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ABSTRACT : The TORE SUPRA Lower Hybrid Current Drive experiments (8 MW/3.7
GHz) use large phased waveguide arrays, 4 rows of 32 active waveguides and 2 passive
waveguides for each of the two grills, to couple the waves to the plasma. These launchers are
based on the "multijunction" principle which allows them to be quite compact and is therefore
attractive for the design of efficient multi-megawatt antenna in NET/TTER. Extensive coupling
measurements have been performed in order to study the Radio-Frequency (RF) characteristics
of the plasma loaded antennae and are reported. Measurements of the plasma scattering
coefficients of the antennae show good agrément with those obtained from the linear coupling
theory (SWAN code). Global reflection coefficients of a few percents have been measured in a

1 8 - 3 18 3large range of edge plasma densities (0.3 x 10 m £ n__ £ 1.4 x 10 m ) or antennaeg
positions ( 2 to 5 cm from the plasma edge), and up to a maximum injected RF power density

of 45MW/m . When the plasma is pushed against the inner wall of the chamber, the reflection

coefficient was found to remain low up to distances of the order of 10 cm. The coupling

measurements allow us to deduce the "experimental" power spectra radiated by the antennae

when all their modules are fed simultaneously with variable phases. An assessment of the

multijunction launcher as a viable antenna for high power transmission with good coupling

characteristics and spectrum control is thus made.
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1. INTRODUCTION

Phased waveguide arrays are now generally used for launching Lower Hybrid
(LH) waves in tokamak plasmas. When extrapolating the concept of the conventional "grill" [1]
- an array of independent waveguides - to the present and to the next generation of large scale

tokamaks, one comes up with an antenna of great complexity. The trend towards large
waveguide arrays is the consequence of launching high RF powers ( up to 10 MW in present

experiments ) while maintaining the power density at the plasma edge below 50MW/m and

keeping a narrow parallel wavenumber ( k/, ) power spectrum. An attractive simplification
consists in using internal RF power splitting: E-plane waveguide junctions as power dividers in

the toroidal direction combined with fixed differential phase shifters [2,3,4] and H-plane hybrid

junction in the poloidal direction. Such compact launchers called the "multijunction" antennae
have been build for Current Drive (CD) experiments on TORE SUPRA. Up to now, 5 MW of

Radio Frequency (RF) power launched at a frequency of 3.7 GHz with an asymmetric parallel

wavenumber power spectrum have been coupled to the TORE SUPRA plasma [5,6,7].
In this paper we focus our attention on the coupling properties of the antennae

[S]. As describing the LH coupling physics demands some knowledge of the coupler design,

we devote our second section to a short description of the LH system installed on TORE
SUPRA. Then in section m, we propose an overview of the theory of the compact antennae.

In this section, we extend the conventional "grill" theory to include a more complex internal

power splitting. This theoretical framework will guide us to analyse the LH coupling

experiments performed in TORE SUPRA. Consequently, section FV is devoted to the detailed

analysis of the LH coupling experimerits and comparison with the linear theory is carried out.

Our study also provides a check of the phase difference between adjacent waveguides, and the
deduced experimental radiated power spectra are shown. We report on the antenna

performances obtained in a large range of antenna positions, plasma target and feeding
conditions.

2. DESCRIPTION OF THE TORE SUPRA LOWER HYBRID COUPLERS

The Lower Hybrid system installed on TORE SUPRA [9,10] is based on 0.5
MW (cw) klystron amplifiers operating at a frequency f = co/2jt = 3.7 GHz. Each of the two

multijunction antennae is fed by 4 MW RF power delivered by 8 klystrons and is mounted on
the machine through adjacent ports (the two antennae are refered in the text as the antenna n° 1

and antenna n° 2 ). The power is transmitted to the plasma through oversized waveguides over
distances of 20 m ( the measured transmission factor is 94% ). As indicated in figure 1 A, each

transmission line is terminated by a 3 dB hybrid junction which divides the power delivered by

each klystron. This allows the simultaneous feeding of an upper and a lower antenna module
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and to protect the klystron. The power in each module is first divided poloidally through a

vacuum 3 dB hybrid junction and toroidally through a set of two E-plane junctions into four

reduced secondary waveguides. Two horizontal rows of 8 juxtaposed multijunction units form
each antenna. Such a unit is represented schematically in Figure 1 A.

The units are copper -zirconium made, isolated by a small 1 mm gap in order to

reduce the stresses during plasma disruptions and active high pressurized ( 30 bars ) water
cooling is provided. Finally, a passive waveguide is added on each side of each horizontal row

of 32 reduced active waveguides and has the effect of reducing the electric field between the

antenna and the limiter frame, as well as the reflection coefficients in the edge units. Both
couplers have a toroidal periodicity of 1.05 cm (except for the small gaps every 4 waveguides),

a septum thickness of 0.2 cm and a total width of 38 cm (Fig. 1 B). Built-in phase shifters

result in a 90° phasing between adjacent output waveguides of a given unit Consequently, each

multijunction unit radiates an n// spectra centered at n//pcak = 1.8 where n// = k// c/co is the

parrallel index of refraction of the waves. The large number of toroidally juxtaposed modules

(Fig. 1 C) gives a very narrow n// power spectrum (FWHM An// » 0.2) and allows for

spectrum flexibility by varying the phase between adjacent units (1.4 < n//pcak ^ 2.3). The low

reflection coefficients typical of the multijunction design has allowed the TORE SUPRA LH

system to operate routinely without any circulator protecting the klystrons.

3. THEORY OF THE COMPACT ANTENNAE

3.1 Plasma scattering matrix

In order to compare LH wave coupling experiments with linear theory one can
make use of the matrix formulation. In this formulation incident and reflected fields are linked

together by scattering matrices which contain the intrinsic features of the plasma loaded "grill",
independently of the feeding conditions.

As far as compact antennae are concerned, the RF measurements are performed
at the input of each module, i.e. far from the plasma facing edge of the antenna. Therefore, one

must measure and take into account the transfer matrix between the bi-directional couplers and

the grill aperture, in order to obtain the plasma loaded scattering matrix which links, at the RF

measurement plane, the incident fields to the fields reflected by the plasma.

i M
Let V and V be the column vectors whose elements represent respectively the

complex incident and reflected voltages of the fundamental mode in the reduced secondary

waveguides at the grill-plasma interface. The dominant fields are related by the grill-plasma
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scattcring matrix Sg which, for a given array of secondary waveguides, depends on the edge

plasma parameters:

V" = Sg V (L)

For sake of simplicity we have neglected the higher evanescent modes excited at the antenna
aperture.

In the framework of the classical two-dimensional linear coupling theory of the "grill"
[1] and using the SWAN code [11,12], S is numerically calculated in various edge plasma
conditions. The plasma is described in a cartesian slab geometry ( Oxyz ) with a density profile

in front of the grill consisting of a density step, n , at the grill aperture followed by a linear
density gradient, Vn , along the radial axis (Ox). The tokamak equilibrium magnetic field iseg
assumed to be in the toroidal direction (Oz). The secondary waveguides are assumed to be

infinitely high in the poloidal direction Oy with perfectly conducting parallel plate walls. The

small gaps between adjacent modules, which is a specificity of the TORE SUPRA "grill", have
been fully modelled.

t it

The full antenna consists of a set of multijuncrion modules. Let V and V the

column vectors whose elements represent respectively the complex incident and reflected

voltages of the fundamental mode at the input plane of the power splitting modules. The
dimensions of the radiating structure are chosen so that only the fundamental mode can

propagate in the modules, so that far from the "grill" aperture the evanescent modes are

completely négligeable. The linear transfer relations between the incident and the reflected
electric fields in the modules have been casted into the following form:

(2)

where S0, T and F are the scattering elements of the whole launching structure. They take into
account the geometry and the RF characteristics of the modules: internal power splitting in the

poloidal and toroidal direction, fixed differential phase shifters. Precisely, S0 is the matrix of
the intrinsic reflection coefficients, T is the transmission matrix of the incident field from the

main waveguides to the secondary waveguides (T1 is the transposed matrix), and T is the

coupling matrix between all the secondary waveguides. These last elements are related by a
power conservation law but S is not unitary, i.e. does not conserve power, since the antenna
radiates.

The transfer matrices s ,T, F have been measured in the laboratory on a
prototype module of the TORE SUPRA antenna. Figure 2 shows the theoretical and



-5-

experimental variation of some elements of the matrix F versus the position of the short circuit

mounted on the 3dB balance port of the module. We conclude that the modelling of the internal

power splitting is successfully compared to the measurements [13,14].
Combining equations (1) and (2) leads to the determination of the plasma

M *

scattering matrix of die multijunction antenna S , which relates V to V directly at the

measurement plane:

= S V with (3)

As a consequence of a strong cross-coupling between the secondary waveguides

through the matrix F, the matrix (1 - FS ) in expression (3) caractérises the multiple

reflections of the incident wave which take place between the plasma and the input plane of the

multijunction modules. This point is well illustrated by introducing a matrix series in equation
(3), thus casting the reflected field into die following sum [ 3,15,16] :

V " - V Q + V'J H- V2 + ...V^1 ... (4)

" .
where VQ = SQ V

• Vj = T1 S T V'
O

V2 = -T1S FS TV

and more generally V^ = (-lf'1 T1 S ( FS J0'1 T V.
H

Each term of die development has a physical interpretation: VQ is the reflected voltage due to

the intrinsic reflection in the RF modules (reflections from the dividing and/or the phase shifters

walls), V1 is the reflected voltage corresponding to the first patii of the wave through the

modules. If one limits the development to this first order the antenna is described as an
conventional grill. The generic term of the série, Vn , is physically recognizable as the

residual reflected electric field after n passes of the wave through the internal power splitting
modules.

This multiple reflection process can be neglected when the antenna is well

matched (S » O) and the compact radiating structure then behaves as a conventional "grill". In
those conditions the amplitudes of the reflected fields Vn decrease rapidly with the number of

passes in the secondary waveguides of the modules. Due to this strong attenuation, the plasma
loaded multijunction antenna does not suffer from any resonant cavity behaviour. One of the

aims of diis paper is to demonstrate experimentally that this property remains valid in a quite a

broad range of edge plasma parameters and distances between the launcher and the main
plasma.
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3.2 Total electric fields in the secondary waveguides

Combining equations (1) and (2) one determines the relation between the
incident field at the input plane of the modules and the total electric voltage at the grill aperture,

V = V + V", namely:

V = (I + S - ) ( I - T S 1
v - 1

(5)

Once again, we identify the matrix (1 - TS )-1 which has been linked to the multiple

reflections of the incident wave. In poor coupling conditions this process increases the total

electric field at the grill-plasma interface and also leads to a distortion of the radiated spectra.

3.3 Radiated Power Spectra

In order to understand the LH wave propagation between the wave source (the

antenna) and the absorption region, a quantity of interest is the Poynting vector. The initial

conditions of the propagation problem are defined by the coupling analysis. The radiated power

(per unit length along the poloidal direction Oy) at the waveguide apertures (x=0 plane) is

calculated by the flux of the Poynting vector through this plane:

+00

Px = - jEz(0,z)H*(0,z)dz (6)

where E (0,z) and H (0,z) are respectively the tangential electric and magnetic fields calculated

at the waveguide apertures. Applying the Parseval-Plancherel relation we obtain:

+00

" Y0 Re (7)

and
E x=C

E z(0, n,,) and H z(0, n,,) are the Fourier transforms in z of the tangential electric and

magnetic fields ( n,, is the parallel index ), kQ the free space wavenumber, YQ the vacuum

admittance. Re (yg(n.,)) is the real part of the plasma surface admittance y (n,,) and dP(n,,) is
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the fraction of RF power radiated with parrallel index within an interval dn., around a given

value of n».

The Fourier transforms of the electric fields are linked to the total electric voltage

at the grill aperture, Y, by the following linear expression:

(8)

For the geometry we have considered (infinitely high waveguides along the poloidal direction),

W(n//) is a column matrix with N elements ( N is the total number of waveguides):

G1 e
ik//zl

G2 e
ik//z2

\

where G
eik//bP-l]

i n, (9)

b is the width of the p waveguide and z the position of its left edge.

Then, the expression of the spectral power density is related to the total electric field by the

relation:

Re (10)

where a plus refers to the transposed conjugate matrix and a star to the conjugate matrix.

Expressions (10) relates the distorsion of the radiated power spectra to the perturbations of the

electric field voltage at the antenna aperture. Keeping relation (5) in mind, we conclude that the

radiated spectra are sensitive to the coupling conditions ( density and density gradient at the

antenna aperture ) as well as to the design of the internal power splitting units. For the LH

experiments in JET and TORE SUPRA the antenna design has been carefully optimised [17].

In summary, we have defined all the fundamental elements to allow a complete

computation of the coupling performances of the TORE SUPRA multijunction antennae,

namely the plasma scattering matrix, the total electric fields in the secondary waveguides and

the radiated n,,-power spectrum. The main goal of this section was to exhibit the close link

between all these antenna characteristics. For this purpose, the evanescent modes excited at the
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antenna aperture have been neglected. However, for simulating the TORE SUPRA coupling
experiments full numerical calculations are performed, keeping up to 2 evanescent modes. In
the next section, the experimental coupling data obtained in TORE SUPRA will be analysed in
the light of the present theory.

4. LOWER HYBRID COUPLING EXPERIMENTS

A detailed experimental study of the coupling of LH waves to the TORE SUPRA
plasma has been carried out from the analysis of the RF measurements available at the input of
each unit For each antenna (2 rows of 8 modules), the incident and reflected voltages
(amplitude and phase) are determined from the measurement performed by 16 bi-directional
couplers; a 16 ports multiplexer is used to decrease the number of diode and correlator. In the
experiments the edge plasma density has been measured by Langmuir probes located on the
equatorial plane of the launchers (Fig. 1C).

4.1 Plasma Scattering Matrix

In this section, only low power level experiments are considered, namely at a low
power level of 60 kW per klystron ( « O. 5 MW per antenna or 30 kW per module)
corresponding to a power density at the plasma edge of 0.5 kW/cm . At such power level,
deleterious effects due to RF breakdowns in the waveguides or/and to a nonlinear modification
of the edge plasma density have not been observed. Consequently, comparison of the
experimental data with linear coupling theory should be relevant

Instead of comparing the power reflection coefficients in the individual modules for
various phasing conditions, we have measured the plasma loaded scattering matrices S which,
by definition, link together all the incident and reflected fields. The scattering matrices contain
the intrinsic features of the plasma loaded antenna, namely those which are independent of the
feeding conditions. Two systematic methods have been set-up to measure the unknown
complex elements of the plasma scattering matrix ( S ) of the TORE SUPRA antennae.

The direct analysis consists in feeding sequentially each klystron of a given toroidal row
during a single plasma shot. In order to get the complete plasma scattering matrix the
experiment has been repeated 8 times. During the plasma shots the average plasma parameters
were stationary and well reproductible. The precision of the electric field measurement has
restricted this method to the determination of the diagonal coefficients S(i,i) and, in the best
experimental conditions, of the first off-diagonal coefficients S(i,i±l) where i labels the module
which is powered.
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The experimental amplitude of the S(6,6) element has been plotted on figure 3 for

various grill positions, at a radius R , with respect to the outboard limiter radius, Rj. This

coefficient exhibits a broad optimum position, which has been generally chosen for the LHCD

experiments. The antenna position is linked to the edge density at the antenna aperture. By

assuming that, in the shadow of the limiter, the electron density decays exponentially with an e-
18 3folding decay length of 1.3cm ( the density at the limiter was n ,= 2.0 10 m ) we can

compute a theoretical curve. The general shape of the curve is well reproduced, although

experimental values are slightly higher than predicted. As far as the phases are concerned

(Figure 4), we can easily recognize the two different types of modules which differ in their

electrical length by contraction. As predicted by the calculations, the phases of the diagonal

S(i,i) terms are nearly insensitive to the antenna position. This lack of dependency prevents us

from correlating the phase of the S(U) element with the edge plasma density or even from

separating the low density regime ( where the edge density is close to the cut-off density) to the

WKB regime. This result contrasts with previous experiments performed with a conventional

grill where the phase of the reflected fields in the individual waveguides is found to vary

significantly with the edge density [18].

Another set of experiments has been performed with the plasma pushed against the inner

wall of the vacuum chamber. The antenna was located 3 cm away from the edge plasma defined

by the last closed flux surface. Figure 5 is the plot of the experimental amplitude of the S(i,i)

coefficients and of the coupling coefficient between adjacent modules S(i+l,i) (and S(i,i+D)

versus the module number i. The theoretical calculations assumed an edge electron density of
18 -3

n = 1.4x10 m (i.e. 7 times the cut-off density) and an electron density decay length ( Ane

) of 2cm according to the Langmuir probe measurements. The precise determination of Ane is

not really required since, in this density range, it has been numerically checked that the coupling

results are insensitive to Ane provided that Ane is greater than 0.5 cm [17]. The theoretical

values are represented by a single arrow since they are insensitive to the module number. The

measured value of the amplitude S(U) ( = 0.19) is approximately 20% greater than the

calculated one while the amplitude of the cross-coupling coefficients, of the order of 0.06 (-25

dB), are correctly predicted. The symetry of the scattering matrix (S(i+l,i) = S(i,i+l)) which is

an implication of the field reciprocity theorem is verified. Moreover the dispersion (if any)

enables us to estimate the relative error performed on the electric field measurement, which, in

the worst cases, reaches ± 10%.

The plasma scattering matrices have been determined by another method which will be

developped in the last pan of this section. In general terms, in order to determine the N*N

elements of the plasma scattering matrix, where N is the number of toroidal modules (8 in the

case of the TORE SUPRA antenna), it suffices to consider N independent arrangements of the

incident electric field phases, at fixed plasma conditions, and to measure the corresponding
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complex reflected fields. For each toroidal row, one obtains a large linear system where the

unknown terms are the complex coefficients of the N X N scattering matrix S. Further

mathematical details on this method are developped in the appendix.

Experimentally, the phase difference, SO, between the incident fields in two adjacent

modules has been chosen to take 8 distinct values, for instance 0O=O0, ± 60°, ±90°, ±120°,

180°. The control-command of the LH system allows to change the phasing conditions during

plasma shots which considerably simplified the method. Moreover as soon as the average

plasma parameters were stationary ( average plasma density, plasma current and plasma

position ) we have checked that the edge plasma density was kept constant during the LH pulse.

The electron density measurement was performed by the Langmuir probe located on the

electron side of the launcher. The accuracy of the method enabled us to determine up to the

cross-coupling coefficients between non-adjacent modules, i.e. S(i,i±2). In other terms we

have measured the plasma scattering elements whose amplitudes are larger than 0.01. Figure 6

is a plot of the amplitude and phase of the major scattering coefficients versus module number

(lower and upper modules are shown) when the edge density is well above the LH cut-off
10 3

density , i.e. n » 1.4 x 10 m (± 20% ) . In this coupling regime and for the

multijunction antennae the global scattering coefficients are nearly insensitive to a slight electron

density perturbation, which justifies the proposed method. From the analysis of this last figure

the following remarks are made:

a) an excellent agreement is obtained between all the measured scattering terms, including their

phases, and those deduced from linear coupling theory,

b) as expected for such large waveguide arrays of the scattering coefficients of the central units

do not depend on the module number. Furthermore this experimental result proves that the edge

density inhomogeneities along the toroidal direction can be made negligible. In some

experimental situations the density inhomogeneities are clearly observed on such diagrams.

c) the difference ( due to design constraints ) between the electrical lengths of even and odd

units is diplayed on the phases of the diagonal elements S(i,i).

d) the strong ordering between the diagonal and off-diagonal elements ( cross-coupling terms)

of S is clearly illustrated, i.e. S(i±l,i) / S(i,i) = 0.3 and S(i±2,i) / S(i,i) » 0.08 .

e) the symmetry of the scattering matrix (S(i+l,i) = S(i,i+l)) which is an implication of the

field reciprocity theorem is verified. The departure from symmetry (if any) enables us to

estimate the relative errors in the electric field measurements which are in the worst cases about

± 10% and ± 20° on the amplitudes and phases respectively.

In this paragraph we would like to stress how the analysis of the main plasma scattering

elements reveals any electric field measurement error. In the appendix, it is shown that a

measurement error, 8cc ei8<P, on the incident field (resp. reflected field) in module i leads to an
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estimation error of (ôcc)'1 e'i5(P on S(i,i), S(i+I,i) , S(i-l,i) (resp. 3a eiS<P on S(i,i),

S(i,i+l), S(i,i-l) ). Such measurement errors show up directly on the structure of S by
violating either the reciprocity theorem or the symmetry of the various antenna elements (even
or odd modules). We shall now illustrate this statement with two typical examples:

a) in the first example, a phase measurement error of 180° (on the incident and reflected fields )
has been introduced in the modules labelled 5 , 6 ,7 , 8 of the antennae. Figure 7 shows how
this error is easily detected on the phase of the elements S (4,5) and S (5,4) which break
strongly the invariance of the cross-coupling terms, S(i,i±l), with respect to the module
number i.
b) in the second example ( figure 8) we observe that the phase of S(1,1) is shifted by +120°

and the phase of S(2,2) and S(2,3) are shifted by -120° from the expected values: the
asymmetries observed on S are interpreted if one assumes that the incident field in unit one and

the reflected field in unit two are measured with a phase error of-120°.

Once any phase error has been detected and corrected, it has been also checked that the
different electrical lengths between the measurement planes and the antenna aperture have

' precisely the values measured separately on loads in the RF laboratory. Thus as far as the
electron density in front of two adjacent units is constant, we can determine the electrical length
difference Al between units, i.e.:

Al . Phase [S(i+l.i+in-phase [S(U)] modulo(;O (11)

Figure 9 presents the deduced electrical lengths difference versus the unit number i; the
agreement with the RF measurements is excellent This procedure guarantees that the phasing

imposed at the input of each unit produces the required phasing at the antenna aperture.

The "plasma scattering measurement" described above are now routinely setted-up
before each LH experimental campaign on TORE SUPRA. In a reference shot the antenna

plasma scattering coefficients are measured, then the phase measurements errors are detected
and corrected, and eventually we check that the phasing at the input of each unit and at the

antenna aperture is the desired one.
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4.2 Radiated Power Spectra

As shown in previous experiments, controlling the power spectrum radiated by

the antenna (n// spectrum width and spectrum peak) is of prime importance for the LHCD

experiments [19]. The complexity of the internal power division of the TORE SUPRA antenna

compared to the conventional grill can lead to uncertainties in the determination of the power

spectra, specially in cases where the plasma matching is poor.
In the review of the theory of the multijunction antennae (section HI), we have

stressed the importance of the plasma scattering matrix which in turn determines the total

voltage at the grill aperture and the power radiated spectra. Reciprocaly, the experimental

determination of the most important terms of the plasma scattering matrix and its good

agreement ( once any phasing error has been corrected) with the theoretical calculations imply

that the internal power division ( transfer matrix ) and the edge plasma physics ( edge plasma

admittance and grill-plasma scattering matrix S ) have been correctly modelled. Such an

agreement gives us strong confidence in the determination of the power spectra radiated by the

multijunction antennae. Figure 10 shows the deduced experimental asymmetric power spectra

obtained with typical phase shift, 54), of -90°, 0°, +90°, between the juxtaposed modules. The

calculations are performed using the SWAN code with the measured edge plasma density and

incident fields in each unit whose values have been checked by the "plasma scattering

measurements".

To characterise the power spectra, a "n,,-weighted directivity" based on the theoretical

current drive efficiency of the waves has been defined[ 20,17]:

1 dP . "f 1 dP Hn—jf -3— a n / , - I —«• j~ an
nj *"// {l -- nj **ll

(12)

where R is the global power reflection coefficient, -r— the power density hi n,, space
on// //

normalised to the total radiated power, and I . the value of the parallel wave index at the

peak of the power spectrum.

During Current Drive experiments performed on TORE SUPRA, it has been observed

that the phase dependences of the loop voltage drop and of the non-thermal electron cyclotron

emission showed a broad maximum around zero phasing ( Fig. U-A) [5]. The variation of the

high energy X-ray signals with the phase show the same dependence (Fig. U-B) [21]. It

appears that the plasma responses of the Current Drive assisted discharges are well correlated

with the antenna performances (coupling, directivity, spectrum) which exhibit a similar

behaviour when measured by the "n,,-weighted directivity" (Fig. 12). Figure 12 also shows

that the fraction of power flowing along the toroidal direction of the electron drift (the power

directivity) is pratically insensitive to the phasing conditions and its typical value is of the order
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of 70%. In fact the power directivity generally used to characterise conventional grills do not
quantify in an accurate way a possible distortion ( in large phasing conditions ) of the power

spectra. The correlation between the "n,,-weighted directivity" and the Current Drive
performances of the LH waves justify the design optimisation of the antennae based on this

parameter.

4.3 Power Reflection Coefficients

In this section we determine the experimental range of operation of the
multijuncn'on antennae and then show that LH waves can indeed be coupled to a large variety of

target plasma.
Two sets of coupling experiments have been performed to get a complete scan of

the overall power reflection versus antenna position or edge plasma density. The first one

consists in moving the launchers in one single plasma shot and scan the whole scrape-off layer

(SOL), while in the second type of experiment the plasma column was moved away from the

antennae. Both experiments have been carried out at the same power level of O. 5 MW per

antenna.

Figure 13-A is a plot of the average power reflection coefficient (average over all

the modules) versus the antenna position relative to the plasma external limiter which is in

contact with the plasma. The experimental data have been obtained by moving the antennae
during one single plasma shot and keeping a zero phasing between the different units (SO= 0°).

At the optimum position the power reflection is of the order of 3%. The reflection coefficient is

kept at its optimum value (below 4%) even in a large range of antenna positions, namely 1 <

R(grill) - R(limiter) £ S cm. In this experiment, the electron density decay length has been

measured to be 1.4 cm (Fig. 13-B). The global results are slightly different when the antenna is
located at an optimum position and the plasma column is moved away from it The range of AR

= R(grill)-R(plasma) ( R(plasma) is defined by the radius of the last closed magnetic surface

determined from the magnetic measurements ) where a good coupling is maintained is

considerably extended to 1 £ R(grill) -R(plasma) < 10 cm (Fig. 14-A). This result obtained,

with a multijuncu'on launcher, confirms the previous experiments performed on ASDEX with a

conventional grill [22]. Figure 14-B shows the weak dependence of the edge electron density
on AR which explains the different antenna characteristic curves obtained in the two
experiments (Fig. 13-A and Fig. 14-A ). As soon as AR 2 10 cm, the reflection coefficients

are higher in antenna n° 2 than in antenna n°l. The difference is explained by density

inhomogeneities across the poloidal section of the antenna due to a slight poloidal tilt of the
second antenna. Close to the Lower Hybrid cut-off density, any density inhomogeneities affect

strongly the coupling behaviour of some modules. Figure 15 is a synthesis of the two

experiments for one antenna ( antenna n° 1 ) where we recover the same dependence of the
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reflection coefficient on the edge plasma density which indicates that the critical parameter is
indeed the edge election density.

At three characteristic antenna locations and at low power level of 0.5 MW per
antenna, a complete scan of the phasing between modules has been made -180° < SO < +180°
(fig. 16). The TORE SUPRA antennae have been optimally designed to allow for a phase shift
variation between -90° and +90° for high power operation. This is experimentally confirmed by
the broad minimum of the reflection coefficients within this range of phasings. In this operating
domain the average reflection coefficient varies between 2% and 5% when the measured density

18 3 18 3lies between 1.4 x 10 m to 0.3 x 10 m . Furthermore, we confirm the agreement of the
theoretical calculations with the experimental data. This agreement obtained with the overall
reflection coefficient is also valid for the individual unit (fig. 17). To summarize, it should be
emphasized that the flexibility in n// ( 1.4 < n// < 2.3 ) is obtained while preserving an optimun
behaviour of the antenna in a large range of edge plasma densities or plasma targets.

To further illustrate the good coupling efficiency of the multijunction antennae,
in various situations appropriate to the next step machines (ITER), the analysis has been
extended to the LH-assisted current ramp-up experiments in which coupling of the waves was
achieved with the same general quality (fig. 18).

4.3 High Power Experiments

The nice coupling potential of the TORE SUPRA antennae observed at low
transmitted power is confirmed at higher power levels, even above 300 kW per klystron ( 150
kW per module). In those conditions, which are now routinely obtained, more than 1.5 MW is
transmitted by each antenna. Figure 19-A and 19-B show the typical performances obtained
with antenna n° 1 during the high power and long pulses discharges. Up to 2.0 MW of RF
power has been coupled, by one antenna, during 18 second long current flat top (fig. 19 A).
The power reflection keeps its low value of less than 3% during the RF pulse. The same values
of power reflection coefficient are measured even at a higher power level (fig. 19 B), i.e. up to

^3.3 MW (corresponding to an average power density of 40 MW/m ) with one antenna.

At a power level of 1.5 MW per antenna, the experiment of moving the antennae
in the SOL during the plasma shots has been repeated. Figure 20 shows the antenna
characteristic curves. The operating range of the multijunction launcher is not affected by
increasing the power level. As in the low power experiment the overall reflection coefficient is
below 4% when 1 < R(grill)-R(limiter) S 5 cm. Comparing low power and high power
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experiments, the electron density decay length has increased from 1.4 cm (O. 5 MW per antenna
) to 2.5 cm (1.5 MW per antenna). Further high power experiments are necessary to confirm
the modification of the electron density gradient at the edge. Such a modification does not
deteriorate the coupling properties of the mulnjuncdon antennae since a broad optimum in the
edge density and launcher position has been obtained. Temperature modification of the SOL has
been observed by ramping the power launched by one antenna from O to 2.8 MW. The scrape-
off layer facing the antenna is significantly heated at a rate, normalized to the edge electron•to 3
density, of 5 eV/MW/10 m (Fig, 21). As proposed by Petrzilka [23] this edge heating may
reduce the non-linear effects such as the depletion of the edge density due to the ponderomotive
force driving electrons away from the antenna.

In some modules in which RF conditionning was most efficient, the transmitted
power has reached a maximum value of 240 kW, leading to a maximum power density of the
order of 45MW/m . Figure 22 is a plot of the power reflection coefficient and of the phase of
the reflected field in one module versus power density. It confirms that the power reflection
coefficient and its phase measured in the central modules are kept constant (R £ 3 %) up to a

2
maximum power densities of 45 MW/m . The fact that phases remain constant ( ± 10° )
indicates that no RF breakdown occured in the waveguides.
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5. CONCLUSION

Extensive coupling measurements have been performed to study the detailed
Radio-Frequency characteristics of the plasma loaded TORE SUPRA multijunction antennae.
The experimental data have been related to linear coupling theory through the SWAN code

which, in its advanced stage, takes into account the specific features of the ompact launchers:
modelling of the internal power splitting of the multijunction units and the vacuum gaps
between adjacent modules. Measurements of scattering matrices and power reflection

coefficients are in perfect agreement with the theoretical simulations performed with the
measured plasma density in front the launchers.

A new method based on the properties of the various symmetries of the plasma
scattering matrix has been set-up to assess the relative phasing of the juxtaposed units. Such a

method can be applied in RF current drive schemes such as those using Fast Waves where a
large number of current straps will have to be correctly phased. A detailed analysis based on
our plasma scattering measurements leads to the determination of the asymmetric n// radiated

spectra.
We have observed that the experimental LH Current Drive signatures ( non-

thermal electron cyclotron emission, hard X-rays, loop voltage drop) are quantitatively

correlated with the antenna performances ( coupling, spectrum, directivity) when measured by
our so-called n//-weighted directivity parameter. Our results are the first experimental
justification for an antenna design optimisation based on this parameter [17]. The

experimentally deduced spectra - which determine the initial conditions for the wave
propagation - can then be confidently used in ray tracing and Fokker-Planck simulations of the
TORE SUPRA current drive experiments [24].

We have experimentally demonstrated that spectrum flexibility is obtained in a
large range of edge plasma densities (or antenna positions) while preserving an optimum

behaviour of the antenna. More precisely, an overall power reflection coefficient below 5% is
obtained in the following operating range : -90° <, 5<D S +90 (or 1.4 S n,. < 2. 4 ) , 1 £
R(grill)-R(plasma) £ 5 cm ( 0.3 x 1018 m~3 < n < 1.4 x 1018 m"3 ) and for injected powers

up to 1.5 MW per antenna. As expected from the LH coupling theory we experimentally
confirmed that the crucial parameter to determine the characteristics of the launcher is the
electron density facing the antenna. We have put some emphasis on the power reflection
coefficients since, for multijunction launchers where multireflection processes may ocur in the
power dividing units, a high power reflection coefficient is the first indication of a distortion of
the launched spectra. The close links between the various coupling characteristics of the
antennae ( reflection coefficients, phases, launched spectra...) have been clearly identified.
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Finally, the "Multijunction" launcher has proved to be able to transmit high RF powers
since power densities up to 45MW/m2 have been reached with good linear coupling properties
and spectrum control. We must point out that these results could be obtained in a large
operating domain, thus allowing us to position the antennae relatively far from the plasma
where metal impurities is reduced and where the thermal load on the whole waveguides stucture
is technically acceptable. The good coupling potential of the multijunction launcher enabled us
to define, on a similar concept, the LH system which satisfy the main ITER requirements[25).
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APPENDIX:

Implications of RF measurements errors on the determination
of the plasma scattering matrix

' k " kLet Vm and N^n the incident and reflected fields measured by the bi-
directional couplers located in module m with the feeding condition k. We suppose that the
measurements in module, m, are performed with an error Q^n and ^n on incident and reflected
field respectively. We assume that the measurement errors are independent of the feeding
(phasing) conditions. By definition C1

and reflected fields noted and
and e ,̂ relate the measured fields to the actual incident

respectively :

V "-
m =

' \C
/ Jand

" \f
l " ^i

= «hi Vm (A-I)

In order to model a phase and amplitude measurement error C1n and e^ are complex.

To determine a given column ( labelled io ) of the plasma scattering matrix, for an
antenna made of N modules toroidally juxtaposed, we express, for N different feeding
conditions, the associated reflected fields measured in module io, according to the relation (3) :

S... , V1
 1 +S 2 , , V',1 +'io.l * 1 'io,2

Sio,l S

Ls.

io,2 ¥ 2

! V ^'io,2 v 2

io.N N
\ / <

io,N V N

io
i/i»
V o (A-2)

S v N - V" N

•aio,N v N ~ v io

The complete system which leads 10 the determination of NxN unkwown terms of the plasma
scattering matrix is obtained by varying the index io from 1 to N.
Using vector notations the system (A-2) is written into the following form:

Sio,lV 'l+Sio,2V '2
- V"
-V o ( A-3)

where V'. =
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When the feeding conditions have been chosen so that any equation of (A-3) is redundant, the

• of the measured scattering matrix is determined by:

Det (V1, V2, ....V. ,,V"., V. ,, .... VN )
! 1±1 - N—

unknown coefficient S- • of the measured scattering matrix is determined by:

(A-4)

for l£iSN and ISj <N.

where D is the determinant of the system (A-3) : D = Det (Vj, V'2 ....... V'N )

Relation (A-4) leads to die experimental determination of the plasma scattering matrix elements,

S. . , with the measured electric fields. Inserting into the expression (A-4) the relation (A-I)
*v

between the measured and the actual electric fields, one links die deduced plasma scattering

matrices S- - to the actual scattering matrices S- • :1J 1O

<A-5)

The relation (A-S) states that a measurement error e performed on the reflected field in
" th

module i leads to a multiplication by | of all the elements of the i Une of the experimental

scattering matrix. Similarly, a measurement error & in module j on the incident field leads to a

multiplication by I/a of the elements of the j column. Those simple rules, together with the

field reciprocity theorem, have been routinely used to qualify our phase measurements and to

analyse any detected errors in such measurements.
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FIGURE CAPTIONS

Fig. 1: (A) Schematic drawing showing 2 multijunction units powered by one klystron (top).
Top view showing 3 E-plane junctions (bottom).

(B) Front view of 2 adjacent multijunction units and the passive waveguides monted on each

side of the antenna.
(C) Top view of the 8 toroidally juxtaposed multijunction units showing the Langmuir probes

location.

Fig. 2: Amplitude (A) and arguments (B) of the F(i j) elements versus the short circuit position

measured in electrical length. Full lines show the theoretical results.

Fig. 3: Measured (black triangle and open squares) and calculated (black squares) amplitudes of

the S(6,6) scattering matrix elements (lower and upper module) versus distance between the

grill and the limiter.

Fig. 4: Measured and calculated phases of the 8(2,2) and S(3,3) coefficients (lower and upper

module) versus distance between the grill and the limiter. Same experimental conditions as in

Fig. 3.

Fig. 5 : Amplitude of the S(iJ) elements versus module number i when the plasma is pushed

against the inner wall. The density used in the calculation is deduced from Langmuir probe
18 -3measurements : n._ = 1.4 x 10 m .eg

Fig. 6: Amplitude and arguments of the S(i,j) elements versus module number i. Full

horizontal lines show results from the SWAN code with an edge density of n = 1.4 x

1O1V3.

Fig. 7: Effect of a phase measurement error on the arguments of the S(i j) elements versus the
module number i.

Fig. 8: Effect of a phase measurement error on the arguments of the S(i,j) elements versus
the module number i.

Fig. 9: Electrical length difference between two adjacent units (i,i+l) versus unit number (i) as
deduced from the plasma scattering measurement (black crosses) and measured in the
laboratory (solid Unes).
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Fig. 10: Launched n,, power spectra for three characteristic phasings ( -90° , 0°, +90° ).

Fig. 11: (A) Loop voltage drop (black triangles) and non-thermal electron cyclotron emission
(open squares) versus antenna phasing for Ip = 1.6 MA,

~n~e (line-averaged density) = 3.8 1019 m'3 , ?in = 2.4 MW.

(B) X-ray emission along the central chord for 4 photon energies as a function of the phasing.

Black circles show the "n// weighted directivity" 5C(j ( all data have been normalised to the zero

phasing value).

Fig. 12: Power directivity: f -r— dn» (open triangles) and "n// weighted directivity" : 8^ >

(black squares) versus antenna phasing.

Fig. 13: (A) Overall power reflection coefficient for antenna n° l(stars) and antenna n° 2 (black

circles). (B) Edge electron density versus distance between the grill and the limiter (0° deg.

phasing) obtained by moving the antenna in the scrape-off-layer, Pu1 = 1.0 MW ( 0.5 MW per

antenna).

Fig. 14: (A) Overall power reflection coefficient for antenna n° 1 (stars) and antenna n° 2 (black

circles). (B) Edge electron density versus distance between the grill and the limiter (0° deg,

phasing) obtained by moving the plasma column away from the antenna. Pn1 = 1.0 MW ( 0.5

-MW per antenna)

Fig. 15: Overall power reflection coefficient for antenna n° 1 versus measured edge electron

density obtained by moving the antenna (black circles) or the plasma column (open triangles).

= 1.0 MW ( 0.5 MW per antenna)

Fig. 16: Experimental and theoretical global reflection coefficients versus antenna phasing for

three antenna locations. The density used in the calculation is deduced from Langmuir probe

measurements. Pjn = 1.0 MW ( 0.5 MW per antenna)

Fig. 17: Experimental and theoretical power reflection coefficient in a given unit ( module 2 of

the upper row) versus antenna phasing (R(grill)-R(limiter) = 2.0 cm, Pjn =1.0 MW, 0.5

MW per antenna).

Fig. 18: Time evolution of the injected power, plasma current, edge density and global power

reflection coefficient in LH-assisted current ramp-up experiments.
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Fig. 19: (A) Time evolution of the injected power during the long pulses experiments and

corresponding power reflection coefficient for antenna n° 1.
(B) Typical time evolutions of the injected power and corresponding power reflection
coefficient for antenna n° 1.

Fig. 20: High power overall reflection coefficient versus distance between the grill and the
plasma (0° deg. phasing) for antenna n° 1 (stars) and antenna n° 2 (black circles) (P 1̂ = 3.0

MW, 1.5 MW per antenna ). The antennae was moved accros the scrape-off-layer during the

plasma shot.

Fig. 21: Heating of the Scrape-off-layer during the LH pulse versus the injected power
normalized to the edge density: Py1 / î g.

Fig 22: Power reflection coefficients and phases in central modules versus injected power
2

density (MW/m ) during a power ramp.
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