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Abstract

The coupling of ICRF power to plasma is a crucial problem in Tore Supra for high power and long pulse operations

and depends greatly on the edge parameters, in particular on the edge density. Conversely, the behaviour of the bulk

plasma is related to the edge conditions and the injection of RF power also induces major modi®cations on the edge

plasma. Moreover, the Ergodic Divertor (ED) of Tore Supra imposes a complex con®guration at the edge due to the

presence of the magnetic perturbation. Several diagnostics are available to study the interaction of ICRF power with

the edge plasma: Langmuir probes on the ED modules, infra red (IR) cameras, charge exchange neutral analysers. In

minority heating scheme, the edge density is very sensitive to any perturbation in the high recycling regime which is

always found in the ED con®guration for relevant plasma parameters. Partially detached regimes, with or without

inhomogeneities of density and temperature induced by the ¯ux tubes of the laminar layer, are obtained for high re-

sistance coupling values. The coupling is then not very robust and feedback control or antenna automatic matching

techniques are developed. In fast wave electron heating scheme with ED, various fast wave absorption mechanisms

(minority heating, Mode Conversion, Alfven resonance) are present at the plasma edge due to the large size of the

plasma. The ICRF coupling is di�cult due to the low fast wave direct electron damping, even with high hydrogen

minority scheme. An increase of the injected ICRF power could improve this situation. Ó 2000 Elsevier Science B.V.

All rights reserved.

1. Introduction

The coupling of ICRF power to plasma is a crucial

problem in Tore Supra for high power and long pulse

operations. The coupling of ICRF power depends

greatly on the edge parameters, in particular on the edge

density. Conversely, the behaviour of the bulk plasma is

related to the edge conditions and the injection of RF

power also induces major modi®cations on the edge

plasma not only by increasing the heat and particle

¯uxes coming from the central con®ned plasma, but also

by depositing directly power at the edge and by impos-

ing RF ®elds in the scrape-o� layer. Moreover, the Er-

godic Divertor (ED) of Tore Supra imposes a complex

con®guration at the edge due to the presence of the

magnetic perturbation. Several diagnostics are available

to study the interaction of ICRF power with the edge

plasma: Langmuir probes on the ED modules, infra red

(IR) cameras, charge exchange neutral analysers. In the

present paper, two ICRF heating schemes in the ED

con®guration are studied, namely minority hydrogen

heating and fast wave electron heating (FWEH). The

®rst scheme was well developed and it will be shown that

the requirements of adequate density at the antenna are

di�cult to reach in view of the sensitivity of the density

regimes in the high recycling mode which is used. The
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second scheme imposes speci®c requirements in terms of

location of ion cyclotron resonant layers : their neces-

sary exclusion to promote the electron deposition con-

tradicts the large plasma size in ED con®guration. A

large hydrogen minority is then used to diminish the ion

absorption but parasitic edge absorptions then competes

with the FWEH seriously.

2. Ergodic divertor con®guration and ICRF minority

heating scheme

In the ED con®guration, a laminar layer is sur-

rounding the central con®ned plasma [1]. When studying

the relations linking the densities on both sides of this

layer, three regimes have been identi®ed in ohmic phase

[2,3] in Deuterium plasmas depending on the averaged

density: a linear regime, a highly recycling regime and

®nally detachment. In 4He plasmas, only the linear and

highly recycling regimes have been observed up to

hnei � 8� 1019 mÿ3.

The injection of RF power strongly a�ects the edge

density as many of the parameters controlling it are

modi®ed such as possible antenna outgassing, thermal

and particle ¯uxes entering the laminar layer [4], physics

of the electrostatic sheath, edge impurity content and

thus radiated power, etc... Therefore, on Tore Supra the

average density generally increases as soon as ICRF

power is injected, especially in deuterium plasma. Con-

versely, any modi®cation of the edge density perturbs

the loading resistance of the ICRF antenna and thus its

coupling capability. It should be stressed that the vari-

ations of the edge density are very large even with small

evolution of average density (generally, the control pa-

rameter for gas injection in Tore Supra) making the

power injection di�cult even if an automatic matching is

implemented as in Tore Supra. The three Tore Supra

ICRH antennas are compact resonant double loop

structures with incorporated capacitors, and the

matching is obtained by adjusting in real time the two

internal capacitors located at the end of each current

straps [5].

Though the injection of RF power likely modi®es

also the dependencies of edge density evolution, the

classi®cation in terms of various density regimes still

remains, and it can be illustrated by comparing the

evolution of the coupling e�ciency as a function of

central and edge parameters. The ICRF coupling resis-

tance Rc, which characterises the coupling e�ciency, is

plotted in Fig. 1(a) versus the average density hnei for

ED con®guration in minority heating scheme. The

general tendency is that Rc increases with hnei but with a

large dispersion. A saturation is observed in deuterium

above hnei � 4� 1019 mÿ3.

The ED modules are equipped with Langmuir probes

that provide electron temperature and density at the

outer side of the laminar layer. These measures give an

estimate of the edge density [3] that regulates the cou-

pling resistance.

In Fig. 1(b), the same coupling resistances are plotted

versus this edge density and a common trend appears.

Note that the small dispersion is likely due to di�erent

radial position of the antenna with respect to the di-

vertor modules. The antenna protection tiles were lo-

cated 1 cm behind the ED modules in the shot #20740

and at the same radial position in the other shots. The

saturated regime for Rc (black squares in Fig. 1(a)) has

been obtained for shot #23921 with a slow rise of hnei
during the shot. The evolution of the edge parameters is

a clue to the shot fate. It should be stressed that there are

strong inhomogeneities in the Langmuir probes mea-

surements for some shots: for instance on shot #23921,

the density on one ED modules ®nally drops when the

temperature is around 10 eV but on other ED modules,

the edge density still rises to very large values (4±5 ´ 1019

mÿ3). The edge density value in front of the ICRF an-

tenna is decorrelated from these measurements and a

partial detachment occurs locally. Since no measure-

ments are available at the antenna, this shot is not in-

cluded in Fig. 1(b). The di�erent regimes for edge

density could be identi®ed: the Rc saturated regimes

correspond to partially detached plasma with strong

local inhomogeneities (e.g. #23921) and the Rc evolution

at lower density corresponds essentially to attached

plasmas.

Since the evolution of the edge density [3,6] acts on

the coupling resistance, up to now for high power in-

jection, the edge density was such to naturally evolve in

a high recycling regime. These regimes are very unstable

Fig. 1. Coupling resistance in minority heating with ED as a

function of (a) average density and (b) edge density.
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either because of the possible triggering of radiative in-

stabilities, or because of the natural unstable character

of the thermal parallel transport equation when radia-

tion is signi®cant but also because of the sensitivity to

changes in the coupled power.

A speci®c concern is related to the initial coupling of

RF power, as it may prevent or possibly trigger the

detachment. Two similar shots in a series are compared

hereafter; the experimental scenario involved an im-

portant density change just before and during ICRH

power injection. The triangles in Fig. 1(b) show di�erent

Rc values of the shot #20740. The average density and

the density at the ED module no. 3 (the Langmuir

probes of the di�erent ED modules give similar evolu-

tion for electron temperature and density) are displayed

in Fig. 2(a). The coupling resistance (Fig. 2(b)) increases

with hnei and the edge density. The edge temperature

(Fig. 2(c)) remains larger than 20 eV and no detachment

occurs. On the contrary, the shot # 20733, also displayed

on Fig. 2, presents di�erent evolution of the edge density

due to the smaller preceding average density (which re-

sulted in a larger gas injection feedback response see Fig.

2(d)): consequently, no ICRF power is injected as plas-

ma detaches very early and the edge temperature drops

to 10 eV (Fig. 2(c)). The edge density drops also but the

average density still increases to reach the same value of

the #20740 density.

The detachment may prevent coupling of ICRH in

the early phases but also may stop it at any time then.

This has led to the implementation of feedback tech-

niques on the detachment parameter. IR cameras allow

to measure and record the surface temperature Ts of the

ED neutraliser plates. As they are coated with B4C, the

surface temperature is directly related to the conducted

heat ¯ux. As the base temperature is about 160°C, the

heat ¯ux is about (Ts ÿ 160� � 104 W/m
2
. Maximum,

and average values of the temperature along one neu-

traliser plate for shot #23896 are plotted in Fig. 3(b). The

average density, the ICRF power and the edge density

(ED module no. 5) are given in Fig. 3(a). The ED

module no. 5 is also equipped with a Langmuir probe

having a fast acquisition rate: the latter measure of

density is also given in Fig. 3(a). At the application of

the ICRF power (t� 4.1 s), a small drop of density ®rst

occurs. This is certainly the type of initial detachment

hereabove quoted. Note that the heat ¯ux strongly de-

creases at the same time. The drop of ICRF power at

t� 4.6 s is also correlated with a density drop that is

clearly seen with fast acquisition (line in Fig. 3(a)). A

plasma detachment ®nally occurs at t� 5.2 s and the

drop of edge density is again visible (by a factor of ten).

This large drop of edge density induces a safety switch

o� of the ICRF power. In fact, the conducted ¯ux

(Fig. 3(b)) shows the same accidents at 4.1, 4.6, 5.2 s and

is then a very good indicator of an edge event in¯uencing

the coupling resistance. Just before 5 s (Fig. 3(b)), such

an edge event happened but the ICRF power `survived'.

The ¯ux pro®le also evolves during the RF pulse (be-

ginning of RF, steady state, edge events, ®nal crash).

This plasma is partially detached: the edge temperature

Fig. 2. (a) Average density of #20740 (bold line), #20733 (line),

density of Langmuir probe ED no. 3 for #20740 (dot dash line),

#20733 (dash line), (b) Rc of Q5 antenna, (c) electronic tem-

perature of Langmuir probe ED no. 3 d/D gas injection.

Fig. 3. (a) Pulse #23896 ICRF power (MW) multiplied by 1e19

(bold dash line) average density (dash line) density of Langmuir

probe ED no. 5 (circle) fast acquisition density of Langmuir

probe ED no. 5 (line), (b) Surface temperature on an ED

module.
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given by the fast acquisition ¯uctuates with minimum

values around 13 eV. This partial detachment is the

cause of the appearance of edge instabilities that may

(t� 4.7, 5.2 s) or may not (t� 4.9 s) a�ect the ICRF

power. The conducted ¯ux provides an estimation of

Ptot± Prad and is a good indicator for radiative edge in-

stability.

The presence of RF waves at the edge is also a per-

turbation that could enhance these kinds of phenomena.

The electron heating (FWEH), to be developed in the

next section, is characterised by a much smaller ab-

sorption. The level of RF ®eld is thus larger at the edge.

Consequently, while in minority heating scheme only the

ED Langmuir probes directly connected to a neigh-

bouring antenna (i.e. on a toroidal distance less than

Du � 2p=12) are a�ected, such e�ects are generalised in

the FWEH scenario. The involved perturbations include

strong increase of the ¯oating potential so that the sat-

uration current of the Langmuir probe is not reached

any more.

ELMs (in other devices such as JET), large pellet

injection or monster sawtooth crash may also produce

large perturbations of the plasma edge and no me-

chanical rapid displacement of the antenna can cope

with fast coupling perturbations then induced. For fu-

ture experiments, new matching concepts are required to

ensure that the maximum power can be transferred

continuously to the plasma, even during transients [5].

These perturbations can lead to over voltages in the

feedthrough or in the lines and induce arcs. Conse-

quently, the power is switched o� on any increase of the

standing wave ratio to avoid heavy damages generated

by arcs. These transients should generally only lead to

power limitations. But these perturbations are not dis-

criminated from arcs and power trips occur in any case.

So an arc detector [7] not based on re¯ected power

measurement would be of great interest in order to avoid

inopportune power trips. The FWEH scheme by

avoiding monster sawtooth may be a solution to this

kind of problem and the application to the ED con®g-

uration is detailed in the following section.

3. Ergodic divertor con®guration and FWEH scheme

The FWEH scheme has proved to be an excellent

candidate for advanced tokamak scenarios in limiter

plasma in Tore Supra, and high bp values have been

obtained [8]. The main competing fast wave damping

mechanisms, due to the fundamental and second har-

monic hydrogen cyclotron absorptions located on the

high (HFS) and low ®eld side (LFS), have been excluded

by a proper choice of the toroidal magnetic ®eld and of a

smaller minor radius plasma located on the HFS. The

exclusion of these cyclotron layers has been monitored

with the neutral ¯uxes [8] measured by charge exchange

neutral analysers.

Yet, the Ergodic Divertor imposes several opera-

tional constraints. In order to have an unperturbed core

plasma, the ED magnetic perturbation has a sharp ra-

dial decrease thanks to its multipolar coil shape. The

consequence is that the plasma should lean on the ED

coils on the LFS, to have a non-negligible stochastic

layer thickness. The stochasticity of the magnetic ®eld

lines also requires a resonance condition which, in usual

operation, translates into a safety factor value about 3 at

the ED coils location. As the scenario for FWEH con-

strains the toroidal magnetic ®eld, the value of the

plasma current is bounded. The large size of the plasma

makes the exclusion of the ion cyclotron layers di�cult.

In addition, the magnetic ®eld ripple is very important

on the LFS (7%) corresponding to a radial excursion of

20 cm of the ®eld lines for the considered parameters.

The initial experiments of FWEH with ED at 2.1 T,

having the second cyclotron harmonic of hydrogen lo-

cated in the plasma, on the LFS just in front of the

ICRF antenna were not favourable. Further experi-

ments at a larger toroidal ®eld (2.6 T), to exclude this 2H

layer out of the plasma even with the ripple e�ect, found

the fundamental H cyclotron layer entering the plasma

from the HFS. A strategy of high minority has been

tested as the position and the strength of the cyclotron

absorption of the fast wave by the hydrogen depend on

the ratio of hydrogen to deuterium concentrations. A

high concentration of hydrogen reduces the ion ab-

sorption favouring the electron absorption. A scan in

the ratio hydrogen to deuterium concentrations has been

performed with an ED con®guration �Iplasma � 1 MA;
R0 � 2:43 m; a � 0:73 m, di�erent currents in the ED

coils) with the 1H layer 25 cm inside the plasma. The

various ion absorptions and the isotopic ratio H/D are

estimated with charge exchange neutral analysers. On

the LFS, no fast particle (H or D) is detected. On the

HFS, no fast D particle has been measured. Fast H ions

are present for ratio H/D between 5% and 25±30%. The

queue of fast H ions disappears only for very large in-

jection of hydrogen for which the ratio H/D is of the

order of 45%. Fig. 4 displays the traces for two typical

shots: #23531 (IDE � 0 kA; PICRF � 5 MW peak, no

hydrogen injection) and #23539 (IDE � 25 kA; PICRF � 4

MW and large hydrogen injection). In Fig. 4(a), the

hydrogen neutral ¯uxes are plotted for ohmic and RF

phases. The H/D ratio is around 15±20% for #23531 (no

H injection) and 40±50% for #23539 (see Fig. 4(b)). The

gas injections are displayed in Fig. 4(c). Di�erent values

of current in the ED coils (0±15±25 kA) have been tested

in the range H/D�25±30% and the ¯ux of fast H ions on

the HFS is similar. The degree of ergodization then does

not in¯uence this ion absorption. The important pa-

rameters for the creation of fast ions seems to be the

deepness in the plasma of the H cyclotron layer and the
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isotopic ratio H/D. Indeed, a limiter con®guration with

smaller plasma shifted on the HFS (Iplasma � 0:8 MA;
R0 � 2:45 m; a � 0:7) m with the 1H layer 14 cm inside

the plasma has the same behaviour, namely, there are

fast H ions for H/D� 10% but they vanish for H/

D� 20%.

For all these shots, there is a very sharp increase of

the average density with the injection of ICRF power.

When the H/D ratio is large and then no fast H ions are

detected, there is almost no increase of electron tem-

perature (although there are few shots in the database).

When fast ions are detected, there is a slow increase of

the electron temperature. In Fig. 5, time dependencies of

shot TS #23534 (IDE � 25 kA; H=D � 25±30%) are

plotted. In Fig. 5(b), one can see the large rise of the

average density from 2.4 ´ 1019 to 3.2 ´ 1019 mÿ3 with 2

MW of ICRF injected power. Starting at t � 4:7 s, there

is an evolution at constant energy contents (see the

diamagnetic measurement of the energy content Wdia in

Fig. 5(d)) towards a reduction of hnei (Fig. 5(b)) and an

increase of Te(0) (Fig. 5(e)). The evolution of bp � li=2 is

similar to the energy contents (Fig. 5(c)). Note that the

neutral ¯ux due to fast H ions on the HFS is constant

during this period. The power partitioning on electrons

and ions and the location of the deposition is very im-

portant in this scenario. Various simulations of the

power deposition have been carried out. The 2D full

wave ALCYON code [9] has been used to study the

in¯uence of the high minority strategy on power parti-

tioning. When considering a dipole spectrum for the

Tore Supra antenna, as expected the percentage of

power deposited on H ions decreases when the isotopic

ratio H/D increases: 82% (res. 90/93) on electrons and

18% (reps. 10/7) on H for plasma mixture 10% H±90% D

(res. 30±70/50±50).

Nevertheless, a very important e�ect in this kind of

scenario, namely the mode conversion of the fast wave, is

not included in this simulation. The 1D full wave code

VICE [10] has been used to address the in¯uence of this

phenomenon for three plasma mixtures: (a) 5% H±95%

D, (b) 25% H±75% D and (c) 50% H±50% D. Again, the

power deposited on H ions decreases when the H con-

centration increases. In the three cases, the location of

mode conversion power deposition occurs at the edge on

the HFS and is not favourable for obtaining peaked

central electron temperature. Alfven resonances have

also been detected by the VICE code on the HFS in some

cases but have not been taken into account in the above

simulations. All this means that the power deposition is

very di�cult to simulate for these shots due to the vari-

ous edge phenomena, but that there are clearly some

non-negligible power deposition at the edge. These re-

sults, when convoluted with the actual antenna spectrum

in dipole phasing gives the global power partitioning:

The single pass absorption (SPA) on electron has been

estimated with the SINGLE code [10,11] and ranges

from 4% at the beginning (Te�0� � 1:4 keV� and 7% at

(a) D: 11.2% H: 38.8% FWEH:

38.5%

Mode Conver-

sion: 5.2%

(b) D: 7.9% H: 15.8% FWEH:

66.4%

Mode Conver-

sion: 12.6%

(c) D: 14.3% H: 11.3% FWEH:

66.4%

Mode Conver-

sion: 8.1%

Fig. 5. Time evolution of shot #23534 (FWEH in ED con®g-

uration) (a) powers, (b) average density, (c) bp + li/2, (d) energy

contents Wdia, (e) central electron temperature.Fig. 4. (a) H ¯uxes from the HFS measured by the charge ex-

change neutral analyser, (b) ratio H/D, (c) gas injection.
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the end (Te�0� � 2 keV� of the RF phase (#23534 in

Fig. 5). These low values explain the large in¯uence of

parasitic absorptions at the edge. Note that the single

pass absorption varies with Bÿ3 and that the FWCD

experiments carried out at lower magnetic ®eld (2.1 T)

were more favourable to FWEH. Such a regime of low

central absorption and non-negligible edge absorption is

not favourable for the coupling of power. As noted in the

preceding section, the Langmuir probe measurements are

much more perturbed (this is clearly seen on the satu-

ration current measurement) by the injection of ICRF

power (only the probes of two ED modules could be

used) than in minority heating scenario where only the

probe in direct magnetic connection on the neighbouring

antenna is perturbed. Probably, much more RF power is

travelling in the edge plasma in this con®guration than in

minority heating scheme. The density and the coupling

resistance are very well correlated and present a chaotic

time behaviour.

During these experiments, the amount of metallic

impurities (Fe, Cu, Ni) increases during the RF phase

and together with the large density leads to a fast rise of

radiated power. If the injected RF power becomes lower

than the radiated power, the plasma disrupts: one

should then impose a rise of the power faster than the

increase of the radiated power when shaping the RF

pulse to avoid this e�ect.

4. Conclusion

In minority heating scheme with ED, the coupling of

ICRF power depends on the edge density. The latter is

very sensitive to any perturbation in the high recycling

regime which is always found in the ED con®guration

for relevant plasma parameters. The coupling resistance

increases with the edge density but detachment insta-

bility perturbs the edge plasma at high values of densi-

ties. Partially detached regimes, with or without

inhomogeneities of edge density and temperature in-

duced by the ¯ux tubes of the laminar layer, are ob-

tained for high resistance coupling values. The coupling

is then not very robust and feedback control or antenna

automatic matching techniques are developed. In

FWEH scheme with ED, various fast wave absorptions

mechanisms (minority heating, Mode Conversion, Al-

fven resonance) are present at the plasma edge. The

ICRF coupling is then di�cult due to the low Fast Wave

direct electron absorption. Large plasmas at a current

around 1 MA require more ICRF power to obtain large

electron temperature that favours the direct electron

damping against the edge parasitic absorptions. Exper-

iments at larger injected power are then scheduled to

alleviate these coupling di�culties.
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