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ABSTRACT 

TORE SUPRA is a tokamak under construction on the site of CEN CADARACHE by the 
EURATOM-CEA association. The machine technology integrates all problems related to the 
fabrication and the operation of large superconducting coils and of the associated cryogenic 
system. TORE SUPRA will provide a significant experience to prepare the next generation of 
machines for plasma physics and controlled fusion. TORE SUPRA is specially designed to 
implement a large physics program. The superconducting coils make possible the study of plasma 
confinement in long pulses (more than 60s), the impurities and the stability, and the efficiency of 
additionnai heating sources (neutral particle beams and radio frequency heating). 

The opportunity is taken to recall the particular features and requirements of the 
superconducting coils of the large future tokamaks in order to point out the problems that have 
to be faced by any new material (superconducting or not). 

1. MAIN GOALS OF TORE SUPRA 

The Tore Supra tokamak is being built in the Centre d'Etudes Nucléaires de Cadarache, by the 
Euratom-CEA Association, under the management of the project leader R. Aymar. 

While integrating a large cryogenic system and operating a superconducting magnet system 
of size relevant to the reactor. Tore Supra can answer physics questions complementary to those 
considered in JET, thanks to the possibility of operating with much longer discharges. Tore Supra 
takes advantage of its superconducting character to permit long pulse operations (30 -120 s). This 
opens a new field of investigation for the study of plasma confinement, heating methods, 
impurity control and stability. Fast neutral injection, limited to a few seconds will be mainly used 
during the start-up phase of the plasma discharge. The main emphasis in additionnai heating is 
put on ion cyclotron resonance heating (30 - 80 MHz) and lower hybrid resonance heating 
(3. / GHz). Eventually this method will be used to sustain a plasma current. 

The parameters for the plasma expected in Tore Supra depend on the physics program and 
on the heating method. They are typically : a density of 5.1013 to 1.5xl01 4 c m 3 and a temperature 
of 5 to 7 kev. 

2. MAIN CHOICES AND OVERVIEW OF TORE SUPRA 

As any tokamak, Tore Supra possesses two coil systems : the toroidal field coils which create a 
static guiding magnetic field, and the poloidal field coils which induce the current in the plasma 
loop and maintain it in equilibrium. Not to intricate problems only the toroidal field coils are 
made superconducting in a first step. 

The constraints imposed on the use of superconducting coils come from the superconductor 
itself and from the Tokamak environment. 

1) The performances of superconductors are limited by the maximum magnetic field in the 
conductor and by the maximum value of the current density. Parametric studies have shown 
that the optimum value for a conceptual reactor may be 8 to 10 teslas on the conductor. The 
value of 9 teslas was chosen for Tore Supra to make it representative of the technology of 
future large devices. This implied a cooling of the niobium titanium (NbTi) superconductor by 
superfluid helium, a new technique which, once demonstrated on Tore Supra, can be readily 
used in reactor size magnets Though higher at this temperature, the limit on the current 
density still imposes a minimum size to the magnet, once the magnetic field is chosen - i.e. 
once the total magnet current is required. 

2) The second severe limitation comes from the Tokamak variable fields. In Tore Supra, like in 
any Tokamak configuration, the plasma current rises fastly to some pre-set level - here to 
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1.7MA at a rate of 107 As- 1 and later decays to zero. In addition, uncontrolled plasma 
behaviour in the present state of Tokamak plasma understanding may cause the plasma 
current to disrupt abruptly, thus producing extremely fast field variations. The eddy currents 
induced in the coil by the variable field could release enough heat to bring the conductor 
back to normal state, causing a quench in the superconducting coil system. Such problems 
imposed to reduce the losses in the conductor by properly designing it- optimization of the 
stabilizing matrix - and by shielding it against the fast field variations. They also imposed 
improved cooling by pressurized superfluid helium. 

The desire to build a high field superconducting magnet providing a meaningful experience 
for the next Tokamak generation, has led to choose niobium titanium (Nb Ti) as a 
superconducting material. The implication of this choice is that the Nb Ti superconductor has to 
be cooled to superfluid helium temperature around 2K. Accordingly the cryogenic system had to 
be consistently designed and, whenever the technique was not readily available, developed. 

Another choice was to thermally insulate the superconducting magnet by putting it in a 
vacuum chamber, and to have two distinct volumes for the magnet and for the plasma. This has 
led to the construction of two nested toroidal vessels, the intermediate volume of which is the 
evacuated magne: cryostat. To further reduce the heat losses,the 2 K superconductor is protected 
by cooled isothermal surfaces : a 4.5 K,thick stainless steel casing which also serves as a 
reinforcement for the winding, and 80 K radiation shields on either side of the magnet. 

The machine is composed of identical modules representing 1/6 th of the full torus. The 
modules, assembled separately, contain the complete succession of nested toroids : inner vessel, 
inner thermal shield, magnet sector, outer thermal shield, outer vessel. It has been decided that 
after assembly, each toroid would behave as a rigid torus, so that forces acting on it are self 
restrained. The implication - and the advantage - is that only the weight has to be supported by 
elements at different temperatures. 

The poloidal field coils inducing the current and providing the plasma loop with an 
equilibrium, are all connected in parallel. This eases both the construction of the device and the 
control of the plasma position but at the expense of difficult switching problems. For economic 
reasons the induction transformer retained had to be an iron core circuit. 

The pulsed operation of the plasma current discharge dissipates heat in the toroidal magnet 
in a discontinuous manner. To optimize the refrigeration plant, extensive use of thermal buffers 
has been made, in order to average curt the power spikes. For this purpose large volumes of liquid 
helium are provided in the coils thejBsery.es ancfin external ballasts. 

To help carry out the experimental program, it has been considered important that the access 
to Tore Supra plasma be confortable and that the operation of the machine be reliable. There will 
be twelve observation sections around the torus. The number of coils in the magnet has been 
reduced to 18 so as to enlarge the observation ports. All cumbersome équipement - heat 
exchangers and ballasts - have been moved as far as possible from the diagnostic area. 
Concerning reliability, every new technical solution has been thoroughly tested before 
introducing it into the Tore Supra design. 

http://thejBsery.es
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TABLE I - TORE SUPRA MAIN CHARACTERISTICS 

Plasma major radius R0 = 2.25 m 
Plasma minor radius a = 0.70 m 
Overall diameter of TORE SUPRA 11.5m 
Overall height 7.2 m 

Vacuum vessel internal bore 1.80 m 
Weight of vacuum vessels and shields 501 

Toroidal magnetic field at R = R0 (plasma centre) 4.5 T 
Maximum magnetic field in conductor 9.0 T 
Toroidal field coil mean diameter 2.60 m 
Average current density in winding 40 MA/m2 
Operating current 1400 A 
Weight of superconductor ~« t 
Total magnet weight ~1©t 
Total magnetic energy 600 MJ 
Number of coils 18 

Plasma current 1.7 MA 
Typical discharge duration 30 s 
Repetition rate 4 mn 
Vertical field at R = R0 0.45 T 
Total flux swing at R = R0 21 Wb 
Flux available for current plateau 8Wb 
Total ampere-turns in ooloidal coils 10 MA 
Weight of induction coil 561 
Weight of magnetic circuit 8301 
Rectified power 240 MVA 

Refrigeration power at 80 K 40 KW 
at 4.5 K 650 W 

• 100 lh-' liquid helium 
at 1.75 K 300 W 

* A complete technical description of TORE SUPRA appears in the report EUR-CEA-FC 1276 
(Août 1985) 

3. THE CONDUCTOR AND THE COOLING SYSTEM 

In the winding, materials with mechanical, electrical ?nd thermal properties highly different 
are coexisting : the conductor, the cooling fluid, the insulating materials, the reinforcement 
structure. The choices result from compromises between several contradictory requirements 
regarding : mechanical rigidity, high stability, low losses.high field, large current, high current 
density, safety margin and protection, cooling, insulation ... 

The solution taken for Tore Supra can be envisaged for future reactors. The superconducting 
alloy Niobium-Titanium is reliable, its fabrication in large quantities is well developped on an 
industrial scale. When cooled at 1.8 K and 1 atmosphere, high fields can be operated safely. For 
maximum fields on the conductor in the range 9 to 12 teslas, figure 1 shows that the conductor 
for Tore Supra presents critical current densities comparable to the current densities achieved 
with Nb3Sn cooled at 4.2 K (recent improvements are indicated). In addition to providing the 
required temperature, the superfluid helium under atmospheric pressure offers out-standing 
properties for heat conduction which allows the total enthalpy between 1.8 < and T v {2.16 K) to 
be fully available (around 3x 105J/m^) to stabilize the conductor against perturbations. As a 
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FIGURE 1 

Typical current densities in vanous superconducting material 
1 NbTi 
2 NbTi 
3 NbTi 
4.5Nb3Sn 
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FIGURE 2 

Stability limits and critical current for Tore Supra conductor cooled by normal liquid 
helium and by superfluid helium 
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matter of fact this original technical solution could prove to be the most convenient and the 
cheapest for the large f ur» machines. 

In order to rru » a compart winding with a good overall mechanical behaviour, while 
reducing ac losses an,, increasing the cooled perimeter, we have come up to the choice of a 
rectangular monolithic conductor wound edgewise in double pancakes. The superconducting 
filaments are made of Niobium-Titanium. This alloy is drawn in a mixed matrix of copper and 
cupronickel, so as to limit ac losses by the resistive cupronickel barriers. The copper plays the 
double role of ensuring stability and the limitation cf the temperature increase in case of an 
accidental quench. Thanks to the use of He II, the copper amount is noticeably reduced which 
results is a quite high average current density in the winding (40 MA/m2). 

TABLE II 

; Superconducting alloy 

I Composition (%) 

Dimension (mm)s 

Filament diameter (p) 

Filament number 

Twist pitch length (mm) 

Copper resistivity ratio 

Specified critical current at 4.2 K, 9 teslas 

The outer surface of the conductor that is not in dirt«.t contact with helium is strictly limited 
to the required areas for electric insulation between turns and for the transmission of the 
electromagnetic forces to the outer thick casings. 

At the bath temperature (1.8 K) the critical field is 13.5 T when it is 10.6 T at 4.2 K. For the 
nominal current (1400 A) the maximum field on the conductor is 9 teslas. At this value, the 
conductor satisfies stability requirements of two kinds. -r ^ 

a) In case of a plasma current disruption, the conductor is subjected to variablelields around 
0.6 tesla with an associated time constant limited by the current induced in the steel 
casings to 10-20 ms. The conductor must not reach, at any point a temperature greater 
than the current sharing temperature above which the current could transfer into the 
copper with a resulting joule heating. 

b) In case of a sudden temperature increase, caused by an accidental perturbation of any 
origin such as mechanical (microslip), magnetic (flux jump) or from a strong local 
irradiation, the temperature can jump to a value above the critical temperature. All the 
current is carried by the copper. Recuperation is possible up to the following typical 
values : 30 K for a localized perturbation under one spacer, and 15 K when a pancake is 
totally affected. 

Extensive tests of this conductor were carried out in a steady field as well as in a varying 
magnetic field for conditions more severe than those expected in Tore Supra. For example, 
superconductivity was lost and a quench was obtained in a background field of 9.4 T with a 
transport current of 1840 A, only when variable field with a 10 ms rise time, reached 1 T parallel 
and 0.35> T perpendicular to the conductor, while the values expected in Tore Supra will reach 
only 9 T, 1400 A, 0.65 T and 0.2 Tin 10 ms respectively. From such tests, it was estimated that the 
safety margin is suitably large. 

NbTi (46.5) 

NbTi : 29, Cu : 64, CuNi : 7 

(mm)2.8x5.6 

23 

11000 

53 

100 

1400 A 
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Besides the stability tests against distributed energy losses, conditions for safe operation of 
the superconducting winding were experimentally assessed in case of a large localized energy 
dump inducing a local transition to normal conducting state. The two limiting cases are then 
either a recovery of superconducting state or a spreading out of the induced faulty zone to the 
rest of the winding. 

Figure 2 shows these stability limits for the Tore Supra winding, at 1.8 K and 0.1 MPa for two 
energy inputs : 100 mj and 2500 mJ. For the purpose of comparison, the two similar limits are 
shown when the same winding is cooled by boiling helium at 4.2 K. These results show that the 
pressurized superfluid helium bath is far more efficient than normal helium : 

This technique allows the niobium-titanium superconductor to carry a significant current 
in fields reaching 11 and even 12 teslas. 
The current capability can be more than doubled for field less than 10 teslas. This benefit 
is due in part to an increased critical current but mainly to the considerably higher heat 
transfer at 1.8 K. 

After the fabrication and tests of prototype lengths, and the completion of the qualification 
program (including a test stand facility operating at 10 teslas, 1.8 K, and a model coil coil at the 
scale 1/2) the order was put for 494 lengths of 640 m of conductor corresponding to 19 coils (18 
coils + 1 prototype coil). The raw material (NbTi) was delivered by Teledyne Wah Chang (USA). 
The fabrication of the lengths of conductor was shared between two european companies : 
Vacuumschmelze in FRG and Alsthom Atlantique in France. 

After a comprehensive control program at Saclay, the lengths were delivered to the company 
Ansaldo (Italy) for the winding and ceil fabrication. 

4. THE TOROIDAL FIELD COIL 

The number of coils is 18, value for which the magnetic field ripple remains acceptable, while 
12 observation ports as large as possible are supplied. 

4.1 Description of the magnet 

The 18 coils composing the toroidal field magnet are designed to form a complete and rigid 
tcrus after assembly : only the weight is transmitted to room temperature through 6 feet. 

Each coil windinc is encased in a strong stainless steel casing which provides most of the 
mechanical strength. The 18 cases form an inside and an outside vault which withstands the 
centripetal forces produced by the toroidal field. 

Figure 3 shows one module of 1/6 th of the magnet. It is made of two parts : the inner vault 
(or coil nose) is massive, the outer one (or coil ears) is made of a divided structure. The coils are 
electrically insulated from each other by glass-epoxy p'ates while being mechanically locked by 
insulated shear keys. The 18 coil cases can withstand the torque produced by the interaction of 
the winding current with the vertical field of the poloidal system. 

Besides the strength, the thick casing acts altogether as a separate vacuum envelope around 
each coil, as a barrier against a possible helium leak, and as a magnetic shield against fast fieM 
variations (20 ms time constant). Actually the casing happens to dissipate most of the energy 
deposited in the coil : it is therefore separately cooled by a supercritical helium flow at 4.5 K and 
1.5 MPa. The benefit is of course that the power requirement on the 1.8 K refrigerator is 
decreased. 

A cutaway drawing of the coil, on Fig. 4, shows the 4.5 K cooling channels in the casing, along 
with the other elements of the coil. To insure the thermal insulation of the 18 K winding from its 
4.5 K case, new insulating materials have been developed, using alumina powder as a fiiler in a 
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polyimid matrix. The material selected has an acceptable resistance to compression stress, is a very 
good thermal insulator at a temperature below 5 K, and possesses besides the very useful 
property of being a poor one near room temperature. 

The superconductor winding itself is made of several pancakes of conductor wound on the 
small edge. It is made as rigid as possible, especially in the radial direction, in spite of the large 
void volume filled with superfluid helium and acting as a thermal buffer. Each turn is electrically 
insulated with a preimpregnated glass-fiber-epoxy tape, co-wound with the conductor. A length 
of conductor (625 m) ailcv.s the winding in double pancake. The connexions are located on the 
outer part of the coil, in a low field and reduced stress region. 

The pancakes are separated by insulating spacers which provide in addition the mechanical 
cohesion of the winding, while securing a very large volume of helium in direct contact with the 
conductor. These glass-epoxy spacers are distributed on a perforated foil to permit heat 
conduction in the superfluid helium from one side to the other. The finished winding is heated to 
get the polymerisation of all preimpregnated parts and achieve a rigid (although helium filled) 
coil. 

The helium distribution around the winding, and the mechanical support of the winding 
inside the thin casing are provided along the inner and outer radius by a number of glass-epoxy 
chocks and along the sides by thick spacers. The global electrical insulation to ground (the thin 
casing) is obtained in wrapping the winding with preshaped glass-epoxy pieces. 

Care is taken to provide a final compressive state to the winding when cooled down : this is 
achieved through compression at room temperature during assembly and welding of the thick 
casing, and through differential contraction during cool down. The low thermal contraction 
parallel to the glass fibers makes the completed coil to be in a state of prestress after cooldown. 

4.2 Thermal loading 

The energies dissipated by eddy currents at the various temperature levels are : 

Winding at 1.8 K Thick casing at 4.5 < 

Normal poloidal cycle 30 kJ 300 kJ 
Plasma current disruption 40 kJ 1.2 MJ 

(heating to 1.85 K) (heating to 8 K) 
-' Slow charge or discharge 200 kJ 50 KJ 

of the coils (30 mm) 
Fast safety discharge 565 kj 6MJ 
(14s) 

Most of the ac losses are dissipated at 4.5 K. In the winding at 18 K, the total volume of 
helium II is 3.15 m* which makes a 850 kj enthalpy available in the superfluid up to T v A safety 
discharge does not lead to a transition. 

4.3 Considerations on insulation strength 

In normal operation, the voltage is null. Accidentally, high voltages can take place. For 
designing the insulation, we have retained a maximum voltage of 5 kV across the coil and wth 
respect to ground. Numerous tests havo been made in helium gas at room temperature and 
atmospheric pressure. They have shown flash over breakdown voltages to occur for about 
100 V/mm. All distances along insulators have been determined accordingly. 

4.4 Forces and stresses 

a) The toroidal magnetic field acts on each of the 18 coils in the form of a magnetic radial 
pressure, on account of the important decrease of the field as 1/r, along the coil 
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circonférence. This pressure results in a total force of 12.S MN towards the torus axis 
giving rise to a compression of the vault. In the inner vault, the force of 31 MN art almost 
entirely withstood by the collars of the thick casing. As a result, the insulating 
components between coils are highly stressed in compression in particular close to the 
outer collar. The thick casing has been specially designed to keep at an acceptable level 
the stresses developped in those insulating parts. 

The radial magnetic pressure is partly supported by the hoop tension in the winding and 
partly by friction on the flanges. This part is transmitted to the thick casing through the 
insulating chocks. 

The hoop tension shares between the winding and the casing as a function of their 
respective rigidity in this direction. The conductor is submitted to a maximum tension 
stress of 100 MPa. 

The axial magnetic pressure results in a high compression which tends the winding to 
reduce its thickness : in order to prevent the winding from disjoinning from the casing, a 
banding has been provided in this direction. 

b) The poioidal fields arts on the toroidal field coil system in the form of two opposite 
torques around the torus axis. 
The torque resultant on the upper half or lower half of the torus can amount to 99 MN.m 
in case of a plasma current disruption. The torsion gives rise to a shear between coils. The 
efforts are held by a system of insulated keys located in the planes between coils. The 
system of the 18 coils are thus completely interlocked. 

5. THE CRYOGENIC SYSTEM 

The various weights to cool are the following : 

50 tons of superconducting composite and other elements at 1.3 K, 
120 tons of stainless steel thick structure at 4.5 K, 
and around the coil a 201 stainless steel radiation shield cooled by helium at 80 K. 

In addition to the heat loac in the bath at 1.8 K produced by the variable fields, 150 watts are 
dissipated by conduction in the insulating chocks between 4 5 K and 1.8 K. The main option is in 
normal operation to get a duty cycle of about 4 minutes, and no more than 30 minutes 
recuperation time after a plasma current disruption. 

The superconducting winding is put inside a completely closed volume filled with superfluid 
helium, which provides an integrated thermal reservoir, the temperature of which fluctuates by a 
few tenths of a degree during energy dissipation inside the conductor. A long pipe connects it to 
a safety valve and to a heat exchanger, where evaporation of liquid helium at low pressure 
provides the 1.7 K cold source. The same pipe encloses the coil current leads. The total amount of 
Hell is about 5 m3, including 3,2 m3 in the windings. 

The 300 W helium II refrigerator supplies the 1.7 K cold source. In normal operation the 
refrigeration power will oscillate slightly around its nominal value, following small changes in the 
cold source temperature. 

The 1000 W helium I refrigerator supplies the refrigeration circuit of the thick coil casing. This 
strong casing designed to improve the mechanical strength of the coil winding provides 
simultaneously a magnetic shield, damping the fastest field variations by eddy current. The 
energy dissipated by varying field, during normal operation or during accidental plasma 
disruptions, is by far larger inside the coil casing wall than inside the winding itself. It is thus 
interesting to cool the coil case at a higher temperature (around 4 3 <) and to quickly transfer the 
resulting large heat pulses to large thermal buffers. The buffers filled with liquid helium acting at 
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7-Safety valves 
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constant volume is connected to each coil casing individually through a supercritical helium flow 
at 15 MPa and two heat exchangers (one upsteam and the other downsteam of the casing). The 
refrigerator thus works at almost constant power, to maintain the buffer temperature at a 
prescribed level. 

Figure 5 shows the location of the different components inside one of the three cryosatellites, 
regularly located around the torus. Each one of them feeds two adjacent modules, i.e. six 
superconducting coils and their radiation shields. In the satellite are located the following 
elements : 

in its upper part, the current lead cryostat and the thermal buffer filled with 1500 I of 
liquid helium for the coil casing cooling circuit, 
in its lower part, the cold source at 1.7 K and the safety exhaust valves 
in its central part, the cryopipe connexions to the coils, to the cold boxes of the 
refrigerators and to the pumps on the saturated superfluid helium exchangers. 

In such an arrangement, each coil is provided with its own cryogenic supply : during a coil 
quench, propagation to other coils is forbidden. During cool down, the same amount of heat 
power is removed from each coil through the use of exchanger - dividers. 

At the level of 80 K, the averaged required power is 1T kW. This value can increase to 30 kW 
during the baking process at 250°C of the vacuum vessel. 

The refrigerator and the satellites have been manufactured by the company Air liquide and 
the cryogenic lines by the Société Dauphinoise de Mécano Soudure. 

6. CONTROL OP THE TF COIL CURRENTS (fig. 6) 

The total self inductance of the 18 coils is 613 henrys for a stored energy of 610 MJ at the 
nominal current of 1400 A. The magnet is charged in about 30 minutes with a voltage of 500 V. A 
second power supply provides the regulation with a voltage of 50 V. 

The current increase rates are determined to keep as small as possible the differences in 
current among coils. 

The current decrease can be made by the power supply in 30 minutes. 

The "semi rapid" discharge is ordered in case of a serious incident which could lead with time 
to a transition of a superconducting coil. The time constant of the discharge is 3 minutes. 

An accidental transition implies that all precautions are taken on account of the low amount 
of stabilizing copper, of the stored energy, of the high voltages and of the increasing helium 
pressures. 

The system is composed of 18 dump resistors (R$ = 2.5 Q) put in series with the coils in order to 
force the currents to remain equal in each coil. However, a set of 5 H parallel resistances plays a 
beneficial role in case of a non simultaneous opening of the switches, to keep acceptable the 
resulting high voltages. 

The series and parallel resistances are determined : 

- to limit the voltages across a coil to 3500 V, with i 1750 V to ground, 
to limit the "theoretical hot spot" temperature to about 170 K, 
not to get a transition of the "sound coils" due to ac losses in the windings during the 
discharge. 

The discharge time constant is 14 seconds. Experiments on propagation of initiated normal 
zone have been carried out at Saclay at temperatures near and abobe T v They have shown the 
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considerable role pi eyed by the helium first in strongly slowing the propagation and then when 
warmed enough in becoming the main source of a very fast propagation over the whole coil. 

7. POLOIDAL FIELD SYSTEM 

The poloidal field system is designed to be able : 

to induce a plasma current of 1.7 MA during 200 s, or 2.5 MA for at least 30 s, 
to produce and maintain the vertical field necessary for the plasma equilibrium and for its 
position control, 
to drive lower values of the plasma current (0.5-1 MA) almost steadily. 

The main options that have been retained are : 

the use of a magnetic circuit, 
the connexions in parallel of the poloidi f eld coils, 
the initial storage of the energy in the PF coils, 

- the use of a current breaker 54 kA/10 kV (33 kA/20 kV) in parallel with the coils, 
the power supplies are directly connected to the mains, which provides a 440 kV voltage. 

Among the main technical choices, we can single out : 

1) The use of a saturated iron core transformer 

The flux variation required to induce the plasma current, and the space available for it, lead 
to a maximum field value of 7 T in the machina central core. In order to provide this flux, 3 choice 
had to be made between a saturated iron core transformer and an air core transformer. Figure 7 
compares the two solutions for Tore Supra, showing that, for the same flux variation inside the 
central core, there is an appreciable decrease of the total ampereturns requirement in the 
poloidal field coils and in the plasma when the iron transformer is retained. This choice results 
also in savings on power supply costs, and in less burden on thermal heating of the coils during 
large pulses. This is then the option retained for Tore Supra : a detailed analysis shows that the 
total cost of the poloidal field system is one third less for this design than it would for the 
alternate one. However, it should be stressed that for much larger machines, with plasma radius 
of at least 3.5 m, the opposite choice will be the most appropriate : this results from the iron cost 
increasing like R3, whereas the coil and power supply costs increase like R2. 

Again in Figure 7, we can follow the time variation of the core flux along the discharge in 
Tore Supra : starting from a premagnetized state (a), and ending to a moderate reverses 
magnetization (5) in order to minimize the required electrical power consumption. 

2) A simple poloidal field coil system 

These coils have to fulfill several tasks. They have : 

to produce the flux variation required to drive the plasma current, 
to provide the vertical field amplitude and curvature, «responding to those requi'ed by 
the evolutive plasma parameters, 
to stabilize, through a feedback control loop, the plasma position in the radial and 
vertical directions. 

Instead of having a different set of coils for each of these tasks, it turned out to be more 
convenient to use a single set of coils, but to drive them according to the simultaneous 
requirements of the different tasks. There are 9 coils shown in Fig. 8 which are electrically 
connected in parallel and which thus in addition, can play the role of a passive shell acting against 
the plasma displacements. This solution has also two advantages : 
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FIGURE 7 

Comparison of the transformer core flux variation for an air core and an iron core 
transformer 
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Cross section of Tore Supra 
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The strong power (1.2 GW at 2 kV) required during a short time for plasma breakdown 
and current rise can be produced by dumping into a resistor the large amount of energy 
(40 x 106 J) stored inside the poloidal field coil system. The curvature of the vertical field 
lines is obtained by selecting the number of turns of the coils. During the discharge it is 
accurately controlled by thyristor power supplies. 

The total voltage appearing during severe plasma current disruption remains small 
(100 V), when the coils are closed on the small impedance of a thyristor converter. 

The PF coils are made with hollow conductors of copper, cooled by a forced flow of water. 
They are located as close as possible to the plasma, however outside of the TF coil system. They 
are strongly cooled to let possible long duration discharges. At the initiation of the discharge the 
total stored magnetic energy in the PF coil system is 40 MJ including 25 MJ for the central coil A. 
Typical values for forces on the E coil are 4MN for the radial force and also 4MN for the axial 
force. 

The coils have been fabricated by the companies Laborde et Kupfer and BBC (Zurick), the iron 
frame by Jeumont-Schneider and the power supplies by CGEE-Alsthom.. 

8. VACUUM VESSELS AND THERMAL SHIELDS 

Following the general conception of the device, Tore Supra vacuum vessel is made of six 
almost identical modules, separately assembled befce being connected together to form a torus. 
One such module, represented in figure 9 basically consists of two nested toroidal sectors. The 
inner toroid will form the plasma discharge chamber. The intermediate volume is evacuated to 
provide for the thermal insulation of the liquid helium cooled magnet. Each module houses three 
toroidal field coils and their associated thermal shields, which again after assembly will form two 
nested toroids on each side of the magnet. Thus the final assembly of modules requires to fit 
together four toroids, two on eitrfer side of the toroidal magnet. 

8.1 Vacuum vessels 

The inner vessel surrounding th* plasma, supports a liner facing the plasma discharge and a 
set of limiters defining its aperture The base pressure will be 10-? Pa in the plasma chamber and 
less than lO-3 Pa in the intermediate cryogenic volume. Both vessels (3 mm thick) are made up of 
18 rigid sectors separated by 18 beuow sections, with all welded jûrnts. In addition to its light 
weight and to its mechanical strengt.i, this type of construction hilpsWn'redûcing the electrical 
conductivity. The benefit is then that the forces associated to the eddy currents induced in the 
vessel wall by the variable magnetic fields, can be kept down at a tolerable level. 

The vessels thus form one rigid system which has to withstand the applied forces acting on 
each vessel - atmospheric pressure, thermal expansion forces, magnetic forces during plasma 
disruption. This results in compression and shear stresses across the bellows connecting two 
adjacent rigid sectors. The weight is supported externally by six tubes concentric to the magnet 
supports. The vessels have been designed in such a way that all welds of either the internal vessel 
internal wall or the external vessel external wall be accessible for inspection and for possible 
mending. 

The inner vessel has to meet requirements resulting from the presence of the plasma : i) the 
thermal load on the wall is important during long discharge -70 kW.nW at 6 MW of plasma 
heating power ; ii) the impurity production must nevertheless be kept at a tolerable level. 
Consequently a liner and limiters are placed in front of the inner vessel wall. In the present 
version, the metallic liner is cooled by v-ater pipes mounted on its surface. The heat deposited 
during a discharge is evacuated over a complete cycle, i.e. before a new plasma discharge starts. 

The inner vessel surface is equipped with electrical resistors which will serve to bake the vessel 
at around 280*C. This procedure is meant to remove impurities absorbed on the discharge 
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FIGURE 9 

A module of the double-walled vacuum vessels with the thermal shields and the TF coils 
installed 
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General layout of the torus showing the location of additionnai heating systems 
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chamber surface and to subsequenty reduce the impurity flux into the plasma. Following the 
experience gained on TFR 600 at Fontenay-aux-Roses, carbon and inconel Iimiters are both 
considered. Extrapolating from past observations, the power flux on the limiters will average at 
1.5 MW.m-2. It will peak at 60 MW.m-2 in case of uncontrolled plasma diruption. At high power 
input level (~ 12 MW), the limiters have to becooled. 

8.2 Thermal shields 

The colder toroidal field magnet must be protected against the thermal radiation from the 
hotter vacuum vessel walls. To do so, thermal shields at p 0 K have been inserted between the coil 
casings at 4.5 K and the vessel walls. 

The double torus system retained for the shields, is quite reminiscent of that retained for the 
vacuum vessels. A jain, the two nested toroids are rigidly connected by top and bottom vertical 
shafts surrounding the accesses to the plasma chamber. The power to be evacuated by the 80 K 
shields will range at 30 KW when the inner vessel wall is at 250"C. It will reduce to 8.4 KW in stand
by regime where all vacuum vessels are at room temperature. 

The shields will be cooled by helium gas at 1.5 MPa with a mass flow of 200 g.s-1. The wall is 
made of two 3 mm thick stainless steel plates connected to each other by the cooling pipes in 
which 80 K helium is circulated. The vacuum vessels and thermal shields have been fabricated by 
the company Jeumont Schneider. 

9. POWER CONSUMPTION EVALUATION 

In Tore Supra, the total electric power consumption "at room temperature" for the cryogenic 
system is around 1.3 MW. The measured efficiencies ("warm" wattTcold" watt) are respectively 
1300at 1.8 K, 800 at 4.5 K and 16at80 K. 

In a tokamak of the size of NET, or in a fusion reactor capable of producing 600 to 
1000 MWatts, the heat load at low temperature could be around 0.5 to 1 kW per coil mostly due 
to heating by neutral radiations. The "warm" power consumption would thus amount to about 
10 MW for the total magner. 

In regards to these values concerning the regrigeration power it is worthwhile indicating the 
power involved by the~diffe«nt sources in Tore Supra. 

A part from 7 MW delivered for the auxiliaries, most of the power is delivered by the main at 
400 kV. 

That is : Active power 80 MW 
Reactive power 1 SO MVAR 

The heating sources deliver heating power to the plasma with various efficiencies (including 
essentially two terms, the first one refers to the efficiency of the generator, the second one to the 
coupling to the plasma). 

- The "ohmic" heating coil system transfers 2 MW to the plasma. 
• The neutral beam injection can deliver 10 MW (all energies). 

The ion cyclotron heating (30-80 MHZ) provide 9 MW, 
- and the lower hybrid heating (3.7 GHZ) can give 6 MW. 

A fully automatized refrigeration plant has been installed to extract the heat at all levels, and 
to transer it to a refrigeration tower : 

from the plasma (vacuum vessel), 
from the heat sources, 
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from the PF coils, 
from the generators. 

The characteristics of a discharge is to deliver heat load in the various systems at a level of 
several hundreds Megajoules, in a pulse form and to have then a recovery time. The refrigeration 
plant is designed to account for this particularity in using in the primary circuit two-speed pumps 
in order to accumulate the energy dissipated in the largest amount of water, while delivering it 
again in the heat exchangers at a slower rate. 

It can be seen that in a tokamak of the size of Tore Supra, the power consumption for 
operating the TF coils at low temperature remains a small part with respect to the total power 
needed for the plasma heating. The same will remain true for NET or fusion reactors as soon as 
the coils are made superconducting. 

10. SUPERCONDUCTING COILS FOR LARGE TOKAMAK : A NECESSITY 

The sizes of the tokamaks envisaged after JET, TFTR or JT60 are such that the use of copper 
coils seem to be totally excluded. In the table are given some values for the energies involved. 

Name 
Toroidal field 

Magnetic Energy 
(109 J) 

Energy dissipated 
in one current 

pulse 
(109 J) 

Pulse duration (s) Power dissipated 
(106 W) 

JT60 

TFTP 

JET 

Tore Supra 

NET 

2.85 

1.36 

1.45 

0.6 

20 

8.7 

2.4 

5.4 

38 

6.8 

20 

continu 

continu 

250 

380 

280 

0.5 

5 

The main advantages that are provided by superconducting coils are : 

the overall efficiency is much improved by the reduction in power consumption, 
the possibility of operating in steady state regim, 
the increase of the magnetic fields, 
the increase of the current density in the windings with the resulting decrease in size and 
cost. 

However, seme new problems have to be coped with in order to take all potential 
advantages from superconducting windings. Considerations on the global cost and on reliability 
are essential in the choice of a conductor, a winding technique, and of a cooling system. Every 
new parameter (electrical, mechanical and thermal), that is taken into account in the mam or 
divide^ s^ucture, in the cooling mode or the materials, most satisfy all constraints imposed by the 
project. 

As a matter of fact a superconducting coil is an intricate system of pieces and materials with 
extremely different physical properties. Schematically one can find, for the main components : 

the superconductor itself (NbTi or Nb3 Sn), 
a stabilizing normal metal, with good electrical conductivity (copper or aluminium), 
one or several insulating materials, 
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a mechanical reinforcement metal (usually : stainless steel), 
a cooling fluid (helium). 

The local and overall volume fractions of the different materials depend on the project. 
Likewise, other materials can be introduced for particular reasons (a resistive metal such as tne 
cupronickel in the form of barriers in the conductor, to limit the eddy currents for example). 
Nevertheless, one should keep in mind that although superconductors are a necessity for next 
tokamaks, the relative amount of superconducting material is less and less important as the size 
of the machine increases. For instance, the niobium titanium represents 7 % of the magne*, in 
Tore Supra, when it is expected to be about 4 % in NET. 

In large tokamaks, considerations concerning the protection with respect to the large stored 
energies and to the huge forces lead to rather modest current densities with respect to the 
current densities attained in magnets of smaller size (15 to 50 MA/rn* rather than 200 to 
300 MA/m2). The following table shows some typical requirements for tokamaks : 

Property Order of magnitude Solution 

Dimensions 10-15m Fabrication on site 

Stored energy 30 -200 G J Auto protection 

Magnetic field 9-12T Choice of super conductor and operating 
temperature 

Current density m the 
winding 

15-50 MA/m2 Stability provided by normal metal 

Protection Maximum temperature after a 
quench = 200 K 
Pressure increase to be limited 

Large currents : 10-50 kA 
Joule heating limited by normal metal 

Discharge voltage and 
voltage to ground 

= 10-20 kV Choice of insulating components 

Variable magnetic fields TF:A8<. IT 
B5.1T/s (cycle) 
§ <. lOT/s (disruption) 

PF:AB = • 10 T 
B<.20T/s 

Resistive barriers in conductor structure 

Irradiation 10'tolO'Orads 
(neutrons and y) 

Choice of materials 

Forces and fatigue Tension, compression 
Centripetal force 

Torque 

Detailed calculation 
Development of new mater als 

If there is a hope for the use of superconducting materials operating at higher temperature 
(80 K) all these requirements should be satisfied. 

Out of the consideration on the power consumption, one can see that the running cost of the 
cryogenic system is far from being the main part in a magnet such as Tore Supra. The same is true 
for future machines or reactors. Little overall efficiency would be gained in operating at a 
temperature higher than 4.S K. Nevertheless, the refrigerator itself could be significantly 
simplified. This could results in a simpler assembly of the system of nested toroids, with a 
reduction of the piping, of the numbeer of shields and of the risk of vacuum leak. 

http://B5.1T/s
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The conductor itself should satisfy the stringent requirements that are mostly : mechanical 
integrity, necessity of a normal metal for protection and stability, limitation of ac losses, presence 
of high stresses and irradiation. 

To end up, let us recall some scaling considerations. 

Keeping the same magnetic field, and increasing the size of the magnets while keeping 
constant the average current density in the coils (if possible) make the volume of material 
increase as the dimension at the square, and the stresses increase as the dimension. This is due to 
the faa that the thickness remains unchanged. Now if the thickness increases as the two other 
dimensions, for keeping the field constant, the average current density has to decrease as the 
inverse of the dimension then the stresses remain equal and the volume increases as the 
dimension at the third. 

This shows that if the superconductor, its stabilization and the cooling are the main factors 
intervening in the design for achieving the maximum field for a given current density in the 
winding, the increase in size put more and more emphasis in the structural materials. 

The present conceptual designs for future machines clearly point out that the dimensionning 
factors are not uniquely the performances of the superconductors. This implies that, if steady 
improvements of critical current density, critical field and critical temperatures have to be sought, 
the same level of effort has to be put on the development of metallic and insulating materials as 
well as welds capable of sustaining very high stresses under strong irradiation. 
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FIGURE 11 

Tore Supra during assembly (beginning of 1987) 


