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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
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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.
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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).
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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 . '
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— 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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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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