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I - HISTORICAL INTRODUCTION 

The decision to build TFR (J_okamak de Fontenay-aux-Roses) was 
taken in 1970. At the same time, in order to concentrate all the manpower on 
this new program, it was decided to progressively stop all experiments on 
other magnetic confinement configurations. 

The characteristics of TFR (R = 98 cm, a = 20 cm, B T = 6 T, I = 
400 kA) were chosen in order to increase the plasma performances obtained by 
the best tokamak then in operation (T-4, at the Kurchatov Institute), taking 
into account a limited budget (57 MF, 1983 value). These considerations have 
led to some original choices being made during the design phase : 

1) The toroidal field is produced by 24 Bitter coils, cooled by mineral oil. 
Their power supply 1s a high-performance flywheel alternator (100 MJ pulses, 
by slowing down during 1 s an 1nert1al system rotating at 6000 rev mn ) i 
and 11) the vacuum vessel Is made of eight thin (0.5 mm) inconel bellows, 
welded on eight ports without Insulating breaks, bakable to 500°C (all 
vacuum seals being metallic). 

Design, manufacture, and assembly lasted three years, the first 
tokamak discharge being obtained on March 22nd, 1973. After commissioning, 
detailed investigations of a 200 kA, 4 T discharge were undertaken, inclu
ding radial and vertical feedback for equilibrium (thus allowing 500 ms long 
discharges to be obtained). However, on June 21 nd, 1973 the vacuum chamber 
wall was pierced by the bombardment of fast (•v 50 keV) electrons trapped 
between localized mirrors. Later on, this accident was interpreted as due to 
a beam-plasma instability, appearing in low density plasmas with a large 
population of runaway electrons /l/ . 

After replacement of the vacuum chamber, the operating perfor
mances were rapidly increased until the nominal design values were obtained 
in October 1974. TFR was then the most powerful operating tokamak, having a 

1? peak ion temperature T. = 1 keV and a Lawson parameter nA x r = 2.5 x 10 
_o 1 I t 

cm s. 

The maximum ion temperature was successively increased to 2 keV 
at the end of 1975, by using neutral beam injection (NBI) additional heating 
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(500 kW, 40 kV) in relatively low density plasmas (ne(0) = 4.4 x 10 cm" ). 
Detailed energy balance studies (taking advantage of the large number of 
available diagnostics) were performed, showing that the main energy loss 
channel was electron heat conduction. The first evidence of confinement 
degradation due to additional heating was also obtained. 

In July 1977, after removing the stabilizing copper shell, a new 
vacuum chamber (with increased access) was installed. The resulting 
effective index of the vertical field being strongly unstable and the time 
constant for horizontal movements being very short, the plasma equilibrium 
required a fast feedback system (double thyristors, chopped power supply, 3 
kV, 2 kA, 1 kHz), the development of which lasted one year. 

Subsequently, since 1978 the main experimental effort has been 
devoted to ion cyclotron resonance frequency (ICRF) heating. This Initially 
required important technological developments for antennas, RF components 
and a powerful generator (50-90 MHz, 3 MW, 200 ms). In August 1981, with 2.2 
MW of RF power coupled to the plasma, the peak ion and electron temperatures 
were both increased to 2 keV at the high central electron density of 2 x 10 

cm 

Experimentation was then stopped during one year, in order to 
rewind the rotor of the alternator, since one of the copper conductors had 
broken down. ICRF heating experiments were then continued until the end of 
1984, the main research subjects being test of a JET antenna module, study 
and control of the impurities produced by the additional heating, and 
physics of the mode-conversion regime. 

The next sections will give a necessarily brief description of 
the main results obtained during 12 years of TFR life. 

II. OHMIC DISCHARGES 

Figure 1 shows the evolution of the global electron energy balan
ce of typical TFR ohmic plasmas during its lifetime. 



i) Initially (1973-1976), TFR had a molybdenum ring limiter, 
resulting in plasmas having Z „ * 3, with the energy balance dominated by 
impurity radiation. The electron density could not be increased above n 

1 3 - 3 = 6 x 10 cm , and the electron heat conductivity was much larger ( -i 100 
times) than the neoclassical value /2,3/ . 

ii) Subsequently, to avoid impurity dominated discharges, the 
limiter material was changed to inconel, and elaborate cleaning procedures 
were used /4/ , resulting in plasmas having Z „ a 1, with the electron 
energy balance dominated by heat transfer to the ions. Higher electron 

— 1 4 - 3 
density plasmas were obtained (n = 1.2 x 10 cm ), while the electron 
anomaly was reduced to •>• 50 /5,6/ . The limit average density scaled as 
n e i C r = 1 0 2 0 B T > / V q Z e f f R (MSK units). 

H i ) As a consequence of the large amount of nickel radiation 
caused by ICRF heating, the limiter material was changed to carbon in 1982. 
Plasmas with Z ,. = 1-2, with the energy balance dominated by electron heat 
conduction, were obtained. 

All TFR discharges can be successfully simulated using a model in 
which the plasma is divided into three distinct regions 111 : 

i) the region inside the q = 1, surface, for which saw-tooth 
activity plays an important role in evacuating heat, accounting for more 
than one half of the conduction-convection losses. The saw-tooth period and 
amplitude scaling laws are such that the energy confinement time associated 
to this loss channel follows the Alcator scaling, i.e., for TFR T _ = 5 x lcP r— 2 -3 n \ q a (cm , cm) ; 

ii) the gradient zone, between the q = 1 and q = 2 surfaces, 
dominated by heat conduction. The ion heat conductivity is approximately 2 
to 3 times as large as the Hinton-Hazeltine neoclassical vôlue, while the 
electron conductivity is proportionnai to (r/R) T a/n , with i between 1 
and 1.5 ; 

iii) The plasma periphery (i.e. the region where q(r) > 2), where 
there is very little ohmic power deposition, and the heat is evacuated by 
conduction and atomic processes (mainly radiation). 
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In spite of the success of the three shell model, it must be 
pointed out that it has also been possible to simulate TFR plasmas taking an 
electron heat conductivity proportional to (T n q) /8/ . 

Density fluctuations, measured by coherent scattering (x = 2.2 mm 
and 10.6 urn) /9,I0/ and microwave reflectometry /ll/ techniques, show, in 
the frequency range 0-3 MHz, an isotropic wavenumber spectrum in a poloidal 
plane having a maximum for k o , - 0.5. Their amplitude, of the order of 
lO'^is the same on the low and high magnetic field sides, i.e. no ballooning 
is observed within a factor of two. Furthermore, experiments in low density 
plasmas [ij = (2-5) x 10 ), based on the runaway confinement time, suggest 
that thermal particle transport is due to electrostatic, rather than 
magnetic, turbulence. However, the "magnetic transport" contribution 
increases with s /12/ . A detailed analysis of the density fluctuations 
measurement /9/ has shown that although electrostatic modes might possibly 
be responsible (within a factor of three) for heat transport in the gradient 
region, this is clearly not possible in the central and peripheral regions. 

Density fluctuations in the ion-cyclotron frequency range have 
also been observed, by microwave scattering, and tentatively explained in 
terms of cur. rnt driven ion-cyclotron electrostatic waves /13/. 

Finally, pellet injection modifies the electron temperature 
profile, due to a "cooling wave" propagating at a speed of the order of 10 
m s (twice as large as the pellet velocity), and induces bursts of 
density fluctuations observed on scattered signals. The density profile is 
affected on a slower time scale, typically 20 ms. Such a behaviour suggests 
that heat conduction may vary drastically when the ohmic equilibrium is 
perturbed /14/. 

III. NEUTRAL BEAM INJECTION HEATING 

NB1 additional heating of TFR plasmas has been proposed almost as 
early as tne device itself /15/ . The injection configurât ins included from 
the beginning two quasi-perpendicular (10° initially, 15° since 1980) 
co-injection lines diametrally opposed, with 5 duopigatron sources each (4 
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since 1984) on a vertical plane . Three injected power levels (0.5, 1, and 
2 MW) have been successively obtained through major source and beam- line 
improvements in 1975-1976, 1980-1982, and 1983-1984 respectively ; the 
corresponding extracted powers were 1.5, 2.4, and 4.8 MW with a beam energy 
variable between 30 and 40 kV. TFR having also evolved in the same period, 
from molybdenum to inconel and eventually carbon limiters, the three 
injections phases have also corresponded to basically different plasma 
targets (see section 2) and heating results. 

NBI heating results in TFR have been summarized in figure 2, 
showing the central ion and electron temperature increases as functions of 
injected power per particle, pinn^ ne' 0'' A saturation trend is always 
evident, except for the molybdenum limiter results (500 kW injected power, 
resulting in doubling T ( with very little T. increase). These results were 

1 3 - 3 obtained in relatively low density plasmas, n (0) = 4.4 x 10 cm , and 
correspond to an heating efficiency ! i T 1 .n e(0)/P A D D) of* 10 1 1 eV cm" 3 

W /16-18/. This was close to expected performances, thus apparently 
indicating that everything was well understood. However, a strong increase-
of both peripheral light (0) and central heavy (Mo) impurities was obser
ved : the central electron energy balance being already almost radiation 
dominated in the ohmic phase, the poor electron heating by NBI could be 

_3 explained by the enhanced radiation level (from 0.3 to 1.3 Wcm , with _3 P._- = 1 Wcm ). A posteriori, in view of later results, it is possible 
to doubt these large T. increases, particularly since they were only mea
sured by charge exchange without beam-plasma mass discrimination. However, 
a few facts give fair confidence in these measurements : i) care was taken 
to analyse only energies below 3 keV, where calculations show that the 
beam contribution should be negligible ; ii) although the very first neu
tron measurements gave lower 4 T., values later neutron results seem to 
confirm the linear ion temperature increase with power ; and iii) the 
electron density was low, which is know (for example from PLT /19/) to 
result in larger heating efficiencies (such low densities could not subse
quently be reproduced with high NBI powers, since the shine-through 
shields had been changed from molybdenum to inconel). 

A second injection campaign (starting in 1980) resulted in less 
spectacular ion heating, but in substantially comparable heating efficien-
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cies /2Û/, since the central electron density in these experiments was 
14 -3 

considerably larger than 10 cm , a factor of three increase over previous 

Mo-limiter plasmas. Heavy impurity (mainly nickel) losses were practically 

negligible /21/ , and the NBI power could be accounted for by conduction and 

convection ; consequently, saw-tooth enhancement and moderate electron 

heating were observed /20/ . However, a substantial diagnostic effort, while 

resulting in a deeper insight of heating and transport mechanisms, for the 

first time also allowed the energy confinement time degradation (apparently 

through the electron channel) due to additional heating to be documented 

/2Û7 . 

Following the change to carbon limiters, very disappointing ,e-

sults were obtained, as shown in figure 2. The energy confinement time 

degradation was even more evident, and it was apparently also associated to 

the ion channel /14/ . Although no definite conclusions could be drawn, it 

seems at first sight that the limiter materials makes the difference, by 

changing the target plasma and probably also because the confinement is 

controlled by a subtle interaction between plasma properties, peripheral 

conditions, and heating mechanism. The heavy impurity content was negligi

ble /22/ ; when compared to ICRF heating at the same power level (•>• 600 kw) 

it is 3 to 5 times as low. 

Since calculations o. the power exposition profile are in princi

ple straightforward, heating effects can be directly related to transport 

properties if the fast ions behave classically. Consequently, accurate 

calculations of power deposition profiles were an early concern /T5/ , and 

charge-exchange analysis of fast and thermal ions has played an important 

role in NBI experiments /17,20,23/ . experiments with Mo and inconel 

limiters, resulting in "good" heating efficiencies, were generally characte

rized by ion temperature time evolutions and fast ion charge-exchange 

spectra consistent with calculations /18,20,23/ . On one other hand, 

although anomalous ion cyclotron emission was sometime observed, it is 

emitted peripherally and decays much faster than the fast ion themselves 

/18/, and cannot therefore be taken as evidence for non-classical slow-down 

processes. Classical confinement and slow-down properties, of the fast ions 

were then currently admitted, even if uncertainties on change-exchange 
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measurements are not negligible and profile knowledge, necessary for the 
calculations mentioned above, is poor (particularly for cold neutrals). 
Having thus acquired some confidence on the energy deposition profile cal
culations, detailed energy balances were possible and neoclassical (Hinton 
Hazeltine) predictions, particularly for the ion thermal conductivity, were 
tested (note that NBI heating allowed TFR plasmas to go from the plateau 
regime well into the banana regime). In most experiments, as in practically 
every other tokamak, an ion anomaly of the order of 2 to 3 was estimated 
/13/ , but higher values were occasionnaly found in hydrogen plasmas. 
However, in view of the carbon limiter results, it is probably hazardous to 
extend the above conclusions to the present TFR configuration without 
further experiments. 

IV. ION CYCLOTRON HEATING 

The TFR program on ICRF heating was started in 1976 with the 
initial aim to clarify the first observations made in other tokamaks /24/ , 
indicating (in a deuterium plasma) heating effects at u = " more impor
tant than predicted by theory. Early ICRF low power experiments in 
TFR /25/showed that the physics of RF wave propagation and absorption was in 
fact dominated by the presence of. a residjal amount of hydrogen in the 
deuterium plasma, and that wave damping in two-ion plasmas was in agreement 
with the predictions of earlier theoretical work /26/ . Subsequently to 
these first experimental observations, further theoretical analysis showed 
two different sets of conditions for efficient wave damping. In a two-ion 
plasma containing a large fraction of minority ions, local confluence 
between the fast magnetosonic and electrostatic ion Bernstein waves leads to 
efficient electron Landau and ion cyclotron absorption. For optimum 
efficiency, this mechanism needs an antenna radiating from the high magnetic 
field side (HHFS) of the torus. On the other hand, minority heating, 
coupling the power to the low density minority species by direct cyclotron 
heating (followed by equipartition between the two ion species), can be 
adequately obtained by using a low magnetic field side (LMF5) antenna. 
Plasma heating by both mechanisms, using the two types of antennas, has been 
tested experimentally at high powers in TFR from 1978 to 1984. 
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IV.1 Wave conversion heating 

The problems associated with coupling the RF power to the plasma 
have led to the construction of an all metal antenna 1211, mainly used at 60 
MHz, corresponding to the proton cyclotron frequency at B T = 4 T. The 
general characteristics of the antenna-plasma interaction were consistent 
with theoretical predictions : in pure hydrogen (or in a D-H plasma with the 
two-ion hybrid layer outside the high density region) the fast wave is only 
weakly damped and high-Q resonant modes are detected for definite values of 
the plasma density /25/. On the contrary, strong damping occurs as soon as 
the wave conversion layer is inside the plasma, leading to efficient heating 
of both electrons and ions. As an example figure 3, showing the location of 
the a = w and wave conversion layers as well as the corresponding 
deuterium heating efficiencies in a series of experiments with different n., 
/n D values !B T = 4.6 T, n (0) = 5 x 1 0 1 3 cm"\ f = 60 MHz), clearly 
demonstrates the dominant role played by the conversion process : when the 
u = -> u layer is at the plasma boundary, heating requires that the 
conversion layer be located at the plasma center /28/ . Evidence for the 
wave conversion mechanism was inferred from non-thermal electron cyclotron 
emission /29/ ; moreover, direct observation was obtained from CO- laser 
scattering experiments /30/ : when the calculated conversion layer radius 
coincides with the scattering region, the scattered light spectrum shows two 
distinct features, interpreted as due to the slow Bernstein mode and to the 
nonlinear coupling between the fast wave and the drift modes. 

The best efficiency using the all-metal antenna was obtained in a 
D 2 plasma containing 20 to 30 % of H_, at B T = 4.5-4.7 T and f = 60 MHz. In 
these conditions, for a sufficiently small distance between antenna and 
limiter radii (a 3 cm), it was possible to couple to the plasma in excess 
of 1 MW. This coupling efficiency, in fair agreement with the value 
estimated from theoretical models based on slab geometry /31.32/ , allowed 
2.2 MW to be coupled into TFR with two antennas. Peak ion and electron 
temperature increases as function of RF power, for a 1.5 x 10 cm plasma, 
are shown in figure 4. However, these values were reached 20-30 ms after the 
beginning of the RF pulse they then decreased to the initial values in"- 50 
ms /33/ . Spectroscopic and bolomet,-ic measurements clearly showed that the 
corresponding decay of the energy confinement time was due to a large influx 
of metallic impurities, radiating practically all the injected power. 
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As a consequence of these results, the material of the limiter 

and of the lateral antenna protections was changed from inconel to carbon, 

resulting in a considerable decrease of the impurity radiation level and a 

modification of the ion and electron temperature evolutions /34,35/ . In

deed, instead of decreasing after < 30 ms, U . novi reached a saturation 

level after * 50 ms, with n ^ T . / P ^ » 5 x 1 0 1 0 eV cm" 3 w" 1. On the other 

hand, the central electron temperature showed a fast increase when the RF 

pulse was applied and a rapid saturation of the average T value in 

^ 10 ms, together with a large amplification of saw-tooth oscillations 

(fig. 5). The global energy confinement time i - decreased to % 60 ?» of its 

initial ohmic value for a coupled RF power of -* 400 kW /35/ . This T _ decay 

can be simulated using a 0-0 code fair agreement can be obtained by kee

ping i,. constant and decreasing t E from 35 to 20 ms. Contrary to the 

previous Inconel limiter experiments, the T r decrease cannot i-ny more be 

attributed to impurity radiation. Indeed, although the impurity level 

increases appreciably over its ohmic value, the total central radiated power 

in experiments with carbon limiter and lateral antenna protections does not 

exceed 5 » of the total RF power, and cannot therefore play an important 

role in the power balance. On the other hand, since the electron heating 

power (estimated from the slope of the saw-teeth) remains constant during 

the RF pulse, the i E decrease (evidenced by the time evolution of the 

average T (0), figure 5) seems to result from an increase of the electron 

energy transport coefficients. Although it is tempting to relate this to th^ 

observed increase of the scattered turbulence spectrum, more detailed data 

would be necessary to draw a definite conclusion. 

IV.2. Minority heating 

A first attempt to use in TFR a LMFS antenna (made of two coils, 

large in the toroidal direction and short in the poloidal one, without any 

protection) resulted in a very large influx of metallic impurities, approxi

mately ten times as large as that observed with the HMFS antenna at the same 

power level ; furthermore, the maximum coupled power could not exceed % 100 

kW /36/ . Much more satisfactory results have been obtained with a similar 

configuration when using carbon limiters and antenna protections : the 

coupled RF power was increased to 600 kW in iiinority heating experiments (n 
1 4 - 3 e 

(0) = 1.5 x 10 cm , n„/n n = 5 Ï). This led to an increase of the central 
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deuteron temperature of approximately 9 x 10 eV cm" U" , with the expected 
distorsion of the minority species velocity distribution but no appreciable 
heating of the electron component. However, even in these more favourable 
conditions, the metallic impurity influx is still considerably larger than 
that observed with the HMFS antenna : for a RF pulse of 300 kW, the power 
radiated by central metallic impurities is •>• 0.4 Won after 60 ms. Although 
this radiation level contributes a large part of the total losses, it cannot 
completely explain the energy confinement time decrease. 

IV.3 Origin of impurity release 

ICRF heating generally results in an increase of the electron 
density and an Important influx of light and heavy Impurities. Attempts to 
understand this problem have been an important concern of the ICRF research 
pro,ram in TFR. Several observations have shown that this effect Is not a 
consequence of RF heating of the plasma core. Indeed, conditions leading to 
important heating, as well as those where no central heating is observed, 
result in similar increases of the impurity level, while the presence of a 
high energy tail (characteristic of the minority heating regime) does not 
significantly enhance the plasma pollution. On the other hand, Langmuir 
probe measurements show an important increase of both electron density and 
temperature in the scrape-off layer /37/, thus suggesting that a non-negli
gible part of the RF power (evaluated at 10-20 %] is absorbed directly in 
this region. Although such partial damping of the RF power in the low 
density scrape-off layer might be responsible for the large increase of the 
impurity influx, the absorption mechanism is not clear. 

Finally, a strong RF acceleration of heavy ions, present as low 
density impurities, is expected to occur if one of their harmonic cyclotron 
frequencies matches locally the wave frequency. This can lead either to 
expulsion from the plasma of the resonant ions, or to an increased inte
raction with the bulk ions resulting in enhanced heating /38,39/ . 

V. IMPURITIES 

Plasma spectroscopy has played and important role in all TFR 
experimental programs, since it allows Z f f and the radiated power (needed 
in order to perform a correct energy balance) to be evaluated. It was very 
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suon realized that impurities play a major role in the plasma energy 
balance, since strong line radiation emitted by 0,C, Mo (limiter material), 
and re (liner-protecting guard rings) ions was detected /40,41/ . The Li-
like 2s - 2p doublet was so strong to radiate 150 kW at the plasma periphe
ry. Such large radiation values led to the conclusion that the highly recy
cling peripheral plasma was almost decoupled from the core, since only a 
small fraction of the incoming oxygen flux was necessary to explain the 
central Z -. value. 

The initial effort on TFR was mainly instrumental, leading to 
space and time resolution capability (̂ -1 cm, 1 ms), high spectral resolu
tion (for Doppler measurements), and extension towards soft X-ray wavelen
gths (in order to have access to the emission of H-like and He-like Ions). 
At the same time, the models necessary to evaluate, from the spatially 
resolved radiances of only a few impurity ions, the global impurity 
characteristics were developed, eventually resulting in a 1-D code solving 
the full set of equations (taking into account ionization, recombination and 
transport) for one impurity with fixed MHD conditions (i.e., experimental n 
and T profiles) /42,43/ . Figure 6 shows an example of a comparison between 
experimental emissivity profiles and code calculations. 

General conclusions as far as the impurity transport is concerned 
derived from comparisons of experiments and simulations, are : 

i) the impurity flux cannot be accounted for by neoclassical 
theory, a larger anomalous term being necessary; 

ii) low ionisation potential peripheral light ion radiances are 
very unreliable, since they are strongly affected by toroidal and poloidal 
asymmetries /42/ (note that these effects are also important for bolometric 
measurements); 

iii) light impurities ions are, at a given T , less ionized than 
predicted by ionization equilibrium (IE) calculations and radiate strongly 
at the plasma periphery (not necessarily a deleterious effect, since it 
helps to evacuate the energy rather harmlessly) ; 

iv) central heavy impurity ions, which contribute most of the 
central radiation losses, are not too far from IE predictions 743,44/ ; 
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v) the impurity transport properties are not seriously affected 
by the supplementary heatings. 

Note also that an anti-correlation effect between light and heavy 
impurities has been show to exist /45/, apparently due to the peripheral 
temperature value. 

The absolute impurity content of ohmic discharges has evolved 
during the TFR lifetime. Indeed, as already mentioned, the plasma "chemical" 
composition has varied considerably since the beginning (as can be deduced 
from figure 1). Indicators of this evolution are, for light impurities, the 

a 

radiance of the Li-like 1032 A line (the strongest oxygen Une, from which 
an evaluation of the incoming 0 flux can be obtained) and, for heavy 
Impurities, the calculated central density of the most abundant metallic 

o 17 
element. Mo-lim1ter plasmas had 1032 A radiances of the order of 10 -2 -1 -1 photons cm s sr /46/ , decreasing by almost an order of magnitude (to 
(1-2) x 10 photons cm s sr" ) for inconel limiter plasmas /43/ 
(essentially due to improvements of cleaning procedures), and even somewha. 
lower ((0.5-1 ) x 10 photons cm s" sr" , with a comparable amount 
from the equivalent carbon line) for graphite limiter plasmas. On the other 
hand, Mo-limiter discharges had central Mo densities of the order of (5-10) 
x 1 0 1 0 cm" 3 (typically at n (0) = (4 - 6) x 1 0 1 3 cm" 3) /46/ ; inconel linri-1 4 - 3 ter plasmas, with larger electron density values (n (0) a 1.5 x 10 cm ), 1 0 - 3 had central Ni densities of i. 10 cm /44/ , decreasing to (0.3-0.6) x 
10 cm (but at somewhat lower n values) with graphite limiters /22/ . 

Although only indirectly relevant to tokamak physics, conside
rable work on atomic physics and astrophysics related problems has also been 
performed, taking advantage of the large available T values. Line 
identification work, i.e. precise evaluation of the emitted wavelengths 
/47/ and comparison with theoretical predictions, including forbidden 
transitions /48/ , purposely injected elements /49/ , and He-like satel
lites /50/ , has been actively pursued. Moreover, since all the relevant 
plasma parameter are independently measured in TFR, plasma spectroscopy has 
been also used to verify atomic physics cross-sections of fusion inte
rest /51.52/ and astrophysically-relevant collisional- radiative models of 
excited level populations 750/ . 
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VI. MHD STUDIES 

Initial MHD studies were mainly concerned with a search for the 
precursors of the disruptive instability. The fundamental role of the m = 2 
mode, together with the existence of an induced m = 1 mode (different from 
the internal m = 1 mode responsible for the saw-tooth behaviour), wa^ 
extensively documented for high current and high density disruptions. The 
idea that a defective energy balance near the q = 2 surface is responsible 
for the m = 2 destabilization has been proposed /53/ . 

After the removal of the copper shell, TFR went through a relati
vely long period of difficulties, due to plasma equilibrium problems. The 
reason, apart from the very short time constant of the Uner, was the unfa
vourable magnetic configuration of the new 1on structure. Theses studies 
have resulted in elaborated equilibrium codes, now used also for JET and 
Tore Supra /54/ . The remedy to this problem was to enhance drastically the 
performances of the horizontal position feedback system. 

A further important subject of study were the saw-tooth internal 
disruptions. A method of cartography, capable of mapping the q = 1 island 
during the regeneration phase was developed /55/ , and extended to study the 
MHD behaviour during the disruption itself /56,57/ . It was thus shown that 
the experimental evidence is not compatible with the idea that internal 
disruptions are due to the q = 1 island invanding the entire plasma core, 
but rather supports an explanation involving a turbulent mechanism /58/ . 
Minor and major disruptions were also extensively studied. It was found 
that, just at the disruption onset, a near overlap of the q = 2 and one or 
two other helicity (q = 3 and/or q = 3/2) islands occurs ; from then on a 
very complex mode behaviour is found /59/ . The occurence of a strong m = 1, 
n = 1 helical deformation during the temperature decay was described /60/ , 
and found reminiscent of the m = 1, n = 1 induced precursor mentioned above. 
The post disruptive plasma behaves as a large ergodic divertor dissipating 
most of the stored magnetic energy /61/ . 

Finally, very low q»(a) operation was achieved in TFR (q„(a) 
being the true q, i.e. the cylindrical value corrected for displacement, 
ellipticity, and toroidal effects), with q„(a) as low as 1.3 in low tempera-
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ture (cleaning) discharges (for which the magnetic Reynolds number is S = 4 10 ), and q*(a) ^ 1.85 for several hundred milliseconds in normal discharges 
(with S > 10 ) /62/ . High S number operation in TFR is therefore subject to 
the usual current limitation, showing that extrapolation to reactors of 
ultra-low q*(a) regimes with low S values is subject to caution. 

VII. CONCLUSIONS 

TFR is today the oldest tokamak in operation, but it has not yet 
said its last word. Indeed, after N8I and ICRF, a third heating program, at 
the electron cyclotron resonance frequancy (ECRF), will be performed during 
1985. At the end of the year, TFR will be definitely stopped. 

ECRF heating is a joint program between the Euratom-FOM and 
Euratom-CEA Associations. The RF power supply consists of three Varian 
generators (60 GHz, 200 kW, 100 ms each). The main program aims are : confi
nement studies during ECRF heating, local power deposition for MHD experi
ments, and current drive on a slideaway electron distribution function 
/63/ . 

During 12 veers of operation, TFR has largely contributed to the 
present understanding of tokamak plasma physics and has strongly influenced 
other programs, particularly JET and Tore Supra. Among the numerous factors 
which have permitted its fruitful scientific production, two must be 
underlined : i) a large effort on diagnostic development, and ii) a col
lective way of working, which allowed all the diagnostics to be used simul
taneously and the information to be freely available. 
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FIGURE CAPTIONS 

Fig. 1 Energ.' balance of Mo-, inconel-, and C- limiter plasmas in TFR 

Fig. 2 Electron and ion temperature increases A T ( 0 ) vs. ratio of injec
ted power to central density for NBI heating. 

Fig. 3 Profiles of the wave conversion layer (a) and deuterium heating 
(b) fcr different n,./nD ratios at 8 T = 4.6 T. 

Fig. 4 Electron and deuteron temperature Increases AT(0) vs. total power 
delivered by the RF generator. 

Fig. 5 Central electron temperature evolution during [CRF heating in 
C-limlter plasmas-

Fig. 6 Simulation of experimental spectroscopic data obtained at the 
current plateau of an ohmic, high density, TFR plasma. Solid 
lines : experiments ; broken lines : numerical simulation. 
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