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ENGINEERING ASPECTS AND PRESENT
STATUS OF THE SPANISH STELLARATOR TJ-II
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M. Blaumoser , J. Botija, A. García, M. Liniers, A. Martínez and

M. Medrano.
Asociación EURATOM / CIEMAT para Fusion

28040-Madrid, SPAIN

ABSTRACT

TJ-II is a medium size stellarator, ( Ro = 1.5 m;
<a p> = 0.2 m; Bt = 1 T) under construction at
CIEMAT. It will enable the exploration of helical mag-
netic axis plasmas in a wide range of configurations
(rotational transform ranges from 0.9 to 2.5, magnetic
well up to 6 % and shear up to 10%) in discharges of
0.2 to 1 s, generated and heated by ECH (400 kW at
53.2 GHz). <ß> limits of the configuration, theoretically
predicted as high as 6%, will be explored in a second
stage of the programme by the addition of 4 MW of
NBI. In this paper a review of the design criteria for
this device and the solutions adopted for the different
components are presented.

1. INTRODUCTION

Stellarators represent a concept improvement for
tokamaks due to their inherent properties of steady
state operation and no disruption problem, both due to
the absence of induced current in the configuration. For
these reasons they are part of the European
Programme in Fusion Research [1]. In the family of
stellarators, configurations with an helical axis theoreti-
cally offer a promising capability for good confinement
of high <ß> plasmas.

TJ-II is a medium size device devoted to the study
of helical magnetic axis stellarator plasmas in a wide
range of configurations [2]. Table I summarises the ge-
ometrical and coil system parameters for this device
and figure 1 outlines such a coil system.

Table I : TJ-II coil system parameters

Fig.l TJ-II Coil Configuration

Major radius
Plasma radius
Periods

TF Svstem
Magnetic Field
Coils
Radius
Swing
Max. Current
Current Density
Adiab. Increase

Hard Core
Swing
Max. CC Current
Max. HX Current
Current Density
Adiab. Increase

VF Svstem
Radius
Height
Max. Current
Current Density
Adiab. Increase

1.5
0.1-0.2
4

1
32
0.425
0.282
260
<6.2
25

0.07
280
260
10
40

2.25
±0.75
200
<5
14

m
m

T

m

kA
kA/cm2

°K/pulse

m
kA
kA
kA/cm2

°K/pulse

m
m
kA
kA/cm2

°K/pulse

* Max-Planck Institute für PlasmaPhysik, Garching, F. R. Germany



The high degree of flexibility in magnetic configu-
rations, with high rotational transform in the range 0.9
to 2.5, is obtained by two different coils that together
form the central hard core of the device. These two
coils can be fed independently and, depending on the
current intensity in each one, it is possible to reach the
iota values of the above-mentioned range. Figure 2
shows the operational domain achievable at TJ-II.

Design of the TJ-II device has been addressed with
the idea of maintaining as much as possible the physical
goals of the experiment and provide, at the same time,
solutions to assure the reliability of the configuration.
This was obtained through three main decisions:

a) Internal Vacuum Vessel with a groove to keep the
hard core outside. With this choice accessibility was
guarantied to the most critical component of the device:
the central conductors that have a very high current
density due to space limitations. In addition, problems of
gas and plasma density control are reduced with this
choice.

b) Modular Vacuum Vessel, to ease construction and
enable higher precision and possibility of replacement
of part of the chamber in case of failure.

c) Splitable Toroidal Field Coils, to enable for indepen-
dent and parallel construction of the different compo-
nents of TJ-II, avoiding interlinked fabrication and sav-
ing time in the manufacturing of the device.

2 VACUUM VESSEL

As above-mentioned, the final solution [3] is an inter-
nal vacuum vessel (VV) structure that follows the
helical arrangement of the toroidal field coils (TF),
passing through them and with a concave helical
groove that leaves the Hard Core out. It is composed of
32 sectors and 32 rings distributed into four identical
periods. Each sector has a roughly oval shape and

Fig. 3 Vacuum Vessel Octant

carries the observation ports, up to a maximum of three
per sector. The rings are the pieces located between
the sectors. They have a circular shape except at the
helical part of the groove. Sectors and rings are factory-
assembled in octants. (Fig. 3). Each octant has 4 sec-
tors and 3 rings and is connected to the adjacent ones
by closing rings. A continuous weld at the inner side
provides vacuum tightness. A discontinuous weld at the
outer side ensures the mechanical strength. Thermal
shields are included on the groove region to avoid any
contact between the plasma and the chamber. Access
for diagnostics and beam lines has been provided by 96
ports of different sizes that cover all the experimental
and heating needs.

VV will be suspended at 4 points from supports that
are flexible in the radial direction to allow for nearly
free thermal expansion during bake-out, (it will be
bakeable up to 150°C), and rigid in the tangential direc-
tion to maintain the VV centred. Another 4 extra sup-
ports are planned in between the main supports in order
to avoid high vertical deflections. Tolerances for the
assembled VV are very demanding, = 1/1000, due to the
proximity to the CC/HX and TF coils, so the chosen
manufacturing method includes machining as final step.
Finite element stress analysis was carried out under
elastic conditions using thin-shell elements of the
ANSYS code. Mechanical and thermal loads were ap-
plied. As mechanical: a) Pressure (increased by 50%
due to electromagnetic forces induced by eddy cur-
rents), b) Dead load (increased by 30% due to the
various components: thermal shields, heating/cooling
circuits,... etc, attached to the VV), and c) Vertical
downward loads applied to the flanges of the ports (100
kg on 13 ports). Thermal loads were applied to simulate
the baking procedure (heating and cooling phases up to
150°C in a short time). Under mechanical loads, the
main results show a maximum membrane stress of 68
MPa, a maximum combined stress (membrane plus
bending) of 138 MPa, and a maximum vertical
deflection of 2.8 mm. These values are low compared
with those allowable, which are respectively 142 MPa
and 213 MPa; while the displacement values are the
maximum compatible with the machine performances.
Under thermal loads, the stresses obtained are rather
high due to the short period (two hours) given to the
heating and cooling phases: 19 MPa and 164 MPa
respectively. Due to the low membrane stress values,
buckling seems very unlikely to occur.

VV will be made of certificated AISI 304 LN
stainless steel. The relative magnetic permeability ßr

must be below 1.01 at every point. Permanent dimen-
sional control must be performed to each component
during the fabrication cycles. The groove region is the
most difficult part from the manufacturing point of view.
This will be done by means of special preliminary ma-
chining followed by hot pressing and eventual solution
treatment. Then the piece will undergo a second cold
pressing operation followed by final checking of dimen-
sions and magnetic permeability.

2.



Due to its complicated shape and to the narrow
tolerances, it has been considered mandatory to start
VV fabrication with a prototype to verify the fabrication
method, to test the assembly of the thermal shields and
to verify the final weld at the closing rings.

Preassembly of the VV will be performed at fac-
tory without the final welds that provide vacuum tight-
ness. For this operation, the VV must be supported by
the 4 final supports as later in the stellarator assembly.

3. HARD CORE

The Hard Core (HC) [4] is a set of two coils that
constitutes the axis of the machine around which the
plasma twists helically four times in accordance to the
device periodicity. A sketch of the HC is shown in fig-
ure 4.

Helical Coil Circular Coil

Fig. 4 TJ-II Hard Core

It is composed of a circular coil (CC) and a helical coil
(HX). The CC is enclosed in a stainless steel casing
and the HX is wound over it around the CC in phase
with the helical path of the toroidal field coils, given by:

9=-4<j>

where 9 and <j> are the poloidal and toroidal positions.
Figure 5 shows different cross-sections of the HC at
some toroidal angles ( the axis of the machine is on the
left of the drawings). The two coils will be manufac-
tured from hollow copper conductor wound into four
vertical layers. Each layer is wound with a continuous
copper profile without any bracing along in order to
avoid as much as possible weak points.

The normal operation of the HC is pulsed, from 0.2 to
1 second flat top, depending of the current magnitude
required for the experiment, every 5 minutes with fast
ramp up and ramp down of the currents. The coils can
operate between zero and maximum values. In the
worst cases the current density in the copper is around
10 kA/cm2. Coils will be cooled during pulse break to
their initial temperature by deionized water that flows
through the cooling channels of the coils.

HX is divided into two subcoils independently sup-
plied. The aim is to vary the distance between the
mean lines of the CC and the HX currents within
certain limits so as to generate some shear capability in
the configuration. The coils can be operated separately
or in series.

= 45°, 8 = 180°

(1-Circular Coil, 2-Helical Coil, 3-Casing)
Fig. 5 HC cross sections

The CC is enclosed in a non-magnetic stainless steel
casing. The casing is mainly the support structure of
the Hard Core because the coils are not sufficiently stiff
and it is necessary to have a structure to support them
when magnetic and thermal efforts appear during the
operation of the machine, and also to avoid large de-
flections that could disturb the magnetic field of the ex-
periment. The HC is supported from below at the four
points where VV is above it; the supports rest on the
horizontal beams of the general support structure of the
machine.

4. OTHER COMPONENTS

4.1 TOROIDAL FIELD COIKS

The toroidal field system of TJ-II consists of 32
circular coils distributed in vertical planes with a four-
fold symmetry. The position of the coils is modulated to
minimize the ripple in the magnetic field. Four of the
coils are slightly bigger to let access to the neutral
beam injection for plasma heating. The TF coils are
built in two halves in order to be assembled around the
Vacuum Vessel.

The turns are directly cooled by means of a
cooling duct inside, except in the contact area which is
cooled by longitudinal heat conduction to the area di-
rectly cooled. The TF coils built in two halves are con-
nected by overlapped joints and pressed by means of



insulated bolts. Each turn is a copper conductor with
rectangular cross-section and presents the characteris-
tics described at table II.

TF coils are fixed to the rings by four legs. Structure
will be made in SS 304 LN annealed to provide a low
magnetic permeability. Rings are the critical elements
in the manufacturing due the high precision required.

Table II : TF Coil

Mean radius
Number of turns:
Copper cross-section (turn)
Diameter of cooling duct:
Nominal current (Amper-turn)
Maximum voltage at terminals
Maximum Current Density
Pulse duration
Coil heat up per pulse
Cooling water velocity
Pressure drop per cooling
channel

characteristics

Normal / Enlarged Coil

425 / 475
8/9

633.61
5

260
1000

5.2
2

25
2

0.35

mm

mm2
mm
kA
V
kA/cm2
s
°C
m/s
bar

Each half coil is enclosed in a non-magnetic stainless
steel casing interrupted in the joint area. The coil is held
into its casing by elastic bands. The set of coil and cas-
ing is supported by an external frame also split into two
halves and connected to the general support structure
of the machine by four legs.

4.2 POLOiDAL FIELD COILS

This system includes a group of 10 coils for vertical
field (VF), current compensation (OH) and radial field
(RF). The two VF coils are placed symmetrically above
and below the Hard Core. The OH system are 4 coils,
two inner and two outer symmetrically placed above
and below the equatorial plane of the machine. Its pur-
pose is to produce a low e.m.f. (= 0.1 V) along the mag-
netic axis of the plasma, to be able to compensate for
toroidal currents that might arise by the effect of plasma
heating. RF coils are 4, closely located to the OH coils.
These coils are intended to produce a weak radial field
of 100 Gauss, constant in time to compensate stray
fields.

AU these PF coils are made from hollow copper pro-
files. In normal operation the coils will be pulsed up to
maximum currents for about 2 second, and then cooled
down within 5 minutes after the pulse. Highest current
density is 34 A/mm2. The PF coils are supported by
four rings which are part of the general support struc-
ture of the machine.

4.3 SUPPORT STRUCTURE

This structure, shown at figure 6, consists of four
main columns with horizontal struts to support the vac-
uum vessel and the coils. Two internal and two exter-
nal rings, electrical isolated, house the PF coils. Each
set of rings are joined to the centre by four radial
beams. Each set of beams, upper and lower, are
toroidaly displaced and the VV is hanged from the up-
per ones while the HC is supported on the bottom ones.
Both substructures, upper and lower, are joined by
eight inner and eight outer columns.

TJ-II Support Structure

5 SUMMARY

The TJ-II device under construction will enable
the study of the properties of helical magnetic axis
stellarators in a wide range of configurations. Modular
structure for the vacuum vessel, splitable toroidal field
coils and independent support structure for each
element, together with a detailed assembly procedure,
allow for independent and parallel construction of the
different components of the device. Strict requirements
in tolerances, shapes and current densities have been
carefully addressed and solved in the design of the two
most complicated components of the device: the
vacuum vessel and the central coils, and these
components are now ready for starting manufacturing.
Final assembly of all the device components is planned
to be made at C1EMAT, Madrid, during 1994.
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VACUUM VESSEL DESIGN FOR THE TJ-II DEVICE

J.Botija, M. Blaumoser*
Asociación EURATOM/CIEMAT para Fusión

Avenida Complutense 22.
28040 Madrid. Spain

Introduction

TJ-II is a medium size stellarator of the heliac-type
under construction in Madrid. Its major radius is 1.5 m,
toroidal magnetic field up to 1 T, minor dimensions of the
bean-shaped plasma: 0.4 m by 0.2 m and a duty cycle up to
1 s every five minutes1.

The vacuum vessel (VV) is one of the most critical
components of the TJ-II2. The VV is designed to provide the
maximun reasonable volume inside the toroidal field (TF)
coils. Furthermore the hard core (CC/HX) coil3, which is the
other critical component of this machine, remains outside
the VV in order to facilitate assembly, accessibility and
maintenance.

Design features

The VV follows the helical arrangement of the set of
TF coils and passes through them. Some of the more
important parameters are given in Table 1. A concave
helical surface called "groove" leaves the central
conductors (CC/HX) outside closely fitted. The wall
thickness of the VV will be 10 mm, except for the groove,
where it will be 7 mm.

Table 1. VV Main parameters

Mean radius
Swing radius of ring centres

normal rings
enlarged rings

Ring inner radius
normal rings
enlarged rings

Groove (helical surface)
circular part inner radius
angle between lateral plates

Number of ports

1500

282.5
332.5

372
422

109
60°
96

mm

mm
mm

mm
mm

mm

The VV will be made of certificated AISI 304 LN
stainless steel. The relative magnetic permeability j i rmust
be below 1.01 at every point.

The VV is composed of 32 sectors and 32 rings
distributed into four equal periods of 90° each (Fig.1 ). Each
sector " has a roughly oval shape and carries the
observation ports, up to a maximum of 3. The rings are the
pieces which are located between the sectors. They have a
circular shape except at the helical part of the groove. The
TF coils will be located over the rings. Access for
diagnostics and beam lines has been provided by 96 ports
of different sizes. Four ports will be used for the pumping
system and another four for the poloidal limiters. Eight
sectors, located at the "corners" of the VV, are larger than
the normal ones in order to accommodate the NBI ports.

Sectors and rings are factory-assembled in octants.
Each octant is composed of 4 sectors and 3 rings (Fig. 2).
The octants are connected to each other by closing rings
(Fig. 3). A continuous weld at the inner side provides

* Max-Planck Institute für PlasmaPhysik, Garching, F.R.G

Fig. 1. Vacuum vessel top view

Fig. 2. Octant

vacuum tighness. This internal seal weld will be done
manually, entering the VV through 8 special ports named
"manholes". A discontinuous weld at the outer side ensures
the mechanical strength.

The VV will be suspended at 4 points from supports
that are flexible in the radial direction to allow nearly free
thermal expansion during bake-out and rigid in the
tangential direction to mantain the VV centred. Another 4
extra supports made of steel cables are planned in
between the main supports in order to avoid high vertical
deflections on the VV.



The VV will be bakeable up to 150° C. The heat will
be supplied by electric currents in the VV induced by
feeding of the TF coils. In addition, hot (pressurized) water
circulating in the tubes attached to the outer surface of the
VV and electrical heating strips will be used in regions
where the current heating is less effective (e. g. ports).
Cooling of the VV will be done by the same circuit used for
heating. The VV will be thermally insulated.

The VV model was generated only for 90° due to its
four times periodicity (Fig. 4). This model includes one
support located at 25.5°. As boundary conditions, equal
displacements and rotations, i.e. cyclic symmetry
conditions, have been applied at the corresponding nodes
of both ends of the model. The existing support on this 90°
model was simulated by restricting the motion of its upper
nodes, only in the toroidal direction, to simulate the high
flexibility of the support in radial direction.

Fig. 3. Closing ring

Two different areas of the VV will be internally
protected: the thermal shieds of the groove region must
avoid any contact between the plasma and the VV and, the
N.B.I, thermal screens will protect the regions of the VV
which are hit by the neutral beams used as the main
additional heating system for the plasma.

Tolerances for the assembled VV are very
demanding due to the proximity to the CC/HX and TF coils,
then, the manufacturing method chosen requires machining
as the last operation for each part. Table 2 gives some
general tolerances required on the VV fabrication.

Fig. 4. 90° model for F.E. analysis

Two types of load, mechanical and thermal, were
applied. Mechanical loads: 1) Pressure (increased by 50%
due to electromagnetic forces induced by eddy currents), 2)
Dead load (increased by 30% due to the various
components: thermal shields, heating/cooling circuits,... etc,
attached to the VV), 3) Vertical downward loads applied to
the flanges of the ports (100 kg on 13 ports). Thermal loads
were applied to simulate the baking procedure (heating
and cooling phases up to 150° C in a short time).

Stress verifications were made according to the
ASME code, section VIII, Div. 2.

Under mechanical loads, the main results, given as
element stress intensity (TRESCA), are reported in Table 3.
They show a maximun membrane stress of 68 MPa, a
maximun combined stress (membrane plus bending) of 138
MPa, and a maximun vertical deflection of -2.8 mm (Fig. 5
shows the deformed plot).

Table 2. General tolerances

1) Major radius of VV (theoretical line) R=1500 mm
2) Distance between ring centers of VV

and major radius (theoretical line) d=282.5 mm
Exception for RA1 ,RB1 ,RC1 and RD1 d=332.5 mm

3) Radius of circular part of the groove r=109±1.5 mm
4) VV rings radius D=380±1 mm
5) Max. toroidal displacement of sectors

and rings from the ¡deal position t=±1 mm
6) Max. displacement of VV rings centre e= +1 mm
7)Tolerance of angular aperture between

side plates of sectors ±30"
8) Toler. of ang. aperture of 45° octants ±30"

Stress analysis

The F.E. stress analysis was carried out under elastic
conditions using thin-shell elements of the ANSYS code.

Fig. 5. Deformed plot



Table 3. Maximun stresses and displacements

Area

Curved groove
Flat groove
Curved sector
Port and sector

Em
(MPa)

46
67
68
47

(MPa)

72
84
138
111

Az
(mm)

-2.2
-2.8

The stress values are low compared with those
allowable, which are respectively 142 MPa and 213 MPa;
while the displacement values are the maximum
compatible with the machine performances.

Under thermal loads, the stresses obtained are
rather high due to the short period (two hours) given to the
heating and cooling phases: 19 MPa and 164 MPa
respectively.

Due to the low membrane stress values, buckling
seems very unlikely to occur.

Fabrication Method

As already mentioned, the VV is composed of 8
octants and 8 closing rings. Each octant has 4 sectors
which are joined to 3 intermediate rings by welding. Octants
and closing rings are connected by a vacuum weld plus a
discontinuous external weld.

Due to its complicated shape and to the narrow
tolerances, it is mandatory to start with a VV prototype. This
prototype is under fabrication using the same techniques
planned for the VV. The fabrication of the VV prototype has
as objetives to verify the fabrication method, to test the
assembly of the thermal shields and to verify the final weld
at the closing rings.

Each sector is composed of an external bent part, a
helicoidal element (the groove), two side walls with a
suitable border profile to avoid corner welding and ports of
various types (Fig. 6).

Fig. 6. Typical sector

Each closing ring is composed of a cylindrical part, a
helicoidal element and two side flanges.

The groove region is the most difficult part from the
manufacturing point of view. This will be done by means of
special preliminary machining followed by hot pressing and
eventual solution treatment. Then the piece will undergo a
second cold pressing operation followed by final cheking of
dimensions and magnetic permeability.

The groove region will be welded to the sectors and
to the intermediated cylindrical-shaped rings using special
fixtures. This operation is critical due to the narrow
tolerances required in this particular area.

The ports will be assembled independently, then
welded and machined in position on the sectors.

In order to achive the final dimensions requested and
due to the large number of thick welds, suitable overmetal,
to be assessed during the qualification phase, must be
provided to compensate the material shrinkage. Special
tools and fixtures must be developed for this work.

Heat treatment of the groove is planned. Other heat
treatments will be decided on the basis of the experience
gained during the prototype production.

A complete cleaning cycle will be performed on each
component.

Permanent dimensional control must be performed
on each component during the fabrication cycles.
Preassembly of the VV will be performed at the factory
without the final welds that provide vacuum tightness. For
this operation, the VV must be supported by the 4 final main
supports as later in the stellarator assembly.

All surfaces exposed to vacuum must be outgased in
vacuum at approximately 150°C at 0.1 Pa for at least 100
hours. The following test are required for the VV prototype,
octants, closing rings and final complete VV: global leak
rate test at ambient temperature and at 150°C, and
outgasing test at ambient temperature. For all the leak tests,
helium will be applied from outside the VV.

Final assembly and disassembly processes

The assembly sequence will start when the CC/HX
coils are finished and placed in position. The assembly of
the VV vessel around the CC/HX coils can start at any point
with an octant, using temporal supports; those octants (4)
which have rigid supports will be suspended to the upper
radial beams of the supporting structure. All the octants
follow the same process of assembly, a combination of
several rotations and translations put any octant in
position around the CC/HX coils. The closing rings are
inserted easily in between the octants. The last three pieces
to be assembled are two closing rings and one octant. This
last octant has to be mounted first due to the space required
for the insertion process explained before. Several bolts
are used in order to fix in position octants and closing rings.

Once all the pieces are in position then the final
manual internal welds at the closing rings can start
following a studied sequence.

Finally the VV will be suspended from its four extra
supports to the upper rings of the supporting structure, later,
all the temporary supports can be removed.



The dismantling of the VV and its reassembly must
be possible at anytime. For that purpose, the final welds
performed during the final assembly must be cut using
special tools. This process must be done in such a way that
after the preparation of the joint weld, the same technique
used for the final welding can be applied again.
The first two pieces to be disassembled are the two closing
rings adjacent to the chosen octant. Once the two closing
rings are out, the sequence of rotations and translations is
repeated as in the assembly process. The temporary
supports used for the assembly process can also be utilized
for this operation.

Internal protection

The groove region is steadily touched by the plasma;
hence, a protection device is required for this zone. Two
different thermal shields will be used: a thin stainless steel
sheet for the low and medium power operations (0.4-2 MW)
and, in a second phase, graphite tiles mounted on similar
sheets for high power operations (2-4 MW).

The shields consist of an AISI 304 LN stainless steel
shell having the same curvature of the vessel to assure the
correct coupling. The contact between the shield and the
groove takes place in the curved zone and is guaranteed
by means of two springs located at the shields ends. For
compensation of tolerances between groove and thermal
shields as well as to maintain a maximun thermal contact
between boths parts in the case of different thermal
expansion, elastic elements must be placed between
thermal shield and groove.

Shields covered with graphite tiles are used during
the medium-high power operations of the machine. In this
case, the total shield thickness is 12 mm: 3 mm metallic
support, 1 mm molibdenum pin (or gap) and 8 mm graphite
tile.

A set of thermal shields is designed to protect the
regions of the VV which are hit by the neutral beams used
as plasma additional heating. For each beam three critical
areas are hit: one area at the entrance of the beam and two
areas at the end where the VV stops the beam . The VV is
protected in these areas by means of graphite tiles
mounted on supporting plates.
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DESIGN AND FEASIBILITY OF THE TJ-II HARD CORE

J. Alonso, M. Blaumoser*
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Avenida Complutense 22, 28040 Madrid, Spain.

Introduction

The TJ-II is a flexible heliac under construction, to be
mounted at the Euratom/Ciemat Association Laboratory in
Madrid, Spain. The machine can explore different magnetic
configurations (mainly with different values of the rotational
transform) by means of the adjustment of the currents in the
coils. The Hard Core (HC) is one of the main components of
the device and it constitutes what might be called the most
critical part of all the machine, since its close proximity to the
plasma places on it the requirement of strict tolerances. This
paper describes the engineering design features of the HC,
the main characteristics and the design details. An overview
of the manufacturing methods is also presented.

General description

The HC is a set of coils that constitute the axis of the
machine because the plasma twists helically around it. It is
composed of a circular coil (CC) and a helical coil (HX). The
CC is enclosed in a stainless steel casing in which some
holes are drilled for the access of the electrical and
hydraulic connections. The HX is wound over the casing,
around the CC with the following condition:

6 = -4 x (j)

9 = poloidal angle
(j) = toroidal angle
i.e., it twists four times along the total length of the circular
coil. A sketch of the HC is shown in figure 1 ; the Z axis is
coincident with the vertical axis of the overall machine.

Helical Coil Circular Coil

Figure 1

The vacuum vessel of the machine also twists around
the HC four times following the plasma column and it is one
piece helix closed. Because of this it is necessary not to
have to dismount the HC during the life of the machine. As
a consequence the reliability of this component must be as
high as possible. The HC is supported from below at four
points where the vacuum vessel twists above it. The
supports rest on four horizontal beams corresponding to the
general support structure of the machine. Different cross

* Max-Plank Institut für Plasmaphysik, Garching, F.R.
Germany

sections of the HC at some toroidal angles are shown in
figure 2 (the axis of the machine lies on the left of the
drawings).

= 0°, 9=0° i=11.25, 9 = 45°

= 450, 9= 180°

1 - Circular coil
2 - Helical coil
3 - Casing

Figure 2

The coils can operate with currents between zero and
the maximum value. At maximum the current density in the
copper is approximately 100 A/mm2 which is rather high;
the heating of the coils limits the flat top times to a short
values. The normal operation of the HC is pulsed, 0.5
second flat top each 5 minutes, with fast ramp up and ramp
down of the currents. The coils should be cooled during the
break-time to their initial temperature before the pulse. The
cooling fluid used is deionized water which flows through
the coils only during the cooling period, not during
operation, due to the requirements needed in the cooling
system.

The power supply of the HC is composed of three
controlled rectifiers. Due to the strong magnetic coupling
between the coils the control circuit has to be designed to
avoid current oscillations during the operational pulse.

The circular coil

The CC is a square cross section coil with the following
characteristics:



Mean radius: 1.5 m
Number of turns: 24
Copper cross section (turn): 119.2 mm2

Diameter of the cooling hole: 5 mm
Nominal current (Amper-tum): 280 kA
Maximum voltage at terminals: 1000 V
Coil heat-up per pulse (maximum): 40 °C
Cooling water velocity: 2.5 m/s
Pressure drop (per cooling channel): 11 bar

The coil will be manufactured from a hollow copper
conductor (9.5 x 14.7 mm), wound into four vertical layers.
Each layer is wound with a continuous copper profile,
without any brazing along, in order to avoid as many weak
points as possible inside the coil. Each layer has six turns
and constitutes a cooling circuit. The electrical and
hydraulic terminals are located in the same position as the
supports, and are attached to them.

A cross section of the CC with a detail of the topology of
the hydraulic and electrical connections are shown in figure
3 (the axis of the coil lies on the left of the cross section).

Cool¡ng
water

Cooling
water

body and continues outside the casing until the bottom of
the support where the terminals are brazed. Looking at the
cross section of the coil the terminals of the two adjacent
layers on the left remain in the same circumferential
position, and are shifted 180° respect to the ones
corresponding to the layers on the right; the aim being to
obtain the field errors due to the leads and winding effects
with some sort of periodicity. The layers are externally
connected in series. The middle point of the coil is
grounded to reduce the maximum voltage to ground at any
point of the conductor. The insulation lay-out has been
decided taking into account the risk of damage on the dry
insulation tapes during the winding operation and the
electromagnetic and thermal stresses during operation (the
dielectrical requirements are rather low); the turn to turn and
ground insulations are composed of layers of fiber glass
tape vacuum impregnated with epoxy resin. The coil body
has two little glass compound blocks bonded which are
lodged in grooves in the casing in order to avoid the rotation
of the coil due to differential thermal expansion.

During the cooling time it is desirable to minimize the
thermal stresses in the insulation. For this reason it is
planned to cool the coil using time-modulation of the
cooling water temperature during the first minutes of the
cooling period.

The tolerance respect to the theoretical current mean
line is ± 1 mm which imposes a strong requirement from the
manufacturing point of view. Under this requirement the CC
will be wound onto a precisely machined steel ring. This
ring will also be a part of the mould used for the vacuum
impregnation and the curing, and will be taken out only at
the end of the manufacturing process.

The helical coil

The HX is a rectangular cross section coil wound around
the CC, with the following characteristics:

Base radius:
Swing radius:
Number of turns:
Copper cross section (turn):
Diameter of the cooling hole:
Nominal current (amper-turn):
Maximum voltage at terminals:
(over all the coil)
Coil heat-up per pulse (maximum):
Cooling water velocity:
Pressure drop (per cooling channel):

1.5 m
7 cm
24
90.2 mm2

4.5 mm
260 kA
1000 V

40 °C
2.5 m/s
13 bar

Figure 3

The hollow conductor of each layer comes out of the coil

The HX is divided into two subcoils independently
supplied. The aim is to be able to vary the distance between
the mean lines of the current of the CC and the HX within
certain limits. In the present design this distance can vary
between 61 mm and 79 mm, these values are the
geometrical centres of the current of the subcoils.

The coil will be manufactured from a hollow copper
conductor (7.6 x 14 mm), wound into four layers six turns
each. The copper to be used is slightly hard only to
minimize the spring effect after the winding. Each
independent layer is composed of a continuous conductor,
without brazings to avoid weak points inside the coil. The
two layers nearest to the CC constitute a subcoil; their
electrical and hydraulic terminals are located in a position
where one of the supports is. The other two layers upon the
first ones constitute another subcoil; their electrical and
hydraulic terminals are shifted 180° circumferentially
respect to the other subcoil in coincidence always with one
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the supports. (The terminals of the CC are* shifted 90°
respect to the ones of the HX). The continuous conductor of
each layer comes outside the coil up to the bottom of the
support where the terminals are brazed. The layers are
externally connected in series, and each subcoil is
independently supplied by a controlled rectifier. Both of the
subcoils can be operated also connecting them in series.
The middle points of the subcoils are grounded to reduce
the voltage to the ground at any point of the coil as much as
possible. When both subcoils are connected in series the
middle of the total coil is grounded. Taking into account the
same considerations done for the CC, the turn to turn and
the ground insulations are composed by fiber glass vacuum
impregnated with epoxy resin. The impregnation process
has to be done carefully in order to avoid the entrance of
resin in the gaps around the CC; for this purpose the gaps
will be filled with silicone grease before the impregnation
and afterwards evacuated by heating the coil.

A cross section of the HX is shown in figure 4. The upper
turns in both sides should be slightly smoothed in the corner
to keep the clearance of the HC to the vacuum vessel.

O I O I O I O I O I O

Current Current

Cooling Water Cool¡ng Water I

Figure 4

The winding process will be done with a special device in
which a rotating table moves the casing while an engine
puts the conductors in position. The different layers are
wound consecutively starting at one side of the coil. Before
starting the process the conductor will be successively
cleaned, sand-blasted, primed, primer pre-cured, insulated,
and wound on a temporary spool.

The cooling process is similar to the one for the CC (for
identical reasons).

The casing

The CC is enclosed in a non-magnetic stainless steel
casing. The casing is the main support structure of the hard
core; the coils are not sufficiently stiff and it is necessary to
have a structure to support them when magnetic and
thermal forces appear during the operation of the machine,
and also to avoid large deflections that could disturb the
magnetic field of the experiment.

The casing will be manufactured starting from straight
plates and they will be successively bent to the final

dimensions of 1.5 m diameter rings, rough machined to
eliminate some material, heat treated to release internal
stresses, and machined again to a circular cross section.
The casing is divided into two halves along the equatorial
plane clamped by means of bolts and pins alternatively
distributed every two degrees along the circumference. The
groove to lodge the CC is precisely machined in both
halves; the surfaces of this groove will have a good finishing
in order to guarantee a low friction factor between the CC
and the steel. This procedure must assure a good
positioning of the coil in the total magnetic structure of the
machine Between the casing and the CC there are some
compound and sliding materials for the centering , and a
gap to allow the free expansion when the CC heats up
during the operational pulse. These elements avoid also
stresses in the ground insulation during the heat-up and the
cooling .

The surface on which the HX is wound, is milled on the
casing to assure as far as possible the theoretical distance
between the current lines of the CC and the HX. The
process should be done with a special numerically
controlled machine, controlling simultaneously five axes.
The base surface in contact with the HX will have a good
finishing in order to guarantee a low friction factor because
the HX is not bonded to the casing. The HX is maintained in
position by means of some pieces added at both sides and
screwed to the casing. These pieces are milled with a
similar numerical control machine used for the milling of the
winding surface to guarantee a good adjustment with the
surfaces of the casing; in order to facilitate the
manufacturing, the pieces are not continuous, they are
divided into several segments. Finally a certain number of
steel bandages (with some plastic in the surface in contact
with the coil as protection) are located around the casing to
support the HX when magnetic forces and thermal
transients are present. The bandages are pretensioned
after their final assembly, and have a little deflection during
the heat-up of the HX avoiding the appearance of high
stresses in specific points.

The HX is surrounded by some elastic and sliding
materials to avoid high stresses in the ground insulation as
for the CC; a foil of Kapton between the HX and the winding
surface of the casing provides a sliding film and avoids the
bonding during the vacuum impregnation. These materials
also reduce the stresses all around the coil.

To avoid toroidal eddy currents due to the current ramps
in the coils, the casing has a cut in which a flange is located
with some insulating material in between. The flange is
coupled by means of insulated bolts and its position is
coincident with one of the four supports of the HC.
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