present major technical diffi-
culties since the same technique developed for Wendelstein VII-AS could be applied. For
comparison with the superconducting option, normal-conducting versions have been de-
signed which show the limitations and restrictions of this alternative. These limitations are
consequences of the large ohmic power dissipated in the coils and the available electrical
energy. The temperature rise in the coils limits the flattop time of the magnetic field.

In order to study the electrical power needed, the total dissipated energy, and the tem-
perature rise inside the coils two versions of the configuration HS-5-7 are considered and
compared to the 4-periodic configuration HS-4-8. In the first case the radial thickness of
the coils is increased to 40 cm and the space of the plasma is not constricted. In the
second case with 50 cm radial coil thickness the available plasma space is decreased and
the distances between the coils are a minimum. The copper filling factor of the coils is
considered to be fr = 0.66. In the numerical calculations the increase of the coil resistance
caused by heating is taken into account. A nonlinear system of differential equations for
the coil current #(¢) and the heat factor y(t) = 1 + a Ad(t) with the initial conditions
i(0) = 0, y(0) = 1 is solved numerically. The excitation of the coil system is divided into
three phases: the loading phase, the flat-top phase, and the discharge phase. The duration
of the flat-top phase is identical with the pulse time tp.

Parameter studies have been made with the major radius being varied from Ry = 5 m
to Ro = 7 m at constant coil aspect ratio A, = Ro/r. = 5. The main results with respect
to the system parameters mentioned above are summarized in the following:

e In order to minimize the above values for a given magnetic field on axis the current
density in the coils has to be as low as possible. This means maximization of the coil
cross-sections and the copper volume of the coils.

e The HS-5-7 coil system is characterized by a current concentration at the positions
D= 3 %" , 1t=0,..,M—1, M =5, at the coil sides facing the torus centre. Therefore
the covering factor fp is relatively low compared with 4-periodic coil configurations.
This results in relatively high current densities in the coils and short pulse times. For
4-period coil configurations the current density in the coils is decreased. This offers the
possibility to lower the values of energy consumption and to extend the pulse time.

e Assuming a maximum temperature rise in the coils of Ad,,,, = 50 K, the pulse time
of the flat-top phase is between ¢, = 4.3 s and ¢, = 7.5 s in the systems considered.

e The lowest values of the maximum electrical power and the total dissipated energy
attainable are Ppq, = 780 MVA and W;,: ~ 5600 MJ for the coil system HS-5-7 with
Ry = 6.5 m and coil cross-sections of 0.5 X 0.18 m. This dense package results in a total
copper volume of Vg, = 32.4 m3. The pulse time of the flat-top phase is tp =T7.5s at
a maximum temperature rise of Ad,,.. = 50 K.

e In any case the power supply system at IPP Garching has to be extended if a normal-
conducting coil system for the W VII-X experiment is taken into consideration.
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XI. Electromagnetic Forces

Magnetic forces on the modular coils are one of the main technical problems in
Wendelstein VII-X . These forces determine the geometry of the support system and the
mechanical stresses, thereby setting the technical limits of the coil system. The magnetic
field inside the coils and the magnetic forces are calculated using the EFFI code [31]. A
complex magnetic field distribution exists inside the coils, which leads to an inhomogeneous
force distribution and a resulting net force on each coil pointing not only in the radial di-
rection but also in the vertical and lateral directions as well. Fig. 14 shows the contour
lines mod B = constant in the 2 = 0 plane for two adjacent coils of HS-5-8; the maximum
field at the coil boundary in this plane is 5.4 T. Forces and stresses have been calculated
for a 4-period configuration HS-4-12 (major radius 5 m, Bo = 4 T) and for HS-5-7 (major
radius 6.5 m, Bo = 3 T; see Table I). In order to describe the forces, the local orthogonal
coordinate system defined by the vectors n, b, and t of section 10.3 is used. Hence, ac-
cording to f = j X B, there are two components of the magnetic force density perpendicular
to the direction of the current; fg is the component in the direction of n (radial) and fs
the component in the direction of b (lateral). The component in the direction of t is zero
(fr = 0). Due to the 5-fold symmetry of the magnetic field and the symmetry within
one field period, there are only 6 different coils, which facilitates the analysis appreciably.
As an example, the average force density of two coils in HS-5-8 is shown in Fig. 15. The
magnitude of the lateral force density may be comparable to the radial force density. This,
in particular, occurs in those coils with strong lateral excursions and strong local curvature.

For the system HS-5-8 with Ry = 6.5 m, the toroidal excursions of the coils are increased
in comparison with the former system HS-4-12 with Ry = 5 m. The result is an increase
in the lateral force densities to levels where they can exceed the radial components; see
Fig. 15. Although the magnetic field has been decreased from Bo =4 T to Bo =3 T in
HS-5-8, the magnitude of the force densities is in the same range as for the coil system
HS-4-12.

The moderate helicity of the magnetic axis of Helias coil systems causes a related helicity
in the net coil force vector, corresponding to different coil forces in the radial and vertical
directions. The resulting net forces are shown in Figs. 16 (HS-4-12) and 17 (HS-5-8). In the
latter case, some coils even feel a force directed radially outward while others experience
a force in the vertical direction which leads to a torque on the field period. The net
force on the whole period is directed towards the torus center. As in the case of the local
force densities, the maximum net forces are also comparable in HS-4-12 and HS-5-8. The
maximum net force in both cases is 4 MN; under fault conditions — quenching of a coil
— this force may increase to about 7 MN. It is of interest to compare these data with the
centripetal forces of a system with equivalent circular planar coils; in such a case the net
radial force per coil would be 2.3 MN.
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Fig. 14: Contour lines B = constant in the z = 0 plane at coils 1 and 60 for HS-5-8. The
maximum field is 5.4 T. The lower picture is a 3-D plot of B in the same plane.
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XII. Support Concept and Mechanical Stress Analysis

The forces described above are the input data for the stress analysis. Stresses depend
on the support system of the coils, which must be optimized with regard for material
limits, safety factors and a maximum of accessibility. Unlike the normal-conducting coils
of Wendelstein VII-AS, the coils of Wendelstein VII-X must be surrounded by a stainless
steel housing since the virial stress in Wendelstein VII-X is roughly three times larger.
Studies with various dimensions of this housing have been made; in the present results a
housing thickness of 8 cm at the outer coil face and 5 cm at the three other sides of the
coil is assumed. Stress maxima tend to arise where the coils are curved, and therefore
extra reinforcement is provided in these areas. Support elements are located between
adjacent coils; these are mainly confined to the inner region, towards the torus center,
thus leaving the outer region accessible for heating and diagnostic portholes. Fig. 18 shows
the arrangement of these support elements for HS-5-7. The system described here is not
optimized; the purpose is to identify critical issues and to assess the data for a detailed
design.

It is difficult to predict the material data for a winding pack which would consist of
superconducting strands, copper, stainless steel and insulating material. Tests must be
made to obtain a reliable data base. For this reason the elastic data of the EURATOM-
LCT coil [34] are used as a first approximation. These data are:

Young’s modulus [GPa] Eg = 62, Es = 53, Er = 120,
Shear modulus [(GPa] Ggrs = 10, Gst = 26, Grr = 21,
Poisson’s ratio vrs = 0.198, vgr = 0.126, v7r = 0.298.

The elastic data of the coil housing and the support elements are those of stainless
steel. The finite element code SAP V(2) is used to compute the stresses and strains in the
winding pack. One period of the coil system (12 coils) is modelled by 6664 elements and
9600 nodes. Each individual coil is represented by 480 elements, 80 per winding pack and
400 per housing; the remainig elements model the support structure. Since gap elements
cannot be treated by SAP V(2) the winding pack is rigidly connected to the coil housing.
Fixed boundary conditions are defined at both ends of the period, thus balancing the net
force on the coils and the torque in one period (see Fig. 18). Because of the non-planar
geometry of the coils and the inhomogeneous forces, all components of the stress tensor are
equally important. The stresses are calculated in the center of each element; local stress
maxima are approximately handled with this value as well, using a local enhancement
factor of 2. Figs. 19 and 20 give results for the van Mises stress o,as and the shear stress
ost of all 12 coils in one period. The maximum stresses are found to be o, =~ 140 MPa
and og7 ~ 38 MPa. The corresponding stresses in the 4-period configuration HS-4-12 are
oup ~ 115 MPa and os7 ~ 32 MPa. The stress maxima are rather localized and it is
expected that these stresses can be reduced by optimizing the support system.
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In a further step the contact problem has been treated using the ADINA code. Gap
elements are introduced between the winding pack and the coil housing. First results
obtained with coil 1 of the 4-periodic configuration HS4-11 indicate an increase of about
30% of the von Mises stress, using gap elements of 5 mm thickness minus 0.5 mm free space.
Separate components of the stress tensor, particularly the normal stress components in
radial and lateral direction, increase considerably; while other components decrease when
taking into account these gap elements as more realistic boundary conditions.

The stresses described above arise from magnetic forces and thermal stresses; those
caused by the manufacturing process have yet to be considered.

XIII. Cryogenics and Vacuum Vessel

The coils and the support system must be cooled with liquid helium at about 4 K. The
overall mass to be cooled is &~ 500 metric tons which requires a 2 - 3 kW cooling system.
A cryostat for the system is being developed; details are not yet available.

A further important component is the vacuum vessel, which consists of an outer vacuum
chamber, surrounding the coils and mechanical supports, and the inner vacuum chamber
between the plasma and the coils. The distance between the inner vacuum chamber and the
winding pack of the coils is 14 ¢cm; this distance is needed for the coil housing, cooling pipes
and thermal insulation. The shape of the inner vacuum vessel is of similar complexity to the
last magnetic surface S; or the current carrying surface S;. The manufacturing procedure
developed for Wendelstein VII-AS can also be applied to the vacuum vessel of Wendelstein
VII-X . The inner vacuum vessel must be protected against the radiation and thermal load
from the plasma by a water-cooled liner, thus preventing the heating power to the plasma
from being ultimately deposited in the cryostat.

About 150 portholes for various diagnostics, heating systems and pumping are planned
for Wendelstein VII-X ; the largest portholes are 40 X 80 cm?. The present section identifies
only a few of the mechanical problems associated with the vacuum chamber; a detailed
design is in preparation.
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Fig. 18: HS-5-7: Coils of one field period exhibiting the coil housing and the support
elements. Fixed boundary conditions are placed on the solution at the positions
indicated by heavier lineweight.
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Fig. 19: HS-5-7: Equivalent van Mises stress o,z along the coils of one field period. The
labels on each curve refer to the 12 coils of one field period; for example, the curve
labels 1-9,A,B,C correspond to the coils numbered 55 through 6 in Fig. 18. The
insert indicates the stress output location.
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GCE

Fig. 20: HS-5-7: Shear stress ost along the coils of one field period. The curve labels are
as given in Fig. 19.
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XTV. Summary and Conclusions

Optimization of stellarator equilibria has led to the Helias concept, which is charac-
terized by a low Shafranov shift and MHD stability limits up to (8) ~ 5%. Neoclassical
transport and the bootstrap current have been reduced to a tolerable level by optimization
of the structure of B on magnetic surfaces. Based on these theoretical results, the Wen-
delstein VII-X experiment is being planned with the goals of achieving reactor-relevant
parameters and demonstrating the reactor capability of this stellarator line.

Reaching these goals requires a heating power of 20 MW, several heating scenarios with
ECRH, NBI and ICRH are envisaged. Presently a prediction of plasma parameters can be
made only on the basis of neoclassical transport — well established empirical scaling laws
of plasma confinement in stellarators do not exist and whether the empirical laws found for
tokamaks also hold for stellarators is questionable. Neoclassical transport in Wendelstein
VII-X is small enough that the goals of the experiment can be reached. Physics studies for
Wendelstein VII-X have concentrated mainly on MHD effects, neoclassical effects, and coil-
finding procedures. Work is in progress concerning other important issues like impurity
behaviour and non-ideal instabilities.

The choice of modular superconducting coils has been made mainly because of their
reactor relevance and the ability to operate the experiment in quasi-steady state. The
superconducting coils of Wendelstein VII-X are the largest and most complex components
of the experiment; for this reason, extensive studies have been made of the forces and
stresses in this system. The net electromagnetic coil forces in modular Helias systems
are inhomogeneous with components in all directions. Local lateral forces within a single
coil can be as large as the radial components. This force inhomogeneity is not a serious
obstacle and the stresses within the coils can be kept within technical limits by utilizing
an optimized support structure. Details of the coil system including the manufacturing
technique are being investigated under contracts with industry.

The design of the modular coil system will be based on the experience gained with the
construction of Wendelstein VII-AS (IPP Garching). The expertise on superconducting
coils obtained in the LCT-project will also be of great influence via the cooperation with
KfK Karlsruhe.

In summary, the Wendelstein VII-X experiment offers the opportunity for a new and
promising stellarator line .
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