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RF Heating and Current Drive in Tore Supra

Equipe Tore Supra1 (presented by X. Litaudon)

Association EURATOM-CEA sur la fusion, Centre d'études de Cadarache,
F-13108 Saint-Paul-Lcz-Durancc, FRANCE

Abstract. Recent RF heating and current drive experiments in the Lower Hybrid (LH) and Ion
Cyclotron (IC) frequency ranges are reported. In the 4T improved confinement LHEP regime,
steady-state LHCD operation has been realized with a new "constant-flux" scenario. A new,
reversed shear, 2T improved confinement plasma regime has also been investigated when the core
plasma is inaccessible to the LH waves. Stable, LH driven 0.4 MA discharges were obtained with
H r iw = 2 at Pp = 0.8, q0 above 2 and with a reduced electron thermal diffusivity in the central
reversed shear region. Efficient direct coupling of the fast magnetosonic wave to the electrons for
heating and current drive is observed during 48 MHz/2T operation. Fast wave electron heating has
produced improved confinement with H rjw = 2 at Pp =1.6, and a bootstrap current fraction up to
45%. Fast wave current drive has been observed at the level of 80 kA in a 0.4 MA discharge.

1. INTRODUCTION

The main goal of RF heating and current drive experiments on Tore Supra (1-
2) is to explore the stability and the confinement properties of various plasma
current profiles (high lj, high-pp, magnetic shear reversal modes...) in steady-state
regimes. To fully realize this program, Tore Supra (major radius : R=2.4 m, minor
radius : a < 0.8 m, magnetic field : Bt < 4.2 T, plasma current L < 2 MA) provides
a unique operating combination of superconducting toroidal field coils, actively
cooled plasma facing components and multi-megawatt Lower Hybrid (LH) [3.7
GHz/8 MW] and Fast-Wave (FW) systems [35-80 MHz/12 MW]. Various Tore
Supra non-inductive plasma regimes have been obtained and their relevance to an
"advanced" steady-state reactor are motivating our studies. The possible
extrapolation of the Tore Supra experiments to the next-step tokamak is directly
found in terms of normalized parameters for confinement, stability and wave
propagation/absorption regimes.

In this paper, we shall first review the experimental conditions and global
performances of the various LH and FW scenarios. We stress in this first part the
importance of the current profile modifications relative to the ohmic profile to
characterize the performance of the discharges. Consequently a second part of this
paper deals with the temporal dynamics of the current density profiles during RF
experiments in view to determine the non-inductive current profiles (LH, bootstrap
and FW current) and to assess the validity of wave propagation/absorption models
and/or bootstrap calculation. Temporal analysis of the current profile evolution is
performed for : (i) the steady-state 4-Tesla Lower Hybrid Enhanced Performance
(LHEP) regime (3-4) obtained with a new "constant-flux" feedback scheme, (ii) a
new, reversed-shear, 2-Tesla, improved confinement, plasma regime obtained
when the core-plasma is inaccessible to the LH waves, (iii) a high bootstrap current

Sec the Appendix.



plasma (5) obtained by a direct coupling of the fast magnetosonic wave to the
electrons in 48 MHz/2T operations (Fast Wave Electron heating, FWEH), (iv) Fast
Wave Current Drive (FWCD) experiments (5). Finally, in section 4 we discuss the
experimental results and give perspectives for future experiments.

2. REVIEW OF THE EXPERIMENTAL SCENARIOS

The main objective of the Tore Supra experiments is to achieve and study
high-density steady-state scenarios with controlled heat, particle, impurity fluxes
and current density profiles. The present Tore Supra RF experiments have been
performed to answer questions raised by this long term objective: (i) how to
achieve, maintain and control stable and improved confinement zero-loop voltage
discharges, (ii) what are the non-inductive current profiles in zero-loop voltage and
high density plasmas, (iii) how to reduce the RF power requirement to drive the
full current ? Along these lines we present successively in this section, steady-state
discharges obtained with a new feedback scheme, high-density LH similarity
experiments, a high-bootstrap regime obtained in FW direct electron heating and
current drive experiments. Original studies on mode conversion of the FW to ion
Bernstein waves with the prospect of investigating synergism with LH waves are
fully described in reference 6.

2.1 Steady-State Operation Scenarios

In order to achieve fully non-inductive discharges in a systematic and
reproducible manner a new "constant-flux" feedback scheme has been implemented
on Tore Supra. In this operating mode the applied voltage on the primary circuit
(VOh) is feedback controlled in a way that the primary flux is constant while the
plasma current is allowed to float to a value determined by the current drive
efficiency and the LH power. Contrary to constant Voj, scenarios, analysis of the
circuit equations of the coupled plasma-poloidal field coils system has shown that
equilibrium is reached on a time scale shorter than the resistive time (7-8).

Using this operation mode, genuine steady-state plasmas have been obtained
in the 4-Tesla global improved confinement LHEP regime with various antenna
phasing conditions. The standard LHEP mode is characterized by (i) a flattening of
the central q^-profile (r/a <0.3) together with (ii) an increase of the internal
inductance (li) which leads to global improved confinement. The electron thermal
energy content exceeds the Rebut-Lallia-Watkins (9) prediction by a factor
H r l w =1.4 at p p = 0.4.

With a 0 deg. phasing (n//o = 1.8 where n//0 is the parallel index at the peak of
the launched spectrum) the safety factor on axis (q0) rises from 1 to 1.6 while
li = 1.5 (Fig. la). About 4 seconds after the LH power is turned on, a transition
of the central temperature to a hot core LHEP phase (T^, rises from 4.5 to 6-7keV
on a time scale of 2 seconds) has been reproduced (3) in full current drive
conditions. This phase is terminated by a sudden MHD activity regime (no growth
of a precursor mode on soft X-ray and Mirnov-coils with fast acquisition rates of
64p.s) where the discharge recovers the L-mode confinement scaling-law (Hfiw =
1). During the MHD phase, a permanent well-developped sawtooth-like activity is
observed with an inversion radius localized near the q = 2 surface associated with
the growth of an m = 2, n = 1 oscillation (10). In the inner part of the discharge,
the conjunction of the high pressure gradient and a vanishing magnetic shear at the
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q=2 surface may trigger the central MHD activity. The non-linear coupling between
the magnetic shear, the LH power deposition profiles, and heat transport is invoked
to explain the emergence of various thermal equilibrium states compatible with the
zero-loop voltage condition.

With a -30 deg. (n»0 = 1.6), a stable fully non-inductive plasma current of 0.8
MA has been sustained during 15 seconds by maintaining the loop voltage exactly
to zero near the plasma surface (Fig. lb). The pressure and current profiles reached
a stable state within 3s with T^, = 4-5 keV, q0 = 1.4 and lj = 1.5.

8 12 16
Time (s)

20 8 12 16
Time (s)

Figure 1: "Zero-loop voltage" L H driven operation. Time evolution of the main
plasma parameters: (a) Temperature transition and MHD activity (0 deg. LH phasing
condition) (b) Steady-state LHEP regime (-30 deg. LH phasing).
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Figure 2: Equilibrium in the coupled Plasma-Poloidal field system (plasma parameters
given in fig. 1b) : (a) Primary coil current (IA) and V o h (b) Poloidal Equilibrium coil currents
(lB.p). The dashed curves represent the CEDRES simulations.
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Finally, in good agrément with the theoretical predictions (7) the currents in
the poloidal field coils reached an equilibrium on a time scale of 6s (Fig. lc) which
is twice shorter than the time constant of the open-loop system. As shown in
Fig. 2, the temporal evolution of the currents are fully modelled using equivalent
circuit equations, where the inductance matrix of the plasma-poloidal field coils
system is numerically calculated with a finite element equilibrium code, CEDRES
(11).

To conclude, the feasability of running Tore Supra in a true steady-state
manner with "constant-flux" feedback operation has been demonstrated. In this
"zero-loop voltage" LH driven operation, stable discharges have been obtained by
launching an appropriate n// spectrum. In the standard LHEP regime (i.e. with
improved global confinement but no further transition to the hot core LHEP phase),
a stable non-inductive equilibrium state has been reached for the thermal energy and
impurity content, current density and pressure profiles and the poloidal field
system. Nevertheless, future reliable and continuous zero-loop voltage operation
seems to require an appropriate control of the current density profiles so as to
remain on a high performance stable equilibrium.

2.2 High-density LH Similarity Experiments

Another similar improved confinement regime has been observed at low
toroidal magnetic field ( Bt < 2 T ) when the plasma core is inaccessible to the
waves. The plasma parameters were chosen so that the LH wave propagation
behaves as in high-density/4 Tesla plasmas for which steady-state operation would

demand more LH power. In the
cold-plasma approximation, the
accessibility limit for the local
parallel wave index depends mainly
on the ratio of the electron plasma
frequency (fpe) to the cyclotron
frequency (fee) which scales as
no/Bl (ne is the electron density).
For instance, the local accessibility
criterion is conserved by decreasing
the electron density and magnetic
field by a factor 4 and 2,
respectively. Furthermore, to keep
the edge safety factor (q^) constant
the current is varied together with
the magnetic field. Experiments
have been performed in standard
(qa=3, high current) and advanced-
tokamak (qa=6, low current)

Figure 3: Abel inversion of the experimental °Pe ra i i on- T o simulate high-density
hard-X-ray profiles in "self-similar" experiments, steady-state _ a iscnarges,
Full lines and dashed lines correspond
respectively to the high-density/4T (shot 16467)
and low-density/2T plasmas (shot 12910).

0.2 0,4 0.6 0.8 1.0
Normalized Radius

•co - m-3 = ,4T, Ip =
t , p

1.6~-0.8 MA (qa=3-6), the plasma
parameters are typically neo=3-4
1019 m"3, Bt=2T, Ip=0.8-0.4 MA.
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Figure 4: Te and q^-profiles for
low-density/2T LH experiments

As far as the experiments are
concerned, the local hard-X-ray
emissivity profiles measured during
high-density/4T and low-den si ty/2T
discharges present the same hollow
shapes (Fig. 3) which confirm the
relevance of the "self-similar"

qv experiments. In the "advanced-plasma"
configuration (0.4 MA/2T), stable,
fully non-inductive discharges were
obtained with Hriw = 2 at pp ~ 0.8 and
a safety factor on-axis (qo) increasing
above 2 when the LH power is
applied. Polarimetry measurements
indicate that the magnetic shear is
negative within the surface r/a < 0.3
with a minimum q value above 2 (Fig.
4). Despite the off-axis power
deposition profile inferred from the
hard-X-ray emission data, the central
temperature rises from 1 keV to
3.5 keV (Fig. 4).

2.3 Fast Wave Direct Electron Heating and Current Drive

Direct electron heating from the fast magnetosonic wave has been studied at a
frequency of 48 MHz and at a reduced magnetic field (Bt ~ 2 T) in order to (i)
maximize the single pass absorption of the wave through combined electron
Landau damping and transit time magnetic pumping and (ii) mimimize any parasitic
damping on the ions (the cyclotron resonances lie beyond the plasma edge). In this
optimized configuration, the electrons provide the only damping channel for the
FW power, which is therefore deposited on a centrally peaked profile. Efficient fast
wave electron heating (FWEH) is observed (dipole phasing) : the central electron
temperature rises from 1.2 keV to 5 keV during a 4 MW pulse at a central electron
density n ^ = 4 1019 nr3 at Ip = 0.4 MA and pp = 1.1. The high-pp values together
with the peaked electron temperature profiles lead to a high bootstrap current
fraction. In these discharges, both the current density (ohmic + bootstrap) and
electron temperature profiles were peaked. Stationary states (flat electric field
profiles) are reached where up to 45% of the current were carried by the self-
generated bootstrap current. An increase of the magnetic shear in the gradient zone
led to improved global confinement as in the LHEP regime (12-13) and Hriw up to
2 were obtained. In fact, in both LH and FW high-pp discharges, the confinement
enhancement scales roughly linearly with pp (Fig. 5).

Phasing the currents in the antenna*straps excites an asymmetric (and directive)
k/i power spectrum which drives current by transferring the wave momentum to the
thermal electrons. Up to 4 MW were coupled to 0.75 MA discharges with a 90°
phasing, with little degradation of the electron heating temperature (T^ = 4 keV).
In the co-current direction, up to 80±40 kA of FWCD have been driven by the Fast
Wave, in a 0.4 MA discharge.
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Figure 5: Confinement improvement factor, Hr|W, versus Pp.

3. DYNAMICS OF THE CURRENT DENSITY PROFILES
IN LH AND FW EXPERIMENTS

Analysis of the global confinement properties of the RF discharges have
shown the strong relationship between the performance of the discharges and the
modifications of the current density profile relative to the ohmic ones (13). In this
section we study the current density profile temporal dynamics in order to get more
insight on the non-inductive sources and assess numerical modelling of the LH,
FW and bootstrap current profiles. To estimate the RF aid/or bootstrap current
density profiles we simulate the experimental time evolution of the magnetic
measurements using our current diffusion code CRONOS and the experimental
temperature and density profiles. In this section we shall briefly describe the code
with particular emphasis on the main assumptions. Then, together with the
description of the main diagnostics used for the analysis, we shall present a
complete simulation of the steady-state experiments (Fig. lb) and analyse the
sensitivity of the discharge dynamics to variations of the non-inductive profiles. In
a third paragraph we shall then deduce the non-inductive profiles which best fit the
experimental data in LH and FW experiments.

3.1 Current Diffusion Computation with CRONOS

CRONOS numerically evolves the parallel electric field (E//) cylindrical (1-D)
diffusion equation where the time derivative of the non-inductive currents (J^) is
the source term:

~ f r f E//(r'l) " ^»T c ^ E//(r't} = ^ T JNi(r'1) 0)
r or or at J at

r is the radius of the magnetic surface (0 < r < a), t the time ( t j < t < t2) and o(r,t)
is the plasma conductivity. The non-inductive current is the sum of the bootstrap
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(JBs), FW (Jpw) ar>d LH (JLH) currents. The boundary conditions (r=a and r=0)

are: | - E,,(a,t) = - = - ^ and | - E,,(0,t) = 0 (2)
or 2j:a dt or

As far as the initial condition is concerned (t = tj), it is assumed that a steady-state
ohmic regime has been reached, with a flat electric field profile given by the
measured loop voltage at the edge, V! : E//(r,ti) = V, /2KR. The initial
conductivity is deduced from the ohmic current profile and the loop voltage:

Then the conductivity profile is evolved in time assuming a relative variation based
on the neo-classical model:

, . o ( r , t l )

where Tc, Zcff, f^P are respectively the electronic temperature, line-averaged
effective charge and the usual trapped particle correction (14) to the Spitzer
conductivity. This procedure enables to eliminate systematic errors in the
measurement of the temperature and Zcff profiles and permits to fully simulate
ohmic current ramps (7). Once the electric field profile is calculated, the total
current is the sum of the ohmic and the non-inductive currents while the poloidal
magnetic field is deduced from the usual Ampere's law. A first order Shafranov
approximation is used to transform the cylindrical quantities into toroidal ones. The
final assessment of the power deposition and non-inductive current profiles is made
by comparing the time traces of the full set of magnetic measurements (loop-
voltage, internal inductance, Faraday rotation angles and toroidal safety factor
profiles) with their calculated counterpart.

In this current diffusion analysis the unknown quantities are the non-inductive
source terms. Up to now, the bootstrap current is calculated either with the Hinton-
Hazeltine's model (15) valid in the high aspect ratio limit for finite collisionality or
Harris's expression (16) (interpolating formulas between the Hinton-Hazeltine's
and Hirshman's expressions). The bootstrap calculation is performed "self-
consistently" with time varying q-profiles and the measured density and
temperature profiles. The LH non-inductive sources are either (i) varied in time
with a parametric shape profile to best fit the magnetic measurements, (ii) deduced
from the ray-tracing/2-D (in momentum space) relativistic Fokker-Planck
simulations (17-18), (iii) "self-consistently" calculated at each time step by
coupling our Wave-Diffusion/Fokker-Planck (WDFP) code (19) with CRONOS.
The FW current profiles are either varied in time with a gaussian shape or deduced
from our full wave ALCYON code (20).

3.2 Current Diffusion Analysis
»

A complete current diffusion analysis is presented for the stable, steady-state
LHEP discharges obtained with a "constant-flux" operation mode (Fig. lb). The
electron density and temperature profiles are respectively measured with far-
infrared interferometers (k = 195 u,m, five vertical chords R= 1.97, 2.135, 2.3,
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2.46, 2.63 m) and Thomson scattering. The average effective charge is deduced
from the central line integrated Bremsstrahlung emissivity (21). The internal
inductance is deduced from both magnetic and diamagnetic measurements and the
relative error is less than ±10%. The far-infrared polarimetry is used to measure the
Faraday rotation angles, with a maximum time resolution of 1 ms, a sensivity of
the order of 10'3 rad and a systematic absolute error does not excess 10"2 rad (22).

The sensitivity of the discharge time evolution to the LH profiles has been
studied with 3 characteristic profile shapes (Fig. 5). For this discharge the best fit
to the experiments is obtained with a central and a broad current deposition profile.
The current diffusion analysis shows that the electric field profile is stationary on a
time scale of the order of 3 s which is 10 times shorter than the usual typical plasma
resistive time (t r = u.o°oa2 » °o *s t n e central plasma conductivity). In fact, by
maintaining the loop voltage exactly to zero at the edge and by cancelling the on-
axis electric field with a central and broad LH current deposition profile the electric
field profile is forced to reach equilibrium on a fast time constant. To further
constrain the CRONOS simulations, the electric field profile has been measured
(23) from the direct time derivative of the poloidal flux computed by our
equilibrium code IDENT-D using the magnetic, interferometric and polarimetric
data. The E// measurements are in good agreement with CRONOS and confirm the
rapid evolution to an equilibrium state.

• I . I . I . '

8

— Cronos
Ident-D //

O Abel inv. 'l
Farad, angles

0 0.4 0.8 4 8 12 16 20 0 0.4 0.8
Normalized Radius Time (s) Normalized Radius

Figure 5: Effect of the LH current density profile on the time evolution of I; and qrj (a)
assumed LH current profiles, (b-c) Measured Ij and qrj versus time and simulations, (d)
q^-profiles determined with CRONOS and comparison with IDENT-D and Abel inversion
of the polarimetry measurements.

3.3 Non-inductive Current Profiles

Similar current diffusion simulations have been performed in typical RF
improved confinement regimes. In this section, we present the characteristic non-
inductive current profiles (Fig. 6) deduced from the CRONOS analysis, which best
reproduce the temporal dynamics of the full set of magnetic measurements.
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Normalized Radius

0.0 0.4 0.8
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Figure 6: Lower Hybrid, Bootstrap and Fast Wave current density profiles (J[_n, JFW,>

JBS) deduced from the current diffusion analysis and measured q^-profiles: (a) LHEP
(0.4MA/1.3T) (b) same as (a) but B t = 2T; (c) FWEH (0.4MA/2T); (d) FWCD (0.4MA/2T)

For the low field wave accessibility experiments, we conclude that the LH
current is hollow and well localised at r/a = 0.4 (Bt = 1.3 T) and r/a ~ 0.3 (Bt = 2
T) (Fig. 7a and 7b). The best agreement with the experiments is obtained when the
CRONOS simulations are coupled in a "self-consistent" manner with the WDFP
non-inductive sources. To describe the stochastic wave propagation, the WDFP
code solves a diffusion equation for the wave energy spectrum coupled to the usual
Fokker-Plank equation for the electron distribution function. In poor core plasma
accessibility and weak electron damping conditions, the statistical approach to
describe the wave energy transport in the stochastic layer is well validated. The
results are consistent with the hard-X-ray emission data and ray-tracing/2-D
Fokker-planck simulations. Consequently, our analysis shows that reproducible
stationary magnetic shear reversal has been obtained when a large fraction of the
current is driven by the LH wave.

In the high-PPi FWEH regime, the bootstrap current profile (Fig. 6c) results
from the strong electron temperature gradient at r/a = 0.2. The best agreement with
the experimental data is obtained by multiplying Harris's formula by 2. Full
analysis with other bootstrap current formulations (24-25) will be carried out. In
this mixed ohmic/bootstrap regime there are two competitive effects which produce
the total peaked current profile. The high central electron temperature enhances the
central current density (resistive effect) and peaks the total current profile while the
resulting bootstrap tends to broaden it.-- Magnetic shear reversal could therefore be
obtained in this FWEH regime only with nearly full non-inductive operation.

Finally, using the same analysis, the peaked FW current profile has been
deduced (Fig. 6d). The current drive efficiency (30 kA/MW, +90° phasing) is in
perfect quantitative agreement with ALCYON full wave code simulations although
the experimental current deposition profile is slightly broader than predicted.
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4. DISCUSSION AND CONCLUSION

In this section we shall discuss the role of the negative magnetic shear on
central confinement in the LHEP regime by comparing high and low magnetic field
experiments, the potentiality to obtain reversed magnetic shear configurations with
the self-generated bootstrap current, and conclude on the perspectives to control the
non-inductive profiles in Tore Supra experiments.

The LHEP regime has been reproduced in full steady-state operation in various
LH wave accessibility conditions obtained by varying the toroidal magnetic field.
In the 4-T LHEP, the feasability of continuous operation has been demonstrated
with a new "constant-flux" feedback operation. For these plasma parameters, the
LH rays experience 2 or 3 transits before wave energy is deposited. In the so-
called "intermediate regime" (between single pass and extreme multipass regime)
the ray-tracing simulations are very sensitive to the exact n//-upshift along specific
ray trajectories and require to take into account all the ingredients which modify the
wave energy propagation (extension of the antenna, sophisticated equilibrium
model, density and magnetic fluctuations...). Such sensitivity may explain the
experimental difficulties to reproduce in a systematic manner the LHEP discharges.
In poor core accessibility conditions and multipass absorption regime, the statistical
treatment of stochastic wave diffusion has been fully validated and yields very
robust simulations in contrast with the "intermediate regime". By taking advantage

of the wave accessibility domain which
naturally limits the central penetration of
the wave and the weak diffusion rate of
the fast electrons (26), off-axis LH
power depositions have been realized in
a stationary and reproducible manner.
The off-axis LH power deposition
profile is validated through hard-x-ray
emission data, ray-tracing/2-D Fokker-
Planck calculations in agreement with
WDFP simulations, and finally with the
full simulation of the time evolution of
the current-profiles (CRONOS).
Therefore local transport analyses
(LOCO) (27) indicate that the electron0.0 0.2 0.4

Normalized
0.6

Radius thermal diffusivity is significantly
reduced ("transport barrier") in the
reversed magnetic shear region (Fig. 7).
The formation of such a "transport
barrier" is also invoked to explain the
temperature transition in the 4-Tesla
LHEP although the magnetic shear is
only marginally reversed.

The analysis of the high-(3p FWEH regime has offered the opportunity to
validate the neo-classical bootstrap theory. High-(3p experiments will bejjerformed
by increasing the FW power coupled to the plasma in the aim of increasing the
Bootstrap component and reversing the magnetic shear. To eliminate the ohmic
current contribution and control the plasma loop voltage ("constant-flux" operation)
FWCD and/or LHCD will be used.

Figure 7: Electron heat diffusivity
(LOCO) and magnetic shear profiles in
LH wave accessibility experiments
(#14409). The LH current density and
qv-profiles are shown on fig. 6a.
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In this paper, we have focussed on the current diffusion studies (CRONOS) to
assess the non-inductive current deposition profiles in various scenarios. Such an
assessment is indeed necessary for studying the link between current density
profiles, plasma stability and transport. We have shown that LH and FW have
generated various non-inductive current profile shapes (hollow and peaked
profiles). The future challenge is to combine the off-axis LH profile and the on-axis
FW current together with the self-generated bootstrap current, to possibly generate
in a steady-state manner various current profile shapes and to compare their
stability and confinement properties. The RF similarity experiments described in
this paper offer the opportunity to explore these regimes at low density before
extrapolating to high-densities which will require more RF power to drive the full
plasma current. Defining a strategy for real-time current profile control (28) is a key
issue for achieving steady-state high performance discharges.
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Abstract. Lower Hybrid discharges have been realised in Tote Supra using feed-back control of
the primary circuit voltage (Voh) such that the loop voltage was maintained exactly zero near the
plasma surface. This new scenario allows the plasma current to float and quickly reach an
equilibrium value determined by the current drive efficiency and Lower Hybrid power. Recent
experimental results show that, with the new "constant flux" scenario the coupled plasma and
primary currents reach a steady state in less than 10 s which is in good agreement with theoretical
expectations. A complete analysis of this scenario is presented.

1. INTRODUCTION

The main objective of the Lower Hybrid (LH) experiments performed on
Tore Supra is to define and realise non-inductive steady state scenarios (1-2).
Discharges have been obtained using feed-back control of the primary circuit
voltage (Voh) such that the loop voltage was maintained exactly zero. A model of
coupled plasma-poloidal field (PF) coils system is described and used to compare
two types of operation modes where y o n is either kept constant or controlled such
that the transformer flux is maintained to a prescribed value. The theoretical
advantage of the "constant-flux" scenario is presented and confirmed by the
experimental studies. The 0-D circuit analysis is completed with 1-D current
diffusion simulation performed with CRONOS (2). The importance of the non-
inductive current profile shape on the time evolution of the discharge is discussed.
This allows to assess the time evolutions of the electric field and current density
profiles inside the plasma within the constraints given by the experimental
measurements.

2. ANALYSIS OF THE COUPLED PLASMA-POLOIDAL
FIELD SYSTEM

In the 1992 campaign, LK experiments had been performed in Tore Supra,
in which V ^ was kept constant, while the coupled plasma-PF coils system reached
freely its equilibrium. Until the end of the discharge whose duration exceeded 25
seconds, no plasma current equilibrium was clearly observed. To understand this
behaviour, the Tore Supra coupled, plasma-PF coils system has been fully
modelled using equivalent circuit equations, where the inductance matrix of the
poloidal field circuits were numerically calculated with a finite element equilibrium
code (CEDRES) (3). Calculations showed that the equilibrium would have been
reached on a time scale of the order of 60 seconds, which was much longer than
the resistive time Xp = L/Rp, where L and Rp are respectively the total inductance
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and resistance of the plasma loop. The good agreement between theoretical
predictions and the measured variation of the primary coil current as a function of
Ip validated the assumptions in the model, and therefore the value of the
equilibrium time constant. Thus, this operation mode was not the most appropriate
to achieve a fully non-inductive regime on a short time scale for Tore Supra (4\
Using that model as a tool to test various feed-back methods, it has been found that
an alternate and promising scheme was a feedback control of Vof, such that the
transformer flux is imposed, and consequently, a zero loop voltage is obtained.
Indeed the calculated equilibrium time constant in that case was then shorter than
the resistive time, t^. = tp (1 - ji^), were |i the coupling coefficient is close to 1 in
Tore Supra. The comparison between the two types of scenarios is presented on
fig 1 and clearly shows the advantage of a "constant-flux" scenario. During the last
experimental campaign, that operation mode has been explored.

* 1.0-

-15
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<

FIGURE 1. Time evolution of plasma current (Ip) when the LH power (P|n) and V o n are
kept constant (shot 8212). The dashed curve represents the predicted time evolution of
Ip if the LH power and the transformer flux were kept constant and Von varied. The
prediction is performed with the same plasma parameters.

3. "CONSTANT-FLUX" TORE SUPRA OPERATION

Using the "constant-flux" operation mode, a stable fully non-inductive
plasma current flat-top of 0.8 MA has been sustained during 15 seconds in the 4-
Tesla Lower Hybrid enhanced confinement regime (LHEP) (5-6) (fig. 2.a). The
phase shift was -30 deg. (n//0 =1.8 where n//0 is the parallel index at the peak of
the launched spectrum). The electron thermal energy content is about 40 % above
the Rebut Lallia Watkins prediction (7). By applying the LH power (~ 3.7 MW),
qQ varies from 1 to 1.4, while the internal inductance lj is larger than in the ohmic
phase. The inductance matrix of the poloidal field circuits was calculated by
CEDRES (8) taking into account the characteristics of the discharge.A comparison
was then possible between the model predictions and the experiment. A good
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agreement with the model predictions was obtained (4) and confirmed that the
current in the poloidal field coils reached an equilibrium on a time scale of 6s (fig.
2.b.c).
The current diffusion code CRONOS allows to assess the time evolution of the
electric field and the LH current deposition profiles by comparing theoretical and
experimental time evolutions of plasma parameters.(fig. 3). The electric field is
stationary on a time scale of the order of 3 s which is 10 times shorter than the
usual typical plasma resistive time. In fact, by maintaining the loop voltage exactly
zero at the edge and by cancelling the on-axis electric field with a central and a
broad LH current deposition profile, the electric field profile is forced to reach an
equilibrium on a fast time constant
Therefore, in these plasma conditions and antenna phasing a stable fully non-
inductive equilibrium state has been reached for the thermal energy, impurity
content, current and pressure profiles and finally the electromagnetic fields of the
poloidal system. The duration of that type of shots can therefore be extended, and
this provides a target for studying continuous operation (heat exhaust, plasma-wall
interaction, etc.) .

0.0

8 _. 12 16
Time (s)

20 8 12 16
Time (s)

FIGURE 2. Time evolution of plasma parameters during shot 16379. The dashed curve
represents a theoretical calculation.
a) Plasma current lp, LH power P|n, loop voltage V|, safety factor on axis q 0 and self
inductance Ij.
b) and c) Time evolution of the poloidal field coils currents (I a,b,d,e,f)and primary circuit
voltage (VOh)



- 16 -

— Cronos
- - - - Ident-D

O Abelinv.
Farad, angles //

0 0.4 0.8
Normalized Radius

8 12 16 20 0 0.4 0.8
Time (s) Normalized Radius

FIGURE 3. Effect of the LH current density profiles on the time evolution of Ij and c^:
(a) assumed LH currents profiles, (b-c) measured Ij and qo versus time and simulations
d) qy profiles determinated with CRONOS and ccnpared with Ident-D and Abel
inversion of the polarimetry measurements.

4. CONCLUSION

A model of the coupled plasma-PF coils system has been presented and
validated by LH experiments. A new operation mode where a zero loop voltage is
imposed by a feed-back on Voh has been studied theoretically and experimentally.
By choosing an appropriate n// launched spectrum a stable, fully non inductive
discharge has been obtained The feasability of the "constant-flux" operation mode
has been demonstrated with LH power alone. In the next experimental campaign,
this scheme will be fully used with other non-inductive methods such as fast wave
current-drive together with a larger self-generated bootstrap current component
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Abstract. Simulations of the non-thermal bremsstrahlung emission based on the resolution of the full
two-dimensional relativistic Fokker-Planck equation are reported for recent TORE SUPRA and JET LH
experiments. From a comparison with standard one-dimensional treatments, it is shown that the
perpendicular electron dynamics plays an important role in the quantitative prediction of the various
moments of the fast electron tail.

INTRODUCTION

The non-thermal bremsstrahlung emission (BE) is a powerful method for
diagnosing fast electrons in configuration and momentum spaces during Lower Hybrid
Current Drive (LHCD) experiments. It is therefore a stringent test on the validity of models
describing the LH wave propagation and absorption in tokamak plasmas, an important
assessment in order to achieve reliable current profile control and stationary enhanced
performance regimes. For accurate simulations of the BE, it is well-known that a careful
description of the perpendicular electron dynamics plays an important role. However, up
to now, in most self-consistent predictions of the LH power deposition, only one-
dimensional (in parallel momentum) Fokker-Planck calculations have been carried out, in
order to keep computer time consumption at an acceptable level. To account for the
perpendicular electron dynamics, the suprathermal electron distribution function is usually
assumed to be Maxwellian in perpendicular momentum, with an effective perpendicular

temperature Tx estimated in the plateau region from a non-relativistic theory (1). Despite
rather satisfactory results obtained within this conventional approach, some quantitative
discrepancies have been reported, especially when both the BE and the non-inductive
current level have to be predicted from the same distribution function (2). In this paper,
calculations of the BE are reported, in which the full two-dimensional fast electron
dynamics is described in momentum space.

LHCD MODELLING

For TORE SUPRA simulations, the LH wave power deposition is determined by a
standard method based on the use of a toroidal ray-tracing combined with a Fokker-
Planck module (3). The usual one-dimensional self-consistent Fokker-Planck treatment, in
which the suprathermal distribution function is assumed to be Maxwellian in perpendicular

momentum, with an effective perpendicular temperature Tj_ set to the standard^ value Tx, is
replaced by the full resolution of the two-dimensional rclativistic Fokker-Planck equation
using a fast numerical solver (4). Calculations are carried out using the relativistic Beliaev-
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Budker collision operator, including the first Legcndrc harmonic reaction term, which
plays an important role for an accurate determination of the shape of the fast electron tail.
Electron trapping and bounce averaging are not considered. In the Fokker-Planck
calculation, which is sclf-consistently iterated with the power deposition profile, the quasi-
linear diffusion coefficient DLH(P//) is determined from the wave absorption by averaging
9f(p//,pj_)/3p// over the perpendicular direction.

A different numerical scheme has been considered for JET. In that case, the
electron distribution function, averaged over the perpendicular direction, is first
determined sclf-consistently from a 1-D in parallel momentum and 1-D in configuration
space relativistic Fokker-Planck equation which incorporates, in addition, radial transport
of fast electrons (5). The perpendicular electron dynamics in momentum space is
described by a phenomenological temperature Tj., whose dependence upon p// allows to
reproduce the measured BE for a large range of JET plasma parameters. It is set to

2TJ in the plateau region, and to 2TX at higher energy. Here, p//mjn

P//max are respectively the lower and upper momentum bounds of the plateau region.
From the self-consistent determination of the quasi-linear diffusion coefficient DLH(P//).
the two-dimensional electron distribution in momentum space is then calculated at trie
ultimate iteration step, using the same fast 2-D relativistic Fokker-Planck solver used for
TORE SUPRA simulations. Though this procedure does not ensure a full self-consistency
between the power deposition profile and the distribution function, it is shown, by
comparison with TORE SUPRA simulations, that only minor errors may be expected.

BREMSSTRAHLUNG EMISSION

The BE is calculated using the relativistic Bom approximation corrected by the
Elwert factor of the electron-ion cross-section. Fully stripped carbon is considered to be
the only relevant impurity in all simulations. The local cylindrical symmetry of the
problem along the parallel direction is taken advantage of by expanding both
bremsstrahlung cross-section and electron distribution function in series of Legendre
polynomials (2,6). Such a method allows to determine accurately the BE along any
direction of observation, and thus to investigate possible angular anisotropy due to
rclativistic effects.

The hard x-ray diagnostic installed on TORE SUPRA is a multichannel
spectrometer that probes the plasma in a poloidal cross-section along five lines of sight,
which are labelled A, B, C, D, E and intersect the equatorial mid-plane at (R - Ro)/a = +0.20,
0.0, -0.33, -0.52, -0.71 respectively, where R is the distance from the tokamak axis. It is
designed to study the photon emission between 30 and 700 keV (2). A similar multichord
system is installed on JET, with a larger number of chords (10 for the horizontal camera,
here considered), but analyzing the spectrum on a reduced set of energy windows - 4 -
between 133 and 400 keV (5,6,7).

RESULTS AND DISCUSSION

In Fig. 1, simulation of the BE for a fully non-inductive current drive TORE
SUPRA discharge is reported. The main plasma parameters are: PLH = 3.5 MW, ny/pcak =
1.8, In = 0.8MA, neo = 3.0 10+19 nr3 , Teo = 6.0 keV. While the increase of the predicted
current level is of the order of 20%, from ai-Dl/2 to a full 2-D calculation, a factor 2.5 is
observed for the BE, thus leading to a better agreement with experimental observations. In
addition, with the 2-D simulation, it is possible to reproduce the energy dependence of the
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BE over a wide energy range, while a too rapid decrease of the emission with the photon
energy is predicted with l-Dl/2 calculation, as shown in Fig.2.

,n/vi The differences of shape
between the l-Dl/2 and the 2-D
simulations are depicted in Fig.3, where
the d e p e n d e n c e s o f

F,, = TcJ f[p//,pi)dpi and T ± /T c as a
function of the parallel kinetic energy
E// are reported. F// and Tj. /T c are
compared at the flux surface y = 0.4,
where the predicted current densities by
the two methods arc similar. In the
plateau region, T i deduced from 2-D
calculation is constant, as predicted by
the theory, but the level is much larger

and close to 2Tj_. The discrepancy may
arise from the approximate collision
operator which has been used to derive
Tj_. Above the plateau region,
(E//> 150 keV), it is well-known that
the constant Tj_ approximation used for
l -Dl /2 simulations is worse (1), and
that a full two-dimensional description
of the fast electron dynamics is
required to take account of the pitch-
angle scattering. In this energy range, a
steep increase of the ratio Tj_/Te is
observed up to 100, of the order of the
values estimated with the "three -
temperature" mode l e l ec t ron
distribution (8), from non-thermal
photon spectrum at energies far above
the plateau region. It is worth noting
that l -Dl/2 simulations in which T i is
multiplied by a factor 2 gives a better
agreement with the energy dependence
of the measured spectra. However, in
that case, the predicted current level is
generally much too high, while the BE

Line-of-sight

Fig.l. Line-integrated BE at 100 keV for a
current drive discharge (#10558, TORE SUPRA).
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Fig.2. Line-integrated energy spectrum for the line-of-
sight A (#10558, TORE SUPRA)

is still lower than experimental values. Only full two-dimensional calculations allow to
recover both the BE and the non-inductive current level from the same distribution
function. This is probably due to the fact that the main part of the measured photon
spectrum lies above the plateau region, and that the BE at a given photon energy k
integrates the contribution of all electrons at higher energy. Several other facts may also
contribute to the discrepancies between l -Dl /2 and 2-D Fokker-Planck calculations: as
shown in Fig.3, the backward contributiorj is underestimated, and from the contour plot
displayed in Fig.4, the discontinuity in the T i model used in l-Dl/2 simulations induces a
spurious shape of the distribution function in the vicinity of the p// = 0 direction.
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Simulations of the BE emission have
been also carried out for JET LH shots, with a
carefull comparison between 1-D1/2 and 2-D
Fokker-Planck calculations. Though the
numerical procedure differs from the TORE
SUPRA one, similar results are obtained as
shown in Fig.5. Simulations in which the two-
dimensional Fokker-Planck equation is solved
allow to reproduce both the BE level in the
four energy windows and the estimated non-
inductive current.
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Abstract The 'Quasi-Optical Grill1 (QOG) has been proposed to increase the robustness
and the simplicity of a Lower-Hybrid Waves antenna for reactor application [1].
To compare the performance of a QOG antenna with that of conventional scheme, an
experiment was envisaged in TORE-SUPRA in cooperation with the ENEA. Encouraging
modelling results [2] lead to conduct a pre-design study [3],
The main results of this study are presented in this paper. In particular, an analysis of the
practical system has shown a limitation of the injected power due to either the appearance
of large electric fields in the resonant structure, or to an increased reflexion linked with
departures from ideal conditions. This analysis is based on the results of the diffraction
code [2] developed by the ENEA complemented by a simple 'Fabry-Perot' model.
A further optimization is thus needed and is being undertaken to assess the future of the
concept.

I - PRE-DESIGN STUDY FOR TORE-SUPRA
water-cooled fcrtila

rdsplacemen( system emplacement system, QOG bide liye^

plane

locusing rracfJ:
Fig.l

The QOG and its illumination system
p

Fig. 1 is an artist's view of the QOG, within the vacuum vessel of TORE-SUPRA.
A schematic of the QOG is shown Fig. 2. and its main dimensions are given in
TABLE I. For some parameters, the maximum deviation - as given by the
ENEA-code - causing a drop of 20% of the total power transmission when all
others have their reference value, is also indicated.



TABLE I.

value
deviation

number
of rods

N
30

front-layer inter-layer
to plasma distance
distance
L [mm]
1.8

D[mm]
20.8

L+Dmm]

±0.5

rod
period

d [mm]
15.6

rod width rod length

w [mm]

9.6
1 [mm]
19.2

value
deviation

radial
rod
angle
a
25°
±1.5°

incident
wave-
vector
angle0
- 25 °

back-plate back-plate back- QOG
opaque
fraction

50%
± 40 %

slot width
[mm]

2.4
±1.2

plate
thicknes
s [mm]
7

poloidal
dimension
[cm]
46

QOG
toroidal
dimension
[cm]
48

Fig. 2
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The plasma-facing front-layer of
the QOG is surrounded by actively
cooled graphite protections. Both
QOG layers and the protections
must be curved in the toroidal and
poloidal directions in order to
maintain constant within the
required accuracy the 'front-layer
to plasma1 distance L. lo,oi(la, tkaalon •
Front and back-layers are manufactured as a rigid body; a provision for adjusting
their distance while maintaining the required parallelism being considered too
demanding.
A provision for the displacement of the whole QOG with a high precision is
needed to allow for matching various plasma conditions.
The upstream mirror is curved to provide the required beam focusing (curvature
radii of the QOG surfaces), while the down-stream one is approximately plane
and rotatable about a vertical axis (to enable the matching of the QOG by
variation of G [2]). However, given the port dimensions, both mirrors and the
back-plate are located in the near-zone of each other: this imposes to perform a
diffraction-corrected design.

Transmission lines, general lay-out of the experimental system

The main guide-line of the design was to take advantage of equipments available
during a certain time-window in both laboratories (a spare 8 GHz, 1 MW, 1 s
gyrotron at Frascati; HV power supply^ part of the gyratron area and port
allocated to the 118 GHz experiment in preparation at Cadarache). .
A general lay-out of the system is represented Fig. 3. Straight elements and

bends of the transmission Une are in the mode TEoi; this mode - rather than that
of the gyrotron (TE51) - has been selected to restrict the RF losses. Three mode
converters are needed. An available vacuum window has been used to avoid de
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vtctxin window

gyioiron Fig. 3
velopmeat cost and delays. The overall transmission of the system (excluding the
mirrors) is estimated to 74%.

H - DESIGN ANALYSIS, PERFORMANCE EVALUATION
To meet the objective of the experiment (comparison of a QOG with traditional
launchers in use on TORE-SUPRA through the measured effects on the plasma),
an injected power exceeding about 0.4 MW is estimated necessary. It is thus of
order to evaluate the performance of the system, taking account of the range of
experimental conditions and of deviations from the ideal conditions assumed in
the code. To this purpose, a sensitivity analysis was performed (see Ref. [2]); this
has shown among others the feasibility of tuning the QOG by varying 9, but also
that high electric fields develop in the cavity, which limits the power handling
capability to about 2 MW/(m2 of radiating surface). Departures from the ideal
conditions (actual geometry, achievable tolerances, range of plasma conditions)
albeit reducing the maximum field, also reduce the transmissible power density.
A number of as yet not quantified effects are liable to degrade in practice the
performance of the resonant device (such as edge-density gradient [4], influence
of the curvatures, possible excitation of coaxial modes between plasma and
wall...). Two main causes of degradations of the power transmission T, not yet
covered by code simulations: the lack of parallelism between the QOG and the
plasma surface and the divergence of the incident beam, were estimated with the
FP model
The main features of this model - to be described elsewhere - are as follows.
The incident wave propagates between two plates, characterized by their
respective amplitude transmission coefficients t^ . A small angle between the two
plates can be considered. The value of jt̂ J2 is chosen to be equal to the fraction of
the energy of the incident wave transferred to the plasma. An estimate of t2 can be
obtained using the spectrum radiated by an array of apertures of width w in an
infinitely thin screen placed in the front plane of the QOG (as in Ref. [4]). The
width w is chosen to be the same as that left between the slanted rods. This
spectrum is the product of an 'array-factor1 (defining the position of the diffracted
lines), with an 'element-factor1 F[O,cc] describing the field in each aperure (O is
the polar angle with respect to the radial direction, N//=sind>). Leaving the array-
factor unchanged, the aperture spectrum is submitted to the rotation %12-a and
the origin is shifted by 6 along the aperture to the new front plane, leading to
t(N//)= eikL *Ww/y«Hks/2 coww-a] p[<D(N//)-a-Hc/2, B-a+Ti/2].
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As examplified Fig. 4, this model
(curves) though extremely rough,
gives a fair approximation of the full
wave code (symbols) transmission
T(8) for - from left to right - kL=0.3,
0.5, 0.7 and 0.9 (adjusting a and ti
for each individual curve as in Fig. 4a
yields an excellent agreement; in Fig.
4b these parameters are the same for
all curves). Fig. 5 shows the change
from the ideal (•) resonance curves
T(D) and T(0) of a wedge angle of
3mm over the QOG toroidal length
(0); a simulation of the beam
divergence using two side-lines of
half-amplitude at ± 4° from the
incident wave (11); and superimposing
both effects (•).
Combining the effects simulated both
with the code and with the model, it
is found that the overall power 0 10 20 M o
transmission to the plasma is not likely to exceed 50 to 60% of the impinging
power; i.e. 30 to 40% of the gyrotron power.

m SUMMARY, CONCLUSIONS
An opportunity to conduct an experimental test of a QOG launcher in TORE-
SUPRA was offered by a collaboration between the Italian and the French
Euratom-Associations, taking advantage of equipments available during a certain
time-window in both laboratories.
A pre-design of the experiment has been performed on the basis of an optimized
dimensioning obtained by the ENEA with the help of an electromagnetic code [2].
In spite of a a relatively high theoretical performance (25% smgle-layer energy
transmission), large electric fields develop in the QOG and more sophisticated
illumination and transmission line systems than initially foreseen are needed to
reach (even marginally) the performance level required for a significant test.
This study has shown the need and possible directions for a further optimization
of the single-layer transmission (now undertaken), the results of which should
permit to assess the actual potential of the'QOG for next-step devices. ,

[1] M.E. Petelin, E.V. Suvorov, Sov. Tech. Phys. Lett. 15(1939)
[2] G. Mazzitelli et al., this conference.
[3] G. Agarici et al. Report EUR-CEA-FC- 1546, DRFC/CAD, 1995
[4] J.-P. Crenn, Ph. Bibet, Report EUR-CEA-FC- 1508, DRFC/CAD, Aug. 1994
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A new scenario for efficient mode conversion heating, in the ion cyclotron range
of frequency, is proposed. Experiments on Tore Supra demonstrate that this new
scheme is quite efficient. A detailed analysis of this mode conversion scenario is
carried out, using a new complete 1-D model and the 3-D full wave code Alcyon.

A variety of schemes for radio frequency heating of fusion plasmas in the ion cyclotron range
of frequency (ICRF) has been shown to be effective in tokamaks. One of these involves mode
conversion (MC) from the fast magnetosonic wave to the slow ion Bernstein wave (IBW) near
the ion-ion hybrid resonance of a multispecies plasma. Numerous applications of this scheme are
relevant to tokamak reactors: on and off axis electron heating and current drive [1,2], synergism
with lower hybrid waves for enhanced current drive [3,4] and channelling of alpha particle power
for current drive and increased reactivity [5].

In spite of its important potential applications, MC has scarcely been studied on the large,
present day tokamaks. Previously, using antennas on the high field side (HFS) of the plasma,
direct electron heating by IBW's had been observed [6]. In this scenario, 100% of the fast wave
power can be converted to IBW's. However, in present day experiments, the fast wave antennas
are placed more conveniently, on the low field side (LFS) of the plasma. In such a configuration,
the fast wave encounters a cutoff njj = L (LC) and has to tunnel through an evanescent zone

before it reaches the ion-ion hybrid layer S=0 in the vicinity of which MC occurs (here, we
use the notations njj, R, L, and S as defined by Stix [7]). When only considering this cutoff-
resonance pair, the mode converted power can be shown to be given by T x (1 — T), where
T is the power transmission coefficient through the cutoff [8]. Consequently, the maximum
power that can be mode converted is only 25% of the total incident fast wave power. However,
recently, some authors (Majeski et al. [2], Ram et al. [4]) have noticed that by including the
cutoff n?, = R (RC) on the HFS of the plasma, one obtains a cutoff-resonance-cutoff triplet

forming a resonator (shaded area in Fig. 1) which can be critically coupled to the fast wave,
provided a phase condition is fulfilled. It is then possible to show that, if T = 0.5, all the
incident fast wave power can be mode converted. Unfortunately, such a search for efficient MC
suffers from important drawbacks: the critical coupling is very sensitive to the density profile,
the ion species mix, and the launched n\\. Consequently, this type of scenario is likely to be
restricted to small operating windows in density and to work only for some of the ri|| launched
by the antenna.

Rather than seeking to achieve complete MC with the "internal" resonator system (between
the HFS-RC and LC), we propose to rely on the global, external resonator structure formed by
the ni? = R annulus (see Fig. 1) which spans (along the equatorial plane) from the HFS-RC
to the LFS-RC near the antenna, and also contains the MC layer. If the fast wave is coupled
to a plasma with no absorption mechanism, it will bounce inside this "global" resonator until
the power is dissipated through the weak edge losses (tunnelling between the RC and the wall).
Now, if any stronger absorption mechanism exists in the plasma, it will damp most of the fast
wave energy. It is by using this phenomenon that we get very efficient plasma heating with
low single pass absorption schemes like fast wave direct electron heating (FWEH) [9,10]. In
the same way, by avoiding any competing damping mechanism in the plasma, all the fast wave
power will be mode converted to IBW, even if the phase condition for an "internal" resonator
is not fulfilled.

We will first describe experiments, using this scheme, on Tore Supra where efficient MC
heating has been observed. These experimental results are then analysed using the 3-D full
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wave code Alcyon [11] and a new complete 1-D model. Finally we discuss the possibility for
improving our scenario using the "internal" resonator effect.

Experimental observations. — For the MC experiments, Tore Supra was operated with the
following parameters: major radius 2.36 m, minor radius 0.72 m, plasma current 0.8 MA, toroidal
magnetic field at the plasma center (Bt) 3.85 T, volume averaged density 3.5 x 1019m~3. The
plasma composition was a mixture of hydrogen (H) and helium 3 (He3) with a small remnant of
deuterium (D). The ion species ratio p = n///(n// + nj/ej) was chosen to '< : around 0.5 in order
to minimise the possible damping through ion cyclotron resonance. For the same reason, the
launched wave frequency was 48 MHz, chosen so that the H and He3 resonance layers are located
far from the center, in the colder part of the plasma. The antennas were operated in dipole
configuration (n|| SS 15). Measurements of the electron temperature (Te) and density (ne) were
carried out using a twelve channel Thomson scattering system, a Michelson interferometer for
electron cyclotron emission and a five chords far infrared interferometer. The ion temperature
(Ti) and the isotopic ratio of H to D (nu/no) were measured by a system of five perpendicular
and one parallel charge exchange (CX) neutral analysers. Hot ions were monitored with the CX
analysers and with the ripple loss diagnostic. The quantity n/j is deduced from the neutron flux
and Tt. Then, n// is determined from the isotopic ratio. The density of He3 and carbon are
inferred from the Zejj measurement (from visible Bremsstrahlung), neglecting impurities other
than carbon (this last hypothesis has been checked by spectroscopic measurements).

Fig. 2 demonstrates the strong central electron heating which is observed when applying an
ICRF pulse at a powtr level of 2 MW. Three damping mechanisms can explain the plasma
heating: ion cyclotron resonance heating where the suprathermal ions slow down on the thermal
bulk, FWEH, and MC. Ion cyclotron resonant damping can be ruled out because, during the
heating phase, Tt peaks very far from the H or He3 cyclotronic resonance layers. Moreover, very
few suprathermal ions are detected by the CX analysers and by the ripple loss diagnostic. It is
possible to discriminate between FWEH and MC by examining their power deposition profiles.
The power deposition of FWEH is always localised at the center of the plasma and is insensitive
to the toroidal magnetic field and plasma ion species mix [11]. On the contrary, the power
deposition of MC heating depends on the location of the MC layer, which can be controlled by
adjusting either Bt or p.

Such experiments, where the location of the MC layer is changed, have been conducted on Tore
Supra. The ion species mix was varied during a single shot using the following procedure: the
plasma is initiated in He3. Then, He3 is puffed at 5.5s and 9.5s. As He3 is a totally recycling
gas, the He3 density increases in successive steps during the shot. In subsequent shots, this
He3 puffing is reproduced and the density is controlled by a feed back loop injecting H. Fig.
4.a demonstrates the procedure: the dashed line represents the total number of electrons (Ne)
during shot #15901 with He3 puffs only, while the solid line represents Ne during shot #15905
with He3 puffs and H feed back. Absolute measurements give p = 0.65 ± 0.1 during the first
ICRF pulse and 0.55 ± 0.1 during the second one. Despite the large error bars inherent in the
absolute measurements of p, we can get a more precise evaluation of its relative evolution by
assuming that the number of He3 atoms in shot #15905 is given by Ne during shot #15901
multiplied by (1 — a) and divided by 2. The constant o accounts for H desorption from the
wall during shot #15901 and is estimated from the p measurement at t = 4s (a = 0.17). Fig.
4.b displays this estimate, showing that indeed, p decreases between the two ICRF pulses.

Fig. 3 shows that, as expected, the shape of the Te profile follows the location of the MC
layer, which moves toward the HFS when lowering Bt and moves back toward the H layer on
the LFS when decreasing p. Consequently, the dominant damping scheme is clearly MC.

Analysis of mode conversion experiments. — The variational full-wave code Akyon has been
used to analyse the MC experiments.The Alcyon results has been checked against a new, simpler
1-D model [13]. This 1-D model exactly solves the wave equation in the mode conversion region
and in the antenna neighbourhood and asymptotically connects the two solutions through the
WKB approximation. This allows to take into account the various reflections occurring in the
plasma and the interaction of the wave with the antenna.

Fig. 5 displays the power coupled to the plasma for all the damping mechanisms (dipole
configuration, shot #15905, t = 7s). The fraction of mode converted power is close to 90% of
the launched power regardless the wave numbers N<p that propagate in the plasma. Damping
on ion cyclotron resonances is completely negligible. Direct coupling to electrons reaches a
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maximum fraction of 20% for the optimum Nv where the phase velocity matches the thermal
velocity and represents 10% of the total absorbed power.

The wave numbers launched by the antennas in dipole operation are high, so the resultant IBW
is excited with a phase velocity lower than the thermal velocity of electrons, and is thus rapidly
damped within a few centimetres of the coalescence region. This allows to identify coalescence
region and power deposition. We then find out that the deposition of mode converted power on
electrons is quite central, in good agreement with the peaked Tt profile experimentally observed.

The i-D model [13] allows to distinguish two types of intrinsic plasma resonator structures,
both containing the MC layer. The first one, which we call "internal", occurs between the
LC and HFC-RC and forms a resonant cavity coupled to the incident wave coming from the
LFS [2]. The second intrinsic plasma resonator structure is delimited by the njj = R annulus
and is coupled to the external antenna: we call this a "global" resonator as it encompasses
the "internal" one when considering its coupling to the antenna rather than to the incident
LFS wave. The strong standing wave structure that appears between the LFS-RC and the
LC, clearly shows that there is no "internal" resonator effect in this case. Actually, when the
"internal" resonator is critically coupled to the fast wave, there is no reflected power at the
LC [4], and no standing wave structure should appear between the LC and the LFS-RC. This
lack of "internal" resonator effect is a general feature for all Nv propagating in the plasma.
However, we do observe strong resonant peaks in the radiation resistance of the antenna (cf.
Fig. 5), characteristics of the coupling of the antenna to the "global" resonator. As we have
carefully avoided competing damping in the "global" resonator, the wave bounces in it until it is
absorbed through mode conversion. This scheme is very similar to the FWEH scenario used on
Tore Supra [10]. We stress the excellent agreement between the 1-D model and Alcyon results.
The same cavity modes do appear for the same N^, essentially because, for that case, the cavity
modes settle on the equatorial plane [13].

Conclusion. — Experiments on Tore Supra have demonstrated that efficient mode conversion
with low field side antennas can be achieved without resorting at any high field side resonator
effect. This extends mode conversion scenarios to a much larger operating window in density,
the only constraint being to minimise competing damping mechanisms. This scheme does not
require a power transmission coefficient of 0.5 lowering the constraint on the ion species mixture.
Furthermore, the power fraction which is mode converted is independent of the launched toroidal
spectrum, and thus of the antenna phasing. Especially, this scenario allows efficient mode
conversion for the low wave numbers that can further accelerate the electrons of the suprathermal
tail driven by lower hybrid waves, and significantly improve the current drive efficiency [3].

The authors acknowledge the contribution of the ICRF engineering team and Tore Supra
pilot group whose contribution were essential to this work. We are especially grateful to C.
Chamouard and C. Grisolia for their careful management of the He3 injection lines and to J.
Harris for fruitful discussion. The work by A.K. Ram and A. Bers was supported in part by a
U.S.-D.O.E. Contract at the Plasma Fusion Center, M.I.T.
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HFS LFS

FIG. 1. Poloidal section of the plasma with
the cold plasma cutoff and resonant surfaces: the
ion-ion hybrid layer (dotted line), the n\ = L
cutoff (dashed line) and the njj = R cutoff
(dot-dashed line).
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FIG. ?.. Electron temperature profile during
ohmic (dashed line) and ICRF (solid line) phases.
The dot dashed lines indicate the H and He3 fun-
damental cyclotron resonance layers.

FIG. 3. Normalised electron temperature pro-
file and mode conversion layer location for shot
#15910 (solid lines), shot #15905 at t=4.5s
(dashed line) and shot #15905 at t=8.2s (dotted
line). The mode conversion layer positions are
determined using the Alcyon code.
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FIG. 4. Evolution of the total number of elec-
trons and ion species mix for shot #15905. In Fig.
3.a, the solid line indicates Nc for shot #15905,
the dashed line Ne for shot #15901 without H
injection, the shaded area the He3 puffs. Fig. 3.b
displays the ion species mix for shot #15905. The
shaded areas indicate the ICRF pulses in a.u..
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1. Introduction

Fast load changes are often observed during high power ICRF experiments. In the
case of ELMs, these fast transients both affect the density and the density profile
in front of the antenna (1). ELMs frequency in the range of 200 Hz have been
observed in ASDEX-U. In Tore Supra, crashes at the end of a Monster Sawtooth
lead to similar edge perturbations. The ICRH system has to comply with these
changes so that no significant power reduction occur, in which case the plasma
scenario could surfer (loss of thermal equilibrium or H-mode).
Experiments have pointed out the need for a better resilience to these fast varying
loads, and specific domains have to be improved on ICRH systems, namely : arc
detection systems, impedance matching networks and power supplies circuitry.

2. Discrimination between Load Transients and Arcs

Arc protection circuits are commonly using a signal derived from the ratio
reflected power to forward power, which is compared to a pre-set threshold.
These circuits cannot distinguish load transients from arcs and will thus trip the
generator in both cases to protect the RF components (shut off time is typically 30
to 50 ms). New developments will allow to discriminate arcs from load transients,
for example :

"** ASDEX-U team has chosen to detect the occurrence of the ELM from
a non RF signal (Ha or Da intensity variation) and to reduce, or switch off,
the power during an adjustable duration (typ. lms). (2). The influence on the
average power transmitted to the plasma is negligible if the ELM frequency is
not too high.

ts- TFTR team has made interesting developments on an arc detection
circuit based on second harmonic amplitude which looks promising'(3).

If ICRH protection systems can soon be able to distinguish arcs from load
changes, the matching system must follow theses load changes.
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3. Matching Optimisation During Transients

The matching on ICRH systems is performed nowadays with mechanically
adjustable impedances (capacitors or short circuited stubs) and/or frequency
tuning. The time response of the mechanically adjustable impedances does not
allow to follow fast changes.
In future large devices, where generators will be far away from the torus, long
transmission lines will be necessary. A recent approach consists in combining
several coupled resonators (4) : in the following, we computed the behaviour of a
half wave antenna connected to a short stub by a long transmission line. The
coupling resistance domain on which the VSWR is kept below a reasonable value
(typ. 1.5) is extended. Figure 1 is a contour map of VSWR vs Frequency and
Coupling Resistance for such a circuit : frequency tuning alone is sufficient to
follow a change of the coupling resistance. Slight inductive changes (+/-5%) due
to the plasma influence do not affect this matching setup : they result in a limited
frequency shift of the whole VSWR contours.
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Fig. 1 : Contour Map of VSWR vs Frequency and Coupling Resistance. Half wave antenna
is connected to a 0.7m stub by a 50.25 wavelength line, geometry is fixed and frequency
tracking between 60.2 to 60 MHz allow to keep VSWR < 1.5 when coupling is varying
between 3 and 15 SVm.

Large increases of coupling resistance (up to a factor 3) have been observed in
about 100u,s on ASDEX-U Elmy plasmas (1). In such conditions, the frequency
tracking may not be fast enough to follow an acceptable matching in the real
case, where response time of the error signal and overall stability will have to be
taken into account. Then, for short periods, the generator might be trying to
deliver the pre-set power on a load with a VSWR which can attain values in
excess of 1.5. To study the influence of these loads on a generator, one has to
consider the transformation of the impedance from the matching device to the
generator output.
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4. Operating Conditions of the RF Generator

High power ICRH sources are generally tetrode amplifiers. The tetrode is
working in a resonant cavity which is coupled to the load through an output
circuit. We have developed a circuit model which describes the behaviour of our
generators, including the integrated regulating loops.
Tore Supra RF power sources consist of 6 units of 2MW each (5). The output
stage is using tetrodes TH526 or TH525, supplied by Thomson Tubes
Electroniques. In these generators, for a given output power, the working point of
the tetrode is dependent on the anode voltage Vdc (the different grid voltages are
constant). In Tore Supra system, a regulating loop will tend to lower Vdc if anode
dissipation is too high, and will try to increase it if the RF peak voltage in the
anode circuit becomes close to Vdc to avoid excessive grid current. If the 2
opposite actions are needed at the same time, the generator controls will reduce
the forward power so the tetrode can work within its permitted limits.
Optimisation of the overall efficiency would lead to keep Vdc as low as possible,
but in practice, Vdc is left at a pre-set point in our generators provided the limits
(anode or screen grid dissipation) are not encountered.

The transmission line model describing
the TS antenna has been used to
compute the antenna impedance vs the
coupling resistance, when this antenna is
tuned for a fixed frequency (57 MHz)
around 4 QJm. Resulting VSWR in the
feeder line is shown in Fig.2. This
impedance is then transformed along the
feeder line, which will introduce a phase
shift seen by the generator between 0°
and 180°, depending on the line length.
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Fig. 2 : VSWR in Feeder Line for TS
Antenna vs Coupling Resistance.

The corresponding reaction of the regulating circuits on the anode voltage is
shown in the Figure 3 for a given output power of 1.5 MW. One can see that for a
phase near 0° (Fig.3;rep.a), Vdc is constant for a wide range of loads (3 to 8
£2/m). This property can be used in the case of fast impedance changes, since Vdc
cannot follow the regulation demands : voltage regulators and capacitor filters
used in the DC power supplies limit the response time to several ms.
It should be noted that during such fast transients, the region where Vdc needs to
be lowered (Fig.3;rep.b), corresponding to excessive anode dissipation, can
however be used, since on a thermal point of view only the mean power is
relevant (on time scales smaller than the tube thermal response time).
On this example the starting point for the anode voltage was chosen at £0 kV, and
the maximum anode dissipation is 1.2 MW (TH525). New types of tetrodes are
now available which allow larger maximum anode dissipation (for example : 2MW
for TH525A).The Vdc starting point can then be set at a higher value and the
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domain where no correction is needed will be larger, but with a larger payoff on
the overall efficiency.

A n o d e V o l t i g e ( k V )

A r b i t r a r y P h a i e ( ° ) C o u p l i n g R e i i s t t n c e ( fi / m )

Fig. 3 :TH525 Anode Voltage regulation vs phase on output and Antenna Coupling Resistance

A large improvement of the system behaviour can be obtained by using high
power supply equipments now available (6),which can be controlled at much
higher frequency. The gain to use such voltage controllers is twofold : Vdc can
follow fast variations, so the generator recovers a certain insensitivity to phase,
and the working point of the tetrode can be optimised in terms of efficiency.

5. Conclusion

Significant progress can be obtained at different levels of high power ICRF
equipments to minimize plasma load changes effect on RF power transmission
capability. These developments, once tested, must be integrated at the conception
of the whole system. The problems due to ELMs perturbations, which were
revealed by recent experiments, should not be a limiting issue in future systems
which will incorporate these developments.
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