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I. INTRODUCTION 

The EURATOH-C.E.A. Association la proposing the project of a medium 
size superconducting Tokamafc provisionnaily called Torus II as a new item of 
the européen programme and is applying for preferential support of this project. 

The present proposal is the outcome of an evalution which started 
from the early classical project accepted in phase I by the Groupe de Liaison 
in October 1976. At tho time a preleminary study of a solution with supercon
ducting coils had already been made with rather encouraging results and since 
the classical project could not be started immediately for financial reasons, 
it was decided to undertake a proper design study of a superconducting version» 
By the end of 1977 it becameclear that a superconducting project was very attrac
tive, but at the expense of using an unconventional technique namely cooling 
by superfluid helium at 1,8 K. Before accepting this solution it was necessary 
to define and carry out a prograrane of technical tests which was awarded pre
ferential support in November 1977. A brief preliminary report on the results 
of these tests was presented to the Groupe de Liaison at Ispra in November 1978, 
By now the results are sufficiently complete and positive to warrant the feasi
bility and the advantages of the new cooling technique. In parallel with the 
progress of the superconducting project the ideas on the scientific programme 
evolved eo that now a consistent overall proposal is ready for phase I examina
tion. 

The new Torus II project is now approved within the C.E.A.. Unfortu
nately it will meet the same difficulty as other large projects belonging to 
fundamental research in the C.E.A., namely it will have to be carried out on 
the basis of strictly yearly budgets. It will not therefore benefit from the 
clear cut financial deciaion of a pluriannual appropriation. But the decision 
to go ahead with the project is made and the money requested for 1980 has been 
granted. 



II. SCIENTIFIC AMD TECHNICAL AIMS OF THE PROJECT 

Clearly a nev device now ready for construction will be operated during 
roughly the same period of time as JET and it should therefore be designed as a 
useful complement to JET with the aim of preparing for the next phase of the 
programme. A number of prospective studies, in particular the Long Term Planning 
and the work on INTOR and NET have pointed out several fields where a large effort 
was needed. In some of these fields the EURATOM-C.E.A. Association is especially 
veil prepared to bring important contributions and this is the case for : 

- the construction and operation of a super conducting Tokamak 
* the développaient of Radio Frequency Heating. 

These two subjects have been chosen as the major items of the propo
sed programme. In addition the existing expertise in Tokamak physics and the 
caracteristics of the device lead to propose two other subjects of work, namely 

- the dynamics of impurities 
- the study of long pulses. 

A - Superconducting Tokamak 

It is known that Tokamak machines of reactor size will have to be built 
with superconducting toroidal coils and that this will require a large effort of 
technical development. Important preparatory work is already underway with the 
participation in the large Coil Project and with the study of advanced super
conductors. But the actual construction and operation of a Tokamak with super
conducting coils is a necessary complement of this work. 

It is true that the technical problems will not be exactly the same 
in Tokamak reactors as in present day machines and that the difficulties connec
ted with the high current density and the time varying magnetic fields in the 
superconductor will be less severe for very large coils. But a large enough body 
of experience in constructing and operating complete superconducting Tokamaka is 
indispensable before embarking into a very large project. The problem is not 
only to develop separate parts like large coils, but also to learn about the 
compatibility of the cryogenic techniques with the constraints of real Tokamaks 
both in construction and in operation. With this idea in mind the Torus II super
conducting project was designed in such a way as to offer exactly the same faci
lities for operation as a conventional Tokamak of the same size, so that is should be 



a really meaningful-exercise in superconductivity applied to Tokamaks. In fact the 
design work vas already useful in bringing about a better appreciation of 
the problem of time varying magnetic fields. The Torus II design team found that 
there was no solution to this problem with conventional superconductor techno
logy for a machine of the size contemplated and they have the credit of having 
persuaded their ruasian colleagues0£ this fact, which resulted in the decision 
to use niobium-tin superconductor for T 15. 

The solution adopted for Torus II is advanced in a different way as 
it involves cooling by superfluid helium (or He II) at 1.8 K. In order to check 
that this technique was really applicable to the project a'programme of tests 
was carried out in the last two years. The results which are described in this 
report give confidence Chat the use of superfluid helium is a satisfactory so
lution. In fact this new cooling technique may turn out to he easier to put 
into practice than the industrial manufactura of A-15 superconductors and when 
both possibilities are available their combination may prove advantageous. 
Therefore the development of superfluid helium cooling is likely to be an 
interesting contribution to the fusion programme in itself. 

B - Radio-frequency heating 

It is more and more realized that radio-frequency heating is a very 
interesting alternative to neutral injection for additional heating in very 
large Tokamaks. Results obtained in many laboratories, especially on Fetula 
and Wega and more recently on TFR have given increasing confidence that seve
ral methods of RF heating are very likely to develop into practical and efficient 
techniques. 

Due to the complexity of the phenomena involved however, progress 
is slower than in the case of neutral injection and requires sustained efforts 
of research. Successes have been obtained by devoting a whole laboratory to this 
research at Grenoble and by giving high priority to ion cyclotron heating in the 
operation of TFR. In the same way the development of RF heating for JET and 
post JET machines will require devoting to it a substantial fraction of the 
operating time of a large enough device. It is proposed that this should be one 
of the main aims of the Torus II project. 



the time schedule of Torus XI is such that is may come too late to 
develop a first RF heating method for JET. But even if one such method can be 
successfully applied to JET from the results of other machines, it is extremely 
likely than it can be surpassed later by other methods or by new developments 
on the same concept. Therefore in order to take full advantage of all the pos
sibilities of RF heating on post JET machines, it is necessary to maintain a 
strong effort of research and development in parallel with JET. The Torus II 
device will be «ell suited to such a programme and it will enable the Euratom-
C.E.A. Association to make full use of its expertise in this field. 

One of the first aims proposed for the earlier Torus II project was 
the control of the current density profile. This problem is still of interest 
and it can be viewed as an application of the development of SF heating methods. 
By using such methods selectively and by controlling the energy deposition in 
the plasma during the current rise, it may be possible to arrive at a prescribed 
current density profile. Investigations in this direction could also be part of 
the programme. 

C - Dynamics of impurities 

The dynamics of impurities inside the plasma, as opposed to the effect 
of divertors, is a subject of major importance, which will continue to be stu
died in essentially all Tokamaks. However some aspects of this research are 
connected with the judicious use of additional heating. The neoclassical diffu
sion of impurities depends on temperature gradients and could be influenced by 
controlling the temperature profiles. If all simple methods fail to reduce the 
inflvx of impurities sufficiently, one ultimate possibility could be to act 
directly on the dynamics of impurities and several possible ways of doing this 
are briefly discussed in. this' report. 

D - Long pulses 

According to the present design the duration of a Torus II discharge 
can reach about S seconds. Provided the primary windings are strong enough it 
would be possible to extend the discharges up to about IS seconds by adding 
more power supplies, which could be done in a second phase of operation, and/or 
by replacing some of the primary windings by superconducting coils. 
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In addition it is possible in principle to extend further the current 
pulse by a suitable use, of neutral beams. The same effect may perhaps be achieved 
also with HF fields, and this might be an interesting subject of study in itself 
as it is closely connected to RF heating. 

Assuming long current pulses to be available, a variety of interesting 
problems can be studied, but it is difficult to make precise proposals aa it 
is a completely new field to which very limited thinking has been devoted so 
far. One obvious problem would be that of avoiding disruptions over long times. 
A possible important subject of work would be the dynamics of impurities over 
times much larger than a particle confinement time* Some problems connected 
with refueling could also be studied, like attempting to change the nature of 
the gas in the course of a single discharge. 
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III. CHOICE OF PARAMETERS 

The choice of the parameters of the present project was largely deter
mined by considerations pertaining to the superconducting magnet, but the choice 
made in this way turned out to be quite satisfactory for the proposed physics 
programme. There are very specific constraints in the design of a superconducting 
magnet such as upper limits to the current density and to the magnetic field 
in the conductor. On the other hand the high cost of superconductors and cryo
genic equipment justifies a careful optimization. When the technical constraints 
and the optimization are taken into account, there normally remains at least one 
free parameter which may be the size of the magnet or the value of the magnetic 
field. 

In fact it turns out that the crucial free parameter is the maximum 
value of the magnetic field B max on the superconductor and the choice of this 
value is very important for the relevance of the project in the development of 
superconducting Tokamaks. Parametric studies made on conceptual reactors have 
shown that with average beta values of at least 5 %, the optimum choice for 
B max was 8 to 10 Tesla. In order for the project to be as representative as 
possible of the technology of future large devices, a v&lue of 9 Tesla was chosen. 
In this way the method of cooling with superfluid helium, once demonstrated on 
Torus II, will be available for reactor size magnets without extrapolation on 
the physical parameters. 

It is then possible to make a first rough choice of parameters. Con
sider first the ratio a/R of the minor to the major plasma radius. It is well 
known that large values of a/R are advantageous for Tokamak physics and that 
an upper limit is set by practical feasibility. Values lying between 0.30 and 
0.35 can be chosen with a good chance of being about optimum. Keeping the value 
of a/R fixed and letting R vary, one gets a family of similar plasmas correspon
ding roughly to similar toroidal magnets. Then the maximum value of the current 
density in the conductor J max =: 40 A/mm2 together with B max - 9 T imposes a 
minimum value of the major radius R. The study of a rumber of designs with these 
values of a/R, B max and J max has shown that the minimum value of R is about 
2 CR. The corresponding values of a are between 60 and 70 cm and they are very 
convenient in practice because they correspond to the minimum size of a vacuum 
chamber which allows a man to enter it througt a port and work inside. 



From there on one can make a first round of optimization and it is 
practical to start from the values of B max and J max and from the condition 
a ^ . 60 cm. A series of designs were made including the poloidal system, the 
mechanical structure, and taking into account the toroidal field ripple. The 
minimum value of R was again found to be R • 200 cm with a • 60 cm B • 4,7 T 
and I B 1 . 4 MA. With R * 220 cm. a is allowed to vary between 60 and 75 cm. p 

A last adjustment was made by starting from R • 215 cm so as to have 
a safety margin in the dimensions of the cryostat and the following values were 
obtained for the main parameters : 

R « 215 cm a « 70 cm I - 1.7 MA B„ - 4.5 T P t 

This choice was essentially determined by the construction of the machine inside 
the magnetic axis. The outer part of the machine and its overall size can be 
expanded tr reduce the field ripple on the plasma edge but with the draw back 
of a fast rise in the total cost. Thus the compromise between allowed ripple 
and cost is particularly difficult to make. 

It is now important to examine the values of the parameters from the 
point of view of the scientific programme and this can be done by computing a 
few essential physical quantities. 

The critical average density with ohmic heating is given by 

This maximum value of the average density is acceptable for a plasma on which 
to study the various methods of RF heating. 

The energy confinement time can be tentatively computed by using the 
TFR scaling law : 

J9 X s>* 

Te = Ô.5- S 



Then the power necessary to heat the plasma to a temparature T is 
given by : 

P. 3TLTT 

l/'s plasma volume 

With the scaling chosen for T P is independent of n and a and : 

? st I^KO^XKU, 
Thus the power necessary to heat the plasma up to Ts 5 KeV would be about 10 MW, 
This is the right order of magnitude since the proposed programme on RF heating 
would involve the development of heating units of about this level of power. 

A few additional remaries can be made on RF heating. With a minor 
radius a - 70 cm the propagation of the waves in the plasma both for luwer 
hybrid and for ICRH will occur under, conditions sufficiently representative of 
the situation in machines of the size of JET and INTOR. ?or ICRH the frequency 
band of the 3 Mtf generator ordered for TFR (50-90 MHz) includesw„ at 4.5 T 
(70 MHz) end 2 W, R at 3 T (90 MHz). 
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IV- OVERVIEW ON THE TECHNICAL DESIGN 

] - Introduction 

The conceptual design of Torus XI Supra, initiated in 1977, was presented 

in 1976 at Padova and Pittsburg Conferences (1). From then, most of the efforts were 

dedicated to the development work and qualifying tests on technology of super

conducting coila cooled by superfluid helium. Until now, no result has led to 

reconsider some of the basic design options, which will not change in the future. 

However, quantitative informations from experiments yet to be done or from contacts 

with eventual manufacturers «ill probably induce adjustements among the machine 

parameters. 

Along the same lines, we have been pushed to consider a new option with 

only 18 coils, instead of the previous 24 coils ; it leads to larger and more 

convenient ports for access to the plasma, and presumably to a reduced cost from 

the smaller number of coils and machine modules (6 instead of 12). This new option 

seems attractive and will probably be retained ; however its final choice will be 

postponed, until an interesting compromise is found between the conflicting requirements 

of larger coil s12e to reduce the B_ ripple and a maximum unit length of conductor 

(for one double pancake winding) to be drawn from the same billette (depending on 

each producer). 

In the next paragraphs, we will shortly review the basic design options 

and the main machine subsystems, with special emphasis on the poloïdal field system, 

which will suffer the largest changes when going from 24 to 18 coils. 

2 - Basic design options 

Problems to face with the design of superconducting B_ coils in Tokamaks 

are altogether basic and quite specific. Their difficulties increase, at the same 

field value, the smaller is device size and the more stringent is the request to 

accept as normal conditions the fastest field variations occuring in present 

experiments, i.e. major plasma current disruptions. 

As explained previously in the choice of parametersfor Torus II Supra, 

the smallest device siae was looked for, which permits : 

2 
- an average current density inside windings tentatively around 40 A/mm , 

with a maximum field value around 9 T. 



® ® 
Cross section between two adjacent modules 

Equatorial plane cross*section 

Cross-section through observation ports 

Magnetic circuit 
Toroidal field coils 
Potoidal field coils 
Internal vacuum vessel [plasma vessel ) 
External vacuum vessel 
Radiation shields I 8 0 K ) 
Rigid easing of toroidal field coils ( S & a U K ) 
Superconducting winding (1-.8K I 
Vertical port 

10 Horizontal port 
11 coaling fluid pipes 
E Insulated keys (between coils) 
13 Support for the toroidal magnet 
14 Support for the vacuum vessels 
15 Axteymmetric rings, restraining radial forces 

applied to the vacuum vessels 
16 Plasma vessel weight support applied 

to the external vessel 
17 Magnet lifting points during assembly 
18 Thermal insulation of the plasma vessel 

TORUS II SUPRA 

Fig. 1 - 24 coils 



TORUS I I SUPRA 
Fig. 2 - 1 8 noils 
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- a reliable operation, i.e. no quench under any expected field 
variations, and recovery from a localised heat in-put» due to stress release. 

- technological solutions already experienced, and not depending on a 
large development programme. 

A HbTi conductor, cooled by a pressurized superfluid helium bath (an 
original method developped at SBT/Grenoble), was judged the only present solution 
to meet the preceding conditions. Monolithic conductor design, current density 
and nagnetic shielding were optimized. 

Only the superconducting coils are put inside the cryostat and the B_ 
magnet is such that all electromagnetic forces are restrained at liquid helium 
temperature, in order to have only its weight to bear across the cryostat. If 
18 coils, the device will be assembled from six similar sectors, each module built 
with 3 circular coils, radiation shields and parts of two complete toroidal vessels. 
In general, modular d< ;u and indépendance of one subsystem from all the others 
have always been look for (Fig. 1,2 >. 

3 - Superconducting B_ coils 

The windings are enclosed in a thin walled, insulated box which contains 
the superfluid helium ; most of the forces are conveyed to a strong stainless steel 
casing. These casings arc» interlocked in order to have the full torus behaving like s 
solid block , restraining the centripetal forces by compression tu the sides of coils, 
and the axial torque, coming from the vertical field, by insulated shear keys. 
Moreover, these casings act as a very useful electromagnetic screen, limiting to 
10 ms the fastest time constants of varying magnetic fields applied to the 
superconductor. However, this shielding has to be paid by an extra cryogenic power 
to remove the energy dissipated during a normal current cycle. (Fig. 3) 

In case of 18 coils, each coil will be provided with current leads going 
to room temperature* The voltage to ground is limited to 3 Kv, the discharge time 
constant will be 10 s, and the quench limited possibly to only one coil. 

Description of the winding particularities is included in chapter 5 of Annex 
which reports the manufacture of a model coil. Table I gives the major technical 
characteristics of the B T coils* 



WoM «.«. cosing 

Fig. 3 

SKETCH OF THE TOROIDAL FIELD COIL 
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TABLE 1 

T2S - SUPERCONDUCTING B T COILS 

- Conductor 

. Monolithic 

. Transposed NbTi filaments 

inside a Cu-CuNi Matrix i.e. in volume : 25 X NbTi • 

. Filament diameter 

. Twist pitch 

. Structure KNbTi, Cu> Cu-Ni) CuJ Cu 
with m x nWll.OOQ m n 

- Working current 

- Current density in side NbTi 
at 1.8 K with a maximum field of 9 T 
(equals the critical current density 
at 4.2 K in the same field) 

- Average current density 

in the conductor cross-section 

- Average current density in the windings 

- Conductor weight per coil 

- Overall-coil cross-section 
(including SS structure) 

- Average coil radius 

- Stored magnetic energy (total) 
(discharged with a time constant of 10 s, 
when less than 2 kv to ground appear inside coils -
current leads to each coil) 

- Stored energy per unit conductor volume 

- A.T. per coil 

- Number of coils 

Ï.S x 5.6 mo' 

63 X Cu - 12 * Cu-Hi 

20 pm 

50 ma 

1400 A 

400 A/mm2 

100 A/mm2 

50 A/mm2 

1950 Kg 

330 x 360 mm2 

1.23 m 

480 MJ 

110 MJ/mJ 

2.7 MAT 

18 
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A - Cryogenic system 

Plasma current variations, either during a normal cycle or in case of 
a catastrophic disruption, induce dissipation of large amounts of energy inside 
the windings and Che coil casings. In order to have the refrigerators working at 
almost constant power, thermal buffers are necessary. 

The scheme of the T2S cryogenic system and helium circuit are shown in 
Fig. 4 and 5, taken from (2) : 

- The coile are placed in a static pressurized superfluid helium circuit 
which consists-of two partB : 

. a heat pipe carrying the heat dissipated in the windings towards a cold 
source composed of heat exchangers. 

. an integrated thermal reservoir which keeps the temperature rise down to 
a few tens of degree during energy dissipation. 

- The He II refrigeration which supplies the 1.8 K cold source. In normal 
operation the refrigeration power will oscillate slightly around its nominal valus 
while the temperature of the cold source will evolve with that of the pressurized 
He II loop. 

- The Se I refrigeration which supplies the refrigeration circuit of the 
thick casings. À thermal ballast filled with liquid helium acting at constant 
volume is placed outside the torus and absorbs the power spikes. The refrigerator 
thus works at almost constant power. The supercritical gas of the cycle constitutes 
the thermal connection between thick casings and thermal ballast. The various 
operating regimes should have no effect on the amount of liquid in the He I and 
He II circuits. 

- The 80 K refrigerator which will have to satisfy various demands which 
depend on the operating résines and originate fro™ different locations. 

As the cryogenic powers of these refrigerators are mainly defined through 
an average over the normal current cycle of A minutes, they should be decreased 
substantially during standby periods. Table II gives the cooling power necessary 
in the different conditions at the three temperature levels. 



RSfr. He II 
(300 W) 

RSfr. BO K 
(50 KW> 

\f_ 

Rgfr. Be I 
(1000 W) 

80 K Shield 

o 2.q.QAPjo,o qpjg 2.0 
V 

Strong casing 

Static unsaturated superfluid helium 
(Volume - 1500 1) 

SCHEMATIC DESIGN OF THE 
CRYOGENIC SYSTEM 

Fig. 4 
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« g . 5 

-!*' 
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The cryogenic system will supply cooling to the torus through 3 satellites, 

located underneath close Co the device. Each of them will mainly provide for two 

1/6 of the full torus : 

- the thermal ballast at 4 K, and heat exchangers to supercritical helium 

for the coil casings. 

- heat exchangers to the pressurized superfluid helium, and production of 

1.7 K saturated vapour. 

- cooling of the current leads and safety valves in case of a quench. 

- distribution of coolant to the different radiation shields. 

The satellites will be connected» outside of the torus hall, to theconven-

tional cold box enclosing the heat exchangers, turbines and ejectors. Another 

building will house all rotating machines (200 g/s process compressor at 20 bars, 

surpressor at 200 barsa-set of large vacuum pumps) ; a minimum helium storage capacity 

(liquid and gas) will be provided. 

Temperature 
level 

Basic power 
Additional 
average fluc
tuating power 
in Watts 

Total power W 

80 K 10 kW * 20 kH (baking or 
cryopumps) 

lOkW in stand-by 
operation 

4.5 K 

Heat, losses 
cowards ne II - 160 H 

Precooling 100 W 
He II loop 

Radiation and 100 W 
supports _, 

Current leads 3 0 1 - h 

or 

60 l.h"1 

Cryompumps 20 l.h~ 

600 W 

. Normal operation: 
640 W + 80 l.hgSoO W 

. Standby at 2.1 K or 
1.8 K: 

30 l.h"1 £ 90 W 

. Standby at 4.2 K; 

I0O W + 30 l.h"Wl90 W 

1.8 K Normal operation 160 W Normal operation 300 W 1.9 K 
I Standby 1.8 K 150 W 100 W 

' Standby 2.1.K 130 W ; Standby at 2.1 K 150 W 
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S - Poloidal field system 

A - SUHMARÏ 

One single system of axisymetric coils induces tbe plasma current, 

and insures its equilibrium through tbe control of tbe vertical field amplitude 

and its curvature index. An iron magnetic circuit is retained for its lower cost, 

compared to an air core solution, and because, in this case, the available fly-wheel 

generator (used presently for the TIB toroidal field coil supply) will be large 

enough to feed all the poloidal field coils. 

The flux variation (7 tfb) available for the current flat- top should 

allow a fairly long plateau which «ill be limited first at 6 s by tbe capability of 

the fly-wheel generator(overheating of the rotor and available energy). 

The poloîdsl field coils made of water-cooled copper, are located 

outside of the toroidal magnet and vacuum vessels, but close enough to the plasma 

to remain, when connected in parallel, a useful shell partly forbidding plasma 

displacements. A feed-back system will be added to definetely control plasma 

motions. 

B - OEBBBAL DESCRIPTION AMD HJHrCTPT.Bfl <w OPERATION 

The requirements for the transformer are to provide enough flux 

variation and power to induce a 1.7MA plasma current and to maintain it during 

a several second flat top (> 5s , possibly 10 -r 15s ). The vertical field 

values must follow those required by the plasma current rise (g - 10 7 A/s) and 

by the plasma heating rate (-rf = 5/s ) ; the corresponding variations are 

-3Ï-* 2 T/s and 0. U T/s respectively, 
at 

The main characteristics of the poloïdal field system of Torus 2 Supra 

"T2S" are the following : 

- a saturated iron core transformer i 

- a single poloïâal field coil (FFC) system : all coils located outside 

the TF coils are used simultaneously for preraagnetization, ohmic heating. 

vertical field amplitude and index control» feedback against horizontal and vertical 

plasma displacements ; 



- the necessary power is supplied through & system of thyristor 

rectifiers ; one of them feeds all the coils in parallel and the others provide 

additional control voltage between different coils. 

The saturated iron core transformer vas preferred aft er a detailed 

comparison ^"l»2,3_7- The main arguments are : a lower cost 1/1-5* a much'smaller 

electrical power requirement 1/2 and an extended performance capability not 

available with the air core transformer. Simple scaling lavs show £~hj that the 

conclusion will be changed only for much larger machines (B £>3»5 m). In the case 

of T2S, the iron core provides a 5»2 Wb free flux swing corresponding to a 6,6 MAT 

saving in the magnetising current swing (over a total or 14. Wb and 13-MfcF). However 

the iron core transformer has one disadvantage : when unsaturated it destabilizes 

the plasma displacements in any direction, thus the solution requires more feedback 

power* Detailed calculations show that this destabilizing effect can be represented 

as in /~5,6 7 by virtual field index value nj* • 1.1* for inwards horizontal diBpla-
~ ~ eff 

cements (smaller for outwards) and n • -1.15 for vertical displacements. 

A single P.F.C. system allows us to use the magnetic energy stored (28 HJ) 

at the end of the premagnetization phase to provide at the plasma current start 

both the fast flux variation and the required vertical equilibrium field rise. Mo

reover the set of parallel coils provides around the plasma a kind of passive shell 

acting against the plasma displacements. For T2S there will be 9 P.F. coils (Pig.l) 

fed in parallel from a main generator G Q (Fig.2) ; they are divided into three 

families A,S,C. The control of magnetic flux between them is provided by two 

auxiliary generators G^ and G£;the first one( acting between A and B) controls the 

vertical field index, the second one (acting between A and C) the vertical field 

amplitude. More precisely a rough adjustment of vertical field index and amplitude 

is provided by a proper selection of the number of turns of coils B and C ; G, and 

G„ are used for adjustment during the discharge. G- is also used for feedback control 

of plasma displacements either radial or verticalrFlasioa displacements induce also 

change in currents flowing in the different FF coils (in case of T2S, their coupling 

is quite good), which provide 50jf of the necessary restoring force on plasma current. 

The complementary part is provided by powering G 2, which is split into two halves 

°2h a û * G2b* * n o r a e 2 r c o control separately currents of coils C_ (above equatorial 

plane) and 0. (below), driving thus the needed vertical and radial, magnetic fields. 

.../... 
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The A.C. power supply (a 100 cyclee-12 pulses, generator) has ft time response 
faster than the decay time of the stabilising currents induced by the plasma 
motions in the vacuum vessel (2 ms) • The G. Ĝ . and G-, are four quadrant 
thyristor rectifiers ; G i s only two quadrants, i t is used for premagnetization 
phase, put out of circuit during the fast plasma current rise and reintroduced 
after crossing i t s connexions for the slow current rire and the flat top. The 
breaker system required for the plasma current fast rise i s scketched in Fig* 2. 
It consists in a high voltage (30 kV) high current (1*8 kA) fast thyristor valvo 
T in parallel wigh GQ. The operation of the valve assisted by a fast mechanical 
switch (DO.) and a fast make switch (CKL) i s detailed in Annex 3. i t follows 
mainly that current i s flowing only for short time through the thyristor valve ; 
i t s cost can thus be reduced and become similar to the cost of a mechanical circuit 
breaker, an achievement which permits to take full advantage of this solution. 

C - CHARACTERISTICS OP THE MAIN C0MP0HBBTB 

Two types of methods have been used to compute currents and voltages 
in the pololdal system during one discharge : 

i - For typical pulses, the magnetic flux space distribution has been 
studied /"T_7 using the "Poisson" 2D numerical code ^"8_7 and, more recently the 
"Magnetix" code / 9_7* Prom these flux maps, a simplified model of electrical circuit 
can be built avoiding the complicated description of self and mutual inductance 
variations for the various currents when the plasma current and iron magnetization 
change. This model uses directly the flux $ (I , 1 ) inside each coi l where tf> i s 
a function of the plasma current I and the magnetizing current I Z"1 0_7- Tbis simple 
and sure method i s suitable to estimate how to drive the power supplies in order to 
obtain a given plasma current time evolution. 

i i - This method becomes inefficient when the plasma i s moving away from 
i t s equilibrium position ; then i t i s necessary to come back to the usual description 
with the inductances. This i s the case when studying the feedback control of plasma 
displacements £~5»6_7 and the plasma disruption consequences / 11, 12_7- In this 
second method, determination of the various numerical coefficients i s difficult 
and somewhat doubtful. In case of existing devices, an experimental check as in 
TFR /~13_7 i s possible ; in the present case, estimations of the inductance values 
have been checked by comparison between time evolutions computed through the two 
methods l"6, 12_7- Currents and voltages for a typical run are presented in Fig.3 

.,/... 
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corresponding to a plasma whose resistance evolution during the current rise i s 
shown in Fig.lt (from discharge numerical simulation)»the feedback control of 
plasma position needs possible variation of G_ voltage between the two limits 

The simulation of various scenarios has led to the choice of the 
P.F- system characteristics summarized in Table I . 

Total flux Bwing in the central iron core 

Total flux swing at the plasma magnetic axis 
Flux available for plasma current flat top 
Flux density in the iron core at the end 
of premagnetization 
Stored magnetic energy (end of 
premagnetization) 
Total iron weight 
Total copper weight 
Main rectifier power (G0) fl_ ._.. 
1.7 kV ; US KA ° 3 m A 

Total power for index control r e c t i f i e r s Ĝ  
including Ox head and t a i l each. 1»? kV, 1? MVA 
5 xA, 7-5 MVA 

Total power for vertical field rectifiers 6g 
including 0 ^ and G ^ head each 3 kV, fl(- •_,. 
2-3 kA, 7 MVA ; G 2 h and Ggt, tail each 3 kV, °° " V A 

12 xA, 36 MVA 

Total rectifier t -v 18U MVA 

lit So (from 9..5 
t o - 4 . 5 Wb) 

18 Wb 

7 Wb 

7 T 

28 HT 

800 Tons 

ItO Tons 

TABLE I 
EOLQIDAL FIELD SÏBTBt CHABACTERISTICS 

C.l - Iron 

The oroaB section of the central iron core is 1.3 m 2 and 3.1^ m 2 in 

its two extensions > each of the IS horizontal and 6 vertical return yokes is 0.96 m^. 

The maximum flux density in the iron core will be % 7 T at the end of the premagneti

zation and - 3.5 T at the end of the flat top and + 1.6 and - S T respectively in the 

return yokes. 

.../... 

http://Fig.lt
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0.2 - P.P. Coils 

The P.F.O. characteristics are summarized in the Table II ; these 
coils are made vith hollov copper vater cooled conductor. The wPTnTmrn* operating 
voltage is 30 kV. At full power less than half of turns in the largest coils 
(C- coils) is required so that two turns may he paralleled in each C coil 
permitting long pulse operation (« 15 s flat top). 

A' B D E F 

number of coils 1 2 2 2 2 

Main radius (m) 0.7 1.0 2.8 3.6 l l . l 

Total coi l cross 
section (cmxcm) 175x9.5 9>t.9x7.5 3>>.bx22.R 3l».l»x22.0 Ih.hxZZ.O 

Total copper veight 
per coi l (T) 3.5 1.1» 4.5 5.9 6.6 

Turn number 192 192 192 192 192 

Minimum step in turn 
number selection 32 S 6 6 6 

Joule dissipation 
typical pulse 15 s 
f la t top (MJ) 

lib of turn selected 
Current : 

Fremagnetization 
(*A) 

End of f la t top 

67.6 

192 

38.70 

- 12.50 

5-1 

136 

2.20 

- 2.T2 

8.3 

72x(2 i n ^ ) 

0.33 

- 3.S7 

10.9 

T2x(2 in#) 

0.33 

3.8T 

12.3 

72 x(2 in/ / ) 

0.33 

- 3-87 

Temperature increase 
for 1 pi lse 

Maximum temperature 
1 pulse/ U minutes 

50° 

82° 

10» 

70° 

5° 

1,5" 

5° 

lt5° 

5° 

k5° 

Maximum tens i le 
stress kg/mn2 

Maximum axial 
force (tons) 

15 

980 
(preu. ) 

fc.6 

19 
(prem.) 

1?3 

29.5 
(f lat top) 

22.2 
(f lat top) 

1.4 

12.2 
(flat top) 

TABLE II 
POLOIDAL FIELD COILS 
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C.3 - Power supplies capabilities 

i - Plasma ̂current, rise 

The magnetic energy Btored can drive a fast plasma current rise up 

to 1.4 MA. The maximum available voltage per turn is 150 7 suitable for an 

initial plasma current rise of a few 10 f A/a * The automatic rate of rise of 

the vertical field from differential turn selection in coils C and A can be 

typically 5 T/s. During the alow current riBe the G 0 full voltage ÎB able to 

provide a dl/dt = 1.510° A/s and a typical value for the vertical field rate 

of rise due to turn selection (energy is provided by G ) is d Bv/dt % 0.3 T/s-. 

During the same phase the G2 generator full voltage can. produce an additional 

vertical field rise up to 0.3 T/s,half of it being devoted to the necessary 

feedback control of plasna position. 

•Î 

ii - Plagma_çurrent^flat _tog 

The iron core flux change can be ? Wb during the flat top, the flux 

density being less than 2 T during the first 10% of this flux awing* Again, from I 

Go capabilities, a reasonable value of dBv/dt during the flat top can be Q.k T/a, ' 

corresponding to dfip/dt » 5/s. The maximum vertical field is 0.3*» T corresponding 

at Xp • 1.7 Ma to a maximum @p * 1.9* 1 

iii ™ InBtantax\egu8_;»wer_regfuirement and integrated electrîçal_gngrgy 

For a typical pulBe at maximum performances the instantaneous power 

requirements for the various generators(excluding feedback power) are summarized 

in Table III and the total instantaneous electrical power is represented on 

Fig. 5* The total electrical energy required is summarised in Table IV. 

Go Ol G 2 TOTAL 

End of preaagnetization 83 MH X 0 =S 0 83 

Fast plasma current 
rise:beginning 

end 
C 

- 2.T 

- 0.9 

- 2.2 

6 

- U.9 

5.1 

Slow plasma current 
rise : beginning 

end 

0 

38 

- 0.6 

O.fi 

u 
8 

3.4 

W.6 

Flat top;beginning 

end 

k.O 

18.3 

0.3 

1.1 

+ 1.5 

- k.k 
5.8 

15.0 

TABLE III 

MAXIMUM piSEAHTAIIEOtlS POWER fMB) TOR A IÏPTGAL Him fFEEDBKCK POWER EXCLUDED) 



Flat it top,. 

0 1 2 3 16 t(sec) 
Total instantaneous requirement for the poloidal system 

(typical run} 

17 

Fig. 5 
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Premagnetiiation obmic 35 MJ 
magnetic 25 MJ 
TOTAL 

Plasma current rise 

Flat top 7.5 s. 

For strong heating at full dBv/dt 
during 0.5 9. 

TOTAL with a T.5 s flat top : 

For increased flat top duration to 15. s 

TOTAL with a 15. e flat top : 

TABLE IV 
ELECTHICAL ENERGY 

It is shorn that the maximum PP system power required from the AC supply 
is 83 MM (end of premagnetization) then less than 50 MW during the plasma current 
rise , 30 Mff during a strong heating phase and (l? -£- 20 Mff) during the flat 
top. The total energy requirement for a 15 s flat top at maximum performances 
with a 0.5 s strong heating phase is 225 MJ. 

Presently it is foreseen for the first operational phase to use the 
TFR fly-wheel generator as AC power supply ; this equipment is able to deliver 
120 Mtf during I s on a single rectifier system. But when several (7 in our case) 
thyristor rectifiers are to be connected in parallel and independently controlled 
a detailed analysis (made by C.E.M. Cy ) shows that, due to the safety margin to 
he taken for the thyristor commutation angles, the available power will be reduced 
to 82 MW. 

For longer pulses the available power is reduced : for example oz one 
half for a 6 s pulse. 

The total available energy is 150 HT ; it corresponds to a pulse at 
1.7 HA plasma current with a maximum flat top of 6.5 s . Up to this velue of 
flat top duration the TFR fly-wheel generator will be quite sufficient as AC 
power supply for the poloidal field system of T2S. For longer pulses up to 15 s 
it would be necessary to addss 20 MW from the mains. 

60 MJ 

5 MJ 

75 MT 

10 MJ 

150 MJ 

75 MJ 

225 MJ 
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D - TECHNICAL CONSEQUENCES OF A MAJOR PLASMA CURRENT DISRUPTION 

A very fast plasma current disruptionfi.e.time scale smaller than the 

vacuum vessel tiae constant) has the following consequences «hen there is a single 

family of poloidal field -coils all connected in parallel : 

The total plasma current is induced first into the vacuum vessel 

with a current distribution which keeps unchanged outside the magnetic field 

pattern. 

Then the vacuum vessel currents decay with tbe vacuum vessel time 

constant and there is a corresponding change (-Ip) of tbe total coil ampereturns. 

The new ampereturn distribution between tbe various P.F. coil Keeps unchanged 

the flux encircled by each coil ; it can thus be determined by selecting inside 

a vertical field pattern catalogue the proper one which corresponds to the given 

fluxes inside each coil family. 

The overvoltages on each thyristor rectifier and on the AC power 

supply are simply governed by their internal impedance Ï they are equal to 

(L£ -r- + R.6I) where L. and H. are the internal inductance and resistance of 

the power supplies» taking into account the alternator and transformers, 21 the 

change in current and T the vacuum vessel time constant. 

These very simple estimates have been checked by detailed calculations 

j£~U] 12_7. The fast plasma disrupl Ions (even instantaneous) give the largest 

possible values for overvoltage on coils and generators, mechanical forces on 

the vacuum vessels and magnetic field variations at the toroidal field coil 

superconductor ; they are considered as acceptable working conditions for all 

these components of T2S. 

The flux lines for a disruption occuring at the end of the plasma 

current flat top are shown in Fig. 6 and 7 » which present respectively flux 

maps before the disruption and after the vessel current has decayed out 

(a few ms.}. 

The ampereturns in each coil family are given in Table V for a 2 ms 

vacuum vessel time constant} the change in coil currents produces a maximum 

overvoltage on the rectifiers of 10COV and % 1700 V at the alternator. 
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KAT Coil A Coils B Coils C Plasma + 
Vacuum Teasel 

Before 
disruption 
(end of f lat 
top) 

- 8 . l t - 0 . 5 - i.ait 1-T 

After 
disruption 
and vessel 
current 
decay 

- 1.9 0 - 0.6 « 0 

TABLE V 
AMPERETOBHS IN COUS BEFORE AMI ASTER A DISRPFPIOH 

The variation of poloidal field components at the toroidal field coil 
superconductor is shorn in Fig. & and 9 ; the maximum amplitudes, Table VT» are 
smaller than those estimated in a previous calculation ^~U., 12_7 in vhioh the 
P.F. coils vere at a smaller1 distance form the plasma boundary. 

SB„ SBx 

Plasma current 
rise (total) 

Plasma disruption 

0.35 T 

0.55 T 

0.11 T 

0.10. I 

TABLE VI 
MAXIMUM AMPLITUDE OF MAOHETIC FIELD VARIATION AT THE T.F.C. BUPERCOHPUCTOR 

The forces applied on the vacuum vessel during a fast plasma 
disruption have not yet been analysed in detail to identify their components 
acting on the plasma vacuum vessel, the cryostat outside vessel and the radiation 
shield respectively. The va?.ues obtained in a preliminary analysis / 11, 12_7 
are summarized in Table VIII 

http://-8.lt


Before disruption I-i at the internal limit of the 
superconductor winding 

I-e at the external limit 
After disruption H-i at the internal limit of the 

superconductor winding 
1-e at the external limit f\ 

0 9Q* 0 180' 

Magnetic f ield perpendicular component at the 
superconductor w ind ing before and after a fast p lasma 
disruption 

Fig. 8 



r Itfon tfiacuacitm i H at tht tat«n»l liait of ch* 
Xa at Ch* «sMcnal limit 

UUx ditnipctaa : III at etw internal limdt I lia at d» «tarsal liait. 

Magnetic field parallel component at the superconductor 
winding before and after a fast plasma disruption. 

Fig. 9 
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Axisyaetric induced toroidal currents 

Maximum local pressure on the vessel 1.1 kG/cm2 

Total centripetal force 180 tons 

Shearing stresses in the "bellows : 
average value î 

3.3 kG/mm2 

maximum 10 kG/mm2 

Current loops in the regid. sectors produce a tilting moment 

of 15 t x m on each of them. It results in a total axial 

moment- on each of the sustaining rings of ifiO t x n . 

TABLE T i l l 

HECHAKIHAL FORCES OH VACUUM VESSEL DOBMG A PLASMA DISHUPIIOH 

R E F E R E N C E S 

T=—f 

/~1_7 H- AÏMAH, c. LELOUP, M. PARIEHTE, 9th Symposium on Fusion Technology 
Garmisoh - Partenfeirchen. P. 123 (1976) 

f s j L. FARVAQUE, S. GHAZAL, 0. LELOUP, M. PAMEHTS, EUE-CEA-FC-856 (Hov.1976) 

f3_7 B. AÏMftR et all. EUH-0EA-FC-82U -(June 1976*) 

r"k 7 European contr ibut ion t o the 2nd Workshop o f IHT0R - Group 5/Magnetics 
(June 1979) 

C>J H. AÏMAS, C. LELOUP, M. PARIEHTE. EUR-CEA-FC-902 (August 1977) 

/"6_7 C. LELOUP, M. PARIENTE, note interne 117k (November 1977) 

^"*7_7 R. AJBJAB, 0 . LELODP, M. PARISHES, EUR-CEA-FC-B21 (April 197T) 

/~8 7 K- HALBACE, Proc 2nd I n t . Conf. on Magnet Technology, Rutherford Lab. 
" (1967) 

£~9_7 J. LE Ï0IL, B.THOORIS, Rapport OISI 5 para î tre 

l~10_7 R. AYMAR, C. LELOUP, M. PARIEHTE, note interne n° 1152 (July 1976) 

^~11_7 F. GATIHEAU, 0 . LELOUP, H. PARIEIITE, EUR-CEA-FC-922 (December 1977) 

/~12_7 R. AYMAR, C. LELOUP, K. PARTEM:, 10th S.O.F.T. Fadova (1978) 

fl3_7 R. BEI-CAS, J . BLUM, J . P . MORERA, P. PLIHATE, V l l t b Symp. on Eng. 
Pb of Fusion Research, Knoxvil le (October 1977). 



- 24 -

V - I, C. R. F.. HEATING 

ft - Overview 

A - 1 - Review of recent results 

A number of important ICBF experiments have been conducted during 

the last 2 years on TOR, PUP, DÏVA and EBASMUS (1, 2 f 3, 4). Host of the 

results concern the so called ion-Ion hybrid scheme either in the 

"minority regime" at low minority concentration or in the "mode conversion" 

regime when the minority concentration exceeds a threshold value. 

according to these results a number of crucial obstacles have 

been breached and there is a general feeling of confidence in the validity 

of the schemes. In particular s 

A - 1 - a) significant power (up to 0.5 Htf during 0.1 sec in PUT and 

0.250 MW, 0,0SO sec in TPRJ has been coupled to the plasma. The deuterium 

heating and the plasma contamination are comparable to counter neutral 

beam injection (PLT) or to quasi transverse injection [TOR). 

b) The observed wave propagation, damping and heating effects 

follow qualitatively the characteristics of existing theories (5, 6, 7) for 

both the "minority" and mode conversion regimes s 

- In the minority regime most of the RP power is observed to 

heat the minority species in both a D-H or a D-He plasma composition. The 

distortion from a maxwellian of the minority energy distribution function 

agrees with Stix's (8) quasi linear theory. Ho electron heating is detectable 

in these conditions. 

- At high minority concentration {"mode conversion regime") the 

maximum heating rates of ions and electrons occur when the computed mode 

conversion region crosses the magnetic axis. Significant ion heating has been 

observed for Nj/'K Ci 0.5 with the cyclotron resonance zone outside of the 

chamber* The essential role played by the mode conversion is also suggested 

by the observation of bulk electron heating. 
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c) An all metal antenna equipped with a Faraday shield has been tested 

in TFR. Its performance (250 kw in a 60 x lO cm antenna at 60 MHz) compares 

well despite the higher frequency operation with the standard design of the 

Princeton coil which requires a large alumina casing (500 kv in a 120 x 10 cm 

antenna at 25 MHz). 

Some negative aspects should also be mentionned i 

. Very recent TFR measurements in the minority regime suggest that 

part of the wave energy is wasted by heating poorly confined localised particles. 

However the TFR r_ ripple is large. 

. The factors controlling the radiation resistance of the launching 

loops are not fully understood. 

Finally we noté that there is very little experimental documentation 

on the third ICRF regime potentially interesting fox xe&ctors which is based 

on pure cyclotron harmonic damping of the fast wave. In a reactor the scheme 

would require a frequency corresponding to the first harmonic Tritium 

frequency in a Tritium-Deuterium plasma but could be tested at 2 00, in a 

hydrogen plasma. 

A - 2 - Evolution of ICRF physics in large plasmas 

The present generation of KF dedicated tokamaks will continue to 

improve our understanding of the various ICBF schemes. However a number 

of very important features can be explored only on large plasmas. 

In large plasmas the perpendicular wave length is much less than 

the plasma transverse dimensions. For instance : 

A » 9 cm for n « 1.4 10 1 4 cm"3 

and £ ** 1.7 cm for n = 5 10 cm 

On the other hand the larger damping zone combined with the higher 

ion temperature will considerably increase the wave absorption during one 

transit of the wave .across the cyclotron layer. 'Jhese two effects will 

destroy the cylindrical eigen mode character of the wave which prevails in 

small or medium size plasmas. & more adequate description will be to follow 
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wave rays emitted by the various point sources of the antenna. A simplified 
ray tracing calculation is described in chapter B-2. 

A happy consequence of this new situation is the possibility to 
perform a more local wave energy deposition. The fast wave refractive index 
being essentially sensitive to the plasma density the rays will tend to bend 
and converge towards the magnetic axis. Then» by proper localization of the 
antenna radiating elements near the equatorial plane (fig* 1) it should be 
possible to concentrate the power deposition in the central part of the 
cyclotron resonance zone in contrast with the present situation where the 
power is deposited along an entire chord. 

A - 3 - Torus II ICBP objectives 

Within the present knowledge the prime objective will be to 
demonstrate the efficiency of the ion-ion minority heating scheme in condition 
relevant to large plasmas • The plasma composition will be 

4 3 
<H e and H) or (D and H) or (B and B). If predictions are verified, this 
method lould be employed to control the radial temperature profile. 

The series of experiments in the H-H mixture will simulate the 
D^P operating conditions* 

A second topic will be to carry out the same type of research for 
the ion-ion mode conversion regime and to demonstrate the predicted electron 
heating* Antennas will have to be placed on the high field size of the tor as. 

Finally, provisions are made to work in the pure cyclotron harmonic 
regime at Ctl j 2 W . (hydroget* plasma) in somewhat degraded conditions B T * 2.7 T. en 

Table 1 gives the toroidal field range i:i various ZCRF schemes 
using a wide band generator : 

40 MHz é V < â0 MHz. The maximum toroidal field is taken to be 45 kG. 
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Condition Mixture Minority range Remarks 

ch cd 
H - 0 . 

OTH-Ha4 H 27 t o 45 kG Minority and mode 
conversion regime 

en pure U' none 13 t o 2? Harmonie regime 

» = < & e 3 H - H 3 

H e 3 40 t o 45 kG Equivalent of 
D-T case (T minority) 

"-& H - H e

3 H 27 t o 45 MS Equivalent of 
D-T case (D minority) 

Tan-rag i 

B - Physics basis of coupling, propagation and damping of ICRP 
wavesin Torus II 

B - 1 - Coupling 

Correct estimates of the antenna coupling resistances observed 
in TPR and PLT experiments are obtained from a theory due to ADfiM (*)• 

Derived in a cold plasma with a slab geometry, the theory solves the 
excitation of a wave through an evanescent layer corresponding to the low plasma 
density region located between the antenna and the plasma boundary» The 
waves emitted by the antenna are assumed to be completly absorbed in a single 
transit through the plasma and interference with nearby antennas is not 
considered. 

Such a model predicts the excitation of a wide wavelength spectrum. 
For the antenna geometry discussed in chapter C the k spectrum extends from 
0 to 12 m"1 (fig. 2). 

The basic approximation of the theory seems to be well adapted to 
large plasma conditions. In particular, we demonstrate below the single transit 
situation. The interference with nearby antennas will have to be incorporated, 
it will probably lead to an improvement of the coupling as observed recently 
with two adjacent antennas in PLT. 
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WAVE SPECTRUM EXCITED 
BY THE PROPOSED ANTENNA 

FIG. 2 
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B - 2 - Propagation and damping 

From the antenna surface to the absorption layer in the plasma central 
region, the wave obeys the simple.cold plasma dispersion relation of the fast 
wave. As shown by P. Colestock (10), the density gradient acts as a focusing 
lens which bends the wave rays emitted by the antenna towards the magnetic 
axis. 

The »*ave is strongly absorbed when it reaches the ion-ion hybrid 
resonance region given by * 

««- •• -Ctt'- tt)c* (ft) 

At low hydrogen concentration, this region is slightly shifted on 
the high fie yd side from the cyclotron resonance. The shift becomes large: at 
high minority concentration. 

The ion-ion hybrid effects may eventually lead to mode conversion 
of the original fast wave into a slow wave if the H density reaches a critical 
value given roughly by : 

* . v, M ^ r i l ± J. -BaL̂ -| (i) 

Below this threshold, the refraction index of the fast wave experiences 
a moderate variation in the vicinity of the ion-ion hybrid resonance and it 
is possible to use a WXB treatment to calculate the wave damping processes (6). 
This amounts to solve the four coupled differential equations t 

where the indices w and o* stand for the wave and the 3 species : electrons, 
hydrogen, deuterium ; hi is the imaginary part of the wavelength and x 
represents the position along the ray trajectory t ki is derived from the 
3 x 3 dielectric tensor including all hot plasma effects for the local value 
of the plasma parameters. The damping decrement associated with each species 
is given by s 

32 ITS» l > - _ _ * ( - * * > u ; ) . 
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where S is the x component of the Poyntlng vector and K is the dielectric 

tensor containing only the terms of the species o\ 

Such a calculation has been performed for the conditions of 

Torus II at the end of a 5 MW heating pulse : 

2 
T - " T 4 ^ - 4{kev) ( i - -£. ) e ia a* 

14 -2 r 2 

n = 10 H (cm ) (1 - — ) 

The hydrogen minority is assumed to be 3 % and its energy 

distribution function has been chosen to be self consistent with Stlx's 

quasi-linear calculation (B-3) 

ffa (E) = A [exp - E/T1 + 0,124 exp - E/T2J 

With T 1 2 = T 1 2 (0) Î1 - r 2/a 2) 

and T. (0> = 5 kev t T 2 (0) = 30 kev. 

An overall picture of the damping is obtained by choosing an 

horizontal ray situated 20 cm above the equatorial plane and travelling 

from the low magnetic field side. 

Figures 3 and 4 show two cases for different values of ky/ 

(10 m and 2.5 m ). For this wide range of wavelength we conclude that : 

- no mode conversion occurs 

- SO to 90 % of the wave is absorbed in a single transit 

« most of the wave energy is transferred to the minority species 

(75 to B2 %>, the remaining part going to the deuterons 

- the width of the absorption layer varies between 5 and lO cm. 

However the wave picture is more complicated at the beginning of 

the RF pulse : mode conversion will occur for a great part of the wave spectrum 

and the direct absorption of the fast wave will be weaker. Nevertheless this 

situation will be quite similar to the present situation in TFR and PLT ; 

it is expected that the hydrogen temperature will also rise very fast leading 

to rapid quenching of mode conversion. 
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B - 3 - Minority energy distribution function 

We have seen that most of the RP energy heats directly the minority 
protons which in turn will transfer their energy by collisions with electrons 
and douterons. Stix (8) has obtained an equilibrium solution of this problem 
by solving the Foker-Planclc equation including a wave quasi-linear diffusion 
term due to Engelman and Kennel* The results of such a calculation applied 
to Torus II are shown in fig. 5 assuming a heating power density of 0.5 W cm" 

2 2 
which corresponâs to a parabolic power density profile P(r) • P (1 - r /a )• 

14 S3 
The other plasma parameters are Te - Ti = 4 kev and n «* 10 cm • 

He conclude from this calculation that a minority concentration of 
3 % is well adapted to the heating process : 

- it leads to a minority averaged energy of IS kev which is well 
confined in TORUS II t 

- most of the proton energy will degrade on the deuterons since 

- the partial energy stored in the protons is small compared to the 
other species . A . / '* A | + /*..) - • ° e 

B - 4 - Heating simulation 

A simple evaluation of the evolution of the plasma parameters 
during the heating pulse has been done in the following way (11) t the proton, 
deuteron and electron populations on the axis, assumed maxwellian, are 
described by 3 local energy conservation equations on the basis of 
collisionnal energy transfer* The energy containment times of each species 
are chosen in the middle of the expected ranges C"t .^4^4** j C | J , 21 *«c ; C * 

Fig. 6 shows the evolution of the central values of T # T.., T„ -3 « id ih 
during a 2 sea RF pulse providing 0.5 H cm on the hydrogen and 0.1 W cm * 

14 -3 on the deuterons. The central density is assumed to be 10 cm and the 
hydrogen concentration is 3 4. 
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C - Technology of ICRF heating 

C - 1 - Antennas 

Saving essentially in mind the minority ion heating scheme of a 
D plasma containing a few percent of H in a 4 I confining field/ a tentative 
design for the wave launching structure has been done on the basis of the 
following considerations : 

• The structura will be located on the outer side of the vacuum 
chamber where more room is available between the plasma and the wall. The 
ion cyclotron layer will not intercept the antennas* 

- The EF current will be maximum near the equatorial plane leading 
thus to an optimum concentration of the wave energy in the vicinity of the 
plasma axis. 

- The radiation resistance can be estimated on the basis of the 
simple model discussed above (9) assuming the fast wave launched by the 
EP current layer is completely absorbed after one transit through the plasma-
Taking this value into account, the design of the antenna should allow 
coupling of about 2 Mtf per port, for a maximum RF voltage of 30 kV. 
Experience gained in TFR indicates that such a HF voltage should be well 
supported by the antenna provided the RF conductors are separated by 2 cm 
or more. 

- The construction will be simple and mechanically strong. In 
particular no insulating material will be used in the antenna itself. 

On these basis» a sketch of a possible coupling unit is shown in 
Fig. 7 and 8. Supplied through the 2 vertical ports* a group of 4 antennas are 
located in the outer part of the torus chamber, in the shadow of the limiter. 
Each antenna is made of a central conductor, 45 cm wide, 75 cm long, separated 
by 9 cm from the return conductor. Each antenna is protected from direct 
bombardment along the magnetic field lines by 2 slotted limitera and 
RF supplied through a 6" 1/8, SOSL coaxial transmission line (T.L.). 

An individual antenna has a characteristic impedance near 50 SL 
while its electrical length is 0 = 54» at 60 MHZ (W- 6> for B = 4T). 

en T 
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Assuming now that the plasma edge is separated by 9 cm from the 
RP conducting layer, an estimate of the radiation resistance per unit length 
at 60 MHZ is obtained by integrating the real part of the Z. Fourier spectrum 
(Fig. 2) leading to 

R' - Re J ZkdH tt 5 10~2 A cm"1 

for a plasma density of 5 10 cm • 

Accordingly, a total coupled power of 2 MI* for the four antennas 
requires a peak RF current of 600 A in each antenna, while the incident and 
reflected components of the voltage wave In each transmission line are 15,S 
and 14,2 JtV respectively. 

This evaluation is based on the pessimistic assumption that the 
different antennas are not coupled by the wave field. Such a coupling would 
result in allowing the same RF current for lower voltages. 

The top and bottom groups of antennas will be supplied in opp^jite 
phase so as to achieve RF currents flowing in the same poloidal direction* 

Since the central and return conductors are built of thick metal 
plates, adequate cooling can be provided by liquid flow through pipes drilled 
inside the metal plates* 

Each transmission line will be equipped with a conventional 
alumina vacuum feedthrough 

C - 2 - Power transmission equipment between the antennas and the generator 

Fig. 9 shows a possible arrangement of the RF power equipment 
supplying the group of antennas located in one port. 

The T*Ii. supplying the two top antennas are connected together in 
the vicinity of a voltage maximum (this point can be easily adjusted using 
sliding sections of the T.L.). The same arrangement supplies the two bottom 
antennas with an additionnai A/2 section reversing the wave phase so that 
the RF currents In the two groups of antennas flow in the same poloidal 
direction. 
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Using the same 6" 1/3 T.L., the top and bottom sets of antennas are 
connected to the two output amplifiers through A/4 turning stubs matching the 
loading impedance to 50 A, » 

A conservative estimate of 6" 1/8 T.L. characteristics indicates 
those lines are capable of supporting 110A CM at 60 MHZ without additionnai 
cooling. Carrying 600 A, as required for coupling 2 MW Rp power during 5" 
every 4' corresponds to an average power deposition about half the indicated 
limiting value, accordingly, no cooling of the T.L. or tuning stubs is 
required for full power operation. However, fast repetitive operation of the 
HP equipment might be desirable for autgasslng of the antennas and this 
regime might lead to unacceptable heating of the lines* If this were the 
case, providing the T.L. and stubs with water cooling can be achieved using 
a very simple arrangement. 

Our estimates are based, on a maximum BF voltage of 30 XV. Technical 
specifications and experience indicate such a voltage can be easily supported 
by the T.L. provided they are pressurized at 2 atm of N_ or 1 atm of SF . 

C - 3 - Power generator 

As shown in fig. 8 the final stage of the HP generator Includes two 
amplifiers in parallel, each with an output capability of 1 Mtf. 

Building such 1 MW amplifier in the 40-80 MHZ range does not present 
any basic problem s a similar equipment, capable of delivering 2 x 1,5 MW is 
presently being built for TPR by Thomson C5F and will be ready for operation 
in May 1980. As shown in fig. 10, the two modules of 1.5 MW include each a 
single power tetrode operating class B with a corresponding efficiency of 65 % 
and are supplied in parallel by a 200 fcw amplifier through a 3 dB coupler. 
A feedback system controls the level of reflected power in the transmission 
lines preventing thus overload of the output tubes. Although this amplifier 
has been designed for 100 ms pulse operation, it would be capable, according 
to the manufacturer specifications, of delivering more than 2 x 1 MW in long 
pulses (up to lo s) appearing thus as an excellent prototype for the 
modules required for Torus II. 
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The power supply required for 2 MW output power (25 kV - 150 A) 
and the lower stages of the amplifier are conventionnal and do not require 
any further development» 

D - Interference with existing ICRF programmes and perspectives 

The design of Torue II ICRF equipment will have to he made in 1932. 
At this time a considerable amount of new information about the ICRF scheme 
will be supplied by the existing programmes in the Community and in the 
world. In particular contributions are expected in the following topics* 

- Heating efficiency at a level of several times the ohmic newer» 

- First experimental results with the pure harmonic scheme. 

- Optimisation of antenna design, in particular on the role of a 
Faraday shield. 

- Development by the European industry of a 3 WW pulse generator, 
which would require few transformations to constitute a 2 MW-5 sec module 
for Torus II. 

The experimental programme of TFR and ERASMUS in the period 
1980-1982 appears ideally suited to answer these important questions and, 
in general, to prepare an ICfiF programme on Torus II. A revision of the order 
of priorities of the Torus II ICRF programme will be made in 1982 in the 
light of the forthcoming experimental results. 

The successive steps of the Torus II ICBF programme will have the 
following sequence s 

• 1983 - design and construction of a first module of 2 MW antennas, 

- ordering of 2 modules of 2 MW-5 sec generator - transmission 
lines systems, 

- modification fbr longer pulse duration of the existing TFR 3 MW 
equipment. 



35 

1984 - test at the Level of 2 MW of a complete system generator-antenna 
on the plasma of Torus II, 

- test on a dummy load of the 2 new generators. 

1985-1986 ICHF experiments at the level of 6 MW (5 MW in the plasma). 

(1) Equipe TOR* 9th European Conference on Controlled Fusion Research 
and Plasma Physics - Invited paper 0--12 - Oxford Sept. 1979 

(2) D. HWANG et al, ibid paper B-2.7 

(3) U.P. BHATNAGAR et al, ibid paper E-2.3 

(4) H. KIHURA et al to be published in Nuclear Fusion 

(5) F. PERKINS, Nuclear Fusion 17, 1197 

(6) J. JACQUXNOT, Varenna-Grenoble, Inter. Symp. (Grenoble 1978) 
I, 127 < 1978) and 3rd Topical Conf. on RF plasma heating 
(Pasadena) D4-1 (1978) 

(7) R. TAKAHASHI, EPEL Rep. 1374 (1977) 

(8) T. SHX, Duel. Fusion 15, 737 (1975) 

(9) J. ADAH, EUR-CEA-FC-1004 (1979) 

(10) P. COLESTOCK Private communication 

(11) H. CHATELXER --J.P. GIRARD Private communication 
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VI.LOWER HYBRID PROGRAM FOR T 25 R.F. HEATING 

A - OUTLINE OF LOWER HYBRID HEATIHG OH T 2S. 

T 2S «ill be in operation by 1985 at a time at which the design of 
the next generation of Tokamaks should be in an advanced stage based on the 
expected TFTR, JET and JT 60 data. The choice of the most convenient additional 
heating method will be one of the key problems of such a design as already 
evident from the present INTOR project which can be used as a guide-line. 
Additional power of 70-100 MH coupled to the plasma for time durations longer 
than 10 s are foreseen.. These figures correspond to energy levels transferred 
to the plasma of up to 1000 HI. 

As a consequence, test facilities such as T 2S will be essential for 
assessing and optimizing heating techniques for the Post Jet Tokamaks. In 
order to be relevant for further applications, power units have to be operated 
in T 2S at power levels much higher than the ohmic power and with pulse times 
comparable to those required for a reactor. With the T 2S parameters, this 
leads to a power unit such as : P - 10 Mtf, duration > l 0 s'* *""e' a n e a e r 8 7 
coupled to the plasma higher than 100 MJ. 

Among candidates for an additional heating method» the two main 
features of lower hybrid heating (LHH) which are : 

- R.F. generators can be operated in a quasi continuous mode of operation 
without too much development 

- A launching structure composed of wave guides which appears to be very 
well suited for reactor conditions 

give some potential advantages to this method. In the next section, the state 
of the art of today's experiments (see table I) will be presented. This will 
give the basis for extrapolating an R.F. unit for T 2S which will be presented 
in section C. Since data are taken from experiments whose size is very small 
as compared to T 2S, a supporting experimental program required for assessing 
the R.F. unit parameters foreseen for T 2S will be presented in section D. 
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SURFACE 
(cm2) 

PHF 
<kW) 

Pi) 
<kW) 

i THF 
(ms.) 

£ 
(GHz) 

Bd> 
(kGauss) 

n 
e-3 ^ 2 

(kVJ/cm ) 

E 
(kV/cm) 

DOUBLET II 
Slow-wave 
structure - 350 

200 100 10 
0.8 
0.45 8 8.10 1 2 - -

OCTOMAK Slow-wave 
structure 

- 10 -10 1 0.415 0.85 4.10" - -

A.T.C. 2 - 4 
wave-guideB 

- 200 110 150-
200 

10 0.8 18 1 - 2 
io' 3 

i 0.5 < 1 

F.T.I. 
Slow-wave 
structure - . 60 60 1 0.4 6 - 1 0 

0.5 -
1.21013 - 1 ~ 1 

«EGA 2 
loops 

100 130 80-
100 

10 0.5 10-15 1 - 2 
io'3 

~ 2 ~ 1.8 

JFT 2 4 
wave-guides 

162 140 160-
250 

20 0.65 
0.75 

13- 18 1 - 3 
lO 1 3 

1 2 

ALCATOR A 2 
wave-guides 

16 90 300-
400 

20 2.45 60 1 - 3 
I0 , A 

~ 4.5 3.5 

PETULA 2 
wave-guides 

116 
45 

- 500 
_ 450 

100-
150 6 1.25 16 

27 
1 - 5 
lO 1 3 

4 
10 

4 
6 

JIPP T II 2 C 
wave-guides 

115 60 210 20 0.8 21 
26.4 

1.4-2.4 
10 1 3 

1.6 -

VERSATOR I 4 
wave-guides 300 200 - 10 0.8 15 <5.10 1 3 0.7 -
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B - STATE OF THE ART OF LOWER HYBRID HEATING. 

L.H.Q. experiments have used various types of launching structures : 
antennas, C-shaped wave-guides, grills, etc... at energy levels of up to 
3.5 fcj. The matching has been generally quite easy. For instance, 90 % of the 
incident R.F, power has been launched in the WEGA torus by means of adapted 
antennas. As an example, the measured reflection coefficients and correspond
ing electric fields as a function of the transmitted power density by the 
PETULA Grill are shown in Fig. 1. For low power densities, the reflection 
coefficient is small and can be accounted for by a linear coupling theory. 
At higher power densities, the reflection coefficient increases. This increase 
seems to be due to the increased power as well as by the change in the scrape 
off plasma when the limiter material varies. But even though very high power 

2 densities of up to to kW/cra have been launched with a corresponding electric 
field of 8 kV/cm, the transmitted power level has been higher than 80Z of the 
incident power. 

Conceptually, waves launched at a frequency close to the lower 
hybrid frequency can heat the ion population as well as the electron population 
thanks to various mechanisms. We will summarize the results obtained up to 
now where the R.F. power input has been comparable to the ohmic power» 

i) ion heating. As an example, the T^ profiles obtained in the WEGA experiment 
with 135 kW injected R.F. power for 10 ms. are shown in Fig. 2 just before 
and just at the end of R.F. application (data obtained from parallel charge 
exchange and impurities Doppler broadening measurements). A strong increase 
of the central ion temperature, AT- - ISO eV, has been observed with a peak 

13 —3 density varying from 2 to 4.10 cm . From the change of the time derivative 
of the ion energy just before and just after the end of R.F. application, a 
local ion power deposition of 0.4 W/cra can be inferred. Cther experiments 
have shown similar increases of T.. 

R.F. application is also accompanied by an hot ion population as 
shown in Fig. 3. This hot ion tail temperature which vary from few hundred 
eV to few keVs seems to depend on the R.F. power. In attempts to localize this 
hot ion population it has been shown to be produced at the plasma center 
(FT 1, JFT 2) or almost uniformly distributed (PETULA). Moreover, this has 



33-

fUPwKm <MflM«* 

JV <(Kl»c fkU. kV/tm 

tnmmttU p v M l y Mffa* 

Fig. I - Reflection coefficient and R.F. electric field versus transmitted 
power density in the PETDLA. Grill. 

7 t , L 0 9 Brsh- « btlor* HP 

o during HF 

IÎ&: _3 - Fast neutral measurement 
in perpendicular direction 
in the WEGA Tokamak. 

Radius (e»> 

Fig. 2 - Ion temperature profiles before and after the R.F. pulse in the 
UEGA Tokamak. (stars are for T. values from // charge exchange 
measurements uncorrected for plasma absorption). 
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been confirmed by the sawteeth observed on the Alcator A neutron flux which 
was enhanced by an order of magnitude by the R.F. It should also be noted 
that the best ion heating efficiency has been observed for plasma conditions 
such that the linear Mode Conversion was located near the axis (FT 1, WEGA, 
JFT 2, Alcator A, J IPP 2). 

ii) electron heating. Depending on plasma conditions, a strong heating of 
the electrons has been observed : up to 300 eV on WEGA for a central T f i of 
500 eV with 135 kW of R.F. power. The electron power balance is difficult 
to assess because the electron profile changes strongly during the R.F. pulBe, 
which entails current profile modifications, inductive effects, etc... In WEGA, 
by taking into account these effects as well as possible, a local power depo-

_3 
sition of I W/cm on the axis has been deduced at the beginning of the R.F. 
pulse. Ifr is difficult to unravel the physical mechanisms involved in the 
observed electron heating although FT 1 and Alcator A claim that electron 
Landau damping can account for the electron heating. A systematic- study of 
electron heating is still missing. 

The estimated powers coupled to the ion and electron population are 
summarized in Table II where F is the transmitted R.F. power to the torus. 
When an increase of both T and I- is observed, the total power coupled to 
the plasma is higher than 50 % of the incident power and comparable to the 
part of the power which can propagate up to the center. It should be noted 
that, when various heating methods have been applied to the same device 
<NB I, « . and <IL„ on ATC, NB I and uy on JIPF 2), the observed heating has 
been the same for the same applied energy. These various heating methods 
have also been accompanied by the same side effects : density increase, impu
rity increase. 

It has been shown that, although the mechanisms responsible for 
these side effects are not clearly understood, they can be reduced by wall 
conditionning (T. gettering in WEGA). The most likely candidates for explain
ing these effects are the poor fast ion confinement or surface waves due to 
the non accessible part of the R.F. 
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As well» the role of the power density on the heating has not yet 
been assessed. The associated non-linear effects can cause a shift iu the 
launched power spectrum (Alcator) and limit the power which can propagate 
to the plasma center (Petula). 

If the L.H.H. is to be associated with Neutral Bean Heating, these 
techniques are compatible (JIPP 2) and, moreover, their efficiencies can be 
enhanced (A.T.C»)» 

PRF 
incident kW 

P. ions 
kW 

p . electrons 
kW 

WEGA 130 15 30-50 

JIPP 2 42 7-10 20-30 

JFT 2 130 20-40 

ALCATOR 90 < 36 
Depends on 
plaame 

conditions A1CAI0R 90 30 
Depends on 
plaame 

conditions 

FT 1 80 4-16 40 

/ T A B L E 11/ 

C - POSSIBLE SCHEME FOR LOWER HYBRID HEATING OF T 2S. 

The parameters of a L.H.H. system, i.e. frequency» grill design» are 
imposed by wave penetration requirements and by the physics of the two basic 
plasma heating processes : ion heating by mode conversion of the wave at the 
linear turning point (L.T.P.) and electron heating by electron Landau damping 
(E.L.D.). Major changes in a system designed on. tne basis of such theories 
may result from the existence of non-linear mechanisms. In particular the per
missible power density may be limited. Therefore, we will consider the power 
density as a free parameter which should be determined by coming experiments. 



In today's experiments, of relatively small size and at low magnetic field, 
the main part of incident R.F. power can propagate to the plasma center» 
not in disagreement with linear theories, for applied power densities up to 

» 2 . 
5 kW/cm can be taken as a prospective value for an upper limit for the laun
ched power density, value which is in the same range than the one foreseen 
for NBI but lower than the one already used in PETULA Grill. 

*M ~ ghvsiçs_of_the_LJ,H.H. system. 

We now will recall briefly some of the basic equations of the wave 
penetration. The range of the parallel index of refraction N.. for which the 
plasma is transparent is limited from below by the accessibility condition : 

N;
2 > I + x <2y2- 1) + (4 x y 2 (I + xy*- x ) ) 1 / a - N ^ (1) 

where x - u2./ui2 and y 2 - <u2 /oi .01 , Waves with N,2, below this limit are pi J ci ce // 
trapped and ev&ntually damped at the very periphery of the plasma» The power 
radiated iu the range N2, < N2, should then ba minimized to reduce edge heat
ing. This condition is illustrated by the curves shown in Fig. 4 indicating 
the variation of N,, as a function of the density for a D. plasma in a //ace 2 
4.5 T magnetic field. These curves are bounded by the N,i corresponding 
to the resonance conditions as indicated later. 

The upper limit of the spectrum for which the waves can reach a 
given point in the plasma is determined by the more severe of the two follo
wing conditions : 

where o»?„ • *-

«II * y=. " *BJ> »> 
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«here temperatures are expressed in keV and a - 6.4 according to the presently 
accepted quasi linear theory of E.L.D. (a ~ 4 according to the linear E.L.D. 
theory). From eq. (2) and (3), E.L.D. «ill be the damping mechanism when : 

2 T. 
— i ' + oTf I" W 

while ion heating will prevail in the opposite case. However, due to the 
combined dependence of fly.-™ with temperature and density, the absorption 
zone is rather uairow. and shifts rapidly to the out Bide when the wave frequency 
does not fulfill eq. (4). On the other hand, in order to enlarge the gap 
between R. and tyum»* the frequency has to be close to the following value : 

"-^pei"ee < 5 ) 

which corresponds» with a good accuracy, to : 

- ••£-). w//acc 

(the subscript 0 refers to central values). This gives an upper limit to 
central beta at which L.H. waves can s t i l l reach the plasma core : 

1 *L2 /wf \ S <x5t (7) 
I pe c e l o / e o ' 

In f ig . 5, the L.T.P. density variations are plotted as a function 
of the magnetic field for 4 different frequencies and &.. * 2.5. Dotted lines 
indicate the maximum density which can be expected in T 2S according to 
Murakami's scaling law without additional power for different safety factors. 
From Pig. 4 and Fig. 5, i t seems that a frequency of I.5 6Hz i s a good compro-

14 -3 mise for the parameters of T 2S, namely B_, - 4.5. T, n • 1.2 10 cm and 
I * 1.7 MA. allowing operation at high density and s t i l l keening a reasonably 
low value for N» . . . With this frequency, operation with hydrogen i s possible //ace 
at lower densities as indicated in Fig. 6. From Fig. 7. with the following 
conditions : T • T- - 1.5 keV (flat profiles), Z . - • 1.5, D- plasma, 
f - 1.5 GHs, i t can be seen that the wave can reach the plasma center (x > 0.5) 
i f N.. l i e s between 2 and 5. In Fig. 8 are plotted the temperature dependence 
of the L.T.F. density, the E.L.D. density, the maximum density with ohmic 
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power only and the density corresponding to the maximum plasma pressure. 

The density axis can also be graduated with fy/„c *s a parameter. From 

Fig. 8, it can be seen that, at the beginning of the R.F. heating, ion 

heating at the L.T.F. occurs at the plasma center for rather low N„ values 

while E.L.D. is obtained at higher N» values. When the plasma temperature 

increases» E.L.D. will occur for lower values of ft. preventing the wave 

from reaching the L.T.F. at the plasma center. Therefore, in order to heat 

the plasma at the center for all the plasma conditions, it is necessary to 

design a launching system able to accommodate a shift in the ÏJ» spectrum. 

This will avoid deposition of R.F. power at the plasma periphery. 

For that purpose, we suggest the use of a multiwave-guidé structure 

even though such a structure has not yet been tested. Ve recall that, if 

Ng is the number of waveguides of the grill, b the distance between the centers 

of two adjacent waveguides and A$ the relative phase shift, one has : 

(8) 

AN,, being the width of the central peak of the N,. spectra which should be 

rather small in order to minimize the non accessible part of the spectrum. 

From Fig. 8, *%*• has to be varied between 5 and 2. 

Taking into account the port size available in T 2 S, i.e. L • 40 cm, 

the parameters of the Grill are the following : X - LQ/2 - 20 cm, ÛM,, - 1, 

b H 2 cm. Then, a 16 waveguides grill allows to use the full aperture of T 2S 

ports. The corresponding value of S is 0.25. By properly associating the 

different waveguides, it is possible to shift continuously the spectrum from 

5 to 1.25. As an example, two spectra, obtained using a Fourier analysis 

taking approximately into account the plasma impedance, are shown in Fig. 9. 

Intermediate values of <&>> can be obtained by changing the relative phase 

shift between waveguides : Experimental data of such np-.iti-waveguides systems 

are required in order to rely on the shape of these spectra. 
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Fig. 9 - R.P. potier spectra in S„ for 2 different arrangements of the 
Grill's phase shifts. 
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In Fig. 10 are sketched the resonance cones corresponding to the 

envisaged grill. They show the path of the wave energy up to the turning point. 

As sketched in Fig. 11, in order to fill the whole vertical aperture 

of T 2S, 4 grills can he superimposed in a similar way as in Alcator C. A sketch 

of a possible arrangement for such a grill is shown in Fig. 12. Grill displa

cements (10 - 20 cm) are accommodated by bellows. In order to obtain an opera

ting pressure as close as possible to 10 Torr in order to avoid R.F. break

downs a pumping system is required. It can be realized by means of a large 
split 

vacuum tank housing the 64 waveguides which are in order to insure the pumping 

speed. A 10 000 1/s cryopump allows the 600 1/s required for the waveguides 

conductance. Vacuum windows are located on a flange of this vacuum tank. 

A tapered waveguide section is inserted between the bellows and the vacuum 

tank, so that the grill system can be connected to the R.F. power tubes by 

means of standard pressurized waveguides which have very low losses (WR $$0). 

The translation of the system is made with a motor, the whole system being 

supported on air cushions. Sliding standard size waveguides have then to be 

inserted between the vacuum tank and the pressurized waveguides. The vacuum 

windows, which can be made with Beryllium oxyde, are also in standard waveguide 

size. 

C? " SgSHèESJJ-PQ-̂ Sî.SÊ. *h^ ^^'^•...^y3?6^' 

2 2 

of a 4 grilla unit is 1613 cm while the total area of that unit is 2108 cm . 

The system "transparency", defined as the ratio between the waveguide area to 

the total area of the system, is equal to 77 X. The overall efficiency of 

the R.F. system can be written as : 

ace 
x (I-R)xTxp. 

is the accessible part of the R.F., i.e. the part of the R.F. 

spectrum which can theoretically he coupled to the plasma, P E is the electri

cal power of the power supply, R the reflection coefficient, T the transmission 
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Fig. II - Sketch of the mouth of an R.F. unit. 



1 - Standard pressurized waveguides 
2 - Sliding waveguides 
3 - Faraday cage 
4 - Pumping tank 
5 - Cryopump 
6 - Motor 
7 - Air cushion 
8 - Positioning screw 

9 - Bellows 
10 - R.F. coupling unit 
11 - T 25 facility 
12 - R.F. vacuum windows 

1 

Fig. 12 - Stetch of the possible arrangment of the installation of an 
R.F. module unit on T 2S. 

- * 
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efficiency of the waveguides and p. the overall efficiency of the klystron. 
The main parameters of the total system which can be foreseen for coupling 
10 MW to the plasma are suomarized in Table III. With a power density of 
5 kW/cm , only 2 ports are required while with 2 kW/cnr. A of them are 
needed. Figures iodv*-;ed in Table III have been estimated with p - 0.9 

ace 
taken from Fig. 9,(1 - R)- 0.9 from Fig. 1 for this range of power density, 
T » 0.8 where the grill's length is taken into account as shown in Fig. 13 
and TV • 0.6. The overall efficiency can then reach values of 38 Z. 
Although klystron type tubes already exist in this frequency range with the 
capability of DC operation at very high power» developments are required 
in the following areas : 

- high power klystrons for a specific frequency and circulators in quasi DC 
mode of operation at a unit level of 500 kW to I MW, 

- Optimisation of a multiwaveguide system including vacuum windows, cleaning 
procedure, pumping system, neutron shielding, etc... 

- Study of system composed of a rather large number of klystrons (20 to 40 
tubes). 

POWER DENSITY (kW/cm2) 2 5 

P_p waveguide (kit) 50 126 

P w Grill (MW) 0.8 2.0 

Ppj, unit (MW) 3.2 8.1 

Number of units 4 2 

*.«<""> 10.2 12.9 

P ™ generator (MW) 16 20.2 

P E (MB) 26.7 33.7 
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Fig. 13 - Transmission efficiency of an R.F. line versus reflection 
coefficient including 20 m standard waveguides, 1 circulator 
and a grill of 2, 3 and 4 m. long. 
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D - SUPPORTING EXPERIMENTAL PROGRAM FOR L.H.H. OF T 2S. 

As has been shown above, 200 to 300 MJoules,of R.F. power will be 

required for T 2S heating. The R.F. system cost can already be estimated to 

range at about half the cost of a corresponding N B I system. The correspond

ing large investment requires a convincing demonstration of significant heating 

and a corollary confidence in the physics. However, the gap of more than five 

orders of magnitude between today's 3.5 kJ experiments and the foreseen 

200 - 300 MJ entails a very large extrapolation of the present data. Part of 

this gap will be filled by the planned experiments in 1980-1981 as shown in 

Table IV : at Grenoble with energy up to 100 kJ and P ™ » P n and in FT and 

Alcator C at energy levels of several hundreds of kJ with P ™ ~ Pf». The remain

ing energy gap should be filled before hundreds of MJ can be applied with 

confidence in T 2S. 
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Di ~ Grenoble program inJggO-KjgU 

L.H.H. will be studied on WEGA and PETtlLA with slightly upgraded 
with 

plasmas as compared today s experiments. The following R.F. generators will 

be used : 



f - 800 MHz P » 800 kW T . < 40 ms. 
pulse -

f * 1.25 GHz P - 2 MW T , ~ 50 ma. 
pulse 

The possibility of using two frequencies will allow to enlarge the variation 
of the launched <N,,> and of the ratio hetween the L.H. frequency and the wave 
frequency. The applied R.F. power will be much larger than the ohmic power. 
The 80-81 program thus aims to obtain the experimental laws necessary for 
scaling the further applications of L.H.H. Specifically it is important Co 
know the scaling of ion and electron heating efficiencies with the plasma 
density, the R.F. power density, the shape of the R.F, spectrum, e t c . It is 
also very important to assess the influence of a strong R.F. additional heating 
on the confinement scaling laws and on the beta limit. 

The following points will be studied more specifically. 

D. - The optimisation of the power coupled to the plasma. In par
ticular, the influence of the phase shift, the amplitude and the number of 
waveguides of the grill on the non-accessible part of the launched spectrum 
will be tested for instance by means of a 4 waveguide grill such as the one 
sketched in Fig. 14. It will therefore be possible to correlate plasma side 
effects such as the density increase with the non-accessible part of the 
spectrum. As well, the influence of the scrape-off plasma at the mouth of the 
grill on the coupling will be studied. 

D.. - The establisment of the heating processes. The corresponding 
effectiveness of the heating of the bulk plasma will be assessed. For that 
purpose ion and electron power balance as well as appropriate diagnostics 
allowing R.F. field localisation will be used, 

D. - The limitation of the permissible power density due to non
linear effects such as parametric decay, p'onderomotive forces, etc 

- In particular, special attention will be devoted to measuring 
the threshold in power level at which parametric decay becomes eventually 
important. 

D-, - To study the techniques of grill conditioning and torus wall 
conditioning which are required in order to avoid R.F. breakdowns and plasma 
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Fig. U - Sketch of the 4 waveguide grill in preparation for WEGA. 
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aide effects. 

D 2 " Required intermediate program in 1982-1985, 

L.H. application at high power levels on WEGA and PETULA has 
basically two sain limitations. One of these limitations Is the relatively poor 
confinement of WEGA and PETULA because of their low plasma current. In fact» 
the increase in the ion temperature is directly co^ .slated to the planta 
confinement. This has been confirmed by the observed increase in heating 
efficiency in uft. experiments in T.F.H.. and P.L.T» as compared to that obtained 
previously in ST and ATC. Specifically, a large part of the fast ions created 
either by stochastic effects or by damping of harmonic ion cyclotron waves 
cannot be confined by the poloidal field. Their energy is therefore rapidly 
lost to the wall» an effect causing also undesirable outgassing. In addition 
if the confinement of the bulk plasma is too low, the fast ion population 
cannot transfer its energy to the bulk by collisions. 

The other main limitation comes from the small access allowable 
in PETDLA or WEGA experiments, even by using the special toroidal coils in 
place. This small access prevents the study of multiwaveguide structures such 
as the one described above for T 2S. Therefore optimisation of the coupling by 
shifting the wave spectrum cannot be studied correctly. Other limitations due 
to the small sise of PETULA and WEGA can be listed as follows t i) the peaked 
density profiles are not relevant for the profiles expected in large machines» 
ii) wall effects are enhanced by a small ratio between plasma volume and wall 
area, iii) propagation of L.H. waves with A £ a, may be different from that 
already studied with X » a, iv) many large ports are required in order to 
assess the permissible power density* 

All in all, these limitations prevent the scaling laws obtained in 
WEGA and PETULA with 100 kJ of applied R.F. power in rather poorly confined 
plasma to be reliably extended up to the 100 MJ required for heating the well 
confined plasma of a large machine. Therefore, there is a pressing need for a 
program leading to a convincing demonstration of L.H.B. at the power level of a 
T2S modul unit. This demonstration has to be done on a plasma the parameters of which 
are relevant far the heating envisioned for T2S, i.e. poloidal and energy confinement 
high enough and large accesses. The required program for the period 62-85 is 
presently intensively studied by tbe Association EURHXA at Grenoble. 
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VII - OTHER OBJECTIVES FOR T2S 

A - Neutral Bean Injection 

1 - Introduction 

Besides the two previously described RF heating scheme, use of neutral 
beam injection may always be a fall-back, possibility, With the obvious expertise 
in this field existing inside the Euratom-Cea Association, it is certainly worth
while to conblder under which conditions neutral beam injection could be valuable 
for T2S objectives. One can think of three possible applications along these 
lines : 

_ Simultaneous use of NBI with RF heating methods, with two main 
goals : 

i - either to compare quantitatively efficiency and side-effects of 
«liferent jiethods, the reference of which is presently NBI ; 

ii - or to take benefit of useful interaction between two methods» like 
absorption of waves by high energy particles from beam injection (energy clamping 
concept for instance). 

*» Successive use of NBI and RF heating on the same plasma discharge, 
in order to ease efficient application of the second, by working with plasma 
of higher temperature than what is accessible by pure ohmic heating. This scheme 
applies squally well to ICRF and LH> which have to use different physical model 
for low and high temperature plasma (1 and 6 keV central values for example). 

<. Indépendant use of NBI, for interesting goals which are not yet 
accessible to RF heating methods : 

i - temperature profile control, mainly during the plasma current rise, 
which is the most important period after which the current density profile is 
frozen inside the plasma for times longer than the discharge duration,ig efficient 
heating are subsequently applied. 

ii - plasma rotation induced by parallel injection, which could be 
useful for plasma purification as it is proposed in chapter VII B. 

iii - beam-driven current or beam-assisted start up, aa touched upon 
in the following. 

Obviously, these three possibilities have no - infecting requirements, 
and may be pursued with the same NBI lines if parallel injection is retained. The 
strategy about neutral injection on T2S will be carefully analyzed in 1982, when 
investment in RF generators will have to be decided upon. 
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In any case» it is worth to mention that the injection lines presently 

installed on TFR-fiOO will in I960 give store than 1 MW to the plasma and eventually 

he up•graded to 60-60 kV.. More over, Fontenay is involved in a large development 

effort towards NBI lines suitable to JET, i.e. high power, high voltage, long 

mLLse units. It is obvious that requirements for TORUS II are somewhat similar 

co those for JET, and thus we can he confident that we will have at hand in due 

time, what could be needed for T2S, eventually with large savings in reus ing 

available components. 

2 - Beam-driven current 

It was first suggested by Ohkawa /~1_7 that the current in a Tokamak. 

could be maintained by parallel injection of fast neutrals. The transfer of 

momentum fkvm the-fast-ions-to. the electrons generates an electron current which 

tends te încel out the current produced by the ion beau. However the presence of 

impurities or trapping effects on electrons prevents this cancellation to he com

plete. The total "self maintained" current density j, i.e. the current density 

present in the plasma without a toroidal electric field being externally applied, 

is obtained by calculating the toroidal momentum balance upon the 

electrons. Taking into account the effects of i) the background and impurity 

ions (charge Zi, mass m± and density nj), ii) the fast ions (charge £ £, mass m f, 

density nf and average velocity Vf(vthé > > T f >:* vthi^* ***̂  t l i e t r a P P i a 8 û f t n e 

electrons £~2_7 and of the fast ions /~3_7 in the toroidal field gradient, one 

obtains : .. 

A numerical evaluation of the injected power tf necessary to obtain 

a total current I in TORUS H will be based on the following approximations : 

. I » j X T , S being the cross section area of the torus and the 

factor 2 taking into account the profile of the current density. 

. j = ez f

 n f V f x ô" » where the factor 1/2 is a rough estimation for 

the terms in bracket in (1). 
— — — 1 3 - 3 

. The plasma parameters are Te = Ti * 5 keV and n e = 5.10 cm . The 
characteristics of the ion beam correspond to Hydrogen injection at 60 keV. 

. We connect the quantity nf v~ to the injected power W - - nf ( — ), 
dt 

(where E is the kinetic energy of a fart ion) . using the atderw£ V y ^ » V 0 » v ^ 
neglecting the pitch angle diffusion of the energetic ions and assuming that the 

fast ions are equally slowing down on electrons and ions because the value of V 0, 

the injection velocity, is nearly equal to V , the critical velocity for the 
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considered case. We then obtain : 

where T 3 is the Spitzer slowing down time. The calculations lead to a self 

sustained current of 1 HA for an effective heating power of 8 Mtf injected into 

the whole plasma. 

Beside heating of the plasma and excitation of the so-called Ohkawa 

current, the injected ions increase the toroidal momentum of the background 

plasma. This can recuit in large toroidal plasma, flows. The injected momentum 

could be reduced with opposing beam injection (one beam parallel and one antipa-

rallel to the field line) and this second beam should t3 injected at an energy 

comparable with that of the first for penetration conditions. In that case, 

because the ion momentum balance does not depend on' the mass of the injected 

particle, the condition for the net Ohkawa current to be non. zero is that the 

second beam must be of particle of charge Z-fW Zf» i.e. in-practice this implies 

Helium injection. There are however several mechanisms by which toroidal momentum 

can be lost in the torus. A first momentum loss is provided by convection of 

toroidal momentum within a time scale of the order of the ion energy confinement 

time %i ; taking ^ « 250 ms the ion momentum balance in that case implies an 

equilibrium toroidal velocity vj * 2.10'cm s" *vvthi/5* Another momentum loss is 

due to the ripple viscosity £*3j7a which gives at equilibrium : 

. v . , 0.69 Pf Vf 
1 neTs \ £/* 

where o" (r) is the ripple amplitude and v is the ion collision frequency. 

For the parameters of TORE XI listed above and 6(0} * 10 , we obtain 

71 ( 0) * 3.5.10'cm s 1» \h*fà* A l a 8 * ma"^atw^ l o f l a * s provided by the 

effeut x the ripple viscosity on the trapped particles C^J t u* this gives a 

mean toi oidal velocity of the plasma of the same order as the former ones, 

Thb above calculations have been made in the equilibrium state of the 

plasma and the build up of the Ohkawa current has not been examined in detail. In 

fact, for a constant voltage at the plasma edge the Ohkawa current will superimpose 

on the initial current after a time of the order of T-g*j£n, the characteristic 

time of the skin effect for the plasma loop. Or equivalently, for a constant 

plasma current there will be a reverse electric field and current at the plasma 

boundary which will decrease on T" . time scale. This time is very long, roughly 

60 s for TORUS II ; this means that equilibrium will not be reached during the 

discharge duration. However, the situation might be improved, if injection is 



applied during the building phase of the plasma, vhen skin tine relaxation occurs 
on a much shorter time-scale, due to lover temperature and eventually smaller 
size plasma. This possible scenario of plasma build up vith a simultaneous increase 
of radius and beam-driven current might be interesting to study (there are obvious 
requirements on radial profiles) : i t v i l l be actually valuable, i f demands on 
the ohmic transformer can be thus eased for reactor-grade machines* 
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B - POSSIBLE EXPERIMENT OH IMPURITY CONTROL. 

B-l Flux of-impurity ions 

The neoclassical flux jL of impurity ions of charge £ and density 

^ has the for* f j M : £ - * ^ ( £ & - % k - i & ) ^ > M 
where 4X and T are the density and the temperature of the light ions of charge 1. 

In the absence of a thermal gradient» one then expects a concentration of the Z 

impuridesinside hydrogen until the equilibrium profile rttfe)= |*i(^ | is achieved* 

A thermal gradient J|£ reverses the flux however, and may result in hollow 

equilibrium profiles if (JSp I ̂  £•&§- * T h e expected cha

racteristic time for the build up of equilibrium is smaller than the neoclassi

cal life time of the ion energy, so that profiles have the time to reach equi

librium in present and future experiments. 

However the profiles ^1^4 which appear in present experiments 

are certainly much flatter than the expected neoclassical ones in most cases. 

This obviously means that a turbulence effect is superimposed onto the neo

classical frictions. Numerical studies 0 0 ) seem to indï._*te that the 
T - fVc 

turbulent flux 0 to be added to Ô has the form ; 

and ^=.0(A) , except in very high density plasmas as in Ale at or. As long as c{-Q{i\) 

Equation (2) implies equilibrium profiles /v\.\\}+c 

with the same characteristic scale as the profiles A[M j T^ij - It may be 

noticed that a value << - ^ 0 v ) rather than 0 (I), resulting in characte

ristic scale for "Vjfcj wuh. smaller than for /H(*u) . T f O in the case 

,£jj25>-l , could have been expected. Indeed the turbulent friction(proportio-

nal to ©J )experienced by the Z assembly is proportional to the difference 

between the diamagnetic velocity n< / ^ of that assembly and the trans

verse velocity of the turbulent modes. On the other hand the latter for the 

fine scale turbulence is observed to be of the order the diamagnetic velocity 

of electrons o C «222-* . 

B-2 Reduction of the flux of impurities emitted by the wall 

In view of (1) (2), the equilibrium density tfJfa) o f a given impurity 

species I is proportional to its value "tJfO at the plasma edge I* • a. and, 



- 55 -

if e<, - 0 (I), should even be more or less of the order of *V(*') (of course 

the variation of the degree of ionization across cbe discharge implies a fur

ther variation of Zeff eC -*lj ). The value of 'KJA) it self is proportio 

nal to Che in-flux 0j of Che considered impurities entering Che plasma in 

Che neutral state, through a particle balance in the chin shell at che plasma 

edge where these atoms become ionized. Therefore, in principle» Che impurity 
.0 

level in the plasma may be reduced by reducing 0_ , whatever the duration 

of Che discharge. The main source of impurties is likely to be sputtering of 

the wall; an obvious way to reduce 0_ is to reduce to a low value ( £ 100 evj 

the energy of the neutrals and ions escaping from the plasma. This means to 

reduce the ion temperature T to a value of this order in a shell near the plas

ma edge having a width j3, significantly larger than the width f\ of the 

shell where ionisation of neutral atoms impinging the plasma takes place, and 

where the density of those atoms is significant. 

It is possible that such a cold blanket may be achieved by proper 

injection of neutral gas C ?3. The situation may be improved in principle by 

arranging within the width A— a s e t o f overlapping magnetic islands, which 

increase the heat conduction of electrons. In view of the large ratio of 

thermal velocities of electrons and ions, however, such an arrangement cannot 

in practice substantially change the heat conduction of ions and Che diffusion 

of particles. The ion temperature over A— can then he decreased only if the 

collisional energy transfer from ions to electrons is efficient enough* 0_£ 

being the flux of ion energy, emerging from the plasma, this means that 

L < *?A « •ci, 
where T£. is the time ibr.equipartition of energy between ions and electrons. 

As the diffusion of particles is not perturbed, the particle density profiles, for 

given fluxes of atoms 0 O impinging Che plasma, are not affected by the 

islands. If we aasume values of the flux 0O and of the flux of electron energy 

0 ~ escaping from the plasma of the same order as in present experiments, 

similar particle density profiles at the plasma edge are likely Co appear. A 

proper value of û_ could then be Û c£ AOc*n , the density iv of light par

ticles in the shell à T being "H ô£ X. 4o'3ci**3 . For these values 

the condition (3) is satisfied if 0--, < AO'vJf ^ a reasonable limit for Torus II. 

Tu achieve a value of T ût 100 ev over the width Û the magnetic islands must 

produce a value of cne heat conduction K for electrons energy biven by ; 

Kf- - t« + t'* 



For 0ft, + tfj_ at 10 w/cm2 and 4 ^ - 1 0 cm md 2 10 1 3 c*T and 
T • 100 ev we obtain \ v < 2.1 

J± & h.4ti OH A 
<H / 

Magnetic islands can be produced over the width / ) _ by N 

magnetic perturbations of the for» , p g ^ = t,t^a^_mf\ fy 

résonant on successive magnetic surfaces q - f/u,-

A tentative scheme in Torus II could be a set of magnetic islands 1 » 6,7, 

and m • 2, resonant on the surfaces q - 3, 3.5* induced by M • 2 magnetic 

perturbations of the form (4) with i/g* tf 0.510 , J.e. for S - 30 kG, 

b d 150 6. These perturbations could be produced by a set of helical loops 

inside the vail. Each loop should carry a current o£ 5000 A, corresponding 

to a total current fl{ 100000 A in a meridian plane. 

B-3 Control of impurities inside the plasma 

A control of impurities inside the plasma may be obtained by 

acting on the particles frcn outside. In this category falls a concept such 

as the R.F. divertor proposed in (6) : impurity ions which are trapped inside 

the ripples of the toroidal magnetic field are heated by cyclotron reso

nance and then escape from the plasma owing to their vertical drift motion* 

Recent experimentation on XCRF in TFR has proved the potential efficiency 

of this extraction mechanism, which will be further studied. 

Another general scheme consists in giving light ions a proper 

velocity field along the flux lines. This permits to control the frictions 

experienced by impurity ions and there-by the radial flux of these ions. In 

the scheme proposed by Okhawa (7) , the velocity field is produced by asymétrie 

injection of neutral gas. Other schemes use magnetic pumping to force a pa

rallel motion of the light ions (8). In fact these methods have a poor effi

ciency and do not seem to be practically applicable. 

One may think of centrifugal effects resulting from a rotation of the 

plasma around the major axis to repel 1 the impurities from the plasea center. 

In the equations (1), (2) giving the radial flux of impurity ions, the gradient 

•£^X obviously appears as a measure of the last of thermodynamical equi-

librium of the assembly of ions Z in the frame of reference \T rotating around 
the major axis where the radial electrostatic field is zero* If this assembly 

experiencesagravitationnal potentiel dlfafy (Obeing the angle around the 

magnetic axis), everything remaining unchanged in the frame (/otherwise, the 

density AlJto should have the form f A\ Ç' % — ssEs? 
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and the lack of thermodynamical equilibrium of the assembly Z 

measured by jfffil rather than by _f_!s. . This derivative 2ffil should 

then be substituted to -S-Ï5. in ( I ) , (2). The equilibrium profile ( <h - 0) 

for the assembly Z would Chen implies that : ftij =, h "yy 
where flWfrHs the equilibrium profile in the absence of the potential ••&, 

and A i* a constant. The value of / \ i s determined by the condition that, at the 

plasma edge r -•• a ' the averaged value #1 (r) of tyjp'jr) coincides with t 

then obtain s & AL _ #*!>{& fcfo--**) 

^ = «& at) *> T 

Assuming that che rotation is applied in Che outer part of the plasma »*<t<:ec 

and that the rotational energy of light ions of mass m is smaller than their 

thermal energy» * H J I f\ CiT for instance, we obtain, in the central region A*<_3-

"•A *t if''tax ***/ y.2f and « ^ £ 7> 

Experiments to test this possibility of purification could be done in 

Torus 11 with large values of * W , using neutral injection to perform the pi isma 

rotation, at low density to minimize the effects of the plasma viscosity and of 

the friction by the ripplea of the magnetic field. Other techniques to achieve 

plasma rotations with good efficiency, for instance by magnetic pumping, are 

under study. 

References 

(1) J.N. Connor, Plasma Physics _15 (1973) 765 

(2) A. Samain, P. Werkoff, Nuclear Fusion, VT. 0977) 53 

(3) C. Mercier, F. Werkoff, J.P. Morera, Rapport EUR CEA FC 997 (1979) 

(4) D.V. Ouchs, D.E. Post, P.H. Rutherford, Nuclear Fusion, \J_, (1977) 565. 

(5) A. Gibson, Journal of Nuclear Materials 76 et 77 (1978) 92. 

(6) R. Dei-Cas, G. Requin, A. Samain, Journal of Nuclear Materials 76 et 77 
(1978) 542 

;?) T. Ohkowa, Kakuyugo, Kenkyu, 32 (197A) 67 

(S) R. Dei-Cas et A. Samain. Proceedings of the Tokyo Conference - IAEA Vienne 
(1975) Vol I p.563. 



ANNEX 

PROGRAMME OF DEVELOPMENT 

QUALIFYING TESTS 

SUMMARY AND RESULTS 

I * Introduction 

The previously described Tokamak system, mainly for its superconducting 
windings, relies on the availabttUy of technological solutions (pressurized He IX 
cooling for example) which have not already been used in very similar conditions, 
even if their principles of operation are experimentally well founded. This calls 
for a set of significant qualifying tests. 

Some of these tests are basic, and thus present a very general interest : 
their results not only assess the conceptual choices involved in the design, but 
moreover can be applied to new sreas of superconductor use. Other testa are more 
specific of the design, among them the manufacture and test of a model coil (of 
reduced scale) and fabrication and operation of a new test stand (9T-1.8K - 6 MJ). 

Euratom preferential support and a financial participation from the French 
DGRST were given for this test programme by the end of 1977. Work was undertaken 
on the basis of 1.5 year period, inside the Euratom-CEA-Association ; it takes benefit 
of the collaboration with two other CEA-Divisions, sited one in Saclay/STIPE and one 
in Grenoble/SBT, which have been for bog experienced in superconductivity applications 
and in cryogenic systems respectively» 

The planned programme is almost at its end ; on the average 30 people 
have been involved more or less on full-time basis. The available results show convin 
cingly that the conceptual choices were soundand that industry can provide the 
necessary components ; detailed design of the whole Te ' aaak may thus follow, final 
adjustment of the machine parameters will be .eventually made when,all quantitative 
experimental or industrial informations will be available. 

In the following! we will review the development work and test programme, 
and summarize its main objectives and conclusions. This will shortly concern first 
the more conventional parts of the Tokamak - vacuum vessel technology and high power 
circuit breaker for the poloxdal field system - to be followed by a large amount of 
work about the superconducting coils. 



2 - Vacuum vessel technology 

One twelfth of a toroidal vacuum chamber has been manufactured as a full 

size model ; it consista in rigid wedged sectors, joined together by bellows. The 

rigid sectors (whicL incorporate ports) are built with two metal sbeets, linked 

together by a sheet lattice : this kind of structure has a high bending stiffness, 

and minimizes electrical conductivity, and thus electromagnetic forces as&iciated 

with poloïdal currents induced by time varying magnetic fields ; compared to 

a thick wall vessel , its total weight is decreased by a large factor 

(3 to 5) for the same tensile stress in the metal. Thorough testing of this module 

(control of deformation and stresses» baking to 500*C, thermal cycling, pumping 

to 5.10~ torr) has been achieved and reported in (!) t it completely qualifies 

this new technology ; manufacturing processes and quality control are at hand. 

(1) C. Deck, F. Deschamps, :. Sledziewski, A. Torossian 

A n%w technology applied to a vacuum chamber module of Torus II, 

10th SOFT - Padova (1978). 

3 - Poloidal field system breaker 

The poloïdal field system of a Tokamak with a saturated iron core (ox air 

core) transformer should make use of a powerful circuit breaker for DC currents 

(49 kA, 30 kV for T2S). The purpose for this fast breaker is to discharge rapidly 

the magnetic energy stored in the P.F. coils during the premagnetization phase and 

thus to use the large instantaneous power (1.5 GVA in T2S) to initiate and rise 

the plasma current. 

Three main types of circuit breaker, suitable for high repetition rate 

operation have been considered up to now : 

- mechanical breaker : ET., Asdex, JET, 

- vacuum breaker : Alcator, JT 60» TPTH, 

- static breaker (thyristors) : PLT, Heliotron E. 
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Simplified circuit diagram for the poloidal 
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It is generally recognized that the thyristor circuit breaker has a large 
advantage in reducing the maintenance and Chat it wiK be retained solution in the 
future when availability will become the strongest requirement. However its price is 
presently considerably higher than the other ones. 

A configuration has been studied (I) (under contraction.Teumont Schneider C^) 
aiming at a strong reduction in the required thyriBtor breaker cost. This is 
achieved by shortening as much as possible the time during which the current flows 
into the valve. In this solution the breaker is connected in parallel to the main 
generator Go (fig.I). At the end of the premagnetizing phase. Go is driven into 
the converter mode and the valve T is ignited. After the total current has been 
transferred from Go towards T, the fast Bwitch I.M. is opened (no breaking 
capability is required) and then the precharged condenser bank CI (150 kJ* 30 kV) 

g 
is discharged in order to drive the valve current to zero (dl/dt * -1.20 10 A/s) 
and maintain a negative voltage across the thyristors during ^ 120 Ms . The 
condenser bank voltage reverses then,while the current is progressively transferred 
on a 0.67/1 resistor producing se 30 kV across the pololdal field coils. The 
Go generator will never be submitted to the high voltage, provided that the C. 
condenser be out of circuit as long as the IM fast switch is not open ; this 
is obtained by the fast make switch CM.tthe closing of which is orderad only after 
IM is open. The time during which the full current should flow into the valve 
is given by the total opening time of IK plus the total closing time ox CM. : 
This is about 20 msec. This arrangement allows us to reduce ths valve cost 
by about a facter two in comparison to a series thyristor circuit breaker. 

A test has been prepared with a reduced scale fast thyristor circuit 
breaker (t/JO in current, full size in voltage). The electrical circuit for this test 
is sketched in fig* 2 and the main characteristics are presented in Table I. 

An even smaller scale experiment (one thyristor 400 A, 1000 V) has already 
worked succesfully (2) and allows ue to define quantitatively all parameters 
o* the larger circuit. The various components of the test circuit are presently 
being assembled. The fast thyristor valve produced by the CGEE A7.STH0M CY is shown 
in fig.3 it consits in 24 X 2-inches fast thyristors in series equipped with voltage 
divider and protection circuits. The fast thyristor breaker needed for T2S will 
require 10 similar valves acting in parallel. 



one pulse 
Go Thyriator rectifier 390 V r f £ - 45C") A - l.Z s I e v«ry 
T Thyristor circuit breaker 4500 A x 40 ms 

working voltage 27 kV 
nominal voltage 50 kV 

IM Mechanical switch'1 ' 44 kA . I s 
total opening time 10 ms 
voltage (open) 36 kV 

CM, CM31 Mechanical make switches1 50 IcA.l a 
total closing time 10 ms 
voltage (open) 40 kV 

C. capacitor adjustable up to 50 l»f 
36 kV 

L. inductance adjustable up to 1400 un 
30 kV 

Rj resistor • 6-9 il-30 kV 
Lp: 22-32 mH 30 kV 

Table 1 : Circuit breaker test 

1 - AEG, GA736, or a new fast switch from Driescher CY (75 kA, Is , I Oms , 45kV) 
2 - Driescher fast make switch 

(1) R. Aymar, C. Leloup, M. fariente 
"Poloidal system of Torus II and technical consequences of a plasma disruption" 
10th S.O.F.T. Fadova (1978) 

(2) B. Bareyt, C. Leloup, E. Rijnoudt, A. Jacoud, 
Note Interne SCP 1198 (Juillet 1979). 





A - Basic qualifying test for superconducting coils 

Â - Heat transfer to superfluid helium 

A - 1 Introduction 

The usefulness of unsaturated superfluid helium as a coolant for supercon
ducting magnets has been assessed according to a scheme which classifies the specific 
requirements of this technology. 

In order that* superconducting windings are maintained at their wdrking 
temperature, permanent heat loads, e.g. the fixed losses of the associated cryostat 
or the Joui* heating in conductor joints, have to be accomodated by steady state 
heat transport, this performance is considered the basic property to be studied. 

In addition, the occurence of rapidly varying delocalised losses throughout 
the coil system necessitates the investigation of transient heat transfert on the 
scale of a unit conductor element and its associated fluid. 

Finally the effect of intense thermal spikes arising accidentally in 
weak points of the winding structure has to be investigated in a study of the 
transient behaviour of fluid contained in locally pulse-heated cooling channels. 

Transfer of heat between a solid and helium II occurs in two distinct 
stages which can be considered separately. First, a thermal barrier, the so-called 
Kapitaa boundary resistancesoriginates at the solid-fluid interface. It governs 
the temperature drop of the transfer process. Second, the flow of heat in the 
bulk fluid is controlled by a conduction mechanism peculiar to He II which proceeds 
without any net mass motion. This mechanism sets the limits to the propagation and 
absorption of thermal energy in He II. 

We will successively review the results obtained on steady state conduc
tion, Rapitsa resistance,transient, effects. 

A - 2 Steady state heat transport 

A systematic investigation of steady state heat transport in non 
saturated He II at 1 bar has been carried out on a great variety of channel 
geometries. Details on this work may be found in the original papers (1,2,). 
9 test channels were actually used covering a range of 0.2 to 5 ma in diameter 
and of 1 to ]00 cm in length. 
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Fig. 1 presents the result in a format convenient for practical purposes 
(2). The graphs W ( Tc, T> on the diagram are plotted for six distinct values of 

2 
the cold end temperature» Tc. They are related to the heat flux qinW/em (unit 
cross sectional area of channel) carried along a channel of length L in cm, with 
its ends held at Tc and T, respectively 

H ( TC,T) - ,. L 1 / 3'* ( 1 ) 

Relation (]) links together four parameters, Tc, T, q and L. It. is straight 
forward to determine one of them whenever three others are known* From inspection 
of Fig. 1, it follows immediately that for a given L and Tc an upper bound to q, 
the so-called limiting heat flux is reached when T reaches the lambda'temperature. 
The-limiting heat flux in a 10 s long channel, cold end at 1.8 K, would, for 
example, be 0.72 W/cm . We have actually verified the validity of relation (1) for 
channel lengths of this order by successive temperature profile measurements. 

A - 3 Kapitza. boundary resistance 

The temperature drop brought about by the flow of heat in the solid-He II 
boundary is called the Kapitza resistance. The phenomenonhas been extensively 
investigated, mostly for the sake of fundamental understanding. Our main interest 
concerns copper since it is the most frequently used matrix material in technological 
superconductors. For two reasons it appeared unsatisfactory to apply directly the 
published results to our design situation : First, because sizeable differences 
have been reported for samples of appearantly the same copper (3) and second, 
because very few measurements (4) exist for large values of heat flux. 

We have carried out a special series of measurements aimed at the production 
of results directly applicable to our particular needs. 

Two types of copper with initial RRR values of about SO and 80 respecti
vely were selected for the preparation of samples. After completion of all machining 
operations, the samples with the higher RRR value were annealed and chemically 
cleaned. They eventually presented an RRR value of 286. Samples of each copper 
type were given an eispirical surface treatment which consisted in mechanical brushing 
(Scotch-Brite ), followed by a moderate "baking" at 120°C in the presence of poly-
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Fig. 2 : Kapitza boundary resistance ueasuremente. Various copper 
types in He II at I atm and 1.6 K, 
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merising resin. All samples had the same size : A cylindrical rod with a cross-
5 sectional area of 1 cm and a length of 4 cm. They were mounted in a vacuum can 

immersed into the bath of a cryostat so that He II could wet the front face (see 
insert of Fig. 2). An electrical heatar,fixed near the back face, was used to 
establish uniform axial heat flux. Two carbon resistors» conveniently attached to 
each sample, were used to determine the copper temperature at the solid-fluid 
boundary by an extrapolation procedure assuming the thermal conductivity to be 
a linearly increasing function of temperature. Owing to the limited refrigeration 
power available in our cryostat, a constant He.II bath temperature could only be 
maintained for a few seconds when heat fluxes above 1 watt were applied. The carbon 
resistor temperature response was observed with a transient recorder to make sure 
that full thermal equilibrium was achieved for measurements. 

The diagram of Fig. 2 shows the results for the four sample types described 
above. Surface temperature T is plotted versus heat flux density. Measurements were 
carried out at bath temperatures T_ - 1.6 K and 2.0 K in non saturated He XI at 
] bar. Results are presented for T_ • 1.6 K. At higher bath temperatures the results 
are essentially the same. At very small heat flux values surface temperature is 
shifted according to the variaton of bath temperature. As heat flux increases above 

2 I watt/cm the shift vanishes. 

Each curve represents the mean value of three samples prepared in the 
2 + 2 

same way. Temperature deviations of + 0.25 K at 2 w/cm and - 0.75 K at 8 w/cm 
from these mean-values were observed. In addition temperature values for the same 2 sample were found to have shifted to somewhat lower values (0.5 K at 8 w/cm } when 
measurements were repeated after a period of several weeks. The magnitude of these 
fluctuations appears to be of the same order as that brought about by the particular 
conditions of samples selected, here (copper quality and surface treatment). 

It has been generally admitted in littérature that the lack of reproduc
ibility is inherent to the phenomenon of Kapitza boundary resistance. There is 
strong evidence that these effects are caused by small variations in the surface 
condition which are very difficult, to control (7). 

In conclusion to this chapter, we may recommend a reasonably realistic 
relation for the purpose of design situations dealing with technological copper of 
the type investigated here. 
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The expression appears as a lower bound to tbe mean values of the 

experimental results (Fig, 2). For comparison a similar expression marking the upper 

bound is also graphically presented. 

A - 4 Transient heat transfer 

a ) IjiB^£iBfi-Jîe^£_?feSS£E^^-n-iS«SlSSS^..Xg^ffflS2-S£-?e ** ! 

We have tested the heat absorbing capacity of non-saturated He 11 in 

closed volumes. In a given configuration the search was foe the maximum heat which 

could be injected into He II from a heated surface in the Kapitza regime transient 

equilibrium beforeonset of film boiling regime. The limit was defined by the onset 

of thermal runaway at the heated surface. We have focussed attention on one-dimensional 

propagation. Fluid layers with depths in the mm-range were of particular interest 

since segments of cooling channels in superconducting magnets can be assimilated 

to this configuration. Full description of this work may be fotmvl is. the original 

paper (5). 

Fig. 3 shows some significant results. The limiting thermal energy is 

plotted versus the product of heat flux density, a and Che cubic root of fluid 
1/3 

layer depth, d . q is understood as the rate per unit area of exchange surface 
1/3 , , 

at which heat is supplied to Be II, d acting as a scaling factor. The limiting 

thermal energy is in fact presented in reduced units : It is normalised to the 

enthalpy increase of the total helium mass in the concerned configuration, uniformly 

heated from the initial temperature up to the lambda temperature (about 0.27-tycm 

for T - 1.8 K). 

We draw an important practical conclusion from these results : when the 
1/3 1'3 

propagation distance for heat in He II remains in the ma-range ( d e ? 0.5 cm ' ) 

the fluid participates very nearly as a whole for transient heat transfer with heat 
2 

flux density of several watt/cm . 

The dotted line in Fig. 3 represents a computational model based on the 

assumption that, even in transient conditions, local temperature gradients exist and 

are described by the law observed in steady state. The agreement with experimental 

results appears satisfactory in that it justifies the above assumption. The absorption 

of heat in He II is thus governed by the formation of tenpetature gradients. 
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b) Transient jreçgyer^of^Kagitza^r^ boiling 

We pursued our tests of transient heat transfer in applying dual heat 
pulses to a test cell of total length 9 cm, which simulated locally heated cooling 
channels connected at both ends to a bath of He II. A first intense heat pulse 
initiated a serious thermal runaway of the heated surface. Immediately following 
this, a reduced heater power of virtually unlimited duration was maintained. This 
post-heating was to represent the Joule-heating within a conductor element that has 
been driven normal. For more details the reader is again referred to the original 
paper (5). 

Records of typical temperature response traces are shown on top of Fig.4. 
Ve will comment here only on trace D . It represents • & limiting situation in 
that it barely recovers Kapitza regime after the initial theirmal spike. The conditions 
leading to the limiting situation were systematically explored and are plotted in 
the diagram of Fig. 4. Initial pulseenergy is presented versus admissible post-
heating level for several bath temperatures of He II and for boiling He I. 
It appears as a general result that, provided the post-heating amplitude does not 
exceed the steady state limit, marked by vertical solid lines., recovery is secured 
irrespective of the energy of initial disturbances. In the He II recovery is still 
possible for post-heating amplitudes larger than the steady state limit, if the 
energy of initial disturbance remains restricted. On the contrary» in boiling He I, 
no recovery vas permitted above q^ , a singular value of heat flux density appearing 
midway between Ip™, peak nucleate boiling flux and a , minimum filtt boiling flux. 

A - S Conclusion 

He have successively reviewed various aspects of heat transfer to He II. 
Owing to a peculiar conduction mechanism,steady state heat transport in single phase 
He II is possible over considerable distances. This may simplify the design of 
large installations. 

Transient heat transfer was shown to depend on two phenomena : 

. First, the Kapitza boundary resistance, which remains a somewhat uncertain 
parameter. A reasonably realistic empirical law would, for instance, predict a 2 surface temperature of about 3 K for a heat flux density of I w/cm (order of 
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magnitude for field variation losses in Toruell). 
» Second* the limiting heat absorption of the fluid. In practice nearly 

the whole enthalpy rise» corresponding to heating from initial temperature to 
lambda temperature! is available in fluid layers of a few millimeters exposed 
to heat flux densities up to 3 - 4 w/cm2. The depth of cooling channels in super
conducting magnets can thus be adapted to the prevailing requirements. 

Wehave eventually shown that transient recovery after excursion to film 
boiling can be obtained in cooling channels under post-heating loads exceeding 
the steady state limit. This opens superior possibilities to superconductor 
stabilization compared to He 1 bath cooling. 

On the whole we think that these results strongly recommend tbe use of non 
saturated Ee II as coolant in high performance superconducting magnets. 
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B - Stability of a superconducting winding against a thermal disturbance a 
Conditions for recovery with different cooling methods. 

If energy (due to friction, strain relax.) is suddenly released in a small 
region, the conductor will become locally normal if the cri tical temperature is 
exceeded.Then the current flows into the copper, producing Joule heating. Magnet 
reliability requirements demand that the whole length of conductor does not 
quench under normal conditions. The cooling must thus prevent the propagation of 
the normal zone and recovery to the superconducting state must occur. 

The main goal of the stability test performed was to get experimental 
evidence of dependability of the choices regarding the conductor and the cooling. 
Recovery after a transition to normal state inducedoy a rapid local energy release 

5 -3 up to 10 Jra over 1 cm of conductor is required. 

B - J Experiment * arrangement 

Experio.. s have been performed on a series of coils cooled by unsaturated 
superfluid helium. The cooling channels geometry is as close as possible to that ' 
proposed for Torus II (see figure 1) 

Fig; 1 : Test cell 1 • 7, 10 or 14 mm e - 0.9 or 1.8mm 
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Small heaterSjlocated between the spacers and the conductor,deposit a known quantity 

of energy into the sample. The coil is placed in a set of resistive Bitter-type coils, 

giving a field o£ 12.5 I, parallel to the test coil axis» and made available by the 

Service National -tea Champs Intenses - Grenoble. Characteristics of the tested 

components, experimental procedure, and detailed results are given elsewhere (1). 

B - 2 Results 

After the energy is introduced in a few milliseconds, the evolution of the 

normal zone versus time is measured as a function of different important parameters 

including : transport current, external field, initial energy release,thickness 

of helium channels, size of the spacers. The most significant results are summarized 

here as graphs of recovery currents versus external magnetic fields for different, 

heat pulses(fig. 2, 3 and 4). 

Fig. 2 shows recovery currents at J,8 K for heat pulses varying between 

I and 1000 raJ, and figure 3 recovery currents for a constant IÛ00 mJ energy, 

different cooling conditions and different spacer widths. These results are 

obtained on a 3.6 x 1.8 vm conductor with a copper matrix (Cu/NbTi - 1.6 ). 

Several interesting features are evident in these figures : 

a) At 1.8 K and for fields greater than 10.5 T (e - D.9 mm) or 8 T 

( e * 1.8 mm), a limit to the recovery current is already reached at 10 mJ. In 

this region, the values of the recovery current correspond to heat transport 

smaller ehan possible through the built-in channels (however they control recovery 

currents for smaller fields as we see when the channel thickness e is doubled). 

A limitation comes from temperature gradients which may appear : 

. at the solid-fluid interface because of Kapitza resistance 

. inside the conductor itself because of the spacers. 

b) In spice of this limitation, for local disturbances (normal zones 

smaller than one turn) superfluid helium is considerably more efficient in cooling 

than normal helium : 

. It allows NbTi superconductors to carry significant currents in fields 

of 11 and even 12 T. 
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. The current capability can be more than doubled for fields less than 

10 T. This benefit is due in part to an increased critical current at 1.8 K, but 

especially to the considerably higher heat transfer at 1.8 K. 

Figure 4 shows recovery currents at 1.8 K for the designed conductor 

(Gu + Cutti matrix). For this particular geometry, the acceptable energy is 

about 3000 mJ when the conductor current is 1400 À in a field of 9 T. Note that 

this geometry is more severe than that proposed for Torus II Supra : the cooling 

channels cover 50 Z of the two wide edges of the conductor instead of 75 Z. 

B - 3 Conclusion - Stability of the designed conductor 

The tests have defined conditions for a complete recovery in case o£ a 

local transition. They have shown quantitatively how much energy can be safely 

dissipated inside the conductor. The results point out the great advantage of using 

superfluid helium for stabilizing superconductors» and help to improve our 

understanding of the overall thermal behaviour of a real magnet. 

Measured time scales and normal zone lengths have been compared with the 

previsions of a one dimensional numerical model. The stability can be adequately 

described by this theory. The computed recovery current is a little smaller than 

the measured one, probably because the transient heat transfer to helium II intro

duced in the model is conservatively estimated. As a matter of fact, when the model 

ia applied to the transient heat transfer testa performed elsewhere (see § A-4), the 

value of the maximum energy density of the initial pulse is about 50 X less than 

the measured one. 

Two different situations seem to be representative of what might happen in 

the coil. For the reason which Is mentioned above, the results sUould be regarded as 

conservative : Assuming the designed conductor carries a current of 1400 A in a field 

of 9 T. : 

1. The maximum energy pulse which can be safely released adiabatically inside 8.5 mm 

of conductor (under a spacer) is 1.2 JO 6 Jm~3. 

2. The conductor recovers after a 1.4 10^ Jm~3 energy released uniformly inside the 

whole conductor length (one pancake is driven normal). 

The experimental and theoretical studies show, that the conductor and the 

cooling method envisaged for Torus II should insure stable working conditions for the 

toroidal field magnet. 
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C. Time varying field losses in the superconducting filament composite 

C - 1 General 

Current distribution» magnetic instabilities and AC losses in supracon-

ductor composites have been extensively investigated by the group of CEN/Saclay/STIPE. 

Detailed informations are given in numerous publications (erf20). These activities 

are still in v-°g? â 8 S in an ongoing program on both theoretical and experimental 

study of losses in superconductors subjected to time varying field of any direction. 

It is the general way to calculate the losses due to each component of the field 

independently. This is usually correct as long as the conductor Is of a normal 

metal. Moreover in a superconductor the critical state model does not hold when 

the geometry is not simple (slab, or cylindrical model) and when the field is 

neither transverse nor parallel to the axis of the conductor. 

Nevertheless it seems reasonable in a first approach to define two criti

cal current densities, although in a twisted composite the angle between the filaments 

and the magnetic field changes periodically. These densities depend on the orienta

tion of the magnetic field. The axial current J c z is the density of the transport 

current and of the axial current induced by a transverse time varying field. 

The azimuthal current density Jctt is the density of the current induced by 

the axial component of the field. Ofcourse, these densities depend also on all 

the other componentsof the field. This is supported by experimental results in 

fairly good agreeement with theory (1,2). 

Thus, losses are calculated in-dependently as a function of each 

component (transverse or parallel),but full account is taken for the actual local 

magnetic field magnitude and direction to define the critical current densities, 

the resistivities, the current distribution and the amount of saturation of the 

filament layers. 

Losses are given per field rise with a changing field of the kind 

E «ÛB (]-e * * ) , per unit volume of conductor. The notation // and J. are defined 

with respect to the axis of the composite, or the main direction of the transport 

current. 
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Nomenclature 

2 2 
A thickness of the slab equivalent to the round wire (A "ifR ) or 

here width of the compacted conductor. 

Af width of the compacted filament bundle 

d diameter of a filament 
2 2 

a half thickness of the slab equivalent to a filament (4a -77 d/^ ) 

P twist pitch length 

R radius of the compoite before compaction 

Rf radius of the multifilament zone before compaction 

W thickness of the outer layer of saturated filaments. 

n filling factor of superconductor 

t[£ filling factor of superconductor in the filament bundle 

Jc critical current density 

i ratio of the transport current to the critical current (i is. a function 

of local values of the field B and the temperature T) 

0 effective transvers resistivity of the matrix 

ù resistivity of the copper 

iç, time constant of the changing field 

9 time constant of the induced currents 

x ratio © V f « 

C - 2 Losses due to the transverse component of the varying field 

2 - a Hysteretic losses 

When the filaments are fully penetrated by the changing field, that is 

when Û B , > 2 U f t J 6 2 <a»M-*-J (1), the instantaneous loss power in a filament 

is proportional to B. 

Ihe total hysteretic loss is equal to : 

2 - b Coupling current and eddy current losses 

A lot of publications have already been written on coupling current 

losses (see for example 3,4,5). Ihe coupling current between filaments results 

in a current flow across the matrix of the bundle as w^il us in the outer normal 

conducting sheath which surrounds the bundle. These coupling currents return 



as supercurrents through the filaments of the outer layer of the bundle. The 

eddy currents flow parallel to the axis of the composite. Both effects give rise 

to "reacting" fields with the time constants Ĉ  and V& respectively. 

(3) 

P, is the effective transverse resitivity inside the bundle 

•P «P are the resistivities of the two surrounding shells (cupronickel 

and copper), m and n are coefficients function of their thickness and resistivities. 

They are given in the reference paper (6). 

•2 
The power loss is proportional to B and the total energy loss is 

It can happen that the return currents saturate a significant number of layers 

of filaments giving rise to an extra hysteretic loss in this layer. The main 

effect is to little reduce the overall losses as long as the transport current 

remains smaller than 70 Z of critical. 

An experimental program has already shown the dependability of exprèsasion 

(5) as well for monolithic conductors (7) as for built up conductors (8). The 

role of the resistivity of the matrix, of the outer copper sheath, jf saturated 

layers have been investigated. ResultR are within a 15 % accuracy to the theoreti

cal expression. Besides, compacting around wire down to an aspect ratio of 2 

was supposed to reduce the losses by a factor of 4 ™ % provided the filaments to be 

relocated along ellipses with an aspect ratio of 2. In fact we observed only a 30 % 

reduction. Other authors observed actually a reduction of 4, but with a composite 

made of only one layer of filaments. 

C - 3 Losses due to the parallel component of the varying field 

3 - a Hysteretic losses 

a - ] Role_of^azj^tal_induçed_çurrents 

The parallel component A B// induces in each filament circumferential 

currents with a critical density J - . In case of full penetration, the loss is 

equal to : 



v„.^V-A8'(<-*#) (6) 
Little increase has recently been, observed due to the presence of a 

transport current, increase likely related to the self field effect, 

a - 2 gole^of^lon^tudinal^induced currents 

In a twisted superconducting composite,subjected to a parallel changing 
field, longitudinal currents are induced in the filaments so as to partially 
screen the field from the center of the composite. Full saturation of the 
bundle of filaments is attained vhen the field is in excess of the value 

As far as llB,, is less thanBs the loss is : 

esence of a transport current probably increases the 'A 
The presence of a transport current probably increases the losses by 

the amount ; 

,r 
3 - b Eddy current losses 

The time constant of the induced currents is 

and the loss is 
(10) 

( I I ) 

3. c dote on the interaction bftween the effects of che_parallel_and 
tranvgrse_cgmoonent3 
The saturation of the outer layers by the currents induced by the 

parallel component 4JB,. probably reduce the coupling current losses together 
with an increase of hysteretic loss in the saturated layer which can be 
estimated to . 

H.-tfjV^-^-feP 02) 



Likewise the saturation of the outer layers by ehe returning coupling 

currents, induced by the transverse component» AB^, increases the "effective"trana-

port current "seen" by the parallel component'that can give rise to an extra loss : 

C ~ 4 T2S Specific requirements 

During normal operation (poloidal field sweep) the toroidal field coil 

is subjected typically to : 

A B / 7 - 0.4 T 

A B | » 0.1 T with a time constant of 0.15 s-

In case of a plasma disruption, the conductor may be sujected to more 

severe conditions : 

Û B»/ " 0.85 T at 180° where the field is at a maximum (9 1). 

and simultaneously UB.. - 0.65 T and I1B , • 0.3 T at 150° . The time constant 

is limited by the casing at about 0.01 s. The losses must not, in any case 

and at any point of the coiljincrease the temperature to a level where the 

current sharing to the copper can take place, producing an extra Joule heating. 

C-- 5 T2S conductor 

High stability implies a large amount of copper whereas low losses 

can be obtained only in a small size conductor with little copper. Such a trade off 

emphasizes the interest of using the very good cooling properties of the 

pressurized superfluid helium. As a matter of fact, a ratio copper/superconductor 

of 2.5 is enough to ensure stability as well as the protection of the coil 

in case of a general quenching, caused by a lack of cariant for instance. 

À monolithic conductor is the reliable solution to the mechanical rigidity 

requirements of the coil. It is made in a'flouble stack" process. The NbTi filaments 

are first surrounded by 2k, thick copper to secure a good bonding and to 

help stability» and then by a 2u. thick CuNi layer to reduce AC losses. The resul

ting bundle is surrounded by a copper shell and then drawn to size. A number of 

such bundles (sf60) are restacked together, enclosed in the outer copper shell, 

before being drawn down to finished conductor. 
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As a result low losses are expected from the presence of cupronickel barriers, 
while a reasonable transverse thermal conductivity is providedby the radial 
copper paths (see pictures) 

Some other considerations help to achieve Che requirements : 

- A resistivity ratio of 70 for the copper is low enough to reduce the eddy 
current losses in the low region, without hindering the stability margin. 

- The conductor is of a rectangular shape with a 2.25 aspect ratio. It is wound 
in pancake on the narrow edge. 

- The copper is in direct contact with the coolant without insulation. 

The requirementsare satisfied when the three following conditions are 
fulfilled! 

a) the enthalpy of the superfluid helium adjacent to the conductor between 
1.8 K and 2.17 K is noticeably larger then the total losses inside the conductor 

6 3 
This enthalpy is equal to 0.29 x 10 J/m of liquid. The loss stays in the range of 
5 x 10 J/m of conductor. The conductor volume being only twice that of the 
helium! this condition is safely satisfied. 

b) At the time when the loss power is at a maximum the heat flux removed 
from the conductor to the coolant must not exceed the limit giving rise to film 

4 2 boiling* The flux remains less than 10 w/m , value well below that limit. 

c) The maximum temperature In the conductor must remain smaller than the 
temperature for which current sharing takes place (4.2 K at 9 Teslas). For the 
maximum instantaneous power, the temperature calculated from the Rapitza resistance 
temperature jump,the radial gradient, and the longitudinal gradient under the spacer 
is less than 3. 9 K. 

C - 6 On going experimental programme 

A lot of experiments have been carried out on other but sinilar conductors 
they give confidence in the dependability of the quantitative formulae» previously 
mentionned. On the actual T2S conductor, mainly due to its sise, which calls for 
a large test stand just recently available, only little has been made so far. 
Besides a global test of conductor stability in most demanding conditions (maximum 



n 
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expected field changée, simultaneously // and«fc, maximum transport current and 

field bias), which is reported in the next paragraph, the following problems are 

under experimental investigation : * 

- Tha expérimenta on losses caused by the transverse component are now 

in progress to point out the reduction of the coupling current loss in this fiat 

conductor due to the aspect ratio, the influence of the saturated layers, and of 

the transport currant. 

- An regards the losses cawed by the parallel component, experiments so 

far have clearly pointed out the existence of losses of two origins (J«gand Jcz) 

the second one being, as expected, a function of tha length of the conductor. The 

order of magnitude of the measured losses are in agreement with the calculations 

within SO Z. He plan now to measure the critical density Jcp- in the presence 

of a background magnetic field up to 9 1, together with the dependence on transport 

current and temperature. This is a large and hard field of investigation, because 

the critical state model is likely irrelevant. À non metallic cryostat to be placed 

in the 9 Teslas test stand is under realization in order to make measurements by 

a calorimetric method. Orientation effect of the fields and effect of the transport 

current are the main topics to be analyzed with great attention. 

C,7 - Numerical evaluation of the enerty losses for the T2S conductor at two 
special locations in the torus 

l) Time constants in ma 
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C -8 GLOBAL TEST 

Finally, a global teat will be performed to show the capability of 
the conductor with its proper cooling to suffer -the most severe conditions of 
magnetic field variations, as foreseen for T2S, without loosing superconductivity. 
On a sample of the T2S selected conductor (80 n long) will be applied a static 
transverse magnetic field B £ 9 Teslas, a transport current I ^ 1*400 A and 
two pulsed magnetic field components : oneSjf • 0.9 T parallel to the conductor 
lenght and the Becond oneJBj, * 0.3 T perpendicular to the smaller conductor 
width. The time variation of these pulsed field components will be adjustable 
between 10 and 150 ma, the longer time constant being representative of the plasma 
current rise and the shorter one of a major plasma current disruption in the T2S 
Tokemak. 

This global test was considered as the only one cruly representative of 
simultaneous conditions prevailing in the Tokamak» and able to provide quantitative 
limits. However, the problems to solve in designing such an experiment are rather 
difficult, mainly due to the following simultaneous conditions : 

- Reduced space : the device should be inserted inside the useful bore 
(0 » 300 mm) of the new T2S test stand at 9 T and 1.8 K. 

* Magnetic field variation : providing the wanted pulsed field components 
OB// andaBj, at their maximum design values over most of the conductor sample test 
length is difficult without applying simultaneously large unwanted components 
transverse to the large conductor width or transverse to the biasing coils of 
the test stand. 

- Large electromechanical forces. 
- High voltage : required fast variations imply a few kV to ground and 

no possibility for complete insulation of the driving pulsed field conductor, 
which must be efficiently cooled. 

The final design retains (Fig.l) : a U-Layere aselfic coil for the 
conductor sample, put inside a toroidal array of racetrack coils which provide 
the pulsedflBtf ; two concentric coils, placed at the inside and outside bores of 
the torus, provide an axial pulsed field, transverse to the conductor sample. The 
fast required time variations are achieved through a fast discharge of these pulsed 
coils, after a slow current increase. 
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Magnetic field produced by the torus at the sample 
conductor. ( I = 400 A ) Fig. 2 
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Magnetic field produced by the torus at the test stand coils 
Fig. 3 (1=400 A ) 
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8 - a Main Component Gharagtffr^Tt!^C3-

" Sample coil : it ia an aaelfic winding, Bade vith 2 double layers 
yeund in opposite direction.Besides using 80 m length of the T2S conductor» 

the winding is provided vith the same cooling channels of pressurized He II, as 
foreseen for the T2S coils. Changes in sample current during field pulses 
{due to the small remaining coupling) will be avoided by putting a large induc
tance in series vith the current supply* 

-flBtf coils : they form a toroidal array of 13 racetrack coils. The 
torus is incomplete in order to reduce the toroidal magnetic field value at 
the sample coil connexions where the conductor has to turn by 90° (the toroidal 
field is there perpendicular to the sample conductor). The full teams would have been 
made of 16 coils ; the actual one consists of 9 identical racetrack coils and 
two smaller coils on each side (respectively is 2/3 and 1/3 of the Ampereturns). 
These coils are wound vith a pulsed conductor vith similar characteristics as 
the T2S conductor (identical Cu - Cu Ni - Nb T$ ratios), but vith a smaller 
cross section (2.35 x 1.7 mm^) and a smaller working current (UOO A). 

The magnetic field components produced on the sample conductor are given 
in Fig. 2 and on the test-stand coils in Pig. 3» The magnetic energy stored in the 
torus at full current is 2.8 kJ (hOO A - 35 oH) ; at the highest dB/dt envisaged 
value, the voltage to ground is l.k JtV. 

Strong forces are applied to the racetrack coils (as in a Tokamak) due 
to 0.9 T toroidal field and 9 T vertical field (tilting moment). On each straight 
part of the racetrack a force > 1 ton is applied '» at each circular extremity, 
the tilting force of as 1.5 tons results in a large torque on the mechanical support. 
Consequently this support cons is ta in two stainless steel cylinders ; the smaller 
one is used as a mandrel for the sample coil, and the two cylinders are assembled 
vith interlocking keys. The racetrack coils are wound in appropriate grooves 
previously machined in both cylinders as represented in Fig. 1 (see also pictures). 
Compressive prestressing of the racetrack straight parts is achieved by means 
of two cylinders put on both sides of the torus (in and out). 

-flBx coils : The3§x component is in the Z direction and must thus be 
produced by coils coaxial vith the test stand coils. Hence these two families 
should be totally decoupled in order to produce a pulsed field by one of them. 
Two coils (named Be and Bg) located on both sideB of the torus (in and out) will 
have currents floving in opposite directions and be d&sensioimed, such that 
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their mutual inductances with the test-stand coils (B^, Bg, B3, Bu) cancel 

exactly. Other requirements are : the driven magnetic field should he homogeneous 

at the sample coil (Pig, k)9 the transverse magnetic field applied at the 

test-stand coils he localized «here the torus leakage field is small in order 

to avoid cumulative effects (Fig. k) , the maximum field values at Br, Bg 

conductor be acceptable. 

Due to similar pulse requirements, the conductor is identical to the 

one used in the toroidal array ; efficient cooling is provided by He II channels 

made vith spacers between conductor layers. 

The two coils are shown in Fig. l.B5 is a two layer coil» Bg has a 

central part vith 10 layers and two extremities vith only U layers. The stored 

magnetic energy is 4.8 kJ at full current (50*5 mH, UOO A). 

8 - b present Status 

~ Windings : B^ and Bg coils are completed. The sample coil is wound and 

imbedded inside the toroidal structure (Fig.5 and 6) but reception tests of T.F. coils 

were not satisfactory. When hoop forces are'applied; shorts develop inside some 

coils : a difficulty not encountered vith the models previously wound. Decision 

was thus taken to rewind new coils, with, a different method* Spacers will be 

usefl, to provide efficient He II cooling, a difficult and time-consuming technique 

in this case, which was avoided before, vith the use of 0.2 mm - mylar ribbon 

helically wound around the conductor covering 60$ of its surface. This rewinding 

has started on October 22th, the complete torus should be ready within two months. 

- Pulse drivers : The pulBed magnetic field will be obtained after 

charging the coils at maximum current (1*00 A) by clamping the current in an 

appropriate resistor. This is achieved by thyristor circuit breaker assisted 

by a condenser discharge (an operating mode similar to the one envisaged for 

the T2S poloidal field system). A full test of the circuit breaker operation 

has been made (_l\J successfully. 
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5 - Development and tests more specific to Torus II design 

A - Collaboration with industry 

A - 1 - T2B Superconductor fabrication 

Characteristics of the conductor* designed for T2S, were mainly chosen 
after careful consideration of balance between different* sometimes conflicting* 
requirements* The composite configuration (aspect ratio* cupronickel barrier* 
ratio of Cu/HbTi) was retained mainly after stability analysis (see chapter 4-C). 
Its cross-sectional area was the result of a compromise between the wishes on 
one hand to decrease as much as possible its temperature increase when submitted 
to fast varying fields, i.e. small size* and on the other hand to get a 
monolithic conductor able to be wound into a very strong mechanical coil* 
i.e. large size. 

Of course* collaboration with different conductor manufacturers was 
decisive to arrive at final specifications. Although such a superconductor did 
not require a special R and D programme and relied on a well experienced 

2 technology* we felt that because of its large size (14 mm cross-section and 
700 m unit length) and the unusual requirements at high magnetic field* it was 
worthwhile to ask future eventual manufacturers to deliver at least one unit 
length. Five firms were contacted for this purpose : three inside the European 
Community* IMI <GB), VAC (D) and Alsthom-fttlantlque <F), two outside* 
Furukawa (Jap.) and Airco(USA). 

Conductors* from these producers* were used to wind the model coil 
(less than two unit lengths) and the high field ceils (two unit lengths) for 
the 9T test stand j thus* their properties are fully tested under high magnetic 
field and mechanical stresses. Results from these fabrications are considered 
satisfactory* even if some of the producers have failed by 10-20 % to reach 
on their first trial the specified critical current (1400 A at 4.2 K and 9 T) ; 
there are firm results which show that this specification can be achieved. 

Massive production (by tens of tons) is not at all usual nowadays* 
but these firms claim they are ready to be engaged in the eventual production 
of the whole (or at least a substantial part) conductor length* necessary 
for Torus II. 
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A - 2 - Modal coil fabrication 

It is certainly true that great care in fabrication and a good 

quality control are at premium when considering requirements for reliable 

and ultimate performances of a superconducting magnet* It was thus concluded 

that only an industrial fabrication (using the same methods and means, as those 

which would be employed in the eventual fabrication of the whole T2S magnet) 

must be envisaged to produce a prototype coil, the test of which could 

actually qualify the proposed design and technology* 

In order to test the prototype coil inside an existing solenoid 

(see chapter 5.C}, its scale has to be reduced to about half size of the 

final T2S magnet coils. Neverthelessr all manufacturing methods and tooling 

have been defined and worked out, having in mind the requirements from the 

final size and number of coils to be fabricated inside a reasonable time scale. 

a) Model_çoil_descrigtion 

2 

As shown in Fig. 1, the small sized conductor (2.5 x 5.6 mm ] is 

wound in the narrow plane to form pancakes ; spaces define the cooling channels 

between them and let the liquid helium wet 75 % of the conductor large face. 

The inter turns of adjacent pancakes are soldered together, and the winding 

is enclosed in a thin walled, electrically insulated box, which contains the 

superfluid helium. A strong stainless-steel casing is put over and welded s 

it is separately cooled at 4.5 K through special pipes, and hence thermally 

insulated from the 1.3 K box % however, this casing should restrain a large 

fraction ( S£75 %) of all the electromagnetic forces applied on the coil and 

putv after cooling down, the whole winding under compression. 

b) Mani'^arturingjne^hods 

The conflicting requirements to build with a small size conductor 

a mechanically strong winding, acting as far as possible as a solid body, but 

to enable however a large amount of su??~fluid helium to get in close contact 

with the conductor, are most suitably met by a kind of bee nest structure. 

However, if such a structure can be easily achieved by impregnation with an 

epoxy resin, the film thus deposited on the conductor cancels completely the 

good heat transfer properties to the superfluid helium. Instead, a solution 

using extensively epoxyresin preimpregnated ribbon has been worked out. 
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The pancake winding is carried out on a special rig* outfitted with 
a series of conical rollers which apply and maintain the winding against a 
flange. A 0.3 mm thick preimpregnated ribbon is laid between turns to insure 
electrical insulation and turn to turn bonding4 

When the first pancake is completed, a geometrical array of insulated 
titanium spacers is set up and the second pancake wound on them instead of the 
previous flange* Again, the spacers are bond to the conductor planes by pre* 
impregnated ribbon. The double pancake is then polymerized inside the rig 
used for winding, in an oven under controlled atmosphere. As a consequence, 
the tolerance between different: pancakes must not exceed 0,1 mm, which is 
inside the crushing capability of a preimpregnated tape. 

The final assembly of all the double pancakes is completed on a 
dedicated rig, using again spacers as previously. Polymerisation of the whole 
coil and soldering of connexions between adjacent pancakes is achieved 
simultaneously in one heating; cycle. 

Then, radial struts, made of a high glass content epoxy composite 
cured under high pressure/ are evenly distributed on the inside and outside 
coil bores. A 0*3 mm thick tape is again put in between to compensate 
small differences, which have not exceeded 0.2 mm; 

Finally ground insulation, made with nested shells, is set up 
inside the previous assembly rig, and electrical tests performed. Welding 
of the thin casing is made without problem (the temperature of ground 
insulation was checked not to rise above 100*C). A careful test of tightness 
is then completed : in order to increase possible hidden cracks in the welding, 
the vessel is pressurized by cycling between 0 and 25 bars. Afterwards, the 
thermal insulation made with alumina-polylraid chocks, is evenly distributed on 
the casing surface. 

The manufacture of the thick SS casing has been mainly concerned 
by the cooling channels and by the deep welding. As regards this last problem, 
two main requirements had to be satisfied s temperature lower than 1£0°C on 
the alumina-polyimid chocks and after welding deformations within 0.2 mm. 
Two welding processes have been carried out on two casings . electron beam and 
electric arc with coated electrodes. They show only small differences between 
them for a 20 mm weld, and both satisfy the requirements i electron beam 
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welding was retained, looking stronger and more promising for deeper welds» 
Indeed, for the full size coil, it will be necessary to increase the thickness*. 
of the outer ring of the casing, in order to improve its bending stiffness 
and thus to let the shear stresses between pancakes inside safe limits. 

The model coil which was manufactured In collaboration with 
Alsthom-Atlantique, Belfort, has not been delivered in time. The thin casing 
has been put over the windings, and successfully leak tested by the end of 
July 1979. An error during the final machining of the thick casing has postponed 
the final completion, which would have been achieved by October 5th, should 
the factoiTy- hâve not suffered ft general strike still going on after almost two 
months. 

B - Tests of coll components 

S - 1 - Mechanical test of bonding between turns 

Efficient bonding between two copper surfaces can be achieved with 
preimpregnated tape, when the surfaces are newly cleaned and brushed, and 
if a pressure of at least 5 bars is applied between them during polymerisation, 
or the fet-oxy resin softened by a solvent just before application under pressure. 
The two methods are used in the coil manufacturing for spacers and interturns 
Insulation respectively. 

- shear stress limit of the bonding between 2 rectangular copper bars 
2 

10 x 20 mm r made with 0.3 mm thick preimpregnated tape » 40 MPa 
Cafter three thermal shacks la liquid nitrogent. 

2 
-/ flexion modulus of a small beam made with 2 times 6 conductors 2.5 x 5.6 mm 

stacked up on their narrow face and bonded with 0.3 ran thick tape : 
E - 52.000 MPa. 

- compression modulus of the same arrangement(radial coil direction); 
E - 70.000 HPa. 

- pompression modulus of a stacking of 8 conductors and 7 spacers, each 
made with two 0.6 mm titanium washers and three sheets of 0.3 mm pre-
impregnated tape (axial coil direction) : E • 42.000 HPa. 

- shear stress limit of the bonding between pancakes through the spacers i 
it depends largely on the normal pressure between them ; their ratio has 
been measured equal to ** 2 for shear stress i 0 * 15 MP». 
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B - 2 - Mechanical test of 4 double pancakes 

Before winding the superconductor composite, the manufacturing 
processes have been tested with copper of the sane cross-section ; four 
double pancakes have thus been wound and connected together. A bending 
test of this arrangement is now going on at room temperature s 3 tons are 
applied along a diameter with an hydraulic jack in order to produce a 
shear stress of about 10 MPa between turns. Results are not yet available. 

B - 3 - Special insulating materials* developped for T23 

• Low thermal contraction glass cloth reinforced epoxy (1) t the integrated 
contraction from 300 K to 4 K can be lower for these materials than for 
stainless steel, and this is achieved by increasing the glass cloth 
percentage and by curing under high pressure. She mechanical properties 
improve simultaneously. 

. Alumina-polyimiâ composite AL.O3-K6OI (2) 1 this is a specially 
good thermal insulator at very low température/ being made with a very 
fine (1 p) alumina powder t it has simultaneously acceptable compression 
strength and thermal contraction to be used between the two coil casings 
(between 1*8 K and 4.2 K) to transfer mechanical loads. 

•4 
- thermal conductivity at 4.2 K. < 10 W / cm K 
- compression strength limit at 300 K 300 MPa (larger at 4 K) 
- integrated thermal contraction from 300 X _ g . -3 

to 4.2 K 

S - 4 - Electrical connexions between pancakes 

They have required a large development work. She main difficulty 
proceeds from the wish to carry out soldering at once of all connexions 
simultaneously» when the complete coil is heated in oven for curing. Copper 
cleaning process, thickness of solder alloy, atmospheric composition, 
pressure applied on connexions have played major roles. This operation has 
been repeated successfully several times before undertaking the final coll 
assembly. 



B - S - Breakdown tests of coil header and leads 

Full size models have been tested at room temperature in helium 
gas. 

• no breakdown occurs up to 8 Kv inside headers for pressure 
as low as 9.5 bar 

- breakdown between adjacent pancakes occurs when,between 9 series 
connected pancakes,are applied t 

. 3 KV at 1 bar 
• 3.5 KV at 2 bars 
« 4 KV at 3 bars. • 

{1) HAMELIN J. "Three dimensional contraction and mechanical properties 
of glass-cloth reinforced epoxv materials at cryogenic 
temperature - ICMC, Madison 1979 

(2) CtAUDET G et al Note SBT/CT/79-47 
CIAUDBT G et al "Interesting low temperature thermal and technical 

properties of a particular powder filled polyiaid" 
ICMC, Munich 1976. 



C - Model coil testing 

Three main objectives are assigned to this experiment, which is 

thought to be truly representative of many conditions prevailing during 

operation of the full torus : test of the cryogenic system, simulation of 

quench conditions, effect of mechanical stresses on operation of the 

superconducting winding. 

C - 1 - Objectives 

a' Siï£2£2iS-2ï2££2 

Xt is for the model coil very similar to what is designed for 

each coil of the full torus. A global test will thus qualify at once 

the whole technology involved with pressurized super-fluid helium. The 

same operations have to be'realized t cooling down, filling up of the 

coil with He II, thermal regulation and pressure control, connexion of 

the current leads and measuring wires from 1.8 K to 300 K, *.. 

b) Sfttench conditions 

stability conditions for conductor operation have been studied 

with special small coils (see chapter 4.B); the model coil test will 

permit to follow propagation of the nommai zone in the actual geometry. 

Information about power dissipated inside the windings helium pressure 

and evacuation, maximum temperature in the coil, will allow to determine 

the safety conditions, and the best suited protection method. 

Energy released by friction or stress relaxation is often retained 

in design criteria of superconducting coils» Thus stresses, as high as those 

expected during operation of the full torus, will be applied to the model 

coil : tensile stressesi but even more important shear stresses. Ability of 

the coil technology to sustain them will be assessed and eventual energy 

release evaluated* 
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C - 2 - Experimental arrangement 

A single coil does not permit to reach operational characteristics 
of the full torus, such as magnetic field value* stored energy per unit 
conductor volume, stresses in the winding. The retained arrangement allow 
to come oloso to the real values for these parameters* 

Fig. 1 shows a general view of the experiment. The main components 
are enclosed in a 1.5 m bore cryostat : the model coil is horizontal 
(superfluid helium cooling is insensitive to gravity)* Fig* 2 shows the 
coil cryogenic system in the central part of the cryostat t the pressurized 
superfluid helium is cooled through a heat exchanger by evaporation of 
liquid helium introduced through an expansion valve and pumped by two 
rotary-pumps(10 torr). A long pipe (7 m) simulates geometrical conditions 
prevailing in the complete torus. Helium temperature will be varied between 
1.8 K and 2.1 K, and thus cooling properties changed t unsaturated helium 
pressure can be pushed up from 1 to 3 bars, before a quench is initiated 
and coil pressure monitoring can actuate & safety valve (large aperture, 
but low conduction losses between Helium X and II), 

The model coil is located in the middle plane of the available 
BIH magnet. A biasing field of 4 T can thus be added to the self field of 
the coil (2.4 T): in these conditions, the tensile stresses prevailing in 
the torus can be reached/ even if the maximum field value is not as high. 
Shear stresses between coil turns, existing in the full torus, will be 
simulated by an hydraulic jack applying loo tons along a coil diameter. 
This jack works with helium at 5 K and a pressure up to 60 bars, introduced 
into a small volume one corrugation bellow (1st picture). 

Experimental conditions allow to approach the behaviour of a full 
scale toroidal field coil during a quench : to be representative, 1.5 MJ 
should be dissipated inside the model coil. This value can be obtained, 
when discharging in series the model coil and the large BZH magnet (10 MJ); 
a quench is started inside the coil with a small heater, values of current 
and discharge resistance control the amount of energy released inside the 
model coil. 

P 
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Besides three internal heaters» the number of measurements inside the 
coil windings reduces to three voltage taps and one temperature. Strain 
and capacitive displacement transducers are placed on the casing outside 
surface t helium temperature and pressure are continuously monitored. 

Op to now* the cryogenic system has been fully tested at 1,8 K 
with no problem at all ; the hydraulic jack has worked at low temperature on 
a coil mock-up j the BIM magnetr put into a new dewar, was tested again. 2nd 
and 3rd photographs give a general view of the experiment, as it was in 
July ; since then, it is waiting for the model coil delivery. 

D - Test stand (9 T - 1.8 K - 300 mm bore) 

Experimental studies on superconductor composites need volumes 
at low temperatures (4.2 K - l.B K), within a bias magnetic field as large 
as possible. For the Torus IX test programme, a new test-stand was felt 
necessary. 

We took this opportunity to apply the new technology of superfluid 
helium at a much larger scale than previously done ,- moreover, if the high 
field coils were wound with the conductor designed for Torus II, associated 
with its proper He II cooling channels, the test-stand operation will be 
a convincing qualifying test at high field. As the envisaged test stand 
was already a fairly large realization. Torus II will eventually benefit 
from efforts made simultaneously in design, fabrication, instrumentation 
and control monitoring, without forgetting the necessary training; of 
skilled people. 

The longer-term goal for this best stand was to provide n DC 
biasing field of at least 9 T, a varying field of o.4 T with time constant 
of 10 ms, and to allow measurements to be done inside an anticryostat at 
variable temperatures from 1.8 K up to 300 K. The test stand will be 
dedicated mainly to i 

• superconductor short sample measurement of critical currents, 
• stability studies on small coils, 
. time varying field losses inside composites or cables. 
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D - Experimental arrangement 

a) Hegnet : it is built with a set of coils (1) (Fig. 1). The two 
inner coils are wound with two unit lengths (2 x 600 m) of the conductor 
designed for Torus II, produced by two different manufacturers. The cooling 
channels axe 1.8 un wide and made by glass fiber epoxy strips allowing 
50 % of the bore conductor surface to be wet by He II. These two coils 
provide 22 * of the background field. 

Two other concentric coils provide 78 % j they are wound with 
a more conventional conductor* insulated with formvar. Ho cooling channels are 
provided, they can work at 4.2 K or 1.8 K and the coils are quite compact t an 
outside diameter of 700 mm is associated with a useful bore at 9 T of 338 mm. 
(see picture) 

Prestress of conductor during winding, and of outside bandage' permits 
to keep the final stresses evenly distributed. 

b) Cryostat i It is shown in Fig.l.A and pictures, and described in (2) 
helium bath is divided into parts separated by a thick fiber-glass epoxy plate : 
superfluid helium under, and normal helium above, the température increasing 
from Tv to 4.2 K when moving upwards from the plate surface. 

Two valves are mounted across the insulating plate : a small one 
under control, opening at low pressure (50 g), and a safety valve, opening 
at 3 bars. The He II bath is cooled through an exchanger with evaporation of 
liquid helium around 10 torr. Host of the cryostat consumption is at 4.2 K 
(current leads}. 

The cryostat operation is highly automatised : control monitoring 
and regulation are managed by a microcomputer. 

Another cryostat may be inserted inside the inner coils (Fig. I,B) 
the innermost cylinder (280 mm useful bore) can be removed when cold or 
replaced when hot, without disturbing the magnet bath. The operational 
temperature can. be changed again from 1.8 K to 4.2 K with an indépendant 
cryogenic system. A similar cryostat, but realized with insulating materials, 
is being fabricated : it will permit the use of calorimetric methods,when 
studying losses inside superconductors (Fig. I.C). 



Fig. I : Taat-atand croan-aactioa, showing fro» left to rights 
A) Jftin «cyoatac at 1.8 E - I bar with i u 9 T-DC ceil* 
B) Scaiolata-ataal anticryaatat far DC-fiald cuta ae 4.2 E or 1.8 K. 
C> Glaaafibar «poxy raiiu cryoaeat far pulaad-fiald caita and caloriaatric « 

4.Z K«r t.8 K. 

Ir f i s t s part 
2 . raawvabl* "lock" 
3 . "Tanpox" s luga bamaa Haliwi X at 4.2 E (6) and H.Una XX at 1.8 E (7). 
4. Safety valv* (3 bava) 
5. Cold valva < 50 abar> 
8. faaat axcliaagav at 1.8 K and p - 10 torr 
9. haat Mcebaagtr at 1.8 K and p • I bar 
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c) 2£2£££i22 : 3 days are needed to cool down the magnet 

[« 1500 Kg) from 300 K to 4.2 K, plus half a day to reach 1.8 K . 

The 1260 A nominal current, giving 9 Tin the central bore and 9.45 T peak 

field on the T2S conductor was obtained at once without training. A first test at 

1400 A <lo T average, and 10.S T peak) leads to a quench inside the outer 

coils i a second test, with 1350 & in these coils, show safe operation 

with 1580 A in the T2S conductor (power supply limit),10.7 T peak field 

and tensile stress of ISO MPa (to compare with maximum .conditions in the 

full torus : 1400 A - 9 T - 70 MPa). 

This new-test stand, one of the world largest, has been put into 

operation without difficulties. Besides qualifying the T2S conductor at high 

field, it shows some of the potentialities of He II cooling (no quench iuside 

the inner coils), the feasibility of a large superfluid helium bath, its 

easy control and its safety : 3 quenches with a stored energy of about 6 MJ 

have been done, 1.7 MJ have been released inside the superfluid, 16 hours 

afterwards the bath was ready again at 1,7 K. 

REFERENCES 

(1) P. GENEVEY and al - MA 10 Teslas test stand" to be published in 

cryogenic. 

(2) G. BON MARDION and al - "750 mm diameter cryostat operating at 

1.8 K under atmospheric pressure" - To be published in Cryogénie 
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