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ASDEX Upgrade Project Proposal

Applicetion for EURATOM Preferential Support
Phese IT

1. Introduction

The needs for and the justification of an ASDEX Upgrade
(ASDEX UG) es a follow-up experiment to ASDEX were described
in the application for EURATOM Preferentiel Support Phase 1
/1, 2/. The objective of ASDEX UG 1is to investigate the
problems relating to tokamak divertor physics and the
boundary layer of hot plasmas which c¢annot be covered
otherwise by either ASDEX or other EUROPEAN tokamaks,
including JET, but whose investigation is indispensabl® for
NET and INTOR /3/. The ASDEX UG project extends the ASDEX
poloidal divertor experiment in essentially two directions:
With regard to the poloidel configuration and with regard to
the plesma parameters. Both are necessary in order to meet
reactor requirements.

ASDEX has shown that it is at least the closed poloidal
divertor which has clearly the potential to guide the
particle and energy fluxes in a way to the material
environment in which impurity sources are sufficiently
reduced so that clean ©plesmes c¢an be produced even for
megawatt heating powers. This identifies the possibility to
sufficiently reduce the wall erosion of fusion reactors by
sputtering which wouléd otherwise be unacceptable,.

The configuration of ASDEX UG is changed as compared with
ASDEX. This is due to the recuirement that all poloidal
field (PF) coils are located outside the toroidal field (TF)
magnet. This leads to a highly elongated D-shaped plasma
with an "open® divertor, which does not 2llow tc close the
divertor chamber by such simple means as in ASDEX. The
elongeted plasma is vertically unstable sand provisons have
to be taken to stabilize the plasma. As shown in the INTOR
study, this 1is the only configuration which promises
sufficient reactor potential, and therefore an experimental
investigation of these problems is mandatory.

The plasma parameters are extended in order to ensure a
sufficiently high plasma density and temperature and a
reactorlike energy flux density from the plasma, which 1in
this case is provided by sufficient auxiliary heating.
Enhancing the plesma current of ASDEX UG by up to a factor
of 4 as compared to ASDEX makes it possible to both increase.
the 1line density and the temperature at the poloidal
{3—}imit by about a factor of 2.
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Calculation of double null (DN), single null (SN} and
limiter controlled (L) configurations have produced SN
configurations which are very similar to L configurations
with respect to the multipole currents required. These are
both in contrast to the DN configuration which requires
higher multipole cuyrents.

The technical concept as originelly defined by the
so-called reference system /1/ was developed further during
the last year. Recent results and @ better understanding of
the divertor function, the plasma boundary layer and the
poloidal field geometry allowed modifications to be made
which led to great simplifications /2/.

Using the experience of competent manufacturers, it was
possible to make sure that the technical solution and design
concepts of major components are feasible.

In the following section 2, the aims of ASDEX UG are
repeated briefly and the essential features and parameters
of the tokamak system are summarized. The concept described
is the result of a continuous and iterative optimization
procedure and it is to be regarded as the simplest, smallest
and least expensive system with respect to the aims and
physical and technical boundary conditions. The summary of
section 2 includes an overview of the tokamak design, the
time schedule of design and construction concluding with the
estimated investment cost and manpower required.

In section 2 the tokamak system components are treated.
The circuits and energy supply for the different electrical
components are described in section 4.

Auxiliary heating requirements and methods are discussed
in section 5. Section & presents a survey over the periphery
of the tokamak system including preparation of the building
and radistion shielding. Section 7 outlines the physical
"programme. Section 8 is devoted to diagnostics. Finally, the
principal <concepts for control, data acquisition and
handling are outlined in section 9.
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7. Summery of the 2sdex UG Project Prorosal

2.1 Defirition of the Concept

2.1.1 The aims

The aims of ASDEX¥ UG cover essentially all plesma
boundary and first wall problems which can be investigated
by discharges without thermonuclear heating. In particuler
they encompass: '

{3} the study of plasma boundary problems of a fusion
reactor associated with the

~ transfer of the energy flux to the walls;

~ control of wall-produced impurities;

~ investigation of the helium pumping problem;

{b) the utilization of the improved impurity and plasma
density control of divertor confiquretions

-~ to study the confinement properties of clean,
separatrix—-bound plasmas in the high-current regime;

- to study long pulses and current drive;

{c) the provision of & sound besis for the final decision
on the NET concept, iIin particuler whether & pump
limiter solution suffices or whether a divertor 1is
needed and how it has to be designed.

Plesme boundery layer studies should compare different
promising solutions for the energy trensfer and impurity
balance problems like

— high-density scrape-off lesyer with protection of the
target pletes by & zone of intensive localized

recycling;

- & hot boundery layer in front of a low-Z-coated pump
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limiter taking the mejor fraction of the energy flux,
with nearly unattanuated sgputtering but sufficiently
small impurity confinement time;

~ &a radiation zone formed hy a satureted concentration of
medium-7 impurities forming & protective cold ©plesme
mantle in front of limiter and walls {"photosphere");

and examine whether & high enough neutral helium density can
be achieved in the pumping chamber of a poloidel divertor
and & toroidel pump limiter for efficient ash removal.

Passively stebilizing elements inside the main field
coils and active feedback on PF coils outside the toroidel
field coils will be provided to test and demonstrate the
control needs of a8 divertor and torcidel pump limiter. This
stabilizing method shall be optimized in conjunctiorn with
configurational changes, 1in ©particular the triangular
distortion. : ‘ *

The favourable properties of & poloidal divertor
demonstrated by ASDEX shall be utilized also for & study of
plasma confinement, heating and current drive. In
particuler, we will pursue the studies of the so-called H
regime found in ASDEX into the regime of plasme <currents,
densities and temperatures allowing & comparison with the
results of non-divertor devices 1ike JET, TFTR - and
TORE~SUPR2., The parameter space may be extended this wasy
into confinement regimes inaccessible or difficult to reach
for limiter-bound devices. The understending of the besic
features of these regimes mey, hopefully, 2lso benefit the
pump limiter concept and even indicete 2 way for realizing
it.

Theories and experiment for extremely 1long pulse or
current drive scenarios indicete the importance of a control
of plasma end impurity density like can best be achieved in
a divertor tokamek. By having (from power supply and cooling
‘of TF and PF coils)}) the potential for pulse 1lengths of
several minutes for plasma currents in the renge of present
AEDEX velues ( 500 k2) ASDEX UG should serve as test bed for
further such studies.

2.1.2 Reqguirements and Definition of the Concept

The D-shaped plasme produced by multipole ceoils outside
the 1F megnet reouires a verticelly elongeted vecuum chamber
in order to incorporate divertor structure and target plates
in eddition to the D-sheaped plesme. D-shaped TF coils were
the appropriate choice to fit the chamher and to facilitate
force support.

The reouired plesme peremeters, as described in  the
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application for FURATOM priority support phase I /1/, of ﬁéa
= 7.5-10m%, in order to provide for 2 sufficiently dense
plasma boundary, and & sufficiently high plasma temperature
in order to model the gradient <T>/a& in the boundary layer,
lead, for the critical density limit, to a2 certain minimum
ratio of the megnetic field on axis over the aspect ratio.
The choice of a reactor-like average densityn_ = 2,2 -10%°
m‘L, 2s deduced from reactor studies, yielded a smell plasma
radius of a = 0.50 m. The 1line density, temperature and
gradients of the plasma boundary should thus be reactor-like
even representing the binary collision properties in the
radial dimension. ASDEX UG is by this choice only slightly
bigger in dimension than ASDEX.

The multipole coil system symmetric to the  torus
equatorieal plene allows to produce poloidal flux
configurations which extend from double null (DN) to ,single
null (SN) and limiter (L) controlled configurations. Figure
2.1 shows poloidal flux surfaces for the three typicel cases
including the multipole currents for a plasma current of I =
1 MA, The total ampere turns of the multipole field system

differ 1little between the single null and limiter
configuration. The double null, however, reqguires about
three times as much for equal pl asma current. 211

confiqurations are vertically unstable, the driving force
close to the plasma and feedback control of the multipole
currents shall stabilize the plasme.

The attainsbhle plasme currents and their duration which
ultimately determine the attainable critical density and
temperature - at the poloidal beta limit - differ between
the three configurations. They are 1limited by several
constraints: by the stresses exerted in the TF coils, by the
poloidel field components, by the O©OH flux swing and the
generator power supply. The limiting wvalues are discussed
further below.

For providing the reactor-J]ike power flux density in the
plasma boundary of ~ 0.2 MW/m , an auxiliary heating power
of 12 MW is required 1into the plesma. Several heating
methods are being investigated. However, preference is given
to 2. harmonic ICRH for several ressons given in ref. /1/.
The heating power needed for reaching the poloidel beta
limit at the critical density depends on the vyet unknown
energy confinement properties of the hot ASDEX UG plesma.
Applying the ALCATOR scaling, the PRaltimore (o(IP Yy H
discharge scaling and finally the Baltimore scaling in the L
discharge regime yield for the heating power 7.5 MW, 8.7 MW
and 17 MW for reaching these limits. This indicates that the
12 MW power or the 0.3 MW/m% power flux density are an
appropriate value in accordance with experimental findings.

This power should be available for relevent paremeters up
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to 10 seconds. The vacuum vessel was designed with respect
to the ports to be compatible with 211 heating methods
conceivable. Those are: ICRH, neutral injection heating,
LHRH and ECRH. The antenna design and computation as well as
the definition of a generator development programme in
industry has been started for 2. harmonic ICRH, The
university of Stuttgart is exploring the possibility of
using ECRH. With regard to LHRH, positive results from ASDEX
would be needed to put more effort into this heating method.
A particle energy of 80 keV for ©perpendicularly injected
neutral hydrogen, as required for central deposition at Tip =
7.5 .10 ﬁ'a, leads to consider this heating method as fall
back solution only.

2lthough preference is given to ICRH, the experimentel
progress is cerefully observed in the area of all heating
methods mentioned and the technicel reguirements considered
along the design of the BASDEX UG tokamak system. The
decision on the proper heating method does not need %o be
taken prior to the end of 1924,

Beside the physicel requirements and constraints the size
and magnetic field of ASDEX UG were determined by the choice
of 25 MA/m average current density in the water-cooled
copper conductors of TF and PF coils for meximum excitation.
The essential part of the optimization, as decribed in
ref./1/, was to minimize the aspect ratio 2.

Tn table I, the besic machine dimensions and parameters
2re given. The values are maximum values for each component.

Table I: Main Plasma and Machine Parameters

Large plesma radius R, 1.65 m
Minor plasma radius a 0.5 m
Plasmaz height b 0.2 m
Plasma elongation s=b/a 1.€

Plasma aspect ratio A 2.3

Plasma current T 2 Mp
Toroidel megnetic field B .eT

CH flux swing 9.5 Vsec
Discharge duration tD 1¢ sec
{for T =0.% MA: 2 min)

Recess betw., discharges te 10 min
Plasma line density at 9 g
density limit {I=1.6 MA) ﬁe a= T7.%.10 m
Average plasma temperature

at density limit and

and @P-],imit (L1, 6 M2) 7r; = "i*'e 2.5 keV
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Peak plasma temperatures 7 keV
Max. power flux density

to the walls Poy 0.2 MWm~2
Auxiliary heating power PH 12 MW

Table 11 describes the reference modes of operation for
DN, SN and L including the discharge durations attainable
with the existing generator power supply.

Table IT: The Operational Regimes of ASDEX UG

Shearing stress limit on TF coil 20 MPA

SN single null discharge
DN double null discharge ‘ *
L limiter-operated discharge

ch long pulse (current drive) discharge

| SN i DN | L | cb !
~~~~~~~~~~~~~ o o e e e
I ! | ! |
Ipo B, (MAT) ; 4,5 '! 3.0 ; 6.5 } - ;
IF (Ma) | 1.6 ! 1.2 ] 2 I 0.5 !
| | | I |
B, (T) | 2.7 | 3.25 | 3.25 | 1 |
| ! | ! |
9 l 2.2 ! 3.5 [ 2.1 l 2.6 !
| | ! ! |
T (sec) | 7 | 5 I 5 | 120 !

D
I | I | |
~~~~~~~~~~~~~ AP 5 S SO SIO S S S 4

During the conceptual design of ASDEX UG the multipole
field system turned out to be the limiting component because
of its excessive power consumption. However, an optimization
of the current distribution in the V1, V2 and V3 multipole
field ceoils allowed to find a single null configquration,
with the axis being shifted out of the equatorial plane,
which differs little only in total multipole current from
the limiter-controlled configuration (Fig. 2.1). This seemed
to prove that a single-null divertor tokamak 1is comparably
suited for a reactor than an equally elongated limiter
plasma.

However, the force load on the TF coils exerted by the
poloidal field and hence the stresses turned out to differ
considerably between EN on one side, and DN and |
configuration, on the other. The combination of symmetric
and entimetric forces in the SN case yielded critical shear
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stresses close to the central support region, which are
strongly reduced under the antimetric load of the DN and L
configuration.

The attainable toroidal fields and plaéma currents are
now, due to these shear stresses, defined by I?,- Bo < 4.5
MAT for the SN configuration. The safety factor q then
determines the parficular value of I and B,. For a,= 2.2,
a current of = 1.6 MA can be realized. This is & 20 per
cent smaller value than anticipated in the supplement /2/ to
the proposal for application for EURATOM priority support
phase I. Since the 2 MA exceeded the physically required
value anyway, the physical objective of ASDEX UG 1is still
fully covered by IP= 1.6 MA,

Also the multipole field «c¢oils required ample support
structure in order to balance the vertical forces. The ohmic
heating coils consisting of the central CH 1 transformer
coil snd two stray flux shaping coils OH 2 and OH 2, " were
integrated into this support structure.

Figure 2.2 shows the design concept of ASDEX UG. It
differs decisivley from ASDEX, although the dimensions are
comparable, mainly by the following facts: & by a factor of
1.4 increased toroidal field, a 2.5 to 4 times increased
plasma current - mainly on account of a 2.5 times enlarged
plesma cross—-section, and the increased toroidal field - and
finally by the measure to put the multipole and OH coils
outside the TF coils. The required sizeable structure which
leaves the minimum acceptable space for the required ports
and openings, gives evidence of a -~ with respect to force
balance -~ optimized design. ‘

2.2 Overview of the Design 2nd the Components

2.2.1 The Toroidasl Field (TF) Magnet

The toroidal field magnet consists of 1A D-shaped coils
whose straight wedge-shaped inner 1legs form e wvault for
central force support. A spherical steel shell structure is
embedding the outer legs of the D in order to Dbaleance
lateral forces like overturning moments. This structure has,
in principle, 16-fold symmetry. Shear bolts connect the
sectors of the support structure. The toroidal field ripple
a3t the plasma outer edge, produced by 16 coils, does not
exceed 1.6 per cent.

The individual double pancake coil carries no casing.
Three cooling channels in each conductor with a connection
length of two windings allow steady-state excitation up to E,
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e

= 3.0T at a water velocity of 9 m/sec .

The vault support, first chosen in order to minimize the
aspect retio, turned out to be necessary for smooth
distribution of stresses produced by bending and twisting
moments in the free part of the coil due to the poloidal
field components of the SN and DN configurations.

The admissible machine parameters are determined by the

stresses a2t the edge of the wvault support. In the &N
configuration torsion moments produce shearing stresses at
the vault edge which are proporticonal to I, = B, -
Limiting those to == 20 MPA requires the &already quoted
operational regime of IP' B, = 4.5 MAT.
In the DN configquration the combined bending and tensile
stresses are limiting which show a more involved dependence
on TP and B, . But with the choice of I, » B, =2.2 MAT a
safe operational regime could be defined. The choice of the
safety factor then determines the actual plasma current and
toroidel field wvalves. Figure 2.3 shows the regime
accessible within these stress 1limits for €N and DN
discharges. The TF magnet stresses do not limit the IPand B,
values for L discharges.

The TF magnet is modular in octant symmetry. However,
assembly and disassembly are determined by the vacuum vessel
symmetry which consists of quadrants. The assembly concept
is discussed in section 3.4.

2.2.2 The Poloidal Field System

The PF system (Fig. 2.2) consists of the ohmic heating
(OH) system and the multipole (V) coil system. From the
beginning the aim was not to concatenate TF and PF systems
geometrically but to put all PF coils outside the TF magnet
instead. Sophisticated coil concepts were also discarded and
simple water~cooled copper conductors chosen, wound with
"fibre gless tape and impregnated with epoxy resin.

The OH coil system is composed of three coils, the
central air core transformer coil OH 1 and two stray flux
shaping coils CH 2 and OH 3. The stréz field in the ©plasma
region was thus reduced to Bc= 3-10"T in order to allow
breakdown already for 10 V loop voltage. The CH 1 solenoid
is designed for a total flux swing of 2t = 9.5 Vsec. The
ratio Ri/Ra 0.5 of the CH 1 radii keeps radiasl tensile
stresses low. No force load of the TF coils acts on the CH 1

cylinder because those are by the vault self-supporting.

The multipole field (V) coils are arranged symmetrically
to the equatorial plene and dimensioned for the maximum
required coil currents and 25 MA/m?% current density. Their
position is optimized with regard to the plasma
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confiqguration and minimum coil currents and, hence, minimum
power losses. ‘

The radial forces are balanced by hoop stresses in 2all
coils. The large vertical forces, however, have to be taken
up by a supporting frame with 16 radial beams, which
embraces all ceils,, It requires a heavy steel bolt in its
centre, through the bore of the OH 1 coil. The support bed
for the coils has to provide sufficient area for wvertical
forces of up to 2.2 MN/m for the VvV 1 coil, 1 MN/m for the
V 2 and 0.5 MN/m for the V 2 coil.

The required multipole currents can exceed at low beta
those necessary at high beta for equal plesma current. To
avoid this excessive current load, the plasma current and
beta is simulteneously ramped up during the heating phase.

The multipole coil design considered the possibility of
exchanging the multipole coils 1in the upper half by
superconducting coils in a later stage of the experiment.
The Kernforschungszentrum Karlsruhe (KFK) |is presently
starting a development project for superconducting poloidal
field coils for ASDEX UG and TORE SUPRA. Both experiments
should serve as realistic boundary conditions for such a
development which is required for NET and other future
devices. In case of ASDEX UG the discharge duration can then
be extended because of the reduced power consumption of a
tokamak system with superconducting poloidel field coils.
However, it should be emphasized that the physical programme
of ASDEX UG can be carried through with normal conducting PF
coils.

2.2.2 Vacuum Vessel and its Interior Structure

The vacuum vessel system can be divided into the basic
vessel structure, including ports, and into interior
installation which serves several'purposes. The basic vessel
system is symmetric to the torus equatorial plane. According
"to the discharge programme (sec. 2.2.5), the first
installation is designed for SN operation with the X-point
in the lower half of the torus.

The vacuum vessel had to be adjusted to several
requirements: to bzlance the force Jloads, especially by
plasma disruptions, to provide sufficient toroidel

resistance, to withstand the power flux density from the
plesma, to ellow sufficient ports for pumping, heating and
diagnostics and to incorporate proper divertor structure.
The rigid steel vessel is l16-fold polygonsl with the edges
being located under the TF coil legs. It 1is devided by ¢
separation planes for assembly and disassembly and by four
insulation pleanes.
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The disruption shearing forces of up to 0.7 MN/m are
taken up by formlocked flange connections. The insulated
connection is protected from the plasma side by steel
bellows which determine the 0.25 m fL toroidel resistance.
£ ports of 0.4 x 0.8 min the equatorial plene and numerous
smaller ports are foreseen. Since the original proposal the
pumping of the divertor has been improved by providing 16
ports of N.25 m diameter in each divertor half plane.

A large part of the vessel surface 1is covered by an
actively cooled heat shield., The first installetion Iis
adjusted to SN operation with X-point in the lower half of
the torus. The terget plates and shields are positioned to
reduce the heat load and facilitate pumping. The structure
in the upper half of the torus is designed to give room for
the SN plasma opposite the X-point but to @&llow also for
limited heat flux DN plasma confiqurations. .

Passive loops (Fig. 2.4) close to the plasma can
vertically stabilize the plasma for up to about 200 m sec. A
0.15 m axial plasma shift produces a total load of C.6 MN on
the stabilizing conductors. Since the design considerations
showed no clear solution up to now whether this force can be
supported by the vacuum vessel, 4 beams connected to the PF
support frame through 4 large ports, were chosen as a safe
support concept. A development programme for heat shield and
target plates is presently being carried through with
industry. It concerns the water~cooled stainless steel
structure eventually covered by graphite plates or other
material.

An ICRH antenna system hes been preliminarily designed
and will be subject of & separate proposal for EURATOM
priority support on auxiliary heating. This antenna systen,
consisting of 16 short single antennae, arranged in pairs at
8 locations along the toroidel circumference, has been
integrated into the vacuum vessel. Calculetions of both the
antenna-~to-plasma coupling and antenna matching and of the
thermal Jload on the antennae have shown that the
requirements imposed c¢an be met with this system.

The divertor and the main chamber is pumped through 16
ports which provide a pumping speed of 1500 1/s each. A
10,000 1/s cryopump 1is installed at one mein port for
pumping vapours during glow discharge cleaning. The -
distribution of horizontal, vertical 2nd inclined ports was
designed compatibly with the diagnostic needs and in respect
of the necessary TF coil support structure.
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2.2.4 The Auxiliagy Heating Concept

A preliminary analysis of auxiliary heating has revealed
that the heating method should meet the following
reguirements:

-~ central deposition within the plasma;
- edge heating of the plasma should be avoided;

~ applicability in a wider plasma parameter range; (e.g.

W, >0y Vi
- high generator efficiency;
~ applicable from the low field side.

ICRH at the 2. harmonic was found to be the heating
method which fits best these requirements, which is
technically sufficiently developed and which has been
successfully tested in heating ©plasmas up to MW heating
power.

The ICRH system of generators, transmitters and antennae
shall be subject of a separate application for preferential
support.

The frequency range 80 < f <= 120 MHz is defined by the
plasma parameter regime as determined by the toroidal field
2.7 B_=4 T. This choice fits essentially an industrial
development programme for ASDEX and W VII of 1.5 MW
generator stages tuneable up to 100 MHz. The antennae
calculated and designed for ASDEX UG compatibility with the
vacuum vessel are described in Section 4.1.

Ray tracing calculations have. been carried through for
cold and warm plasmas showing a good focussing of the wave
fronts towards the plasma center - location of the 2.
harmonic resonance frequency - and absorption more or less
localized at the center depending on the plasma temperature
(Fig. 2.A).

The power of 12 MW is launched by 8 single antennae each
consisting of two identical dipoles above and below the
equatorial plane with a power capability of 1 MW per dipole.

2lthough ICRH was chosen as the appropriate heating
method for ASDEX UG other heating methods have been
considered as fall back solutions. Care has been taken that
the vacuum vessel and port openings are compatible with each
of these methods. These are, in order of priority,

-~ neutral injection (NI) by hydrogen with a beam particle
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enerqgy of 80 keV per box, 2 NI boxes, &5MW per box,
injection angle close to 90 deq.;

- LHRE, 2.45 CHz, 40 cyclotrons, 12 MW;

10 .
- ECRH, 2. harmonic 150 GHz for B, = 2.7 T, nééi > 10
Jaunched from the low field side. ’

Central power deposition by neutrel injection heating
requires for ASDEX UG at ﬁé = 7.5-1ﬁﬁ M > hydrogen beams of
B0 keV particle energy. The JET neutral injection systenm
would fit therefore the PRSDEX UG needs. Two JET injection
boxes of 5 MW power output each could be used. However, the
poor overall efficiency of sources in this energy range
would demand 40 MW input power for each box. The power
fraction in the low energy components (40 keV, 27 keV) could
also lead to unacceptable plasma edge heating.

Helium injection at 40 keV particle energy for heating
would provide considerably higher neutralization efficiency
{~50%) and cause no problems with particles at low energy.
The particle flux of e P 1o sec , required for 10 Mw
heating power, however, would lead to a replacement of the
hydrogen plasme by helium after about 2 seconds, since the
helium is not pumped by the walls.

LHRH for heating is restricted to a2 1limited parameter
range because of fixed frequency and density limits
depending on the toroidal field value, No evident
experimental results encourage to choose this method
although forthcoming results may change this situation.

FCRH heating with the ordinary wave from the 1low field
side is by its reletive physical simplicity an attractive
method; however, applicable for A%z‘ﬁékxﬁ only. Second
harmonic heating in ASDEX UG at the low toroidal field limit
B, = 2.7 T requires 2 frequency of f = 150 GHz. A 150 GHz
gyrotron development programme is plenned by EURATOM at
present. The fixed frequency of the gyratron 1limits the
parameter mergin of the experiment considerebly in contrast

to the tuneable ICRH generators.
2.2.5 Comments on the Discharge Programme

The configqgurational mergin and the parameter regime have .
already been described in fection 2.1.2. The total number of
discharges is limited by the design requirement of 20,000
full loed discharges and 1,000 hard disruptions.

Hydrogen has to be the filling ges for the majority of
discharges. For the maximum temperature &t the criticel
density for IP = 2 MA about 200 discharge seconds in
deuteriuvm would be permissible until the activation of the
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vessel structure would reduce the hands on time to &an

unacceptable value. The neutron flux density for = 2 MA
and full plasma parameters requires a shielding of 2.1 m
thick concrete walls and a 1.2 m thick . - e.g. wooden -~

ceiling. Tf the deuterium discharges are 1limited in their
parameters to thé 1 keV; T, & 10%° w3, concrete walls of
1.2 m and a wooden ceiling of 0.9 m thickness would suffice.
1.2 m thick concrete walls are required anyway for hard
X~ray shielding The design for the building modifications

covers both possibilities. .

SN, DN and PL (pump limiter) discharges at full
per formance are not compatible with one and the same vacuum
vessel installetion and pumping arrangement. The primary
objective is certainly the SN configuration. The use of DN
configurations in a reactor is hardly conceivable because of
their large poloidel field system effort and the inefficient
use of the vacuum chamber by the plasma. In an experjment,
however, the DN configuration is still of interest because
it allows to produce plasmas symmetric to the equatorial
plane and to separate the inner and outer scrape-off layer.

The discharge programme foresees therefore to equip the
vacuum vessel from the beginning on with &l1 structure
adjusted to the single null configuretion. This 1is in
particular:

- target plates, aperture plates and heat shields at the
vessel bottom adjusted to the SN flux pattern and the
expected power flow;

~ antennae contours and protection structure adjusted to
the unsymmetric SN flux surfaces;

~ pessive stabilizing loops optimized in position and
time constant to the unsteble SN configuration;

~ wvacuum pumps concentrated zt the bottom part of the
torus.

Remote target plates in the upper torus zllow DN
configurations with reduced discharge duration or with
reduced parameters.

2.2.6 Manufacturing Procedure and Time Schedule

In the conceptual design phese industrial know-how and
experience were utilized by plecing study contracts and

material tests for the essential components, More
conventional items like support structure were discussed
with specialists of manufacturing companies. Realistic

estimates on construction time schedule and costs could thus
be obtained. The TF coils, in design similer to the JET
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coils, were investigated by BRC and optimized with respect
to fabrication in close cooperation with the IPP engineering
group. The detailed design of the poloidal field coils (CH
and V coils) 1is presently being worked out by three
competent Furopean producers after the functioning of the
concept has been K assured by comnon discussions. The
structurel shell of the TF coils was discussed with six
steel and cest 1iron producers. This way the advice of
industrial experts entered a@lready during the design phase.

Figure 2.6 shows the ASDEX UG construction time schedule
which assumes FURATOM priority phase 1II approval in the
second half of 1982, The fabrication period would thus
extend from 1984 into the year 1986, in which assembly of
the system should be conducted. Preparation of the
experimental building Lf starts also shortly after approval
by the FURATOM boards. This time schedule 1is essentially
assured by the choice of simple component design and the
choice of & conventional and proven tokamek component
technoloqy.

2.2.7 Cost Estimetes

The cost estimate is based on preliminery cost evaluation
by producers {TF coils, TF magnet support structure) on
comparison with the costs of comparable tokamak components
already produced (e.g. for JET, ASDEX and others) and by
material prices. In case & certain mergin resulted within
the price estimates, the upper limit was taken.

Figure 2.7 shows the cost distribution over the years of
design and construction, reaching a total sum of 9% MDM, the
costs for auxiliary heating being subject of a separate
proposal. 59 MDM will be spent until 1986, the current finan-
cial period, the rest of 37 MDM until 1988.

2.2.8 Manpower

The manpower involved in the ASDEX UG project consists of
the engineering design team, of experts from the IPP central
technicsl services and other groups and of manpower hired
from industry. The IPP effort 1in professionals, 1i.e. the
design team and the manpower of engineers and physicists
from other IPP groups, is shown in Fig. 2.7. Here three
curves are given. Curve 1 represents the professionals
inside or outside the construction team who fulfill specific
long~-term tasks for the construction of the experiment.
Curve 2 summarizes the professional manpower in support of
the first group. Curve 2 adds the manpower envisaged for the
development and construction of the diagnostics. The total
manpower for the first group amounts to 120 MY, for the
support staff to 40 MY, and for diagnostics to &0 MY,
totalling 250 professional MY for the construction of ASDEX
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UG. These are backed up by about 450 MY from the technicel
staff aveilable at IPP. Engineering support from outside IPP
is not included here.

Collaboration with several Européan and other
international institutions, especially in the field of
development of diagnostics, is presently arranged and will
be subject of a sepérate paper.

References:

/1/ ASDEX Upgrade, Definition of a tokamak experiment
with a reactor-compatible poloidal divertor,
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3. The Tokamak System Components

2,1 The Toroidal Field (TF) Magnet

The toroidel magnet comprises 16 double pancake coils and
the turn-over structure (T0S), which houses the outer
parallel flanked part of the coils (Fig. 2.1.1). The TOS
contains 8 large casings which are split in the torus plane
by flanges. Fach large casing includes two small casings
which fix the enclosed coils and provide force locking in
the toroidel direction. Typical parameters of ‘the complete
TF magnet are shown in Table 3.1.1.

2.1.1 Description of the Toroidal Field Coils

A maeximum toroidal field of Bg = 4 T can be produced at
the geometric plasma axis Rg= 1.5 m. The resulting coil
forces and average mechanicel stresses for this case are
listed in Table 2.1.3.

To 2llow for plasma elongation and provide space for the
divertor chamber, a vertically elongated TF coil aperture as
provided by a constant-tension D-shape 1is required. This
coil type supports the centering force (CF) exerted by the
toroidal magnetic field entirely over the straight wvertical
part of the inner coil leg. To take up the CF of all 16
coils, a veult has to be formed within the gap between the
central ohmic heating transformer and the plasma vessel. The
width of this gap determines the gize and hence the cost of
the tokamak system in leading order. To make the best use of
thiquap, a separate CF support structure as well as coil
casings have to be avoided there. Consequently, the 16 inner
coil legs will be tapered over their full winding thickness
and assembled to create a vault by force 1locking over the
area CFSA shown in Fig. 2.].4., In this way more than 70 % of
the gep can be filled with copper.

As a consequence of the vault support via the inner coil
legs, compressional stresses originate in the conductors and
their insulation. These stresses are no problem for the
insulation. However, oval cooling channels have to be chosen
in order not to overstress the conductors within the wvault
area (Fig. 2.1.5). Circular cooling channels will be
provided in the remainder of the coil.

For running an experiment it is most advantageous to keep



ASDEX-UPGRADE 25

the TF magnet at ambient temperature 1like the peripheral
experimental equipment. Water cooling is therefore envisaged
for the TF coils. There are basically two ccoling modes:

— Adiabatic pulses with recooling during puls intervels.
The recooling .time cen be kept below 6 minutes.

- Long pulses with intense water cooling during the
pulse. In this case a water throughput sufficient for
absorbing the ohmic losses up to Bg= 2 T can be
provided.,

During adiabatic and long ©pulse operation the maximum
insulation temperature at full magnetic loading will be kept
below 70 C in anticipation of an initial copper and cooling
water temperature of 20 C.

Most of the pulses will be adiebatic. To echieve a long
pulse duration in this case, the conductor 1layout provides
constant current density within any winding cross-~section of
a coil. The temperature development during 2 pulse with Eg =
4 T is shown in Fig. 2.1.7.

Long pulse cooling calls for & high water throughput
during a pulse. To stay within the insulation temperature
limit at reasonable cooling conditions, 2 cooling channels
per conductor have to be provided. 2Additionally, 1latersl
feeding of magnets calls for large water méanifolds which
consume valuable access area for the divertor pumping ports.
Though the position of adjacent water manifolds will
alternate with respect to the torus plane (Fig. 2.1.2), the
available space is not sufficient for feeding every single
turn of a coil with fresh water. 2 cooling 1length of two
turns was therefore chosen. A cross-section of the resulting
water manifold and the current terminals combined with it is
shown in Fig. 2.1.6.

Under experimental conditions it is unrealistic to assume
a total long pulse running time of more than 1000 hours. 1In
contrast to generators, normally designed for running times
of 20.000 hours, erosion by cooling water flow 1is a
negligible effect. High water velocities are therefore
permissible as proven by CERN magnets, which have already
been operated for several thousand hours at 1% m/s. For the
TF coils the water velocity within the cooling channels will
be 1limited to 9 m/s. The development of cavitational effects
is avoided by an outlet overpressure of 2 bar.

Figure 2.1.9 shows for Bg= 32 T and 2 m/s how the maximum
temperature on the lateral conductor boundary (insulation
temperature) develops with time. Steady-state conditions
will be reached for 2 maximum insuleation temperature of
below 70 C. Since two turns are cooled 1in series, there
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originates a maximum temperature difference of about 15 C
between turns in succession. The thermal shearing stress
resulting within the interturn insulation as well as the
thermal compressional stress in the vault can be tolerated.
An analytic estimate vyields 1less than 20 MPa for both
components.

Since the cooling system of the TF coils is designed for
steady~state conditions, recooling of an adiabatic pulse
within the recharging time of the flywheel generator is no
problem at all. The development of the recooling temperature
profiles after a pulse with Bg= 4 T is shown in Fig. 23.1.8,
Recooling will be stopped after the outlet temperature has
fallen below 25 C. The remaining temperature rise in the
vault is then negligible. Further details of a TF coil and
its cooling circuits are given in Table 3.1.2. The main
dimensions of a coil are shown in Fig. 2.1.13.

3.1.2 Description of the Turnover Structure.
‘ .

ASDEX UG is to be provided with a divertor of single null
(SN) end double null (DN) configuration. The <case of a
pumping limiter (L) is also envisaged. The field components
(Bpi} normal to a TF coil winding, produced by the poloidal
field (PF) coils are for the divertor configurations (SN,
DN) locally gquite substantial. Fiqure 2.1.1C shows the
distributions of EF* for a plesma current Ip= 1 MA along
the center line of the upper half of a coil. The largest
Rptr values are encountered for the DN configuration. The
maximum Bpy values of the &N configuration reach only f0 %
and those of the L case only 20 % of the DN case. The field

component B interacting with the coil current (I¢) creates
2 line load (I¢x Bpy) in the coils which is directed normal
to the «c¢oil midplane (lateral direction). The forces

integrated between zero points of the B pgdistribution, and
the moments (MX, MZ) integrated between the coil legs of the
upper half of a coil are listed in Table 3.1.4 for Bgq= 4 T
and Tp = 1 MA. There is a moment Mx resulting from the 1line
load Igx Bp,, which tries to turn over the <coils 1in the
later2] direction. The I¢¥ Bpm; forces are therefore called
turnover forces and the external structure which supports
the coils is called the turnover structure (T0S). It is
mainly the divertor confiqurations that call for es rigid as
possible a TOS in the latersl direction in order to protect
the TF coils from excessive bending and shearing stresses.

The ideal T0S would bhe a closed toroidal shell into which
the TF coils are incorporated. fince the vault also provides
turnover support by means of frictional forces, the ideal
structure is rather well approximated by the combination of
vault and external TOS shown in Fig. 2.1.4. Both structures
together leave just a short region of the coil circumference
unsupported.
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As is well known from JET, the basic support reaction of
the TOS is provided by a shear flow. The shearing shell of
ASDEX UG surrounds the TF coils up to a distance of 1280 mm
from the torus center. From this shell there extend strong
box-like structures into the gaps between adjacent coils,
which transfer the lateral forces from the coils to the
shearing shell. To reduce bending deformations of the shell,
where the force transfer boxes enter the shell, the shell is
reinforced by stiffeners (Fig. 2.1.11). In order to maintain
the shear flow of the shell on the casing flanges, laterally
directed shear sleeves were chosen for the Jjoints (Fig.
3.1.2). These sleeves also have the advantage of taking wup
out-of-plane forces of the shell resulting from force
transfer moments.

The small casings provide the required space for the 8
large horizontal port openings in the torus plane. The full
gap width of adjacent coils is available for these ports.
The missing connection of the small casings wvia the torus
plane calls for additional tension bolts on the casing
connections. These bolts are arranged inside the shear
sleeves. In the torus plane the flange connection of a large
casing also has to transfer shearing forces caused by the
moment Mz, As in JET, radial shear dowels (Fig. 3.1.2} were
chosen there in order to provide space for the horizontal
ICRH antenna ports.

All the access openings provided by the TOS are shown in
Fig. 3.1.1. The ports are arranged symmetrically to the
torus plane. However, the alternating water manifold
recesses require for the 30 divertor pumping ports a small
lateral shift (40 mm) out of the midplane between adjacent
coils. The water manifolds are designed so that the TF coils
and TOS can be assembled laterally as well as radially,
parallel to the torus plane.

3.1.3 Assembly and Positioning of the TF Coils

The main aims in assembling are to achieve well defined
force transfer to the vault and the T0S and to position the
magnets precisely.

Manufacturing tolerances and thermal expansion of the
coils require a gap of about 10 mm between the outermost
turns of a coil and the TCS. Lateral force transfer across -
the areas, shown in Fig. 3.1.4, calls for
tolerance—~compensating elements such as epoxy-filled steel
bladders (ESB). For the vault, ESB with a filling thickness
of 3 mm are arranged between adjacent coils. The ESB can be
fabricated for the complete support length of 2 m. For the
turnover force supports the coils are flanked by ESB with a
thickness of 5 mm.
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The ESB shrink about 2 % in thickness during bakeout. The
shrinkeage of the casing FSB causes a well-defined gap of
0.2 mm between the coils and the TO0S. This gap permits free
thermal expansion during adiabatic pulses. For 1long-pulse
operation, the lateral expansion of the <coils exceeds 0.2
mm. After a pul se the coils could thus become
friction-locked inside the cold TOS. S€ince the CF support
region of a coil recools much faster than the part between
the inner leg and water exit (Fig. 3.1.8), small gaps would
originate in the vault. To avoid undefined wvault support
conditions, the coil current must not be completely switched
off after a long pulse. A power supply of about 10 % of the
flat-top power should be maintained until sufficient
recooling is achieved.

The wvault ESB will be filled after 511 coils are
assembled in their final position. The filling pressure of 4
bar creates an outward force of 0.14 MN per coil, which |1is
taken up by the two back screws in Fig. 23.1.4. The radial
shrinkeage of the vault during bakeout of the ESB ( 0.15
mm) is compensated by the prestressed rubber bearings in
Fig. 2.1.4., These bearings, accessible for retightening, can
exert on the vault nearly 1 % of the centering force. The
resulting prestress safely fixes the coils in their initial
position during pulse intervals.

At each large cesing two coils can be adjusted and fixed
in a preliminary way before the small casings are mounted
and the casing bladders filled. The steel bracing tape in
Fig. 3.1.4 together with the back screws are provided to
adjust the rotation of the <coil around the central axis
normal to its midplane as well as its radial position. The
bracing tapes are removed after the vault ESB are filled.
The lateral screws indicated in Fig. 3.1.4 adjust the
remaining degrees of freedom of the coil midplane. The
vertical position will be corrected by the bottom screw.

2.1.4 TF Coil Pesign and Manufacture

Cooling conditions, coil tapering and 1large conductor
cross-sections call for elaborate conductor and coil
manufacturing procedures. These problems were therefore
studied by Prown Boveri and Co., Mannheim, in collaboration
with Kabelmetall, COsnabrueck.

Fach of the 12 turns of a pancake comprises three typicel
parts, as can be seen from Fig. 2.1.12. Fach turn of the
vault region has the same copper cross-section, but it |is
different in thickness and width owing to the tapering of
the inner «c¢oil leqg (Fig. 2.1.5). The upper and lower
intermediate turn sections vary in width and thickness along
their length (<960 mm) to provide the transition to the
parallel flanked sections. Consequently, 4 brazed Jjoints are
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required to create one full winding length (£10.2 m). Care
has been taken to avoid joints closer than 10 cm to the end
of the support regions since the highest mechanical stresses
occur there. The location of the joints 1is shown in Fig.
3.1.13.

The three cooling channels of a turn are everywhere
evenly distributed over its width (Fig. 3.1.12). This
requires 1laterally inclined channels drilled into the
intermediate sections. The transition from the circular to
the oval cooling channels is demonstrated in Fig. 3.1.12.
The circular channels are widened in the 1lateral dircction
and the oval ones in the vertical direction. This results in
congruent cross-sections in the brazed joints, section C-C
in Fig. 23.1.12. To avoid too 1large cooling channel
cross~sections on these Jjoints, the diameters of the
circular cooling channels are reduced to 11 mm on the
vault-directed end of the intermediate piece.

The large turn thickness of the parallel-flanked section
permits the use of screwed fittings to which copper pipes
leading to the water manifold are brazed (Fig. 3.1.6).
Currently, the tightness of the fittings 1is being tested
with a 1:1 model of the conductor. First runs up to an
average tension stress of 90 MPa with respect to the full
cross—-section 32 x 180 mm did not show any 1leakage under
load conditions for the reguired number of cycles (20000).

Two cooling ducts with stepwise reduced diameters are
drilled laterally into a conductor in order to feed the
three parallel cooling channels. A total of 12 pairs of
copper pipes convey the cooling water in two lateral planes
to the water manifold.

The current connections of a ¢oil (Fig. 3.1.6) consist of
two strong copper plates with a cross-section of 240 x 42
mm . To take up the tension forces (0.2 MN} at the turn
extremeties, the two copper plates are bolted across an
inserted steel plate. The stiffness of this connection Iis
comparable with that of the cross-over plate on the
innermost winding. The lateral transition of the conductor
tension from one pancake to the adjacent one develops a
moment. To intreduce this moment with 1little bending
stresses into the coil former, the turn ends will be
extended beyond the current connections. To avoid
delamination of the bonded extensions, they continuously
decrease in thickness towards zero, so that an increasing
gap is formed with the turn underneath. This gap 1is closed
with an epoxy wedge.

During winding of the coils consicderable forces have to
be exerted on a turn to keep it down on the mandrel (brazed
joints) and to position it laterally (varying turn width).
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To be able to exert these adjusting forces on the bare
copper surface, only a tape as wide as the conductor will be
wound in for inter-turn insulation. This tape will be
composed of two epoxy prepreg and 7 glass fabric layers. The
pancake insulation is to be composed of 14 layers. The coil
insulation is taped semi-overlapped.

The strength of the BBC-Orlitherm insulation 1is only
known at ambient temperature. A few static tests exist at
70 C, the maximum temperature at which the TF magnet should
work at full load. An even higher temperature level could
increase the adiabatic flat-top time. Dynamic shear tests,
using & bar specimen, have therefore been started to measure
the shear strength at 70 C, 80 €, and 90 C.

The manufacturing tolerances estimated by BBC on the
basis of the JET coil fabrication are listed in Table 3.1.5.
The manufacturing time for 1 fabrication test  coil ard 16
series coils is expected to be 127 weeks or roughly 2 1/2
years. '

3.1.5 Manufacturing of the TOS

The T0OS of ASDEX UG 1is rather similar to the JET
structure, for which ample manufacturing experience Iis
available.

The TOS design has been discussed with experts from
industry. As a result, the structure can be manufactured by
casting as well as by welding. A manufacturing time of 1 1/2
to 2 years including final machining and preassembly, has to
be taken into account. The manufacturing precision required
for the shear connections seems to be no problem.
Preassembly was recommended.

3.1.6 Stress Analysis -

Stress acceptance criteria will be based on the ASME
Boiler and Pressure Vessel Code. This code distinguishes
primary and secondary stresses.

The following stress anslysis concerns the primary
stresses. Thermal {(secondary) stresses have already been
briefly treated in sec. 3.1.1. “

The load cases were subject to the following assumptions:

~ for the toroidal field loading, that a2ll 16 TF coils
are correctly positioned and have equal current;

~ for the turnover loadings, that unperturbed consistent
plasma and PF currents are taken into account.
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The results and their interpretation presented below
mainly concentrate on the coils. fThere are two critical
regions of a coil:

~ the cross-section where it leaves the wvault support.
The maximum conductor and insulation stresses of this
region, region 1, determine the wupper 1limit of the
product plasma”current {IP) times toroidal field (Bg);

-~ the water manifeld region, region 2. There the tension
and bending stresses have to stay below the level above
which the screwed water manifold fittings cculd start
to leak.

For the TOS the maximum equivalent stress and Jjoint
forces are determined. :

3.1.7 Stressing by Turnover Forces
N

The stress analysis was performed with the finite element
(FE) models of Fig. 3.1.14, model 1, and Fig. 2.1.15, model
2. The FE model 1 comprises the main force transfer
properties between the coils and TOS as well as via the
flange connection joints of the large and small casings and
the support reactions of the vault. Truss elements connect
coil and TOS at cross-sections which are stiffened by
bulkheads (Fig. 2.1.14b). With a few iterations all trusses
which transferred tension forces were elimineted. In order
to assess the transition from the vault to the unsupported
part of a coil more accurately, the three-dimensional (3 D)
model 2, representing only a TF coil, was meshed. The
reactions of the TO0S were in this c¢sase represented by
prescribed displacements, known from model 1. Model 2 will
also be used for the toroidal field forces,

With respect to the stiffness properties of the TO0S,
model 1 represents the large port openings in the torus
plane quite accurately. For the remaining ports a rough
approximetion is possible by means of void elements. For the
sake of higher-order symmetry in the lateral direction, the
alternating position of the water manifold with respect to
the torus plane was neglected.

Both models assume symmetry to the torus plane. The SN
loading was therefore split into two parts:

~ A loading with even symmetry (SNA) originating from the
horizontal flux contribution of the PF. This flux
component results from the current difference of PF
coils located opposite each other with respect to the
torus plane,

~ A loading with odd symmetry (SNB), which is ecuivalent
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in symmetry to the DN and L ceses. It originates from
the PF flux penetrating the torus plane verticzlly.

In contrast to the real arrangement, it was assumed that
the SN stagnation point is located above the torus plene. In
this case the superpositioning of ©&NA and SNB 1loadings
produces the larger forces above, the lower forces below the
torus plane.

In Table 3.1.6 the critical stresses and max imum
displacements of 21l three loading cases are guoted for the
same product of Tp x Bg = 4 MAT. Despite the 40 % smaller
forces the SN case shows a larger maximum sheering stress in
region 1 than the DN case. The compafatively higher maximum
shear stresses of the &N case have to be attributed to the
ENA loading. The lines of constant SNA in~plane shear stress
are plotted in Fig. 3.1.16 for region 1.

The maximum equivelent stresses originating in theg TOS
for SN, DN and L conditions are guoted in Table 3.1.7. The
available FE model 1is not suited for assessing stress
concentrations in the corners of port openings or other
places of structural discontinuities. However, for ductile
materials these stress concentrations caen be considered as
secondary stresses. As known from the JET structure, even
nodular cestings can reach rupture strains of more than 20 %
and a fracture toughness close to that of stainless steel.

2,1.2 Stressing of the Coils by TF Forces

The TF magnet is constant-tension optimized with respect
to the magnetic pressure of the toroideal field. An
appropriate model was developed for calculating the TF coil
stresses (Fig. 32.1.1%). The main concern up top now has been
with the stressing of the conductors within the wvault
support.

The distribution of the lateral vault compression stress
(VCS) was investigated with a two-dimensional FE model. The
insulation and the polygonality of the «coil cross-section
were taken into account. The results, representative of the
cross—section in the torus plane, yield 2 rather homogenous
distribution of the VCS along the <coil midplane. The
deviation from the average VCS is less than 10 =.

The cooling channels imply a structural discontinuity for
the flow of the V€S within & conductor. Significant strain
concentrations (secondary strain, 2SME) thus result in their
vicinity. As long as the zero to maximum strains are limited
to below 0.5 %, copper can cerry a 1load es large as the
yield strenagth (2C0 MPa) for the envisaged number of cycles
(20000). The pattern of equivalent strain was computed with
2 nonlinear FE code and referred to the average compressive
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stress (ACS) on the smallest copper cross~section of the
cooling channel walls. Figure 3.1.17 shows the results for
an ACS of 17% MPa and 200 MPa. At the 1larger value, where
the ACS is equivalent to the yield =strength, the strain
limit 1is surpassed within the small region indicated.
However, the load carrying ceapability of the cooling channel
walls is not yet exhausted. This was shown by cyclic tests
(up to 105 cycles), which were performed by IABG Ottobrunn.
At ACS = 200 MPa, the cooling channel walls withstood 105
cycles without any sign of fatique. €till at ACS = 220 MPa,
three times the regquired number of 1load cycles were
sustained.

As a consequence of these test results, the average
compressive stress (ACS) was thus inserted for computing the
safety margin of the cooling channel walls given 1in Tables
2.1.1 and 3.1.8.

3.1.9 Safety Margins

The safety margins of the conductors are referred to the
minimum guaranteed yield strength of Cu 2g, i.e. 200 MPa.
According to the BASME code a safety margin of 1.5 |is
desirable. For the insulation the calculated shear stress
should not exceed 20 MPa. Fatigue tests (105 cycles) by BBC
have yielded a permissible stress of 60 MPa at ambient
temperature. With due allowance for manufacturing
uncertainties, a safety margin of three is required.

Table 3.1.8 contains the equivelent stresses and the
resulting safety margins of a TF coil for SN, DN and L. The
limits of Ip x Bg indicated are given either by the energy
supply (L, DN) or by the stresses (SN). For the Tp x Be
values listed the safety margins prescribed by the ASME code
are achieved.

2,1.10 Summary

The basic problems of the TF magnet concept have been dealt
with. On the basis of the present assessment, realization of
the design is feasible with respect to manufacture, assembly
and mechanical reliability.
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Table 2,1.1: Main paremeters of the Complete TF Magnet

Toroidal system
number of coils 16
total weight of coils 150 t
magnetic field strength (Bg) at
rlasma centre
steady~-state conditions K
adiabatic pulses 4T
rise time to Bg = 4 T 2
adiabatic flat-top time (AFT)

at Bg = 4 T 10.5 s
total number of ampére—turns
at Bg =4 T 33 M2
field ripple amplitude at plasma
boundary < 2 %
stored magnetic energy at Bg = 4 T - 440 MJ |
ohmic losses at Bg = 4 T
start of AFT 103 MW
end of AFT (10,55} ‘ 112 Mw
maximum energy dissipated up to
end of AFT ({10.5 s} 1,4 GJ
max. cooling water flow rate,
steady-state 504 1/s
max . permissible recooling time (2AFT) 10 min
amount of water for recooling of 3
max. pulse (BAFT) 300 m
Turnover structure {T0S)
small cesings, total number 16
weight/casing 2,1t
large casings, total number 16
weight/casing 4.8 t

Total weight of the TF magnet
(coils and TCS) 280 t
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Table 3.1.2a: Main Parameters of a Single TF Coil

Number of pancakes
number of turns per coil
turn current at Bg= 4 T
veritical opening of coil bore
horizontal opening of coil bore
overall thickness of winding,
including coil insulation
outer leg, up to tapering edge
inner leg, straight part
overall width of winding,
outer leg
large radius of coil tapering edge
conductor material '
0.2 % yield strength
conductivity at 20 ¢C
net turn copper cross-sections
outer leg
inner leg
peak voltage (Bg= 4 T)
between turns
between pancakes
to ground
thickness of epoxy-glass insulation
between turns
between pancakes
outer ground insulation

200 to

35

2
24
85.9 KA
2.296 m
1.90 m

413 mm
254 mm

373 mm
950 mm
Cu Ag 0.1
220 MPa
57 m/ﬁtmm

5330 mm
3274 mm
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Cooling medium
number of parallel cooling channels
per turn
per coil (2 turns in series)
shape of cooling channels
inner leg, straight part
el sewhere
dimensions of oval cooling channels
outermost turn (12),
max. width and height (mm)
turns 1 to 11 ‘
diameter of circular cooling channels
outer leg and following part of
intermediate piece
remainder of intermediate piece
maximum water velocity in a turn
steady—-state (2 T)
recooling of max. adiabatic pulse
maximum steady-state pressure drop
(2 turns)

9 m/s

Table 3.1.2b: Cooling Parameters of a Sfingle Coil

(deionized) water

3
36

oval
circular

et
~3
L 2

;X
® 00

12.5 mm
11 mm

»*

1.5 m/s/

12 bar

maximum temperature of copper (insulation)

adiabatic pulse {initial
temperature 20 C)

steady-state (water inlet
temperature 20 C)

70 C

65 C



ASDEX-UPGRADE

Table

2.1.3: Coil Forces at Bg= 4 T and Resulting
Primary Stresses Caused by the Toroidal

Field on its own.

Centering force per coil
circumferential vault force
vault copper compression stresses,
coil midplane
average
maximum, turn 10
cooling channel wall, turn 10
verticel tension force per coil leg
turn tension stresses
inner leg
outer leg
equivalent turn stresses, inner leg,
turn to 10
coil midplane
cooling channel wall
allowable stress for Cu 2g
small displacement, N?los, Rp02
safety margin, channel wall

15.7 MN
40.1 MN

61 MPa
66 MPa
22 MPa
4,6 MN

58 MPa
36 MPa
1¢7 Mpa®

122 MPa

200 MPa
1.6
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Table 2.1.4: Integral Turnover Forces and Moments
at IP Bg = 4 MAT for the Upper Half
of a TF coil '

| Double | Single Null | Limiter |

| Null [ ] |

| DN ! SN A | SN B | L |

----------------- A e e e e o e e e e e e e e e e e o e e o e o
| | l | !

Lateral forces | | | | |
between points | ! | | |
of zero Bl'i *) | ! | | |
P4 | 1.158 | 0.2 | 0.26 | 0.22 |

P, [MN] | -1.62 | =-0.31 | ~1.06 | -0.81 |
Pa | 0.49 | 0.11 | - | -

! | ] | !

Center coordinates] | | ! |
(X,2) of lateral | | I l |
forces *) | ! ! , | . |
Xq/24 11.02/1.5010.98/1.32|1.02/1.52]11.04/1.53|
Xq/2y Tm] 12.06/1.5012.00/1.4812.29/1.2612.27/1.18]
x3/25 12.78/0.6612.85/0.431 - | - |

! | ! l !

Moments *) | | | ! |
lel | 0.7¢ | g. | 2.11 | 1.62 |
[MNm1 l ! | | !

| Myl | 0.35 | 0.06 | 0.81 | 0.47 |
f f ] 1 |

----------------- Fo e e e e e e e e e e e e o

*} The zero points, meaning of indices and coordinates
follow from Fig. 2.1.10.
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Table 3.15: Mahufocturing Tolerances of a TF-Caoil

according _to BBC

|
; _
-~d -~ above
] L _é
\\NMJ““sln ;
\ below
vimension (uua)
coil region A B C D
inner contour +25 +/
thickness d 0/-25 +10/0 +/-3 .
width b +/-1 — +/
evenness above 1 —

below
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Table 3.1.6: Maximum Stresses and Displacements of a TF Coil
at I?q,= 4 MAT for DN, SN and L Turnover Load

o e e o e o e e e e +
| DN | SN | L l
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T
Bending stresses '[MPa] { | ! !
Exit of vault I | | !
outer cooling channel | 20 ] 15 ] 5 |
conductor boundary | 24 | 18 | 6 |
water manifold (fittings) | 14 I 9 | 7 |
shearing stresses vault | 12 I 17 | 5 !
[MPa](bending & torsion) | I ! |
lateral displacement [mm] | 1. | 0.6 | 0.9 |
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ o e e e e e e e e e e e

*

Table 3,1.7: Maximum Equivalent Stress and Joint Forces

for the TO0OS at Ipﬂo = 4 MAT
oo e e dor e e e o e e +
| DN | SN l L !
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ e e e e e e o
Maximum equivalent stress | ] | !
! | | |
l I | |
cross—-section number *) | | I !
structural component**) | | | |
joint forces [MN] khky | | I l
tension | | 0.1 | |
at cross-section *)y ] | 3 | |
shearing ] | 0.16 | |
at cross-section *y | | 3 | ]
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T ST SO
*) Refers to Fig. 3.1.14b.

Cokky Structural components of T0OS (refers to Fig. 2.1.11)
UHP: upper horizontal plate (shearing shell)

LHP: lower horizontal plate (force transfer box)
LAP: lateral plates (force transfer box)

BUH: bulk heads (force transfer box, shearing shell)

*%¥%) The joints are Jimensioned for 2 maximum tension
and shearing force of 0.4 MN.,’
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Table 3.1.8:

CONDUCTOR
vault (cool
channel)
water
manifold
INSULATION
shearing
compression
tension
Tsai Hill
margin

B e

e - - -

*) Small
**)y N > 2

Maximum Equiv. Coil Stresses and Safety
Margins at the Operational Points (IP Ba)

e e e +
| double null | single null| limiter |
R o B T R it o e e e e o —— +
Istressimarginl|stressimargin|stress|margin]
| Mpa | | Mpa | | MPa | !
~~~~~ T S i TR T
*)y | | | ! | ! |
ing | ! ! | | ! l
i 100 | 2 | 81 f 2.5 | 88 | 2.27 |
! ! ! ! | I |
**x%) | 38 | 2.4 | 28 I 2.2 | 32 | 2.8 |
**) | | | ! | | !
| 12.3] 4.9 1 19. | 3.2 1 8.6 |7 1
| 43.6] 4.8 | 32.2 | 6.5 | 43.6 | 4.8 |

| 10.71 16.28 | 8.5 | 21.2 | &.2 |22
! ! ! | { | !
! 3.1 | [ 2.7 | ] 3.6 |
————— T S e e
| 1.2 x 3.25% | 4.5 ! f.5 !
~~~~~ e S s e &

disp%fcement limit Rpez = 200 MPa

X 10 "cycles limit, ambient
tension 180 MPa
compression 210 MPa

**%) Preliminary l1imit 90 MPa
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3.2 The Poloidal Field (PF) System

The PF system consists of the ohmic heating (0OH) system
and the multipole (or vertical) V-coil system. The OH system
cserves for breakdown, plesma current build-up, ohmic heating
and resistive current drive. The central transformer coil
OH 1 provides for this purpose QEO,.,= 9.5 Vsec. Two
additional coils OH 1 and OH 2 shape the stray flux such
that the field is reduced to ¢ 5 - 10° T in the plasma
region.

The vertical field system consisting of three coil types
produces the desired &N, DN or L confiqurations. The coils
V]l determine essentially the stagnation point, V 2 the
horizontal equilibrium and V 2 essentialy the plasma shape
(triangularity). The time dependences of OH and V coil
excitations are different. Fig. 2.2.1 shows the position of
CH and V coils. A11 coils are located outside the TF magnet.

2.2.1 Plesme Configurations and Currents

The poloidal field (PF) recquirements of double null (DN},
single null (SN) divertor and pump limiter confiqurations
have been examined for ASDEX UG at low and high /?pog values
using the Garching equilibrium code. The results are valid
both for rather flat (jv9“—yi ¥:poloidel flux function) and
more peaked toroidel current densities (j~t Y. The
comparison of these configqurations has been done by 1looking
for the 1largest plaesma volume under the following
constraints. The same coil positions outside the toroidal
field coils for the divertor, shaping and equilibrium
currents, are used end optimized with regerd to the PF
requirements (current T,y , power, energy and material). The
plasma diameter in the torus midplane is not smaller then 1
m to get a sufficiently high line density n.w necessary for &
dense scrape-off layer. The size of the TF <coils and a
sufficiently lerge divertor chamber in the divertor cases
allow a maximal height of the stagnation points of 0.f5 m.
The outermost flux surface of the scrape-off layer must not
touch the vessel walls and Iinstallations 1ike the passive
stabilization loops. The resulting poloidal flux surfaces
for a medium /%,—va]ue of about 2.2 are shown in Figs. 3.2.2
— 4 together with the positions of the PF coils <chosen and
the PF currents necessary for 1 M2 toroidel plasma current .
The position of the scrape-off layers in the divertor
chamber is the same for DN and SN cases, so that the same
target plates can be used. Just one divertor coil above and
one below the TF magnet is used to reduce the necessary sum
of PF currents, the ©penalty bheing less flexibility in
varying the radial position of the stagration points.
(Distant PF coils determine simultanecusly the shape of the
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interior flux surfaces and the position of the stagnation
points.}

For a DN divertor plasma equilibrium with & half-axis
ratio b/a & 1.f and strong trianguler deformations § =
c/a ¥ 0.2 ~ 0.4 (see Fig. 2.2.2) result. The triangularity
helps to reduce the unstable forces of the vertical
displacement mode (see sect.3.27, but the currents in the PF
coils have to produce in this case mainly a hexapole field,
which, because of the large distance between plasma and the
coils, dominates the PF requirements ( > [Tyl = 12 - 14 x

IP Y.

For the SN configuration the magnetic axis was moved into
the upper vessel half, opposite the stagnation point. This
reduces the necessary divertor current. An increase in the
plasma volume of 15 % compared with the DN case and a

reduction of the PF coil currents by a factor of 2 -~ 3
(2 11yl = 4.5 - 5.5«I,5 ) was so possible. The stability of
the vertical displacement mode for the SN and DN

configurations, as shown in Figs. 32.2.2 and 3.2.3, 1is the
csame, as the smaller triangularity of the SN cease 1is
compensated by a smaller elongation.

Pump limiter configurations with a half-axis ratio of
about 1.6 and a triangularity of §=0.1 have nearly the
same poloidal flux pattern in the plesma interior as the &SN
plasme and require therefore fairly similar PF currents
(Z1Ipq | = 3.5xI5 ). Both confiqurations differ in their
plasma shape only little, and only small modifications of
the PF coil currents are necessary to get the identical
plasma surface in the upper half. The shift of the plasma
center relative to the center of the PF coil system in the
SN divertor case produces, however, a top~bottom asymmetry
in the PF currents and gquadratic measures of the «coil
currents, like the magnetic energy, change stronger than the
sum of the ampere turns. These results are confirmed by our
INTOR studies, where there is aga2in only a 30 % difference
in the external currents needed for producing a D-shaped
pump limiter configuration and a SN configuretion.

The PF coil distribution chosen allows the investigeation
of many other configurations with different ellipticities
and triangularities. Reducing the higher PF moments
dominating the dipole currents results in a circular plasma
cross-section with only X 1Ty | = 1.5«Ip .

Comparing the DN and &N configurations, the studies
showed that an SN configuration is , indeed, by far optimeal
from the point of view of PF requirements. This justifies to
concentrate in ASDEX UG on it and on the corresponding pump
limiter configuration. The relatively minor difference in
the MAT requirements between divertor and pump limiter
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configurations also underlines the reactor potential of the
former SN divertor configuration.

3.2.2 Basic Features of the PF Coils

The poloidal field «coils are multi-windings circuler
coils which are inseparable units. They are wound from
water-cooled copper conductors each winding layer being a
cooling circuit with inlet and cutlet. Care was taken to
decouple different force components and forces as far as
possible. Free thermal expansion wherever possible and
homogeneous cooling should avoid thermal stresses. Thermal
stressing of the insulation is 1limited by & max imum
permissible temperature of T = 3%2 K.

High electric stresses occur by inductive voltage drop at
the coil connections during excitation anéd de-excitation.
Escessive electric load is avoided by means ofs protection
switches. Fault conditions as well as excessive currents
shall be avoided by a monitoring and safety control system.
The OH coils are connected in series and also corresponding
V-coils in the 1lower and upper half of the torus for
symmetric DN and L confiqurations. Cheracteristic
time-dependent CH flux and V coil <currents are shown by
Figs. 2.2.% and 2.2.6. The meximum PF coil currents are
indicated in Fiqg. 2.2.7.

2,2.3 The COH System

The OH system consists of the centrel transformer coils OH1,
CH 2 and OH 2. The flux swing of 9.5 Vs 1is predominantly
produced by the OH 1 coil, whereas the 0H 2 and OH 2 coils
serve to reduce the vacuum magnetic flux density to less
than 2 x 1073 T in the plasma region (Fig. 2.2.8) for
maximum OH 1 excitation (&=t 4.5 vs).

Of the severel concepts for the OH 1 coil that were
investigated, the simplest version comprising a 2 m 1long
solenoid with a ratio of inner to outer radius of k4 = 0.5,
was chosen. This is 2 good compromise between the mechanicel
and thermal loads and leeds to negligible radial stresses.
Since the mechanical stress is finelly limiting a symmetric
flux swing of z.‘.\.gfc,f 4,25 Vs was chosen.

The choice of 2 windina current of I = A7 kA for the
cseries—-connected coils was governed by the following facts:

~ The TPP generators and switching units are geared to 47
kA,

- For current switching and breeking conventional wvacuum
switches and thyristors can be used for this current
value.
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— The maximum voltage occurring in the OH 1 coil windings
(a2t the moment of ignition) is still uncritical.

~ The copper filling factor with this winding number is
still sufficiently high to ensure the required
mechanicel stiffness of the coil.

The electrical stress of the OH system depends on the
maximum dI/dt of the OH current necessary to induce a
sufficiently high plasme voltage VP to cause plasma
breakdown. Of special interest was the evsaluation of the
influence of the vacuum vessel, acting as a transformer
secondary winding, on the breakdown voltage. 2 model |
circuit, including the OH coils, the V coils, the plasma,
and the vacuum vessel, was investigated with the 2id of the
ECAF network analysis programme. :

As shown in the circuit disaram of Fig. 2.2.9, the vacuum
vessel was simulated with four coils, i.e. with their L and
R elements connected in parallel. Geometrically, they were
arranged in such & way that the D-shaped cross-section of
the vessel was approximated by &a rectangular one (Fig.
2,2.9Y., The wvalues of the resistances RG 1 to RG 4
correspond to a vessel made of stainless steel and
contsining 4 bellows distributed on the toroidal
circumference. The total toroidal resistance of this vessel
is 0.25 mo? . The plasma itself was simulated on the toroidal
circumference , by its
open~ended inductance only. For the calculations this means
that the circuit diagram is valid until the plasma breakdown
voltage VP is reached. From experience with the ASDEX
experiment, a plasmaloop voltage of 50 V is assumed to be
sufficient.

Inducing @ 50 V plesma voltage recuires that the overall
insulation of the OH coils has to withstand &2 voltage of
about 30 kV. Fiqure 3.2.10 shows the dependence of the OH
coil voltage and the plasma loop voltage versus discharge
resistance. The vessel resistance parameter is 0.25 mi#. The
influence of the vessel resistance on the plasma loop
voltage is given in Fig. 2.2.10a. The discharge resistance
parameter is 0.6£2.

The CH 1 coil is designed &as &a helically wound coil
consisting of 10 cylindrical layers with 51 windings each. "
SE Cu F 25 was selected as conductor material. The single
cylinders are internally connected with the exception of the
high-voltage~insulated main connections at the 1st and 10th

cylinder The winding and coil insulations consist of
fibre- dlass-reinforced epoxy resin with cast-in polyimid
foils for improved electric breakdown strength. The

insulation thickness is 2.5 mm. The outer coil insulation is
to be covered with a conducting graphite 1layer to avoid
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surface breakdown.

Fach winding cylinder has its own cooling c¢ircuit such
that inlets and outlets are arranged on the upper and Jlower
coil front ends. The water connections are designed to
withstand the maxiqum voltage occurring in the coil.

The cooling channels have elliptical cross-sections. The
winding conductor cross-section (2.2 x 5.5 cm 2 } is deformed
during bending, so that trapezoidal conductors have to be
used to obtain rectangular winding cross-sections in the
coil compound. The exact conductor form is being determined
at present by testing. The limited length of the conductors
makes it necessary to braze them. In order to restore the
original strength the brazed sections will be cold-worked
by stretching.

The cooling channels and water pressure (A p+* = 20 bar)
are determined by a cooling-down time of 10 min. In order to
ensure homogenous temperatures during cooling, the water
flow is reduced with baffles for the inner winding
cylinders, which carry lower thermal energy. This allows
equal conductors to be used throughout the coils.

The maximum thermzl load of AT = 40 deg. is reached for
ja'axfgﬁb = 110 (k@/cmz)2 X 8, where o is an
equivelent flat-top time. The permissible wvalue for &N
discharges and ey = 9.5 Vs is t 4 = 5.5; for DN discharges
and ¢,,= 2.5 Vs it is t ;o = A.5 s.

During excitation the coil expands radially and
vertically. The diameter increases by 2 mm at maximum
loed due to mechanical and thermal stresses which act in the
same direction. Mechanical and thermal stresses act
vertically in opposite directions. Flastic bearings at the
coil front ends take up the 5 mm vertical 1length wvariation
and elso 2llow free radial expansion.

The reguirements imposed on the CH ] coil apply
essentially to the OH 2 coil &as well, but to a reduced
extent, Spatial constraints recquire this coil to be wound on
radial discs. Tt consists of @ pancakes of @ windings each,
each pancake having its own cooling circuit. The water inlet
is positioned radial'y outside +the <coils and the outlet
ingide the coil. The cooling channels are therefore of equal
length and &are evenly distributed, so that thermal stressing
of the insulation is mirnimized. Netails are givern in Tables
2.1 to 3.3,

The OF 2 coil is to bes wound 2s once-layer disc, It is
reinforced by mounting it to the V 2 multipole coil in a way
which 2llows horizonrtal sliding between the two coils.
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Tn order to feed the CH coils, magnetic fields of up to 6
T have to be crossed with conductors carrying currents of
about 47 kM. Ps the poloidel field to be crossed has no
component in the torcidal direction and the currents in the
lead~ins flow in either the ra&adisl or the verticel
direction, only forces in the toroidel direction are
produced. The meximum 1line load acting on the single
conductors is €.2 MN/m length. For the lead-in as a whole,
where the incoming and outgoing conductors are mechanicelly
connected, the forces cancel one another to & large extent.
Only forces due to poloidel field inhomogeneity remain.

2.4 The Verticel Field Coils

In dimensioning the vertical field (V) coils, symmetric
and unsymmetric load conditions had to be considered, and
also & lerger safety margin compared with the OH coils. The
latter is caused by an uncertainty of < 10 %2 of the
mul tipole current calculations. Furthermore, it is desirable
that the V coils operate on the average at lower current
density in order to reduce the ohmic 1losses since the
inductive excitation energy is already appreciable.

211 V coils are arranged outside the TF magnet, but as
closely as possible to the torus structure. The coil concept
is besed on simple and standard technique. 211 coils are
composed of radislly wound pancakes connected at their outer
and inner circumference.

The conductor cross—-sections were dimensioned to allow a
circular cooling channel bore. SE Cu F 25 was again selected
as material. The insulation consists of
fibre-glass—reinforced epoxy resin. Only at the connections
is a2dditional insuletion reguired in the form of polyimid
. foils.

The water cooling is provided in the pancake layers with
inlets and outlets at the outer and inner circumference. The
lengths of the cooling <channels do not allow stationary
conditions during excitation. The thermel radial expansion,
however, is only 2.5 mm, i.e. one-fifth of the expansion
produced by the Lorentz force. The coil support has to allow
movements of 40 mm in diameter in a way which again
guarantees concentric positioning after cool-cdown. Cooling
requires intervels of <« 10 min betwen discharges.

2,2.5 Loads and Stresses of Poloidel Field Coils
Thermal stresses are reduced to their minimum wvalues by

allowing free expansion wherever possible. The retarded
temperature rise of the 1insulation compared with the
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conductor produces stresses within the insulation. However,
since the thermal expansion is a small fraction of the
expansion and strain produced by the I x B forces, thermsal
stresses have been taken into account by sufficiently
enlarging the safety margin.

The T x B forces acting in the radial and vertical
directions are balenced radially by hoop stresses and
vertically by a support structure. Sixteen supports resting
on the circumference reduce bending stresses to < 10 MPa,

The different loed conditions and the direction of
vertical forces (up or down) depend on the configuration
{SN, DN}, the CH coil excitation level end sign, and the
plasma beta. An analysis identified 211 11 criticsel 1load
cases, not including fault conditions. Tables 2,4 and 2,%
show a survey of these load ceses, indiceting maximum values
of the inteqgral vertical coil forces Fz and the radial coil
force densities F, . The vertical forces of the single
conductors of some coils act against each other. So the
maximum force Fz inside the V 1 and also V 2 coils will be
nearly 65 MN stressing the isolation. The spatial force
distribution is shown in Fig.2.2.11 for the critical load
case for the support structure.

Figures 2,2.12 to 3.2.14 show the vertical load in time
Fz(t) introduced hy each coil for the DN1 and SN2 modes of
operation. The maximum load occurs in 311 cases at the end
of the flat—-top phase. The KOK computer code served for the
force calculations.

A1l stresses of the V coils were analytically calculated.
This was justified by the satisfactory comparison of FE
calculations with anelytical calculations of the CH 1 coil
stressing, this being the coil with the most critical stress
distribution. The meximum conductor stresses in the center
of the OH 1 coil ere calculated to amount to 120 MPa.
The shear stress is less than 1.% MPa.
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2.7.6 The Poloidel Field Coil Sfupport Structure

2,72.A.1 Design Reguirements
4

The poloidal coil system consists of two independently
excited coil systems:

~ the vertical field system f(coils VI to V2?);
~ the obmic heating system (CH]l to CH2).

Both coil systems underlie mechanicel and thermeal
stresses during excitstion of different time secuence. The
Lorentz forces for different modes of excitation @ere given
by Table 2.4, A cylindric framework with 16 radijal beam on
top and bottom was conceived in order to balance these
forces. The design recquirements for this framework were, 1in
particular:

- a precise spatial positioning of the PF coils;

- balance of the vertical loads without major
deformations < 10 mm;

~ avoidance of additional stresses, i.e. free thermsl
expansion and mechanical deformation in radial
direction;

~ simple assembly procedure;

~ compatibility with modular essembly concept of the TF
coil system;

-~ sufficiently low permeability 1.01 to 1.03;
~ Jlarge toroidal resistance;
- sufficient safety margin of the cyclic 1loads to the
fatigue limit.
2,2.%6,2 Description of fupport Ffolution
The characteristics of the support structure design which
fulfills these requirements are {(Fig. 2.2.15}):

-~ selfsupporting framework composed of two wheels each,
with 16 double T-beam spokes;

~ both wheels are rigidly connected by 16 verticzl beems
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at the periphery and in the centre, torque-free, by a
steel spindle; '

~ two nuts connect spindle and wheels free from backlesh;

- for compensation of radiel tolerances serve wedges (two
per spoke), which also provide access to the interior
of the machine in case of failure;

- the combined forces of CH 2and V coils cen produce
tension and compression in the central axis of the
support frame. The spindle, provided for tension only,
is therefore encompessed by slit steel cylinders which
hold the OH1 and CH? coils and balence the compression
load. In order to provide backlash~free force flow,
prestressed rubber elements are foreseen;

- the electric insulation is provided at the front end of
the spoke beams and the radially a@pstable wedges;

~ the gelfsupporting framework is carried by & verticel
beams,

2.2.6.2 SBtress Pnalysis

The meximum load occurs for single null (SN) and double
null (DN) {case 4,
Table 3.4). The resulting stresses and deformations
celculated by a FF beam model are summarized in Table 2.F,
The deformetion of the framework under SN and DN load is
shown in Figs. 2.2.164 to 2.2.12. The internal force
distribution (normal force N, transverse force 0 and
bending moment Mb) is shown in Figs. 2.2.19 to 3.2.20.

2,2.~.4 Materials

The douhle T-beams shell be fabricated from austenitic
steel 1.42711 (X 2 Cr Ni N 1810) with

- yield point = 270 MPa
- tensile strength = 550 to 750 MPBa
- ductile yield = 40 ¢

The central column (spindle) shall be produced from
austenitic steel 1,307 (X BN Cr Mo NiN 220)

- yield point = 540 Mpa

-~ tensile strength = PRO - QR0 MPa
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- ductile yield = 40 2.
Both steels shall be used in quenched condition.
Overaell dimensions of structure:

-~ Cciameter £.% m

~ height 8.¢ p

- weight 120 tons.

Table 3.6

load | stress | vertical displacement Istrain]

case I MPa | in mm at position . [ mm |
4 lheam|spdl.lVlo V20 V2 {VIu Iv2u |V2u Ispdl. |

~~~~~~~~ S T e
DN | 1401 20C | 4.7] 2.010.06] ~4.&] 1,91 0.07] 8.0 |
SN | 1221 285 | 1.P]| 0.51-0.1] —4.6] -1.2|-01. | 7.6 |

»»»»»»» S T T e

mex c¢ombined stress (van Mieses).

2.2.7 Plesme ftabilization and Feedhack fystems

In ASDEX UG the radial and wvertical position and the
shape of the plasma cross-section have to be controlled by
active feedback, with time constants increasing in that
order. The position controls have to avoid uncontrolled wall
contact at unforeseen locations, whereas the shape control
is necessary to keep the plasma dimensions and the divertor
configurations fixed. ’

The shortest control times are necessary for possible
radial displacements which are due to fast variations of
internal parameters (¢ orﬂf Y. They are caused by MHD
menifestations like internal sawteeth, minor disruptions, or
like the new phenomena observed in discharges with
high-power additional heating  ("fishbones" in PDX;
sawtooth-like wvariations 1in the energy content of the
near-boundary region in 2SDFE¥). Control of the resulting
horizontal plesma displacement may be essential for aveiding
strong plasma-wall contact triggering & subsequent major
disruption. Shafranov's formula predicts in that case (for
constant applied By, and IP Y a major radius reduction of the
plasma columr by
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where n = wﬁ}4ng‘}’dlnﬁ is the usual deczy index.

Tn AEPEX UG the negative decay index (n = -0.5
associated with the vertically elongated plesma considerably
enhances the stiffness of the confiquration ageinst readial
fluctuations compered with a circular plesma (n +0.5}. 2
mocdest chanage in (3 (5 = (.2} would produce (at/@k = 2)
a plesme shift of about ¢ 2 of the major redius even without
passive structures ( S < ¢ cm). The stagnation point and
the intersection points between the scrape-off layer and the
target plates change much less than the plasme axis ( ~ 2 -
3 cm). These simple estimates have heen verified also by a
seauence of ecuilibrium calculations with different f3p and
shifted megnetic axes. These displacements would seem
tolerable particulerly in view of the relatively lerge
distance plesma boundery - vessel wall, but have to be
reduced in view of the TITCRH antennaese. Controlling the
currents in the V 2 coils by less than 20 kA& keeps the
plesmé column nearly fixed.

Tn case the plasme 1is not up-decwn symmetric, these
manifestations may also lead to rapid changes of the
vertical position. Tn fact the wvertical and horizontal
movements are no longer decoupled.

Verticel displecements will be caused primarily by the
inherent positional instability of the elongeted pléasma
column in ASDEX UG on the microsecond time scale. Increasing
the half-axis ratic éend/or reducing the triangularity
increases the destabilizinag force. This MHD instability cen
be stabilized by passive conductors at least on the time

ale of these passive conductors. The resulting residual
arowth rate is given by

where 05, is the L/R  time constart of the passive
system, jfhb the stabilizing force of the currents induced
in the passive conductors and *V@ﬁﬁ the destabilizina force
without Aany passive stabilization (see also sect. ?.2.8). Tn
this model the plasme moves as a riqid conductor &and no
plasme currents are induced. The currents induced in the

vessel walls are not sufficlent to yield E&Qé > Fu / due



ASDEX-UPGRADE : 71

to their relatively lerge distance. Moreover, their decey
time is short ¢ 2 10 ms), so that the feedback power would
he excessive. feparate passive loops conrnsist of toroidel
segments with low inductive up-down electricel connections
which permit saddle currents to flow. Pn optimization of the
position and the minimum numbker of such concductors has been
mace providing » sufficient stability mrergin (Fegpe > 1.5
Fug '+ Three prssive loops (diameter £.] m)  located above
angd three helow the torus midplane at the ‘torus outside
ender about * &0° from the plasma centre (see Fig. 2.2.21)
having an average distance from the megnetic axis of 0.7 m
are sufficient for passive stebilization of the single null,

double null and the pump Tlimiter configurations. The
residual growth rates depend on the number of the up-cdown
return conductors used and are lower than 1C s~ .

This residual growth has then to be stabilized by an
active feedback system. The locatior of the feedback
conductors should be as close as possible to the plasma in
order tec reduce the power. On the other hand, in & fusion
reactor it would be desirable to place the active coils far
away from the plesma to reduce the radiation level for the
necessary insulators. For ASDEX UG two positions of the
active coils (consisting of one coil above &nd one below the
torus midplane) have been considered, one within the TF coil
({1 m distance from the plasma centre) and one outside the TF
coil (2.2 m distance, see Fig. 2.2.21). A model 1including
the circuit ecuations of pessive and active coils and =&
rigidly moving plasme has heen studied numericelly. The
active eamplifier includes a position, velocity and excursion
integrated feedback gain (PID controller). Uzp = -Gz - G z -
Gy g? zdt. The condition for the adjustment of the gains has
been to rroduce a demped response of the system whose decay
time ecuals the residual growth times of the ©passively
stabilized verticel meotion 1/ , yielding the following gain
factors: internal feedback coil C > 200 V/m; 25 <G, <10C
Vs/m; external feedbeck coil G > AOC V/m; kRO <G, <1580 vs/n.
. Assuming en initial velocity of the plesma column with v =
0.053( .5 m/s the maximum excursions of the plasma position
are below 1.% cm. The voltages and powers necessary for 1 M2
plasme current are at about 10 V and 200 kW for the inner
feedback loops and 40 V and 4 MW for the external feedback
loops. The requirements of the active control power depend
proportionally on the squares of the initial plasma velocity
and the toroidel plasma current, decrease strongly with
increasing maximel plesme excursion, depend approximately
inversely on the passively reduced vertical growth rete and
increase strongly with the distence of the active control
coils from the rlasma centre, as is shown by the examples. 2
limited feedbeack response due to & capacitive term in the
feedback transfer function is not criticeally as long as this
time constant is shorter than 40 msec.

The times for shape deformations and current diffusion
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are in the second range.
2,2.82 Stebilization Loops

Stebilization loops are passive single~turned poloidal
field coils exclusively linked with the radial component of
the poloidal field .so that a vertical plasma motion induces
currents in them which are directed to counteract that
motion. They are required tec slow down the extremely high
growth rate of the verticel position instability of an
elongated plasma to values which can be controlled by an
active feedback mechanism. To accomplish this function, the
loops must be designed to satisfy the condition ({see
sect.2.2.7).

~ ArMoYe
/:rt‘é — ] 3 )
Fecrt T 37 12, / 9" e -

> 1

where VA means the self-inductivity of the loops
and 2732 the rate of change of the mutual inductivity
between the plasma and the loops with the vertical plasma
position.

Put in the actual wvalues of AEDEX UG, the condition
rezds:
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The resulting growth rate becomes
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Y with 7, = ————n
£ .. }K}
Tplf-1) R

which calls for @ resistance R of the stabilization
loops as small as possible and for & clear satisfaction of
the condition by an appropriate choice of the position of
the coil. £

For ASDEY UG the proposed arrangement (see Fig. 2.4 )
has proved to be the cocnly one hy which this condition cean be
fulfilled without interceptina the rlesme scrape~coff layer
by the loops. Tt yields :

. ’Lt«}/db . . .
f= e gy

l!“l/ c'r"f

and depending con some deteils of the final design, a
resulting growth rete of

‘?*"RS s ... IC 066-7
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These values are not greatly affected by combining the 2
separate conductors each loop was &ssumed to consist of
{Fig. 2.2.21), to @& single constructive unit, This was
necessary for a2 realizable constructive concept which mneets
the additionel requirements on strenath end diagnostic
access.

For safety reasons the mechanical design of the locops
must be based on the relatively high force load which will
appear 1f the active feedback circuit fails to operate
properly. Bssuming & possible free plesma motion without
contact to any limiting material of €.1% m & current of at
least 70 kA (for I = 2 MA) will then be "induced in the
loops leading to forces which are shown iIn Fig. 2.2.22.
These forces are too large to be absorbed or even to be led
into the outer structure of the experiment by the relatively
fraaile vacuum vessel. Therefore the forces, as far as their
radial components are concerned, must be taken up by the
stabilization loops themselves and, as far as the net
vertical forces 2re concerned, a separate support structure
must be provided to lead them through four of the eight
large vessel ports in the outer structure of the experiment.
Thus & total mechanicel and thermal decoupling of the
stabilization loops from the vacuum vessel can be achieved.
Figure 2.2.23 shows the schematic setup of the total passive
stabilization system. Its present design is largely
determined by efforts to avoid any limitation of the
diagnostic access to the plasma. Tt consists of four single
loops of different size mechanicelly combined by four
bridges which provide the electricsl connections between the
upper and lower parts of the loops and accommodate at the
same time the necessary electrical insulation between the
loops. The a&arrangement corresponds to the electrical
partition of the vessel and allows to <dispense with any
insulation between the loops and the vessel.

To meet the recguirements on conductivity and strength,
the conductor must probably be made of copper. Tts use
yields presently some margins, as a first stress analysis
has shown. This might be very helpful in the further course
of the design when coping with some problems in more detail
like current bridges, cocl ing measures or soluble
connections reguired by assembly needs. Anyway, the
conductors must be shielded zgainst the energy flux from the
plasme to 1limit the sputtering effects. This will be
achieved by covering the coils with & graphite 1layer. To
avoid too large temperature excurecions, active cooling might
be necessary. '
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Poloidel - Field - Coils

Ta b, 3.2
Characteristie Dala |
| SN 2 . DN 1
] A A A ' A t of A ? S

PF £y(d/, z‘ﬁ:e Nc)’[d Npe Neoit 'A¢0H /;{c;;( Iﬂ' J e Ao, fﬂi ¢ 9 4 e R243 L

L# . - '
cort | - | - | - - | = | Vs [Tl | KA (kAW Vs | xa | KA KAl @ | m b
OH 4 ‘ :
e 0 = 1S5 =\ ST01 e 47 (%6 donp 42 | %12 (40,3
O 0| Ao - & - 80 326%| 4% | 3¢3 3368 %2 | 3,02 | 4.1
oH2 w| 4o | - g - | 8o 925 3264 43 | 33 55 3368 44 | 307 1 649 |
ow3 o | - 4 - Iy $ 235 | 4% | 2,5¢ 210 | 42 | 2,28 0, &8
OH3 w| - “ - S S | 2385 | ¢2 | 4,58 210 &2 | 4,28) 0,88
V4 o | - ¢ ~ | Qo | 420 - (1830 456|174 | - |4rs2| 386 | 2,84 |14 2| 62,9
VI | = " - w | 4R0| ~ |53 481 3¢S ~ .| 4752 39,6 | 2,8 142 62,9
v2 o | - g - 9 22 | - |-880| 43,2 07 | - |-36%3 S0,6| 2,94 135 |54, 7
V2 4 " - " L | - |-3966| 52,3| 3,04 | ~ |-36%3 So,6| 2,94 | 13,5 | 58,7
V3 o | - £ - 6 Jo - |-9%0| 330| 2,96 | ~ |1it0| %0,3| 3164 | 40,2\ 15,5
V3 wu| - 0“ | - t 30 ~ | =920l 252 2,3 ~ 1240 %03 3,62| 40,2 | 455

SL

Plasma ] ] [2000 | I { 1200 [ Al | 1



Poloidal - Field - Coils

lab. 3.3
Heating SNZ Heating DN coolimg

PF 30, (trf) Py la Z L3vor | tn | 9fa | 89F | Meoat|al,,, p Fim| Peost | 8P, ;(,, A eont
Co/L S K3 K l;lra{. S (1;') K ;?f; - ,9”[ o S atm | tann ow
Ol 10| 4 5 | R93 5 8 | 6% |193 5 ; 26% | 47 Eltrpse
OH 1 4 d 8 70 140 <1 450 | 40 | L4 42/1
OH S o 20 34 | 4o 322 | 47 | 085 4xek
0/{5 « io 33 | Ao #So | 12 | 0,85 |2x248
o#3 0 % 1% 1 40| Qo | 723 |3xte
OH3 4 | & S | 293 | 16 &, 293 | 47 4 | 40 | <1 | 40| 20 | 7.33 |3x10
Vi ol % 7 1293 4 & 19,6 | 293 44 | 14 | 40 | <1 | 550 Lo | 445| 445
V4 an S, 3 33 2.6 449 44 sso 4,4S| A ¥S
v © 3,7 1 4,9 48 g SSo 33 | 24,4
Vi 4 4,8 A2 9,9 45 | & SSo 52 2,2
V3 o $,0 23 %,6 31| § 5§50 418 | 1.8
V3 w| % [ 521283 | 1% & | 96 293|314 | & | 40 | <1550 20 | 45 | 18
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Poloidal - Field - Corls ;. Critical verfieal [Loads
| , Tab, 3.4
Load ‘ /
case 1 Loa o case 2 Load case 3 oad case ¥
PE | oH Viest DN |V-Test SN |V-Test DN | VIest SN | Test DN| Tast SN
B:04 55 Y B:o.é Fr cort B=221E, | B2 F,, | BLlE . |Bs22f .
- of # V2 cerl dcoil - 2Cartl 2 Cord
oL I(fl) I(t3) Mp L Z(t3)1 Mp | Lfte) Mp L(t+) Mo | L(t) pp 1I(28) Mf;
OH 4o I‘M)’ “?:’3 “[mx -1 34 ",7.1»‘1‘387
oK 1 & + 773 ‘ f£039 1156
v 3 o - 028 ‘ - 1262 =955
oK 2 + 215 , 1267 13374
on3 0 - 18 ) -116% - 333
O/ 3 4t | Ty | 18 ’ : = Dax ‘”{? ~Toux| 886
VL o 082 Jeay # 625 05T |+ 13| Loy |# BSH| Ty |# 205 | Tour | 1903] Toy 618
a 0,82 L | =625 | Tuny | ~1366| La, |- 85¢(095T, = 10%6| Loeys |- 1903|095 T 2260
V2. o Lo +449 Loyn! =303 Lons - 300072 Tn|- J68 Lo x 5‘87‘3??;1« %8S
V4 4 Lomn | =419 Tomy 11858 Loy |+ 30000630 \¢ 1560 Loy |~ 5810631 -08
V3 o Lomy | = 4113192200 | = 21 06550 =619 Loy |=R8%1|065 L0 = 31 Lomx |~ 220
V3 « Loy |+ 11190,500a| =260(065 0| #6729 Loy | = 86106500 631 Loy~ P81
(Plaswa] ] I [ 1 [ 1 I I
Load case 5 Load case 6
PE Y SN N SN
P2, F?(ol‘[ P:22| Faceitl B=4%6 6@:’1 B4 ‘F‘::’cw'[
corl |\ Iltn) Mp |1(68)| Mp |L(t3) pp | Z(43)| Mp
OH 40|=~Toul =851 ~Touy |~ F¥or4estu - 125 053 1.} = 193
ON { 4 951 4499 |. 125 332
oG © - 4213 ~ %22 ~ 18 - 244
CH 2t 1223 1304 180 579
o3 o -115%¢ ~31% - 123 -125
O# 3 44 | =Toy| 1156 ~Lrux| 866 |-005L) 122 -0537,) 656
VA 0 1 Toux | 12%8 Toux | 516 |0,837,.| 543 10251, 2¢3
Ve ~ 12481035 | - 1962 |0, 87 15| - 513 | Doy = 7288)
v2 o 78219288 ~ %0 | Loyl S&¥ | | | ~428
V2 ie|Tow |~ 284104300 | #68 =58 Lmr 1108
V3 0 1065L,|~653 Ty | =213 -114892t L - 58
(V3 44 0,657 653 | Touw | ~41% | Iy | 174805 Lu) - 272

[Plasria] 1200 | [Lo00 | [ 7000 | [ 1620 ] l ’ 1 l ! l ! }




Poloidal - Field - Coils ;

Critical %adz'a‘[ Logds ;

. 7—06, 3&5-
for currents see Jab. -
Loao case & Load case 3 | Load case ¥ Load case &
PE D N S N D N S N DN S N DN S N
x ¥ b 4 x » o x X,

B e Bt | G | Bt Bt | Fent | Fint| B ext | Bt | Pt | Fevut | Frext | FRimt | FR ext Boont| FRoxe
ColL &p| g3
OM 7o 3716| 2,0 324 | 2% | 30%| 497|342 | 83
|0 1 4 " v |34 2% U v 89,4494
OWd © A7,3 | -84 | 158 |- 48 | 13,4 | -2 21 45,¢ |~ 5,2
OHe « " v | 42,6 |-8,3| « w | 121 |-87 |
o3 0O i, q4 | =40 1,6 -9,3| #4 | -2o ”’/‘ -93
OH3 4 u w | 3,% |- 4 t w | 3% |- 4
‘V4 2] 6‘4 "'4‘(? 0/(;2! - ﬁ,‘? g{’, ""é/f . 'z,z - 4({ 8[21 ""é/? ‘4}24 - 4(4 3(3 ""6,/6 4{3 - 4;4
2N v | A4E |~92 | « v |42 | -83 v w' | 443 |- §4| v w | 41,5 |-83
v o0 6,5 |~4+5|0,5 |~418 6,9 | -4 0% |-01 21 | -48 0% -04| Lo | ~45| 0,% |~ 01
V32 4| @ n | A8 |-%3| « v« | 3¢ | =45 n v | 3,8 |46 « |35 |-16
Vs 0 ‘{'(3 "’3(9 &(3 - J}ff 4(X - 4}5‘ J(’, - o?lz '/18 - f(? ‘?ld - 212» "{fd’ "f(s- 3(21 -~ 2!4
V3 | @ 154 =35 « "o\ 44 | -13] « n | 49 |-44% v « | 40 |-43
Plasma 1 1 ’ | | ]
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Magnetic Flux and Current Characteristics

- symmetric operation of the coils (DN) -
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Magnetic Flux and Current Characteristics
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24,0 MA
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f OH1
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TS
Oh2 0.24maTOH3
376 MAT Vi
DN1: 4.75 MAT
SN2:577 MAT

Maximum Currents in the Poloidal Field Coils

symmetric operation DN
unsymmetric operation SN
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Fig. 3.2.8 OH Field Distribution

a) Contour Lines of constant Magnetic Flux
b) Contour Lines of constant Flux Density
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s OH CIRCULY
LOHs10-11=6(,9E-3
RLOHy11-10=(.6C
INITLILGP24TK
2 PLASMA
LPL+20~21=1.50E-6
MOPL4LLH-LPL=6.TTE-S
2 VACUUM VESSEL
RG1e30-31=0,49E~3
RG2,30-32=1.20E~3
RG3920-3331.76E-3
RG4e 30~34=1,76E~2
RGO 30-35=0.
LGl #31~35=9,02E~7
L62932-35=4,04E~6
LG3:33-35=3.65E~6
LG4934-35=3.65E-6
MG1l2,L61~L62=5. TTE~7
MG13yLG1~LGI=5,21E~7
MGLl4,LGL~-LG4=5.21E~7
MG234162-1G3=1.50E-6
MG2441LG2~LG4=145CE~6
WG34 4L 6G3-LG4=2.36E~T
2 VF CIRCUIT {(OPEN)
LV1,41-40=6,14E~-2
LVZ243-42=6.14E-2
LV3245-44=5.T1E~2
LV4s4T-46=5,77E~-2
LY 5949~48=1448E~2
LVEg51-5C=1.48E-2
RV1e40-61=14.7E~3
RV2442-63=14.7E~3
RV3 444-65=213.56-3
RV4¢446~67=13.5E~3
RY5448-69=10.2E~3
RV650-71=10.2E~3
MVIZ2sLVi-L¥2=1, 32E~3
MV13,LV1~-LV3=1,48E-2
FY¥l4,LV1-LV4=2.884E-3
MV1ISsLV1-LVS5=3,T74E-3
MV16sLVI-LVE=Z422E~3
- BV239LV2~LV3=2.,88E~3
MV24,0LV2-LV4=] 48BE~2
MV25,Lv2~LVE=2,22E-3
MY 26,LY¥2-LVE=3,T74E-3
MY344LV3~LV4=0481E~3
MV354LV3-LVE=1e 06E~2
WY364LV3-LVE=5,54E~3
MV45 4 LV4~LV5=5,54E-3
MV 46 4L VA~iLVéx1s06E-2
MV56,LV5-LVE=4,92E~3
2 MUTAL IANCUCTANCES
3 PLASMA-2> VESSEL
MPGLlsLGLl-LPL=5.,0TE-7
MPG2¢LG2~-LPL=] L&BE~E
MPG3glGI~LPL=6.95E~T
MPG49LG4-LPL=6.95E~7

Mog1
S,

10

OH Coils
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: MUTAL INDUCYANCES
3 VESSEL -> CH
MOGleLGl-LOK=1.0CE~4
MUGZ pLG2~LLF=] JOOE~4
MOG34 LG3~LCH=1.01E~4
MOG4eLG4~LOH=1.01E~4
2 MUTAL INDUCTANCES
2 OH CIRCUIT > VWF
MOV 1, LOH~-LV]=S.32E~3
MOVZ2 ¢ LCH=LV2=9 4 32E~3

o —i N

OH2 l l‘ﬂ

MOV3 ,EGH-Lv3=8.49E~3

MOV 4, LOH~LV4=8 ¢ 49E~ 3 OH3
MOVS,LOH-LVY5=2,93E-3

NMOVE LCH-LVE=2 .93 E~3 . OM1 V3
T VF CIRCUIT —-> PLASMA 1 G3

MPV 1o LPL=LV 1= 3.65E=5
MPV24LPL~LV2=3.69E~5
MPV3,LPL~LYI=6.09E~5
MPV 4y LPL~LV4=6.GIE~S
MPVS o LPL-LV5=3 440 E~5
MP V6 LPL=LVE=3,40E~5
: MUTAL INDUCTANCES . |
: VF CIRCUIT -> VESSEL GY Plasma|] §| G2
MVG11pLV1-LG1l=2. 44E~5 : -+
MVG12,LV1-LG2=8,71E-5
MVG13,LV1-LG3=1.53E~4
MVG 14, LV1~1G4=1, 84E~5
MVGZ1,LV2~LG1=2, 44E~5
MVG22,LV2~LG2=8.T1E=S
MVG23,LVZ-LG3=1, 84E~5
MVG24sLY2-LG4=1.53E~4
MVG3leLV3-LGLl=2.5TE=5 . P
MVG324LV3~LE2=1+54E~4 — G4

MVG33,LV3-LG3=1.356-4 i:] va

Clve

- . + ——»R
F-Vacuum Vessel

Clve

M G344 LVI~LG4=3483E~5
HVG41aLV4=LGLl=2¢5TE~S OH3
MV G421V 4=LG2=1.55E~4 .

MVG43 4LV4-LG3=3.82E~5 OH2 V2
MVG44,LVa-LG4=1, 35E=4 I

MVGS1sLV5-LG1=1e 25E~5

MVGSZsLV5~LG2=8 , 1TE=S

MVG53,LVS5~L63=4.30E~5 Fig., 3.2.9

MYG54,LV 5-LG4=2,80E-5 —————"

MVG61 sk V6~LG1=1425E-5

MYG624LV6-LG2=841TE~S

HVG63,LVE-LG3=2.80E-5  p] idal Field Network Simulation

PVGEA4 9L VE~LG4=44,30E-4
ECAP Input List
Coil Arrangement
Network

Movs

43

Mgz Mpyr [Myiz | Myzs W™
Let Blez Blecs [flecs L PLlvi HBlvz  Lvs
31 32 33 34 40 42 50
20

36 81 &3 7

Vacuum Vessel Plasma ¥ Coils
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Fig. ».2.10 OH Coil Voltage VQH and Induced Plasma
Loop Voltage V?l vs. Discharge

Resistance
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Fig. %.2.10'a Induced Plasma Loop Voltage V Vs,
Resistance of the Vacuum vessgi RV
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Fig. 3.2.12 Vertical Load Fz(t) for DN Operation
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Fig 3%.2.1% Vertical Load F_(t) for SN Operation
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Fig. 3.2.14 Vertical Load Fz(t) for SN Operation
Vertical Fileld Coils
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ASDEX-UG #STUETZSTRUKTUR DER PF-SPULEN# - SN FALL 4 - (N, MM, KD

STATIC LOAD CASE! : \Ai\(
04/12/83 )
IAXIS= 3 ALPHA= 30.00 BETA= 60.00

DEFLECTION SCALE FACTOR= 0.1500
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Fig. 3.2)16 Finite Element Modell
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ASDEX-UG #STUETZSTRUKTUR DER PF-SPULEN# - SN FALL 4 - (N, M4 LK)
STATIC LOARD CASE| ) (—j
04/12/83
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Fig. 3.2.18: Deformation of the framework under SN load
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3.2 The Vacuum Vessel System

3.2.1 The Vessel Concept

The vacuvum vessel concept of ASDEX UG 1is a further
development of that successfully used in ASDEX. Maintaining
the good access to the plasma, little space required for the
wall structure and good attachment possibilities for
divertor pletes and diagrostic elements the vessel is
adepted to higher thermsl and electromagnetic loeds and the
modular assembly of the ASDEX UG. The specific features of
the vessel are:

~ self-supporting toroidal shell composed of 16
wedge—-shaped segments of a D-shaped cross—section and
15 mm wall thickness (Fig. 2.3.1);

- the corners of the 16 polygon &are placed 1in the
symmetry plenes of the TF coils and are reinforced by
ribs and flanges along the poloidel circumference of
the vessel (Fig. 2.72.2);

o]
- four segments form a 80 vessel mocdule;

-~ the vessel modules, pre~assembled with the
corresponding TF coils and magnet structure have to be
bolted together from inside the wvessel to form the
torus;

~ the vecuum tightness at these Jjoints 1is given by a
copper-cosated Helicoflex-O-ring backed by a
Viton-0O-ring. In the space between these Q-rings a
separate vacuum of approximetely 0.1 mbar can be
established for testing purposes during essembly and
for reduction of possible leaks during operation;

~ each of the four vessel modules 1incorporates an
electrical break. In order to satisfy the veacuum
requirements these bhreaks are covered by metzllic
hellows which reduce the toroidal electrical resistance
of the vessel to 0.25 r L (Fig.?2.2.2);

-~ the vegsel is supperted hy the maanet via eight tension
bers which erehle free, concentric expension during
haking up to 150 C;

-~ expansion elements hetween the tension bars and the
magnet provide a2 constant height of the vessel
midplane, indepedent of the vessel] temperature;
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~ the vessel wall, divertor rplates, heat shield and

diegnostic elements can be activel

- attachment of elements insicde the

y cooled by water;

vessel will be done

using & stud welding technicue developed especially for

vecuum application.

The access to the interior of the
following ports:

l

cm wide and 80 c¢cm high for

diagnostics, pumping and stabiliza

- 30 horizontal ports of 28 ocm di
pumping;

vessel is given by

& horizontal ports of a rectangular cross-section, 4C

assembly purposes,
tion loops;

ameter for divertor

~ 2 inclined ports of 20 cm diamter for néutral beam

diagnostic;

-~ 1€ horizontal ports of 22 cm diamter for ICR heating;

-~ 28 wverticel ports of 10 cm

diemter for laser

diagnostics and cbhserveation of the ICRH antennas;

!

2.2,2 Parazmeters of the Vessel

Cuter dismeter in horizontal direction:
inner diameter in horizontal direction:
diameter in verticeal direction:

maximum wall thickness on R :

total weight:

volume:

internal wall a2rea of the equivalent
torus with smooth surface:

internal wall area taking into account
the convolutions of the bellows:
internal wall area including the heat
shield, divertor plates and ports:
electrical resistance in toroidal
direction:

electrical resistance in poloidel
direction:

meximum baking temperature:

vessel and bellows material:

thermal insuletion of the vessel

& verticel ports of 5 cm diamter for laser diagnostics.

*

.
[92]

8]
=2

m

0
3

W N 72 N =N
L)
T

RIS
=

0.025 m$2

180 C

|8 204 LN
20~4C 'mm
silicon rubber
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2.2,2 Stress Calculations

The largest mechanical stress on the vessel occurs in the
separation plans, in particular in the assembly Jjoints,
electricel bresks and bellows. The stress calculations have
therefore been concentrated on these parts of the wvessel,
primarily to ensure the tightness of the torus and to
minimize the elastic deformations at the ports.

Atmospheric pressure load: The atmospheric pressure of 1
bar ecting on the vessel surface generates in the wall hoop
forces 'which vary along the poloidel circumference from 1C€
N/mm tension to 120 N/mm compression with a mean value of 48
N/mm compression. Responsible for this wvariation are the
aspect retio of the torus, the low wall thickness and the
straight inner part of the wvessel, acting &es a cylinder
under internal pressure {(Fig. 2.2.4). The compression has to
be transmitted by the large contact area of the-flanges, the
tension by threaded bolts of 20 mm diamter spaced
eguidistant along the poloidel circumference of the vessel.
At the assembly joint a constant compression of 2CC N/mm is
reaguired to ensure the vacuum tightness of the Helicoflex-
and Viton-O~rings. Together these forces result in & tension
at the bolts of 25 kN which have to be compensated by an
adeqguate pre-tension. By use of 2 cold worked stainless
steel with & yield strength of 270 MPa a pre-tension of &0
kN can be zchieved - 5C 2 more than the actual tension at
the asgembly joint.

The bolts at the electrical breaks are exposed only to
tension caused by atmospheric pressure and provide therefore
a larger safety margin.

The dimensioning of the bellows is also determined by the
atmospheric pressure. As shown in Fig. 2.2.5, the maximum
stress and deflection of the bellows depend very much on
their mejor curvature and reach maximum velues for =2 plane
corrugated sheet (infinite curvature radius).

In 2S0EX UC the bellows At the cylindricel paert of the
vessel could be curwved meximally with & redius of 7000 mm.
This allowed to reduce the bellow stress by 5% % to 150 MPa
comprred with a straight bellow link, a value which reaches
O 2 of bellow materi=l yield strength (Fig. 2.3.f).

The 4 MPa stresses in the vessel wall caused by the
atmospheric pressure are negligibly low.

Gravity lecad: »2lsc the weight of the vessel of
approximeately 24 t gencrates very low stresses in the shell,
Low, but not negliagible are the tension forces which,
similer to those ©produced by the eatmospheric pressure,
reduce the pre-tension of the bholts (Fig. 3.2.4).
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The position of the vessel supports at the large radius
of 1800 mm is a2 compromise between the distortion of the
vessel shell &nd ports and the access for @&ssembly and
maintenance purposes,

Thermal load: A1) parts of the vessel are shielded from
direct plasme contdect by various in-vessel components (heat
shield, divertor plates, antennas etc.)}. The heat 1load on
the vessel is therefore solely due to radietion from the
plasma, which, on average, amounts to 0.1 Mw/m? in the
standard case and to 0.2 MW/m?* in case of 100 % radiation
from the main plasma. This recquires active cooling during
pulse interval for the vessel and other exposed components,
The vessel will bhe cooled from the outside by the heating
and cooling system 2lso used for bake-out.

Tn the worst case (100 ¢ radiation during 2 1¢ s pulse
with 10 MW of heating power) the temperature of, the inner
surface of the vessel rises by 95 K. The resulting thermel
stress (tension) of <« 10 Mpa, 1is not critical. After
temperature equilibration the vessel will be 35 K above
coolant temperature, which again is uncriticeal.

Thin in-vessel components exposed to the radiation heat
up excessively and are therefore not permitted. For this
reason also the bhellows have to be shielded from the
radiation.

Electromagnetic loeds during plasma disruption:  The
discontinuities in the vessel resistance at the electricel
breaks lead to large shear forces along the electrical
breaks during a hard plesma disruption (Fig. 2.2.7).

The eddy current calculations were performed with the aid
of an extended version of FEDIFF, a computer programme based
on the Finite Flement Metwork- method. Extended by a
post~-processor and input of external magnetic fields the
resulting force distribution has been used directly as input
for the mechanical stress analysis with the SAP finite
element code.

The force locking design of the electrical breaks of the
vessel resulted from the above analysis. The toroidel
distribution of the electromagnetic forces, up to 42 times
-the atmospheric pressure, causes bending stresses in the 15
mm thick vessel wall and twisting ¢f the electrical break
flanges (Fig. 2.2.8)., By introduction of reinforcements
inside the vessel the stresses in the shell have been
reduced to 150 MPa and deformations to values below 1 mm.

The mechanical design of the divertor plates, separation .
plates and heat shield is still besed on estimates of loads
expected during a2 plesma disruption. Detailed calculations
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will be done together with the final optimization of the
vessel. ’

2.2.4 Divertor plates (DP) and Heat Shield

General description of the divertor region (Fig. 2.2.1):
The plasma flowing along the field 1lines outside the

separatrix impinges on the DP. The plates have to withstand
the heat load.

Hydrogen atoms neutralized at the target plstes are
either reionized within the divertor plasmé or escape to the
outer divertor region, depending on their line of flight. Cn
the outside this region is separated from the main plasma
chamber by the separation plates, which prevents the direct
recycling c¢f the neutrals from the divertor region to the
main plasma. On the inner DP no such separation is possible.

In single-null opereation only the lower divertor pletes
are used. The upper DP's facilitate double~null operation
without changing the in-vessel structure. In this cease,
however, there is no separate divertor chamber in the upper
divertor region. 211 necessary connections will be ©provided
such that symmetrical divertor structure for double-null
operation can be installed with 2 minimum of construction
time.

Thermal lead, material selection: Two considerations
determine material selection: Thermal load and the desire to
have low ~Z material.

Cf the low-Z materials graphite (or TiC-coated graphite)
has been successfully used in severel toksmaks. It has also
been chosen for 2SDEX UG. It offers the additional advantage
that it cen afford high power bursts, as may occur due to
run~awvay electrons or during disruption, without permanent
damage. Whether the coating is really necessary, is not vyet
clear 2t the moment. More information on this particular
point will be available by the time the final decision has
to be taken.

The expected distribution of thermal load on the outer DP
is shown in Fig. 2.2.¢ (power to the inner DP 1is similar).
The assumprtions used, namely & total power cf 2.% MW to the
outer NP and an e-folding length 2. = 1 cm 2t the eguator
are conservetive., The former corresponds to a power
deposition of 50 % of the tota! power to the DP, which is
mecre than is usually observed in ASDEX.

The meximum load of 2.5 MW/mL can be taken by inertislly
cooled graphite plates for pulse durations of up to 10 s.
Cteady-state cooling of arephite exposed to this load is not
possible with presently available technology. We therefore
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use inertial ccoling. For 10 s pulse duratiorn this reqguires

a thickness of d = 2 ocm. Cooling in between rpulses 1is
necessary for the plsnned repetition rate of & to 1C fin. An
effective heat transfer coefficient of €¢.1 W/cm K is

sufficient. This could be merginally ohtained with
mechanical clemping. to @ cooled metal plate. The design
described below promises better values. The sur face
temperature on the hottest spot will reach 1000 C in 2 10 =
pulse, the graphite will be cooled to below 100 C between
pulses,

Design of the DP: The design which is studied at present
is shown in Fig. 2.2,10, The grephite plete (10 x 1¢C em® )
is clamped to a water-cooled steinless steel plete., In order
to improve the heat transfer between the graphite and the

steel, a Mo/Cu sandwich is breised to the graphite,

The most severe mechanicezl load occurs during disruption.
Due to the subdivision into individual tiles, the stresses
are reduced below criticael velues.

Inner heat shield: As mentioned above, the bellows have
to be protected from the plasmz radiation. On the inside of
the torus this 1is accomplished by an actively cooled
stainless steel toroidal shield. Direct plasme contact of
this shield mey occur. The shield is therefore armoured with
graphite mushrooms similar to those of the ZEPHYR design.
Thus the shield may also be wused as large area toroidel
limiter. For full power operation with 50 % power ceposition
at the limiter it can be used for approximately 2 s.

2.2.5 The Vacuum Pumping System

The vacuum pumping system is similar to the one of ASDEX
It consists of turbo-molecular pumps, backed by roots
blowers and forepumps. The turbo pumps are connected to the
ducts thatlead to the divertor region. The vupper &and the
‘lower ducts each have one common fore vacuum line. The pumps
can also be used for pumping the divertor region during the
discharge. At first 14 pumps will be wused 1in the lower
divertor region. Additional pumps can be installed in the
upper divertor region for double-null operation lateron. The
requirement that the turbo pumps have to be at sufficiently
low magnetic field results in fairly long pumping ducts plus
magnetic shielding of the pumps. The conductance L and
effective pumping speed Sy per pump, &s calculated from
the design, is shown in the following table:



ASDEX-~-UPCRADRE

108
Conductance L (1/s) Ef fective pumping
speed
St (1/s)
air H He air B He
upper duct 220 2200 21cQ 70 1300 152%
lower duct a7s 2580 AR50 760 1470 1650

For estimating Segg + @ 2500 1/s turbo pump was assumed.

In addition a cryo pump will be connected to one of the
learge openings to double the pumping speed for water vapour
during discharge cleaning.

With this system, we expect pumping times of l1h of fore
pumping and about_;ﬂh to reach 10 @gar. The bese vacuum
will be in the 10 mbar renge (6-10 mbar with 2 degassing
rate of 2-10°"° mbar l1/s cm and & surface area of 3003 m* ).
The leaks are specified (as in ASDEX) to below 2+ 10 mbar
1/s. The leaks therefore have no influence on the base
pressure or the recontamination of discharge~cleaned
sur faces.

During the q%scharge _gne expects a neutral density
equivalent to 10 to 5-10C mbarJin the divertor chamber.
Thus of the order of (1 to 5)x 10 H atoms 1/s are pumped
by the external pumps.

2,2,6 Manufacture and Pssemhly

The standards, quality control and &assembly techniques
applied to the vacuum vessel for ASDEX are 1identical with
those required for ASDEX UG. Therefore the experience
obtained in menufacture and assembly on site can directly be
used for 28DEX UG. 2After delivery of the four vessel
segments the following assembly procedure is foreseen:

- o&assembly of vessel segments together with 2 TF coils
and respective magnet structure to modules;

- @assembly of the modules, adjustment and vacuum-tight
connection of the vessel segments;

- veacuum test of the wvessel =&t room and baking
temperature;

~ welding of the horizontal ports, access from outside
the vessel;

- welding of the wertical ports, access from inside;

~ <cleaning of the inner vessel wall;
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~ assembly of the diagnostic elements, divertor plates,
separation plates, stebilization loops, ICRE antemnas,
heat shield, etc. inside the vessel;

~ connection of <cooling pipes and control elements
cutside the vegssel;

- attechment of the verticeal and radial vessel supports;

- ~closing the ©ports and eéessembly of the external
diagnostics, vacuum system, etc;

~ final leak test.

2.2.7 Colleaboration with Industry .

The high thermal and electromagnetic loads on the vessel
on one hand and the flexibility in operation of ASDEX UG
{(single, double null or limiter configuration) on the other,
required the development of new technigues for the vacuum
vessel,

Development activities at IPP:

-~ application of stud welding in wvacuum é&nd nuclear
engineering {German patent No. 2131055) - all elements
inside the vessel will be attached by this method;

-~ non-destructive in situ testing device for ell1 welded
studs (Germen patent No. 2210825} - increase of safety
margin and better use of the material;

~ heat shield besed on the 1large area limiter &S
developed for ZEPHYR (German patent No. 2125970) - heat
shield of the inner wall of the vessel;

—~ expansion elements for passive compensation of thermal
movements of the vessel during baking and operation -
integrated in the vertical supports;

~ double sealed metallic coupling for the cooling inside
the vessel ~ divertor plates, heat shield, etc.;

- electrical breaks of the vessel - capable of
transmitting shear forces of up to 700 N/mm.

Acitivities with industry:
~ Jdevelopment of divertor plate elements for contact

cooling éend coaxial elements for direct cooling at the
Metallwerk Plensee/2ustria;
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- development and testing of remote-controlled devices
for welding the ports during assembly at Linde AG/ FRG;

~ optimization of the wvessel design concerning the
distortion of the structure during welding &and heat
treatment - cq]laboration with Linde B2G, FRG;

~ development and testing of the double seal for the
assembly joints of the wvessel -~ colleboration with
Helicoflex/FRG and Frence. :
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2.4 Assembly of the Tokamak System

3.4.1 General

The modul ar design of the ASDEX UG tokamak system and its
topologically de-coupled coil systems allow simple and time
saving assembly.

The toroidal system is subdivided inte four 90 degree
sectors. Two of them will be assembled in their final
positions, Two others will be assembled on moveable
platforms which will then be shifted toward the fixed ones
and connected with them. The poloidal field coils have got a
support structure of their own which can be set "up after the
four toroidel sectors have been mounted.

The choice of the assembly concept has been guided by the
idesa to use only standerd assembly technigues. Remote
assembly, disessembly and maintenance are not envisaged
because the activations of the structure will be kept 1low
encugh in any case.

The assembly facilities, e.g. <c¢renes, hydraulic Jjacks
etc., will be made of ferromagnetic steel and removed from
the experimental area after completion of assembly. 2s " a

result the access to the plasme 1is not hampered by
stationary assembly equipment. '

2,4,2 Prerequisites for Assembly
~ preparation of the building is finished;

-~ the foundeations have been integrated inte the basic
Flate

~ the radistior shielding wa2ll is finighed;
~ the radiation shielding ceiling rot yet mounted;

~ test assembly of vacuum vessel, TF and PF structure
have been successfully terminated.
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Assembly Secuence

Mount the P vertical TF support bearers.
Deposit multipole ceils Viu and V2u on flcoor con-
centric to the center of experiment.
Sfet up the assembly platforms for the four
toroidsl sectors.
Assemble sectors I1 and IV in their final
position and sectors I and III on the moveable
platforms, as follows:
set up 90 degree sector of vacuum vessel on assembly
platform;
thread on 2 TF coils on vacuum vessel;
assemble lower TF structure elements:
set 90 degree vacuum vessel on lower TF structure;
assemble upper TF structure elements;
pre-assemble the elements inside the vacuum vessel.
Deposit CH coil 1 on floor of experiment hall
concentric to center of experiment.
Shift moveable sectors II and IV in their final
position and connect TF structure to & torus.
Connect vecuum vessel segments to torus.
Weld in the missing two horizontal ports.
Weld in all vertical ports;:;
Disassemble assembly platforms.
Cast the tolerance balancing elements at TF vault
and TF structure.
Adjust and fix vecuum vessel within TF structure.
Place CH coil 1 and central column in their final
position and preassemble the other PF coils close
to their final position.
Set up PF structure and assemble of PF colils.
Disassemble 211 assembly facilities.
Install bus bars, cooling tubes, pumping
ducts, etc. '
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Fig. 3.4.3.2 Assembly Principle
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4, Power Supply

4.1 Load Components

Steady~-state and emergency power consumption of ASDEX UG
is very similar to that of the existing experimental devices
at IPP, Therefore both regquirements can be covered by supply
facilities already available.

Pul se power is needed for:

~ toroidal field coils;

~ OH transformer;

~ multipol coils;

- auxiliary plasma heating and
- rlesma stabilization loops.

Pulse power can be provided by IPP's fly wheel generators
up to parameter ranges envisaged et present., Adaption of
rectifiers to load data is necessary. The maximum parameters
which the tokamak system is designed for, can be attained
for each individual component. For simultaneous operations
of all components the choice of parsmeters has to be
adjusted to the power and energy limitations.

2,2 IpPP's Pulse Power Facilities

Data of fly wheel generators GEZ 2 and GEZ 2

GEzZ 2 GEZ 3
Energy (MJ) 1450 500
Power (MVA) 167 144
Voltage (kV} 2%2.75 1¢.5
Current (k2) 2%17.% g
Frequency (Hz) 25110 pE~11¢C
Pulse lenath ({s) 16 4
Pulse break (s} 360 1eo
Data of rectifiers: REZ 2 REZ 2
Number of modules 2 12%)
Type diode thyristor

Power (MiW) 2x75 12%x22,5
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Voltage (kV) 3.2 1
Current (k?) 22.5 22.5
Mode of operation series series

parallel parallel

*) Two rectifiers can be operated in current
reverse mode.

4.2 Maximum Requirements for Individual Components

4,2, Toroidal Field Magnet

Fig. 4.2.1.1 shows voltage, current, power and energy of
the toroidasl magnet versus time for its maximum field of &
T. The current rise time of R s is determined by the maximum
voltage of the rectifiers of REZ 2.

Fig. 4.2.1.2 shows a circuit diagram of the toroidal
field power supply. The two fly wheel generators are
operated in parallel. As the freauencies of the generators
cean be different, chokes are necessary to avoid loop
currents.

The TF magnet is symmetrically grounded by a fuse., 1In
case of an accidental earth leakage, the fuse interrupts the
earth loop and major energy deposition at the earth 1leakage
area can be avoided. '

4,3.2 OH Transformer

Fig. 4.2.2.1 shows the electrical data of the OH circuit
versus time for 2 maximum plasma current of 2 Mp in the case
~of single null operation. Total magnetic flux swing: 2.5 Vs.

Fig. 4.3.2.2 shows the circuit diagram of the CH circuit.
It is based upon thaet of W VII which has been successfully
in operation for several years.

Excitation Phase: The breakers 0la and Qlb are open. 02
is closed. The rectifiers REZ 2a and RFZ 2b charge the O©H
coils at & constant voltage to its maximum current of 47.%
k2.

Break~down Phase: Toward the end of the excitation phase
the vacuum breakers 0la and 0lb close and 2 opens. The
valves V1 and v2 1ignite and the precharged capacitor C
forces the current of the breakers to zero. So Qla and (lb
can be opened and the OH current is commutated into R2. As a
result the current drops at a time constant of L /R and
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this induces the ignition voltage in the plasma (approx. 50
V). The saturable inductance LS decreases the dJ/dt when the
current is close to zero and facilitates circuit breaking.

Low- (3e-Phase: Already during the break-down phase the
voltage of the rectifiers is reversed. 2t a constant level
of 2.4 kV the plasma current can be increased up to 90 % of
its maximum value within 1.5 s. This rise time was chosen in
order to keep the power necessary for the multipol <coils
within the limits of the pulse power capacity. )

Heat~up and High-{3s - Phase: During these phases simple
rectifier control provides the current changes necessary for
the plasma voltage reauired (0.25 V during plasma current
flat~top) .

4,2,2 Multipol Coil System

Fig. 4.32.2.1 shows the <currents in the individual
multipol coils and the total power and energy required for
single null operation at a plesma current of 2 M2, For
simplicity the voltages have not been shown but are dquoted
in Fig. 4.2.2.2. This single null mode denoted as SN 1, |is
characterized by relatively low power and enerqgy
requirements. Single null mode SN 2, which is «quoted in
other parts of this report, cannot be operated up to a
plasma current of 2 MA because of the high power recguired
for the multipol <coils during the current rise time,
Operation up to 1.6 MA plasma current is possible.

For double null operation the power recquirements are much
higher than for single null operation. Therefore the plasma
current for double null operation is limited to about 1.2
MA, Fig. 4.2.2.2 shows the circuit diagram for SN 1
operation. Each coil has got a rectifier of its own Dbecause
of the different currents. 2 supply system where the upper
and lower multipol coils have different numbers of turns
~which are switched two by two in series is under
investigation.

The coils V20 and V2u could 2lsc be used as a means for
active verticael plasma stabilization. This and a solution
employing independent stabilization coils has been
investigated.

4,2,4 TCRH Heatina

The most likely heating concept to be chosen for ASDEX UG
is TCRH. The total heating power amounts to about 10 MW,
2Assuming an efficiency of 50 %, an electrical input power of
20 MW is necessary. This power will be provided by the fly
wheel generators on the 3-phase AC level. The rectifier
modules are considered to be part of the heating system.
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2.4 Pulse Power for Reference Cperation

Fig. 24.4.] shows the power requirements for the toroidel
field system (TF), the OH transformer (0OB), the multipol
coils (MP) and TCRH heating for the reference operation data
of
B, = 3.25

1.6

T and
Ip A

M

in the case of single null operation (SN 1). The addition
of these figures yields the total power Py which 1is well
below the maximum power available for a pulse length shorter
than 10 s. The integral of P provides the total energy
Wyt reauired for reference operation. The energy which ceén
be withdrawn from the fly wheel generators allows a pulse
length of approx. B s. ; :

In principle the circuits are the same as already shown
in sect. 2,3,
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5. Ion Cyclotron Resonance Heating

5.1 General Remarks

The ICRH system for ASPEX UG will be subject of a
separate application for preferential support to be
presented in due time. Some basic remarks will be given
here.

ICRE shall be applied to 2SDEX UG at the 2nd harmonic
freauency of hydrogen in the range between 80 and 120 MHz
with a total power of 12 MW for 1€ sec (see sect. 2.2.4).
21 though ICRH has been successfully applied in recent years
in the MW power range at several experiments, long-time
heating =+ this power level and within this frequency range
calis for further development, At least in the case of RF
generators and antennae.

5.2 RF Generators

Long-pul se RF generators with MW power levels and with a
tunable frequency range between R0 and 120 MHz have not been
built up to now. Further development will be necessary,
mainly because the output power of available tetrodes
decreases in this frequency range caused by the screen grid
load and bhecause parasitic oscillations are a ©problem
especially for tunable generators.

Fxperience with the industrial generator development for
ASPEX and W VII will be helpful, first test results being
available in late 1982. These 1.% MW generators will be
tunable, in principle, between 20 and 11% MHz (the output
power being decreased ebove £ MHz), but only tested at 12
fixed frequencies. This should be & possible concept for
ASDEX UG too. '

Tt is intended to invite industry to study contracts in
order to check the rpossibilities to increase the output
power of tetrodes in the required frequency rénge. This
would be of large economicel interest, since the valve takes
only about 10 % of the generator cost but determines its
power and thereby the number of parallel generators
reauired.

The two RF generators for ASDEX / V WTJI can be applied to
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ASDEX UG too within their paremeter limits.

5.3 Antennae

The development of antennae for long-pulse heating &t MW
power levels is the mein JCRP task of the next yeers. Four
European groups in Frussels, Culham, Fonteney-aux-—-Roses and
Garching ere working in this field and cre in contact with
each other. The first MW antennze designed for pulse lengths
of few seconds will be operational in TEXTOR in 1982 and in
ASDEX in 1984; cooled PEDEX antennae for 10 s and antennae
for JET will follow. The antennee for ASDEX UG will fit in
this development work and experience with other experiments
will be used,

Up to now, preliminary celculations and & very rough
design has been worked out in order to demonstrate the
proposed device's cepability to accommodete an antennz of
suitable performence. 2 folded (JET~type) and an ASDEX-like
antenna have bheen taken into &ccount. The space reguired
being larger for an PAEDEX-type antenna, this one has been
worked out in more detail.

The electriczl design is based upon 2-dimensional plasma
antenna coupling celculetions /1/ whose results (specific
inductivity, cepacity and resistivity) are used to model the
derendences in the 2rd dimension by trensmission 1line

theory. The model for the plasma antenneg coupl ing
calculations is shown in Fig. 5.1. The distances plesme -
antenna and Faraday screen - central conductor are

compromises in order not to interrupt the energy flow to the
divertor still 2llowing & good coupling, and in order to
adjust both the voltage in the antenne and in the feeding
system 2t mocderate levels.

For 2 radiated power of 1 MW at 100 MHz and & 2050
- feeding line the following characteristic antenne data were
found:

spec. inductivity 1.2 nH/cm
spec. capacity 2.6 pF/com
spec. resistivity 0.254L /cm
antenns length 40 om
electricesl length /A, n.27
input voltaqge 12.9 kV
VEWR 2.1

The frequency dependence of the antenna’s input impedance
is shown in Fig. R.2.

The total ICRH antenns system for RAESDEY UG will be
conposed of & single entennes arranged along the toroidel
direction of the outer circumference of the experiment. Each
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fntenna consists of two identical dipoles above and below
the experiment's midplene 2nd fed by opposite phases.
Supposing es above, a power radiating capability of 1 MW for
one dipol, the total arrangement should be able to transmit
a total HF power to the plasma of Py, &g 16 MW

The present conception of the besic constructive set-up
of a single antenns is shown in Fig. 5.2. The antenna is now
sheped to match best the particuler plasmae shape of the
single null operation. An antenna shape which is a
compromise for the two operation modes will be looked for.

The feeding configuration is conditioned by the total
poloidel geometry of the experiment and mey suggest the use
of antennae of the folded dipol type (like JET) .
Calculations for the electrical design of such an eéntenne
are being carried out.

Screening the energy flux to the &antennae “carried by
charged particles alona the field lines, the guard limiters
are exposed to ¢ thermal loading of up to 50,.,100 W/cm
requiring active cooling measures., Pl asma radiation,
remaining particle flux end HWF losses mey lead in the
Faradey screen to & power dissipation of the order of 20
W/cm . Since active cooling mey turn out as toc compliceted
and pure radiation cooling must be relied on, temperatures
of the Faraday screen of up to 2850 C must be coped with.

Nef.:
/1/ ¥, Soell: Proc., ?rd Joint Varenna-Grenoble Int. Symp.,
CGrenobhle 1¢P2, pp 415-421.
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S

Fig.5.3 Schematic view of an ICRH antenna for ASDEX UG

(single null operation)

1 central conductor 5 coaxial feeder
2 return conductor 6 support

3 Faraday screen 7 antenna casing
4 antenna limiter 8 separatrix
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A, The Periphery of the Tokamek System

A.] PBuilding and Radiation Fhielding

ASNEX UG is envisaged to be located in the southern part
of TPP's experiment hall Lf. The total area available 1is
approximately 1500 m& . within the rectangular radiation
shield 400 mfare planned to accommodate the tokamak system.
The useful height of the hall is 1C m a2t present. This will
be increased to 12 m by lowering the floor.

The dimensions of the radiation shield have not yet been
finally determined. For shielding the X-rays, a concrete
wall of 1 m thickness is sufficient. In the ce&se of D-D
operation a2t maximum paremeters, both a wall and a <ceiling,
each 2.] m thick, alsoc made of concrete, will be necessary.

The foundations of the tokamak system and the radiation
shield will be integrated into a plane floor ©plete. This
plete will also bear the supporting structure of the
diagnostics platform. Cscillation damping will be taken care
of by a special design.

Cn the area of 1500 m2 mentioned above, the following
installations have to be accommodated besides the experiment
itself: monitoring and control facilities, diagnostics,
computers, cooling systems and switch gears.

The time estimated to perform the modificetions of the

experiment hall is 4 to & months., The work can be coarried
out without disturbing the operation of ASDEX¥ which is
situated some 50 m away from the future ASDEX UG experiment.
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7. Rccompanying Theoretical Programme

To make maximum wvse of BRSDEX UG results for extrapoletion
to NET and cther future reactor designs, models and
numerical codes for their interpretation have to be
developed. Farly availability of these theoretical tools
will also help to apply the experience gezined on ASDEYX to an
optimized design of the detailed geometry of the divertor
region of ASDFX UG, to the selection of the necessary
diagnostic methods and to the layout of the experimental
programme.

Following the principal eims of ASDEX UG, the emphssis of
this work is on understanding end modelling the actigon of
divertors and pump limiters. Powever, also in three other
points the outcome of these combined theoreticsal and
experimental studies is expected to determine the ASPEX UG
programme. They cencern the physical problems of

~ helium pumping
~ Ccdeep hydrogen refuelling
- current drive,

and thus the possible need for helium injection, pellet
injection and lower hybrid ecuipment.

7.1 Divertor and Pump Limiter Modelling

rim of our development work in this area 1is the
capability for a two-dimensional description of the hydrogen
end impurity plesma dynamics in the screpe-off, linked to
transport models for the bulk plesma, and to the correct
boundary condition on target plates or wsells. This plesme
model hes to he complemented by a Monte Carlo code for the
neutral dynemics of hydrogen &nd  impurity atoms and

molecules, which - hecause of the geometry f{e.g. of the
pumping cducts) and the lack of the homogenizing effect of
the magretic field ~ has to 2llow even for three-dimensional

varistiors.

Tn the following we first give a brief survey of the
codes presently aveilable to us (through own development
work, or a8 contributed from other leboratories) eand of
their principle achievements to dete, to be followed by an
outline of our future development work.
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Plasme boundery modelling codes svailsble at TPP:

(&)

(b)

(c)

1-D electrostatic Monte Carlo code: solves electron and
hydrogen ion single particle equatiors of motion in
given, homogeneous magnetic field of arbitrary
orientetion  and in electric fields computed
self-consistently from Poisson's ecuation.

Pchievements: clerification of structure of
electrostatic sheath in front of meterial walls for
oblique incidence of field lines, including effects of
secondary electron emission. PResulting angular and
enerqy distribution for hydrogen ions have 2also been
used for evaluation of expected, averaged sputtering
yield. The model was also applied to study dynamics in
a collision-free ionization zone in frort of wells.

1-n fluid model for plesma dynamics pardllel “to B:
solves continuity, momentum and separate electron and
ion energy equations including finite electron and ion
heat conductivity and neutral-plasme interaction terms
{ionization, CX energy and momentum exchange, radiation
and dissocietion energy losses).

Achievements: explanation of low Mach number flow and
large parallel temperature gradients observed in ASDEX.
(In combination with 2 strongly simplified mcdel for
the neutral particle household of the divertor):
prediction of three regimes of divertor recycling -~
including the so-called energy flow 1limited regime -~
also found in experiments.

1-D multi-fluid model for impurity transport parallel
to field lines: The continuity and momentum equations
are solved for the frictional flow of the different
ionization stages of an impurity in the hydrogen-plasme
background computed by the code described above. 2lso
included are ionization and recombination, the effects
of the thermoelectric and the &ambipolar acceleration
fields and the thermal forces arising from the electron
and ion tempereture gradients of the background plassma.

Achievements: Outline the role of impurity - hydrogen
ion friction in determining the impact energy of
impurity 1ions at the target pletes. Quantitative
assessment of the conditions for formation of
sel f-sputtering impurity avalanches, taking into
account the difference in ionizetion state &t the
electrostatic sheath entrance between impurities
diffusing out of the bulk plasma and those produced by
sputtering et the target plates. Demonstrate the
importance of the thermal forces onto impurities
arising from temperature gradients of the background
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plasma for the impurity flow in the scrape-off.

{dY BRALDUR-code (developed by PPPL) for the plasma
transport perpendicular to the flux surfaces, extended
by us through inclusion of plasma-wall interaction
models and finite rate description of the impurity
ionization stages.

"Achievements at TPP: Clarificetion of necessary
conditions for formation of & protective radiation
layer in the outer plesma layer. Demonstrate

impossibility of producing such rediation layers with
low-Z impurities in fusion plesmas f(even taking into
account non-corcnal effectsy.

(e} 2-D model for hydrogen~plesma dynamics in the
scrape~-off layer. Parallel rplesma flow and energy
transport a2s in model (k) combined with perpendicular
perticle diffusion and electron and * ion * heat
conduction.

Status: Comparison test runs with similar cede - though
independently develcoped and differently implemented -
by B. Braems, showing good &greement.

(f}Y DFGAS - & two or three-cimensional Monte Carlo code for
the dynamics of neutral molecules and atoms (developed
by PPPL} including the interaction with walls and with
a given plasme.

ftatus at TPP: The MSDEX divertor geometry has been set
up in the code and stand-a2lone celculations for the
hydrogen end helium cées dynamics in the target chamkber
have been carried out for pre-set plesme conditions.

Plenned extensions:

{¢) Combined reuvtral particle - plasme scrape-off
calculations. The availeble 1-I screpe-~off plasma code
{case (b)Y of previous section) will be combined with
DFECAS. Tmmediate eim is the quantitative simulation of
the RACDFX scrape-off dynemics, using redundencies in
the available experimental information (nevtral
pressure measurements and scrspe-off density and
temperature measurements at different positions along
the field lines) to dctermine algo unknown well
propertics.

{h) Extensgion of the 7-I plrsma scrape-off plasme model. At
present calculetions are done in & rectangle; the code
will bhe converted to the true scrape~-off geometry.
Fundemental theoretice]l work is needed to clerify the
cornnection brtweer rnomslous diffusion cocfficients and
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the components of the eslectrical conductivity tensor,
as well s the need of concurrent solution eof én
eauation for the tuwo-~-dimensional current distribution
in the scrape-off,

fcy 2-D impurity transport medel. Fxtension of the 1-
finite rate timpurity trensport medels to b -1
sitvation ere planned to stuvdy impurity trensport in
the scrape-off 2nd #lso in certain gituvations in thse
bulk plasme, where two~cdimensgsional effects are to be
expected (e.g. Iimpurity iniection experiments or
neutral injection - induced C¥ recombination).

|y
D

7.2 Helium Pumping

Investigations spurred by the INTOR study have shown this
to be 2 crucial and far from trivial problem. [ Besides the
obvicus particulerity , that in » fusion reactor helium will
have a2 source in the center, the lack of charge exchange,
the high ionization enerqy, and its relatively low mass
combine to meke its recycling beheviour different from both
that of any other impurity and of hydrogen. Monte Carlo
calculations with the DFCAS code indicate that these
differences will play @ much more decisive role in an open
divertor cese than in & geometry 1like ASDEX, where the
smellness of the entrance slits alone ensures alreacdy a high
hel ium compression ratio. Recent investigetions of the
impurity dynemics in the screpe~off heve, furthermore, shown
that in addition to the fricticen force execrted by the
hydrogen plasmr flow, thermal forces arising from
temperature gradients cen heve & comparative and opposing
effect, retarding therehy the helium ion flow into the
pumping chamber.

These theoretical results wunderline the necessity of
aguantitative experiments on MEDEX UG to form & basis for
NET, The ©principal prohlem in any releated experiment
consists in determining the helium ion content in the bulk
plasma. Further studies will have to show, whether this
number can be determined with sufficient accurscy from
globel balaences &and measurements of the neutral helium
pressures, whether the helium behaviour can be simulated by
using the better diagnoseahle neon, whether significant
information about & -particle transport could be derived
from the injection of fast neutral helium atoms, and to what
extent special diagnostic methods need to be developed.
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7.2 Pellet Refuelling

Even for only modest reduction of the hydrogen recycling
rate below 1, plesme density profiles and - in a reactor -~
the ratio between hydrogen to helium pressure in the pumping
chamber cen be significantly affected by depositing part of
the refuelling flux.deep in the plasma.

Pellet refuelling would &also be & necessary for =
low-density, high-temperature scrape-cff layer regime, which
is presently considered less promising than the high density
plesma boundary. In this elternative regime, most of the
particles diffusing out of the bulk plasma are assumed to be
trapped in the target chamber and ultimetely pumped. 1In
combinatior with deep refuelling of the hydrogen, it is thus
hoped to suppress CX sputtering, and to reduce - for a given
plasme density -~ the absolute megnitude of the particle flux
that has to be pumped. . .

Pellet injection might finally also be a powerful method
to extend the presently observed density limit in tokamaks,
in caese this turns out to be linked to the recycling fluxes
in the boundary zore or in any other way to the plasmea
boundary density: keeping the latter parameters constant,
pellet refuelling would allow to raise the peak and average
plasma densities,.

Tt is presently not decided whether eny of these
arguments will finally lead to the use of pellet injectors
in 2 resctor, although most of the beneficial effects could
already be obteined with a fairly shalleow penetration depth
of peliets, which only needs to be reised by a significant
factor over the gas-puff refuelling Jlength. » still open
guestion 1is 2lso whether pellet ablation results in
effective in-situ ionization of the ablated atoms, or gives
rise to & significent fraction of fast CX neutrals. In the
latter case, suppression of C¥ sputtering would obviously
require a deeper pellet penetreation.

Moption of pellet injection on 2SDEX UG and selection of
injector parameters thus still depends on resvits of further
experimental and theoreticel work. Fxperiments are
proceedina on ASDEX; or the theoreticasl side the BALDUR
transport code has been extended to ellow an  arbitrary
fraction of the #hleted hydrooen stoms to be started =g
neutrale,

Fellet indjection has also shown to he & powerful tool for
ective plaeme dieagnostics.



FPEDFX-UPGRADRE 145

7.4 Current Drive

Norn-inductive current drive, considrred to he essential
for extending the tckamek reactor pulse length bheyond the
1000 sec ranae, will bhe studied #lready on ASDFYX and TCORF-2,
using Jower hyhri? yaves. Most of the brsic physics issues
currently under ‘inV€stiqaticn {criagin and parameter
dependence of the observed density limit; explenstion for
the 'filling up' of the electron distribution in the region
below the nominal phase velocity of the injected lower
hybrid wave) will presumably be clarified by the time of
‘coming into operation of ASDREX UC,

However, even below the density 1imit, the observed
current drive efficiencies as reported &t the Baltimore
conference, follow the relsation

IF:LH S in '“’,:l—"'_'R" [_m.k.s.]*] ) *

which, after insertion of the nominel INTOR vyvaslues, would
predict a continuous LP power requirement of nearly 600 MW.

The presently most realistic scenarios therefore involve
8 cyclic veriation in the plesme density, with the low
density phase used to drive the plesme current hy LH a q
ainst an externally applied electric field. This 1is,
of course, equivalent to & re-charging cf the 0B transformer
coil {utilizing also of that part of the storable flux which
during the first cycle is recuired to cover the inductive
flux consumption of the plasme), which cen subsequently be
used for & conventionel, inductive drive of the plasmsa
current in the operation - density phase. (2s the dependence
on plasma Aensity is common &elso to other current drive
methods {(e.g. N.T.), such scenarios, possibly involving also
cyclic variations in the z’ﬂ. , are of quite universal
interest.)

Bzsic redquirements on the tokamek system for & proof of
the principle of such scenerios are a very long pulse
duration at somewhat reduced paremeters, and the capability
for cyclic density wvaristion as inherent in & divertor
cdevice,

Fvelvation of the ahove expression for the efficiency
shows that a LH power of approximately 2 MW should suffice
to drive a plesma currert of P00 kA even for densities up to
72 x lf'grfj . This current would correspond {at g = 2} to a
magnetic field reauirement of 1,2 T, and a1l three
parameters (heatina power, plasme current end Ry Y are
consistent with D.C. orperation of the ASDEX UG  tokesmak
system.
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Further details, particulerly of the current drive
system, will depend, of course, or the outcome of the
experiments on ASIEX &and elsewhere, and results of the
theoretical effort alsoc in course at IPP.
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f. furvey of Diagnostics

The survey of diagnostics as given below served up to now
exclusively two purposes: firstly to ajust the tokamsak
system design to diagnostic needs and secondly to activate
possible support by other experienced laboratories for
development and application of special diagrostics on ASDEX
UG.

The diagnostics for 2SPEX UG can be divided into two
categeries:
~ Investigation of the bulk plasma;
- investigation of the boundary layer and divertor region.

2 survey over both areas is given by the following two
tables, Nearly all diagnostic methods are well proven,
although some of them need development or adjustment to be
applied in 2SDEX UG. The tokamak system, in particulaer the
vacuun vessel, has been designed compatible with the
requirements of these diagnostics. This 1is indicated by
denoting the location of the single diagnostic method in the
tables., (Names of the ports see Fig. 8.1.) As an example the
arrangements of Thomson scattering for measurement of T, -~
and n, - profiles are shown in Figs. £.2 and 8.3,

The total amount of data which have to be acquired and
handled for the cuoted diagnostic smounts to 10 M bytes per
discharge (i.e. ©® x 108 real numbers).

The diagnostics enumerated below is sufficient and
capable in order to investigate the physical problems and
aims of AFDEX UG.
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Table 1: Plasma bulk diagnostics (A)
(larger development required yes = ¥, no = N)

Fommm o e e e o N +
I lQuantity to IDiagnostics ! f Location I
| |be measured ! | l |
o e e o e e s e +
| | | | | |
IA 1]|Current | Tnduction | | Inner Wall |
| ! |probes | | of the vacuum |
o e e Fom e e e e +———t vessel I
IA 2|Loop Voltage |voltage loops . | | |
o e e o s o e +
IA RIMHD acti- Ismall probes | | |
| lvities | | | |
Fom e o e s T +
fA 5|Electron Imicrowave in- | ¥ I inner wall of the|
| |édensity lterferometry l | wacuum vessel |
IA A |FIR inter- Y | 7 (EC/EU+DC/DU) |
| | | ferometry | | [
1a 7| |Thomson } ¥ | 13(DO/DU+EC/FEU,2) |
| | | scattering | | |
o o e o +
|A 71Electron | Thomson I N | |
| | temperature |scattering ( ! |
1A 8! |[ELFCTRON CY- PN | 2 A |
| | fclotron emission]| | |
o e e s T +
A ¢|Ton tempera- lcharge exchange | Y | 1 (GC + A) |
! |tature Ineutrals I I ]
+———t o e e T +
IA10] IVUV-/ soft X-rayIN/Y! 9 (A + CO) |
| I |spectroscopy | | |
+———t o s T +
2111 ! { | !
|1a121 nevtron diagrn. | N | outside of torus]|
o ————— S S +
IA13] total radi- !bolometer Iy | 5 (A + CC + cu)y |
I |ation |cameras | | |
4t o e e T +
1A14] lsoft x-ray 1y | |
! ! lcameras I | |
4ot e e T +
tal5]| lhard x-ray I' N 11 A I
| ! |detectors | |
Fom e o e O T T +
|R1flgross over- |photograrhic ' N | 2 (CC + CW) |
| |view [@diagnostic | | !
! [ l(visible reqion)| | |
4t Fo e +
Ia17} JIR-TV camerea I N | 3 (CcO + CU)
Fom e e B B +
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in18]
| Iparticles |
energy depo—! FIR collective
| lsition and
f l1transport
f——t

fA211

(fluctvations)
Imicrowave
lscattering

Fom e o TS
I IQuantity to |Diagnostics

| Imeasured [

e o e e e T T P
! I !

IB 1lelectron den-{Langmuir

] lsity & temp. Iprobes

IR 2] Imicrowave inter-
l | | ferometry

B 2| IThomson scatte-
l I IRING

IR 4] lithium beam

] | ldiagnostics
s S o
IB 5lion tempe- [charge exchange
I [rature Ineutrals

F e e e e Ao e
IBA|limpurity atoms!spectroscopy

! land ions !

et o e e e
IR 71 [laser fluoresc.
! | Ispectroscopy
e e e e
|B €lneutral hy- Ispectroscopy of
| ldrogen |H, B2

ot e
IB 9| |fluorescence/ab-
! ! labsorption of

f | 'Ly /Hx ‘
+———t o e e e e e
IR 8] ICharge exchange
| ] Ineutrals
TR T TSR —
IBl10ldivert.plates|thermography

| lheat shield |

+———4 e e e e e e
fB11] [thermo couples

1 I |

et

transport oflpellet injection!

IThomson scatter-—|

!

Y

inner wall of the |

vacuum vessel

___________________ +
(B)
___________________ +
Location !
l
_______ J....,.____.._»......_...-‘.
fast moving
inside vacuum
vessel
12 (Co/Cu)
SEE BALSO A 7
___________________ +
16 (Co+Cu) !
11 (Co+Cu) ]
~~~~~~~~~~~~~~~~~~~ +
15 Cu !
!
___________________ o
9 (Eo/Fo |
+ Cu) |
~~~~~~~~~~~~~~~~~~~ +
|
|
___________________ +
7 Co |
3 {Eo+Fu) |
|
___________________ +
!
|
___________________ +
A ]
|
~~~~~~~~~~~~~~~~~~~ 4+
mounted on |
div. plates !
___________________ +
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IB12| |divertor plate | Y | 13 (FU) |
! ! I probes | | : |
Fom e o e o e e +
'BEl12lplasme~wall Iwall probes | ¥ | inner wall of I
l linteraction | | | vacuum vessel |
+———t Fo e ————— s e et +
| | | I | !
IR141 |[vacuum ports | Y | 14 (Cu+Co)

+e—t o e e +
I | l | ! I
IB1&| |removable parts | Y | 12 Fo |
| | lof divert.plates| | |
Fo e L T T —— s T +
IR1flgas pressure |pressure probes | N | no separate |
| lin divertor | | | port |
e o s e +
[B17] lguadrupole mass | N | no separate 1
| l | SPECTROMETER | | PORT - + |
s ST A L et +
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13- Co:
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13-Cu
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9, Control, Dats Prguisition and Date Handlinag

The control and safety system of the tokamak machine and
components shall be 25 direct and redundant as possible and
with the least interlinkage with the deta processing system,
Disgnostic data recuired for (feedbeck) control shall be fed
into two channels, one serving the control input, the other
the dets acouisition system. The control and safety concept
shall be conceptually worked ocut by an experienced
industrial company.

The deta acquisition and hendling system is presently
designed by the IPP computer centre supported by experts
from ASDFY and ¥ VIT. It has to handle up to 1C Mbytes from
30 diagnostics for each discharge. The present c%ncept
foresees essentially & two-stage system. The first stage
loceted st the experiment provides each diagnostic with
adecuate processing mocdules (c.g. CMMAC Crates) for data
reception, ordering, reduction and eveluation by minor

computetions., Fach meodule is equi pped with edequate
computing facility , terminal and displey, and eventually
with plotting facility. Limited storege will also be

provided.

211 rew deta are transferred by fest transfer 1lines to
the computer centre (second stage), where the dete are
ordered, stored and eveluerted by larqger progremnmes znd
filed, the majority within the 5 to 10 min intervels between
discharges. For this purpose & rpowerful computer (Siemens
7.P80) is aveilable,

Fach terminel at each dizqgrostic processing module allows
to comnunicate with the local computer 25 well as with the
central computer. Timing, triggering end 211 necessary
control, including automatic control, has to be provided
there. Frpch diagnostic processina medule shouvld bhe ceapable
of workinag inderendently from any other diegnestic module or
any other computer, and eventuvally independently from the
tokamak operation.

tne sufficiently simple and  well  documented scftware
system shell be provided which applies teoc eachk processing
mo?ule oand local cemputer as well 25 to  the central
computer. The date file system bes certainly to cover 21l
dirsqgnostic settings, timirg ené gavae factors.
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