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ABSTRACT

Stable and stationary states with hollow current density profiles have been

achieved with Lower Hybrid Current Drive (LHCD) during Lower Hybrid (LH) wave

accessibility experiments. By analysing the bounded propagation domain in phase space which

naturally limits the central penetration and absorption of the waves, off-axis LH power

deposition has been realized in a reproducible manner. The resulting current density profile

modifications have led to a global confinement enhancement attributed to the formation of an

internal "transport barrier" in the central reversed shear region where the electron thermal

diffusivity is reduced to its neoclassical collisional level. The multiple-pass LH wave

propagation in the weak Landau damping and reversed magnetic shear regime is also

investigated in the framework of a statistical theory [K. Kupfer, et al Phys. Fluids B, 5 (1993)

4391] and the experimental validation of this theory is discussed.
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1. INTRODUCTION

The improvement of the tokamak performance to ensure the economic viability

of tokamak fusion reactors is of main importance to magnetic confinement fusion research [1].

The so-called "advanced tokamak" concept, which is characterised by steady-state high

confinement plasma regimes, appears promising to reduce the size of the device and relax the

plasma current constraint. The improvement of the tokamak concept could be achieved by self-

consistent hollow current density profiles which should provide an enhancement of the global

energy confinement and an improved stability [2]. To minimize the power requirements for

non-inductive current-drive in the ignited phase, a large fraction of the plasma current could be

generated by the bootstrap current [3]. This could lead to the definition of an attractive non-

inductive steady state tokamak fusion reactor. It has been recently pointed out that a

magnetohydrodynamic (MHD) stable route to continuous burn with central shear reversal

requires to establish hollow current profiles already during the low plasma pressure phase of

the discharge, i.e. when the bootstrap current fraction is too low to produce non-monotonic

current density profiles [4]. Along these lines, an active world-wide research effort in current

drive and current profile control has been undertaken in order to access and maintain (control),

in a stable and stationary manner, the optimized hollow current density profiles required to

experimentally validate a possible strategy of improvement of the tokamak performances.

Reversed magnetic shear equilibria observed in JET [5-6], DIII-D [7-8], TFTR

[9] are transient in nature. The hollow current density profiles are the result of pellet injection in

JET [5], rapid plasma elongation ramping in DIII-D [7] and fast plasma current ramp-up in JET

[6], DIII-D [8] or TFTR [9]. In combination with these transient plasma perturbations, various

plasma heating schemes are used to provide central electron heating and slow down the current

resistive evolution by increasing the electrical conductivity. Stationary plasma regimes could not

be achieved using such perturbative shaping methods since the current density profiles naturally

relax on a characteristic resistive time to the standard monotonic profiles.

In this paper, we present a series of experiments performed in the

superconducting Tokamak Tore Supra which has allowed to access in a reproducible manner to

stationary plasma states with negative internal magnetic shear. This was done using the Lower

Hybrid (LH) non-inductive current drive scheme when the plasma core is not accessible to the

waves [10-11] so that a large fraction of non-inductive current is driven in the outer part of the

plasma column. In present tokamak experiments, plasma absorption of high phase velocity LH

waves is too weak to ensure that the wave is damped directly (i.e., without bouncing back and

forth in the plasma cavity) in the outer half of the plasma as it is expected in future high

temperature reactor grade plasmas. Therefore, to achieve off-axis LH power deposition profiles

in present weak damping regimes, we rely on wave propagation conditions constrained by the

LH dispersion relation in a magnetized plasma and on multiple reflections of the wave in the

plasma chamber. By properly choosing the plasma parameters, we have defined regimes where
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the wave propagation domain in the toroidal plasma column is limited to the outer plasma which

naturally prevents any central LH power deposition whatever the toroidal broadening of the

initial launched power spectrum. In these cases, the waves are trapped in the external plasma

region where propagation is allowed and make many passes through the plasma until the initial

launched spectrum is sufficiently broadened to be absorbed via electron Landau damping and

generate an off-axis non-inductive current profile.

In section 2 of this paper, we first present the plasma parameters which were

chosen for the magnetic shear reversal experiments. Then, the "wave trapping" conditions in

the outer plasma region are fully presented. In this section, we also discuss the relevance of the

proposed plasma parameters for future high plasma density experiments by considering

dimensionless parameters. In section 3, we describe the experimental results achieved on Tore

Supra where stable and stationary LH driven discharges are obtained with hollow current

density profiles. Then in section 4, we make a full analysis of the magnetic shear reversal

experiments. To calculate the LH power deposition profiles in these plasma regimes, two

independent treatments have been considered. The description of the wave dynamics in toroidal

geometry is based either on numerical integration of the ray Hamiltonian system (standard ray-

tracing technique) f 12], or on solutions of a wave diffusion equation which was derived from

the wave kinetic equation by a proper averaging on the cylindrical wave orbits and by applying

a standard quasi-linear treatment [13]. The validity of the wave diffusion model to describe the

weakly damped LH wave propagation is also discussed and the results are checked against the

experimental data. The non-linear link between the plasma equilibrium and the LH power

deposition profiles is clearly understood within the framework of the statistical wave kinetic

theory. The calculated off-axis LH power deposition profiles are validated using independent

measurements based on the magnetic data and on a hard x-ray emission diagnostic. We also

report a full analysis of the resistive time evolution of the current profile dynamics in order to

assess our numerical modelling of the LH driven current profiles and to confirm that stationary

states with hollow profiles have indeed been reached. Finally, local electron transport analyses

are presented which show the formation of a internal "transport barrier" in the reversed

magnetic shear region.
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2. EXPERIMENTAL PROCEDURE AND LH SIMILARITY CONDITIONS

The objective of the experiments is to study the effect of LH current drive when

a large fraction (> 50%) of injected n//-power spectrum is not accessible to the plasma core,

according to the Stix-Golant accessibility criterion [14-15]. In order to observe the signature of

the LH non-inductive current density profiles directly on the magnetic measurements, and to

strongly modify the total current density profiles, the experiments were performed with a large

fraction of the total plasma current driven by the LH waves. At the present available LH power

level on Tore Supra, this is achieved by decreasing both the electron plasma density and the

toroidal magnetic field to conserve the accessibility condition. The Tore Supra plasma

parameters for the magnetic shear reversal experiments are first defined. Then, the slab

accessibility criterion is extended by fully calculating for each flux surface the lower and upper

limits of the slow wave propagation domain. Finally, on the basis of these propagation

boundaries and considering dimensionless plasma parameters, we discuss the relevance of the

choice of plasma parameters to extrapolate the results in the high-density plasma regimes.

2.1 Choice of the plasma parameters

In the cold-plasma approximation, the accessibility limit (n//acc) for the local

parallel wave index depends mainly on the ratio of the electron plasma frequency (cope) to the

electron gyrofrequency (Qcc): n//acc = 1 + °ije/^;e- Therefore the accessibility limit depends

upon the ratio of the square root of the electron density to the toroidal magnetic field. For

instance, n//acc is conserved by decreasing both the plasma electron density and the toroidal

magnetic field by respectively a factor 4 and 2. The lower density and toroidal magnetic field

conditions meet the requirements of the experiments: poor core plasma LH accessibility (similar

as in the high density plasma) together with a large fraction of non-inductive current compatible

with the present available LH power on Tore Supra.

For the magnetic shear reversal experiments, Tore Supra was operated with the

following parameters: a circular cross-section with a major radius (Ro) 2.40 m and minor radius

(a) 0.72 m, plasma current (Ip) 0.4 MA, a reduced toroidal magnetic field (Bt) at Ro of 1.3 T

and 2.2 T (nominal value is 4 T), with a central electron density (neo) ranging between 2.5 to

3.5 1019 nr3 in helium discharges. Two LH wave couplers are delivering up to 3 MW of LH

power (P|h) at a frequency of 3.7 GHz with a narrow n/^power spectrum (where n// is the LH

wave index parallel to the local magnetic field) centred at low n// values of 1.8 with a full width

at half maximum (FWHM) of 0.2. For these experiments, the Stix-Golant accessibility limit to

the plasma center is typically varied between n / / a c c = 1.8 [Bt = 2 .2T ,

n c o - 3.0 X 101 9 nv3] to n//acc = 2.4 [B t= 1.3 T, neo = 3.0 X 1019 n r 3 ] and therefore a

large fraction of injected n//-power spectrum is not directly accessible to the plasma core.
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2.2 LH Wave propagation domain

We shall show in this paragraph that the chosen plasma parameters for these

experiments allow to trap the LH waves in the external plasma region. We define the LH wave

propagation domain as the domain in phase space (r, k) [where r and k are respectively the

position and wave vectors] where the wave phase S = r.k is real [13,16,17]. For the sake of

simplicity, the generic properties of the LH wave propagation domains are obtained in the

plasma cylindrical equilibrium limit since their topology remain basically unchanged for the

Tore Supra toroidal equilibrium (circular cross-section). Appropriate canonical coordinates in

tokamak geometry are (r,0,<J),kr,m, n), where r is the minor radius, 0 is the poloidal angle, <j> is

the toroidal angle, kr is the radial wave vector, m and n are the poloidal and toroidal mode

numbers. In the co-ordinate system (r, 0, <|)), the components of the wave vector are (kr, m/r,

n/R0). By solving the wave electromagnetic dispersion relation D(m,r,kr,co) = 0 [where co the

wave frequency] for kr on each flux surface for a given toroidal mode number we define region

where the LH propagation is allowed, i.e. where kf > 0. The limits of the slow wave

propagation are then represented in the (m,r) plane or in the corresponding (n//,r) plane since n

is constant. The slow-wave propagation boundaries diagrams represent the intrinsic properties

of the LH wave propagation without paying attention to the calculations of the wave field

pattern in the plasma cavity.

For the parameter regimes considered above, the propagation domain is

bounded [the inner caustics and the outer edge cut-off branches merge into a common upper

limit] and has three important features (Fig.l) : (i) the internal upper n//-limit (inner caustic)

prevents slow waves from propagating to the plasma core, i.e. r/a < 0.2 and strongly limits the

toroidal n/^upshift in the central regions (r/a < 0.5) (ii) the lower n^limits prevents the parallel

index from downshifting below a minimum value, (iii) the slow waves and the fast waves share

a common boundary where mode conversion occurs. The intersection of the electromagnetic

wave propagation domain with the region of strong electron Landau damping gives the LH

power deposition domain. It has been shown that the electron Landau wave absorption

becomes strong when the wave phase velocity is less than 3.5 times the electron thermal

velocity [18]. Therefore, a relevant estimate of the n// values for strong electron Landau

damping are determined by the condition n// T [keV] > 6.5. In the reversed magnetic shear

experiments performed at a reduced toroidal magnetic field, it is shown on Fig. 1 that the spatial

region of power deposition is severely limited to the plasma region r/a > 0.4.
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2.3 Dimensionless parameters and high-density
LH similarity conditions

It is worth mentioning that exactly similar wave n^-propagating domains could

be obtained at higher magnetic field and plasma density [10] but these ranges of plasma

parameters require more LH power (due to the high density constraint) to drive enough current

to sufficiently modify the ohmic current profile and then reverse the magnetic shear in the

plasma centre. In this paragraph, we further discuss the plasma conditions for obtaining the

similar wave propagation boundary.

For the calculation of the LH wave propagation conditions, it is necessary to

consider the local cold plasma dispersion relation:

D(r,k,co) = P4 n* + P2 n
2 + Po (1)

where

Here £//, £_[_, and ex y are the elements of the cold plasma dielectric tensor [14]. Also
n± = ckj/co and n// = ck^/co are the perpendicular and parallel refractive index to the local

equilibrium magnetic field. In the LH range of frequencies, the following expressions may be

used:

G>2 CO2

Q^ 0)2 y

where, C0pu is the ion plasma frequency. Dimensionless parameters are defined as:

where Zj is the ion plasma charge and m̂  is the ion mass. Using the plasma normalized

parameters (3), the elements of the cold dielectric tensor (2) become :
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The expressions (4) show the dependence of the elements of the cold dielectric tensor with the
normalized wave frequency and therefore that the solutions for njLof the dispersion relation (1)

depend only on the following dimensionless parameters n^, 0) , Qce , \xv

Now, the dependence of the wave propagation domain is discussed in a

cylindrical plasma equilibrium approximation taking into account the rotational transform of the

magnetic field lines on each flux surface. We assume a toroidal axisymmetric equilibrium where

the toroidal mode number n is conserved and therefore the toroidal wave index n/koRo [k0 is

the vacuum wave vector, k0=co/c ] is simply the initial parallel wave index, TI//Q, when the

waves are launched with m=0. The boundaries of the wave propagation domain in the (n//,r)

plane are the values ( n ,,) of n// where the radial wave index, nr, is equal to zero (nr =0) and

n ,, must satisfy the following condition:

/'

m
w h e r e

Here, ne is the poloidal wave index, m is the m value at the wave propagating boundaries,

and x is the plasma normalized radius r/a. The condition (5) is simply obtained by writing the

norm of the wave index in the local (perpendicular and parallel to the local magnetic field, B)

and (r,0,<}>) coordinate system and setting nr to zero. From the definition of n// = n.B/ I B I,

and the definition of the cylindrical safety factor, qc, we link n// to T\Q according to :

n//o

where £ =a/R0 the inverse aspect ratio of the tokamak. The equation satisfied by n // is
2

obtained by dividing equation (5) by n//Q and replacing ne/n//0 by the expression deduced

from (6):

n
7/0
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or n // = F [n//0, ft*e, co*e, n;, e, qc(x)]

where F is some function of the normalized parameters. We conclude that the n// limits, n //, of

the LH wave propagating domain in a cylindrical plasma equilibrium depend explicitly on the

following non-dimensional RF, plasma and equilibrium parameters: n//n ft* , co* , u.-.,

e = a/R, qc(x).

We now discuss approximate "self-similar" wave propagation where the

following parameters are kept constant : co, cope / ft^, \iv e = a/R, qc, n^g- We call this

transformation as approximate "self-similar" transformation since this time only the lower

electromagnetic boundary (the usual local accessibility limit) of the wave propagating domain is

conserved in the cylindrical geometry. To simulate high-density steady-state discharges

foreseen in Tore Supra when more LH power will be available, neo > 1020 nr3 , B, = 4 T,

Ip = 1.6-0.8 MA (qc(a)=3-6), the plasma parameters are typically ne o = 3-4 lO1^ m~3,

B t = 2 T, Ip = 0.8-0.4 MA and correspond to the choice of the plasma parameters for the

present experiments. Figure 2 illustrates the theoretical relevance of the choice of plasma

parameters by calculating the wave-propagating domains in this two plasma configurations and

confirms that the lower boundary is well conserved while the position of the internal caustics

are slightly changed. The experimental relevance of this approximate "self-similar"

transformation will be shown in section 3.

To ensure that the n// wave propagating domains are exactly conserved, the

plasma density, the wave frequency, the toroidal magnetic field and the plasma current must be

varied in order to keep the set of parameters ft , CO , \i\, e, qc, n//o constant. For instance,

two LHCD experiments, characterised by the following parameters: electron plasma density ne

* * *
and n , toroidal magnetic field Bt and B t , plasma current Ip and I , total injected power Plh and

* * *
PJh with the corresponding wave frequency f and f, minor radius a and a , major radius R and
R _ have exactly the same LH wave n^propagating domain if:

nc = asimne' B t = asimBt> f=a s i mf, (8)

. a*=a(R*/R) .

where the total plasma current is varied to keep constant the safety factor at the plasma edge,
qc(a) = 5 (aB,/Ip[MA])e, and a s jm is an arbitrary constant. To keep the same ratio of LH power

* 2per particles the LH power is scaled as the electron density: P)h = a s i m P|h- Furthermore, It is

worth mentioning that the quantities nc(a/Ip)2 and Ip/aBt are conserved by the "self-similar"

transformation. Therefore for fixed plasma temperature profiles, the poloidal beta (3p which

scales as the ratio nc(a/Ip)2, the toroidal beta p t(Pj%] = 4 (Ip[MA]/aB t)
2 p p ) and the
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normalized toroidal beta (PN = (Ip/aB^"1 p t) are also conserved quantities by the "self-similar"

transformation [the poloidal p p and toroidal beta P t are respectively defined as

Pp = 2 |io<p>/B , Pt = 2 ^io<p>/B t where <p> is the volume-averaged plasma pressure

and Bp is the averaged poloidal magnetic field on the plasma surface].

The defined plasma parameters of the Tore Supra LH wave accessibility

experiments chosen in the previous paragraph have exactly the same n// wave propagation

domain (the upper and lower n//-limits are exactly conserved) when we apply the high-density

"self-similar" transformation with for example a typical value of a s j m of the order of 3 which

gives the following correspondence:

ncoOO^m-S)

Bt(T)

f (GHz)

a(m)

R(m)

ID(MA)

Plh (MW)

TS LH accessibility

experiments

0.2 - 0.3

1.3-2

3.7

0.7

2.4

0.4 - 0.8

3

"self-similar"

parameters

= 2 - 3

4 - 6

11

2.1

7

5-10

30

It turns out that this set of high-density "self-similar" plasma and LH parameters present some

general features of the next generation of steady-state tokamak [3]. Therefore, thanks to the

wave propagation limits, off-axis LH power deposition profiles could be obtained even in the

weak absorption regime. Whereas in the high electron temperature phase, the wave would be

directly damped in the outer half of the plasma due to strong single-pass absorption condition.

To conclude this section, plasma parameters (magnetic field, plasma density,

plasma current...) have been defined so that the plasma core is not "accessible" to the waves

(LH caustics) and that a large fraction (low plasma density) of non-inductive current could be

sustained in the outer half of the plasma. We have extended the classical slab Stix-Golant

accessibility criterion by defining and calculating the LH wave propagating domain for a

cylindrical plasma equilibrium. Then we have explicitly written the conditions to be fulfilled in

terms of dimensionless parameters in order to exactly conserve the wave propagating domain

when extrapolating the present experiments to higher density experiments.
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3. STATIONARY MAGNETIC SHEAR REVERSAL EXPERIMENTS

In this section, we first give a brief description of the main plasma diagnostics

and the data analysis methods involved in the interpretation of the magnetic shear reversal

experiments. Then we present the characteristics experimental results obtained in two plasma

configurations where the toroidal field at the plasma major radius is either 1.3 T or 2.2 T at a

constant plasma current of 0.4 MA. We shall show that by varying the toroidal magnetic field

two different types of hollow current density profiles have been achieved in a stationary manner

in Tore Supra.

3.1 Plasma Diagnostics

The electron density (nc) and temperature (Tc) profiles are measured with a

twelve channel Thomson scattering system using a Nd.YAG laser (k = 1.06 pn , repetion rate

30 Hz, total pulse duration 12 ms, pulse energy 2.1J) with a spatial resolution of 6 cm [19].

The average effective charge (Zeff) is deduced from the central line integrated visible

bremsstrahlung emissivity [20].

The internal inductance (lj) is deduced from both magnetic and diamagnetic

measurements and the absolute error is less than ±12%. The far-infrared polarimetry (k = 195

H.m, five vertical chords R= 1.970, 2.135, 2.300, 2.46, 2.63 m) is used to measure the

Faraday rotation angles, with a maximum time resolution of 2 ms, a sensivity of the order of

10"3 rad and the systematic absolute error does not exceed 10"2 rad [21]. The Faraday rotation

angles are Abel-inverted for reconstruction of the plasma poloidal field distribution which is

used together with the total plasma current to determine the safety factor profiles (qv) in the

toroidal geometry and the current density profiles. In particular, the experimental time evolution

of some characteristic values of the q^-profiles such as the safety factor on axis, q0, and the

minimum values of q^, qmjn, are obtained using this reconstruction method at each time.

To characterize the non-Maxwellian tail of energetic electrons formed by the LH

waves we have used in the present work the hard x-ray diagnostic. The x-ray bremsstrahlung

emission with photon energy (hv) in the range of 30 keV to 700 keV is detected by a

multichannel spectrometer that probes the plasma in a poloidal cross section along five lines-of-

sight [22]. The five lines of sight intersect the equatorial midplane at (R-R0)/a = + 0.20,

0.00, -0.33, -0.52, -0.71 m and yields to the hard x-ray radial emission profiles by Abel

inverting the line-integrated signals.

3.2 Experimental results

The time evolution of a characteristic low toroidal magnetic field discharge

(Bt = 1.3 T at Ip = 0.4 MA corresponding to the edge toroidal safety factor qv(a) = 4.2) is
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shown on Figure 3. A total LH power of 2.5 MW is coupled to the plasma during 4.5 seconds

with a 0 degree phasing between the eight toroidal modules of the multijunction antenna which

corresponds to an n//-power spectrum centred at n//o ~ 1.8 [23]. At this power level, the plasma

loop voltage, V ^ p , drops from 1.0 Volt in the ohmic phase to a constant value during the LH

pulse of 0.35 Volt. The safety factor on axis (r/a = 0.1) deduced from the Abel-inversion of the

five Faraday rotation angles, qo, rises from 1 to 1.8 on a time scale of 2.5 seconds while the

internal inductance 1; slightly decreases from its ohmic value of 1.5 to 1.4. Direct evidence of

the formation of an internal zone with a negative magnetic shear is shown on Fig. 3b, since the

minimum value of the toroidal safety factor, qmin, is of the order of 1.3 (lower than q0) at the

magnetic surface rmjn/a = 0.4. As shown on Fig. 3b, qmjn and rm,n/a reached their stationary

value within less than one second. Directly, from this preliminary and first analysis of the

different time constants of qo, qmjn and rmin/a to reach their equilibrium values we could infer

that the non-inductive LH source is localized close to the magnetic surface at r/a = 0.4. To

complete this discussion and further confirm that hollow qv-profile is achieved, full simulation

of the current diffusion will be presented in the next section (section 4). During the LH pulse

the plasma density is no more feedback controlled with usual helium gas puffing at the plasma

edge and therefore evolves freely. When the LH power is applied, the central electron density

(r/a = 0.2) first decreases slowly (i.e., degradation of particle confinement with additional

power) from 4.0 to 3.2 1019nr3 during two seconds (up to 16s), and then recovers its initial

ohmic value. The electron temperature at r/a = 0.2 rises from 1 keV up to 2 keV and its value

does not change with the central electron density variation (Fig. 3c) while the central ion

temperature is of the order of 1 keV. The global electron thermal energy content which follows

the Rebut-Lallia-Watkins (RLW) global scaling law in the ohmic phase exceeds the model

prediction by a factor Hr|w = 1.4 at (3p = 0.5 and PN = 0.9 in the LH driven phase (Fig. 3d)

[24]. The global confinement enhancement is attributed to the current profile modification

relative to the ohmic one. Indeed, the local transport analysis performed on section 4 will

conclude on the reduction of the electron thermal conductivity in the reversed magnetic shear

region. During the magnetic shear reversal regime, no sign of MHD activity has been recorded

by the poloidal and toroidal arrays of Mirnov probes.

Figure 4, shows the measured plasma profiles: q^-profiles, electron temperature

profiles and the Abel-inverted hard x-ray profiles. The qv-profiles (Fig. 4a) evolution is

represented from the ohmic profile (14 s) to the stationary state at approximately 16.8 s.

Polarimetry measurements indicate that the magnetic shear is negative within the r/a < 0.4

domain. The q^-profiles in the outer half of the plasma (r/a > 0.5) are weakly modified so a

variation of the magnetic shear in this region or a change in the internal inductance could not

account for the observed enhanced confinement regime as in the high-lj or high magnetic shear

confinement modes [25, 26]. The local hard x-ray profiles for photon energies of 75 keV are

hollow and well localized at a surface of r/a = 0.4 (Fig. 4b). Despite the off-axis power
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deposition profile inferred from the hard x-ray emission data, the central temperature rises from

1 keV to 2.0 keV at a central density of 3.5 X 1019
 m-3 (Fig. 4b).

Similar experiments have been realised at a somewhat higher toroidal magnetic

field of the order of 2 T so that the wave propagation behaves as in the Tore Supra high-

density/4 Tesla plasmas for which steady-state operation would demand more LH power (cf.

discussion in paragraph 2.3 on the approximate "self-similar" LH wave propagation

conditions). The experiments have been performed in standard (qv(a) = 3.5, with a plasma

current of 1.6 MA at 4T and 0.8 MA at 2T) and advanced (qv(a) = 7, with a corresponding two

times lower plasma current) tokamak operation. In the standard tokamak operation, the local

hard x-ray emissivity profiles measured during high-density/4T and low-density/2T discharges

present the same hollow shapes (Fig. 5) which experimentally confirm the relevance of the

approximate "self-similar" experiments.

By applying 3 MW of LH power (0 deg. phasing, n//0=1.8) in a low plasma

current configuration (Ip = 0.4 MA, qv(a) = 7.1, B t = 2.2 T), stable, fully non-inductive

discharges were obtained during 2 seconds with a central density of the order of 2.5 1019 nr3.

The global electron thermal energy content exceeds the RLW model prediction by a factor

Hrjw = 1.6 at Pp = 0.8 in the LH driven phase. The safety factor on-axis (qo) increases above

2 while the central electron temperature (r/a=0.2) rises from 1 keV to 3.5 keV. In figure 6, we

have represented the various measured plasma profiles achieved in this plasma configuration:

qw-profiles, electron temperature profiles and the Abel-inverted hard x-ray profiles. The local

hard x-ray profile for photon energies of 75 keV is still hollow and localized at a surface of

r/a = 0.2 - 0.3. Polarimerry measurements indicate that the magnetic shear is negative within

the surface r/a < 0.3 with q0 = 2.6 and a minimum qmjn « 2.1 (Fig. 6).
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4. ANALYSIS OF REVERSED MAGNETIC SHEAR EXPERIMENTS

The objectives of the present analysis are (i) to further confirm that stationary

hollow qy-profiles have been achieved by comparing time evolution simulation with the

experimental data, (ii) to validate the simulations of the absorbed power deposition profiles in

poor accessibility conditions, (iii) and then to deduce the electron thermal conductivity profiles.

To determine the LH absorbed power in the poor accessibility and weak electron

damping conditions two different approaches have been followed: the standard treatment, based

on the direct integration of the ray-Hamiltonian (ray-tracing) combined with a Fokker-Planck

module and the statistical approach where the ray-tracing equations are replaced by an

appropriate wave diffusion equation derived from the phase averaging of the wave kinetic

equation [13]. In the first part of this section, we briefly describe the Wave Diffusion/Fokker-

Planck (WD/FP) model, then we calculate with this model the absorbed power density profiles

for the reduced magnetic field Tore Supra experiments. Full comparison with the standard ray-

tracing approach is presented and we also discuss the role of the safety factor profiles on the

localisation of the electron power deposition profiles. To further assess the WD/FP model, we

propose (part 4.3) a complete simulation of the current resistive diffusion with the non-

inductive sources calculated by statistical theory. On the basis of the power deposition and

current profiles analysis, we calculate in the last part (part 4.4) the electron thermal conductivity

profiles.

4.1 The Wave Diffusion / Fokker-Planck (WD/FP) model

The intrinsic stochastic behaviour of the ray trajectories in the tokamak toroidal

geometry [the onset of intrinsic stochasticity is calculated in ref. 27] leads to a diffusive flow of

wave energy in the stochastic layer which is mathematically represented in the statistical

approach by a diffusion equation in the wave phase-space. In the weak electron Landau

damping condition (moderate electron temperatures) and when the plasma core (where the

plasma is hottest) is inaccessible to the initial wave packet (high density or low magnetic field),

waves make many passes through the plasma propagating domain (Fig. 1) and undergo

numerous reflections at the propagating boundaries. In this so-called "multipass absorption"

regime, the initial n//-spectrum is broadened and upshifted to sufficiently high values to be

absorbed: (i) n// > n / / a cc , (ii) n/f > 6.5/7lJ2[keV]. Therefore, the diffusive or statistical

approach is well suited for this "multipass absorption" regime.

In this treatment, the wave dynamics is described in the semi-classical limit and it

is based on the solutions of the wave kinetic equation for the electromagnetic energy density

U(r,k,t). Taking into account that in the multipass regimes, U tends to be uniform along the

entire ray orbit in the (r,kr) plane and averaging the wave kinetic equation on the wave orbit,
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one can obtain the diffusion equation for (U)(m,t), where (...) denotes the orbit averaging (note

that an axisymmetric geometry is considered, where the (^-dependence disappears and n is

conserved):

where Dwave is the value of the spectral (i.e. in the m-space) diffusion coefficient of the

electromagnetic energy, Dwavc = Am2/2 and Am is the rms step in m per transit time T; y is the

damping rate, S is the RF source term which is assumed to have a 5-like form, i.e. (S)<* 8(m).

This one-dimensional equation for the electromagnetic energy density can be easily solved on

the wave propagation domain with given damping decrement y and diffusion coefficient Dwave.

Equation (9) is solved with a no-flux condition,3(U)/3m = 0 and an absorbing boundary

(U) = 0, imposed respectively at the lower and upper limits of the LH propagating domain in

the m-space.

Because the damping decrement depends implicitly on the electron distribution

function fe (y«« dFJdv/,, where Fe is the perpendicular integral of fe), the appropriate one-

dimensional Fokker-Planck model is used and coupled to (9) to obtain a self-consistent solution

of this non-linear system of equations. It would be difficult to find Dwave without ray-tracing

calculations, but it turned out that self-consistent solutions are insensitive to the precise values

of Dwave which are sufficiently large when Fc forms a saturated quasilinear plateau. As a result,

in the large Dwave limit, power deposition profiles can be calculated without knowing the

precise value of Dwave. Note that this statistical approach (or model of wave diffusion in the m-

space) is valid provided that the damping decrement (or An///n//) per radial transit is small. If

there is a strong (even localized) upshift of n// due to a local inhomogeneity (magnetic island,

X-point, etc.) this model breaks down.

4.2 LH power deposition profiles

In Fig. 7, the results of the WD/FP simulations are presented for the low

magnetic field experiments (Bt = 1.3 T, Bt = 2.2 T) described in section 3. The solutions of the

WD/FP calculation show that the power deposition profiles are off-axis and well localized for

these plasma parameters. As also shown on Fig. 7, the results are consistent with the

experimental Abel-inverted hard x-ray profiles [28]. Such experimental conditions are

favourable to observe the "multipass absorption" regime because of weak electron Landau

absorption and poor wave accessibility to the plasma core. An important result of the WD/FP

theory is when it applies, the "spectral-gap" between the initial and the absorbed n//-spectrum is

filled in a self-regulating manner. In this case, the mechanisms involved in producing of wave
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diffusion in the phase-space need not to be specified and the results of the LHCD modelling

become robust and insensitive to various model assumptions (sophisticated magnetic

equilibrium, scattering effects due to density and/or magnetic fluctuations, antenna extension

and position, etc.).

It is interesting to compare solutions of the WD/FP code with conventional ray-

tracing/Fokker-Planck (RT/FP) simulations. To obtain reliable predictions (stable with respect

to small variations of the various plasma or RF parameters) when the spectral gap is large, the

method consists in following a large ensemble of rays for many passes through the plasma

[29]. The initial n//rspectrum is therefore divided into a large number of rays in order to fill

uniformly the phase space domain which is accessible to the wave. Here, in addition to the

tokamak poloidal asymmetry, the RT calculations have been performed taking into account the

toroidal non-axisymmetry due to the finite number of toroidal coil to create the toroidal field

[30]. Fig. 7 shows that the predicted power deposition profiles using the ray-tracing techniques

are very close to those deduced from WD/FP. These results confirm that the intrinsic toroidal

stochasticity, due to the poloidal inhomogeneity inherent to the tokamak geometry, is the

dominant mechanism to explain the wave spectrum broadening in the "multipass absorption"

regime and that the statistical approach is well justified in these plasma conditions. From the

practical point of view, it is worth mentioning that WD calculations are very efficient in terms of

CPU times consumption compare to the RT, this quality is extremely useful for time-dependent

predictive or interpretative simulations (cf. section 4.3).

We now discuss the role of the safety factor profiles on the location of the LH

power deposition profiles. We present on Fig. 8, the power deposition profiles calculated with

the WD/FP code for three characterictics q-profiles where we have changed the magnetic shear

in the central plasma region zone (r/a<0.4): peak, flat and hollow safety factor profiles. The

other plasma and RF parameters are kept rigorously constant (n//0 = 1.8, Bt = 2.2T,

Ip = 0.4MA, Teo= 3.5 keV, nco=2.5 1019 m~3). By increasing the central qc-values, we

observe that the absorbed profiles are shifted towards the plasma periphery. We explain such

dependence by calculating the n// wave propagating domain (Fig. 8c). By increasing the safety

factor values, the accessible m and n// (n^«= n + m/qc) domains narrow in centre of the

discharge and further limit the t\// toroidal upshift. Such dependence of the internal slow wave

caustics with the q-profiles has been checked analytically in the electrostatic limit approximation

for the dispersion relation. As shown on Fig. 8c, the peak of the absorbed power is

approximately obtained by matching the upper n/j limit of the inner caustics to the electron

Landau damping condition n// = 6.5/T [keVl. Therefore, for a given temperature profile, the

increase of the safety factor further prevents from central LH absorption. The consequence of

this process is that LH current profiles are non-linearly coupled to the plasma equilibrium as

soon as a large fraction of the plasma current is driven by the waves: the non-inductive LH

current sources strongly modify the total current density profiles and q-profiles which in turn
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change the wave propagation/absorption conditions. On the experimental side, we remark that

as soon as initial plasma conditions are found to produce off-axis LH current profiles, the

resulting modified plasma equilibrium (q-profile) tends to naturally maintain or further shift this

off-axis depositions which is required for magnetic shear-reversal experiments. On the

modelling side, we stress the fact that for time-dependent problem a self-consistent analysis is

fully required between the plasma equilibrium profiles and the non-inductive LH sources [31].

4.3 Current Resistive diffusion analysis

We now study the current density profile temporal dynamics in order to further

assess the WD/FP simulations. To validate the off-axis LH current profiles, we simulate the

experimental time evolution of the local and integrated magnetic measurements (Vloop, L,

Faraday rotation angles, q^-profiles, etc.). These time evolutions can be considered as a

signature of the spatial location of the non-inductive sources.

To carry out such analysis, the resistive current diffusion code CRONOS has

been developed [101, which numerically evolves the parallel electric field (E//) cylindrical

diffusion equation where the non-inductive sources are the self-generated bootstrap (Jgs) and

LH (JLH) current density profiles:

" f r l : E//(r't} " ̂ o f o (r-0 Efl(T,t) = j i o f [JLH(r,t) +JBS(r,t)] (10)
r or dr at at

where t is the time ( t j < t < t2) and c(r,t) is the plasma conductivity. The equation (10) is

solved with the boundary conditions imposed at the plasma surface (r=a) and plasma

centre (r=0):

d M dID a
— E^a. t) = —2- —- and —
dr " 2na dt dr
— E//(a,0 = J£s- -L and — E^O.t) = 0 (11)

The bootstrap current is calculated with the Hinton-Hazeltine model [32] valid in the high aspect

ratio limit for finite collisionality. The bootstrap calculation is performed self-consistently with

the time varying qv-profiles and the measured density and temperature profiles. The LH non-

inductive sources are also self-consistently determined at each time step by coupling our

WD/FP code with CRONOS. We have previously discussed the importance of such consistent

calculation. The initial time t=tj is chosen in the stationary ohmic phase before the application of

the LH power. Therefore the initial electric field profile is flat and is obtained by the measured

loop voltage at the edge, Vp : E,, (r,tj) = V^J^TIRQ. The initial conductivity is deduced from

the ohmic current profile and the loop voltage:
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= J(r,t,) - JBS(r,t,)
1 V,2,p/2nRo

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

classical model:

= o(r,t,)

where Zeff and f^P are respectively the line-averaged effective charge and the neoclassical

trapped particle correction [33] to the Spitzer conductivity. This procedure enables to eliminate

systematic errors in the measurement of the temperature and Zeff profiles and allows to fully

simulate ohmic current ramps. 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's aspect ratio expansion 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 counterparts.

Using this technical procedure we have fully analysed the resistive current

diffusion in the reversed magnetic shear experiments. The simulations for the 1.3 T case are

first described. Figure 9A shows the calculated non-inductive sources together with the total

current density profiles in the ohmic and LH phase. The LH current density profiles, calculated

at each time step during the plasma profiles evolution, are practically constant and are well

localized at r/a = 0.4. The bootstrap current is mainly generated at r/a = 0.2 and represents

12% of the total plasma current during the LH phase. When the LH power is turned on, the

maximum value of bootstrap current density increases by a factor 2.5 and reaches up to 25% of

the local current density. The current diffusion analysis (Fig. 9B) performed with these non-

inductive sources allows to correctly reproduce the time evolution of the loop voltage (V^p),

Faraday rotation angles (apar.)» internal inductance (lj) and the results are consistent with the

Abel-inverted qy-profiles of Fig. 4. As shown with details on Fig. 9C, the plasma reaches a

non-inductive equilibrium state since the profile of the calculated loop voltage ( 2TCR0E//) is

stationary and uniform on a time scale of the order of 2.5 s at 16.5 s. The calculated time

evolution of the electric field profile is consistent with the measured time evolution of the q^-

profiles as discussed on Fig. 4 (section 3.2).

The sensitivity of the discharge time evolution to the LH non-inductive profiles

has been studied with two off-axis LH profile shapes localized around the WD/FP prediction.

Two profiles with a gaussian shape with a maximum at r/a = 0.2 and r/a =0.6 and a Full Width

-17-



at Half Maximum (FWHM) of 0.2 have been considered for the study. It is shown on Fig. 10

that we could neither reproduce the measured q^-profiles during the equilibrium phase nor the

time evolution of the internal inductance. The sensitivity study confirms that the solution which

could best reproduce simultaneously the five Faraday rotation angles is obtained with the

WD/FP non-inductive sources.

Similar analysis has been performed for the zero-loop voltage experiments

achieved at a higher toroidal field (Bt = 2.2 T). During the formation of the hollow current

density profiles, the self-consistent WD/FP simulations show that the LH current density

profiles is shifted from r/a=0.3 to r/a=0.4 (Figure 11A). As discussed in paragraph 4.2, such

modifications are mainly due to the non-linear coupling between the LH absorbed profiles and

the resulting safety factor profiles. As in the 1.3 T experiments, the peak of the bootstrap

current density is at r/a = 0.2-0.3 and increases locally by a factor 5 from the ohmic to the LH

phase. It is shown on Fig. 1 IB that we correctly reproduce with these non-inductive sources

the time evolution of the magnetic and Faraday angle measurements.

To conclude, the current diffusion analysis of the reversed magnetic shear

experiments confirms : (i) the LH non-inductive current source is off-axis and well localized

(r/a between 0.4 and 0.3); (ii) that the LH current density profiles have the same shape as the

power deposition profiles either calculated by ray-tracing techniques or by WD/FP which is

consistent with the weak diffusion rate of the fast electrons previously measured in Tore Supra

[34], (iii) the validity of the statistical treatment of the stochastic wave diffusion for these

plasma regimes, (iv) stationary hollow q^-profiles have been achieved.

4.4 Local electron transport analysis

Another important consequence of the LH current density and power deposition

profiles analysis, is to enable us to calculate with confidence the local electron thermal

diffusivity (xe). From the knowledge of the ohmic and LH electron heating sources together

with the measured temperature and electron density profiles, we deduce from the CRONOS
simulations the xc radial profile using a simple interpretative transport model, i.e.:

r

J (JOOxE^r) + P,bs(r))r dr

X.(r) = ~ 5? O4)

dr

where Pa(,s is the electron power deposition profile, J is the total parallel current density profile

and qc is the electron charge. SI units are assumed for all quantities, except for the temperature

which is in eV. In this preliminary transport analysis, we have assumed as in reference 35, that

the electron heat flux is dominated by the conductive losses (Xcncclc^e) and we have neglected
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the convective term. An upper limit of xc, is obtained by assuming that the electron power

density losses due to the electron-ion equipartition term and the radiated power density profile

are equal to zero. With this assumption, the %e calculations shown on Fig. 12 have been

performed with the electron ohmic source (J.E//) and Pabs, deduced from CRONOS self-

consistently coupled to WD/FP calculations. The localized and off-axis WD/FP power

deposition profiles have been previously validated through hard x-ray emission data, RT/FP

calculations, and finally with the full simulation of the time evolution of the magnetic

measurements. Therefore the transport calculation indicates that the upper limit of the electron

thermal diffusivity is significantly reduced by two order of magnitude in the internal reversed

magnetic shear region (r/a < 0.4) and is of the order of the neoclassical level. The calculated

neoclassical electron thermal conductivity is indeed of the order 5 X 10"2 m2/s at r/a ~ 0.2

[32]. From the analysis of our LH experiments, we therefore conclude that the anomalous heat

electron transport is reduced in the internal magnetic shear region. Further experimental work

will be carried out to directly observe the existence of such "transport barrier" by heating the

plasma interior with a centrally peaked auxiliary electron heating source such as the Fast Wave

power f 36] in the direct electron heating mode. The formation of the internal "transport barrier"

has already been invoked to explain the central electron temperature transition observed in

higher toroidal magnetic field experiments (4-Tesla) although the magnetic shear is only

marginally reversed [10, 25, 37].
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5. CONCLUSIONS

In this paper, we have reported current profile modifications achieved in Tore

Supra during reduced magnetic field operation (Bt < 2T) when the central penetration and

absorption of the LH waves are strongly prevented by the internal slow-wave caustics. The

plasma parameters have been chosen by calculating the wave propagation domain in the (n//,r)

plane which indicates the possible values of n/y that the LH waves can reach at each flux surface

according to the wave dispersion relation. To achieve off-axis LH power deposition in a

stationary and reproducible manner, the condition is to limit the maximum n//-upshift in the

plasma core to prevent wave absorption in this plasma region. This condition which does not

require to know the exact wave field pattern in the plasma cavity is easily found by calculating

the n^-boundaries of the wave propagation domain in the phase space. Thanks to the weak

diffusion rate of the fast electrons, stationary magnetic shear reversal has been obtained when a

large fraction of the current is driven by the LH wave. At a constant plasma current of 0.4 MA

and by changing the toroidal magnetic field from 2.2 T to 1.3 T two types of hollow qv-

profiles have been achieved so far which could be well characterised by qv(a), qmjn, rmjn/a,

and qo. The magnetic measurements and the Abel-inversion of the polarimetry data indicate that

in the 2 T plasma conditions qy(a) = 7.1, qmjn = 2.2, rm jn /a = 0.3, qo = 2.6 while for the

1.3 T plasma regimes these values are q^(a) = 4.2, qmin = 1.3, rm;n /a =0.4, q0 = 1.8.

We have also demonstrated that such low-Bt/low-density Tore Supra operation allows to

simulate high-Bt/high-density discharges. Such discharges should therefore also be

characterized by a reversed shear in the plasma core when the LH power is large enough to

drive the full current.

Complete analysis of the LH wave propagation in poor core accessibility

conditions has been carried out. For the present experiments, the LH waves are weakly damped

and they undergo many transits in the plasma torus before full absorption takes place. In

"multipass absorption" regimes, the validity of the statistical treatment of stochastic wave

diffusion during LHCD has been proved both theoretically and experimentally. This validation

has been carried out through different independent techniques: hard x-ray local emission profile

analysis, ray-tracing/Fokker-Planck simulations, the analysis and simulations (CRONOS) of

the time evolution of various integrated and local magnetic measurements. The resistive current

diffusion analysis has allowed to correctly simulate at all times the Faraday rotation angles

which further confirm the Abel-inverted hollow q^-profiles.

The validation of the off-axis power deposition profile was indeed required for

the determination of the local electron diffusivity profiles using a simple interpretative transport

model. The present local transport analysis shows that the electron thermal diffusivity is

significantly reduced to its neoclassical level in the internal reversed magnetic shear region. We

therefore conclude that the magnetic shear inversion leads to the formation of a "transport

barrier" and prevents anomalous heat electron transport.
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The present experiments clearly show that stationary magnetic shear reversal can

be obtained with LH waves in moderate electron temperature plasmas where the waves are

weakly damped [multiple-pass absorption regimes]. Therefore, LH waves can be used in future

"advanced-tokamak" reactor scenarios to reverse the magnetic shear during the low beta phase

of the discharge when the bootstrap component is still low. This may indeed be necessary to

avoid MHD instabilities (such as infernal modes) on the route to the steady-state high beta

burning phase.
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FIGURE CAPTIONS

Fig. 1: Propagation boundaries for low toroidal magnetic field experiments (Bt= 1.3T,

qc(a) = 4.2, n^, = 3.5 1019 n r ^ T ^ = 2 keV): (a) projection of the propagation boundaries in

the (m, r/a) plane - open circles correspond to the slow-wave branch and the solid line

corresponds to the fast-wave branch; (b) projection of the slow-wave propagation boundaries

in the (n//, r/a) plane - open circles correspond to the slow-wave branch and the solid line is the

electron Landau damping (ELD) limit, given by T\/fT [keV] = 6.5. Power deposition can only

occur in the intersection of the regions above the ELD line and below the slow wave boundary.

Fig. 2: Slow wave propagation boundaries in the (m/n, r/a) and (n//, r/a) planes in the

approximate high-density "self-similar" conditions where the following parameters are kept

constant : co, oipc/Qce , (ij, e = a/R, qc(r/a), T\//Q. Full lines and dashed lines correspond

respectively to the high-density/4T (Ip= 1.6 MA, qc(a)= 3.5) and low-density/2T plasmas

(Ip = 0.8 MA, qc(a) = 3.5).

Fig. 3: Time evolution of the various plasma parameters in LH wave accessibility experiments

(Bt= 1.3T, q¥(a) = 4.2, Ip = 0.4 MA (shot 14409)) : (a) LH power, Plh (MW), plasma surface

loop voltage (V^p (V)) and internal inductance (lj); (b) q-on axis, q0 (full line), minimum q y

value, qmjn (dashed line) and normalized radius where q^ is minimum, rmjn/a (dotted line)

(Abel inversion of the polarimetry measurements); (c) Electron temperature and density at a

normalized plasma radius r/a =0.2 (Thomson scattering) (d) Measured electron kinetic global

energy content, We(kin), from interferometry and Thomson scattering (solid curve) and the

Rebut-Lallia,We(RL), prediction (dashed line).

Fig. 4: Measured radial profiles in LH wave accessibility experiments (Bt= 1.3T, q^(a) = 4.2,

Ip = 0.4 MA (shot 14409)) : (a) qv-profiles at three different times (t = 14.0, 15.6, 16.8 s)

from the ohmic phase (t=14 s) to the stationary state with magnetic shear reversal (t=16.8 s);

(b) electron temperature profiles (Thomson scattering) in the ohmic (open circles) and LHCD

(open triangles) phases together with the normalized Abel inverted hard x-ray profile for photon

energies of hv = 75 keV (dashed line).

Fig. 5: Abel inversion of the experimental hard x-ray profiles in approximate "self-similar"

experiments. Full lines and dashed lines correspond respectively to the high-density/4T (shot

16467) and low-density/2T plasmas (shot 12910). For these plasma parameters, the slow wave

propagation boundaries are represented in Fig. 2.
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Fig. 6: Measured radial profiles in LH wave accessibility experiments at 2.2 T (Bt = 2.2 T,

qy(a) = 7.2, Ip = 0.4 MA (shot 14386)): (a) qv-profile(full line) in the LHCD phase together

with the normalized Abel inverted hard x-ray profile for photon energies of hv = 75 keV

(dashed line); (b) electron temperature profiles (Thomson scattering) in the ohmic (open circles)

and LHCD (open triangles) phases.

Fig. 7: LH power deposition profiles (normalized to their maximum) deduced from the Wave-

Diffusion/Fokker-Planck (full line) and the standard ray-tracing/Fokker-Planck simulations

(dashed line): (a) Bt=2.2 T (shot 14386), the plasma profiles (qv, Te) are shown in Fig. 6; (b)

Bt=1.3T (shot 14409), the plasma profiles (q^, Te) are shown in Fig. 4. The x-markers

correspond to the normalized Abel inverted hard x-ray profiles for photon energies of

hv = 75 keV.

Fig. 8: The non-linear coupling between the q-profiles and the LH power deposition profiles:

(a) three characteristics q-profiles: peaked (dotted line), flat (full-line) and hollow (dashed line)

q-profiles; (b) the corresponding LH power deposition profiles calculated with the Wave-

Diffusion/Fokker-Planck code; (c) the slow wave propagation boundaries together with the r\/j

condition for Electron Landau Damping (ELD). The other plasma and RF parameters are kept

rigorously constant: n / / o = 1.8, B t = 2.2T, Ip = 0.4MA, T e o = 3 . 5 k e V ,

n e o = 2 . 5 lO^m-S .

Fig. 9: Resistive current diffusion simulation (CRONOS) coupled with the wave

diffusion/Fokker-Planck code: B t= 1.3 T, qy(a) = 4.2, Ip = 0.4 MA (shot 14409) (cf. Fig. 3

and 4 for shot description):

9A- The calculated current density profiles: (a) the "self-consistent" LH current density profiles

(full lines) and the total current density profile in the ohmic (dotted line) and LHCD phases

(dashed line); (b) the bootstrap current density profiles in the ohmic (dotted line) and LHCD

(dashed line) phases (Hinton-Hazeltine model [25]).

9B- The simulated (full line) and experimental (dashed line) time evolution: (a) plasma surface

loop voltage (V|oop (V)), internal inductance (lj) and LH power, P^ (MW); (b) Five vertical

chords of the Faraday rotation angles, a.par, in radians labelled from 1 to 5: (1) R=1.970 m ,

(2) R=2.135 m , (3) R=2.300 m , (4) R=2.465 m , (5) R=2.630 m.
9C- The calculated loop voltage profiles ( 2TTR0E// ) at four different times during the LH

power pulse: (1) t = 14.5 s, (2) t = 15 s, (3) t = 15.5 s, (4) t = 16.5 s. The LH power is

turned on at 14 s.

Fig. 10: Effect of the LH current density profile: (a) assumed LH current density profiles:

gaussian shape with a maximum localized at r/a=0.2 (dotted line) and r/a=0.6 (dashed line); (b)

the measured qv-profiles (full line) and simulations (dashed and dotted lines); (c) measured
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Faraday rotation angles (vertical line 2, R=2.135 m ) and simulations (dashed and dotted lines)

(d) measured internal inductance (lj) and simulations (dashed and dotted lines).

Fig. 11: Resistive current diffusion simulation (CRONOS) coupled with the wave

diffusion/Fokker-Planck code: B t= 2.2 T, qv(a) =7.2, Ip = 0.4 MA (shot 14386) (cf. Fig. 6

and for measured plasma profiles):

11A- The calculated current density profiles: (a) the "self-consistent" LH current density

profiles (full lines) at (1) t = 13 s, (2) t = 13.5 s, (3) t = 14 s, (4) t = 14.5 s, (5) t = 15 s,

(6) t = 15.5 s (the LH power is apllied at t = 12.9 s) and the total current density profile in

the ohmic (dotted line) and LHCD phases (dashed line); (b) the bootstrap current density

profiles in the ohmic (dotted line) and LHCD (dashed line) phases (Hinton-Hazeltine model).

1 IB- The simulated (full line) and experimental (dashed line) time evolution: (a) plasma surface

loop voltage (Vloop (V)), internal inductance (lj) and LH power, P L H (MW); (b) Five vertical

chords of the Faraday rotation angles labelled from 1 to 5: (1) R=1.970 m, (2) R=2.135 m,

(3) R=2.300 m, (4) R=2.465 m, (5) R=2.630 m.

Fig. 12: Upper limit of the local electron heat diffusivity and q^-profiles in LH wave

accessibility experiments: (a) B t= 2.2T (shot 14386) and (b) B t= 1.3T (shot 14409). The

dashed lines correspond to the local electron heat diffusivity during the ohmic phase. The

vertical lines separate the positive from the negative magnetic shear plasma regions.
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