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Abstract

The vacuum field and the modular coils of the advanced
stellarator WENDELSTEIN VII-AS are described. Each of the
five field periods contains 9 different twisted coils,one
of them with increased dimensions and current in order to
provide sufficient access. The standard vacuum field
configuration (B = 3 T, £ = 0.39,aspect ratio g 10, low
shear, and magnetic well) can be varied by toroidal and
vertical fields, or by changing independently the current
in the large special coils., From a study of magnetic field
perturbations some estimates are derived for the admissible

coil tolerances.
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INTRODUCTION

The present paper describes properties of the vacuum magnetic
fields and the geometry of the modular coil system of the
"Advanced Stellarator WENDELSTEIN VII-AS. The principles and
methods of the theoretical optimization of stellarators are
published elsewhere (1,2). In an advanced stellarator, and
also in a "Reduced Q-Torsatron" (3), the poloidal variation of
/ d&/B (taken along one field period) is reduced in comparison
to its value in the field of a classical stellarator with
identical rotational transform and aspect ratio. Then the

following three quantities are simultaneously reduced:

i) the offset of drift-surfaces of passing particles from
the magnetic surfaces,

ii) the magnitude of the secondary plasma currents, and

iii) the SHAFRANOV-shift of the magnetic surfaces caused by

a finite plasma pressure.

As a consequence of i) and ii), in the regimes of collisional
and plateau diffusion,the particle loss rate is reduced, as

shown by a Monte-Carlo-computation of the diffusion coefficient
(4,5).

In WENDELSTEIN VII-AS these reductions amount to factors of

about two, within the range of experimental flexibility (5-9).

Such apparently moderate factors are the result of the optimization
procedure (2), in which the existence of a magnetic well and

a low plasma aspect ratio are favoured against a further

reduction of the poloidal variation of / d4df/B.




For the development of the modular coil set of WENDELSTEIN VII-AS
the advanced stellarator configuration ASC 742 - obtained (2)

by A. SCHLUTER - is chosen as initial magnetic topology. This
configuration has a plane non-circular magnetic ?xis and 5 field
periods. It allows a smaller coil aspect ratio than the similar
configuration ASC 084 with 10 field periods. The magnetic

topology of ASC742 is improved by W. DOMMASCHK in the configuration
WAD 500, towards a smaller magnetic field ripple.

The topologies of these advanced stellarator configurations are
given as a series of DOMMASCHK-potentials (10), from which the
magnetic fields and flux surfaces, etc. are computed numerically.
The currents to produce the magnetic field topologies can be
obtained by a separate procedure (11) as a surface current
distribution on a given torus. Comparatively low toroidal
excursions of the current lines are found if this torus is

not too far outside of the magnetic surfaces, especially if

its cross section is matched approximately to their shape.
Typically 8 current lines per field period are sufficient

to reproduce the configuration reasonably (2).




MODULAR COIL SYSTEM

The modular coil system of WENDELSTEIN VII-AS is developed by

f
a discretization of the surface current pattern of ASC 742.

This development is carried out during several empirical steps,

where the effort is directed to match requirements which are not
included in the numerical procedures for finding the DOMMASCHK-

potentials and the associated surface currents. These modifi-

cations could be performed without essentially impairing the

favourable advanced stellarator properties. Their major steps are:

i)

ii)

iii)

iv)

an analytical approximation of the numerical surface current
distribution of ASC 742, the resulting configuration JOK 571
being characterized by 10 different filamentary current

lines per field period on a torus with variable major radius,
aspect ratio, and prolate ellipticity;

an optimization of the torus topology in order to increase
the available space for the vacuum tank, by using the data
set JOK 744 derived from JOK 571 in an iteration which is
detailed below;

the final choice of a total of 9 different twisted coils
per field period, where one of them is a large special coil
with increased dimensions and current,and with a different
shape, in order to provide sufficient access to the system
without introducing too much magnetic ripple in the field
topology:;

a further increase of the minimum radii of curvature of
the twisted coils to facilitate their construction and
a fine-tuning of their position in order to match estimated

tolerances of the coils and the wvacuum vessel.
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The aims for the modification of ASC 742 and JOK 571 were the
following: reduction of the magnetic field variation close

to the magnetic axis,. and improving the access for neutral

beam injection. These aims are attained in the coil configuration
AS 777 which uses 5 current filaments for each of the 10

twisted coils per field period. This coil configquration

contains some gap near the middle of each field period, and

the resulting magnetic ripple is compensated by an additional
large planar coil. The size of this gap is increased by

combining the two twisted coils near the middle of the field
period and the large planar coil to one large special coil

of a different twisted shape with increased dimensions and
current. This data set is labelled AS 777 ML. In order to also
increase the dimension of the vacuum tank, a data set AS 777 OL
without a gap near the middle of the field period is derived,
which again uses 10 twisted coils per field period. The magnetic
field computed numerically from this coil set is then transferred
to a series of DOMMASCHK-potentials, yielding the configuration
JOK 744.

For this data set and therefore without changing the magnetic
topology, by the use of the procedure described in (11),
different surface current patterns are computed on tori chosen
with differing size or shape, in order to optimize the distance
between the last useful flux surface of the configuration and

the torus of the field producing surface currents.
As result of this study the surface current distribution of

JOK 744 finally is chosen on a torus with prolate elliptical

cross-section, at a toroidally variable major radius
RO ((P) = 200 (1,02 - 0.03 cos 5¢(p ), (1)

where the orientation of the half-axes a, = 41.5 cm and bo = 56 cm

oscillates simultaneously in the poloidal direction by an angle

0, HP) = - 71/8 (sin 5(? + 0.5 sin 10@ )] (2)
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Fig. 1: Toroidal geometry of the surface current distribution

used for the development of the modular coils for
WENDELSTEIN VII-AS




see Fig. 1. For the bore of the twisted coils of

WENDELSTEIN VII-AS - except for the large special ones which
are described below - we consider a torus as specified in eq. 1)
and 2), but reduce the half axes A and bO by 9.2 cm, which is
half of the height of the twisted coils.

This torus geometry is found to be an optimum coﬁsidering a
maximum distance between the plasma and the wall of the vacuum
tank, along with the constraints of keeping the toroidal
excursions and local radii of curvature of the twisted coils

within technical limitations.

After this optimization procedure the surface current distribution
is transferred to a system of discrete coils. Also the special
coils for neutral beam injection are introduced. The magnetic
field of JOK 744 represented in DOMMASCHK-potentials agrees well
with that of the real coil system, except for the moderate extra

ripple caused by the special injection coils.

In Fig. 2, the surface current distribution of JOK 744, and the
contours of the bore of the twisted coils of WENDELSTEIN VII-AS are
compared in an angular projection. The ordinate is the poloidal
angle, and the abscissa is one field period of the toroidal

angle. Both patterns agree reasonably.

Fig. 3 is a top view on one field period of the coil system of
WENDELSTEIN VII-AS. There are eight twisted coils of identical
prolate elliptical bore cross-section with differing

orientation according to eq. (2). The current center of these
coils is situated close to the torus specified above, at an
average minor radius /_E;E; % 48 cm. The design current is

592 kA-turns,and the rectangular coil cross-section (width =12 cm,
height = 18.4 cm) correspondsto a gross current density of about

2.7 kA/cmz, including insulation and cooling-water channels.

The large special coil in the middle of the field period is
clearly visible. Its major radius position RS = 224.5 cm as well
as its twisted shapeare found by trial and error, and ensure

a near-tangential access to the system with a sufficiently

large aperture for neutral beam heating. It has a bore with




_10_

JOK 744

WENDELSTEIN VIl - AS

T?éz
|
e 4

0

1

z
]

¢ —> 72°

Fig. 2: Angular projections of surface current distribution
JOK 744 (upper part), and contours of the bore of the
twisted coils of WENDELSTEIN VII-AS (lower part).

Abscissa = one field period, ordinate = one poloidal
transit.
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Fig. 3: Top view of coil system of WENDELSTEIN VII-AS, one
field period containing 9 twisted coils and two
planar toroidal field coils.
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threefold poloidal periodicity, with one tip pointing radially
outwards. The minor radius of its current center varies between
61.5 and 73 cm. The coil width is 21 cm and the coil height is
28 cm. The design current is 1.48 MA-turns.

The toroidal excursions of the twisted coils correspond to
amplitudes up to about 30 cm. They differ from coil to coil,
see also Fig. 2. Regarding the helical symmetry of the system
there are five different coil shapes in each of the five field
periods. In order to properly model the rectangular cross-
section of the twisted coils,5 or 6 current filaments are used
for the numerical field computation.

Technical details on the modular coils of WENDELSTEIN VII-AS,
especially those of electromagnetic forces, the resulting
stresses and strains, as well as details of coil construction

and of the required support structure are to be published
elsewhere (12-14).

Within each field period of WENDELSTEIN VII-AS there are also
two planar toroidal field coils. They serve for variations of
the magnetic topology and thus ensure the experimental flexibi-
lity of the system, which is increased further by a vertical

field, andby thepossibility to change independently the current
in the large special coils.
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STANDARD CASE OF MAGNETIC CONFIGURATION

Using the twisted coils of WENDELSTEIN VII-AS with the design
currents as given above,the "standard case" of the magnetic
field amounts to an induction of B = 3 T, at a major radius
of about 2 m.

Fig. 4 shows the system of closed nested magnetic flux surfaces
at the toroidal angles ¢ = 0, 18 and 36°. At zero and 1/2
field periocd ( (¢ = 36°) the fields are vertically symmetric.
The magnetic axis is helical and oscillates between radii of
200 and 213 cm, within a vertical range of + 2 cm. It has a
rotational transform (o) = 0.39. The last magnetic surface
shown as an average minor radius r = 21 cm (aspect ratio

A 3 10) and a slightly corrugated shape. This corrugation is
associated with a rational value of the rotational transform

at the separatrix, as will be discussed in the following section.

Fig. 5 shows the radial profiles of the rotational transform 4,

and of q = (1/P) - sd{/B, P = number of revolutions. The abscissa

is the average minor radius of the magnetic surfaces. The value of
the rotational transform at the magnetic axis, 4 (o), nearly coincides
with the average rotational transform obtained from the computed
magnetic surfaces. The minimum value is near r = 15 cm; close to the

last magnetic surface £ increases again. The shear

st/€ (o) = (t(xr) - €(o) )/ (£(0) (3)

o]

is below 1 %.

There exists a magnetic well within the whole range of flux
surfaces

sV'/Vv' = (q(r) - g(o))/q(o) (4)

which increases towards V"a-=2 % for the last surface.
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Magnetic vacuum field with nested system of flux
surfaces for WENDELSTEIN VII-AS at the toroidal
positions §¥ = 0, 18 and 36° corresponding to zero,
1/4 and 1/2 field periods; "standard configuration"
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The Figs. 6a - 6c show for the same toroidal positions as Fig. 4

the contour lines of constant magnetic induction (dashed lines).
The positions of B = 3 T, and of the maximum e and minimum o
values within the frame are indicated. The intervals between

the contour lines vary for the three parts of Fig. 6.

The magnetic field structure also differs within the field period.
At q’ = O the field gradients are low, and at @ = 36° (Pig. 6c,
left part, r < 2.4 m) the structure is similar to that of a
toroidal field varying with B ~ 1/p , p = local radius of
curvature. The polygonal structure at the outside of the plots

is the intersection of the twisted coils with the constant
toroidal angles. The increased radial dimension and the different
shape of the large special coil in the middle of the field period

are clearly visible.

Fig. 7 is a plot of the magnetic induction vs the length of the
field line (two toroidal transits). The top curve corresponds to
the magnetic axis, the middle and lower curves are for average
radii of 10 and 20 cm of the associated magnetic flux surfaces
of Fig. 4. The amplitude § of the magnetic field modulation,

= = : + : ;
: (Bmax Bmln)/ (Bmax Bmln) (5)
varies between 1.5 and 15 % within the range of magnetic surfaces

of the standard configuration of WENDELSTEIN VII-AS.

The spatial structure of the magnetic field is visualized again
by plotting the trace of the field line and contours of constant
magnetic induction versus the toroidal and poloidal angles. This
is shown for the magnetic flux surface with an average radius

r = 10 cm in Fig. 8. The abscissa corresponds to one field
period, and the ordinate to one poloidal transit, with top and
bottom of the figure at the radial outside. The trace of the
field line (upper part) exhibits the structure typical for
stellarators: the rotational transform results as the average
increase of the poloidal angle, when progressing along the

undulating trace in the toroidal direction.




—17_
6a \P=0
2.0 — R(m)
|
L Lo 75100 | 1-B7EL00 2.00E400 2,12E40 2.255+00

FFR354

EFFIJ (JOK.W7AS.SPSN « AMOSFNCH. ASDATR)
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Fig. 7: Magnetic induction vs length of the field line for the
magnetic axis and two flux surfaces at average radii of
r = 10 and 20 cm (top to bottom).
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magnetic induction for the magnetic surface with an

average radius of 10 cm, in an angular projection as
Fig. 2.
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In the contour plot of the induction (lower part of Fig. 8)
two absolute maxima BMAX = 3.16 T are situated close to the
radial inside near the middle of the field period. At poloidal
angles of + 600 and toroidal positions of 1/4 and 3/4 field
periods, the absolute minima of magnetic induction are shown
as dashed contours, Byry = 2.77 T. The large special coils,
which provide the required access to the system, introduce

a relative minimum Bmin = 2.81 T at the radial outside. For
the last useful magnetic surface of the standard configuration
of WENDELSTEIN VII-AS similar conditions apply with

BMAX = 3.3 T, BMIN = 2.4 T, and Biin = 2.7 T, respectively.

On the other hand, near the magnetic axis, the absolute minimum
of the induction is at the middle of the field period. The
radial dependences of the extreme values of the induction, as
well as of the magnitude of the relative minima near T 36O
are given in Fig. 9, along with those of the neighbouring

separatrix, Bg.
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PARAMETER VARIATION

The magnetic field topology of WENDELSTEIN VII-AS can be varied

by several independent means, in order to establish the required

experimental flexibility:

1)

ii)

iii)

superposing toroidal fields up to + 0.5 T from the system
of 10 toroidal field coils, with an associated change of

the rotational transform between 0.2 < £ < 0.6, see Fig. 10;

superposing a vertical field of + 0.05 T which changes &
but mainly shifts the magnetic axis and changes the magnetic
well depth towards a magnetic hill at a large inside shift,
especially in acase where the rotational transform of the
resulting configuration is matched to the value of the

standard configuration, see Fig. 11.

adjusting the current in the large special coils inde-
pendently from the current in the other twisted coils,
which increases the magnitude of the magnetic ripple,
see Fig. 12 (thus influencing the behaviour of trapped
particles),and reverses the positions of the absolute
and relative minimum of the induction at 1/4 and 1/2

field periods of the outer magnetic surfaces.

By further adjusfment of the current in the 10 planar TF
coils,either the average induction or the rotational transform
can be matched to the respective values of the standard
configuration, as listed in Table TI.

For these three types of parameter variations of WENDELSTEIN VII-AS

its quality of an "advanced stellarator", i.e. the low poloidal

variation of / df/B, is essentially maintained.
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the large special coils reduced to 50 % of the design

value.




Table I

s

Current Reduction in Large Special Coils

configuration current in external roﬁational average

large special toroidal transform axis

coils field induction
standard 1480 kA-turns 0 0.39 3.0 T
reduced > 740 0] + 0.43 > 2.6 T
current
same 4 as 740 0.05 T 0.4 2.6

t .
same iaggdard 740 0.37 T 0.28 3.0
induction
10 planar
coils

In stellarators, usually the aspect ratio of the last magnetic
surface (separatrix) increases with an increase of the
rotational transform, This is shown the left column of Fig. 13
for WENDELSTEIN VII-AS,at ¢ = O for values of £ = 0.23, 0.39
(standard case), and 0.61.The rotational transform is
"sufficiently" irrational within the range of flux surfaces
shown,and they have smooth contours, except for some corrugation
close to the last surface of the standard case and of the
configurations with larger values of £. The corrugation is
caused by a rational value of the rotational transfrom at
the separatrix, ts = 5/N, with integer number N = 12 and 8 for

the two lower pictures in the left column of Fig. 13. For

N » 18 these corrugations appear to be negligible. If one
o
considers a rail limiter in WENDELSTEIN VII-AS at (f = 36

and with a vertical dimension ZL = + 36 cm, the configurations
are bound by a separatrix for € > 0.45. The right column of
Fig. 13 shows configurations, where ¢ =1/3 = 5/15 (top) or
£ =1/2 = 5/10 (middle and lower pictures) are at rational
values within ‘the magnetic topology. Here "natural" islands

are seen in a poloidal chain. This is a peculiarity already
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Fig. 13: Magnetic flux surfaces at various values of the
rotational transform, toroidal position ¢ = O.
Left column: irrational 4, right column: examples
of "natural" islands 4 = 5/N for integer N = 10
and 15 within the configuration.
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present in the advanced stellarator configuration ASC 742,from
which WENDELSTEIN VII-AS is derived. Inspection of the right
column in Fig. 13 shows that the radial size of these island
chains decreases with an increasing value of N and with

decreasing minor radius of the rational surface.

Island chains corresponding to rational € = 5 Z/N are also seen,
when slightly changing the parameters of the standard configu-
ration. An example is shown in Fig. 14 for ¢ = 10/25. The

radial dimension of these islands is small. Islands seen in con-
figurations with a still higher order of the resonance, e.q.

4+ =15/38, are hard to discriminate against possible numerical

errors.

Since in WENDELSTEIN VII-AS the shear is low, low-numbered
island chains within the flux surfaces can easily be avoided
by a proper choice of a value of 5/(N+1) < € < 5/N, see
Fig. 13, left column. For N = 12 such a fine adjustment of
the rotational transform amounts to about + 4 % of the
average value € = 0.4. Since we wish to avoid also this
value of € = 2/5, the standard case of WENDELSTEIN VII-AS
is established at an average rotational transform of

Lty = 0.39. There, a fine-tuning of € by + 1 % of its
average value is done e.g. by changing the current in the
large special coils by + 5 % (where the current reduction
could be achieved by an appropriate shunt), or by applying
a small toroidal field of ‘IO_2 T with the use of the

independent set of 10 planar TF coils.
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PERTURBED COIL SYSTEMS

In stellarators, perturbations of the coil system affect the
magnetic topology at a rational value of the rotational transform
by introducing magnetic islands. Usually the case of 1/€ =
integer N is treated (15-17). At constant toroidal angles ,N
islands are seen in a poloidal chain. These islands are

linked toroidally via the rotational transform.

The influence of perturbed coil systems is studied in
WENDELSTEIN VII-AS for toroidal perturbation mode numbers

my = 1,2, and 5. In order to save computation time,usually
one current filament is taken to model a twisted coil

o

Perturbations with mp = 5 are of small influence on the field
topology since they do not break the inherent m = 5 symmetry.

Several types are compared, e.g,:

i) a systematic displacement of one or more of the twisted

coils in each field period;

ii) a common shift of the twisted coils with elliptical bore

towards the large special coil in the middle of the field
period, modelling the toroidal interaction force (12) i

of the twisted coils;

iii) an increase of the minor coil radii of the twisted coils,
which is caused by the electromagnetic hoop force and by the

temperature increase during the pulse time of magnetic field;
iv) a common tilt of the large special coils.

In these perturbations the toroidal field components of
WENDELSTEIN VII-AS are nearly maintained. From the change of the
poloidal fields, or from locally varying radial or vertical
fields a small change of the rotational transform is seen.



In order to model the transient behaviour of the twisted coils
during the pulse time of about 5 sec we consider a relative
toroidal shift of 2 mm between neighbouring twisted coils
towards the large special coil, superimposed with a minor
radius expansion of 2 mm, and 4 mm for the largexspecial coils.
Then the rotational transform is reduced by about 1 % for the
standard case. This perturbation can be compensated by a
reduction of the toroidal field by 0.4 % of its value. For

£ = 1/2 within the configuration, the same disturbance as above
shifts the position and size of the chain of 10 natural islands.
Again, a reduction of the toroidal field by 0.4 % compensates
this change.

A common tilt of the large special coils around a horizontal
axis, directed radially outwards through their vertical mid-
plane, introduces a net vertical field which shifts the magnetic

axis and changes the rotational transform. At the standard

conditions of WENDELSTEIN VII-AS, a change of 1 % of ¥ corresponds

to a lateral displacement of the top and bottom edges of the

5 large special coils by about 1.2 mm. This value is

comparable to the estimated construction and mounting tolerances
of those coils. Provisions are foreseen for their mechanical
fine adjustment, in an effort to avoid the corresponding
perturbation fields.

Perturbations with a toroidal mode number mp = 2 are harmless
for £ =-1/2 but "regonate® at € = 2/5,which is close to the
rotational transform of the standard case. As an example, an
elliptic displacement of the major radii of the large special
coils by 5 mm is considered. It produces a pattern of

mp/f = 5 islands with a radial extension of about 15 % of

the radius of the enclosing flux surface, see Fig. 15, upper
part. On the other hand, a homogeneous horizontal field

B 0.1 % of the toroidal field introduces 10 islands of
similar size, but in a poloidally rotated pattern, as shown
in the middle part of Fig. 15. Since here the perturbation
mode number is mp = 1, the resonance occurs evidently at

r = (m—mp)/2m = (5-1)/10 = 2/5.




Fig.
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JOK 574

JOK 527

JOK 932

Rotational transform near € = 2/5. From top to bottom:
a) 5 islands produced by an elliptic displacement of
the major radii of the large special coils (mp = 2);

b) 10 islands produced by a homogeneous field
B, = 0.1 % of the toroidal field (mp =)

c) same disturbance as a), and toroidal field reduced
by 0.2 % of its value in order to avoid the resonance.

i
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When keeping the m = 2-perturbation and decreasing the toroidal field
by about 0.2 % of its value, the 5 islands disappear, See€

bottom part of Fig. 15. Then, within the whole range of the flux
surfaces, the rotational transform is above 0.4. A similar

situation should apply for an appropriate increase of the

toroidal field by reducing € below the critical value of the

resonance.

The behaviour of islands is studied in more detail for € = 1/2,
and a toroidal perturbation mode number mp = 1. Usually the two
islands associated with this type of disturbance are the largest
to be observed. The influence of different types of perturbation,
like a change in the toroidal excursion of the current path, or a
shift of one of the twisted coils or of the toroidal field coil
system is scaled by comparing the position and size of the islands
to their values at a homogeneous horizontal field B,- This
comparison is shown in Fig. 16. In WENDELSTEIN VII-AS, with
increasing perturbation amplitude the 10 "natural" islands
corresponding to ¥ = 1/2 merge to groups of larger islands
enclosed by additional internal separatrices. Some examples are
shown in Fig. 17. Here, the unperturbed configuration at

4 = 1/2 is compared to cases, where the toroidal excursion of

a twisted coil is reduced by 2 mm, and where the center of the

10 planar coils is displaced by 5 mm in the y-direction. The
pattern in the lower right of Fig. 17 corresponds to an island
structure obtained by a homogeneous horizontal field B, of

10_4 of the toroidal field.

Perturbations corresponding to a horizontal field B, larger than
(2-3) 10} of the toroidal field of WENDELSTEIN VII-AS should
be avoided at £ = 1/2. Such perturbations with toroidal mode
number mp = 1 would be caused, if one of the twisted coils with
elliptic bore would have a toroidal excursion reduced by 5 mm,
or would be toroidally displaced by 15 mm. A similar situation
would occur if one of the large special coils would have a

reduced toroidal excursion of 3 to 4 mm or an increase of its
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Fig. 16: Average radial size Ar of magnetic islands at € = 1/2:
a) "natural" islands without perturbation

b) one twisted coil No 1: reduced toroidal excursion
by 2 mm

c) one twisted coil No 1: toroidal shift of coil
by 1 mm

d) one twisted coil No 9: reduced toroidal sxcursion
by 1 mm

e) one large special coil: increased toroidal excursion
by 1 mm

f) one large special coil: increased minor radius
by 2 mm

g) System of 10 planar TF-coils: radial shift of center
by 5 mm withrespect to the center of the twisted coils

h) homogeneous horizontal field Bx = ‘IO—4 of toroidal
field

i) as h), B, = 3.3 x 10° 2 'S “esPoiaal £ic14

Ar is obtained as difference of the average radii of the

inner and outer closed magnetic surface just encircling
the magnetic islands.
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FFR 765 il JOK 536 2.0]

JOK 544 0.0, JOK 498 0.0

Fig. 17: Magnetic islands in WENDELSTEIN VII-AS at 4 = 1/2:

unperturbed configuration with 10 "natural" islands,
and three perturbed cases with m_ = 1: Cases a, b, g,
and h of Fig. 16. P
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minor radius by 15 mm, or if the whole system of the 10 planar
toroidal field coils would be radially offset by about 8 mm.

Under these conditions the radial dimension of- the resulting
two islands amounts to30 - 5C g of the radius of the surrounding
closed flux surfaces.

On the other hand, at an irrational value of the rotational
transform much larger error fields can be tolerated. This is
demonstrated in Fig. 18, where a homogeneous horizontal field

of 0.5 % of the toroidal field is superposed to the standard
configuration of WENDELSTEIN VII-AS. It is interesting to note
that in the case of Bhorizontal = BY the pattern of flux surfaces
maintains the vertical symmetry (lower part of Fig. 18), whereas
Bx introduces a poloidal rotation of the magnetic surfaces, and
the magnetic axis at zero or 1/2 field periods is vertically
displaced. On the other hand, a field BY introduces a radial
offset of the magnetic axis and changes its helicity. These
differences are due to the fivefold toroidal symmetry of
WENDELSTEIN VII-AS, where the x-direction is through the tri-
angular shape of the flux-surfaces at W = 0, and through a
position corresponding to 1/2 field periods at ¢ = 180°. The
y-direction corresponds to 1/4 and 3/4 of the field periods,

at (p = 90° and 270°, respectively, and thus a field B,
interacts differently with the stellararator configuration.

Apart from a slight change in the rotational transform, a reduction
in the size of the last useful flux surface in Seen, amounting
to 15 % for the above example.

If one wishes to keep this reduction below 5 %, i.e. below 1 cm

of the effective minor radius, then the equivalent horizontal error
field is to be kept below 0.2 § of the toroidal field. This would
allow tolerances larger by about one order of magnitude than

those stated above for the caseof £ = 1./2. %
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Fig. 18: Homogeneous horizontal fields B

. (top) and B
(bottom) of 0.5 % of the toroid3l field, sup®rposed
to the standard configuration of WENDELSTEIN VII-AS.



-40-

In conclusion: The motion of the coils caused by the electro-
magnetic forces and thermal expansion introduces only
negligibles effects on the magnetic topology. Estimated coil
tolerances and their associated error fields increase the
size of the "natural" magnetic islands at rational values of
the rotational transform, especially at £ = 1/2. Due to the
low shear in WENDELSTEIN VII-AS the conditions of

5/(N+1) < £ < 5/N (with integers N between 8 and about 18)
and € ¥ 2/5 or ¥ ¥ 3/5 can be established and then larger
error fields than those expected from the coil tolerances do

not affect the magnetic surfaces essentially.
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SUMMARY

Starting from the field of an advanced stellartor
configuration, the modular coils of WENDELSTEIN VII-AS are
developed by a discretization of the associated surface current
distribution. They consist of 9 different twisted coils in each
of the five field periods. Eight of the twisted coils are of
identical, although differently oriented prolate elliptical
minor cross section at a design current of 592 kA-turns. For
providing sufficient access, one large special coil is intro-
duced in the middle of each field period, designed for a

current of 1.48 MA-turns.

The "standard case" of WENDELSTEIN VII-AS is characterized by
an average induction of B= 3T, and a rotational transform
£ = 0.39with low shear. Between the slightly helical magnetic
axis (major radius = 2 m), and the last useful flux surface
(average minor radius 20 cm, aspect ratio = 10) the magnetic
field exhibits a ripple amplitude in the range of 1.5 to 15 %
and a magnetic well of 2 %.

In order to ensure an experimental flexibility for
WENDELSTEIN VII-AS the magnetic field topology can be varied by

superposition of toroidal fields up to + 0.5 % T,

mainly changing the rotational transform,

ii) by a vertical field up to + 0.05 T, mainly changing
the position of the magnetic surfaces, and influencing

the magnetic well depth, or

iii) by an independent wvariation of the current in the large

special coils, mainly influencing the magnetic ripple.
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The rotational transform can be changed between 0.2 < £ < 0.6.
The configurations are bound by a separatrix for £ > 0.45. The
aspect ratio of the magnetic surfaces increases with & to
values of about 20 at £ = 0.6 .

I

At rational values of ¥ = 5/N "natural" magnetic islands occur
within the system of closed flux surfaces in a poloidal chain
of N islands.

Effects of magnetic perturbations are studied for toroidal mode
numbers m.p = 1,2, and 5. At rational values of £, 1e.g.n /2,00
2/5, the magnetic surfaces are perturbed by magnetic islands.
Such perturbed configurations can be avoided by operation at
values of the rotational transform where 5(N+1) < ¥ < 5/N

(with N between 8 and 18) and at € # 2/5 or £ # 3/5. There

the magnetic surfaces are not affected by perturbations,
except for some reduction of the separatrix radius. From these
studies estimates of the admissible tolerances of coil con-

struction or coil mounting are derived.
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