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Preface

This report compiles B8 papers presented by the ASDEX group

at two conferences in November 1975 and June 1976, respect-
ively and is intended to give a summary of the technical con-
cept and status of the ASDEX tokamak.

The first two papers, entitled
The Design of the ASDEX Tokamak, and

The Toroidal and Poloidal Magnetic Field Coils
of the ASDEX Tokamak

give a general view of the technical concept of ASDEX. They
have been presented at the 6th Symposium on Engineering Prob-
lems of Fusion Research, San Diego, USA, November 18 - 21,1975.

The following six papers which have been presented at the
9th Symposium on Fusion Technology, Garmisch-Partenkirchen,
Germany, June 14 - 18,1976 describe more detailed tcpics of
the ASDEX project:

Design and Manufacture of the ASDEX Toroidal
Field Coils

Technical Concept for the Multipole Coils of
ASDEX

The ASDEX Ohmic Heating Electrical System

The Power Supply for the Poloidal Field Coils
of ASDEX

Investigation on the Feedback System of ASDEX

Divertor Pumping System of ASDEX




THE DESIGN OF THE ASDEX TOKAMAK

R.Allgeyer, E.Broser, H.Frey, G.Haas, G.Herppich, O.Jandl,
M.Keilhacker, M.Kornherr, N.Niedermeyer, W.Poschenrieder,
H.Preis, H.Rapp, F.Schneider, G.Siller, F.Wagner, H.Wedler,
F.Wesner.

Abstract

ASDEX is a large tokamak (major radius 1.64 m, plasma radius
0.4 m) with axisymmetric (poloidal) divertor now under con-
struction at IPP Garching and scheduled for commissioning in
summer 1978. The toroidal field of 3.0 T (on the plasma axis)
is produced by 16 D-shaped, water cooled coils. To induce the
plasma current of 500 kA (g= 3) the primary current of an air
core transformer is interrupted by a D.C. breaker. The ver-
tical field is feedback controlled. The multipole (divertor)
coils for producing the separatrix are situated inside the
vacuum vessel. The vacuum vessel is a welded stainless-steel
structure comprising two half-tori which are connected by
polyimid insulating gaps. The divertor pump system uses heated
volume getters or Ti sublimation on liquid N2 cooled getter
surfaces.

1. Introduction

ASDEX (Axially Symmetric Divertor EXperiment) is a tokamak
with magnetic limiter and axisymmetric (poloidal) divertor
/1/ now under construction at IPP, Garching. The experiment
is expected to be completed and operational in summer 1978.

The principal objective of the experiment is to test and
improve the effectiveness of divertors in reducing the in-
flux of impurities from the walls in high-performance toka-
maks. Further points of interest are the MHD stability of
tokamak discharges without material limiter for various




shapes of plasma cross-section (D-shape, small vertical
elongation) and the effect of the changed boundary condi-
tions on plasma stability (flat current profile) and trans-

port processes (trapped ion mode regime).
Figs.l and 2, which show a full-scale model of ASDEX (one
quarter section), give an overall view of the experiment.

Fig. 3 shows a cross-sectional view of ASDEX.

The main parameters of ASDEX are:

Major radius R 1.64 m

Minor radius a 0.40 m
Toroidal field Bt(R) P e

Plasma current Ip(q==3) 500 kA
Flat-top time tFT 5S¢, -8

Ion temperature’ T, 2 keV
Electron temperature+ Te 4 keV
Plasma density n 2 x 101 3cm™3

Confinement timet (7T =~ T 02% g

P E)

TEstimated from transport code (1l0x pseudoclassical or
6-regime model)

The toroidal field is produced by 16 D-shaped coils. The
vacuum vessel consists of two half-tori with insulating

gaps in between. The vessel contains the axisymmetric mul-
tipole coils which produce the separatrix. The two divertor
chambers on top and bottom are separated from the discharge
chamber by metal partitions which have toroidal slit apertures
to accommodate the scrape-off layer.The entire assembly can

be parted on a major diameter and the two halves rolled apart

for installation purposes.




While this paper deals with the overall design of ASDEX the
toroidal and poloidal magnetic field coils are described in

more detail in an accompanying paper /2/.

2. Toroidal Field Coils

The coil system comprises 16 identical D-shaped coils which
are supported on a central column along the straight section.
The copper winding forms a compact unit. It is elastically

mounted along the curved outer side in a stainless-steel
casing completely surrounding it, and is only in contact with

the casing at the two plane side faces and at the straight
support surface. This concept allows free expansion of the
winding when heated and complete transmission of the centri-
petal force to the central column and of the tilting forces
(Lorentz forces to the main field coil as a result of poloidal
magnetic fields) to the structure, which laterally supports the
coils at two points on top and two at the bottom.

The intrinsic forces of the coil system are taken up by the
copper windings, whose shape was optimized in such a way that
the bending stress is below the permissible limit. It was

found that optimization has to be pushed very far. It also
became clear that the copper windings are basically subjected

to shear stress at the ends of the rigid support surface,

and that this cannot be counteracted completely by optimizing

the coil shape. In our case the maximum shear stress is 40 kg/cmz,
which means a safety margin of three. The average tensile stress
in the copper is 460 kg/bmz. Due to bending it reaches 710 kg/tm2
in the inner winding at the point where the radius of curvature
is smallest.

During a discharge the coils are heated by a maximum of 40° ¢
and cool down again during the intervals. For this purpose
the copper conductor has a circular cooling bore along the
center through which water circulates. Numerical calculations

showed that direct admission of cold water into the hot coils




causes very large temperature gradients and unacceptable
mechanical stress. The water therefore circulates continu-
ously in the coils and is slowly cooled in the intervals
by introducing cold water. Each coil is divided into six

separate cooling circuits.

3. Support Structure

The support structure (Figs.l and 3) serves for holding

the toroidal field coils, takes up the magnetic forces
acting on the toroidal field coils (centripetal and tilting
forces) and transfers the weight of the experiment to the
foundation. It comprises a central support column, a top

and a bottom cover plate, an outer jacket and a carriage for
a half-section of the framework.

The central support column, which has to take up the centri-
petal forces (1.14:{106 kg per coil ) and a certain torsional
moment, is a sixteen-cornered column which consists of cemented
wooden plates (laminated wood strengthened with epoxy) in
order to avoid eddy currents (due to current variations in the
OH transformer). Intermediate layers fitted between the column
and the toroidal field coils are intended to ensure the clos-
est possible fit of the toroidal field coils to the central
support column since slight bending of the straight section

of the coil already causes appreciable shear stress in the
copper pack.

The top and bottom cover plates each consist of a disc-like
inner part made of austenitic cast iron divided into eight
insulated segments in order to prevent current loops and 16
box-sectioned supports of the same material which connect the
disc with the outer jacket of the structure.

Ready access to the experiment is ensured by making the dia-

meter of the outer jacket of the structure so large that an




approx. 2 m wide gangway is left between the main field
coils and the outer jacket (Fig.3). The outer jacket was
designed as a zig-zag frame structure in which the eight
junctions of the top cover plate are connected with those
of the bottom plate, which are displaced 22.50, by means
of push-pull rods.

4, Vacuum Vessel

The vacuum vessel (Figs.2 and 3) is a welded stainless-
steel structure. It consists of two half-tori which are
connected by insulating gaps made of polyimid. The cross-
section of the vessel was fitted to the shape of the
toroidal field coils by slanting the tcp and bottom areas.
The vessel contains ten manholes with a width of 600 mm
and numerous smaller openings for pumping, neutral in-

jection, diagnostics and for installation purposes.

The divertor chambers on top and bottom are separated from
the plasma region by metal partitions which have toroidal
slit apertures, 5 cm wide, to accommodate the scrape-off
layer. Spars for fixing the multipole coils divide each
divertor chamber into 16 sections. The divertor components
(collector plates, pumps) are located in removeable inserts
with cooled outer walls in order to allow thermal and mech-

anical separation from the vacuum vessel.

The vessel is to be baked to 150° C (desorption of adsorbed
water) by means of overheated water. For this purpose a
system of pipes is soldered to the outer walls of the vessel
and covered with thermal insulation. The same system of pipes

is also being used for cooling the vessel after baking.

Provisions are being made for incorporating a replaceable
thin-walled liner which can be heated up to 400° ¢ with in-

duced alternating currents. The liner consists of individual




stripes whose thickness varies in the poloidal direction

in order to achieve a constant power density.

5. Divertor Pumps and Vacuum System

In order to accomplish a gas backstreaming ratio RH2, a

pumping speed of

1-8H
S = L( ——=
PH2

in the divertor is mandatory (L= conductance of the divertor

- 1)

slit,C?H==trapping efficiency of the collector rails for
plasma ions). At a slit width of 5 cm and a length of the
divertor throat of 10 cm we have L==6>:105 1/s. A back-

streaming ratio RH2==0.1 is planned.

For the pumping system in the divertor two different con-
cepts are being pursued in parallel.

a) Volume getters: Here we investigate the use of ST 101
(2r-Al) coated getters. The intrinsic pumping speed of
this material is 2 l/scmz, and by arranging the coated

™ cartridge /3/)

it is possible to install a total pumping speed of up

strips in concertina fashion (SORB-AC

to 2x106 1/s for H2 in the divertor sections. For a
backstreaming ratio of RH2==0.1 the pumping action will
still have to be supported by trapping of energetic
plasma protons in the collector rails. Measurements

on Zr have shown that trapping efficiencies ofCTH>'O.5
can be obtained for proton energies > 300 eV /4/, which
would be in accord with our requirements. H2 forms a
pseudo-hydride with 2Zr and can be expelled by heating
the collector rails to above 500° C.

The working temperature of the ST 101 getters and the
collector rails is 200 to 300° C. The activation tempera-




ture - to remove superficial 02, N2 and CO by bulk
diffusion - is 700° C. The capacity of the collector
rails between regeneration should be sufficient for
several 100 shots, whilst the ST 101 cartridge pumps
should last for at least 105 shots (2::106 mbarl Hz).
The non-reversible capacity for the active gases O

N, and CO is about 4 x 10° mbarl.

2!

b) Ti sublimation pumps: A backstreaming ratio of RH2==O.1
can be achieved even without pumping action of the
collector rails (6}i=(n. The necessary pumping speed
is S==6:{106 1/s. Assuming an intrinsic pumping speed
of 10 l/scm2 for H2 at LN2 temperature, a getter area
of 6):105 cm2 is required. For ASDEX this means that
the surface area of the cryo getter panels has to be
slightly increased as compared to the area of the di-
vertor walls. In each of the 32 divertor chambers we
plan to use 2 Ti-sublimator units each comprising 14
Ti-Mo filaments. For each shot up to 0.4 gr of Ti is
evaporated. The filaments have to be replaced after

approximately 3000 shots.

The design of the getter panels utilizes serrated alu-
minium plates which provide the required area increase.
Tubes are welded to the edges of the plates. This tubula-
tion is part of a closed cooling system through which
liquid nitrogen circulates at a pressure of 10 bar.
Dangerous local boiling is thereby prevented. Part of

the cooling system is also a heat exchanger to keep the
temperature at 80 K.

The concept is to be decided at the beginning of 1976. As

can already be seen, each represents an entirely feasible
alternative. Volume getter pumps, at the present stage, are
more expensive but appear more compatible with fusion reactor
environments since they work at elevated temperatures and can

pump tritium reversibly.




The design of the external vacuum system is influenced by
the presence of the powerful internal divertor pumps. In
principle, its application could be limited to pump-down
after venting and to handling rare gases and such satu-
rated hydrocarbons as are not removed by gettering. How-
ever, it should also permit experiments at an early stage
without activated divertor pumps. A further point is fast
removal of contaminants during discharge cleaning, and also

of large amounts of H, during regeneration of volume getters.

We have considered the utilization of turbomolecular-pumps

as well as cryopumps with and without cryosorption. We

finally decided in favour of a system consisting of 8 turbo-
molecular pumps each with 3500 1/s air speed. Considering all
the specific conditions and dimensions of our experiment, we
believe this to be the most economical, most flexible, and
least troublesome solution. Because of the fairly long tubula-
tion - necessitated not least by the extent of the magnetic
field - about one half of the normal speed, i.e. 14000 1/s
will be available at the torus. Without the divertor pumps
activated, a base pressure in the low 10_8 range is expected
since the vacuum vessel contains some components not compatible
with UHV technology.

6., Ohmic Heating System and Vertical Field Coils

The ohmic heating and vertical field coils (and also the
multipole compensation coils; see next section) are situated
in between the vacuum vessel and the toroidal field coils
(Figs.2 and 3). They are attached to the frame of the toroidal
field coils in such a way that they can expand in the radial
direction and only vertical forces are transferred to the
toroidal coils.

Since the entire experiment can be parted on a major diameter

for installation purposes, all poloidal field coils are as-




sembled from half-coils (180° sections) with separable,
bolted winding connections.

The 100-turn OH transformer consists of 24 single coils
with between 1 and 6 turns. They are distributed around
the vacuum vessel in such a way that the stray field in
the plasma region is minimum (G107 iy,

To induce the plasma current, the current in the primary
is interrupted by a D.C. breaker and commutated in a re-
sistor.

After current zero negative current rise is possible.

The vertical field is produced by single-turn coils and
is feedback controlled (see section 9).

1, Multipole (Divertor) Field Coils

The choice of the poloidal magnetic field configuration is
governed by the following aims:

- stability of plasma column
- favourable position of divertor

- optimum utilization of magnetic field

For these reasons a "double inside divertor" (stagnation
points above and below the plasma, slightly displaced to-
wards the axis) as shown in Fig.2 was chosen. To get short-
range divertor fields with minimum distortion of the plasma
equilibrium, the separatrix is produced by a multipole trip-
let with zero net current (quadrupole field). To further
improve the concept of a "localized divertor", the multipole
triplet is supplemented by additional series-connected coils
outside the vacuum vessel which compensate the divertor field
over the major part of the plasma region. The shape of the
plasma cross-section and the stability of the plasma are then
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almost exclusively determined by the vertical field. While
the vertical field must be time-dependent, the currents in
the multipole coils can now be constant in time, which is,
of course, a great technical advantage.

The multipole coils (Figs.2 and 3) have circular cross-sections
and are built up of 4 and 8 turns respectively. They are em-
bedded in vacuum-tight jackets each consisting of 16 bellow
sections and 16 solid rings. The coils are attached to the
spars of the vacuum vessel by these rings via spring elements
in such a way that they can expand on being heated and only

vertical forces are transferred to the vacuum vessel.

The multipole coils are series-connected with the toroidal
field coils. In normal operation (full plasma current) the
multipole currents are constant in time, their amplitude
being varied by shunts. At reduced plasma current, however,
the multipole coils can be operated with time-dependent
currents by using one of the two converter modules (see
next section).

8. Power Supply System

The toroidal field is supplied by a flywheel generator with
a rectifier diode bridge. The maximum power of the generator
is 155 MW, its energy 1.45 GJ. The maximum D.C. voltage is
3.3 kV at a D.C. current of 45 kA.

The ohmic heating transformer is fed froﬁ a 15 MJ flywheel
generator via a mercury static converter. During flat-top,
current inversion is possible within the limits of the
energy left in the generator (5 to 6 MJ).

The fast rise of the vertical field requires a powerful energy
source and a static converter as the regulating unit of a feed-
back system. Since the large generator for the toroidal field
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has no power left and other sources are not at our disposal,
the vertical field coils are connected in series with the
toroidal field coils. The latter represents a constant cur-
rent source. The vertical field current will be controlled

by a bypass static converter as shown in Fig.4.

The commutation of the converter is done by means of the
generator's 3-phase AC voltage, but the power for the ver-
tical field rise comes from the toroidal field. The reaction
on the toroidal field can be neglected.

This concept has mainly been chosen because of its high
adaptability to changes in the experimental parameters
and in the coil circuitry. Its technology is commonly
known. Alternative solutions which have been studied are
the D.C. current chopper and an independent static con-
verter system with a 3-phase capacitor network. In all
cases the vertical field coils are in series with the
toroidal field coils.

The vertical field converter consists of two modules in
parallel each of them with a current rating of 22.5 kA/5 s
and a maximum D.C. output voltage of 1200 V. The pulse num-
ber is 12 for both modules in parallel.

With toroidal field currents lower than specified the power
capacity of the generator will be sufficient for supplying
the vertical field current in the conventional way. In this
case the vertical field coils and the toroidal field coils

can be disconnected.

The stationary coupling of the vertical field parameters

to the toroidal field current is an inherent disadvantage
of the chosen concept. As far as the currents are concerned,
this can be overcome by changing the mode of operation as




shown in Fig.5. The exciting or de-exciting voltage for the
vertical field, however, can be adapted only by changing the
transformer windings, if necessary.

When the plasma current is reduced, the multipole current

may be controlled separately with one of the two converter
modules. This can be accomplished in the same way as above.
Depending in the toroidal field current, either the normal

operation or the by-pass mode of operation is more favourable.

The circuitry of the axisymmetric coils is flexible. This
makes possible the shunting of single coils, the change of
polarity and the exchange of power sources. In particular,
it opens the possibility of producing non-circular plasma
cross-sections by driving a non-zero net current through
the multipole coils.

Our considerations concerning the radial field and its
amplifier are not yet finished. Our concept of producing
an opening magnetic limiter during plasma current build-up
by shifting the plasma in the vertical direction imposes
rather high requirements on the power consumption of this

system.

9. Vertical Field Feedback System

The vertical field is operated with the described thyristor
converter. Stabilization of the plasma is achieved with a

closed and programmed control circuit (Fig.6).

Copper shells are not provided, but the vacuum vessel has

a stabilizing effect, brief though it may be. As theoretical
determination of this effect is scarcely possible owing to
the complicated shape of the vessel with divertor chambers
and separating slit, a 1 : 10 model of ASDEX was built to

measure the couplings and characteristic values. The plasma
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was thereby simulated with several copper rings which could
be electronically switched on, off or over.

The dynamic properties and the performance of a 6-pulse
thyristor controller were investigated experimentally
(380 Vv, 10 A) and theoretically.

These test values were used to define the controlled system
(including the passive feedback) and to find the optimum

controller for the purpose (Fig.6).

The active controlled member I comprises the following ele-
ments:

a) Vertical field coil; T = 150 ms
b) Coupling to vessel k = 0.7

c) Vessel penetration time constant of vertical field
T =12 ms

d) Effective vessel slit 1.2 m

The passive feedback II involves the following features:

a) Centering mirror currents in the vessel during plasma
current formation;T = 8 ms, center RP =1l.5m
b) Mirror currents in the vessel due to radial plasma

shift; T = 1.4 ms

c) Centering induction currents in the vertical field
coil during plasma current formation; T = 150 ms,

center RP =1l.4m

d) Induced currents in the vertical field coil due to
plasma shift; T = 150 ms

e) Coupling of the plasma current to the OH transformer;
k = 0.47, T = 12 or 560 ms

£) Laws of (poloidal and toroidal) flux conservation
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g) Field gradient of the vertical field

h) Various plasma parameters are treated in the control
circuit as disturbance variables.

Various types of active controllers III and IV with propor-
tional, differential and integral character were investigated.
According to the results obtained hitherto most success seems
to be afforded by the arrangement with two loops (cascade
control) sketched in Fig.6.
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THE TOROIDAL AND POLOIDAL MAGNETIC FIELD COILS
OF THE ASDEX TOKAMAK

R.Allgeyer, E.Broser, M.Keilhacker, M.Kornherr, H.Niedermeyer,
H.Preis, H.Wedler, F.Wesner.

Abstract

The design of the magnetic field coil system of the ASDEX
tokamak is described. It consists of 16 toroidal field coils,
producing a magnetic field of 3 T in the plasma center and of
54 poloidal field coils to induce the plasma current, to sta-
bilize the plasma position and to produce an axisymmetric di-
vertor field.

1. Introduction

ASDEX is a divertor tokamak with circular plasma cross-sec-
tion and two axisymmetric divertors one above and one below
the plasma region. Therefore, the vacuum vessel has an elon-
gated cross-section and the toroidal field coils are D-
shaped. All poloidal field coils are situated inside the
toroidal field coils, and the multipole coils for producing
the divertor field are inside the vacuum vessel (Fig.l).
The whole experiment can be divided into two halves in
order to install the poloidal field coils and the vacuum
vessel.

In the following the toroidal and poloidal magnetic field
coils of ASDEX are described while the overall design of

the experiment is given in an accompanying paper /1/.

2. Toroidal Field Coils

The toroidal magnetic field is produced by only 16 equal,
D-shaped coils /2/. The copper windings are fully embedded
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in stainless-steel casings by which the magnetic forces are
transmitted to the support structure. This concept allows

maximum accessibility to the discharge and divertor chambers.

Calculation

The magnetic field of the non-circular coils was calculated
numerically applying Biot and Savart's law, each winding being
replaced by a finite number of filament loops, and the coil
shape being simulated by polygons. The inductances of the
coil system were determined by calculating the self and mu-
tual inductances of all filament loops and by adequate ad-
dition.

On the basis of the magnetic field calculation, the poloidal
field distribtuion and the support conditions, the mechanical
stresses were determined by two-dimensional calculations with
a finite element program. The finite shape of the coils was
found by minimizing the bending and shear stresses.

The resulting centripetal force acting on one coil is about
lO7 N, against which the coils are supported by a central
column. By interaction with the poloidal field a torque on
each coil of about 1.2:(106 Nm with respect to its radial
axis is produced. Against these twisting forces the coils
are supported by a mechanical structure.

Design

Main data of the toroidal field coils:
Magnetic field in the plasma 3-T

center

max. coil current 45 kA
flat-top time 5 s
current rise time 5 s

copper cross section 78 x 22.5 mm
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ohmic resistance

at 20° ¢ 3.27 m)/coil

temperature rise 40 K per pulse
max. temperature 80° ¢

cooling duct diameter 14 mm

height 4.3 m

width 2.8 m

tensile stress in 2
the copper 33 to 70 N/mm

shear stress 4 N/mm2

The coils consist of a copper winding (1 in Fig.2) and a
stainless-steel casing (2). Each copper winding comprises

two pancakes with 16 turns each and is wound from copper

bars about 5 m long which are brazed together. The brazing
joints are distributed along the circumference of the winding
(straight part and large radius of curvature). In the straight
part, the winding is tapered at its outer three turns. There
the copper bars have to be machined before being insulated
and wound. The pancake connection and the current leads (3)
are situated above and below the mid-plane, alternating from
coil to. coil.

Each coil is divided into 6 cooling circuits connected in
parallel. To keep the thermal stress within tolerable limits,
the cooling water is permanently circulated in the coils and
heated with the copper. In the pulse'intervals the coils are
cooled down slowly by mixing with cold water. In the cooling
period the maximum temperature difference in the coil is
about 25 K. The temperature gradient in one cooling circuit
is nearly constant.

The winding is elastically embedded in the stainless-steel

casing and pressed against its front plate (8) by means of
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a pre-stressed rubber layer (7) at the curved outer side.

In this way thermal expansion and perfect transmission of the
centripetal force to the central column are possible. To al-
low thermal expansion while the centripetal force is acting,
a very low coefficient of friction between the winding and
the straight front plate of the casing must be achieved by

a sliding layer (9).

To transfer the twisting forces to the support structure,
the winding touches the side plates of the casing, which
are strengthened in their central straight part by wedge-
shaped supports (10).

3. Poloidal Field Coils

The poloidal field coil system consists of the ohmic heating
(air-core) transformer-coil (2 in Fig.l) to induce the plasma
current, the vertical field coils (3) to stabilize the plasma
position and the multipole coils (4) to produce the divertor
field, which is largely compensated in the plasma region by
compensating coils (5).

Since the whole experiment can be divided into two halves
for installation purpose, all poloidal field coils are com-
posed of half turns, which are screwed together with de-
tachable joints.

Ohmic Heating Transformer Coils

The ohmic heating transformer consists of 24 separate coils
with loo turns altogether , which are distributed between
toroidal field coils and vacuum vessel in such a way that the

stray field in the plasma region does not exceed 10—3 T.

Figure 3 shows two typical half-coils with the turn- and
coil-crossovers. The half-turns are connected by bridges
which are pressed on the turn ends by pre - stressed copper-
beryllium bands (Fig.4).
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The ends of the half-turns and the bridges have to be
machined very exactly. The toothed joints ensure a suf-
ficiently small transition resistance and largely torque-

free taking over of the tensile forces.

The radial expansion forces have to be taken up by the
copper turns themselves by tensile stress. Against the
vertical compression forces the coils are supported by
holders attached to the casings of the toroidal field coils.

All inner transformer coils are clamped together and secured
against movements in the toroidal direction at 4 points on

the circumference.

The 100 turns are divided into 26 parallel cooling circuits.
The nearly adiabatically heated coils are cooled down in

the pulse intervals by cold water.

To induce a current in the plasma, the current is inter-

rupted by a D.C. breaker and commutated in a resistor.
In order to reduce the pulse voltage in the interruption
period, the coils are electrically divided into an upper

and lower part and grounded in the midplane.

After current zero a negative current rise is possible to
bring about a flat-top plasma current

Main data of the ohmic heating coils:

Max. current 30 kA
Rise time 0.5 s
Interruption time 15..50 ms
Max. coil voltage 20 kv
Max. voltage to earth 10 kv




Max. magnetic flux 3 Vs

Max. magnetic field 3T

Copper cross-section 930 mm2

Cooling duct diameter 8 mm
Temperature rise per pulse 14° ¢

Max. temperature 60° C

Max. tensile stress 20 N/mm2

Max. axial force 33 tons per coil

Multipole Coils

The two triplets of multipole coils (one 8-turn coil

and two 4-turn coils) to produce the separatrix and the diver-
tor field are situated within the vacuum vessel above and
below the plasma region (Fig.l).

The coils are composed of copper bars with cross-sections
like sectors of a circle. Figure 5 shows how the machine ends
of the half-turns are connected by screwed joints, which have
to be fitted exactlyf)

The coils are embedded in vacuum-tight stainless-steel jackets,
consisting of bellows and 16 rings with which the coils are
attached in the vessel.

By these attachments, which allow radial thermal expansion,
the coils are supported against vertical components of the
magnetic forces which act on the coils. The radial components
are taken up by the copper turns themselves.

All coils are connected in series. The current direction is
such that no resulting current is induced by the transformer

coils.

+)After this paper had been presented in November 1975, the

eross sections and the joint-design were changed in order tc
improve the mechanical strength of the coils. The new coil |
design is described in the 4th paper of this report. |

. B
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The 4-turn coils have one, the 8-turn coils two cooling
circuits in parallel. To reduce thermal stress the cooling

procedure is the same as in the toroidal field coils.

Main data of the multipole coils:

Max. current 45 kA
Max. pulse times as for

toroidal field coils

Copper cross-section 1600 mm2
Cooling duct diameter 14 mm
Temperature rise per pulse 40 K
Max. temperature (baking out x
temperature of the vacuum 1507 cC
vessel)

Max. tensile stress in 2
the copper 30 N/mm
Max. vertical force 5 Eong

component on one coil

Multipole-Compensating Coils and Vertical Field Coils

The vertical field and multipole-corpensating coils are
situated outside the vacuum vessel (Fig.l). Their half-
turns are connected in the same way as the ohmic heating
half-coils (Fig.4). These coils are directly cooled by
cold water. They are attached to the toroidal field coils
together with the ohmic heating. As with the multipole
coils no resulting current is induced by the transformer

coils.

Main data of these coils:

Max. current 45 kA
Max. pulse times as for

toroidal field coils

Copper cross-section 1600 mm2
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Cooling duct diameter 14 mm
Max. temperature rise per pulse 40 K
Max. temperature 80° ¢

4. Powering of the Coils

-The toroidal field coils and the multipoles with their

compensating coils are powered in series by a 1.5 GJ fly-

wheel generator with silicon diodes. The current in the
multipoles can be varied by means of shunts. The vertical
field coils are also powered by this generator, but their
current is controlled by a thyristor converter as part of
a feedback-system. By means of this converter and reduced
power, or in a later state of the experiment by means of a
new planned generator, it is also possible to work with
time-dependent multipole currents.
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DESIGN AND MANUFACTURE OF THE ASDEX
TOROIDAL FIELD COILS

+)

+
E.Broser, K.-J.Greve 2 M.Keilhacker, M.Kornherr, R.K.Maix ,

)

H.Niedermeyer, H.Preis, J.Rauch+, F.Wesner.

Abstract

Each coil consists of a vacuum impregnated winding embedded
in a casing. The coils are supported against the centripetal
forces by a central column. Forces due to the poloidal field
are taken up by the casing. The D-shape minimizes bending
caused by the self-forces of the coil system. These forces
are taken up by the copper itself. The finite element pro-
gram STRUDL was used to calculate stresses in winding and
casing. It was checked that the design is insensitive to

the variations of the elastic properties of the windings.

in order to determine the best suitable winding procedure,
insulation system and impregnation method several tests
were performed. For instance, the theoretical coil shape
was reached step by step by making full scale test windings

and gradually adapting the coil former.
The insulation system consists only of glass fabric impreg-
nated with epoxy resin mixture. The most important critical

steps of the manufacture are described in this paper.

1. Design of the Coils

The toroidal field coil system of the ASDEX divertor tokamak
consists of 16 D-shaped copper coils (Tab.l). Their design
has already been described earlier /1/,/2/. In this paper,
after a short description, some special details shall be

pointed out.

+)13)2',0 Brown, Boverie & Cie.,Ltd., Baden (Switzerland) and

Mannheim (F.R. of Germany)




Concept of Design

A vacuum impregnated double pancake winding is embedded in

a stainless-steel casing (Fig.l). It may freely expand in the
winding plane and is supported laterally by the casing. Thus,
forces caused by the poloidal fields are taken up by the
casing. The self-forces of the coil system are taken up by
copper or, in the straight section, by a central column,
respectively. The casing consists of an inner and an outer
ring, a top plate and a bottom plate. Plates and rings are
connected by bolts, the bottom plate is additionally con-
nected with both rings by a series of short and narrow

welding seams. The casing can be considered a bent box beam.

The Winding

For ease of manufacturing the cross-section of the winding
has been chosen rectangular with the exception of the straight
section, which is slightly tapered. The shape has been iter-
atively optimized with respect to small shear stress using
the finite element program STRUDL. Plane stress elements of
constant thickness were used, the tapering was neglected.
The nodal force was correctly calculated by numerical inte-
gration of the volume force multiplied by the shape func-
tion of the element. Since the elastic properties of a cop-
per winding are not properly defined, the (anisotropic)
elastic constants were varied over an order of magnitude.
The tensile stress component parallel to the conductor shown
in Fig.3 depends only slightly upon the constants chosen.
Plots of the displaced geometry do not show any bending de-
formation. The tensile force is constant within 1 % along
the circumference. It can be concluded that the optimum
shape has been approximated very well and that this optimum

shape is determined mainly by the equilibrium condition.
The tensile stress is not constant over the cross-section.

The contour of the coil is enlarged self-similarly while
the radial thickness of the winding is reduced due to con-
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tracition. This means higher strain values at the inner edge
of the winding than at the outer edge. (The relative increase
of the inner circumference is higher than of the outer one).
Within the straight supported section this bending moment

must nearly vanish. The transition from homogeneous to in-
homogeneous stress distribution causes a peak of shear stress
at the ends of the straight section. It is requested that the
insulation between the turns should withstand a shear stress

of 0.5 kg/mm2 with a high safety margin, and that brazed joints
should not break at a stress of less than 15 kg/mmz.

The finite element model ignores discontinuities as for ex-
ample the ends of the conductor. These details were treated

analytically.

The stress analysis has also been performed for a single
coil. It is found that in a single coil at a current of

26 kA the shear stress is as high as in the coil system at
45 kA.

The Casing

Stresses and deformation of the casing were also calculated
applying the STRUDL program.Only 2-dimensional elements were
used, the properties of which were varied in several runs.
Details, for instance bolts, were ignored. The calculations
served to find out critical parts of the construction. 1In
this final version the casing will have sufficient stiffness
also for loading the coil by the poloidal field of a plasma

configuration which perhaps might be planned in the future.

2 Manufacture of the Coils

Each ASDEX toroidal field coil consists of a vacuum impreg-
nated double pancake, embedded in a stainless-steel casing.
Therefore the manufacture has to be made in three steps,
namely the fabrication of the double pancake and of the

steel casing and the assembly of both.
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Fabrication of the Double Pancake

The D-shaped double pancake having 2.8 x4.3 m outer dimen-
sions and weighing 4.6 t is continuously wound around a
coil former which is positioned at the centre of a winding

lathe with vertical axis.

As the conductor is delivered in unit lengths of approxi-
mately 6 m, a large number of brazed joints per pancake has
to be made. In order to develop an adequate brazing technique
for the rather flat rectangular copper profile (22.5x 78 mm,
with a 14 @ hole) a series of brazing tests were made. These
tests resulted in a brazing jig consisting of a stable clamp-
ing and milling device, which ensures the mating surfaces

to be parallel. Through the use of a powerful medium fre-

quency heating device short brazing times were achieved.

The temperature during the brazing operation is controlled
by a pyrometer. Further conditions for good quality joints
are the use of the surfaces and a brazing technigque using

a silver-phosphor material without flux.

After being brazed the conductor passes through a brake block,
giving a draw during winding of 60 N/mm2 on the conductor.
This causes a draw out of the softened region around the
brazed joints, resulting in a rehardening of the copper from
42 HB to 55 HB, as compared to the original half hard condi-
tion of 80 HB.

After passing through a sand blasting chamber the conductor is
insulated with one layer (1/2 overlapped) of this strength
glass fabric tape and wound on the coil former. As additional
turn to turn insulation two preimpregnated (B-stage) glass
fabric tapes are wound in parallel to the conductor.

After the first layer being wound, the interlayer insulation
consisting of several sheets of glass fabric is put on and

subsequently the second layer of the double pancake is wound




on top of this, after having been brazed to the special

cross-over piece on the coil inside.

Due to the use of half hard copper the pancake relieves after
opening of the fixing jigs and removal from the coil former.
Therefore, a number of 1 :1 scale test windings and a gradual
adaption of the coil former were necessary to achieve a shape
close to the theoretical coil shape and within the defined
tolerances. For instance, the conductor has to be overbent

in the straight part of the coil, as can be seen in Fig.4.

The three outermost layers are partially wound from premilled
conductor bars in order to achieve the wedge shape of the
straight part of the coil. Thanks to this machining of the

coil impregnation is prevented.

Ground Insulation and Impregnation

After being removed from the winding lathe the outer ground
insulation is applied. It consists of several layers of glass
fabric tape.

Thereafter the double pancake is put into a special impreg-
nation mould and is, after a dry state induced voltage test,
vacuum impregnated with the BBC EP-337 epoxy resin mixture
at approximately 80° c. After breaking the vacuum and an
overpressure phase polymerizing takes place in an oven at
approximately 140° c.

This insulation system has been selected after extensive
sample testing with regard to shear strength.

The final shape of the so made double pancake corresponds
within ¥ 3 mm with the specified shape.

Fabrication of the Steel Casings

The casing which completely envelopes the pancake is made
of a magnetic stainless-steel in DIN 1.4311 quality. A nitro-




gen additive increases the yield point at 270 N/mmz. The

permeability of this material lies under 1.0l.

The casing consists essentially of an inner and an outer
ring and the two side plates made of plasma cut steel sheets,
welded together with the accurately machined wedge shaped
front parts. All parts are welded or bolted together.

In a large number of test weldings the welding electrode
Sécheron L 190 was found to be the best suitable. Permanent
control of the permeability and careful cleaning during weld-
ing operation are essential conditions to continuously achieve
welds with low permeability and mechanical strength as re-
quired.

Assembly and Tests

For assembly the double pancake is put into the steel casing.
Sheets of Teflon-coated brass and stainless-steel between

the pancake and the front part of the casing serve as sleeve
bearing in order to allow the pancake to expand in spite of
the high contact stress during excitation. The pancake is
elastically supported and pressed against the front part of
the casing by a pretensioned rubber layer. A putty layer

of filled epoxy resin on the side plates gives a from-fitting
contact to the pancakes. To reduce eddy currents between one
of the side plates and the outer ring an insulating layer is

inserted.

Before and after assembly a number of tests (such as short
circuit and high voltage tests) are made in order to guarantee
quality standards. 300 thermal cycles were made on the proto-
type coil at IPP with a coil current of 26 kA during 30 s6

corresponding with a temperature rise of approximately 35 C.




—

References

/1/ R.Allgeyer et al., Proc.6th Symp.on Engineering Prob-
lems of Fusion Research,San Diego 1975, p.378 and p.777

/2/ E.Broser et al., Proc.5th Internat.Conf.on Magnet
Technology, Roma 1975, p.332

Table I

ASDEX Toroidal Field Coil System

Number of Coils 16
Turns per Coil 32
Current Max. 45 kA
Plasma Radius 1.65 m
Magnetic Field (r=1.65 m) 2.8 T
Magnetic Energy (I =45 kA) 237 MJ
Dissipated Power (45 kA,40° C) 115 MW
Available Power 150 MW
Available Energy 1.5 GJ
Time Constant of Coil System 4 s
Flat Top Time (I =45 kA) Max. 5 s

Repetition Rate (Full Energy)

Copper Profile

Max. 20 per h

78 x 22.5 mm2

Bore for Cooling 14 mm &
Total Weight of Copper 69.000 kg
Height of Casing 4,27 m
Total Weight of one Coil 8.900 kg
Centripetal Force per Coil 1.1.10° kp

Tensile Stress in Copper
Shear Stress in Insulation

Max. 7.1 kp/mm2
Max. 0.5 kp/'mm2
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TECHNICAL CONCEPT FOR THE MULTIPOLE
COILS OF ASDEX

F.Hartz, P.Krilger, M.Pillsticker, F.Werner, F.Wesner.

Abstract

The axisymmetric divertor field of the ASDEX Tokamak is in-
duced by two triplets of multipole coils situated within the
vacuum vessel above and below the plasma region. One coil of
a triplet is wound with eight turns and two coils with four
turns. The installation of the multipole coils requires, that
the coils must be divided into two halves connected by de-
mountable joints. The windings isolated with structural re-
inforced resin and placed in vacuum-tight stainless-steel

bellows are fixed to the vacuum vessel by 16 holdings.

The multipole coils are series-connected with the toroidal
field coils and powered by a flywheel generator. In order not
to disturb the plasma build up, the multipole field is largely
compensated in the plasma region by compensating coils situ-
ated outside the vacuum vessel. At reduced power it is also
possible to work with time-dependent divertor fields by means
of a thyristor converter.

The maximum current in one conductor of the coils is 45 kA
with a flat-top time of 5 s. The maximum tensile stresses in

the joints are nearly 27 kp/mmz.

1. Introduction

The two multipole coil triplets of the ASDEX Tokamak induce
the magnetic field for the axisymmetric divertor and the mag-
netic limiter. Therefore, the coils must be fixed near the

plasma within the vacuum vessel. These circumstances call for
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a special technical concpet for the coils, loaded with a
high specific current density and also a high mechanical
stress. In addition to this, the installation and the high-
voltage loading are problems normally unknown in the pro-
duction of magnetic coils.

2 Magnetic Field

The two multipole coil (Mp) triplets (Fig.l) are symmetri-
cally situated above and below the plasma within the vacuum
vessel. The multipole coils MPl and MP3 are wound in 4 turns
and the multipole coils MP2 are wound in 8 turns. Under
normal operating conditions the MP1 and MP3 are opposite

in series to MP2. The direction of the current in the MP2

and the plasma are equal.

The fundamental effect of the multipole coils for the axi-
symmetric magnetic field producing the magnetic separatrix
is demonstrated in Fig.l (dotted line). In order to limit
the magnetic field effect of the multipole coils within
the plasma region, multipole compensation coils (MC coils)
must be placed within the axisymmetric coil system. The
compensation result shows a comparison of the magnetic po-
tential lines for different energizing conditions of the

axisymmetric coils (Fig.2).

3 Layout of the MP Coils

Normally the six multipole coils are connected in series
with the coils of the toroidal magnetic main field. They
are powered by a flywheel generator via a current recti-
fier. To induce a non-circular plasma cross-section, MP2
must be fully energized, while MP1 and MP3 are disconnected
and only loaded with small equalizing currents. Because the
toroidal main field is induced by D-shaped coils that cannot

be dismantled, it has to be possible to dismantle all axi-
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symmetric coils (MP, MC, ohmic heating OH, vertical V). The
MP coils consist of two halves which are force- and current-
locked by joints. The current leads-in (Fig.3) to the MP
coils are combined by three separate conductors in order to
obtain a powerless crossing of high inhomogeneous magnetic
fields. The electrical connection of the leads-in of all MP
coils takes place for the upper triplet above and for the
lower triplet below the vacuum vessel within a region of
small magnetic field. For manufacturing reasons the MP coils
cannot be helically wound. Each turn is a slotted circular
ring connected with the neighbouring ring near the slot.
Figure 4 shows a photo of a model of the cross-over region
for MP2.

The multipole coils are mounted force-locking to the vacuum
vessel by 16 flexible holders.

Regarding the cross-section of the MP coils (Fig.3), the in-
ternal conductors are of rectangular cross-section, while the
external leads have cross-sections combined by a rectangle
and a circular segment in order to take advantage of the

available volume for the MP coils.

The fundamental material of the leads is copper (DIN 405000

SE Cu F 30). Because of the high strength in the joints and

in the cross-over region we use beryllium copper. All windings
are insulated from each other with materials resistant to
compression and high voltage. The insulated multipole coils
are surrounded with metal bellows which are vacuum-tight and
have a high electrical resistance in order to reduce disturb-
ance during the plasma build up. Important dimensions of the

coils are given in Tables 1 and 2.

4, Cooling of the Coils

The heat produced by current in the MP leads must be eliminated

during current interruption. The cooling medium is unsalted

il

water flowing in a cooling bore inside the leads. For the MP

coils there are eight coolant loops working in parallel. Each




MP1l and MP3 is one coolant loop. MP2 is divided into two
coolant loops. The water is continuously pumped within the
closed loops through a heat exchanger and the leads. We have
a flow velocity of nearly 6 % and a water pressure of max.

10—5§~ . During the current flow time the cooling water and
cm
the leads are heated with A% =512 C. The heat dissipation

takes place in a controlled manner to reduce thermal stresses.
The cooling rate is 0.13 Q%f; and this gives a temperature
drop of 0.18 Q%f* for the conductor. This means that the

temperature drop for a winding is 2 degrees C.

S Forces and Strengths

The forces stressing the multipole coils are caused by mag-
netic fields and currents as well as by different thermal

elongation.

The thermal elongation of the material produces forces in
the radial direction (peripheral forces) resulting in ten-
sile strength. The insulation between the leads is compressed
and sheared. These strengths are negligible since they do

not determine the dimensions of the multipole coils.

The electromagnetically produced forces result in different
strength values within the various regions of a multipole

coil.

1) The undisturbed conductor is loaded with line forces
in the radial (r) and vertical (z) directions. The r-
forces give tensile or compression strength. The z-
forces are supported by 16 holders mounted to the
vacuum vessel, which results in a bending moment on
the conductor. The holder region of a conductor is

subject to maximum stress (Fig.6)
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2) The joints region is also loaded with r- and z-forces.
Because of the reduction of the cross-section in this
region higher stresses of the material compared with 1)
are obtained.

3) In addition to the r- and z-forces mentioned in 1), the
cross-over region is loaded with forces caused by the
current cross-over from one conductor to another within
the toroidal magnetic field. The external conductors

in particular, are very highly stressed.

Table 3 gives a survey of the expected mechanical strength
of the single conductors.The total stress on a coil is not
the summation of the single conductor stresses because there
is a reduction of forces between the conductors. This gives
pressure and shearing stresses within the insulation between
the layers.

Table 4 shows the resulting forces for the multipole coils
under various typical operating conditions.

In order to feed the multipole coils, magnetic fields up to
50 kG have to be crossed with conductors carrying a current
of 45 kA. The main forces acting on the multipole feed lines
are produced by the toroidal field. They are of the order of
200 kp per cm length of the feed line and are directed radi-
ally to the torus. Owing to the opposite polarity of the

currents the single conductors either attract or repulse

one another, depending on the direction of the toroidal field.
Concerning the whole feed line, these forces cancel each other
to a large extent if the conductors are frictionally connected.

This is attained with the aid of stainless-steel insulated
rings mounted around the conductors like pearls on a string.
With a simple two-conductor feed line, the remaining forces

due to given inhomogenities of the toroidal field would be

e
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of the order of 5 kp/cm or about 0.5 tons, which would
necessitate a support structure inside the vacuum vessel.

In order to avoid this difficulty, a three-conductor version,
shown in Fig.3, was chosen. Owing to this arrangement only
forces are generated by fields whose second derivative over
r is different from zero. The remaining radial forces are
reduced in this way below a level of +/- 0.1 kp/cm and can
be neglected.

Forces due to the poloidal fields act in the toroidal direc-
tion.

Figure 5 gives the calculated distribution of these forces
along the feed lines. The effective forces acting on the
three lines are: Fl=-29 kp; F2=13 kp; F3=-12 kp. Accord-
ing to Fig. 7 these forces act mainly in the vicinity of the
multipole coils, so that the momentums around the feeding
points are kept negligibly small. In order not to insert
additional forces due to thermal expansion of the multipole
coils, the feed lines are self-supporting. Their connection
to the main support structure is made with the aid of flex-
ible conductors.

6. Preliminary Tests

The most critical components of the multipole coils seem to
be the joints. They are highly stressed by forces, current,
temperature and voltage. Simulated mechanical fatigue tests
with joints (Fig.8) show that no damage occurs with loads
25 % higher than the maximum operating load. Current tests
with nominal current on joints with original contacts and
tests with current densities twice as high on joints with
similar contacts show uncritical temperature rise so that
no damage or cold welding could be observed.
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Table 1
Dimensions and dates of the multipole coils:

a) mean diameters, MP1: 2709,8 mm
MP2: 3033 mm
MP3: 3454 mm

b) number of turns: MP1: &4
MP2: 8
MP3: &4

¢) conductor cross sections
MP1 internal 1446 mm?
MP3 external 1519 mm?
MP2 internal 1430 mm?
external 1432 mm?

d) cross sestion of cooling bore: 154 mm?

e) conductor material, 7/8 of turn: SE Cu (DIN Norm)

1/8 of turn: Beryllium Cu

f) electric resistance of the coils,
MP1: 0,46 m#®
MP2: 1,07 n%
MP3: 0,59 m®
g) inductivity of the coils
MP1: 0,101 mH

MP2: 0,427 mH total: 0,5628 nmH
MP5: 0,138 mH

h) contact surface of the joints: 1730 mm

i) isolation, structural reinforced casting resin;
insulation layer: 2 mm

Table 2
Operating conditions of the multipole coils:

a) current, maximum value: 45000 A
flat top time: 5 s
rise time: 8,5 s
decay time a.
interruption : 5 min.

b) current density, in the conductor: 31,5 A/mm?
in the joints : 80 A/mm?
at the contact : 26 A/mm?

c) contact resistance: 0,6 uf)/cm?
d) heating/pulse: 51 °C

e) inductive stored energy: 570 kWs
f) heating energy / pulse: 90 MWs

g) voltage drop
inductive, during plasma building up
MP1: 800 V .
MP2: 1600 V
MP3: 800 V
ohmic, during flat top time
MP1: 20,7 V
MP2: 48,2 V
MP3: 26,6V
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Table 3
Maximum stresses in multipole conductors
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Table 4
Forces on multipole coils

Er=kg R (kp)

R radius of coil
kR rad.line load

MP1 MP2 | Mp3 MP1 MP2 | MP3

operating condition vertical force (kp)

all axissym coils

(nominal) 814 | -5622| 8866 |-33232|6%43%6 |-33%02

without plasma

all axissym.coils

(nominal) ~-5289| 1852 | 6667 | 1127 |-1260 11229
with plasma

all axissym.coils

(nominal) 4130 | 84 84|~ F26 | #8414 |-6%362 |- 1347

noncircular plasma
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THE ASDEX OHMIC HEATING ELECTRICAL SYSTEM

H.Preis, H.Wedler

Abstract

A simplified plasma model is used to calculate the plasma
current that can be attained with the planned OH system.
Since a certain minimum voltage is required for igniting
the plasma discharge it is advantageous to switch the dis-
charge resistor to a lower value after ignition, as the

calculations show.

1. Technical Concept

The ohmic heating (OH) system for ASDEX is essentially as

follows: The OH coils are arranged inside the toroidal field
coils, thus affording good coupling (47 %) with the plasma
without the use of an iron core. Detachable connections on

the OH coils allow the coils to be separated, thus making it
possible to divide the OH coils and the whole experiment into
two halves. This concept, of course, also involves delicate
technical problems since the detachable connections have to
be fully capable of taking up the forces resulting from inter-
action with all axisymmetric coils, Since, moreover, the

coils are located in the peak region of the toroidal field,
field strengths of up to 60 kG being involved, forces of up

to 180 kp/cm are exerted on the leads and cross-overs, i.e.
generally on parts deviating from axial symmetry. The con-
necting joints, furthermore, have to be insulated for the full
operating voltage. As the degree of risk is particularly high
here, a circuit was developed which allows symmetric division
of the voltage using a single current breaker. This means that
the coils have only to be insulated for half the operating vol-

tage (Fig. d).



The technical data of this concept have already been re-
ported in a number of papers /1/, /2/. A detailed paper
will be published later /3/.

2. Equivalent Circuit

The following equivalent circuit was chosen for the calcu-
lations described below (Fig.a):

The coupling with other components was neglected. All ele-
ments are introduced as constant quantities. Only for the
plasma resistance is a time dependence given, this being
described in detail under "Plasma Model”. Skin effects and

variation of the plasma inductance are neglected.

3. Primary €Current and Enerqgy at Constant Plasma Resistance

The following differential equations are valid for the
case rp(t) = const.

I Llli'l + lei'2 +(R1 + Rv)il = 0;

11 lel'l + L221'2 + Rp.].P = 0;

With the boundary conditions: il(o) = I, and iz(o) = 0 one
obtains by means of the Laplace transform the following solu-
tions:
i p.t p,t
: 1(0 2 i | 2 2
111 i, = —0 + —2 el - +—2 e
17 pr-p, 5 % ; k?‘) Bz Y : }

-
WV py g, = {-(Jl -4, i\/(dl +J,_)2-4(1-k2)31c(2}

2(1 - k%)

2 .2 _ _ )
k™ = L1,/Ly1L,, Jz = Ry/Ly, ‘;1 = (Ry +R ) /Ly
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In order to induce a certain plasma current Ip, one re-

quires a primary current

L . P, - P In p, -1n p
v oo1,=-22, -k o2z I_ with t¥——i— 2
12 1 eP1™ - eP2 P Py =Py
4, Primary Current, Flux and Enerqy for the Dynamic
Phase

A much more exact estimate of the primary current, the flux
and the energy can be obtained by making the following as-
sumptions:

The plasma current ip(t) rises in the dynamic phase discussed
here as ip(t) = Ipo /AT, IP is the peak value of the plasma
current, while T fixes the length of the dynamic phase. For
the plasma resistance it is assumed that the relation

rp(t)A/Te_3/2 is valid for this region. For ?e(t) we assume

a linear rise and then we obtain: rp(t) = Rb (1:/"1‘)“3/2

From eq.II it follows that:

VI 7V, = WiWo B, = Ly, iy = Lyyi, +‘frpipdt

With the assumptions made it is possible to solve the

eguation: 7. =L,,I_+0.5 R_IT
o p

1211 FhaaTy

With R = 5 pLand T = 50 msec one obtains the following
values for ASDEX:

Il

I, = 23 kA; W, = 2.2 MJ; W 1p = 1.93 Vsec;

1 1m

The ASDEX OH system delivers ¥V12
phase.

Il

2.52 Vs for the dynamic
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5 Plasma Model

The estimates made in "Primary current and energy ..." and
"Primary current, flux ..." are based on very simple as-
sumptions. Much more accurate results can be obtained by
using a detailed plasma model. For the calculations dis-
cussed here we took as a basis the following simplified
model, our long-term objective being a solution in which
the plasma is represented by a suitable code of its own.

Our model plasma is developed in three phases:

Phase O: In the phase 0, starting from a primary electron,
a ring voltage induced by the OH circuit is applied to de-
velop an electron avalanche according to the Townsend and
streamer mechanism. Up to 300 V and field strenght values
of«29 V/cm are available for ignition of the discharge. In
this phase the plasma currents are very low, the length of
this phase being <1 ms. It was therefore not taken into

account in our calculations.

Phase 1: Phase O is followed by phase 1, which can already
be diagnosed optically or by simple current measurements.
It is assumed that the electron temperature T is constant
during this time. The electron density and the degree of
ionization grow linearly. The plasma resistance accordingly

drops with 1/’ne . As a typical value for this phase we take

5 ms. This time was not varied in our calcukhtions. The initial

resistance of the plasma is denoted as Rp(to) and the final
resistance of this phase as Rp(t ) (see also Fig. b). For
1

rp it then holds that

1 - PBplto) T Bp(ea)

r . =R &
p(t) p(to) R T
p(to)




s DY)

Phase 2: After complete ionization the electron temperature
increases, a linear rise being assumed for simplicity. The
plasma resistance is determined by means of the equation
rp(t)" Te_3/2// Z.££° The boundary values of this phase
are denoted in our calculations by Rp(tl) and Rp(t2)' The
phases 1 and 2 relevant for these investigations are shown
schematically in Fig. b. If the values for the electron
temperature and Zeff that are expected in ASDEX are taken,
the resistance can be determined relatively accurately on
the basis of experimental data from Pulsator and TFR. This
value can be roughly defined as 10-§ﬂl<hp(t2) < s 1070,
As we take an electron temperature of 10 eV for t = ty in

our model, we obtain for Rp(tl) values between 600 and 3OOOJP$2n

6. Calculation of Plasma Current

In these calculations the plasma resistance is represented
by the schematic curve in Fig.b. The boundary Rp(to)' Rp(tl)
and Rp(t2) are varied in the individual calculations. The
calculations were based on the Netz III program /4/, which
was developed for the analysis of transient processes in
linear networks.

Figure 1 shows the electron temperature and the plasma re-
sistance for phases 1 and 2. As parameter we took the time
s
Owing to the already quoted relation rp = f(Te) the plasma

in which the electron temperature attains its final value.

resistance drops very fast to its final value Rp(t2) with

only weak dependence on t_,. As further calculations showed,

this time has a minimum iifluence on the plasma current. For
the following calculations t, was given as t2 = 50 ms.

In Fig.2 the plasma current ip = f(t) is normalized to 500 kA.
The plasma resistance at t = O was varied between 3 and 50 m_(L
(curves 2,3 and 4). No influence of the current was detected
for times > 5 ms. For comparison, the plasma current for

rp = O was represented by a dashed curve (Ip==675 kA) and
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for r, = const. = 5 F-Q as curve 1 é\p = 645 kA).
The same variation was performed in Fig.3, but for a dif-

ferent plasma resistance R In this case, too, the

p(t2)°
influence of the initial plasma resistance is slight.

The influence of the plasma resistance at the end of the
dynamic phase Rp(tz) is shown in Fig.4. The resistance was
varied between the limits 0.5 and 10}111. The peak currents
attainable as a function of the respective resistance are
plotted in Fig.c.

In the investigations so far the discharge resistor Rv was

not varied (R, = 0.667{1). In Fig.5 the results with various
discharge resistors are presented. The significant feature of
this plot is that the highest plasma current is attained for
R, = 0.3442 . This is also plausible since very little current
is induced in phase 1, as this figure shows. With short break
times Ll/Rv a great deal of energy is already dissipated in
the resistance R, during this phase. For R, = 1£L2 already

75 % of the stored energy is dissipated after 5 ms. In Fig.6
the plasma current and the voltage at the plasma u ==ip- rp
are represented for various Rv values. As a relatively high
voltage is required for ignition of the discharge, the dis-
charge resistor was switched over by an appropriate signal

immediately after ignition by an ignitron or spark gap.

This method yields a current of 500 kKA. In the meantime another
run in which the resistor was switched back to 0.24) already
after 1 ms has been calculated. The peak plasma current cal-
culated in this case was 570 kA.

T OH Circuit

The circuit proposed for later operation is to be experiment-
ally tested soon. The voltage load of the coils to ground can
be accomplished here by using just one breaking switch Sl.
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The coils, which are designed for an operating voltage of
20 kV, therefore allow voltage pulses of 40 kV to be gen-
erated in theory. In order, however, to reduce the risk

as much as possible, the level is set at a maximum of 30 kV
for ignition of the discharge, this being equivalent to an
open-circuit voltage of 300 V at the plasma.

8. Current and Voltage Waveforms after Breaking the
OH Current

To achieve furtheroptimization of the OH circuit as a means

of sparing the breaker, the current and voltage waveforms
were calculated with the Netz III program. The circuit for
this investigation is presented in Fig.e. A capacitor bank
with 0.625 mF produces current zero in the breaker Sl. The
break time is marked in Fig.7 and 8. Figure 7 shows the
current and voltage without the use of an inductor. In Fig.8
the breaker is additionally protected with an inductor. In
this case the phase with low current is increased by a factor
of two. These calculations have been made so far with an ideal
breaker, i.e. for times t‘Z tS the current in the breaker will

be better adapted to real conditions by a transition function.
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Table I

Datas of ASDEX OH System

Number of coils 2 x 12
Number of turns 100
Max.Operating voltage 30 kv
Voltage at the plasma 300 Vv
Coupling to the plasma 47 %
OH coil inductance Lyq 8.4 mH
Plasma inductance L22 3.7 JMH
Mutual inductance le 84.2 pH
Coil resistance Ry 15 mohm
Coil current 30 kA
Current density 317 A/'mm2
Temperature rise 15° ¢
Charging time 0.5 8
Flat top time 5 s
Discharging time 10 - 100 ms
Total energy in the coils 3.8 MJ
Flux swing for dyn.phase 2.5 Vs
Flux swing for flat top 2.5 Vs
Axial force per coil 32 to
Tensile force per turn 2 to
Inductive flux 1.85 Vs
Resistive flux (dyn) 0.8 Vs
Resistive flux (flat top) 2.0 A=
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Equivalent circuit
for calculation of
the current and vol-
tage wave forms in
the OH-System

Fig.e:
IthseﬂPh_ase‘Z -
|
\ |
Rpin 32
Rom .,
o T

05 | 1 t;=2msec
£ ‘ 2 t;=30msec
| 3 t,=40msec
: 4. t;=50msec

|

H |

I'J [

i ) 34 |

Rpity, 12542
FI0eV RS [ | TPl
olER | l
5 20 3|0 40 50 — timsec)
2 b ty, v =114

Fig1: Electron temperature and plasma resistance Rpy versus time at
different temperature rise times

1,35
\ iplt)
500 KA
10
\\ : Ut
V20KV inft
\ /amFK
\\
\\
N 1: Rpt,) = 5pR =const
\ 2: Ryl = 3m§ﬂ Rot) = 3mR
05 . 3. Ryl = 10mQ,
\ 4 Rpity =50mQ| Ret) = 5pR
1 Y
%
234 -
/1 ‘\____*
0 it T N
5 10 20 30 40 50 —t(msec)
tg % ty

Fig.2: Plasma current versus time with initial

Rpit,) = SpSR

k0

plasma resistance Rp,) as the parameter




- 56 =

iplt) 12 3
10 500KA
\\ Utk
\ 20KV
\\
\ Rpity = 600 psR
\\ Rott) = 1 pQ
8 1 © Rplt) = 10 m@
05 \, 2. Rptty) = 50 m@
N 3: Rpit) = 100 m§
~
AN
\\
\\\
\\
0 5 10 20 30 o 50-—timsec)
tg t; t;

Fig. 3: Plasma current versus time with initial plasma resistance Roit,) as
the parameter. Ry, =1pR

Rplt,) = 50 me
Rplty) [mal Rplt)l lug]
1103 05
2|06 1
3|12 2
4.3 3 iplt)
1 5|6 0 S0kA
K 1
\\\ 2
\, 3
\\\/U{tl 4
\\ 5
\\
051 M
\,
\\
\\\\
e 5 ¥0 20 30 Lb— 50 —— [msec]
t, 4y tsy

Fig. 4: Plasma current as a function of time with the end plasma resistance Rplit;)
as the parameter

15/
\
\
\
\
\
\
\
\
\ X 1
Vo Uy iplt)
10 \ /| 20KV S00KA 2
\
\
b 3
YA /
Y
NN Rpit, = 50 m&2
\\\\ Rety = 06 mS2
N\ Rpty = 10 peR
B e B 1:Re = 036 mR
el g 2: R, = 067 mRX
SAD 3: Ry = 10 me
N
el
\\\. \\HH 5555555
0 51 20 ) 50— t(msec)
tg ty t,

Fig.5: Plasma current versus time with discharge resistor R, as the parameter




= BY o
15 Rpit) = 50 m@ 1: Ry = const. = 06679
Rptt,) = 06m% 2: Ry = const. = 034 @
Rpit,) = 10 uR 3: Ry, = const. = 067 @ at t = 2msec
Ry = const. = 034 € at t g 2msec
10 :\j 1
\* 1/ Rpit ]
. 0,6mS2 193
A \_tpl_
l \\ 500KA
\\ l
\
05 r\‘,—"l—-.lL‘ s e e e e
LY \ R
“\\'.l i 066752
il l
Upii) ).lll
200V \
0 5 10 2 2 @ §0—=Timsec)

Fig. 6: Plasma voltage upiti and plasma current gty versus time with different
discharge resistors R as the parameter. Curve 3 represents calculations with
a time variable discharge resistor.

05

i ‘:"Pt‘\\’ \ ig V/ 4 —=timsec)

———

5 —= tlmsec]

Fig.8: Current and voltage when breaking with inductar

e




- 58 -

THE POWER SUPPLY FOR THE POLOIDAL
FIELD COILS OF ASDEX

H.Rapp, F.Gresser

Abstract

Owing to the present lack of sufficient power sources at
IPP special provisions have had to be made for powering
the vertical field and multipole coils. The solution and

the future outlook are presented.

1. Introduction

ASDEX is a Tokamak experiment with axisymmetric divertor

and magnetic limiter. The plasma cross-section is almost
circular. It is also intended to conduct investigations

on non-circular plasma cross-sections without divertor and
experiments with a opening magnetic limiter for suppressing
the skin effect during the plasma current rise phase(Fig.l)/1l/.

The most important electrical data of ASDEX are:

Toroidal magnetic field Bp = 2.8 Tesla

Major radius R = 1.67 m
Flasma current (typical) Ip = 500 kA

Plasma radius a = 0.4 m

The rise time of the plasma current should be as short as
possible and should not exceed 30 ms. The energy content
of the toroidal field is 230 MJ and the magnetic energy of
the plasma attains 600 kJ. All coils are designed for a
flat-top time of 5 s /2/.

The power facilities at IPP consist of a flywheel generator

with an output power of 167 MVA and a useful energy of 1.45 GJ




/3/ and a small flywheel generator with an energy content

of 15 MJ. The large generator powers the toroidal field coils
via a diode rectifier. The small generator is used for ex-
citing the ohmic heating transformer via a mercury vapour
static converter. Both generators are fully loaded. Only

some energy is left and in the case of the large generator

it is possible to raise the reactive current load. Using
power from the mains is out of the question in view of the

low shooting sequence permitted.

The planning of the ASDEX experiment was therefore sub ject
to the subsidary constraint that no independent source is
available for the time being to control the currents of the
vertical field coils and multipole coils. The present state
of the ASDEX power supply is shown in Fig.2. The future ex-
tensions are indicated by dotted lines.

2. Vertical Field Powering

The vertical field coils are connected in series with the
toroidal field coils. The latter act as a powerful constant
current source with a time constant of 3.5 s compared with
the 0.4 s transient response of the exciting field of the
flywheel generator. The current in the vertical field coils
is controlled with a variable shunt /4/.

For this purpose three alternatives were put forward:
A. DC chopper
B. Self-controlled static converter system

C. Generator controlled shunt converter (Fig.3).

The first two possibilities are independent of external sources.
The third possibility assumes that an AC voltage source which
can be loaded with at least reactive current is available for

controlling the static converter. A suitable facility for this




purpose is the 1.45 GJ flywheel generator. This was confirmed

by having the manufacturer test the generator load.

A serious disadvantage of the self-sufficient solutions is that
the requirement of the current impressing high energy toroidal
magnetic field would severely hamper the commissioning work
and trials. In contrast, the alternative with a generator con-
trolled shunt converter also works without current impression.
The vertical field coils can be powered in the usual way if
the experimental data and hence the generator load are re-
duced and the polarity is reversed.

The advantage of the shunt converter circuit as regards the
generator load is particularly pronounced for %155 iH when

the converter direct current becomes zero. The circuit also
allows a short-time reversal of the current in the vertical
field coils, which may be interesting for modifying the in-
itial conditions for plasma ignition and palsma current rise.
in the event of overvoltages at the vertical field coils as

a result of plasma disruption, a current passes through the
rectifier valves in the forward direction.

A disadvantage of the shunt converter is the static coupling
of the open-circuit voltage to the main field current via

the generator voltage. In view, however, of the narrow margin
of tolerance towards smaller values of the toroidal field

and the necessity of sufficiently high g-values of the plasma
this disadvantage seems to be of minor significance. In ad-
dition, the transmission ratio of the rectifier transformer
can be matched. The reaction on the main magnetic field is

the same in all proposals. It is negligibly small.

Despite the high costs for the 400 m long power line and the
rectifier transformer that are needed ,the alternative with
shunt converter is more favourable by reason of the opera-
tional advantage and the reliability of the technique. It
will serve as an intermediate possibility until another new

flywheel generator is available. The installations will then
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become part of a large flexible static converter unit with
connections to all large experiments at the IPP. The static
converter will consist of two modules, each with a three-
phase bridge circuit with a rated current of 22.5 kA for a
current flow time of 5 s. The open-circuit voltage is a
maximum of 1200 V. Owing to the long power line the inductive
and ohmic voltage drops are relatively high. They are dx==0.l6
and dr==0.13. Each of the two modules works in 6-pulse mode,
or together 1l2-pulse mode. The rectifier transformer is de-
signed for a rated frequency of 100 Hz and a continous power
of 17 MVA. The pulse factor is 3.3. The transformer has two
primary windings, each of them for a phase voltage of 2.75 kV.
They can be connected in series for 10 kV operation as soon

as new flywheel generator is available.

Figure 4 represents the simulation of the plasma current rise
phase. The voltage excess of the vertical field converter
reaches about 50 %, which is required as an amplification
reserve for the feedback loop for plasma stabilization. A
current of 45 kA in the vertical field coils can stabilize

a plasma with a current of approximately 650 KA.

Ba Multipole Current Control

The multipole coils will also be connected in series with
the toroidal magnetic field coils and provisionally operated
in the steady-state mode. Auxiliary coils will be used to
compensate the residual field in the plasma region.
Experiments with elongated plasma cross-sections call for
controllable multipole coils. For this purpose two converter
modules of the same type as for the vertical field will
later be available. In the event of reduced experimental
parameters one of the two converter modules intended for

the vertical field can be used to control the multipole
field. This is possible both in the shunt mode as in the
case of the vertical field and in the usual type of circuit.




For vertical elongation a current with the same direction

as the plasma current is passed through the middle multipole
conductor. The smaller multipole conductors are connected in
series and short-circuited, thus affording passive vertical
stabilization of the plasma (Fig.5). If necessary, passive
stabilitzation can be replaced by active stabilization with
a less powerful amplifier. The middle multipole conductor
carries a maximum current of 8 x45 kA = 360 kA. This yields
an elongation of the plasma of 1.8 at a plasma current of
500 kA.

4, OH Transformer Power Supply

The OH coils are charged by a 15 MJ flywheel generator with
mercury rectifier. The current attains its final value of

30 kA within 0.5 s. This corresponds to a flux swing of

2.4 Vs. The energy of at least 5 MJ remaining in the generatcr
can be used for flux reversal during the flat-top time and
hence for maintaining the plasma current. The low permissible
effective current of the antiparallel valves constitutes
another restriction at first. Later a reversing thyristor
static converter with an apparent power of 2 x 25 MVA will

be made available to eliminate these restrictions. This

should make it possible to maintain a plasma current of 500 kA
for 5 s, provided the energy confinement time of the plasma

is 0.4 s. Simultaneous excitation of the vertical field coils
for stabilizing the plasma contributes about 10 % of the
plasma current during the rise phase.

5 Radial Field Control

Besides stabilizing the plasma in the midplane, the radial
field should also allow rigid displacement of the plasma by

a few centimeters up or down in order to influence the thick-
ness of the scrape-off layer leading into the divertor. For

this purpose a maximum coil current of ¥ 2 kA and a peak




power of about 2 x 100 kW are sufficient. In contrast, the
experiment with the opening magnetic limiter during the
plasma current rise of about 30 ms calls for a current of
at least 10 ka.

Measurements on a vessel model including the metal separating
sheets between the plasma and the divertor chamber have shown
that the radial field is not damped in the plasma region. The
field is sufficient to achieve a vertical displacement of

the plasma by about 16 cm within a period of 5 ms (Pig.6).
Power will be provided by a push-pull amplifier and a capaci-
tor bank with an energy content of approximately 50 kJ. The
discharge current of the capacitor for the experiment with
opening magnetic limiter will be programmed by means of the
charge voltage and a variable resistor. The amplifier is
transistorized since the mean radial field direct current

in the normal case is zero and static converters show maxi-
mum ripple in this respect. Decoupling of the amplifier from
the capacitor bank is accomplished with a diode and a thyris-
Lor.
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DC-Chopper Self commutating Generator controlled
static converter static converter in
system shunt mode

Fig.3: Alternative solutions for vertical field control
via by-pass and toroidal field current source
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Fig.4: Numerical simulation of the plasma current
rise (Ip).
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INVESTIGATIONS ON THE FEEDBACK SYSTEM OF ASDEX

F.Schneider, F.Gresser

Abstract

The plasma position in ASDEX will be safeguarded from radial
displacement by a thyristor-operated vertical field control
circuit, from vertical displacement by a radial field con-

trol circuit with power transistors.

In both control circuits the electrodynamic properties of the
non-circular, slit vacuum vessel with its divertor inserts
play a big role. The essential magnetic couplings and time
constants were therefore determined in a model of ASDEX.

These dynamic properties and the inter-related plasma physics
are represented by means of feedback technology. The control
processes are computed by the root locus method and Laplace
transformation. For optimizing purposes, use is made of
graphic methods such as conformal mapping in Nichols dia-
grams.

The problems entailed in fast feedback control with thyris-
tors are thereby given special attention.

1. Introduction

The stability of the plasma position in a tokamak depends
on a number of effects. For optimum application of an auto-
matic controller it is necessary to investigate these re-
lations according to their quantitative and time behaviour.

Roughly speaking, these influences can be divided into pass-

ive (dynamic and static) and active (programmed Fig.1/8)
and feedback controlled (Fig.l/7) effects.




2. Passive Feedback

Since the use of copper shells is not intended in ASDEX,
dynamic, passive stabilization is relatively small. Never-
theless, the induction currents in the vacuum vessel (Fig.1/20] ,
and vertical field coil (Fig. 1/10) cannot be neglected. As
the current distribution in the slit vacuum chamber with its
divertors is difficult to calculate mathematically, we made
a 1:10 model of ASDEX (Fig.9). This allowed the magnetic
coupling (Fig. 1/23), time constants (Fig. 1/11,21), induc-
tion currents and dynamic field distortions to be deter-
mined.

A passive influence is also exerted by the vertical field
gradient (Fig.l/5) as well as by the laws of poloidal (Fig.1/3)
and toroidal (Fig.l/2) flux conservation. In first approxi-
mation these are time independent and can be taken together

to yield an effective plasma equilibrium (Fig.2/6) /1/.

3. Active Feedback

The active part of the control circuit acts via the vertical
field coil (Fig.l1/12) with a time constant of 150 ms. The
acting time, however, may not exceed 5 to 10 ms. This yvields

a minimum open loop gain of G> 15. The vessel with an ap-
proximate time constant of 10 ms (Fig.1/22) causes a delay

of second order. Consequently feedback from inside the chamber
cannot be achieved with optimum results by means of a simple

proportional controller (Fig.3).

There are various methods of investigating control circuits.
Besides numerical solution of the differential equation by
means of matrices /2/ /3/, there are graphic methods such

as the investigation of Bode plots or the root locus method
/4/ /5/. With Nyquist and Nichols diagrams /6/ it is ad-
ditionally possible by conformal mapping to prepare trans-




formation charts, with which test values, e.g. from a model,
can be directly evaluated and the appropriate controller for f
the purpose can be found.

As an example with a PD controller /5/ of the type success-
fully used in the Pulsator tokamak at Garching /7/ it is
possible to achieve an essential improvement of the above
behaviour (Fig.4). With a PJPD controller some properties
might become even more favourable (Fig.5).

4, Feedback with Thyristors

Our deliberations so Far have been based on the assumption

of linear amplifiers in ASDEX. For the vertical field in
ASDEX, however, thyristors are used /8/. To study this criti-
cal amplifier element, we built a model with thyristors and
simulated ASDEX elements (fgen==50 Hz instead of 100 Hz). The
oscillograms (Fig.ll...13) show for the vertical field coil
with chamber as an example the effect of a current return
such as is often used in industrial cascade control circuits
for shortening the coil time constant. With an increased

loop gain, to reach velocities such as are required in ASDEX,
there is undesirable overswing (Fig.12,13).

There are various theories for calculating such dynamic
properties of a thyristor element in the control circuit
/9/,/10/,/11/,/12/. Some are mutually contradictory and

none affords a clear and satisfactory method of explaining
and eliminating the above phenomenon. We have therefore tried
to develop a method by which thyristor control circuits can

be relatively easily optimzied up to very high velocities.

If the modulated thyristor voltage is divided into frequency

components it is interesting to note that the modulation

frequency is not subject to phase shift (Fig.6). There is,
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however, superpositioning of the lower side band of the
thyristor frequency fT:=600 Hz and the modulation frequency
fM (Fig.7). Of these sub-harmonics (fM==fT
FirBk (fM==3OO Hz) plays a role at low modulation and in
practice since the amplitude of the higher sub-harmonics
(200 Hz, 150 Hz...) is low relative to that of the modulation

frequency.

- nfM) only the

The transmission function of the ASDEX thyristor circuit

in conjunction with the vertical field coil can be represented
in the Laplace domain as shown in Fig.8. In this way, it can
be investigated like any other control circuit with, for ex-
ample, the deviation chart of the reference chart. It can be
seen that the tenfold loop gain causes no overswing (Fig.l1l1l),
while above a hundredfold gain we have to expect 4 % over-
swing (Fig.l2) and even more (Fig.13). This effect is more

or less present, depending on the onset time of the dis-

turbance with references to the phase of the thyristor.

Conclusion

With the afore-said facilities it is possible to describe
and optimize the entire control circuit including the plasma,

the vacuum vessel and the thyristor amplifier.
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DIVERTOR PUMPING SYSTEM OF ASDEX

G.Haas, M.Keilhacker, W.Poschenrieder, F.Wagner

Abstract

For the divertor pumps in ASDEX speeds for H, of several

106 1/sec are required. Initially two alternativ concepts
were persued: Volume getter pumps based on ST10l and Ti
sublimation pumps with cryogenic surfaces. Though both
concepts turned out to be feasible, preference was finally
given to Ti sublimation pumping, because its efficiency is
less dependent on the plasma conditions in the divertor. For
this reason the following paper renders a more detailed

description for the Ti sublimation pumps only.

1. Introduction

One important characteristic of a divertor is the back-
streaming ratio, i.e. the fraction of incoming plasma which
returns as neutral gas to the discharge chamber. The back-
streaming ratio fD depends on the conductance C of the diver-
tor throats, the pumping speed S of the divertor pumps and
the trapping efficiency'@rof the collector rails:

8,

fb= c+s 1 -6)

As C is fixed by the design of the experiment and a reason-
able trapping efficiency in the collector rails cannot readily
be achieved, fD is primarily governed by the pumping speed S.
The ASDEX divertor experiment /1/ will have two poloidal
divertors one in the upper and one in the bottom third of
the vaccum vessel. They are divided in toroidal direction
into 2 x 16 divertor chambers, of which only 26 can be fully

used for pumping purposes, and two partly. The conductance of
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the divertor throats will be approximately 6)(105 l/sec. We
are aiming at a backstreaming ratio of fD £ 0.1.

Two concepts for the divertor pumping system have been in-
vestigated:

l: Volume getter pumps

e Ti sublimation pumps

s Volume Getter Pumps

This pumping system would utilize commercial-type getter
cartridges (SAES, SORBAC C500 m), cylindrical structures

of folded thin constantan sheets coated with a 2Zr/Al alloy
which pumps I-l2 reversibly. The specific design was developed
by SAES under a study contract No.52658/DT in which essential
performance characteristics such as anticipated for ASDEX
conditions were also investigated. The studies included
Monte Carlo calculations of the backstreaming ratio and
problems such as the sensitivity to contamination of the
working gas H, with 02, N2 or CO. The investigation showed
the basic feasibility of this system, but, owing to the
spatial limitation in ASDEX, the attainable pumping speed
could not exceed 21{106 1/sec. Accordingly, the backstreaming
ratio would be well above 0.2 if not backed by additional

gas trapping in the collector rails. Theoretical work /2/
shows that under favorable conditions G > 0.6 may be ex-
pected, which here would indeed result in fD.< 0.1l. Measure-
ments below 1.5 keV /3/, however, showed a pronounced de-
crease in the trapping efficiency not explained by theory
which indicates some contamination problems. In ASDEX we
have to take into account a mean proton energy at the collec-
tor rails well below 1.5 keV. At present a large parameter
range in the backstreaming ratio is considered most important
for the evaluation of optimum working conditions. In this

respect, the uncertainties associated with this pumping con-

cept caused us to decide in favor of Ti sublimation.




3. Ti Sublimation Pumps

Without trapping in the collector rails it is necessary to
have a pumping speed of 6}{106 1/sec. Estimations and measure-
ments made on a test chamber showed that this pumping speed
can be attained by using a Ti sublimation pump system with
cryogenic surfaces.

The planned pump system is to have two directly heated sub-
limators in each divertor chamber. In 26 chambers there are
coolable getter panels and in two chambers deposition occurs
directly on the vessel surface. A total geometrical area of
90 m2 is coated, approx. 55 m2 of this being panels and the
remainder uncovered parts of the vacuum vessel or other
components. The remainder stays roughly at room temperature.
The panels can be cooled with LN2 or GNz, their temperature
being about 80 - 100 K or 270 - 370 K, respectively. They are
made of extruded Al profiles and have to be assembled from
laminae which are welded at one end to the coolant pipe and,
for the rest, are insulated from one another in order to re-
duce the forces in the event of a plasma disruption. The
laminae profile is designed so as to give a serrated sur-
face on the inside of the panels to enlarge the pump sur-
face. Fig. 1 shows a cross-sectional view of the divertor
chamber with the position of Ti sublimators and getter
panel.

The cooling- and heating system for the panels is shown
schematically in Fig.2. For the stationary cooling at LN2—
temperature (80 - 100 K) a closed cycle is formed from the
panels DIV, the pressure tank D2, the coolant pump C, and

the heat exchanger E;. The LN, contained in the cycle is
subjected to a pressure of 11 bar to avoid local boiling.

For all other modes of operation including baking the panels
are charged with GN2 in an open cycle. The temperature of the

GN, can be set with the three-way valve V, the heat exchanger
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E, and the electrical heater E2. The design of the panels
and the cooling and heating system is developed by LINDE

under a study contract (Komm.No.5484/0290).

The main problems incurred with such a pump system are

- capacity of a Ti layer
- Ti supply in the sublimators
- adhesion of the deposited Ti layers

These guestions are being investigated in a test chamber,
representing a 1 : 1 model of a divertor chamber. A geometri-
cal area of 3.5 m2 can be coated with Ti, 1 m2 of it being

an Al panel that can be cooled with LN2 or compressed air.

The test cycle, which is fitted to the pulsed operation
planned for ASDEX, consists of Ti sublimation for 30 - 90 sec,
a waiting period of 30 - 90 sec, a gas pulse of 0.15 - 0.35 torr
1 H, and a further waiting period of 200 sec. The gas inflow
attains its maximum in 80 msec and is completed after 500 msec.
The pumping speed and capacity can only be regarded as lower
limits for ASDEX. Whereas only molecular H, occurs in the

test chamber, a part of the hydrogen in the divertor is

atomic. Molecular hydrogen, however, has a lower sticking
probability than atomic hydrogen. According to a model of
Simonov et al. /4/ it is bound to cryogenic Ti surfaces with-
out dissociation so that it cannot diffuse inwards.

Atomic hydrogen affords the following advantages /5/:

The pumping speed is higher at least on warm surfaces. As
result, the cold surfaces have to cope with less hydrogen

and do not saturate so fast. It appears that atomic hydrogen
can also diffuse into cold Ti surfaces so that more than one
monolayer is bound. As the atomic component of the gas in the
divertor is not yet known, no quantitative information can
be obtained.
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Capacity
The capacity is the quantity of gas that can be pumped in

a short time without the pumping speed dropping below the
permissible value. It has to be compatible with the quantity
of gas occurring during a discharge.For a discharge time of
10 confinement times after the current rise time and a mean
proton density of 2 - 5:(1013cm_3 this quantity is 25 - 45
torr 1 hydrogen. While the pumping speed is high enough at
the start even for pure molecular hydrogen, this does not
apply to the capacity. Scaling our test results to ASDEX,
we attain with fresh Ti layer a pumping speed of l7:<106
1/sec, which, however, drops below 53:106 1/sec after get-
tering of 12 torr 1 molecular hydrogen. With the effects

of the atomic component the divertor capacity should be
sufficient for low-density discharges. This is probably

no longer true at high densities. For such discharges it

is intended to use warm panels. The pumping speed is then
lower from the start, but tends to remain constant. Figure
3 shows the time behavior of the pumping speed which we
attain in our test chamber with cooled and with uncooled
panel. For high density discharges a higher backstreaming
ratio seems acceptable, as the plasma contamination should

be lower even without divertor action.

Ti Supply

The design of the Ti sublimators must meet three require-
ments. The Ti supply should be sufficient for 2,000 - 3,000
discharges, the sublimators should be mounted from the out-
side, and they should represent line sources 0.5 - 1 m in
length since their distance from the panels is much less than
the dimensions of the panels. As approx. 0.4 g Ti has to be
evaporated to getter 25 torr 1 H2 the supply of Ti that can
be evaporated has to be 1200 g. Because of the third require-
ment, point sources such as electron beam sublimators or the

Ti-ball of Varian are out of question. All requirements can be




= B =

met by connecting directly heated commercial Ti/Mo wires

in parallel. Our sublimators (Fig.4) consist of an uncooled
high current feed-through for 800 - 1000 A on a 4 1/2" CF
flange and two parallel Cu bars between which the Ti/Mo
wires are clamped. We have operated such sublimators under
various pulsed conditions evaporating 0.3 - 1.5 mg Ti per
puls and wire until 40 - 70 % of the wires in a sublimator
burned out. In all cases we could evaporate an average of
1.1 g Pi from wires with an initial weight of 3.7 g. It
thus follows that the sublimators have to be provided with
approx. 20 wires. Resistance variations of up to 20 % bet-
ween the parallel wires e.g. by a winding short in coiled
wires were found to be of no consequences. A wire of lower
resistance draws more current, becomes hotter and evaporates
faster until its resistance is equalized to that of the
other wires.

Peeling
Peeling of the deposited Ti layers can never be completely

avoided. For ASDEX this means that the panels have to be
cleaned at regular intervals, and so they are designed for
easy dismounting. To make the intervals as long as possible,
it has hitherto been found best to make the surface as

rough as possible besides ensuring thorough cleaning.

Conclusions

Considering the principal aims of the experiment ASDEX, Ti
sublimation on cryogenic surfaces appeared here to be the
better choice for divertor pumping, as there is no problem
to achieve a low backstreaming ratio and it is an approved
pumping concept. It is quite obvious to us, however, that
in divertor machines closer to a CTR, Ti sublimation will
no longer be practicable because of the high temperature
environment and the need for a safe tritium handling system.
Under these conditions volume getters which reversibly pump
hydrogen should be more appropriate.
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