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Abstract

A numerical model for predictive simulations of radiofrequency current drive in

magnetically confined plasmas is developed. It includes the minimum requirements for a self-

consistent description of such regimes, i.e., a 3-D kinetic equation for the electron distribution

function, 1-D heat and current transport equations, and resonant coupling between velocity

space and configuration space dynamics, through suitable wave propagation equations. The

model finds its full application in predictive studies of complex current profile control

scenarios in tokamaks, aiming at the establishment of internal transport barriers by the

simultaneous use of various radiofrequency current drive methods. The basic properties of

this non-linear numerical system are investigated and illustrated by simulations applied to

reversed magnetic shear regimes obtained by Lower Hybrid and Electron Cyclotron current

drive for parameters typical of the Tore Supra tokamak [Equipe Tore Supra, in Proc. 12th Int

Conf. on Plasma Phys. Contr. Nucl. Fusion Res., Nice, France, 1988 (Vienna, 1989), 1, 9].



I. INTRODUCTION

One of the main applications of radiofrequency current drive1 is the control of the

current density profile, a key ingredient for the establishment of improved confinement

regimes in tokamaks2. In particular, Lower Hybrid (LH) waves have been used in several

experiments3'4 to drive currents off-axis in order to obtain a low or negative magnetic shear in

the central part of the discharge5"12, which is known to have favorable properties for the

stabilization of some MHD modes and of electromagnetic turbulence, with the production of

internal transport barriers (ITB) as a consequence. Although, to realize these regimes,

experimental recipes have been found, such methods suffer from poor reliability and cannot

be easily extrapolated to different ranges of parameters. One of the reasons for these

problems is the difficulty of developing a predictive modeling of such regimes, owing to the

inextricable coupling of velocity space dynamics, wave absorption, current profile evolution

and heat transport. Different elements of these processes are independently predicted, either

by first-principle theory or by semi-empirical models. For instance, the current drive (CD)

efficiency and the detailed behavior of the electron distribution function during LHCD is well

reproduced by 2-D (in velocity space) Fokker-Planck codes, both in steady-state1'413 and in

transient regimes14. LH wave propagation and absorption are fairly well described by ray-

tracing15"17 or wave diffusion18 techniques, and their global properties are well understood in

terms of propagation domains in the n r r plane19 (where n,, is the component of the wave

refractive index parallel to the tokamak magnetic field and r is the radial coordinate along the

minor radius of the torus). Heat transport reductions due to safety factor (q) profile

modifications5"12'20'21 are reproduced in a satisfactory manner by the mixed Bohm/gyro-Bohm

semi-empirical model22, which has been successfully applied to a number of experiments23"27.

Nevertheless, the integration of all or most of these elements into a self-consistent

computational algorithm is still missing, and owing to the dependence of the heat diffusivity

%e on the q profile, characteristic of these regimes, it appears now as an essential step for

understanding and predictions of such complex systems. Moreover, it is widely recognized

that current profile control in non-inductively driven discharges will generally require more



than a single CD method, and complex scenarios have been proposed to combine the various

current sources into a smooth, MHD-stable current density profile in next-step devices28. To

this end, advantage could be taken from synergy effects due to the simultaneous use of

different waves, as predicted, e.g., for LH and Electron Cyclotron (EC) waves, by kinetic

simulations29"31. In this case, the use of a 2-D Fokker-Planck code to correctly describe the

CD process is necessary, owing both to the intrinsically 2-D phenomena involved (parallel

and perpendicular diffusion for LH and EC waves, respectively), and to the non-linear nature

of the synergy effect.

To summarize, the essential elements of a self-consistent modeling of current profile

control by radiofrequency CD are:

i) a time-dependent kinetic equation to determine the driven current profiles (2-D in

velocity space for every flux surface);

ii) an appropriate model for the fast electron transport, integrated in the kinetic equation

(since it is generally velocity-dependent);

iii) a 1-D macroscopic current diffusion equation, accounting for resistive effects, and

including the various current sources (Ohmic, non-inductive, bootstrap);

iv) a set of 1-D heat transport equations, with transport coefficients generally dependent on

the current profile (as, e.g., in the mixed Bohm/gyroBohm model);

v) an appropriate model for the wave power deposition, fully consistent with current,

temperature and fast electron profiles.

In the prospect of accomplishing this task, a 3-D Fokker-Planck code32, including

radial diffusion of fast electrons due to electromagnetic turbulence, has been used in

conjunction with the ASTRA transport code33 in an iteration scheme, justified by the large

separation of time scales of the different phenomena involved (milliseconds for the kinetic

evolution; tens of milliseconds for the electron heating process; hundreds of milliseconds for

current diffusion). The main motivation of this study is the investigation of the basic

properties of such a non-linear system, rather than simulations of specific experimental

scenarios. Therefore, the model has been simplified whenever possible, however keeping the



essential dependencies and non-linearities that make the problem complex. For instance, LH

wave propagation and absorption, which generally requires ray-tracing, has been treated in

the multi-pass regime only, using a simple model based on the propagation domains28, still

retaining the dependence of wave propagation and absorption on temperature and q profiles.

Rotation shear effects have been neglected, since we are considering radiofrequency waves

interacting with the electrons, for which the global momentum transfer to the plasma is

negligible. Another important simplification comes from neglecting MHD effects on the

evolution of the current density and on heat transport. Finally, no attempt is made to model

the evolution of the electromagnetic turbulence itself and its dependence on the q-profile.

The turbulence level is rather treated as a parameter determining the radial diffusion of fast

electrons. The elements that are neglected will generate additional non-linearities in the

system (e.g., transition from multi-pass to single-pass regime, etc.), which could be the

subject of future work.

With the exceptions listed above, our predictive model has several of the non-linear

properties that would characterize the real system in the experiments, and that deserve a

detailed investigation. This is done by a set of numerical simulations of the temporal

evolution of reversed-shear, non-inductive discharges for parameters typical of the Tore

Supra tokamak, and for both LHCD alone and a combination of LHCD and ECCD. The plan

of the paper is the following. In Sec. II, the model is described and the properties of the LH

propagation domains are discussed. In Sec. Ill, results are presented for the case of LHCD;

the influence of initial conditions and of fast electrons diffusion are discussed. Sec. IV is

devoted to investigating the control capabilities of combined LHCD and ECCD. The

conclusions are drawn in Sec. V.

II. DESCRIPTION OF THE MODEL

3-D Fokker-Planck codes, 1-D transport codes and rf wave propagation equations are

well documented in the literature. Here, the main equations used in the self-consistent kinetic



and transport (K+T) model are summarized, and a discussion of the critical approximations

used is given.

A. Kinetic equation

The basic quantity to be computed is the electron momentum distribution function f(p,

r, t), where p is the electron momentum, r is the radial coordinate along the tokamak minor

radius, and t is the time. Exploiting the symmetry properties of the toroidal geometry, the

kinetic equation to be solved is actually 2-dimensional in momentum space (parallel and

perpendicular momentum projections ph, p± with respect to the tokamak magnetic field B) and

1-dimensional in configuration space, and can be written in the general form

)

where brackets denote bounce-averaging along the electron orbits, and the four terms on the

right-hand side describe the effects of Coulomb collisions, dc electric field, rf wave induced

diffusion in momentum space, and radial diffusion due to electromagnetic turbulence,

respectively. Details about the specific expressions of the collision and radial diffusion

operators, as well as of bounce-averaging and numerical techniques can be found in Ref. 32

and references therein. The radial diffusion coefficient is generally related to the specific

spectrum, correlation lengths and radial distribution of the electromagnetic turbulence. Here,

for simplicity, a Rechester-Rosenbluth type35 of diffusion coefficient associated to magnetic

turbulence is used, of the form Dj = ITZRQS V(| , where RQ is the tokamak major radius,

b = B/B is the ratio of the fluctuating to the static magnetic fields, and v is the electron

velocity. Since fluctuation levels, spectra, correlation lengths and radial profiles are difficult

both to measure and to model in an exhaustive way, we intentionally exclude from the

simulations every possible dependence of DT on the plasma evolution, in particular on q, and

use constant values for b. Note that strong experimental evidence has been found that the

fast electrons transport can be due to magnetic turbulence even when global heat transport is

due to electrostatic turbulence originating from drift wave instabilities36. Thus this choice of

DT is not in contradiction with the use of a Bohm/gyro-Bohm model for the heat diffusivity.



The complete expression of the quasilinear diffusion term associated to EC waves is

found in Ref. 37. In this case, the diffusion process is essentially perpendicular to the

magnetic field, with a small parallel component for a non-vanishing parallel refractive index

nN * 0. In this frequency range (wave frequency co ~ CQ.e, the electron gyrofrequency, or one

of its harmonics), wave propagation is well described by geometrical optics, and the injected

parallel refractive index nH0 is simply related to the toroidal injection angle \y by the relation

nM0 = sin \|/ (\|/ being measured from the direction normal to the magnetic field). In the

simulations presented in this paper, only cases of wave launching in the equatorial plane will

be considered, thus wave propagation will be treated in a simple slab geometry. The main

toroidal effect, i.e., conservation of the quantity n,|R, is taken into account by letting nN vary as

a function of the coordinate x in a horizontal diameter, according to the relation nM =

nnO(Ro+xo)/(Ro+x), where XQ is the wave launching location. The parallel diffusion operator

associated with electron Landau damping of LH waves is in principle given by analogous

expressions15'17'29 evaluated along the ray trajectories. However, here a much simpler model

will be used, as discussed in the next sub-Section.

B. LH wave propagation model

Wave propagation in the LH frequency range, although still governed by geometrical

optics, generally follows more complicated patterns than at the EC frequency. The Landau

damping being much weaker, several passes across the plasma are generally necessary for

complete wave absorption15, except at very high values of the electron temperature Te and/or

of the launched parallel refractive index nn0 (Te
2n,|0 > 50, approximately, where Te is in keV).

However, once the waves have crossed the thin evanescent layer at the plasma edge, and

before they are completely damped, the slow wave propagation is subject to the following

constraints:

i) Radial component of the wave vector k, > 0, which, in the electrostatic approximation,

yields3



n,|_ < «|| < n||+ , where «,,+ = f-

; + _I_|_^!L
e±J , (2)

co^; is the electron (ion) plasma frequency, GO is the wave frequency, and n^ are known as

the upper and lower caustics, respectively.

ii) Accessibility condition, defined by the coupling point between the fast and the slow

branches

^V. _ ---C-f/C /3-J

where me and vc^ are the electron and ion masses,

iii) An upper limit on nn due to Landau damping. This can be roughly given by15

where Te is expressed in keV and nL is a number of the order of 6 - 7.

Equations (2-4) define the limits of the domain, in the nM - r space, in which the rays

can propagate19. An example of such domains is given in Fig. 1, for the following parameters,

typical of the Tore Supra tokamak34

a = 0.7 m, RQ= 2.25 m, B0 = 2T, He gas

Te(r) = TeO[l-(r/a)2]2 , ne(r) = neO[l-(r/af f , Te0 = lor2keV ,

ne0 = 3.5x 1019mT3 , q(r) = q0 + (qa -qo)^j , q0 = 1 , qa= 5.5
a

CO/2K = 3.7 GHz , n,,0 = 1.8 , nL = 6.5

Now, in the multi-pass regime, i.e., when the launched nfl is well below the Landau damping

limit, the ray will bounce back and forth in the propagation domain, gradually upshifting its n,,

owing to toroidal effects15, and invading most of the low-nN part of the domain18, until

eventually the Landau damping limit is attained, i.e., the intersection of the curves defined by

Eqs. (2) and (4). If this intersection exists (as in case 2 of Fig. 1), it can be assumed that the



part of the domain above this intersection is never reached by the ray, and that the quasilinear

diffusion coefficient for the LH waves DLH is non-zero only in the lower part. This defines an

effective domain which can be used to evaluate the absorbed power28. On the left of the

intersection point the domain shrinks, and on the right the temperature, thus the absorption,

decreases. Therefore, the maximum power deposition is generally localized in the vicinity of

the intersection point. Since in the multi-pass regime the rays tend to cover the effective

domain uniformly18, we assume DLH constant all over this domain. The correspondence

between the n,, and the momentum space domains is, of course, given by the Cherenkov

resonance nN = c/v,,, where c is the speed of light. This model is a good approximation in the

multi-pass regime, which is relevant to most of present-day experiments; it was first

introduced in Ref. 28 to determine the peak of the power deposition profile, whereas the

width was assigned as a parameter. In our case, the absorbed wave power density is

evaluated kinetically, from

-l)-£-DLH-&- , (5)

I 2 2 2\1/2

[where y = 11 +p/mecI ] and such a freedom in the choice of the width is removed.

The value of DLH is then determined by giving the total absorbed wave power as an input

parameter. This value is usually large compared to the dominant term in the collision

operator, i.e., the coefficient of the pitch-angle scattering term, thus the detailed shape of DLH

plays a minor role. At the edge of the propagation domain, DLH is connected to the momentum

space region where it vanishes by appropriate Gaussian ramp functions (of half-width Ap(! «

(meTe)
1/2), for numerical convenience.

In principle, implementing a full ray-tracing package in order to treat the LH wave

propagation in all regimes, from single-pass to multi-pass, poses no technical problem.

However, it makes the computation much lengthier, and adds complications in the

understanding of the results. Therefore, this will be reserved to further studies of specific

effects related to the transition between different regimes. The model used in this paper,

although relatively simple, reproduces the basic effects that characterize wave propagation in



the multi-pass regime, and is therefore more appropriate to study the fundamental properties

of the system. These are mainly related to the relative displacements of the Landau damping

limit and the upper caustic, whose intersection determines the location of the power

deposition. In order to understand the numerical results presented in the following sections, it

must be kept in mind that a temperature increase causes a displacement of the Landau limit to

lower nIh as illustrated in Fig. 1, whereas a change from a monotonic to an inverted q profile

induces an outward displacement of the upper caustic. This is shown in Fig. 2, where an

inverted q profile is modeled by two additional parameters: the radial position of the

minimum r ^ and the minimum value q ^ (connected to the central and edge values q0 and qa

by arcs of parabolas). In Figs. 1 and 2, the effective domains where DLH ^ 0 are delimited by

thick dashed lines.

C. Transport equations

In order to determine the coupled evolution of the macroscopic quantities, a simplified

system of macroscopic 1-D transport equations is solved. Since usually the application of

both LH and EC waves has little impact on the plasma density, the electron density profile is

assumed constant in all the simulations. The current density profile j(r) and the parallel

electric field E,, evolve following the standard resistive diffusion equation, with three sources:

the non-inductive current, computed from the electron distribution which is the output of the

Fokker-Planck code, the Ohmic current, computed from the neo-classical resistivity, and the

bootstrap current, evaluated using the model of Ref. 38. In the presence of both rf waves and

a loop voltage Vloop * 0, the electrical conductivity is in principle modified by a cross term

proportional to both the rf power and the loop voltage, the so-called hot conductivity39. This

can be calculated either by analytical expressions39 or by the Fokker-Planck code itself;

however, in all the simulations presented in the next Sections, describing regimes in which

the current is predominantly non-inductive, this contribution has been found to play a

negligible role.

9



The electron and ion temperatures evolution is obtained from standard coupled

transport equations, in the framework of the mixed Bohm / gyro-Bohm model22. The basic

physical assumption underlying this model is that heat transport is mainly caused by drift

wave turbulence, whose radial correlation length Lr may vary from small scale (ion Larmor

radius p;) to large scale [Lr ~ (fta)172], depending on the intensity of toroidal coupling between

drift-wave modes40. The toroidal coupling increasing with the magnetic shear s, the transport

will be Bohm-like (i.e., large-scale) for large positive shear, and gyro-Bohm like (i.e., small-

scale, thus reduced) for low or negative shear. At the transition between regions dominated

by the two different transport mechanisms, a sharp ITB may form. The expressions used for

the electron and ion thermal diffusivities are:

_2

Xe ~ XBohm aB "T*~ Jshear + agB "T*~ + Z,
neo

e
\

Xi XBohm *s j

h
fm2/s), (6)

L*p=pt/(aVpt) , I?r = Te/(aVTe) , p* = (miTe)
1/2/(eBa) ,

/shear = [l + exp(20(0.05- s))]~7 , aB = 3.3 10~3 , agB = 0.035 ,

where pt is the total plasma pressure and %™° are the neoclassical expressions (note that they

are also dependent on q). The constants aB and ocgB have been determined to fit JET

experimental results in a number of different regimes22, but have been found adequate for

reproducing results of other machines too23"27. Note that the model may also include rotation

shear, which is not used here, since LH and EC waves do not generally induce plasma

rotation. In the context of this study, this model is adopted, rather than for its capability to

reproduce experimental results, as a paradigm of a transport model in which the electron

thermal diffusivity depends on the q profile, which introduces an essential non-linearity in the

problem.

The ASTRA code33, which solves the coupled transport equations for j , Te and T;, is

run in conjunction with the 3-D Fokker-Planck code32 in iteration cycles: starting from given

10



temperature and q profiles, the Fokker-Planck code provides rf power and non-inductive

current sources. These are given to ASTRA as an input, to compute new temperature and q

profiles, and so on, till a steady state is attained in both codes. The existence of such a steady

state is not guaranteed a priori, however, a steady state has been found in most computational

cases, after 3 to 8 iterations. Most CPU time is consumed in the Fokker-Planck runs (10-30

minutes per iteration on a 500 MHz a-processor, using a 64 x 64 grid in momentum space

and 25 points in r).

III. RESULTS: CURRENT PROFILE CONTROL BY LHCD

The properties of a plasma discharge in which the current density profile is controlled

by LHCD are now investigated, for conditions similar to some of the experimental results

obtained in Tore Supra and reported in Ref. 5. The general plasma parameters, except when

explicitly stated, are those of Figs. 1 and 2. The density profile is kept fixed in all the

simulations, as well as the effective ion charge number Zeff, which is assumed radially

constant and equal to 2.5. The LH absorbed power is also kept fixed, PLH = 3 MW; as is

known, in CD experiments, LH spectra, although asymmetric in n,,, have side lobes injecting

part of the power in the opposite direction, at higher absolute values of nn. This power is

generally absorbed in the outer part of the discharge, contributing to the overall electron

heating, but not to the driven current. In all the simulations presented here, a power of 1 MW

out of 3 is assumed injected in the nM < 0 direction, deposited in a Gaussian peak located at r/a

= 0.6, of half-width 0.2, and driving no current. We have checked that this part of the wave

power, absorbed in a low-confinement region, plays a minor role in the overall temperature

and current evolution.

The question of the existence of a self-consistent steady-state is first addressed.

Results of self-consistent K+T simulations are presented in Fig. 3, for a total plasma current Ip

= 0.46 MA, and initial conditions corresponding to the non-monotonic q profile of Fig. 2.

First, a vanishing fast electrons diffusion coefficient is assumed (b = 0). The propagation

11



domains, safety factor and electron temperature profiles are shown (a, b, and c, respectively),

for the initial conditions (solid thin curves), first iteration (dashed curve), second iteration

(dotted curve), and third iteration (solid thick curve). The second iteration results are hardly

distinguishable from the third ones, which represent a numerically stable steady state. The

final values of the non-inductive and bootstrap currents are ICD = 0.3 MA and Ibs = 0.06 MA,

respectively, the rest of the current being provided by the residual Ohmic field (Vloop = 0.1 V

and radially constant). Note the progressive outward displacement of the upper caustic,

corresponding to an analogous displacement of the power deposition profile, shown in Fig. 4.

It appears that, in this model and in the absence of fast electrons diffusion, the power

deposition profile is rather peaked, and there is no LH power input in the central part of the

discharge, where only the little Ohmic power associated to the residual loop voltage remains,

in competition with electron-ion collisional power exchange. This explains the slightly

hollow electron temperature profile.

Once the existence of a self-consistent steady-state is demonstrated, for this specific

parameter set, we investigate its dependence on the initial conditions. In fact, the initial

conditions chosen for the simulation of Fig. 3 are somewhat arbitrary: they could only

represent a reasonable guess of the final state that is expected. Another possibility is to start

from an Ohmic plasma at the same density, total current and Zeff. The temperature, loop

voltage and q profile are found by means of the ASTRA code, assuming the same transport

model. This evolution is shown in Fig. 5. In this case, the initial temperature is much lower

and the initial q profile is monotonic. A numerically stable steady state is found again,

however, it is significantly different from the previous one. An extensive investigation shows

that, among the various parameters defining the initial conditions, the minimum value of q is

by far the most important. For instance, a steady state which is intermediate between those of

Figs. 3 and 5 is obtained for q^,, = 1.5. For the sake of direct comparison, these three steady

states and the corresponding power deposition profiles are shown in Figs. 6 and 7. The

dependence of the stationary state from the initial conditions is a fundamental property of this

non-linear system. Very similar steady states can also be obtained by other means, e.g.,

12



starting from lower values of q^,,, but temporarily reducing the total current between the first

and second iteration, and so on. This demonstrates that complex scenarios sometimes used in

tokamak experiments to access reversed shear regimes2010 (current ramps, freezing of current

profile by electron heating, pre-forming of hollow q profiles by LHCD, etc.) are not just

experimental shortcuts to facilitate the appearance of enhanced confinement, but may

correspond to basic properties of the physical system.

The impact of fast electrons diffusion in K+T simulations is illustrated in Figs. 8 and

9. Radial diffusion of fast electrons does not substantially change the stationary states in this

parameter range, as shown in Fig. 8 for b = 2x 10~5 and 4x 10~ . Note that magnetic

turbulence levels in the plasma core up to b = 5 x 10 have been measured in Tore Supra by

cross-polarization scattering41. The radial diffusion of fast electrons has the main effect of

enhancing both power deposition and current density in the plasma core, with evident effects

on the q and Te profiles. The absorbed power density Pabs(r) is now given by Pabs(r) =

PLH(r)+PT(r), where32

= nemec
2jdp(7-l)U-j-rDT^\ . (7)

PT(r) does not contribute to the total absorbed power (its integral over r is zero), but represents

a significant redistribution of the power deposition, as shown in Fig. 9.

The reversed shear regime, for the set of parameters of Figs. 1-9, is particularly robust,

in the sense that steady states are found in few iterations and that the reversed-shear feature is

not strongly sensitive to variations of some parameters. This corresponds well to

experimental findings5, and is mainly due to the topology of the propagation domains, in

which the accessibility curve intersects the upper caustic, preventing LH waves to drive

current in the center. The same is no longer true, e.g., at Bo = 4 T and Ip = 0.6 MA: as shown

in Fig. 10 (c), in this case the accessibility curve does not intersect the upper caustic, and a

reduced but non-vanishing propagation region exists in the central part of the plasma,

between the lower and the upper caustics. As a consequence, the reversed shear regime is

more difficult to obtain: an initial value of q^,, = 2.5 was necessary to obtain the steady-state

13



shown by the thick curves of Fig. 10, characterized by q ^ = 1.45 (at r ^ / a ~ 0.37). This

steady state, although numerically stable, proves excessively fragile to variations of control

parameters. For instance, a modest level of fast electrons diffusion, corresponding to

b = 2xlO~5, is sufficient to induce in the system a loss of the reversed shear regime: the q

profile becomes monotonic and the propagation domain moves to the very center of the

discharge, as shown by the thin curves of Fig. 10. Note that this steady state is characterized

by a central q lower than 1. This means that the final phase of the evolution should in reality

be influenced by sawteeth, which are not included in the model. However, the trend predicted

by the simulations is very clear: any slight redistribution of the power input towards the center

induces a decrease of the central q; this causes, in turn, an inward displacement of the upper

caustic, which reinforces the central power deposition, and so on. The opposite trend is also

possible, if some mechanism is responsible for an outward redistribution of the power input.

However, in such cases the current is driven more and more in low temperature regions, the

CD efficiency decreases and the discharge tends to be dominated by the Ohmic current.

These different classes of behaviors can be represented in a synthetic way by means of

evolution diagrams in the r^,, - T,^ plane, in which each point represents the value of the

position of minimum q and the maximum value of the electron temperature, respectively, for

a given iteration. An example of this representation is given in Fig. 11. The large full circle

represents the steady state associated with the thick curves of Fig. 10. The line connecting the

open circles shows the evolution towards the regime of monotonic q and the peaked Te profile

shown by the thin curves of Fig. 10, and due to fast electrons diffusion. A very similar

evolution is obtained simply by increasing the total plasma current, from 0.6 to 0.7 MA,

which starts the degradation of the reversed shear regime by increasing the Ohmic power

input at the center and decreasing the minimum q value. The opposite evolution is obtained

by artificially suppressing, in the transport model, the confinement improvement associated

with negative shear, i.e., by setting fshear = 1 in Eqs. (6). Note, however, that in this case a

numerical steady state is not found: the LH driven current keeps moving outwards, and the

central temperature keeps decreasing. This is because in the model the amount of total

14



absorbed power is kept fixed: as the power deposition moves in the plasma periphery (e.g.,

well beyond r/a = 0.5), we expect that the total amount of absorbed power will start to

decrease, in favor of collisional damping and of other edge plasma processes, which are

difficult to model. Finally, we recall that such qualitative differences between the 2T and the

4 T regimes are confirmed by the experimental practice on Tore Supra6.

IV. RESULTS: LHCD + ECCD

The combination of LH and EC waves is in principle very attractive for current profile

control, owing to the good current drive efficiency of LH waves, well suited for driving large

amounts of current, and to the excellent localization and flexibility of EC waves. The main

drawback, i.e., the poor ECCD efficiency, especially for off-axis CD, may be partially

attenuated by the predicted improvement of the ECCD efficiency in the presence of a LH tail,

due to kinetic effects29'31. The physical origin of such synergy effects is the following30:

depending on the resonance conditions, EC waves can either extend the LH tail beyond its

high-energy limit, or provide an additional source of mildly superthermal electrons, which

enhances the density of the LH tail itself. Such effects have been predicted by kinetic

calculations at constant macroscopic plasma parameters (Te and LH n,, spectrum); however,

since the ECCD efficiency is low, large amounts of EC power are necessary in order to

control the current density profile, and the impact of this heating power on both the

temperature and the bootstrap current profiles has to be investigated. If we identify, as a main

goal, the capability of controlling the location of minimum q and the associated transport

barrier, this could be typically accomplished in three ways, i) Driving currents at the same

position as LH waves, to replace the residual Ohmic current (which is mainly located in the

central part) by non-inductive current located off-axis; ii) driving currents more off-axis, to

displace the transport barrier outwards and extend the region of improved confinement; iii)

driving counter-currents on axis, to raise q in the central part.

15



These three typical scenarios are now investigated by K+T simulations. In

experiments, the EC power deposition can be controlled by poloidal and toroidal injection

angles and/or by an appropriate choice of the magnetic field. For simplicity, in these

simulations, the wave absorption location is rather varied by changing the wave frequency,

which is equivalent to changing the magnetic field. We consider wave propagation in the

equatorial plane, extraordinary mode polarization and interaction at the second electron

cyclotron harmonic. The target plasma, sustained by 3 MW of LH power, is similar to the

steady state of Fig. 3, at Bo = 2 T, but with Ip = 0.5 MA, and b = 5x 10~5. We first consider

the scenario in which EC and LH waves drive currents of the same sign and at the same

location. The EC wave parameters are: PEC = 3 MW, wave frequency =133 GHz, toroidal

injection angle \|/ = 15°. The steady-states with LHCD alone and with LHCD+ECCD are

shown in Fig. 12 (thin and thick curves, respectively). Several effects take place, which can

be correctly evaluated only with self-consistent simulations. Although most of the power of

the two waves is deposited off-axis, the central temperature increases by a factor > 2, owing

to the improved confinement in the center. An increase of the central temperature usually

determines an inward displacement of the LH absorption maximum (related to the

intersection point between the Landau damping curve and the upper caustic); however, this

effect is compensated for by the large increase of the central q, due to the replacement of the

central Ohmic current by off-axis non-inductive and bootstrap current. The overall effect is

that the location of the transport barrier does not change. The total current driven by the two

waves (as computed by the Fokker-Planck code) is ILH+EC
 = 0.46 MA; the bootstrap current

increases significantly, from 0.085 MA with LHCD alone to Ibs = 0.21 MA. In order to

estimate the synergy effect, the current driven by LH and EC waves alone is computed with

the same q and Te profiles of the combined case, i.e., the thick curves of Fig. 12. It is found

that ILH = 0.39 MA and IEC = 0.045 MA; thus, the ECCD efficiency improvement, or synergy

factor for the EC waves, is: Fsyn = (ILH+Ec - W / I E C ~ *-5- For these resonance conditions,

most of the EC wave power is absorbed by mildly superthermal electrons at the low-energy

end of the LH tail, causing an enhancement of the tail density in all its energy range. This is
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illustrated in Fig. 13, by level curves of the electron distribution function (computed by the

Fokker-Planck code) at the location of maximum wave absorption (r/a ~ 0.39): solid and

dashed curves represent the cases of LHCD+ECCD and LHCD alone, respectively, for the

same q and Te profiles.

We now discuss the second scenario: the EC wave frequency is changed to 138 GHz,

to move the maximum of the power deposition to r/a ~ 0.53, significantly more off-axis than

the LH power deposition (r/a ~ 0.39). A numerically stable steady-state is found,

characterized this time by an outward displacement of the ITB and a higher value of q^,,, as

shown in Fig. 14. The LH propagation domains have also completely changed, which implies

an outward displacement of the LH power deposition itself. The absorbed power densities of

the two waves are shown in Fig. 15, at the beginning of the ECCD phase, i.e., for the target

plasma sustained by LHCD alone (thin lines) and at the end of the evolution (thick lines). As

indicated by the arrows, the two power deposition profiles evolve by displacements in

opposite directions. The EC wave absorption is rather insensitive to the safety factor and

moderately sensitive (for oblique propagation) to Te. Since the waves are injected from the

low magnetic field side and absorbed on the high-field side, as the temperature increases the

absorption moves inwards. Conversely, the LH power deposition is particularly sensitive to

the q profile, and moves outwards. It is remarkable that this spatial evolution stops when the

two power deposition profiles are peaked approximately at the same position. As in the

previous case, the positive Ohmic current is completely removed, and the loop voltage is

slightly negative, Vloop= -0.05 V (overdrive regime). The bootstrap current is even larger (Ibs

= 0.235 MA); its profile is shown in Fig. 16, for the LHCD and the LHCD+ECCD cases of

Fig. 13, respectively. Note that, although the largest contribution to the bootstrap current

comes from the peak at r/a - 0.4 - 0.6, in the central part the bootstrap current is still

significant, owing to the non-vanishing density gradient and to the large values of q. The

synergy factor is of the same order as in the previous case, i.e., Fsyn - 1 . 5 . It is clear that, in

this case, the additional bootstrap current associated with the EC waves plays a dominant role.
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Finally, the case of counter-CD in the central, improved confinement region is

discussed. This is obtained by reducing the EC wave frequency to 127 GHz, and using a

negative toroidal injection angle \\f = -15°, which yields a power deposition peaked at r/a ~

0.25. In this case, the additional bootstrap current and the counter-driven current have

opposite effects on the q profile, but in any case the dominant effect is the inward

displacement of the propagation domain (and thus of the LH power deposition) due to the

large temperature increase in the plasma center. As a result, although the central q increases,

the minimum q decreases and moves inwards. Note that in this case the propagation domain

becomes very narrow in n,f, which means that the single-pass regime is approached and the

use of the multi-pass LH propagation model becomes marginally acceptable. The evolution

of the system in the presence of ECCD and for the three considered scenarios can be

summarized in the r,^ - T,,^ diagram of Fig. 18. It appears that significant displacements of

r ^ in both directions can be obtained; however, the dominant effects being related to electron

heating and bootstrap current rather than to the non-inductively driven current, similar

displacements are likely to be obtained also for perpendicular EC wave injection. This is

peculiar to this regime, in which the EC wave power is a large fraction of the total heating

power; the situation would be different in a reactor-grade plasma, in which the dominant

source of electron heating is associated to a-particles.

V. CONCLUSIONS

The coupling of several physical models into a single, self-consistent iteration

algorithm has proved fruitful to gain insight in the complex behavior of plasma discharges

sustained by rf current drive. Despite some useful simplifications, which are well identified

and could be removed by further work on the subject, several interesting properties of these

systems have been revealed, or analyzed in detail. The existence itself, for given macroscopic

discharge parameters, of steady states simultaneously characterized by a significantly non-

Maxwellian electron distribution function, a non-monotonic q profile, and an ITB is not self-
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evident and one of the main results of this study is the demonstration of such an existence,

together with the possibility of predicting such states, and an analysis of the conditions for

which their properties are lost. It has been found that these steady-states generally depend on

the initial conditions or, more generally, on the specific path followed to approach them. This

reflects the general findings emerging from experiments performed on different machines,

and proves that the practical methods used to realize such regimes experimentally are rooted

in their intrinsic physical properties. Among the various parameters entering the initial

conditions, the minimum value of q has been identified as by far the most important one.

Finally, the synergy of CD by two different kinds of waves has been numerically

demonstrated in a self-consistent way for the first time and the possibility of control by

additional ECCD has been analyzed .

Some general conclusions can be drawn from this study. First of all, the establishment

and control of ITB regimes by LHCD is not easy, at least in the multi-pass regime. The

window in parameter space in which the reversed-shear regime may develop and be steadily

sustained is narrow, and dependent on the specific path chosen to approach it. This calls for

complicated experimental scenarios , which confirms the importance of developing more and

more sophisticated and reliable predictive tools, along the lines sketched in this work.

Current profile control by LHCD in a single-pass regime, which has not been investigated in

this work, appears more straightforward, although not immune from subtle kinetic

phenomena13. This regime is anyway going to gain more and more importance in large scale

experiments. A second conclusion is that the combination of LHCD and ECCD definitely

provides an additional flexibility, although K+T simulations show that its practical

implementation will not be easy either. Heating effects and the additional bootstrap current

generated by the EC wave power have been shown to play a dominant role and to influence

the LH power deposition in a fundamental way. Active control of the system appears

possible, but never following the simple picture of the linear combination of different effects.

Learning the control of non-linear systems seems, once again, an obligatory step for the

access to the most interesting fusion-relevant confinement regimes.
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FIGURE CAPTIONS

Fig. 1 - LH propagation domains in the n,, - r/a plane. Labels have the following

meanings : uc = upper caustic ; lc = lower caustic ; ace = accessibility limit; Ld =

Landau damping condition ; launched = nM of the launched wave at the antenna.

Parameters : Bo = 2 T, rieo = 3.5 x 1019 nr3 , parabolic q profile, with qo = 1, qa =

5.5, Teo = 1 keV (Ld-1), or 2 keV (Ld-2). Propagation domains are delimited by

the thick dashed curves (with full circles for the 2 keV case).

Fig. 2 - LH propagation domains for the same monotonic q profile as in Fig. 1 (uc-1, lc-1)

and for a non-monotonic q profile, described by qo = 3, qa = 5.5, qmin = 1.6, rnun =

0.4 (uc-2, lc-2). The temperature profile remains the same in both cases, with Teo

= 2keV.

Fig. 3 - Results of self-consistent Kinetic+Transport simulations for a launched LH power

of 3 MW (2 MW injected at n(l = 1.8 ; 1 MW in the secondary lobe). Bo = 2 T, Ip =

0.46 MA, b = 0. Initial conditions are the parameters of Fig. 2, for the non-

monotonic q profile, a) propagation domains ; b) q profile ; c) Te profile. Solid

thin curves : initial values ; dashed curve : 1st iteration ; dotted curve : 2nd iteration

(hardly visible); solid thick curve : 3rd iteration, corresponding to a steady-state.

Fig. 4 - Absorbed LH power density profiles for the cases of Fig. 3 (main lobe only).

Fig. 5 - As in Fig. 3, using a simulated Ohmic plasma as initial condition.

Fig. 6 - Comparison of the steady-state results of Figs. 3 and 5 (thin and thick solid lines

for the Ohmic and the non-monotonic initial q-profiles, respectively). An

intermediate case (initial condition qmin = 1.5) is also shown (dashed line).

Fig. 7 - Absorbed LH power density profiles for the cases of Fig. 6.

Fig. 8 - Effects of radial diffusion for the intermediate case of Figs. 6 and 7 (initial

condition qmin = 1.5). Thin solid line : b = 0 ; dashed line : b = 2xlO~5 ; thick

solid line: S=4xlO~5.

Fig. 9 - Absorbed power density profiles for the cases of Fig. 8.
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Fig.10 - Results of self-consistent Kinetic+Transport simulations for Bo = 4 T, Ip = 0.6

MA. Initial condition : qo = 4, qmin = 2.5, rmin = 0.3, qa = 7, Teo = 4 keV. Thick

lines : b = 0 ; thin lines : b = 2xlO~5.

Fig.ll - Evolution diagrams in the r^n - Tmax plane, as various conditions are changed.

The large full circle represents the steady-state case of Fig. 10 (for b = 0). Every

point represents the result of an iteration and the arrows indicate the direction of

the evolution for each case. Open circles : S=2xlO~ ; open squares : no

dependence of the heat diffusivity on magnetic shear (fshear = 1); full squares : Ip =

0.7 MA.

Fig.12 - Results of self-consistent Kinetic+Transport simulations with LHCD + ECCD, for

the parameters of Fig. 3, but Ip = 0.5 MA, b = 5x 10~5. Thin line : LHCD alone ;

thick line : LHCD + ECCD (PEC = 3 MW, f = 133 GHz, \|/ = 15°). The two waves

are absorbed approximately at the same location (rEC/a ~ rLH/a ~ 0.39).

Fig.13 - Level curves of the electron distribution function in momentum space, at r/a ~ 0.39,

for the cases of Fig. 12. Solid lines : LHCD+ECCD ; dashed lines : LHCD alone

for the same Te and q profiles. Parallel and perpendicular momenta are normalized

to (mTe0)
1/2.

Fig.14 - As in Fig. 12, for f = 138 GHz, \|/ = 15°. In this case, the EC waves are initially

absorbed more off-axis than LH waves (rEC/a ~ 0. 53 > rLH/a ~ 0.39).

Fig.15 - Absorbed wave power densities for the cases of Fig. 13. a) EC waves ; b) LH

waves. Thin lines : initial profiles ; thick lines : final profiles.

Fig.16 - Bootstrap current profiles for the cases of Fig. 14

Fig.17 - As in Fig. 12, for f = 127 GHz, \|/ = -15° (counter CD). In this case, the EC waves

are initially absorbed more on-axis than LH waves (rEC/a ~ 0.25 < rLH/a ~ 0.39).

Fig.18 - Evolution diagrams in the r^n - Tmax plane, for the three cases of Figs. 12, 14,

and 17, respectively : a) rEC ~ r ^ (f = 133 GHz, \\r = 15°) ; b) rEC > rLH (f = 138

GHz, v|/ = 15°); c) rEC < rLH (f = 127 GHz, \\f = -15°).
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