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1. Introduction 
The main objective of the Lower Hybrid (LH) experiments performed on Tore Supra is 

to provide large flux savings for kng pulse operation while controlling the plasma current 
density profile [1-2]. This goal will be best achieved by applying LH wave directly during the 
current ramp-up phase. In order to reach a steady-state operation for a reactor with a large 
bootstrap fraction and an improved confinement, it will be also required to control the current 
profile in the early stage of the discharge, i.e. during the current ramp-up. 

To prepare such "advanced" scenarios, experiments have been performed where a large 
fraction of the current is driven non-inductively during the ramp-up phase. A theoretical flux 
consumption scaling is presented and compared to experimental data. The time evolutions of the 
current density profiles are analysed with a new current diffusion code (CRONOS). In view to 
achieve fully non-inductive current drive discharges in a fast, systematic and reproducible way, 
experiments where the primary voltage is imposed have been carried out. In a complementary 
approach, an appropriate transformer flux feedback scheme has been also studied. 
2. Current profile effects during non-inductive ramp-up experiments 

In this section, the range of application of the non dimensional flux consumption scaling 
law, which has been previously proposed for ramp-up experiments [3], is investigated. In 
order to make a dimensionless analysis of the surface flux consumption (Poynting analysis), it 
is convenient to normalize the volt-second consumption Ad>sarf to the "internal" magnetic flux 
variation AO*. In the scaling, AOsurf is linked to the LH power Pih by the relation, 
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where P* is the power level corresponding to a full current drive discharge.The characteristic 
ramp-up time constant is Xjp = (dlp/Ldt)'1 where L, is the plasma current, and Tres = Lj/Rp is a 
resistive time constant associated with the "iniemar inductance Lj and the electric resistance Rp 

of the plasma. To optimize the flux consumption, two ramp-up regimes must be considered: an 
"underdriven" regime (P|h < P*, i\^xK% minimized) and an "overdriven" regime ( P^ > P*, 
Xlp/tres maximized). 

Experiments have been performed on Tore Supra at various ramp-up rates (from 25 to 
600 kA/s) with the line-averaged electron density n̂  between 1 and 2 x 10*9 m*3. Some shots 
are represented on Fig. 1. The various fluxes, AOsurf and AO*, are direcdy calculated from die 
surface loop voltage and the magnetic measurements. The resistance of the plasma and therefore 
the resistive time xres is deduced from electron temperature profile measurements by Thomson 
scattering, assuming a neo-classical resistivity. A satisfactory agreement is found between the 
flux consumption dependence over t\JzKS and P|K and the dimensionless scaling law. 

In view to achieve current ramp-up in trie "overdriven" regime at sufficiently high 
power, preliminary experiments have been performed, where Ip is increasing slowly between 
two plasma current plateaus at a typical rate of 50 kA/s. The LH power is directly applied in the 
first plateau and is ramped up together with the plasma current [3-4]. The main characteristics 
of these experiments are shown on Fig. 2. In this regime, where a large fraction of the current 
is driven non-inductively, it is necessary to control the current profile to avoid MHD activity. In 
order to investigate the time evolution of the current density profile, and its links with the MHD 
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activity, a current diffusion code has been developpecL CRONOS. In this code the non-
inductive sources are the LH and the bootstrap current. The latter is calculated self-consistently 
from the safety factor, density and temperature profiles. The current diffusion analysis of the 
slow ramp-up discharges is performed with CRONOS assuming a neo-classical resistivity. The 
experimental and calculated time evolution of the global parameters (non-inductive currents, 
loop voltage, internal inductance) and safety factor profile are presented respectively in Fig. 3a 
and 3b. During the first LH plateau, a flattening of the current profile is observed in the central 
region (r/a < 0.2), as well as an increase of the internal inductance, lj= 1.8. Such a behaviour 
is characteristic of the LHEP mode. In this regime, the shear in the gradient pressure profile 
region (r/a = 0.2 for the peaked pressure profiles) is very small and vanishing. This may 
trigger the "infernal mode" instabilities and explain die MHD activity observed in some higher 
LH power discharges. During the ramp-up current phase and due to the broadening of the 
current profile, the low magnetic shear in the central region is maintained, while the value of lj 
decreases from l.S to 1.5. A modelling of this variation needs to introduce a modification of the 
LH current density profile during the transient phase. It has been checked, by modifying the 
resistivity model or varying the loop voltage that the contribution of the residual ohmic current 
is negligible. A further confirmation of this interpretation, is the slow broadening of the hard X-
ray emission (HXR) profiles for photon energies above 75 keV: an increase of 30 % of the 
half-width of the HXR profile is thus observed. In this discharge, the global energy 
confinement exceeds the value predicted by the Rebut-Lallia-Watkins (RLW) scaling law [5]. 
The improvement of the energy confinement, which reaches 40% (see Fig. 4) and is maintained 
during the LH pulse up to the plasma current flat-top, results from the high magnetic shear at 
mid-plasma radius [6]. 
3. Analysis of non-inductive operation scenarios 

In long pulses that have been carried out in Tore Supra, the duration is limited by the 
flux consumption [2], since the total current is only partially driven by the LH system. For 
these shots, the usual scheme is a feedback control of the plasma current. Therefore, to achieve 
fully non-inductive regimes, a prior and a real time knowledge of the current drive efficiency is 
necessary in view to adjust the non-inductive power input at the level required by the plasma 
current. In this section, another type of scenario is investigated, in which the applied voltage on 
the primary circuit (Voh) is kept constant, while the coupled plasma-poloidal field (PF) coils 
system reaches freely its equilibrium. The time evolution of Ip at constant Pjh and V0h is shown 
in Fig. 5. Until the end of the discharge whose duration exceeds 25 seconds, no plasma current 
equilibrium is clearly observed. To understand this behaviour, the Tore Supra coupled plasma-
PF coils system is fully modelled using equivalent circuit equations, where the inductance 
matrix of the poloidal circuits are numerically calculated with a finite element equilibrium code 
(CEDRES). The plasma resistance is deduced as described in the first section. Calculations 
show that the equilibrium is reached on a time scale of the order of 60 seconds, which is much 
longer than the resistive time Xp = L/Rp, where L is the total inductance of the plasma loop. The 
good agreement between theoretical predictions and the experimental variation of the primary 
coil current as a function of Ip (see Fig.6) validates the assumptions in the model, and therefore 
the value of the equilibrium time constant. Thus, this operation mode is not the most 
appropriate to achieve a fully non-inductive regime on short time for Tore Supra. 

An alternate and promising scheme is a feedback control of V0h such that the 
transformer flux is constant. An equilibrium could then be reached on a time constant, teq, 
which is now shorter than Tp. Typically, from a two circuits analysis, xeq = Xp (l - \i2 ), where JJ. 
is the coupling coefficient between the circuits (JJ. = 1 for Tore Supra), with the complete 
model, the expected plasma current time evolution for such operation mode has been calculated 
(Fig. 5). The full equilibrium is now reached on shorter time than for the previous scheme. A 
modification of the feedback system of Tore Supra has therefore been undertaken, in order to 
allow such an operation mode during the next experimental campaign. 
4. Conclusion 

The dependence of the flux consumption in non inductive discharges versus the LH 
power and the ratio of the characteristic ramp-up time to the resistive time has been verified 
experimentally. A new current diffusion code, CRONOS, has been developped which 
reproduces quite well the time evolution of the current density profile during LH assisted ramp-
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up regimes where a large fraction of the current is non-inductively driven. The time dependent 
analysis has revealed a broadening of the LH current profile during die ramp-up phase which is 
confirmed by the analysis of the hard X-ray emission profiles. This is attributed to 
modifications in the LH wave propagation due to variations of the q-profile. 

Non-inductive operation scenarios have also been studied. The analysis of the Tore 
Supra plasma-poloidal field sytcm shows that full non-inducdve equilibrium could have been 
reached over a rime scale of about one minute with the primary voltage maintained constant. In 
order to reach an equilibrium faster, a new operation mode is proposed, where the primary 
voltage is controlled so that the transformer flux is kept constant 
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Fig. 1: Flux savings relative to the 
—| inductive flux versus normalized LH 

power for various tjJ^res 
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Fig. 2: Plasma current 
(lp). LH power (Plh) 
and surface loop voltage 
(Vs) during LH assisted 
current ramp-up (shot 
10276). The dashed 
curve is the reference 
ohmic loop voltage for 
the same ramp-up rate 
(50 kAls). 
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Fig. 3: (a) Experimental and simulated lime evolution of the loop 
voltage and internal inductance; (b) Experimental (t=lls) and 0.0 0.2 0.4 0.6 
simulated (t: [4s;12s}) safety factor profiles. r/a 
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Fig. 4: Measured electron kinetic energy and RLW prediction. 
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Fig. 5: Temporal evolutions of plasma current (1„) 
when the LH power (P[n) and Von are kept constant 
(shot 82l2).The dashed curve represents the predicted 
time evolution of l„ if the LH power and the 
transformer flux were kept constant and Von varied. 
The prediction is performed with the same plasma 
parameter as in shot 8212. 
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Fig. 6 : Experimental and calculated variation of 
the primary coil current versus plasma current 
(shot 8212]. 


