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Abstract

The numerical code RAYIC has been used to investigate three ion cyclotron
heating scenarios of the JET plasma: a) He§+ minority in a Hydrogen plasma;
b) first harmonic heating of a Deuterium plasma; c) Ht minority in a Hydro-

gen plasma.

The dependence of absorption on the discharge parameters (density, tempera-
ture, minority concentration, etc.) is discussed in terms of elementary
damping mechanisms: wave conversion, Ion Cyclotron damping, electron transit
time and Landau Damping.

A1l three methods are found to be satisfactorily efficient for typical JET
extended phase performances. Use of quadruple antennae can further conside-
rably enhance the single transit absorption.

This report has been prepared under the contract JB1/9020 between the
IPP-Euratom Association and JET
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1 - INTRODUCTION

In this report we present some systematic investigation of Ion
cyclotron heating of JET, performed using the numerical code RAYIC /1/.
This code models coupling, propagation and absorption of electromagnetic

waves in large axisymmetric plasmas in the ion cyclotron frequency domain.

The core of RAYIC is a ray-tracing subroutine which follows the
propagation of the compressional Alfven wave in arbitrary axisymmetric
plasma configurations. The dispersion relation is written in the
warm-plasma approximation, neglecting the electron inertia. The initial
conditions for the ray and power transport equations are provided by a 3-D
plane layered model of the antenna. The output of the antenna package
consists of the spectral distribution of the radiated power among partial
waves of different toroidal wavenumber nqa, and, for each n?, of the
distribution of the power flux across a wavefront in the poloidal
direction. The power transport equation takes into account cyclotron
damping at the fundamental and first harmonic cyclotron resonance for the
ions, and transit time and Landau damping for the electrons. Finally, a
semi-analytic treatment of mode conversion in the geometry of a tokamak
allows to establish the fate of the power reaching a wave resonance
(ion-ion resonances or confluence with the first Ion Bernstein wave near W
= 2(%3, where ray tracing breaks down. Details about the physical model

underlying the code are givsen in /2/ and /3/.

Planned ICH of JET will use generators tunable between 25 and 55 Mhz,
to allow maximum flexibility in the choice of the heating mechanism /l'l,

In the present work we have considered three heating scenarios compatible
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with the available frequency range:

3

+
1) Hé+ minority in a Hydrogen plasma (Section 2);
2) first harmonic resonance of a deuterium plasma (Section 3);

3) H*'minority in a Deuterium plasma (Section 4).

The meridian cross section of the MHD equilibrium used throughout this
study is shown in Fig.-l. In this context, we note that the ability of
RAYIC to deal with non-circular plasmas was particularly useful to obtain
quantitatively reliable results in the case of JET: for example, focusing
of the waves near the plasma center is much less pronounced in JET than in

a circular plasma.

The discharge parameters have been chosen to be typical of those
expected in the extended performance phase of JET operathm1/4/. They are
listed in Table I for a standard ohmically heated target plasma. In the
examples, quantities whose value is not explicitly mentioned are identical

to those of this standard case.

The density and temperature profiles assumed are shown in Fig. 2. When
central values have been changed, the shape of the profiles has not been
modified. The surface averaged current density has been taken proportional
to T%(L, normalized to the total current I. The resulting profile of the
safety factor is also shown in Fig. 2. Note that because of the
noncircular cross—section, all profiles have been plotted against a flux

variable qr(()S\Pig 1) labeling magnetic surfaces. The relation between

and position can be desumed by inspection of Fig. 1.

In most examples, the waves are assumed to be launched by four dipole

antennas, located on the equatorial plane on the low magnetic field side
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(LMFS), and equally sFaced in the toroidal direction around the device.
Their parameters are listed in Table II. In a few cases, the effect of
using quadrupole antennas instead of the conventional dipole ones has been
investigated. In all runs,the initial wavefront for ray-tracing has been
chosen at qu 0.8, about 15 cm inside the plasma in front of the antennas.
For the profiles of Fig. 2, the conditions for the validity of the Eikonal

approximation are already well satisfied there.

Due to the large dimensions of the JET plasma and the high absorption
efficiency found in most cases, the assumptions of both the antenna model
and of ray tracing are well justified. This of course does not imply that
RAYIC can answer every question about ICH of large tokamak plasmas. It is
therefore important to understand the meaning and limitations of the

results presented below.

Many of these results are presented in term of the absorption

efficiency for each species of particles in the plasma, defined as

melii]
QIABS 1)

CovPL

(1)

where P is the total coupled power, and P is the power absorbed in the

coueL ABS
first transit through the plasma. No consistent attempt to determine the
ultimate fate of the power which is not absorbed in the first transit is
possible within the assumptions of the model: in particular both the
antenna treatment and ray-tracing assume that no cavity eigenmodes are
excited. Also, E; a-contains only the power radiated towards the plasma

v

core, to the exclusion of the power possibly coupled to surface waves.

Thus.‘?mﬁis not the same as the experimentally measured heating
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efficiency, although it can be supposed to give a fair indication of the

latter.

As already mentioned, the radiated electric field is decomposed in

partial waves of the form

— —> 4 (m?? + 0o (4',9))
@ EX)=Z Em? (179) e "?
e

On the one hand, this decomposition is essential to deal with the fact
that the antennas are much shorter than the wavelength in the toroidal
direction: ray tracing and power transport can only be implemented
separately to each partial wave, which is uniform in ?/5/. On the other
hand, to a rough approximation, the decomposion according to nf_is also a
decomposition with respect to k”, the component of the wavevector parallel
to the static magnetic field; hence the value Ofll? determines the
intensity of ion cyclotron and electron trnasit time damping, or wether
the wave will suffer mode conversion on incidence on a wave resonance or
not. In other words, the decomposition (2) is also very useful to
understand the role of the various heating mechanisms, and the effects of

modifying the antenna in order to shape the spectrum.

All ICH methods are known to produce supratermal anisotropic ion
populations, particularly in the case of low minority concentrations.
Expressions for the effective temperature Te"_and density n of these

et
tails, obtained by balancing quasilinear and collisional diffusion in
velocity space, can be found in the literature /e/ , and can be easily used
in connection with the RAYIC code /?/. Nevertheless in this work we have

restricted ourselves to simulate these tails in a few cases with
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arbitrarily chosen values of tq; and qqg, for two reasons. In the first
place, the selfconsistent evaluations of the quasilinear distribution
functions require the knowledge of the local electric field Eo at each
point. Although Eo can in principle obtained by performing explicitly the
superposition (2) of all partial waves, this task would consume an
excessive amount of computer time and storage (analytic estimates of Eg
cannot give more than an order of magnitude). Even if the problem of
evaluating Eo could be solved, a selfconsistent evaluation of ﬂqg and nzﬂ
would make sense only if the plasma parameter, particularly the
temperature, where themselves evaluated consistently with the heating

input, for example using a transport code.

RAYIC is so organized thad it can be coupled with such a code without
difficulty /1/: in particular, for each run, it evaluates the power
deposition profiles for each species of particles, to be used as power
source in a transport code. A few examples of these profiles will be
presented below; in all case, absorption is well localized in the central
region of the plasma, typically 4)&@.3. For this study, hovever, RAYIC has

been used as an independent program.
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2 - Hé+*MINORITY IN AN HYDROGEN PLASMA.

3

This heating scheme can be of temporary interest in JET, to postpone
routine work with Deuterium as majority species, which might give rise to
contamination problems. It presents the unfavorable property that an
evanescent layer screens the cyclotron resonance of the minority species

for waves incident from the LMFS.

An example of dispersion curves near resonance is given in Fig. 3. From
their behaviour, it can be deduced that the ion-ion hybrid resonance can
in this case be adequately treated in the cold plasma approximation; it is
then a particular case of the Budden tunneling problem /8/-/9/. For LMFS
incidence, the coefficients of reflection, transmission and absorption in

the mode conversion regime are found to bel /@%/

R = [- e:'q]‘)% T= e

A= € G-

(3)

where
(4) = I E.JPHR ch';‘- /’ne
UZ®E ™ Ty

is the effective optical thickness of the cut off-resonance layer. cd?HiS

the ion plasma frequency of the hydrogen plasma, R1-is the distance of the
cyclotron resonance of the minority ions, QJ==Sl , from the vertical

axis, and

(5) Il)' = altan hz/kx
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The factor ]cosqf‘ takes into account the fact that for obliquely incident
wavefronts, kz_f 0, the reflection caustics move away from the

L.:: C)- perpendicular cut off, thereby enlarging the evanescence layer.

A more detailed analysis /10/ shows that in this regime the absorbed
power is coupled to the torsional Alfven wave, which in turn is easily
absorbed by the eledfons. Direct cyclotron damping of the compressional

wave by the minority ions is quite weak,
(6) Ak ~ 0,27 “_JPHR me/'n %wPH ‘/HHe
X sy 7 Ry T
where Px:= T.ﬁb ‘is the trasmitted power flux, and'vz =:2T&/m* . The
linear dependence of Z&ﬁx on the minority temperature and its inverse
dependence on the minority concentration is easily explained by the

screening of the left-hand circularly polarized component of the wave

electric field E+ by the minority ions themselves.

These estimates hold if the ion-ion hybrid resonance is well outside
the Doppler broadened cyclotron resonance of the He ions, a condition

which can be written

By 400my,
(7) l“k//] “{ 3 V‘[TH:S E: 3

in Kev, kﬁ,in m~}). In the minority regime, when -this
3

inequality is reversed, screening of E+ is only partial, and direct IC

(Bo in Tesla, Rh
absorbtion by Het*ions is much more efficient, is proportional to the
minority concentration and independent from the temperature. At the same
time wave conversion is suppressed. In this case one finds:

P -2,
;%X?_-’-‘(—Q. 1 g,?/rz.(

(8)
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where ﬁx =P [ This result can be interpreted as stating that in the
minority regime the transmission coefficient has still the form (3), but

all the missing power is now absorbed by the minority ions.

Since the ﬁ,-spectrum incident on the resonance layer is always very
broad, condition (7) has to be interpreted as separating a low k” portion,
absorbed mainly by the electrons, from a high %” portion absorbed mainly
by the minority ions. For efficient electron heating,l1lshould be close to
the value 1n(2)/2 ™ 0.347 which maximizes A in Eq. (3). From Egs. (6) and
(8) on the other hand it follows that direct ion heating is most efficient
just around the transition between the minority and the mode-conversion
regimes. Both these considerations lead to the conclusion that in large
devices of the size of JET efficient heating by this scheme requires a

rather precise control of the minority concentration.

This is confirmed by Fig. 4a, which shows the first transit absorption
for the standard target plasma as a function of the H;;.concentration. For
these parameters, the optimum value of ﬂh occurs at a He concentration of
about 5%; above this concentration most of the power is reflected back
from the cut off, and electron heating decreases. Already well before this
concentration, hovewer, the portion of the specrum in the minority regime

and leading to direct ion heating decreases sharply.

Fig. 4b shows the same curves assuming that the a suprathermal
e-H
]

to have a temperature of 17 Kev). The transition value of k” is thereby

population of He3 ions has been generated (20% of the H ions are assumed
decreased by almost a factor of 3, resulting in a marked reduction of
electron heating in favour of ion heating. In this case therefore the

minority concentration is appreciably less critical than for a maxvellian
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distribution.

An interesting feature of Fig. 4 is that the electron absorption does
++
not vanish at zero Hea concentration. The modest (A/2%) residual damping
is due to electron Transit Time damping; the corresponding power

deposition profile is shown in Fig. 5.

++

Fig. 6 compares the power deposition profiles for two He5

concentrations (no suprathermal ions are assumed): nue/ne'= 0.015, close
3
to the optimum for IC damping, and n /ne = 0.03, close to the optimum for

Hes
electron damping.

Fig. 7 presents the power balance as a function of the toroidal wave
number n? , again for a few different concentrations. As nﬂcénc'increases,
the transition between dominant absorption by the electrons and dominant
absorption by the ions moves to higher values of n?, as expected from the
previous discussion. Above n“eéne—= 0.015, direct IC damping still
increases with Hé§+concentration only for modes with quite large values of

n‘P, to which little power is coupled by the antenna.

Fig. 8 shows the density dependence of the single transit absorption at
the fixed minority concentration of 2%. The optimum minority concentration
13

is a decreasing function of the total density, and equals 2% at ne =510

Thus first increases with n,, then saturates as ng, exceeds the
ABS e ¢

mentioned value,

The temperature dependence off?Aeé? shown in Fig. 9. As expected,
direct minority heating first increases rapidly with T at the expense of
electron heating. At T ¥ 3 Kev, however, all partial waves but the one

wiﬂar1?==0 are already in the minority regime. Above this temperature ion
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absorption saturates at a value roughly specified by Eq. (8). At still
higher temperatures, T Z; 5 Kev, nonlocalized Transit Time absorption by
the electrons begins to play a nonnegligible role, and electron absorption

is seen to increase again.

Fig. 10 illustrates the effect of varying the applied frequency, at a
Heg*concentration of 2%. The position of the He;*cyclotron resonance moves
from the outer plasma edge at f=25 Mhz, to the inner edge at f = 50 Mhz;
above f = 40 Mhz, moreover, the fundamental resonance of the hydrogen ions
appears near the outer edge. The power absorption by the hydrogen first
increases, as the density near u)=SZH is low, then decreasees again due to
the well-known screening effect at larger densities. The power absorbed
by the minority ions also decreases sharply above 40 Mhz. This is partly
due to the different shape of wavefronts in the resonance regions: Figs.
11 and 12 show the wavefronts of the ni°= Omodes at f = 35 Mhz and f = 50

Mhz, respectively.

The fact that modes with different n1,can be in different absorption
regimes suggests the possibility of controlling the absorption efficiency
by shaping the launched spectrum. Exciting the four antennas with
different phases has a negligible influence on the specrum, since the
maximum achievable displacement is much smaller than the wikh of the
spectrum of a single antenna. The simplest method is to vary the toroidal
width D of each antenna. Increasing D makes the spectrum narrower, thus

favoring electron heating, as confirmed by Fig. 13.

A more interesting method is to use quadrupole antennas, i.e. antenna
consisting of two symmetric halfs, in each of wicn the current flows in

opposite direction /;/h The sped?um launced by four such antennas is
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shown in Fig. 14, together with the power balance resolved for n? for a He;#-
concentration of 2%. The effect of the spectrum modificationon on the

concentration dependence of the first transit absorption is shown in Fig.

15. Compared to the case of a dipole antenna, Fig. 3a, the width of the

ion curve is only sligtly broadened; the absolute values of‘nlAére however

multiplied by almost a factor of 1.5, while optimum electron heating is

pushed to higher concentration and depressed in absolute value.

To conclude this section, we show in Fig. 16 the single transit

absorption efficiency for the case of a Hégr minority in a Deuterium

plasma, again for standard conditions. The most obvious difference between
Deuterium and Hydrogen as bulk plasma is that in the case of Deuterium the
cyclotron resonance of the He

3

resonance. Also, for a given electron density and minority concentration,

ions lies to the LMFS of the ion-ion hybrid

the effective optical thickness "}f is reduced by a factor of VE. These
two circumstances together make the concentration of Hég much less
critical than in the previous case. Nevertheless, as soon as a wave enters
the mode conversion regime, this favorable configuration is increasingly
spoiled by efficient screening of Eq_by the minority ions. Thus even in
this case, ’?%saturates and decreases again slowly as nl‘b/ n exceeds

3
about 0.05.
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3 — FIRST HARMONIC HEATING OF A DEUTERIUM PLASMA

An example of dispersion curves near the first harmonic resonance of a
Deuterium plasma is shown in Fig. 17. The existence of an evanescence
region for small k” between the W = 2%resonance and the confluence
with the Bernstein wave has been pointed out by Weynants /11{. The

effective optical thickness of this layer is
T w lé"

where
@ A
Wep V T
(10) [5‘::: Wpp , HD = Q'l'neTi)
2 - Enr T
e C B
As long as Doppler broadening of the W= 2S2qbresonance is insufficient to
eliminate the evanescent layer, the coefficients of reflection,

transmission and coupling to the Bernstein wave, for a compressional wave

incident from the LMFS, are '2
Te = Bae Re=(-¢ )
TB:: 9:‘271 (4* 6—272)

The Bernstein wave propagates away from the resonance, and is therefore

(129

easily absorbd by the electrons. By analogy with ion-ion hybrid

resonances, we will call this regime mode-conversion regime.

A peculiar feature of the evanescence layer is that its physical

thickness,

(13) AX = %‘rh RT
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is proportional to the product niT. Since the thickness of the Doppler
broadened cyclotron harmonic resonance increases only asff-, this has the
unexpected consequence that the portion of the coupled spectrum which is
in the mode conversion regime extends to higher toroidal modes not only
when the density increases, but also when the temperature increases:
VHhD
e 5}(&

or, for wavefronts not too obliquely incident,

Wp—— z'

(14 ) |m { < -I-L—Q-JPL V.;g\. wR,
Ly ey e e
(v ¥
Thus increasing nvg-first favours electron heating. Of course, if lqa
(&

increases above about 0.347, coupling to Bernstein waves will decrease,
and first pass absorption efficiency will saturate, at least until
electron Transit Time damping takes over. This effect can be partly
counteracted by shaping the n¢, spectrum. We also recall that in the mode

conversion regime direct absorption by Deuteriumis proportional to n,a/ B'J
A

while for larger values Oflﬂ$ it becomes proportional to the much larger

oy
factor n_LP‘

The dependence of qkégldensity and temperature is illustrated in Figs.
18 and 19 respectively. It is in good agreement with the previous
discussion, considering that 'Tlxis about optimum at Ne = 5.10 and 5 = 4
Kev. Electron Transit Time absorption can be seen to play a role starting
from TQ Z 5 Kev: an idea of its importance can be gained from Fig. 20,
which shows how the transported power flux decreases along rays for the
partial wave n1>= 20 at T!_= 8 Kev. Only about 80% of the coupled flux
reaches the resonance layer, about six wavelengths away from the antenna;

the effect is stronger for rays near the equatorial plane, which traverse
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regions of higher electron density and temperature.
Details of the n? repartition of the coupled and absorbed power are |

shown in Fig. 21 for two different temperatures. The transition from mode

conversion to cyclotron harmonic damping occurs near nf,: 8 at ?D =L 7

1
Kev, near nf,z 16 at ?ﬁ = 8 Kev, in agreement with the T/idependence
predicted by Eq. (14). Fig. 22 finally shows the power deposition profiles

for the same two situations.

4 - H" MINORITY IN A DEUTERIUM PLASMA

An example of dispersion curves in this case is shown in Fig. 23. As nH+
/ne increases, the evanescence layer moves away from the W = .R,H= 2S7.D

resonance, and its effective optical thickness increases:

(15) 'Yl = n’h + IYIQ'
wherefqz_is still given by Eq. (9), while the contribution of the minority
ions is
T wpy ’nH./’"e

T N e

In the mode conversion regime transmission, reflection and coupling to the

Bernstein wave are described again by Budden like formulae, which for LMFS

incidence are

(16)
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The power coupled to the Bernstein wave is expected, as before, to finally

heat the electrons.

For JET parameters, ’TZ" easily exceeds dzz by an appreciable factor (12“&'
1

’Qz_already for nH/ne = 0.005 at ne’= 5.10'3 and T,, = 2 Kev), and becomes

H
larger than unity at reasonable H4-concentrations. Under this condition%
a wave will be mode converted at the ion ion hybrid resonance if
(17) [m//l T < ERUL
C & Me

In the mode conversion regime direct IC heating of the H+

ions is
reduced by the screening of the Eq_component of the electric field:
2 2
o My g MelM 2 Or Vi

P C 7 et 7 Sp c?
This equation is similar to Eq. (6), and has the same explanation.
Nevertheless, IC damping by H4'is relatively efficient even in this
regime, and exceeds by far damping by D+ and electrons at all
concentrations. First harmonic heating of D*-ions is reduced by screening
of E4_due to the minority ions, and therefore becomes a second order
effect in the temperature when inequality (17) is satisfied. Electron
heating is also a rapidly decreasing function of the H+'concentration, due
to the large values oflqi, which reduces tunneling to the Bernstein wave

beyond the evanescence layer.

All these trends can be recognized in Fig. 24, which shows the single
transit absorption efficiency in the standard target plasma as a function
of nH/ne. For these parameters, coupling to Bernstein waves is optimum at
a concentration of 1%; for such low concentrations however, only the

partial wave with n_ = O satisfies condition (18), so that the amount of

?
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power transferred to the electrons remains quite modest. For larger
concentrations, the fraction of the spectrum which suffers mode conversion
increases, but ﬂl‘becomes too large for efficient electron heating.First
harmonic heating of Deuterium also becomes rapidly negligible. On the
other hand, direct IC heating of H4'ions has a broad maximum around 3% to
5% concentration, and decreases only slowly at higher concentrationg,as
more partial waves enter the mode conversion regime. The effect of
screening in this regime is to be seen in Fig. 25, in which the fraction

of power absorbed by H+

is shown versusx1pfbr a low and a high minority
concentration: while this fraction increases with concentration for large

values of n?, it is appreciably reduced for low to medium values which

satisfy the condition for mode conversion.

The absorption efficiency is enhanced if the minority temperature
increases above that of the bulk plasma, as shown in Fig. 26b. A further
enhancment can be obtained by using a quadrupole antenna, which couples
poorly to low n%,values (Fig. 26c) In both these cases, electron heating

is futher reduced compared to Fig. 24.

Fig. 27 shows the dependence of the absorption efficiency on density.
Absorption by H+'increases with density both in fhe mode conversion and in
the minority regime, although it is weaker in the former case. While the
monotonic increase of absorption by Deuterium does not need explanation,
the increase of electron heating at high densities, n};ﬁhuﬁs, is mainly

attributable to Transit Time damping. Both ﬁ+ and electron heating remain

quite small throughout.

Fig. 28 illustrates the dependence of “Lﬁﬁin the central temperature.

After an initial steep rise, absorption by HY saturates and even




=1 [y 28

decreases, while absorption by D+ and electrons continues to increase.
Above Slkev, the downshift of the transition between mode conversion and
minority regimes is more than compensated by the increase of Transit Time
and D+ first harmonic damping, which compete with IC of H+ in the upper
part of the spectrum. The role of Transit Time damping at Tb = 8 Kev can
be seen in Fig. 29: the electron power absorption profile extends well
beyond the resonance regijon; the HY ana ot absorption profiles are
slightly broadened, and the balance is shifted somewhat in favour of D .
Fig. 30 shows the same effects in terms of the nP spectrum: at high

+

temperatures the portion efficiently absorbed by H' shifts to lower values)
while for nT3;20 electrons and D4-ions begin to absorb a nonnegligible

fraction of the coupled power.

Note that in this part of the spectrum the first transit absorption is
practically complete: this suggests that a further improvement of the
global efficiency can be achieved by using quadrupole antennas. This is
confirmed by Fig. 31, which shows that in this case practically all the
coupled power is absorbed in a single transit as soon as Te_exceeds about
2 Kev. Note that electron and D+ heating are also appreciable in this
case, albeit much smaller than H+ heating. Fig. 32 shows the power balance

versus n? in this case.
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5 - CONCLUSIONS.

With the help of the numerical code RAYIC we have explored in some
details three IC heating scenarios for the JET plasma. The usefulness of
the code in understanding the physics of heating is well confirmed,

iqﬁpite of the limitations mentioned in the introduction.

All three methods have been found to be satisfactorily efficient. He;
minority in an Hydrogen plasma requires a rather precise control of the
minority concentration, particularly if heating through the ion channel is
wished. In the case of H+'in a deuterium plasma, the large dimensions of
the JET plasma make electron heating much less efficient than in smaller
machines; the optimum H+ concentration is also somewhat lower than what

would be expected in small Tokamaks.

Use of quadrupole antennas apperars to enhance the absorption
efficiency considerably. In the case of H+-in a Deuterium plasma, total
absorption in a single transit can already be achieved for such antennae

at ohmically attainable temperatures.

Further devlopment of these investigations should include coupling the
RAYIC code to a tokamak transport code, and the selfconsistent

determination of the ion distribution functions from quasilinear theory.
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TABLE I - STANDARD PLASMA PARAMETERS

Toroidal radius R = 3 m.
Plasma radius a = 0.4 m.
Shift of the magnetic axis A =0.28 m.
Magnetic field (at the centre of the vessel) B = 3.45 T.
Toroidal current I = 5 MA
Safety factor: on axis g (0) =l 13
Safety factor (at plasma edge) g(a) = 3.77
Central electron density ne(o) =5 1013crn.-3
Central temperature (all species) T(0) = 1.7 Kev.
Applied frequency: Heg*in Hydrogen f = 35 Mhz
First harm. of Deuterium f = 50 Mhz
H* in Deuterium f = 50 Mhz
TABLE II - ANTENNA PARAMETERS
Distance: antenna - wall dgy = 0.1 m
antenna - plasma dP = 0.05 m.
Width of the antenna: dipole D = 0.4 m.
quadrupole D = 0.6 m.
Length of the antenna h = 2x0.8 m.
Effective propagation constant %(L.C)Jk: 1.8
N. of antennae along the torus 4

0
Relative phase between antennae A§ = 180.
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FIGURE CAPTIONS

Fig. 1 - Meridian cross section of the JET MHD equilibrium.

Fig. 2 - Density, temperature and safety factor profiles.

+t
a) He3 minority in a Hydrogen plasma.

Fig. 3 - Example of dispersion curves near the ion-ion hybrid
resonance.

Fig. 4 - First transit absorption versus He;+concentration: a)
standard plasma parameters; b) assuming that 20% of He*_,;+ has an
effective temperature of 17 Kev.

Fig. 5 - Power deposition profile by electron Transit Time
damping. Standard discharge parameters.

Fig. 6 - Power deposition profiles: a)rub/ne- 0.015; b)xthnL
= 0.03. Standard discharge parameters.

Fig. 7 - Spectral distribution of the coupled and absorbed
power: a) nH%/nQ = 0.005; “%/n = 0.015; c) n“e/ne = 0.03.
Standard discharge parameters. 3

Fig. 8 - First transit absorption versus density, nm)/nc =
0.02, other parameters standard.

Fig. 9 - First transit absorption versus temperature, nH /nt .
0.02, other parameters standard. %

Fig. 10 - First transit absorption versus applied frequency, n
/ne = 0.02, standard discharge parameters. &%

Fig. 11 - Rays and wavefronts of the n?
35 Mhz.

0 partial wave at f

Fig. 12 - Rays and wavefronts of the n?
50 Mhz.

0 partial wave at f

Fig. 13 - First transit absorption for different antenna widths
(in the toroidal direction), nﬂe/ng‘ 0.02, standard discharge
parameters.

Fig. 14 First transit absorption for a quadrupole antenna
versus He concentration. Standard discharge parameters.

Fig. 15 - Spectral distribution of the coupled and absorbed
power for the quadrupole antenna, Y /n = 0.02, standard
discharge parameters.
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Fig. 16 - First transit absorption in the case of He;*

in Deuterium plasma. Standard discharge parameters.

minority

b) First Harmonic Heating of a Deuterium plasma.

Fig. 17 - Dispersion curve for ky = 0 near the first harmonic
resonance of Deuterium.

Fig. 18 - First transit efficiency versus density. Other
parameters standard.

Fig. 19 - First transit absorption versus temperature. Other
parameters standard.

Fig. 20 - Power flux along the rays (the ascissa is the number
of wavelengths from the first wavefront). TQ = 8 Kev, other
parameters standard.

Fig. 21 - Spectral distribution of the coupled and absorbed
power: a) T = 1.7 Kev, b) Te = 8 Kev. Other parameters standard.

Fig. 22 - Power deposition profiles: a) Te = 1.7 Kev; b) Te = 8
Kev. Other parameters standard.

c) H+minority in a Deuterium Plasma.

Fig. 23 - Example of dispesion curves near the ion-ion hybrid
resonance, g+ minority in a Deuterium plasma.

Fig. 24 - First transit absorption versus H* concentration,
standard discharge parameters.

Fig. 25 Spectral distribution of the coupled and absorbed
power: a) nyu/ng = 0.02; b) nH/nQ = 0.1; other parameters standard.
Only absorption by HY ionsfis shown.

Fig. 26 - First transit absorption versus H concentration: a)
standard discharge parameters; b) Ty = 5.1 Kev, other parameters
standard; c) quadrupole antenna, other parameters as in b). Only
absorption by H* ions is shown.

Fig.s 27 = First transit absorption versus density. n”_/ne=
0.05, other parameters standard.

Fig. 28 - First transit absorption versus temperature. nH/nQ=
0.05, other parameters standard.

Fig. 29 - Power deposition profiles, ny/ng = 0.05; a) T = 2
Kev; b) T = 8 Kev; other parameters standard.

Fig. 30 - Spectral distribution of the coupled and absorbed
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power, ny /ng = 0.05; a) T = 2 Kev; b) T = 8 Kev. Other parameters
standard.

Fig. 31 - First transit absorption versus central temperature
for a quadrupole antenna. nH/ne = 0.05, discharge parameters
standard.

Fig. 32 - Spectral distribution of the coupled and absorbed
poser for a quadrupoleantenna, ng/ng = 0.05; a) T = 2 Kev, b) T =
8 Kev. Other parameters standard.
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