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Abstract

The magnetic shear effect on the thermal electron transport is studied in a large variety of

non-inductive plasmas of Tore Supra. An improved confinement in the region of low and

negative shear was observed and quantified with an exponential dependence on the

magnetic shear [Litaudon et al., in Plasma Physics and Controlled Nuclear Fusion

Research, 1996, Montreal (International Atomic Energy Agency, Vienna, 1997) to be

published]. This is interpreted as the consequence of a decoupling of the global modes

[Romanelli and Zonka, Phys. Fluids B5 (1993), 4081] which are thought to be

responsible for anomalous transport. This dependence is proposed to complete the

Bohm-like L-mode local electron thermal diffusivity to describe the transition from the

Bohm-like to the gyroBohm transport in the plasma core. The good agreement between

the predictive simulations of the different Tore Supra regimes (hot core lower hybrid

enhanced performance, reversed shear plasmas and combined lower hybrid current drive

and fast wave electron heating) and experimental data gives a basis for the extrapolation

of this magnetic shear dependence in the local transport coefficients for future machines.

As an example a scenario for non-inductive current profile optimisation and control in

ITER is presented.



I. Introduction.

Tokamak plasmas in the magnetic configurations characterised by non-monotonic

q-profiles and negative shear have been actively studied during the last years [1-6]. The

attractiveness of these regimes is based on the strong improvement in the ion energy and

particle confinement in the reversed shear (RS) configurations. The typical scenario of

such discharges starts with the current ramp up to produce a RS configuration together

with the electron heating to delay the penetration of the ohmic current in the plasma core.

This transient phase is supported and extended to the enhanced reversed shear mode by

the further increase of the additional heating power above some threshold value using the

predominant ion heating. As a result, the ion thermal conductivity drops to the

neoclassical value (DIII-D [1], TFTR [2]), the particle confinement increases whereas the

electron temperature does not practically change. A transport barrier is created in the

vicinity of the shear reversal radius which provides peaked pressure profiles and allows

to sustain the off-axis current profile by the increased bootstrap fraction.

In the experiments mentioned above the RS configuration is formed due to the

ohmic current penetration delay and is transient by nature. The time evolution of the RS is

determined by the current diffusion and depends on the electron temperature. In contrast,

the experiments with RS obtained on plasmas with a large fraction of the current driven

non-inductively for example by lower hybrid current drive (LHCD) demonstrate high

performance on steady state operation [3,4]. The coupling of the additional power with

electrons in these experiments produces electron heating and results in the electron

improved confinement when the magnetic shear is low or reversed. The improvement of

the thermal electron confinement in plasma core was obtained during the counter-fast

wave current drive on DIII-D [5] and during the LHCD on JT-60U [3] and JET [6]. The

possible control of the non-inductive current profile (for example using the N// of the

antenna) allows to support the high current drive efficiency and to produce low or

negative shear region which makes these regimes attractive for future steady state

machines.

Current profile control with LHCD is developed on Tore Supra. Discharges with

non-monotonic q-profile were obtained in LHCD regimes with an off-axis LH power

deposition profile and accompanied by a strong electron heating. The electron-ion

equipartition is low due to both low plasma density in LHCD regimes and high electron

temperature. This situation allows to study the magnetic shear effect on the thermal

electron transport only. The stationary regimes with nearly full non-inductive current

drive achieved at high magnetic field (Bt=4T) with a nearly flat central q-profile and

slightly reversed magnetic shear have demonstrated an improvement in the electron

energy confinement which shows up as an spontaneous increase of the core electron



temperature a few seconds after the LH power ramp (so-called transition to the hot core

lower hybrid enhanced performance (LHEP) [7,8]). The stationary regimes with a strong

negative shear provided by the off-axis power deposition due to the wave trapping in the

outer half of the plasma were obtained at low toroidal magnetic field (Bt=1.3T) and low

current (Ip=0.4MA) and are also characterised by an improved thermal electron

confinement in comparison with L-mode [9].

To quantify the improvement in the thermal electron confinement over L-mode

transport a variety of LHCD plasmas with monotonie (L-mode, LHEP) and non-

monotonic (hot core LHEP, RS) q-profiles were analysed [10]. As a result, a

phenomenological magnetic shear dependence was proposed in the Bohm-like L-mode

electron transport which allows to reduce the transport coefficients to the gyroBohm level

in the region of low and negative shear. The theoretical justification to explain the shear

effect on the anomalous thermal transport is well developed [11-15] and based on the

transition of the associated turbulence from a non-local to a local character when the

shear decreases. The non-local (Bohm-like) fluctuation transport can be provided by the

mode coupling due to both toroidal geometry in the case of the moderate turbulence level

[11] and non-linear mode interaction [12] at a high fluctuation level. The thermal

diffusivity estimated from the mixing length argument, y=Lxlxc (here Lr is a radial

correlation length and xc is the correlation time), for the global modes with the radial

correlation length resulting from a superposition of different harmonics is consistent with

Bohm-like transport [13]. The toroidal coupling of the local modes with the

predetermined shear-independent radial structure of the Fourier harmonics proportional to

P* (P*=( m i ^ e ) / ( ^ t ) , where mj is the ion mass, e is the charge of the electron, T e is

the electron temperature, a is the minor radius and Bt is the toroidal magnetic field) gives

also a Bohm-like thermal diffusivity [14]. In the last case the action at distance is obtained

at weak damping rate and the high gradients which are close to the toroidal ion

temperature gradient (TTG) threshold when the P* -dependent correlation time can cancel

the P* dependence in the correlation length.

The magnetic or electric shear can produce both a stabilisation and a decoupling

effect on the global modes by changing the radial correlation length. The stabilisation

effect takes place with the shear increase in the plasma periphery and yields, for example,

an L-H transition in the case of the growth of the electric shear and a suppression of the

resistive fluid turbulence in the divertor layer due to the growth of magnetic shear [16].

The decoupling of the eigenmodes produced with the magnetic shear decrease results in

the reduction of the correlation length to the order of the ion Larmor radius. This process

takes place in the plasma core and provides a transition from the Bohm-like to gyroBohm

transport [13]. The reduction of the thermal diffusivity from the Bohm-like to the



gyroBohm level with the decrease of the radial correlation length and disintegration of the

extended modes to the smaller vortices was confirmed also with a self-consistent analysis

of the plasma balance and of the evolution of fluctuations [17]. This approach shows that

a decrease of the Bohm-like transport can take place with the increase of the additional

heating power above a threshold value and does not necessarily require an external

momentum input.

The analysis of Tore Supra discharges shows two tendencies in the dependence of

the thermal electron transport on the magnetic shear. From one side, the improved global

and local thermal confinement was obtained in the regimes with the high bootstrap current

achieved with fast wave electron heating (FWEH) [18] where the improvement correlates

with the increase of the magnetic shear in the gradient region. From another side, the

increase of the LH power above some threshold value in LHCD regimes produces the

decrease of the magnetic shear in the region of the power deposition and a local reduction

of the thermal electron transport in the low or negative shear region only. The last effect

of the magnetic shear is a subject of our analysis. It should be mentioned that the

reduction of the thermal diffusivity with a shear decrease is a necessary but not a

sufficient condition for the transport barrier, the transport barrier with the high pressure

gradient develops with the subsequent heating of the plasma core. As a result, a large

shear flow appears which can provide further stabilisation of the turbulence. In the

present experiments it is not possible to clarify the subsequent effect of the flow shear.

The reduction of the electron transport coefficients was observed with the modification of

the current profile and it is attributed to the magnetic shear only which can be considered

as a trigger mechanism for the improved confinement. Nevertheless this does not exclude

the subsequent stabilisation effect of the flow shear. The effects of the characteristic scale

length of the transport barrier and improvement factor which are assumed in the

phenomenological model used in this paper will be compared with an algebraic shear

function which was used in the JET transport coefficients [19]. It will be shown that an

exponential shear dependence which is close to the original Romanelli function [13]

describes properly the details of the transition to the improved confinement due to the

shear modification whereas an algebraic function as in Ref. [19] gives a higher

improvement factor and overestimates the thermal confinement for the considered

discharges.

This paper thus presents an analysis of the effect of low and negative central

magnetic shear on the thermal electron transport in the different current configurations of

Tore Supra plasmas which was started in Ref.[10]. The magnetic shear dependence

proposed in [10] to describe an improvement of the core confinement is tested in the

predictive simulations of the dynamics for the regimes with low and negative shear. It

will be shown that this transport model allows to reproduce the current and temperature

evolution for the hot core LHEP transition where the spontaneous increase of the central



electron temperature takes place when the magnetic shear drops below a critical value in

the region of the LH power deposition. The transport analysis of these low shear regimes

is completed by the study of the strong RS configuration obtained at a low plasma

current. The effect of central heating in the regimes with modified current profile is

studied using combined LHCD and FWEH. In these regimes first the current profile was

changed by LHCD and then fast waves (FW) were used together with LH waves to heat

the plasma and to support the current configuration. It will be shown that the non-linear

link between the plasma heating and the power deposition profile is very important and

can be a critical factor for the sustainment of the current configuration.

The favourable agreement of the predictive simulations with the experimental data

obtained for all these regimes with the proposed transport model gives the basis for an

extrapolation to future machines. As an example a non-inductive current drive scenario

for 1TER is considered. In this scenario the RS configuration is produced at low current,

Ip=6MA, and supported during the current ramp to 21 MA by the increase of the LH

power. In the ignition phase, the density rise leads to the drop of the LHCD efficiency

and to the reduction of the negative shear region. But the temperature increase due to the

alpha particle heating and L-H transition delays the diffusion of the ohmic current. It will

be shown that the proper optimisation of the additional heating can give the possibility to

produce a configuration with the safety factor q>l throughout the plasma up to 1000

seconds.

The paper is organised as follows. The description of the transport model together

with the model for a fast estimation of the LH power deposition dynamics, self-

consistently with the temperature evolution, is presented in Section H. The current and

temperature dynamics with the new transport model for the hot core LHEP, combined

FWEH and LHCD regimes and RS plasmas is considered in Section HI. The predictive

simulations and the optimisation of the non-inductive ITER scenario are presented in

Section IV. And finally Section V contains the summary of this study.



H. The description of the model.

The transport analysis of the LHCD plasmas was realised with the usual system

of the balance equations including the equation for the electron temperature, Te, and the

diffusion of the plasma current, j , with the experimental density profiles, ne- The electron

temperature equation includes the ohmic heating, LH power heating and the exchange

with the ions estimated with the prescribed ion temperature. To describe the combined

FWEH and LHCD heating the FW power is included in the thermal electron power

balance. The fast magnetosonic waves interact efficiently with the thermal electrons and

produce a very peaked central electron heating. The typical FW power deposition profile

for the considered Tore Supra regimes is peaked inside the normalized radius of 0.2 [20].

The current diffusion was estimated from the neoclassical current conductivity [21]

which provides a good agreement with the Tore Supra experiments in the considered

density range. The neoclassical expression for the bootstrap current with the finite-aspect-

ratio was used [22].

This standard system of the transport equations was completed with two new

models. The phenomenological magnetic shear dependence was included in the local

electron thermal diffusivity to quantify the shear effect in the regimes with the strong

current modifications. As we show below this modification results in a large central

temperature increase which in turn affects the LH power deposition. A model for the

estimation of the LH power deposition and LH current self-consistently with the

temperature evolution was also developed and coupled with the balance equations. In

what follows, we discuss these two models in more details since they are fundamental for

the understanding of the considered regimes.

a) The model for the electron thermal diffusivity.

The diffusive heat flux is estimated with the mixed Bohm-gyroBohm model [23]

for the electron thermal diffusivity:

aVTe
e - ' ~ (1)

edge

cT
Here p is the total plasma pressure, q is the safety factor, XBohm=-p^>

XgBohm^BohmP* anc* Xneo a r e m e Bohm, gyroBohm and electron neoclassical

thermal conductivities. The constants Ci and C2 were adjusted from the transport

analysis of a large variety of L-mode plasmas in JET. As it will be shown below the

thermal diffusivity in the LHCD L-mode of Tore Supra can be described by Eq.(l) with



the same values of the constants. It should be mentioned that the dependence on the edge

temperature gradient included in the Bohm-like term of Eq.(l) is not important for the L-

mode discharges considered below since they do not exhibit strong temporal evolution of

the plasma edge. The first term can be replaced by the Bohm-like model of Ref. [24] with

renormalized numerical coefficient, Ci, and without the gradient of the edge temperature.

But, in what follows, we consider the ITER scenario where the H-mode takes place and

the dependence on the edge parameters is important. To keep the same transport model

for all considered cases we include the dependence on the edge temperature gradient in

Eq.(l). And finally the effect of the magnetic shear is described by the function F s and is

included in the Bohm-like term.

To find out the effect of the magnetic shear on the thermal electron transport, the

regimes with a strong current profile modification due to the lower hybrid current drive

are compared with the L-mode. These regimes include hot core LHEP plasmas with flat

shear profile [8] where the temperature in the plasma core spontaneously increases at

some time during LH pulse and strong RS regimes [9]. The region of improved

confinement due to the low and negative shear lies in the plasma core (r/a<0.2) whereas

the local transport is not changed outside this region and remains nearly Bohm-like. This

allows to choose the heat conductivity at mid-radius as a reference point for the

comparison. The value of %e in the internal plasma region (xe at r/a=0.2) has been

normalised to its value at mid-radius (%e at r/a=0.5) and plotted versus central magnetic

shear s, s=r(3q/3r)/q at r/a=0.2 for the ohmic shots, standard LHEP mode with an

improved global energy confinement in comparison with L-mode [25] but without central

magnetic shear modification, hot core LHEP and RS regimes. This curve (Fig.l)

demonstrates the strong dependence of %t on the local magnetic shear. Finally the

experimental data can be approximated with the function

F s=l/(l-Kîxp((sc-s)/sd)) (2)

(this function is plotted in Fig.l with sc=sd=O.O5). Here sc is the critical shear which

determines the threshold of the transition to the improved confinement. The sd determines

the slope of F s and as a result the characteristic length scale of the transport barrier,

s^aVpg/pg (p e is the electron pressure (we consider the shear effect on the electron

transport only)). Thus, the Eq.(2) describes the reduction of the thermal transport to the

gyroBohm level due to the magnetic shear decrease.

It is worth while underlining that the transport coefficient (Eq.l) corresponds to

pure Bohm and pure gyroBohm transport amplified by strong edge losses, described by

q2vxe/Te and VTg/Te respectively. The pure Bohm or gyroBohm coefficients decrease

with the radius whereas the experimental thermal diffusivity displays a strong radial

increase which must be taken into account. The strong edge dependencies mentioned



above are in agreement with the previous interpretative transport analysis of the L-mode

discharges of Tore Supra which clearly demonstrates the dependence of the local

transport coefficients on q2 [26]. The linear dependence of the anomalous transport

coefficient in the gradient zone on the temperature gradient correlates with the similar

dependence for the density fluctuations obtained with local reflectometry measurements

[26, 27] which allows to consider the density fluctuations as a real candidate for the

source of anomalous transport.

b) LH current drive and power deposition.

The modeling of the LH heating and current drive regimes requires information

about the power deposition profile and LH current as a basic part. Usually the estimation

of these parameters is performed with ray tracing (RT)-Fokker Planck (FP) codes [28,

29] or with the RT and wave diffusion (WD) approach coupled with Fokker-Planck

codes [30]. These simulations show normally the strong dependence of the power

deposition on the plasma parameters which are assumed fixed in these approaches. In

what follows we shall consider the dynamic phases of the discharges with large increase

of the electron temperature which affects the LH power deposition profile. For this

reason a model for a fast estimation of the deposition profile, current drive efficiency and

power losses was included in the balance equations and coupled with the thermal

transport. This model combines the results of the approach developed in Ref.[31] for the

weakly damped LHW propagation with the case of few and single pass absorption. As

shown in [31] the diffusion of the wave energy during the stochastic multiple-pass

propagation extends the launched spectrum in the region of higher parallel refractive

index, N//5 which allows to fill the spectral gap between the launched phase velocity and

the bulk of the Maxwellian distribution function. In this regime, the LH power

absorption radius, rLH» is determined by the intersection of a curve representing a

necessary condition for Landau damping to occur - estimated as Nl=6.5/(Te,keV)0-5 -

with the boundary of the wave propagation domain in the (N//,r) space. When the plasma

core is not available for LH waves because of the accessibility restriction the LH power is

absorbed in the multipass propagation in the caustic boundary region detennined from

the dielectric tensor in the cold plasma approximation. In the opposite case the LH waves

are absorbed in a single pass in the resonant region determined by condition
Nl=NantR/Ro> where Ro is a major radius, R=Ro+r and Nant is the launched parallel

wave index. In this approach the power deposition is assumed as a gaussian with the

characteristic width A :

PLH(r)-exp(-(rLH-r)2/A2) (3)



where rLH is the radius of the flux surface with the maximum LH power deposition.

Assuming that the quasilinear diffusion is large enough to flatten the distribution function

in the resonant region the LH current density is written like:

) 5 + (4)
5+ZJ ne(r;

where z{ is the charge of the main ions, vi(rLH)=3-5vTe(rLH)» (vTe is the thermal

electron velocity) and V2 is determined by the wave propagation domain as described

above.

The absorbed power is estimated taking into account the non-collisional losses

near the plasma edge, [31],

where Y*~(n eT e-3 / 2z e f f) e d g e .

Thus the self-consistent LH model for the estimation of the power deposition

proposed above takes into account the main physics of the LH wave propagation and

absorption and describes the correct tendency in the power deposition dynamics with the

change of the plasma parameters both in the multiple pass and single pass absorption

regimes. At the same time the gaussian fit of the power deposition is a rough

approximation and the comparison with more detailed codes ([28-30]) will be useful.

This comparison for the RS discharge will be shown in the next Section and the effect of

the deviation of the power deposition from the symmetric gaussian shape on the electron

temperature profile will be discussed.

The model described was used for the predictive simulations of the LHCD

discharges with the ID codes ASTRA [32] and CRONOS [33].



HI. The effect of low and negative magnetic shear

on the thermal electron transport in LHCD plasmas.

In this section the magnetic shear effect on the electron transport is considered in

the low (or marginally reversed) shear configuration (hot core LHEP) and strong RS

configuration in a helium plasma. The effect of the central electron heating with the

preliminary modified current profile is studied in the combined LHCD and FWEH

regimes. The time-dependent experimental density profile used in the model is obtained

with a twelve-channel Thomson scattering system with the spatial resolution of 6 cm. The

same diagnostics along with electron cyclotron emission (ECE) measurements and

heterodyne radiometer is used for the electron temperature profile. The ion temperature

was estimated consistently with the ion energy content deduced from the total diamagnetic

energy and thermal electron energy calculated with electron temperature profiles. The

shape of the ion temperature profile is assumed similar to the ohmic electron temperature

profile. The estimation of the LH current with the self-consistent model is confirmed by

the good agreement between the calculated total plasma current included LH and

bootstrap non-inductive fractions and the experimental current profile. The experimental

current density profile is deduced from the far-infrared polarimetry measured the Faraday

rotation angles with a maximum time resolution of 1 ms and a spatial resolution of 2 cm.

1. Hot core LHEP transition in the low shear configuration.

We start our analysis with the dynamics of the hot core LHEP transition. This

series of reproducible discharges was realised at a high magnetic field, Bt=4T, low

plasma current Ip=0.75 MA and low density, <ne>= 1.3-1.5 10*9 m - 3 fun n o n .

inductive current drive was achieved with the LH power 3.6-4 MW and the spectrum

centred at N//o=1.8. The time evolution of the plasma parameters for a typical discharge

is presented in Fig.2. The two phases in the central electron temperature evolution can be

clearly seen during the LHCD. First, the central temperature increases with the LH power

launch (Fig. 2c). Then, the second spontaneous increase of the temperature takes place

after two seconds whereas the density and LH power were kept constant (hot core LHEP

transition). The relative increase of the core electron temperature in the number of the

discharges with hot core LHEP transition is illustrated by Fig.3 where the difference in

the electron temperature before and after hot core LHEP transition normalised to the

temperature before the transition is presented. These data obtained with heterodyne

radiometer clearly demonstrates that the temperature increase up to 35% takes place in the

plasma core (r/a<0.25) without any changes outside this region. The increase of central

value of the safety factor before the temperature transition in all these discharges (the

typical evolution of central q-value is shown in Fig.2b) indicates that the modification of



the current profile in the plasma core is a possible reason for the improved confinement.

In what follows two phases in the core temperature evolution will be considered in more

details and the physics of hot core LHEP transition will be illustrated with the predictive

simulations using the models described above.

During the first phase the LH power is applied in the cold ohmic plasma and

absorbed at r/a=0.1-0.17 after multiple passes throughout the plasma volume (the time

evolution of the radius of maximum absorption is presented in Fig.2d). The central

temperature increases first time with the start of LH power. As a result of the off-axis

LH power deposition the current profile is modified within the resistive time and the

region of low shear extends to r/a=0.17. The core electron thermal diffusivity changes

slowly with the magnetic shear modification as described by Eqs.1-2. When the magnetic

shear in the region of the power deposition drops below the critical value, sc , the

reduction of the Bohm-like transport occurs. The core temperature increases (Fig.2c)

which in turn affects the localisation of the power deposition. The LH power has a small

on-axis shift and it is absorbed in a few passes with lower collisional losses. These

effects contribute also to the temperature increase started with the magnetic shear

modification (Fig.2c).

The temperature profiles before and after hot core LHEP transition calculated with

the model of Eqs.(l-2) for one of the discharges of Fig.3 are presented in Fig.4a. The

contribution of the gyroBohm term to the total thermal diffusivity is between 20% and

50% in the plasma core before the hot core LHEP phase (Fig.4b). The decrease of the

magnetic shear produces the reduction of the Bohm-like transport and the relative

contribution of the gyroBohm increases up to 70%. The reduction of the Bohm-like term

due to the shear modification produces the spontaneous increase of the core electron

temperature (Fig.4a).

It is worthwhile to stress that the improvement in the local thermal transport due to

the shear effect is a key point which allows to explain the hot core LHEP transition. The

simulation of the same discharge without the shear dependence in the Bohm-like thermal

diffusivity does not reproduce the transition to the hot core phase (Fig.5). The peaking of

the LH power is small and can not explain the central temperature increase. The absence

of the strong power peaking is confirmed by the hard X-ray measurements (HXR) which

do not display the large change of fast electrons profile during the transition to the hot

core LHEP (Fig. 2e). Unfortunately, the low spatial resolution (four chords of the

measurements along the radius) does not allow to get the more detailed information about

the LH power evolution in the plasma core. Recently the capability of the HXR

diagnostics of Tore Supra was upgraded with a new compact camera with cadmium

telluride detectors [34]. The high time-space resolution of this new diagnostics will allow

to perform more detailed analysis of the dynamics of the fast electrons in a wide energy

range (from 30 to 200 keV).



Our simulations show that the effect of the dynamics of the power deposition

profile in plasma core is important to estimate the time at which transition occurs. With

the assumption of a fixed off-axis LH power deposition, the hot core LHEP transition

takes place sooner after the power ramp (Fig.6), which was not observed experimentally.

The self-consistent power deposition dynamics which takes into account the temperature

evolution and small variation in the experimental density profile allows to reproduce the

time of the transition closed to the experimentally observed one. There can be some small

differences in the time scale between the experimental transition time and the one

calculated with our shear dependent transport model due to the diffusion of the impurities

which affects the resistive time.

Fig.7 presents the comparison of the transport model (1,2) which is based on the

original exponential shear dependence proposed by Romanelli [13], with the algebraic

shear model [19], FsR=s2/(l+s3). For an adequate comparison of these dependencies the

algebraic function [19] can be represented by Eq.(2) with different parameters, sc=0.5,

sd=0.14. So the mentioned algebraic function is expected to give a smoother transport

barrier and the decrease of the thermal diffusivity to the gyroBohm value should occur in

a broader region. The higher value of the "critical shear" following from the

approximation of the proposed algebraic dependence by an exponential dependence,

Sc=0.5, results in an earlier transition since it does not require the strong shear decrease

in the region of the LH power deposition. The improvement factor in the low shear

region, Fs(s=0, Sc=0.5, s<i=0.14), is more than 30 in contrast with the factor 3 for the

model of Ref.[10]. As a result, a stronger increase of the core electron temperature was

obtained with the algebraic shear function. This gives in the simulations the off-axis

single pass LHW absorption just at the beginning of the power launch and a deeper

reversed shear configuration which in turn improves the core confinement. Finally, an

early increase of the core electron temperature in a broader region and a strong transport

barrier is obtained which was not observed experimentally.

2. Deep reversed shear configurations.

In the regimes mentioned above the flat or slightly negative shear configurations

do not produce a well defined transport barrier. The reduction of the Bohm-like transport

coefficients was not large enough to reach the gyroBohm level in the plasma core. The

remaining typical difference with the gyroBohm is about 30%. This was the result of the

nearly central power deposition realised in these regimes. Let us consider now the case of

a strong shear reversal obtained at low magnetic field (Bt=1.3 T) and low plasma current

(Ip=0.4MA). The time evolution of the main plasma parameters for this regime is

presented in Fig.8a and the magnetic shear profiles estimated with the experimental

current profile obtained with the polarimetry measurements is presented in Fig.8b.



The LH wave propagation dynamics in these regimes was analysed in details in

Ref.[9] using both the standard RT technique [28] and the WD approach in the

quasilinear approximation [30], and the interpretative transport analysis was done. Here

we complete the previous transport study with predictive simulations using the new shear

dependence in the thermal diffusivity.

As was shown in Ref.7 hollow current profiles appear in these regimes as a result

of the restriction of the wave propagation domain by the inner caustic boundary. The LH

waves are absorbed in the multiple pass propagation which accompanied by large

collisional losses near the plasma edge, Ploss=0-5PLH- The power deposition profile

estimated with Eqs.(3,4) is plotted in Fig.9 and is in good agreement with the RT/WD

simulations of the Ref.9. The total calculated current profile is also in agreement with the

experimental one (Fig.9b). The temperature profile calculated with this power deposition

is shown in Fig. 10a along with the experimental data points. Our model gives a good

agreement with the experimental temperature profile outside the RS region and

underestimates the temperature inside. The electron thermal diffusivity and the gyroBohm

term plotted in Fig. 10b show the drop of the local electron transport to the gyroBohm

level at the shear reversal radius and to the neoclassical one inside it. The discrepancy

between the calculated and experimental temperatures in the centre can be removed with

the assumption that about 10% of the LH power penetrates in the plasma core and

produces the electron heating (the corresponding power deposition profile with the non-

symmetric gaussian is presented in Fig.9a in a dashed line and the temperature profile is

in Fig. 10a). This central electron heating can be due to the small negative part of the

launched power spectra with N// = -6 [35], which is absorbed in the plasma centre. The

50% of the change in the central electron temperature with the small central heating is

possible due to strong decrease of the thermal transport with the magnetic shear

modification. The central absorption of the negative part of the spectra is important for the

discharges at a low magnetic field with the off-axis power deposition, but this does not

gives the big effect at high magnetic field when the power deposition is nearly on-axis.

Thus, in the discharges with either flat or reversed q-profiles the drop of the

magnetic shear produces a reduction of the electron thermal diffusivity which provides

the possibility for a further amplification of the transport barrier with a high additional

power.

3. Combined LHCD and FWEH regimes.

The effect of the additional central heating with the modified current profile

configuration was studied in the combined LHCD and fast wave electron heating

regimes. In these shots the modification of the q-profile was produced first with the

LHCD and then the electrons were heated by fast wave with a power deposition peaked

on-axis (the typical scenarios are presented in Fig. 11 and Fig. 12 and will be discussed



later). The experiments were realised at a toroidal magnetic field 3T, plasma currents

0.5MA and 0.6 MA in the density range, <ne>=l-8-3 10^m"3 where the density was

kept constant during the shot. The different fractions of the LH (PLH) and FW (PFW)

powers used in these experiments allow to compare the efficiency of the central heating

with the modified magnetic shear profile.

The efficiency of the central heating is summarised in Fig. 13 as a dependence of

core electron temperature on additional heating power per particle, (PLH+PFW)/ni (ni is

a measured mean density averaged over the central vertical chord) where the core

temperature is estimated with the four central points of the Thomson scattering

measurements located inside r/a=0.17. The data points compose clearly two curves which

correspond mainly to different fractions of the FW and LH powers. The curve with the

small slope includes discharges with a low central heating fraction,

P F W / ( P L H + P F W ) < O - 3 8 (squares). The off-axis LH power deposition is not efficient for

the central heating in this case and the FW power is low which explains the low core

temperature. At the same time the off-axis LH current modifies the magnetic shear but

does not produce the shear reversal. As a result the thermal diffusivity is reduced due to

the low shear but not enough to reach the gyroBohm level, and the central temperature is

still low. The increase of the FW power produces the central heating of the plasma with

the preliminary modified current profile and reduced local transport (circles in Fig. 13).

The higher off-axis bootstrap fraction contributes to the non-inductive current and

decreases the magnetic shear in the plasma core.

To illustrate the physical picture mentioned above we choose two shots from

different sets of data points with the same total additional heating power and density

profiles where only the fractions of the FW and LH powers were different. The scenarios

for these discharges along with the results of the simulations are presented in Fig. 11 and

12 and the temperature profiles are given in Fig. 14. In both cases the ramp of the LH

power produces a drop of the loop voltage which indicates a large fraction of the non-

inductive current (Fig.l lc, 12c). The same amount of non-inductive current is produced

both with the low and high LH power due to the slightly different collisional losses and

power deposition. The magnetic shear in the region of the LH power deposition during

LHCD is low but still above the critical value, sc, and the transport is dominated by the

Bohm-like term. The low central heating (1.6 MW of FW power in the shot 19380) does

not produce a large increase of the central electron temperature (Fig.l lb) and does not

change the LH power deposition (Fig.lid). The thermal diffusivity remains the Bohm-

like one everywhere along the radius. In contrary, a strong temperature increase with a

higher FW power (2.4 MW in the shot 19378) was observed which produces a peaking

of the LH power deposition profile (Fig.l2b,d). The shear function, F s , decreases in the

central region because of an increased bootstrap fraction. The Bohm-like term drops

nearly by a factor of 2 due to the shear effect and the difference between the total and



gyroBohm diffusivities is about 35% during the combined heating phase. The reduction

of the thermal diffusivity along with the peaking of the LH power produces the strong

increase of the central temperature up to 8 keV. During the high power FWEH the low

shear region shrinks slightly. In contrast, LH power in the another shot with the low

central heating is more off-axis (Fig. 1 Id), the current profile does not change and the

central temperature displays a smaller increase with FWEH.

Thus the combined heating scheme demonstrates that both the coupling of the LH

power deposition dynamics with the evolution of the plasma parameters and the reduction

of the thermal diffusivity due to low shear are important and must be taken into account to

reproduce correctly the temperature evolution. The more central LH power deposition

with FW heating contributes to the decrease of the magnetic shear near the centre through

the additional effect of bootstrap current and improves the local confinement, but the low

shear region shrinks. The sharp transition to this situation takes place with the increase of

the central heating power which is clearly illustrated by two sets of the data points in

Fig.lia (circles and squares).



IV. Current profile optimisation for the pulsed operation scenario for ITER.

The current profile control accompanied by the improvement in the thermal

electron confinement with the magnetic shear modification observed in the number of

experiments [3-6] and quantified in this paper can be used for the predictive simulations

for future machines. As an example we shall consider the non-inductive current drive

scenario for ITER where the ignition is realised at a high plasma current 21 MA (so-called

"nominal plasma current", [36]). The optimisation of this scenario is aimed on the long

operation without sawtooth activity in the ignition phase.

The evolution of the q-profile in the ignition phase strongly depends on the

electron temperature, and therefore, on the thermal electron transport. To produce the

higher temperature using the improvement in the thermal confinement due to the low or

negative shear, the non-monotonic q(r)-profiles with the broad central region of the

negative shear are created at a low plasma current and supported during a current ramp

phase by the increase of LH power. The increase of the total additional heating power up

to 100 MW (LH power and FW central electron heating) was assumed with the creation

of the X-point at 13 MA of the plasma current. This power exceeds the threshold power

value for the L-H transition, and the H-mode confinement provides the high electron

temperature outside the mid-radius. Then, over the long resistive diffusion time in the

burning phase, the negative magnetic shear zone shrinks slowly and the current profile

reverts to a monotonie shape, but q-values can be kept above 1 over the whole plasma

cross section up to 1000 s. Sawteeth are therefore avoided throughout the whole

discharge duration.

The parameters for this simulations, R=8.14 m, a=2.85 m and Bt=5.68 T, are

taken from the standard ITER scenario [36]. The thermal electron confinement in L-mode

is assumed to be the Bohm-like as it was obtained in a number of experiments (see, for

example, [37]), and the improvement in the low or reversed shear region is described by

Eq.(2). The ion temperature is estimated with the local transport diffusivity,

Xi=2%eBohm+Xi,neo'where X e
B o h m is the first term in the Eq.(l) and Xi,neo i s t h e

ion neoclassical coefficient. The improvement in the ion thermal diffusivity with the

decrease of the magnetic shear is taken into account. The parabolic density profile is

used, ne=no(l-(r/a)2) +necjge , peaked before the ignition phase (a =2) and flat when

the density rises (a =0.1). The density in the ignition phase is determined by the feedback

control with a given value of the power of alpha-particles [36]. In what follows, first,

the creation and the evolution of the reversed shear configuration and local thermal

confinement are considered step by step and the optimisation of each step to produce the

longest steady state operation is proposed. Then the same scenario without the shear



dependence will be compared with the previous one to illustrate the effect of the

improvement in the thermal electron confinement on the period of stable operation. The

time evolution of the plasma parameters and additional power input for this scenario is

presented in Fig. 15 and the profiles of the electron temperature and safety factor at a

different time are shown in Fig. 16.

1. Creation of the RS configuration.

We start the simulations from a 1 MA, small size circular plasma in ohmic

equilibrium at low density, <ne>=1.5 10^m"^, and ramp the plasma current up to 6MA.

The plasma expansion during the current ramp to the full aperture and the change of the

shape to increase the plasma volume (the elongation and triangularity were changed to

1.75 and 0.36 respectively during the current ramp to 21 MA) are taken into account.

The restriction on the rate of the current ramp, dIp/dt<0.15 MA/s, does not allow to

produce the RS configuration by the current ramp only. To pre-form an RS configuration

with deep negative shear in a broad region with a high minimal value of the safety factor,

Qmin. the current ramp is stopped at 6MA and a current plateau follows. 10 MW of LH

power are launched at the beginning of the 6 MA current plateau with the further power

rise to 25 MW (Fig. 15a). The total current is then driven non-inductively. The LH power

rate ramp, the duration of the current plateau and the parallel wave index of the antenna

are adjusted to optimise the configuration. The electron temperature strongly increases

with LH power (Fig. 15c) which provides the single pass LH wave absorption. Due to

the high temperature, the off-axis power deposition is produced with rLH/a=0-35

(Fig.l5e) and the RS appears nearly at the beginning of the power ramp (Fig.l5d) with

the low non-inductive fraction. The optimal rate of the power ramp was adjusted to have

the appropriate diffusion of the ohmic current outward which allows to obtain the

reasonable value of the central q, qo, within 100 s of the current plateau. With too small

power the ohmic current is removed efficiently from the centre which produces the high

value of qo and can even lead to the loss of the central equilibrium. In contrast, too fast a

power ramp delays the current diffusion from the centre and requires the extension of the

current plateau to produce high central q. The off-axis power deposition leads to the

creation of a broad region with negative shear and of a transport barrier which can be

clearly seen on the temperature profile (Fig. 16a). The choice of the N// of the antenna

during this phase is done to make a compromise between the off-axis power deposition

and high current drive efficiency since both effects are important. A proper optimisation

is to maintain the power deposition profile centred at r/a=0.5 and this allows the full

current to be driven non-inductively ( Ilh>Ipl)- The duration of the current plateau is

extended till 150 s which allows to reach a higher value of qmin- Finally, the RS

configuration with a transport barrier at r/a=0.5 and qmin=l-5 is produced with the

central electron temperature, Te0=14keV.



2. Current ramp.

The aim of this phase is to support the RS configuration during the further current

ramp to the nominal value 2 IMA with the ramp rate limited at dIp/dt=0.15 MA/s. At the

beginning of this phase the region of negative shear tends to expand due to the ohmic

current ramp. At the same time the non-inductive current fraction decreases which would

destroy the RS configuration. To avoid this situation a further increase of the LH power

is applied 50 seconds later when the decrease of the non-inductive fraction could lead to

the drop of qmin- Simultaneously the FWEH is turned on to delay the penetration of the

current. The increase of the additional power starts from 13.5 MA with divertor

operation. A limiting value of 100 MW (80MW for LHCD and 20MW for FWEH) is

assumed at 21 MA. The big LH current created with this power provides full non-

inductive current drive with a power deposition at rLH/a=0.6. This allows to support the

flat q-profile with a broad region of negative shear up to the end of the ramp up phase.

The temperature profile has two gradient regions produced by the transport barrier and by

the central electron heating, respectively. The L-H transition is taken into account at the

end of the current ramp when the additional power exceeds the threshold value. To avoid

the big heat flux at the divertor plates in H-mode the density increase accompanies the L-

H transition.

3. Ignition phase.

The ignition phase starts at 2 IMA with the density rise. The alpha-particle heating

power is maintained at 300 MW by adjusting the fuel density. A strong increase of the

ion temperature is obtained along with the increase of the electron temperature. The

efficiency of LHCD drops with the density increase and finally 50% of the current is

driven non-inductively by LHCD and the bootstrap current together. So the RS

configuration is transient but long enough due to the large resistive time. The high heating

power produces a steeper transport barrier with a further increase of the core electron

temperature. The increase of the bootstrap current due to the transport barrier sustains the

RS. The launched wave index is controlled to maintain the off-axis LH power deposition

at r/a=0.6. During the long resistive time the non-monotonic q-profile evolves to a

monotonie shape (Fig. 16b), the negative shear region shrinks and the transport barrier

finally disappears.

The duration of the transient ignition phase is limited by two processes. One of

them is the disappearance of the negative shear region and of the associated improved

confinement. This process is determined by the resistive time in the plasma core which is

long enough due to the high electron temperature inside the transport barrier. The second

limitation is due to the decrease of qmin which can lead to strong MHD activity when



qmin=l- The evolution of qmin takes place over the resistive time determined by the local

electron temperature which is lower outside the transport barrier. Therefore qmin c a n

reach 1 before the RS configuration has fully disappeared. To increase the temperature

outside the transport barrier the off-axis LH power can be raised to 100MW (since no

additional central heating is required when the plasma has ignited). The effect of the

maintaining the LH power up to the end of the stable phase is illustrated in Fig. 17 where

the time of the stable operation t(qmin>l) is plotted as a function of the time when LH

power is switched off. A similar effect can be produced by increasing the H-mode

temperature pedestal as seen on Fig. 18 which displays a strong dependence of t(qmin>l)

on the edge electron temperature.

The effect of the magnetic shear on the thermal electron confinement and, in a

result, on the period of the stable ignited plasma is illustrated by Fig. 19. The plasma

with the lower temperature was obtained in a reversed shear configuration at the end of

the ohmic current ramp (250 s) when the improvement in the thermal electron

confinement due to the shear effect was not taken into account (dashed line in Fig. 19b).

This leads to the fast reduction of qO and gives finally shorter operation period stable to

the sawtooth activity (Fig. 19a).

Thus, with the proper optimisation of all three phases mentioned above, the

qmin>l phase can be supported up to 1000 seconds. The duration of this phase also

depends on the helium concentration, n ^ g which is assumed 7% in the previous

simulations. A scan in (n^ng ) assuming all species have the same density profile is

presented in Fig.20. These results show the rough effect of the helium concentration on

the stable operation. The more correct approach assumes the self-consistent estimation of

the diffusion of the alpha-particles and it is out the scope of our work.



V. Summary.

The magnetic shear effect on the local thermal electron transport was studied in a

large variety of non-inductive LHCD plasmas in Tore Supra with flat and reversed q-

profiles. The improved electron core confinement is observed in a stationary weak and

reversed central magnetic shear configuration provided by the high or full non-inductive

LHCD fraction. In contrast to other experiments [1,2] the strong electron heating due to

the LH wave interaction with electrons and low electron-ion exchange gives the

possibility to study the magnetic shear effect on the anomalous electron heat transport.

The effect of the magnetic shear on the thermal electron diffusivity was quantified

as a strong exponential dependence which includes a critical shear value and possesses a

threshold character. This dependence is proposed to be included in the L-mode thermal

diffusivity which describes LHCD Tore Supra regimes with monotonie q-profiles. The

transport model with the magnetic shear correction is in agreement with a theory of

anomalous transport due to global modes where the reduction of the transport in the low

shear region is explained as a result of the toroidal decoupling of the modes with the

following decrease of the radial correlation length [13].

The predictive transport simulations of the dynamics of the LHCD regimes with

the low and reversed magnetic shear shows a good agreement with the experiments. The

model proposed above explains the physics and give the quantitative estimations of the

strong increase of the central temperature observed a few seconds after the ramp of the

LH power (hot core LHEP transition). The improved core confinement takes place when

the shear drops below some critical value within the resistive time which was quantified

with different magnetic shear modifications. The transport barrier created in the vicinity

of the low shear region, s^ sc, is clearly seen as a sharp decrease of the local thermal

diffusivity both with marginally and strongly reversed shear. A variety of shear

configurations has been studied and the analysis of the dynamics of the transition to the

local improved confinement allows to clarify the magnetic shear effect as a trigger

mechanism to produce the transport barrier when a strong shear flow is not still

developed.

A self-consistent approach has been used to take into account the variation in the

LH power deposition with the plasma parameters. This approach gives the correct

tendency in the LH power deposition dynamics both in the multiple pass and single pass

absorption regimes and shows a good agreement with the ray-tracing/Fokker Planck

simulations for the reversed shear discharges. The numerical analysis demonstrates the

importance of the self-consistent estimation of the LH power deposition for the regimes

studied in this paper since the large change in the electron temperature is produced due to

the improved thermal confinement of the plasma core. The peaking of the LH power



amplifies the central electron heating triggered by the magnetic shear decrease in the hot

core LHEP mode and in the combined FWEH/LHCD discharges. At the same time, the

shift of the LH power deposition towards the centre with the temperature increase

provides a reduction of the low shear region. This complicated link of the LH power

deposition with the electron temperature requires a careful adjustment of the plasma

parameters and additional heating power for successful operation in future experiments

aimed on the creation of a broad central improved confinement zone.

The magnetic shear dependent transport model validated with a variety of flat and

reversed shear configurations of Tore Supra was used for predictive simulations of non-

inductive current drive scenario for ITER. This scenario includes the ignition phase in

reversed shear configuration where the local thermal transport is reduced and a transport

barrier is created. With the assumed restriction on the additional heating power,

Padd<100MW\ and a nominal plasma current of 21MA the RS configuration is transient

by nature and requires the proper optimisation of the pre-ignition phase. The main

principles of the optimisation can be defined as a full non-inductive current drive with LH

power deposition at mid-radius before the ignition phase and the off-axis high

temperature plasma (H-mode, off-axis LH power deposition) along with the hot plasma

core during the ignition. In the result the long steady state operation (1000 s) stable to the

sawtooth activity can be achieved.
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Figure captions.

Fig.l. The dependence of the normalised experimental electron thermal diffusivity on the

magnetic shear for the LHCD plasmas with the different q-profiles.

Fig.2. The time evolution of the line central plasma density (dashed line) and absorbed

LH power (solid line) (a), the experimental central value of the safety factor, qO, (b),

experimental (dashed Une) and simulated (solid Une) central temperature (c), total plasma

current (soUd Une), simulated LH current (dashed Une) and simulated evolution of the LH

power deposition profile (dotted line, right axis), (d) and hard X-ray evolution

corresponding to the fast electrons with the energy more than 75 keV (e) for the typical

hot core LHEP transition (shot 16337).

Fig.3. The relative temperature increase during hot core LHEP transition (the differences

between the temperature before and after the transition, normalised to the temperature

before the transition) obtained with heterodyne radiometer at a different radius.

Fig.4. The calculated temperature profiles and the measurements before hot core LHEP

transition (dashed Une and circles) and after the transition (soUd Une and squares) (a) and

the relation of the gyroBohm diffusivity to the total diffusivity used for the simulations of

these temperature profiles (b) (shot 20035).

Fig.5. The central temperature evolution for the shot 16337 simulated with shear function

(soUd line) and without shear function (dashed Une) in Eq.(l).

Fig.6. The effect of the power deposition dynamics on the evolution of the central

temperature for the same shot, solid line corresponds to the selfconsistent simulations

with Eqs.(3,4) and the dashed Une was obtained with the fixed power deposition profile,

rLH/a=0.15.

Fig.7. The central electron temperature simulated with the exponential shear function

(solid line) and algebraic shear function [19] (dashed Une) for hot core LHEP transition

(shot 16337).

Fig.8. The typical scenario of the strong RS configuration (shot 14409): volume average

density (solid line), launched LH power (dashed line) and plasma current (dotted line) (a)

and the magnetic shear profiles calculated with the experimental current profiles measured



with the polarimetry for the ohmic phase (solid line) and RS configuration (14.5 s and 17

s, dashed lines).

Fig.9. LH power deposition profile for the shot 14409 assuming the symmetric (solid

line) and non-symmetric gaussian (dashed Une) (a) and the current profile calculated with

this power depositions (solid and dashed lines corresponds to the same assumptions like

in (a)).

Fig. 10. The calculated temperature profile with symmetric (solid Une) and non-symmetric

gaussian (dashed line) and Thomson scattering measurements (circles) (a), the thermal

diffusivity used for the simulation of the temperature profile with the non-symmetric

gaussian (solid Une) and the gyroBohm term (dashed Une) for RS configuration (b) (shot

14409).

Fig.l 1. The scenario of the combined LHCD and FWEH shot with the P F W = 1 - 6 MW

and P L H = 3 . 4 4 MW (shot 19380): LH power (soUd Une), FW power (dashed Une) and

volume average density (dotted Une) (a), experimental (dashed) and simulated (soUd Une)

central electron temperature (b), total plasma current (soUd), and calculated LH current

(dashed Une) (c) and the radius of the maximum of LH power deposition (d).

Fig. 12. The time evolution of the same parameters as on Fig. 11 with P F W = 2 . 4 4 MW

and PLH=2.6 MW (shot 19378).

Fig. 13. The average core temperature estimated with four central data points of the

Thomson scattering measurements as a function of the total additional power per particle

for the combined LHCD and FWEH shots. The data points are averaged over the steady

state heating phase (0.5-1 s), the error bars are determined by the time dispersion.

Fig. 14. The calculated temperature profiles and experimental data points obtained with

Thomson scattering for shots 19378 (soUd Une and circles) and 19380 (dashed Une and

squares).

Fig. 15. The time evolution for the ITER scenario based on the RS improved

confinement: LH power (solid line), FWEH (dashed line) and alpha power (dotted line)

(a); total plasma current (solid line ) and volume average density (dashed Une) (b); the

evolution of the central electron (solid line) and ion (dashed line) temperatures (c);

minimal value of the safety factor (solid line) and qo (dashed line) (d); LH power

deposition (e).



Fig. 16. The electron temperature (a) and q-profiles (b) for the ITER scenario (Fig. 15) at

50 s (solid line), 150 s (dashed line), 200 s (dotted line), 250 s (dotted-long dashed line)

and 980 s (dotted-dashed Une).

Fig. 17. The time of the stable to sawtooth activity steady state operation as a function of

the end of the LH power pulse,

Fig. 18. The time of the stable to sawtooth activity steady state operation as a function of

the edge temperature in H-mode.

Fig. 19. The time evolution of the minimal value of q (a) and central electron temperature

(b) calculated with shear function in the thermal diffusivity (solid Unes) and without shear

function (dashed Unes).

Fig.20. Time in second when qmin=l versus relative heUum density.
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