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MODULAR COIL SYSTEMS OF ADVANCED STELLARATOR REACTORS
J. KiBlinger, C.D. Beidler, E. Harmeyer, F. Herrnegger, H. Wobig

Max-Planck Institut fiir Plasmaphysik, EURATOM Association,
Garching bei Miinchen, Germany

Only one single super-conducting non-planar coil set is necessary to generate the magnetic field of
an advanced stellarator reactor. This concept of modular coils offers a wide range for field optimization with
respect to plasma performance. Two HELIAS configurations are considered; one similar to Wendelstein 7-X
with 5 field periods and a major radius of 22 m and a more compact configuration with 4 field periods and a
major radius of 18m. Both configurations uses 10 coils per period with 5 different coil shapes. The shapes
depend on the magnetic field structure and on the distance between plasma and coils. The minimum distance
is given by the thickness of blanket and shield and is an essential parameter for the size of the device. The
winding packs with trapezoidal cross-sections are split in double pancakes which are wound on steel shells.
The trapezoidal cross-section is used in order to reduce the maximum field strength at the conductor on the
high-field side. The favoured choice is a NbTi super-conductor because of the established industrial
technology and good mechanical properties. Super-fluid helium at 1.8K is used as coolant to ensure safe
operation at 10T. More advanced conductors like NbsSn or Nb;Al offer higher magnetic fields at higher
coolant temperatures. Their drawbacks are the lower technological development and brittleness. The
magnetic force distribution in the coils is inhomogeneous and has radial and lateral components of about the
same value. The coils tend to become more circular and planar under the magnetic load. Stiff coil housings
with local reinforcements and a system of inter-coil support elements keep the resulting mechanical stress
values within technical limits.

INTRODUCTION

In a stellarator, all magnetic field components which are necessary to confine the plasma
are produced by the external coil system. In the past many systems have been proposed
and realized; they were optimized according to various criteria such as simplicity, flexibility and
reactor relevance. The combination of helical windings, planar toroidal field (TF) coils and
vertical field coils, installed in most of the stellarator devices, is of advantage for experiments
since it provides a large amount of flexibility. However, helical windings have only a limited
potential regarding field optimization with respect to plasma confinement und stability und pose
severe technical difficulties due to the interlinked TF coils. The concept of modular coils as
used in the Helias Reactor, see Ref. [1], overcomes these difficulties by needing only one
coil system. Furthermore it offers a wide range for field optimization and thereby provides
access to the realization of an Advanced Stellarator. This optimization can be done as a first
step and later, in a second step, the shape of the modular coils are calculated with respect to
other optimization criteria, e.g. maximum field strength at the conductor and distance between
plasma and coils.

The design of a power reactor using a Helias configuration similar to Wendelstein 7-X (5
field periods) which ensures ignition, sufficient space for blanket and shield, a maximum field
strength at the conductor small enough to apply NbTi superconductors, and a fusion output
of about 3GW, has resulted in a device with a major radius of 22m (HSR5/22). Another
device using a more compact Helias configuration with 4 field periods has a major radius of
18m (HSR4/18). In Table | the main parameters of the two devices are summarized. Each
field period consists of 10 coils and exhibits stellarator symmetry such that there are only five
different coil shapes.
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TABLE |: Main parameters of HSR4/18 and HSR5/22.

'HSR4/18  HSR5/22

Major radius [m] 18 22
Av. minor radius [m] 2.1 1.8
Plasma volume [m”] 1421 1407
lota (0) 0.83 0.85
lota (a) 0.96 0.98
Av. magnetic field on axis (T] 5.0 4.75
Max. field at conductor [T 10.3 10
Number of coils 40 50
Magnetic energy [GJ] 98 100
Mass of coil system [t] 10400 16200

THE MAGNETIC FIELD AND COIL OPTIMIZATION

The magnetic field configuration of the Helias Reactor is close to the standard configuration
of the Wendelstein 7-X (W 7-X) experiment and is accessible in the broad range of possible
configurations of W 7-X. In contrast to W 7-X, there is no superimposed extra planar coil set
which allows the experiment the variation of magnetic field parameters e.g. the rotational
transform and the magnetic mirror ratio. The reactor configuration has a rotational transform
+. — 0.85 and the mirror ratio on the magnetic axis is about 9% for which good confinement of
the highly energetic « -particle is predicted. The shapes of central filaments of the coils, located
on a toroidal surface enclosing the last closed flux surface (see Figs. 1 and 2), are calculated
using the NESCOIL-code [2]. The code solves the problem by satisfying the requirement that
the fields produced by the filaments be tangential to a given flux surface. The geometry of
the last closed flux surface completely determines the properties of the confinement region
and is the result of the optimization procedure of the magnetic field. The Advanced Stellarator
has been developed along this line. Then, in a second step, the geometry of modular coils
can be optimized by the variation of the shape of the enclosing surface on which the current
filaments lie. The main goal is to provide sufficient space for blanket and shield, to maximize
the minimum distance between this surface and the last flux surface under the constraints of
minimum filament curvature und maximum filament-to-filament distance; simultaneously the
properties of the magnetic field must be maintained. In order to make the coil shape simpler
and tolerate small deviations to the desired field the current filaments are smoothed.

Fig. 1 Cross-section of the given flux surface and the enclosing surface on which the current

distribution is calculated at toroidal angles . — 0 and 45 of HSR4/ 18.
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left: as calculated by the code, right:
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Fig.4 Top view of the coil set (single winding

pack) of HSR4/18
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Special attention in this procedure must be given to magnetic islands. Small changes in the
filament shape can have large effects on the island size. The direct way from the central
filaments to finite size coils is to arrange a rectangular cross-section tangential to the enclosing
surface. The derived coil sets of the two configurations HSR5/22 and HSR4/18 are shown in
the Figs. 3 and 4.

WINDING PACK AND COIL CROSS-SECTION

The winding pack is split into 8 double pancakes consisting of 2x18 turns each. The
conductor is wound on steel shells which serves as a winding mould during the manufacturing
and later the shells reinforce the winding packs and reduce the mechanical stresses on the
conductor. The lowest values for the maximum field and mechanical stresses are derived with a
wedge between the 2 layers of a double pancake; see Fig. 5. The coils have a trapezoidal cross-
section in order to reduce the average current density at the high-field side and in consequence
the maximum field strength at the conductor. The coolant inlet is at the plasma side where the
lowest temperature is needed due to the high magnetic field and the heating by fast neutrons
coming from the plasma. Coolant outlet and current feeders are located at the radial outside;
see Fig. 6. The cooling length is about 620 m.
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Fig. 6 Coss-section of superconducting coil

THE CONDUCTOR

The first choice is a NbTi superconductor as used in W 7-X. The main advantages of this
material are the well-established industrial technology and the good workability. Because of
the increased field strength of 10T on the conductor, compared to 6T in W7-X, the operating
temperature must be lowered from 4K to 1.8K, and helium in the superfluid state is used as
coolant. Special attention is given to the requirements of non-planar coils by using a cable
jacket of soft annealed aluminium alloy. During the winding process the jacket is in a soft stage.
Then, after the winding pack is completed, the aluminium jacket is hardend by a heat treatment
at moderate temperatures of about 160" C. Internal forced-flow cooling is preferred because
this allows the uniform wetting of the strands close to the superconducting filaments and the
fabrication of a monolithic and stiff winding pack.

The proposed ‘cable-in-conduit’ conductor with a nominal current of 40 kA has a square
cross-section of 32x32 mm‘ and a bore of 22 mm diameter. The data of the conductor are
summerized in Table II; the cross-section of the conductor is shown in Fig. 7.
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TABLE Ill. Data of NbTi conductor

Overall dimensions [mm?] 32x32
Bore diameter [mm] 22
Void fraction [%] 40
Operational current [kA] 40
Critical current [kA] 71
Overall current density [A/mm‘] 31
Number of strands 192
Diameter of strand [mm] 1.20
Twisting structure 3x4x4x4
Diameter of filaments [mm] 0.05
Num. of fil. per strand 192
Fraction Cw/SC : 2 Fig.7 Cross-section of NbTi conductor

An increase of the magnetic field offers the chance to use configurations with lower critical
4 values and simpler shape of the modular coils. In this case Nb;Sn or Nb;Al superconductor
with its technical constraints and the wind and react technique as forseen in ITER must be used.
For both materials R&D work is necessary. Because of the lower degradation, resulting from
stress and strain, Nb;Al is the better material, however its stage of technological development
is lower.

MAGNETIC FORCES AND COIL SUPPORT

Due to the different local coil curvatures and the slightly helical arrangement of the coils,
the force distribution in the coils is inhomogeneous and has radial and lateral components
of about the same maximum value on the order of 100 MN/m’; see Fig. 8. Due to the
radial force components the coils tend to become more circular and planar under the magnetic
load. The volume integral of the magnetic force densities results in a net force for each coil
with components in radial and vertical direction; see TAB. IV. Basically the net forces are
pointing towards the torus center as in a standard solenoid, however on coil 3 the vertical
force component of 130 MN is of the order of the radidal component of 163 MN. The maximal
centering force of 205 MN acts on coil 1. For an entire field period the total centering force
is about 600MN, the net vertical force vanishes, due to the stellarator symmertry. The virial
stress characterizes the specific magnetic force load of the coil system and is about 160 MPa.
The inhomogeneity of the electromagnetic forces on the coils and the high value of the virial
stress requires an adequate support structure. An iterative optimization procedure is applied to
minimize the amount of structural material and to equalize the stress distribution. The winding
packs of each coil are surrounded by a stiff stainless steel housing. The coils are mutually
connected by support elements and form together a toroidal vault. The results of extensive
finite-element calculations show a complex stress and strain distribution in the coil and support
structure; detailed information is given in Ref. [3]. The tendency of the coils to become more
circular and planar under load causes bending stresses and related shear stresses which can
be reduced to a tolerable value by local reinforcement of the coil housing at positions with large
curvature.

SUMMARY AND CONCLUSION

In a stellarator reactor all fields which confine the plasma can be generated by a single
modular coil system. The coil shape is calculated after an optimization of the magnetic field
configuration.

Because of the stellarator symmetry only 5 different coil shapes are necessary with 10 coils
per period. The shapes depend on the field configuration and on the distance between plasma
and coils. The minimum distance is given by the thickness of blanket and shield and is an
essential parameter for the size of the device.
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Fig.8 Force distribution on coil 1 of HSR4/18
TABLE IV. Total Forces on each Coil Type (HSR4/18)
Coil Fr Fz
[MN] [MN]

1 205 -44

2 157 -62

3 163 -130

4 66 -108

5 24 -44
ANSYS 5.5.1
Yenitisa
v ':1
DIST=991%
P
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Fig.9 Coil support structure (1/2 field period)
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The maximum field strength at the conductor is kept under the limit of NbTi superconductor
so that the well-established industrial technology and workability of this material may be used.

The trapezoidal coil cross-section reduces the maximum field at the conductor and steel
shells between the pancakes increase the stiffness of the coils and serve as a winding mould.

The 3D-geometry of the coil system leads to a complex distribution of magnetic forces. Stiff
coil housings with local reinforcements and a system of intercoil support elements keep the
resulting mechanical stress values within technical limits.
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CHUCTEMH MOIYJIbBHUX KOTYHIOK YAOCKOHAJIEHUX
CTEJIAPATOPHUX PEAKTOPIB

H. Kiccainrep, C. . Baiinuep, L. lapmeiiep, ®. I'epuerrep, I'. BoGir

Jlns OTPMMAHHS MATHiTHOTO TOJsA B YIOCKOHAJIEHOMY CTENapaTOPHOMY PEeakTopi HeoOXiaHwii
TINbKM OIMH HAANPOBiAHMI HErUIOCKWH Habip KoTymiok. Lls koHueniuis MOAYJIbHMX KOTYLIOK Ja€
MOXUIMBICTH ONMTHMMi3aulii noas B IUMPOKOMY Jiama3oHi 3 TOYKM 30pY XapakTepUCTHK [UIa3MH.
Posraspaiorbess aBi [ eniac-kondirypauii: oasa noaiGHa mo cremaparopa Benaenswraidn 7-X 3
STUNEPIONHMM TIOJIeM Ta BENMKMM paaiycom Topy 22 M Ta Oinbll KOMIAKTHa KOHQirypauis 3
YOTHPHIEPIONHUM TMOJNEM Ta BedvkuM pagiycom 18 m. O6unsi koudirypauii BUKOPHCTOBYIOTb AECATH
KOTYIIOK Ha Tepioji, SKi MaloTh 1’ATh pisHUX dopm. DOpPMH 3aleXaTh Bil CTPYKTYPH MarHiTHOro nojis Ta
BiZl BiACTAaHI MDK IUIa3MOI0 Ta KOTYLIKOK0. MiHiMalbHa BiACTaHb BH3HAYAETLCA TOBIIMHOKW OnaHkery Ta
eKkpaHy 1 € CYTTEBMM TlapamMeTpoM s po3Mipy YCTaHOBKH. broku oOMOTKH 3 TpaneueBHAHAMH
MOMEPeYHUMH Tiepepi3aMu po:mmm(m,cx Ha JBi JMCKOBi OOMOTKHM, L0 HaMOTaHi Ha CTaJeBi KOPIYyCH.
TpaneueBuaHui MonepeyHUi nepepis BHKOPHCTOBYETBCS 15 3MEHLUEHHS MaKCHMaJIbHOI HaIpy)XEHOCTI
noJs. JlouineHUM € BUGIp Hazmpoaumnxa Nb-Ti, ocKiIbKM HaJIaroKeHO TEXHONIOTiI0 Horo NPOMUCIOBOrO
BUpOOHHMUTBA, i BiH Mae XOpowi MexaHiuni BnactuBocTi. Hampinkuii reniii mpu temneparypi 1.8 K
BHKOPHCTOBYEThCA SIK OXOJIOIKyBad Juis 3abesneueHHs Gesneynoi podoru npu B = 10 Tn. BukopucTaHHs
Nb-Sn a6o Nb-Al 3abesnedye Oinbll BMCOKI MarHiTHi nojs mnpu Oiibll BHCOKHMX TeMIeparypax
OXOJIO/DKEHHS. IXHIMM HENONIKAMM € HWXKYa TEXHOJOriuHAa OMNpAlbOBaHICTh Ta KPHXKicTb. Posmoain
MArHiTHOT CH/IM B KOTYIIKax € HEOQHOPIAHHM i Ma€ pajiaibHuii Ta nonepeqﬂun KOMITOHEHTH npn6nu3Ho
OJIHaKOBOI BeMYMHH. KOTYIIKM MalOTh TeHAEHLiI0 CTaBaTH GibLi Kpyr/IMMHU ¥/ MJIOCKAMH i MarHiTHUM
HaBaHTaXeHHAM. JKOpCTKe pO3MIlEHHs KOTYWIOK 3 JOKaIbHHM KpIIUIEHHAM 1 CHCTEMOIO e/IeMEHTIB
MIKKOTYLLKOBO] [iATPHMKH YTPUMY€ BeJTMUMHY Pe3y/IbTYI0UOr0 MEXaHI4HOrO 3yCHILIA B TEXHIYHHX MEKaX.
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