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INTRODUCTION 

A conceptual study of an additionnai heating system for JET in the 

Ion Cyclotron Range of Frequency has been initiated by a contract [1] between the 

Joint European Undertaking, the Commission and the auraton-CEA Association. 

This report, terminating this contract, describes the main physics and technical 

elements of a complete system for JET e.g. from the fundamental damping mechanisms 

of the wave in the plasma to the outline of the RF power plant. 

We first present an overview of the recent results obtained in 

existing Tokamaks. These experiments offer a critical test of the basic 

physics ideas, give an estimate of the overall heating performance and show 

the degree of development of the RF hardware. 

A second part is devoted to the basic wave-particle physics. JET 

will have to work in a wide variety of plasma parameters which constitues 

an unprecedented constraint. A range of frequency is found which accomodates, 

within limits, most of the operating scenarios foreseen in JET. 
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Moving from the plasma to the outer world, the wave coupling 
theory determines the position, the surface and the voltage stand-off of 
the launching structure which is necessary to transmit the power. Modules 
capable of transmitting 5 MW per Octant are discussed in the light of the 
present technology. The most critical parameter influencing the antenna 
performance appears to be the distance from the antenna to the plasma. 

Finally we have summarized our experience and our discussions 
with the industrial firms to outline the components of the RF system : 
power tubes, power supply requirements, coaxial transmission lines and 
matching network. A lay out of the power plant is then given. 
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I - EXISTING EXPERIMENTAL AND TECHNICAL DATA 

A number of ICRF research programmes have been conducted on Diva, 
Erasmus, Macrotor, Microtor, PLT and TFR (see table 1). Most 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. 

- N E T K W n cm e eo A T . o e v Remarks 

DIVA 115 3.5 I0 1 3 % 0 250 

ERASMUS 140 8 10 1 2 25 40 

M.XKOTOR 
MICROTOR 500 50 150 Pump out 

PLT 800 2.7 10 1 3 "\- 0 1500 H 3 - D 
e 
15 % H 3 

e TFR 440 10" 200 300 
20 Z a 

Table 1 

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. The main results are : 

I.I - Significant power (up to 0.8 MW during 0.1 sec in PLT [2] 
has been coupled to the plasma in a wide range of density and temperature 
conditions 

8 10-2 « n =S 10 1* cm - 3 ; 3.14 < T < 2 lev 
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1.2 - The central temperature increases are comparable to the 
values obtained with neutral beam injection in the same plasma conditions. For 
instance : 

2 ev/kw (PLT at 2.7 10 1 3 cm - 3) 
4(T« + Ti) / P O T T -

0 W t t i I ev/kw (TFR [3] at 10 l k cm - 1) 

1.3 - The heating is accompagnied by a plasma contamination due 
to the influx of metallic impurities. These effects Are comparable to 
counter neutral beam injection (PLT) or to quasi transverse MBI (TFR). At 
high density, Z ., remains unchanged (̂  1.2) during heating. 

1.4 - The observed wave propagation, damping and heating effects 
follow the characteristics of existing theories for both the minority and 
mode conversion regimes : 

In the "minority" regime most of the RF power is observed to 
heat the minority aptcies in either a D(H), H !(H), or D(H ') plasna 
composition (the minority appears in the bracket). The distortion from a 
maxwellian of the minority energy distribution function agrees with Stix's 
quasi linear theory. 

At high minority concentration the theory indicates that the 
damping mechanisms should depend on whether the antenna is located on the 
high field side (HFS) or on Che low field side. Indeed in TFR (HFS antenna) 
dominant electrons heating occurs when the computed mode conversion region 
crosses the magnetic axis. The situation is different in PLT (LFS antenna) 
where minority heating near the cyclotron resonance still prevails even at 
high minority concentration. 

1.5 - An all metal antenna array has been installed in one port 
of TFR and showed no failures during 6 months of operation. Each half of 
tte array could be independantly tested at the maximum available power 
(400 KW) .At this power level Che antenna radiates 0.4 KW cm - 2 and the 
necessary port access is 150 cm^/MW. 

A similar antenna system tested on Erasmus [4] showed the same 
reliable behavior with the additional constrain: that it was also used, 
in this case, as a liaiter. 
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1.6 - A European firm has constructed the 500 KW fiial amplifier 
of TFR. It has realized succesfully and in time with our unusual specifica
tions concerning the frequency range (50 to 90 VS&z) and the possibility of 
large reflected power. Another firm is now completing a 3 Mtf system under 
similar spécifications. 

1.7 - The measured efficiency factors of the TFR experiments are : 

- Utility network to generator output 0.6 

- Transmission and tunning 0.9 

- Antenna to plasma coupling 0.9 

total 0.5 
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II - JET ICRF PHYSICS 

II.1 - Damping 

II.1.1 - Basiç_ideas 

Let us consider the propagation of a fast magnetosonic wave. 
Fundamental ion cyclotron resonance heating of the main ion species comes 
first in mind as a damping mechanism, however it fails, both in theory and 
in practice, in high density Tokamaks plasmas. The large number of resonant 
particles induces a skin type effect which annihilates the left hand side 
polarization responsible for the wave damping. A remarkable property of a 
two component plasma is the disapearance of this annihilation in the 
vicinity of a 2 ion hybrid resonance. 

In the cold plasma approximation, this hybrid resonance is in 
fact a mode conversion cut-off pair of the perpendicular refractive index 
located between the fundamental resonances of the two species. More preci
sely the major radius of th^ hybrid surface is [6] : 

Vb * R2 
1/2 / Z 2 Al N2~l 1 / 2 

1 * ; CD 

R ? is the major radius of cyclotron resonance for the second species, A., 
Z., N., for i = 1, 2, are respectively the mass number, the charge number 
and the density. For low minority concentration, the hybrid resonance is 
located very near the minority cyclotron resonance. 

In a hot plasma, the mode conversion cut off pair disappears if 
the minority concentration is below a threshold value which is roughly 
given by a necessary critérium [6] : 

(C-ffeP.^ (2) 
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if the second species is the minority : 

K,,, 2 . C KT 

V z u , • e 2 - ; 2 % N 2 T T 
pi a 

The threshold calculs.ted from a numerical solution of the 
dispersion relation is typically about 3 times the value given by the 
necessary critérium. 

When mode conversion occurs, it divides the plasma into a high 
field side (HFS) and a low field side (LFS) parts. Fast wave tunneling 
between the 2 parts can be estimated from the Budden formula [5] which 
gives the fraction T of the transmitted power. For instance in a H-D 
mixture : 

T ^ exp(- i TT k" n p RJJ) with n p = nR/u^ 

For typical JET values (n = 0.1), X„ = 3 m, k̂  = 30 m~ l) we find 
T ^ exp - 4 consequently the wave will be reflected when it comes from the 
LFS or converted into a slow wave in the other case. Since the cyclotron 
resonance is on the LFS, waves launched in this part will damp their energy 
near the cyclotron resonance layer. We will see that a single pass through 
the resonance usually suffices to damp the wave energy. If this is not the 
case, the wave will bounce between the 2 cut-off surfaces which contains 
the LFS volume (fig. 1) until complete absorption at the resonance layer. 
Waves emitted from the HFS will be damped in one transit near the mode 
conversion layer by electron Landau damping. 

II.1.2 - Damging_çalçulation 

Wave damping along the wave trajectory is calculated from a WKB 
treatment. This method [ 6] is valid in the central plasma region where the 
wavelength is much shorter than the scale length of variation of the re
fraction index. This amounts to solve (n + 1) coupled differential equations 
(n = number of species) : 
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d P w - - 2 Vv k. dx 

d Po- " 2 *w kiC ta 

where the indices w and a stand for the wave and the various species, k. is 
the imaginary part of the perpendicular wavenumber and x the major radius 
position along a ray trajectory (assuming a fixed obiicicy of the ray), k. 
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 asso
ciated with each species is given by : 

x 
where S is the x component of the Poynting vector and K is the part of 
the dielectric tensor containing only the terms of the species a. 

In the following section, we discuss with tiii-~ model 3 cases 
of interest for JET. 

II.1.3 - Possible scenarii 

The typical parameters used for these <•- mutations are : 

S . a (, - 4 ) 0 - 2 , s = 5 I0 1 3 cm'3 

e eo 2 * ao 
a 

re = T i = Ieo ° "T*. K 5 «•»**.„* 6 K e v 

a 
(for the main ion species) 

For the minority species, w& deduce an equivalent temperature from Stix's 
calculation of the minority distribution function with Ri" heating (see 
chapter III). 

m _2 e N 
L m m 

< P > being the power density averaged over a magnetic surface (typically 
-- 0.4 W c m - 3 ) . 
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The major radius is R - 3 m , the plasma radius a = 1.25 m. 

11.1.3.1 - Deuterium - tritium hybrid scheme 

He discuss now, although we do not recommand it, a scheme based 

on the D - T hybrid resonance. The dispersion relation is shown on figure 2. 

In this case N r- N B » 35 KG, V » 22 MH2 and the hybrid resonance crosses 

the magnetic axis. 

A dominant feature of this case is the very wide gap hetween Che 

branches of the fast waves on each side of the mode conversion region. The 

tunnelling across the gap is negligible : T ̂  exp - 10. The Tritium and 

Deuterium fundamental resonances are both in the plasma. However, due to 

the skin effect mentionnée previously Che absorption is quite small ac each 

crossing of these resonances : AÏ/P *> 0.05. 

An ideal situation, although difficult to realize, would be to 

launch the wave from the high field side ; Che power is converted on a central 

chord to a slow mode which is very quickly damped essentially by Landau 

damping as demonstrated in TFR experiments [3]. On the concrary, if the wave 

is coupled from the LFS, the wave crosses the weak damping mechanism at 

a » <u . before being reflected at the hybrid cut-off. Therefore, the wave 

will be very slowly damped after many reflections. An eigenmode can be 

constructed between the hybrid layer and the wall on the LFS [8]. Such a 

multi reflection situation is potentially dangerous if any parasitic heating 

occurs at the edge of the plasma. 

11.1.3.2 - Hydrogen minority scheme 

The frequency, 53 MHz, is now chosen so that the cyclotron 

resonance chord of H crosses the plasma center ; then the maximum damping 

cakes place slightly on the high field side of chis resonance. A dominant 

feature of this scheme is the nearly complete absorption at each transit 

for a wide range of density, H concentration, temperature and k., (fig. 3 

and 4). A maximum damping per transit occurs for a H concentration of 8 to 

10 Z. When S, /s, is greater than typically 12 Z, the cut off associated to 

mode conversion will appear. This situation will not change the overall 

damping picture since a LFS wave is strongly absorbed before reaching the 

reflecting zone if N. /S. < 20 Z. 
n d 
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i calculation shows that nearly all the wave energy heats -he 

H minority, only a small fraction (^ 5 7.) going to electrons and deuterons 
through Landau and harmonic damping. 

The harmonic cyclotron resonance of Tritium is located on the 
high field side edge of the plasma (fig. 3 a). However no energy will be 
deposited at this location provided two conditions are met -i- the wave is 
launched from the LFS -ii- the hydrogen concentration is such that the 
wave is absorbed in a single par.<:. These conditions are not difficult to 
fullfill and consequently the hydrogen minority scheme is quite insensi
tive to the relative abondance of Tritiu. and Deuterium. Concentration 
ratios ranging from pure D to pure X will not change the damping and propa
gation results. 

Our model does not allow to calculate the interaction of the 
wave with the fast ions (H or D) resulting from neutral beam injection. 
However it can be expected that the absorption will increase still further 
with the consequence of a slight displacement to the LFS uf the usbs^rption 
zone. 

II.1.3.3 - Helium 3 minority scheme 

The main advantages of this scheme are : 

3 i - an easy control of the concentration since He does not 

enter in the gas composition of any prepared JET scenario 

ii - lower frequency (35 MH for 3.5 T) 

iii - no charge exchange losses 

iv - the possibility to study, in JET, the confinement of very 
energetic particles with rhe 14,7 Mev protons aaC the 3 4 3.6 Mev a produced by D( He, p) He reactions between the 

3 bulk zieuterons and the He energetic tail heated by SI" 

v - the flexibility to accomodate various situations. 
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For instance figure 5 shows the dispersion relation for various 
plasma compositions. Again strong one transit absorption is obtained, 
although (fig. 6) it is no longer total as in the previous case. An optimum 
of 70 S is obtained for N3„ /N, » 0.08. Therefore 2 transits will be sufficient He a 
to ab-- rb 90 % of the wave energy. Fig. 7 illustrates this total absorption 
of the wave by successive transits when S3„ /N. * 0.03. 

A possible complication may arise if a hydrogen concentration due 
to an auxiliary cause (H NSI for instance) becomes too high (> 0.1) ; then 
a parasitic H-D hybrid layer enters inside the plasma near a LFS ancenna 
and could result in edge heating. A simple remedy is to slightly reduce 
the wave frequency thus increasing the proton density threshold for this 
effect. 

3 The case of a He minority in a dominant hydrogen plasma deserves 
a special discussior. The "He - H hybrid cut-off is now located between the 

3 LFS antenna and the He cyclotron resonance. The occurence of this cut-off 
is given by formula (2) as for the mode conversion threshold. Ic will there
fore be advantageous to eliminate the low K., part of the emitted spectrum 
by proper phasing of toroidally space antennae. 

Note that a D minority in a dominant H plasma could also be consi-
deredbut would be restricted to a similar limitation. 

3 The He minority scheme seems also well appropriate, provided LFS 
ancennae are used, with a D - T mixture despite the fact that the D - T 
hybrid layer will appear on the HFS (fig. 5). The cut-off of this layer faces 
the antennae and will act as a virtual wall reflecting any part of the wave 3 unabsorbed after crossing the He cyclotron layer. 

II.1.3.4 - Conclusions 

It appears, from these calculations, that ICRF heating presents 
a good flexibility and can cover most of the parameter space of all the 
prepared operating regimes of JET. With LFS antennae the use of the mode 
conversion situation is unapropriate. However, heating through the minority 
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regime either with hydrogen or helium 3 appears attractive in a wide range 
of plasma conditions. In particular it offers a very large damping (single 
pass situation) well localized on a central chord. Restrictions on the 
spectrum appears only when the dominant ion species is lighter than the 
minority. 

The helium 3 minority scheme offers the greatest flexibility with 
respect to ion species composition (D + I + H) with advantages of an easy 
control of its concentration and possibility of energetic a and proton 
confinement studies minimizing neutron activation. 

Tables 2 a and 2 b summarize the frequency range required by 
the different scenarii. Assuming that a generator tunable over more than 
an octave is feasible (see section IV) we see that 2 choices of frequency 
bands are rational : 

3 i - the 25 to 55 MHz bandwidth allows to use both the Be and 
H minority schemes in the interesting range of magnetic 
field 

ii - a '• to 33 MHz bandwidth is most appropriate for He and 
T minority schemes, and, in case of HFS antennae to the 
D-T mode conversion situation. 

Conditions Minority 
KG 

B^ range 
(MHz) 

v range Remarks 

(0) ; (H) 
D +V 

H 3 

e 
24 to 36 25 to 37 n < .1 p 

<D) ; (D + T) H 16 to 36 25 to 55 n p<.2 

H no 8 to 18 25 to 55 2"ch 

D-T hyb. no 36 25 "r -"D 

Table 2 a 

Scenarii and range of S assuming a 25 - 55 MHz generator. 
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Conditions Minority \ r a n6e v range Remarks 

(D) ; (H) 
D + n H p 

H 3 

e 
15 to 33 15 to 33 n < o.i p 

k̂  spectrum 
(H) 

D ; (H) T 30 to 37 15 to 18.5 V« d<0.2 

D - T hyb. no 24 to 37 15 to 23 n T "»D 
HFS ant. 

table 2 b 

Scenarii and range of 3 assuming a 15 to 33 MHz generator. 

II.2 - Energy distribution of the minority species 

We have seen that, in the ICRF minority regime most of the RF 
power is damped into the minority species. Consequently its averaged energy 
may become significantly higher than the energy of the bulk species. In 
this section, we estimate this effect with the model developped by STIX [7] 
which is a i elegant solution of the Fokker Planck equation with a quasi-
linear-type RF diffusion coefficient. 

The main result is that a stationary solution of the energy 
distribution function exists and is not maxwellian. It exhibits a "high 
energy tail" (see for instance fig. 8) which is controlled by the drag 
term between the minority ions and the electrons. The quantity of interest 
here is the "equivalent" minority temperature T which is found to be : 

Teq " u « k T e with : 
m P 

8 :T' / 2 n n Z 2 e* InA e m 

2 k T 
( '-) 

1/2 
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„ I • n P (v cm - 3) T' / 2 (ev) 
ç • 8.S 1 0 « (-_JL) j—J 

'p n g (cm ) 

n » n /n p m e 

u is a coefficient slightly less than one. This formula is usefull when 
Ç > I ; othprtrii : Che curves, shown on fig. 9 a and 9 b for T - T., may 
be used. Using this formula, we calculate the partial S ratio due to a 
hydrogen minority : 

8 ir o^ k T,_ 

3. -x- u 8 8.5 10 2 5 P(l + n ) — | - h e p n2 
e 

The result is weakly dependant on the minority concentration 
and is most sensitive to the electron density, for instance 

8, t 0.5 3 if T - 3 kev, n - 5 ID 1 3 cm"3, n e e e 

At the high density foreseen with Che JET extended performance 
n"3) th 

plasma pressure. 

14 -3 
(a, ]0 cm ) this partial B will not seriously contribute to the total 

3 The case of He has the advantage Co decrease the minority energy 
S (3He) - | Ç(H). 

The minority species degrades most of its energy on the electrons 
for large %, values or on the majority ions at small Ç values. The power 
degraded on the electrons is given by (see also fig. 11) 

fe_ J_ . 2 < E > . 
?HF « " 3 k T e 

To conclude this section, we stress that the minority average 
13 energy does not exceed 50 kev, even at low electron density (5 10 ) and 

-3 large power density (0.4 w cm ), for the optimum hydrogen concentration 
required by the single pass situation (n. /n. ̂  0.05). In these conditions, 
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the partial S of the minority is significant. However its magnitude 

decreases sharply at the higher densities foreseen in JET. 

II.3 - Energy deposition profile 

We have shown in section I.1 that the wave energy is damped along 

a vertical chord closely related to the minority cyclotron resonance layer. 

The jidth of this chord is typically on the order of 

tt " 2 R o "ll V t h / u 

ÛR reaches 20 cm for a minority hydrogen at 60kev with k,, « 5 m . The 

repartition of the wave energy along the damping chord should now be dis

cussed. This discussion requires a precise mapping of the RF fields from 

the antenna array to the damping chord. 

To our knowledge, there exists only a preliminary theoretical 

treatment of this problem [10], It uses a two step procedure : 

-i- 'olve in a slab geometry the full wave problem with a 2 dimensions 

current excitation layer [fig. lia] in the immediate vicinity of the antenna 

and just beyond the cut off layer in the plasma. 

-ii- then proceed further into the plasma with a ray tracing technique. 

We have not yet built a computer programme which can handle 

coherently these two steps. However separate codes treating each steps have 

been tested. 

Fig. lib represents the field distribution in the plasma calculated 

fmm the full wave solution in a homogeneous plasua [fig. 11a]. The defocussing 

effects due to diffraction may be estimated from thesj results. With the parti

cular antenna array studied here the BF fields remains remarkably concentrated 

in the plasma core along the y direction while there is a considerable 

spreading in the z direction. Other general arguments can be made : 

- A central peak of the energy deposition profile is best 

achieved by localization of the antenna radiating elements in 

the vicinity of the equatorial plane as shown for instance on 

fig. 18. This condition simply minimizes the wave pai.h between 

the desired damping region and the antenna. 
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- À concave poloidal curvature of the antenna provides some 
central peaking of the wave energy. This fact is illustrated on 
fig. 1IC by ray tracing calculations performed in the full 
inho- -Jgeneous toroidal geometry. Ray tracing is started some 
distance inside the plasma in a region where the variations of 
the plasma parameters become less th-R the wave length. However 
this ray tracing calculations doe3 not take into account the 
diffraction due to the finite extension of the antenna which 
will produce some defocusing effects. 

- Ray tracing also shows that refraction in the core of the plasma 
is not an important phenomena. 

In summary, no detailed predictions of the energy deposition 
profile can be made at present but a broad central peak is expected pro
vided the antenna is placed near the equatorial plane. The fraction of 
high grade heating, defined as the ratio between the power going in the 
inner quarter volume to the power in the torus, should significantly 
exceed SO ?.. 



ITI - COUPLING STRUCTURE 

III.l - Design of the antenna structure 

Since the early low power approach of ICRH in T7R in 1976, 
several designs have been tested for the launching structure, characterized 
by different screens between the RF conduccors and che plasma (Fig. 12). 
The principal conclusions are the following : 

- The lateral parts of the screen are absolutely required. 
Design "a" is unacceptable, leading to short circuit of the RF 
by the plasma. 

- An alumina protection between the central conductor and the 
screen is useless. 

- Design "b" with no Faraday shield in front of the plasma was 
found unsatisfactory in certain conditions [3]. 

- Using design "e" with a full shield, RF power up co C.5 MW 
could be coupled to the plasma for a total antenna area of 

2 600 cm and a RF supply voltage of IS KV. Very satisfactory 
heating effects and limited contamination of the plasma were 
obtained using this structure [3] . 

III.2 - Radiation resistance 

The radiation resistance relates the RF power coupled •..> the plasma by an 
antenna to the peak voltage in the feeder. An estimate of this quantity for an 
antenna located in the shadow of the limiter ha3 been donn on the basis of a simple 
model des ribed earlier [9]. This model is imperfect in several respects (neglec
ting an eventual electrostatic coupling and assuming the poloidal distri
bution of RF current is uniform) and should be improved. As it is, however, 
it leads co fairly good agreement with the experimental values for the 
radiation resistance observed in various Tokomaks and was used here for 
estimating the characteristics of the antenna structure required for cou
pling up to 6 MW through one port of JET. 
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III.3 - Antenna module corresponding to one port of JET 

As shown in fig. 13, a possible design for coupling 6 MW through 
one port of JET includes 4 launching elements, each with the following 
geometry : 

width (along toroidal coordinate) 35 cm 

length(along poloidal coordinate) 90 cm 

dis ta—.e between the two conductors 10 cm 

each element being supplied by a 50 $5 coaxial transmission line. 

Assuming now an electron density profile defined by 

,, 2, 2.0.2 a » n (1 - r /a ) e eo 

13 -3 
with n * 5 10 cm , n going to zero 8 cm away from the RF loop con
ductor, and a frequency of 45 MHz corresponding to u « 2 &_ at 30 KG, the 
impedance of each RF loop is found to be 

Z - (8.6 + 45.4 i) a 

at the connexion point with the coaxial line. Assuming now a peak RF 
voltage of 40 KV on the transmission line leads to a coupled power of 1.5 MH 
for each loop and 6 MW for the total structure. 

The nominal value of the radiation resistance, defined as 
2 2 (R - 2 P Z /V is 4.7 Î2 for each element of the 4 loop structure. (P is the o o r 

coupled power, V the peak voltage on the line and Z its characteristic 
impedance). 

Ill 4 - Discussion of the different parameters 

In the vacuum or low density region between the anteuna conductor 
and the plasma, the wave is evanescent until it meets the electron density 
corresponding to the cut-off value for the fast magnetosonic wave. Accordingly, 
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the distance <S between the antenna and the low density radius defined by 
o 

the limiter is of critical importance. Table III shows that the resistance 

of an antenna element and hence the power radiated for a given voltage on 

the transmission line is actually a steep function of S . 

Some way of controlling this distance appears thuj as necessarily 

required by adjusting the limiter radius. 

6 o cm % pm ( V R F - 4 0 K V > 

4 9.5 3 

8 4.7 1.5 

12 2 .6 0 .8 

Table III 

ii - Number_of elements of the antenna 

The power coupled by 2 elements of the structure shown in fig. 13 

is almost exactly 2 times larger than the value found wi>-h a single element, 

indicating a negligible interaction between adjacent elements. However the 

phase of the RF voltage in two adjacent loops is important in determining 

the Fourier spectrum of the wave generated in the plasma. Fig. 14 shows 

that while the loading resistance of two adjacent coils is indépendant on 

the phase of the supply voltage, the wave coupled to the plasma will be 

preferentially centered around K. - 0 (2 coils in phase) or K, = 5 m~ 

(2 coils opposite in phase). 

iii - 2istanç£_be^e£n_the_çonduçtors^f_Uje_strip_lineg 

This has been taken arbitrarily as 10 cm. As shown in fig. 15, 

the loading resistance is very weakly dependant on this value, provided it 

is larger than the distance separating the conductor from the plasma 

(50 - 8 cm). 
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iv - Le5gth__of_the_£onduçtors 

Increasing the length of each element from the nominal value of 

90 cm up to 150 cm increases the loading resistance from 4.7 Q to 6.36 fi. 

This relatively small gain in the loading (35 X) does clearly not balance 

the mechanical problems associated with much longer conductors. Moreover 

it seems desirable Co radiate the power in the vicinity of the equatorial 

plane rather than near the upper and lower sections of the plasma. 

v - Effect of RF frequency 

Ivj resistive part of the antenna impedance as derived from the 

model described above is proportionnai to the RF frequency. Accordingly, 

for a given RF peak voltage on Che transmission line, higher power can be 

coupled for higher frequency. This however does not take into account a 

different RF voltage distribution along the antenna - T.L. configuration. 

As shown in fig. 16, for the same value of 40 KV for the peak RF voltage 

on the T.L. the maximum voltage on the antenna is mur.h larger at 50 MHz 

than at 30 MHz. If the maximum power is limited by the voltage on the 

antenna, it is by no means obvious that working at higher frequency is of 

advantage. Each case should be considered separately, Caking into account 

the fact that at sufficiently low frequency the RF voltage on the line can 

be limited by an impedance matching network located between the antenr.» 

and the line, 

vi - Effect of the capacit mce in the antenna conductors 

Adding a Faraday shield between the plasma and the antenna con

ductor will increase the coil capacitance and decrease its characteristic 

impedance. Assuming the shield is located 2.5 cm from the conductor leads 

to about 25 J2 for the antenna Z and hence, if the antennae are supplied 

by 25 71 transmission lines to the current and voltage distributions shown 

in fig. 17. 

For each of Che four elements of Che antenna shown in fig. 13, 

the nominal loading resistance if? derived from our model leads now to a 
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value of 2.6 S. Accordingly, a power of 1.5 MW for each element can be 

coupled to the plasma assuming a peak RF voltage of 27 KV : 

P . ' (-£) R . ' (ILH) 2.6 - 1.5 106 watts 
2 o * 25 a 

Using such a low impedance structure, the RF current and hence 

the power coupled to the plasma are concentrated in the vicinity of the 

short circuits at the end of the strip lines. This suggests reversing the 

positions of the top and bottom antenna elements,as shown in fig. 18 so as 

to launch the wave preferentially from the equatorial plane area. 

vi i - ̂ ïisss_yol tag£_su££0£t ed Jjy_the_s trû tujre 

The RF voltage supported by the antenna is limited by the distance 

along the toroidal coordinate separating the central conductor from the 

lateral protections. Experiment in TFR indicates a RF voltage up to 20 KV 

can be supported over less than a cm. Accordingly RF voltages up to 40 KV 

should be easily achieved in JET provided this insulating distance is 

increased to a few cm. 

6" 1/8 standard I.L. are currently designed for supporting 25 KV 

peak voltage for 50 Q lines, 20 KV for 25 0 lines at normal gas pressure. 

Working at higher gas pressure or using vacuum sections does actually allow 

significantly higher voltages : achieving 40 KV on a 50 fl line or 27 KV on 

a 25 3 line is probably possible in pressurized or evacuated 6" lines. 

However if the power has to be transported over long distances, using 9" 

lines might be of advantage. 
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IV - RF POWER GENERATOR AM.") TRANSMISSION EQUIPMENT 

As shown in fig. 19 the 4 elements of the antenna array located 
in one port of JET can be supplied by 2 or by A generators, the frequency 
and pulse duration being fixed at the level of the common low power stages. 

The requirements for the generators are the following 

RF output power 

Frequency range 

Bandwidth 

RF pulse duration 

Duty cycle 

4 x 1.75 HW or 2 x 3.5 MW 

25 to 35 MHz adjustable 

± 1 MHz at - 0.5 dB 
or ± 2.5 MHz at - 1 dB 

< 10 s 

1 pulse ev ;ry 300 s-

- It will be assumed in what follows that the RF generators are 
power amplifiers rather than oscillators. The reasons for such a choice are 
discussed in Table IV which compares the advantages of both solutions. In 
the present stage of ICRH experiments?:ve considerran amplifier is a more 
practical and safer solution. 

Table IV 

Amplifiers vs Oscillators 

ADVANTAGES DISADVANTAGES 

Amplifiers - Frequency controlled by driver - Higher cost 
- Frequency indépendant from load - Requires matched load for 
variations and phase 

- Output power controlled by low 
power stages 

- Possible frequency modulation 
- Exists in this range of 

frequency 

full output power 

Oscillators - Does not require matched load - Frequency depends on load 
- Not existing in the 
required frequency range 
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IV. I - KF tubes 

Presently available tubes appropriate for the required amplifiers 
are the following : 

- TH 518 (Thomson CSF) Hypervapotron tetrode 

Anode dissipation 600 KW 
DC Anode voltage 20 KV 
Peak output power 1.6 MW 
CW output power 770 KW 
Operating frequency < 110 MHZ 

2 of these tubes will be used in the TFR 3 MW amplifier which 
will be operating at the end of 1980 (pulse duration 0.1 s), 

- OZ 216 (Philips) Tetrode 

Anode dissipation 600 KW 
CW anode power 600 KW 

Although this tube is similar to the TH 518, it has not been 
applied yet. 

- RS 2074 (Siemens) 

General characteristics close to TH 518. 

- X 2159 (Eimac) Tetrode 

Anode dissipation 1.25 MW 

This tube is used in the PLT 2 x 2.5 MW RF amplifier which, until 
now, has been shown to couple 1 MW in a dummy load. 

IV.2 - Output amplifiers 

That the construction and operation of high power Kt vnplifiers 
in the frequency range considered here does not imply any basic difficulty 
is indicated by the existence of the following equipments : 
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i - TFR amplifier built by Philips in 1Ç75/76 (15 months) [11] 

Output power 0.5 MW 
Pulse duration 50 ms 
Frequency range adjustable between 50-90 MHZ 

This amplifier was used currently in 1978-1980. 

No basic problems were met in the experiments on TFR plasma. 

ii - TFR amplifier built by Thomson CSF in 1979-80 (15 months) 

Output power 2 x I.5 MW 
I .̂ e uLudLiun u. . 
Frequency range adjustable between 50-90 MHZ. 

It has been tested up to 1.Î MW for short pulses on a dummy 
load and will be applied on IFR experiment at the end 
of 1980. 

iii - CERM amplifier built by Philips and Siemens is capable of 
delivering CW 2 x 2 MW at 200 MHZ. 

Several contacts, in particular with the engineers of Philips 
and Thomson CSF companies indicate that building the amplifiers required 
for operation on JET could be achieved without major difficulties on the 
following basis : 

- Power tubes 

. 4 TH 518 in coaxial cavities and supplied in parallel by che 
lower stages should be abl'j to deliver 4 x 1.75 MW or 
2 x 3.5 MW. 

. 6 or 8 OZ 216 supplied in parallel or push pull would have 
the same characteristics. 

. Class B operation with a maximum efficiency of 70 % sessns 
the most appropriate. 
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- In order to cover the whole frequency range between 25 and 

55 MHZ, 2 sets of different cavities are eventually required. Changing from one to 

the other would require 2 or 3 days. 

- Adjusting the phase between the different outputs can be done 

by varying ths length of the transmission lines between the coupler and 

the input circuit of the 2 or 4 output amplifiers. 

- Output power level can be easily controlled by modulating the 

driver signal. 

- Mismatch due tc change in the loading impedance can lead to a 

strong increase of the screen grid current and eventually destruction of the 

tube. The RF voltage on the cavity elements can also reach unacceptable 

values. In order to protect the amplifier against this type of overloading , 

a fast feedback circuit, controlling the reflected output power and the 

screen grid current by limiting the input power, should be provided in the 

équipement [11], 

In ccse of a flash in the antenna or transmission lines, the 

RF power must be switched off during a few œs. After this delay, the RF 

power can be applied again. 

Such security circuits have been tested successfully on the 

TFR 500 KW amplifier. 

- Building such a 7 MW amplifier would require 2 to 2.5 years. 

IV.3 - Power supplies 

High power output amplifiers require DC anode voltages limited to 

25 KV. Operating class B with an efficiency of 60 to 70 Z, the output power 

required for the DC power supply corresponding to a 7 MW RF unit does not 

exceed 12 MW. 

Since no special stabilization of the RF level is required, a 

stability of < 5 X for the DC voltage appears sufficient. Howev?r, the 

screen grid power supplia must be stable within 1 %. 

Fast crowbar protections of the tubes must be provided. 
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IV.4 - Matching network 

Matching the antenna impedance to the output impedance of the 

amplifiers will be made by coaxial stubs. Although 3 stubs are required 

for es:act matching in the full range of loading impedance, experiments in 

TFR shows that only 2 stubs are sufficient for correct matching, provided 

Che range of loading impedance has been roughly estimated. Similarly an 

approximate knowledge of the antenna impedance will limit the range required 

for adjustment of Che stubs length and hence greatly simplify their cons

truction. Tuning stubs, operating at 60 MHZ, wich a variable length of 

180 cm are currencly used on TFR and proved Co be satisfactory. 

IV.5 - Transmission lines 

Fig. 20 a and 20 b shows a sketch of the power transmission 

equipment between Che antennae and the RF generator. 

Between the generator and the tuning stubs, assuming correct 

matching of the load, 4 or even 2 coaxial lines 50 fi, 6"1/8 should be 

satisfactory for transporting 7 MH RF assuming a duty cycle of 1/30. Since 

however no garantee can be given on the VSWR during the shots, using 9"3/16 lines 

appears safer ana would not require any cooling equipment on this section. 

Between Che antennae and the stubs, che situation is more severe 

due to the permanent mismatching of these sections. Assuming a maximum 

40 KV RF voltage and a 9"3/16 line, the temperature of the central con

ductor will rise by 14°C ac the end of each 10 s pulse. Although this 

suggests cooling of this section of che transmission line will be required, 

a more detailed study would be necessary. ïïsefull informations on this 

poinc can be obtained from the experience in CERN where 2 MW 200 MHZ is 

transported CW in 33 cm coaxial lines withouc cooling. 

IV.6 - Otner RF equipment 

Dummy loads required for testing the generator, safety breaks for 

insulating different parts of the equipment, 3 dB couplers, directionnal 
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couplers and other RF equipment appear as standard elements which can be 
extrapolated to meet the JET requirements without basic difficulties. 

IV.7 - Lay out, cost and delay 

The total area for installing the 7 MW W equipment can be esti-2 mated to less than 100 m . 

The cost depends widely on the extend of the various controls : 
while the cost of the 3 MW generator on TFR and of the 2 x 2.5 MW generator 
j>. PLT can be estimated to 0.5 UC/Watt, the cost of a more elaborated, 
automatically controlled generator like the one used at CEKN (200 MHZ, 
2 MW CW) reaches 2 UC/Watt. 

Delay for the construction can be estimated between 2 and 2.5 
years. 
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V - CONCLUSIONS 

No fundamental obstacles for an efficient ICRF heating of JET 
have been encountered in the course of this study. ICRP heating is particu
larly attractive on the following aspects : 

i - The overall high grade heating efficiency, defined as the 
ratio of the power going in the inner half radius to the 
utility output power, is ̂  0.25 in the present experiments. 
This value should increase in JET, the size of which allows 
a better localization of the radiating elements. 

ii - The method appears flexible with respect to the plasma 
parameters : density, temperature, gas composition. Heating 
in active and non active operation of JET are both possible. 

iii - All the parts of the RF power plant with the exception of 
the antenna array can be constructed by a choice of several 
firms. No research and développements are required except, 
again, for the antennae. 

However ICRF heating raises some particular problems : 

-2 i - A fairly large surface of antennae, i 0.5 KW cm , has to be 
installed inside the vacuum chamber. In principle, the 
antenna could be integrated inside the limiers already 
prepared for JET. Each limiter-antenna has the capacity of 
radiating about 2 MW. Such a conception departs signifi
cantly from the existing technology and should be verified 
on existing experilents prior to installation on JET. The 
construction of a 'est bed would also be required to verify 
the voltage stand off properties of the antenna design and 
feed-through insulators foreseen in JET. 

ii - A theory of the energy deposition needs to be further developped. 
It would provide îice precise directions for the design of 
the coupling struc .ure. 
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PIG. 1 
Propagation and evanescent region (hatched line) of the fast magnetosonic wave. The mode conversion zone divides the 
plasma into a low field side region (LFS) and a high field side region (HFS). TFR parameters n H/nrj = 0.25 
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Fig. 2 : Dispersion relation for the Deuterium-Tritiuin hybrid scheme. 
!I_ = S_ ; R = 15 VC. • -i . « vu» N D - S, , B. = 35 KG ; J - 22 MHz 
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Fig. 3 : H minority scheme 

a : position of fundamental and harmonic resonances of Hydrogen, 
Deuterium and Tritium, 

a : Spatial damping of a wave launched from the LFS 
n h/n d = 0.06, T h = 10 T d > u - 53.4 MHz 
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Fig. 6 : Damping per transit versus n • N,„ / N D in the H e minority 
P /P. - P absorbed /T> inciSent. N_ » N„ scheme. ' D T 
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Fi;. 8 : Energy distribution function of the hydrogen minority. 
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Fig. 9 b : Averaged energy of Che H minority versus Che paramecer £ 
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Pig. 10 : Relative power transmit Led to the electrons via minority-electron 
col lisions versus the parameter £ 
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Fig. 11a- Position and dimensions of an antenna array exciting the fields 
represented on fig. lib. He have also assumed that J » J cos [II (y-y )/1.2]. 
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Fig, ' l b - Fields in the plasra (parameters given on tig.11a) 

B = 3T, n « 5 10 c m , D plasma, '.' = 50 MHz. 
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Fig. 11c -Velocity ray trajectories in an inhG=ogeneous toroidal plastsa 
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(JET parameters). 
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Cross section and schematics 
of 4 types of antenna used in TFR. 
(a) bare antenna ; (b) antenna 
protected with slotted side shields 
(c) full shield (overlapping double 
screen) ; (d) full shield and 
ceramic casing. (I) central conduc
tor ; (2) return conductor ; (3) 
side shield with 45 degrees slots ; 
(A) overlapping double screen ; 
(5) ceramic casing. 

FIG. 12 
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Fig. 13 : Four element antenna array located in the shadow of a limiter 
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Fig. 15 : Total real loading impedance versus strip line separation distance 
and poloidal length of the antenna 
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Fig. 17 : Distribution of the KF current and voltage along the antenna and 
the transmission line for a 25 a shielded antenna matched to a 
25 3 T.L. 
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Fig. 13 : Four element antenna array with radiating eleaients concentrated 
near the equatorial plane 
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Fig. 20 a : Elevation view of a possible lay out of the ICRP heating system 
in the torus hall 
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