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In the present paper we study the effects due to the occurrence of radial transport of particles in a tokamak on
the efficiency of current drive due to combined action of lower hybrid waves and electron cyclotron waves, in
the presence of an internal transport barrier. The results are obtained by numerical solution of the Fokker-Planck
equation which rules the evolution of the electron distribution function. We assume that the radial transport of
particles can be due to magnetic or to electrostatic fluctuations, and compare the two situations. In both cases
the efficiency of current drive is shown to increase with the increase of the fluctuations which originate the
transport. The current drive efficiency is shown to depend weakly on the radial position of the barrier, with a
slightly more pronounced dependence in the case of magnetic fluctuations.

I. INTRODUCTION lation to ITER conditions indicating even smaller fast patrticle
losses [5]. In order to implement such conditions of good cor

It is nowadays well established that plasmas in tokamakngnrgﬁzgl \::V:Icislzzgqnes NV\?I‘?i?hanEa?gﬁ?edearzéri)onedl:’ttli?:?es fllzxo'
may feature regions of reduced transport known as transpo Lo edae. In ex erimer’wts wherge such conditionl:; of 4ood Co‘
barriers (TB). These TB may occur either near the plasm ge. P 9

edge. when they are denoted as ETB, from edge transport b%pjement typical of H-mode confinement are not satisfied, th

rier, or in more internal regions, when they are denoted a 0SS of.particles at the plasma ecjge may play significant ar
ITB, from internal transport barriers (ITB’s). In both cases, eleterious role on the current drive efficiency [6].
the TB’s are characterized by localized and significant reduc- The present paper is related to two previous investigatior
tion of the transport coefficients for particles, heat and mowhich have been published as Ref. [7] and Ref. [8]. Ref
mentum. Due to the presence of the barrier, accumulation df”] had objectives similar to those of the present paper, bo
particles and energy is expected to occur in the region inteinvestigating the effect of radial transport and of the occu
nal to the barrier, with the corresponding increase in confinerence of ITB’s on the combined current drive efficiency due
ment time. The detailed mechanisms leading to the formatioto LH and EC waves. However, in Ref. [7] the propagatior
of TB's, particularly to the formation of ITB's, are not com- of LH waves was described by a cruder model, if compare
pletely understood, but for the purposes of the present pap#¥ith the model employed in the present investigation and als
it is sufficient to know that they appear in plasmas subject t&mployed in Ref. [8], which considered the case of currer
a variety of heating schemes: ohmic, lower hybrid, ion cy-generation by LH waves alone. According to the present mo
clotron, electron cyclotron, and neutral beam injection [1-3]. detailed model of LH propagation, the LH waves do not arriv
In this paper we intend to discuss the effect of radial par.© regions of the tokamak in which they could be present it
ticle transport, in the presence of an ITB, on the efficiencyiN® Previous model. Significant differences occur in the prc
of current drive generated by the combined effect of lowerl€S Of LH power absorption and generated current, and ther
hybrid (LH) and electron cyclotron (EC) waves in tokamaks. fore the effects of transport and of the presence of the ITB me

The investigation utilizes quasilinear theory in order to fol- °€ significantly modified, as demonstrated in the case of c.
low the time evolution of the electron distribution function, €Nt drive with LH waves [8]. Another difference between the

using a slab geometry to describe the tokamak. Density angPProach of Ref. [7] and that of the present paper is that|
temperature modifications which may occur due to the radialR€f- [7] the only kind of transport considered was of mag
transport are taken into account. Two different mechanism&€tic Origin, while in the present paper we compare transpc
causing radial transport will be considered, the electrostati®f magnetic and of electrostatic origin. The effects of trans

transport, which is expected to be more effective on low veport, eithgr magnetic or electrostatic, and of the ITB on th
locity particles, and the transport of magnetic origin, whichcUrrent drive by combined effects of LH and EC waves, unde
is expected to be more active on high velocity particles. Al-the conditions prescribed by an improved model describin
though taking into account radial particle transport, we will beLH Waves, constitutes the main motivation for the present ir
interested in the study of situations in which the loss of parvestigation.

ticles at the plasma edge can be considered negligible, moti- The paper is organized as follows. Section Il presents
vated by the existence of experiments such those performed aery short account of the equations which are employed ar
the DIII-D tokamak [4], and such those with double transportthe models which describe the tokamak and the wave-patrtic
barrier performed at the Alcator C-Mod tokamak [2]. Otherinteraction. The numerical approach is described in Sectic
current drive experiments featuring negligible loss of fast pardll, which also shows the results found by numerical solutior
ticles have also been realized in JT60U, under conditions vergf the Fokker-Planck equation, as a function of several par
similar to those assumed in the present paper, with extrapaneters. Section IV presents the conclusions and final remarl
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Il. THE FOKKER-PLANCK EQUATION AND THE on the magnetic surface, the energy acquired by the ele
NUMERICAL SCHEME trons when passing through the region affected by the wa
is rapidly spread to all the magnetic surface, and the ave
We start with a Maxwellian distribution function and solve age LH intensity at each magnetic surface can be given I
the Fokker-Planck equation obtained from quasilinear theoryLn (S,T)/(412|s|aR), and where
If we take into account LH and EC waves, collisions, and par-

z
ticle transport, the Fokker-Planck equation is written symbol- g (s 1) = P (a) (1_ ATPR&E SdéS’PLH (s’,r)) . (4
ically as follows 1

Ocf = (0cf) py + (O F)ge+ (O F) + (O F), (1)  Wwith
z 2

where the subscripts in the right-hand side denote, from the _ —16 3, U
left to the right, the effect of LH and EC waves, collisions and PLi(ST) =1.5x10 PTeveo  du7 (O F)yyy
particle transport.f = f(u,p,s,1) is the electron distribution
function, T is the time normalized to the collision time at the
center of the slaly is the electron momentum normalized to
the central thermal momentummat O, L= cosB is the cosine
of the pitch angld®, ands = x/ais the radial coordinate along
the direction perpendicular to the ambient magnetic Bele-
Boe,, normalized to the minor radius

The term related to LH waves may be given as follows,

being the density of absorbed LH power at each position i
the slab, and wheney is the collision frequency at the plasma
center. The numerical constants are such that the ungs of
are Wicn?. A similar quantity,pec(s, ), can be defined for
the density of absorbed EC power at each position, dependi
on the term(0; f)ec.

The EC term, calculated for each slab position, can be wri
ten as

Ocf) g =0y, (DLHdy, f 2

(O UH( e ) @ (Ocf)ec = ui <YI0UL+U7LOUHnH>
whereD,y is the diffusion coefficient in momentum space, + vHeo
and parallel means the direction parallel to the equilibrium % [ULDEC <y|0u +n Lau ) f} . )
magnetic field. The explicit expression for the coefficibnt, L VP I

can be found in the literature and will not be repeated here, ] . .
for the sake of economy of space [8-10]. The important point N this equatiom = n; (s) is the parallel wave number cor-
is that the LH diffusion coefficient depends on the quantityrected for refraction effects along propagation,

S(s,1,Ny), which represents the spectrum of the energy flux Ro+a
for LH waves. It is evaluated as follows. We assume n;(x) =ng ,
I Ro+sa
S N <Nj<N , o
Ss,T,N|) = { 0 NH1< Nﬂ N, >2 Ny | (3)  whereng is the refraction index at the plasma edée, the

major radiusa the minor radius and the slab position. Here,
whereS is the intensity of LH waves at positigat timer, perpendicular means the direction perpendicular to the ar
and Nz, Ny are the limits of the LH spectrum at each point bient magnetic field.y; = lw./wec, wherewy is the local
in the slab. N; is the maximum between the lower caustic electron cyclotron angular frequenaygc is the angular fre-
and the value oN; obtained from the accessibility condition quency of the EC waves andis the cyclotron harmonic,
defined by the coupling point between fast and slow modegi, = M/ Te, With Te the central electron temperature at
N is the minimum between the upper caustic &f)d, which 1= 0, m the electron mass armthe speed of light Dec is
is a limitation due to Landau damping, approximately giventhe diffusion coefficient in momentum space, which can b
by n_/+/Te, wheren_ ~ 6 — 7. Due to the Landau resonance easily found in the literature [13—-15]. The point to be emphsz
condition, there is a corresponding range of parallel velocitiesized is that the EC diffusion coefficient is averaged over th
where the particles are in resonance with the waves. In ordenagnetic surfaces, assumed to be cylindrical, for simplicit
to avoid discontinuities which can be deleterious to the numerAlthough the ITB’s are not typical of this kind of geometry,
ical solution, at the edges of the resonant region the diffusiotthe magnetic surface only appears in the surface averaging
coefficient connects to the adjacent non-resonant region in veéhe EC diffusion coefficient, and for that purpose any surfac
locity space by means of Gaussian ramps whose half-width ishape with the same surface area would be equally effecti
the local thermal velocity [11]. at least if the effect of trapped electrons is considered to |
These limits of the LH spectrum iN|-space are obtained negligible, as in the present investigation, which deals with
from a well known propagation model which assumes seviarge aspect ratio tokamak. Moreover, for the parameters to
eral back and forth trips of the LH waves before completeused in the numerical investigation, the EC absorption occu
absorption due to Landau damping [8, 11, 12]. The use of thisnly in the low-field size, and therefore the actual shape ¢
propagation model is one of the main differences between thithe whole surface area is not so significant for the evaluatic
investigation developed in the present paper and the approacifithe EC absorption. The approximation of cylindrical mag
adopted in Ref. [7]. netic surface therefore seems appropriated for the purpos
The quantitySy appearing in Eq. (3) can be obtained of the present investigation. The EC diffusion coefficient de
considering that, due to the fast movement of the electronpends on the spectrum of EC power on the magnetic surfac
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The spectrum is assumed to be Gaussian at the edge, and takasn close to the position of the minimum of tleprofile
into account absorption self-consistently evaluated along thfl, 22, 23]. In fact, recent studies indicate that the ITB usuall
trajectory, occurs at the position of minimump or closer to the plasma
center, but this is not an absolute restriction [3]. Therefore w
_ oy consider in the numerical solution the canonical case in whic
_ Pec(a) (an))2 L L
=——e I the center of the ITB occurs at the position of the minimun
VAN g, but we also consider some cases where the barrier is d
placed either toward the plasma center or toward the plasr
20opca’ Zg edge, when investigating the effect of barrier position on th
conp( - 202 ).

PEC(S7TaNH)

. dsn’|(g) (6) current drive efficiency.

) ) The ITB is simulated by assuming that the level of mag
wherePec(a) is the EC power delivered by the antennas atqyic (or electrostatic) turbulence is uniformly equabgg(or
the plasma edgey is the parallel re_fractlo_n |nd_ex of the cen- &) everywhere except in the barrier region, where it is re
tral ray of th'e wave packet, amf is the imaginary part of . duced down to a minimum valueby (or a&). The bar-
the perpendicular wave number, obtained from the d|sperS|0Her is centered as — s,, with nondimensional half-width
relation for EC waves. Details upon the procedures for calcuy 0.15. Specifically ’We assume a parabolic reductior
lation of the components of the dielectric tensor and for th y '

numerical solution of the dispersion relation can be found inOf the magnetic turbulence level at the barrier position (fo

the literature [14, 15]. S 7£3 <5< $+P), such thab = by (a1 +as+azs*) and
The effect of collisions is introduced by the third term in € = & (81 + a5+ ass’), where thea; are constants [7]. As
the right-hand side of equation (1). We have used a linearize@0Undary conditions of the barrier region in the case of ma
form which describes the interaction of fast electrons withnetic fluctuations we assunbe= bg ats= s, + 3 andb = abg
body electrons and ions, for each slab position, which is als@tS= %. In the case of electrostatic fluctuations, similarly, we
well-known and therefore will not be repeated here [7]. assume&= g ats= s, = andé= 0 ats=s,. The resulting
The last term in the right-hand side of equation (1) de-profile of magnetic and electrostatic turbulence is the same
scribes the transport of particles and has the following generdhe profile of magnetic turbulence which can be seen in Fig
form ure la of Ref. [7], for several values afandf3 = 0.15. The
model describes a situation where an ITB is already forme
(0: ), =0s(D0sf), (7)  when RF waves are injected in the plasma in order to gener:
current. Modifications on the barrier profile due to RF wave
D being the patrticle diffusion coefficient, which can be given gre not taken into account in this scenario.
as follows [16-20],
For the magnetic field, initial density and temperature prc

1/2 . . .
2 c/ |ul ~ » files we make use of the following expressions
D = Dyp+ D = 200 ‘1”/|2b2 Mo 2)
weo Uil
whereDp is the contribution to transport due to magnetic fluc- Bo(s) = Bo(0) (1+ S;a) 71;
tuations, ande is the contribution to transport when electro- R
static fluctuations are present. For the numerical solution, we Ne(S,T = 0) = (Neo — Nea) (1— &%) + Neg;

have assumed that the term due to electrostatic fluctuations
goes smoothly to zero fdu | well below the lower limit of
the range of parallel velocities resonant with the LH and EC

waves, therefore avoiding the divergencéuat = 0 which ap- . - .
. L~ - where the indexe8 anda indicate, respectively, values taken
pears in Eq. (8). The quantitiés= (B/Bo) and€= (E/CBo) 4 the plasma center and plasma edge. Along the time evol

give, respectively, the magqetic and electrostfatic perturbatiof,, the density and the temperature are updated at each
level of turbulence, normalized to the magnitude of the 10-sion time, to take into account modifications in the profiles
cal ambient magnetic fieldo(s). v is the relativistic factor, . sed by radial transport.

and the quantity is the safety factor, assumed to be constant
along the time evolution. This hypothesis is justified since the The quasilinear equation, Eq. (1), is solved using the AD
evolution occurs in the kinetic time scale, while experimentalmethod (implicit in alternate directions) in order to obtain the
data show that the changes in therofile occurs in a longer time evolution of the electron distribution function. We as-
time scale, of order of seconds [1, 21]. sume a grid withl51 x 31 x 81 points in theu x 1 x s space,
The safety factolq is simulated in the present study by with0<u<12 —1<pu<land—1<s<1. The time vari-
a parabolic profile which has its minimum value at positionable is discretized assumidyy = 0.01. Neumann boundary
s= 0.5, half-way between the center of the plasma and theconditions are assumed at plasma edge, which imply that tl
plasma edge, as shown in Fig. 1b of Ref. [7]. It simulates theotal number of particles initially presemp, is kept constant
reversedq profiles typically found in situations where there along the calculations. This conditiongis imposed as a norme
is ITB formation, since it has been found that these barrierszation condition for the density profile:d®s ny(s, 1) = No.

To(sT = 0) = (Teo— Tea) (1- &) + Tea,
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. NUMERICAL RESULTS However, when comparing the case without transport show
in Fig. 1(c) with the cases with transport shown in Figs. 1(a
For the numerical analysis, we assume the following para2d 1(b), we observe that the effect of transport is revealed
meters, typical of medium-size tokamaks, chosen in order the broadening of the LH profile. The presence of transpo
guarantee total LH power absorption, for the assumed profile|So allows for synergy effects between LH and EC waves, r
Neo = 6.0x 1019 m=3, Teg = 3.0 keV, By(0) = 2.65T, a= 0.2 vegled by the slight modification in the LH absqrptlpn proﬂle
m, R= 1.0 m. For the LH waves, we considBy (a,t) = 0.5 which occurs between= 50 andt = 80, appearing in Figs.
MW, and chooséNjo = 2.3 and fy = 3.37 GHz. For most 1(a) and 1(b).
of the applications, unless explicitly stated, we gse= 0.5,
o =0.125andf3 = 0.15. o
As we have already discussed, at each pointin the slab there
is a range of values of the parallel refraction index which is @
available to the LH waves, limited by; andN,. There is a
corresponding range of resonant velocities, which can be seen,
for instance, in Fig. 1 of Ref. [8], for the parameters listed in
the previous paragraph, as a function of position inside the
slab. The range of resonant velocities is position-dependent,
although nearly uniform in a significant part of the slab. For
instance, for the parameters listed in the previous paragraph, Ty —
the resonant velocities nearly span the range betwger.3 ,Lgso =
and U = 6.0, in the region of the slab where most of the LH K o
wave power is deposed, arousd 0.5 [8]. o
For the EC waves, we consider the extraordinary mode,
with frequencyfec = 140GHz, injected at an anglg = 20°
relative to the perpendicular to the ambient magnetic field,
with A = 3° as the half-width of the spectrum. As a con-
sequencen = siny ~ 0.342 andAnj ~ 0.052. For most
of the applications, unless explicitly stated, we &se = 0.5
MW.
Fig. 1(a) shows the density tH andEC power absorbed
as a function of position in the plasma slabt at 80, for the o —
case of magnetic transport witly = 3.0 x 10-° and& = 0.0, o LECR
and barrier depth given by = 0.125 It is also shown the '
density of LH power at = 50and att = 0, for the same case.
The curve fort = 50shows that at the end of the LH phase the
LH power is mainly deposed near the positgsa 0.4, slightly
displaced toward the plasma edge as compared to the initial ot
profile of deposition. At = 80, the deposition of LH waves e
has moved further outward, toward the posit®a 0.5, with B
the profile slightly broadened when compared to the situation o
att =50. The EC absorption occurs in a region narrower than
the LH absorption, around positi@r~ 0.45. |
Fig. 1(b) shows curves corresponding to those of Fig. 1(a), g =
but obtained considering the absence of the ITB. The results o LRI
displayed in panel (b) of the figure are very similar to those of
panel (a), with the only difference that the profiles of LH ab-
sorption att = 50 and att = 80 are very slightly more broad-
ened in the case of absence of barrier than in the case with ti/G. 1: p, ,; andpgc vss, for Py (a,t) = 0.5 MW and Pec(at) =
barrier. 0.5 MW. (a) The case of magnetic transpdsg, = 3.0 x 10> and
Fig. 1(c) shows curves corresponding to those of Figs. 1(ad = 0.0. The ITB is located af, = 0.5, with o = 0.125, andp =
and 1(b), but obtained ignoring the effect of transport. We0.15. (b) The case of magnetic transpdsg, = 3.0 x 10> and& =
observe that the peak of LH absorption is moved outward bef.0, without the presence of the ITB. (c) The case without effects ¢
tweent = 0 andt = 50, even in the absence of transport. This transport. The curves shown in each panel ayg; att = 0.0 (thin
occurs due to the formation of the electron tail in the electrorflashedline)p, ; att = 50.0 (thin line); p  att = 80.0 (thick line);
distribution and the consequent modification of the absorptimﬁ’gz1 ?;L;fgif;g"igf;;:idm““e)'ggexpl%rl%mn?fgrs_rare Cg%ri‘:\‘jr'sn'
of the wave. This process has already attained steady st "0 = - ) 160 = 3 '
att = 50, and is not affected by EC waves, since the curve 0(0) =2.65T,a=0.2m,R=1.0m. Forthe LH waveslNjo = 2.3
for LH absorption at = 50 andt = 80 are nearly the same. fLH =337x 10° Hz, andn, = 6.5.

LP (i/m’) |

5 (b)

p (vm/m’)

~
T
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Fig. 2 shows the current densilys position in the plasma 7
slabs, for several values of. Panel (a) shows the case of
magnetic transport withg = 3.0 x 105 and& = 0.0, panel
(b) shows the case of electrostatic transport viigh= 0.0 s| ]
andé = 0.5x 10~°, and panel (c) the case without transport.
Other parameters are the same as in Fig. 1. Itis noticeable the<;
fast increase of current density after the onset of EC waves, <
which occurs at = 50. It is also noticeable in panels (a) and »
(b) the spread of the profile of current density due to the radial
transport, when compared with the case without transport in
panel (c).

The spread is slightly more pronounced in the case of mag-
netic transport, panel (a), than in the case of electrostatic trans-
port, panel (b). In both cases, magnetic transport and electro-
static transport, the position of the peak of current density is
not noticeable moved by the introduction of EC waves, and ol (1) ]
is not moved by the effect of transport. A rough quantitative
analysis can be as follows. In the case without transport, de- st 1
picted in panel (c), the peak of current densitytat 80 is . / “
nearly 6.1/3.% 1.65, or 65% higher than the peak attheend ¢ *
of the LH only phase, at = 50. Taking into account the ef- <
fect of transport of magnetic origin, as in panel (a), significant »
spread occurs, but the ratio between the peaks of current den-
sity att = 80 and att = 50 remain nearly the same, given by
4.5/2.8~ 1.61. In the case of electrostatic transport, shown 1
in Fig. 2(b), the peak of current density mt= 80 is nearly
4.9/3.1~ 1.58, or 58% higher than the peak at the end of ‘.
the LH only phase, at = 50. The peaks are higher than the
corresponding peaks in panel (a), obtained in the case of mag-
netic transport, and one notices less spread toward the plasma
edge. It appears that the electrostatic transport at this turbu-
lence level is less efficient in spreading the profile of LH cur- 5
rent density than the magnetic transport. The reasonis thatthe _
magnetic transport is more effective for high-energy particles Ng !
than the electrostatic transport, according to the model uti- =
lized. The magnitudes of the electrostatic and magnetic fluc-
tuation levels assumed for Figs. 2(a) and 2(b) are within the 2
range of experimental values [20, 24, 25], and have already
been utilized in a previous analysis on transport effects on LH !
current generation [8].

Fig. 3(a) shows the current generated as a function of time,
displaying the case without transport and the cases of mag-
netic transport, wittby = 3.0 x 10~ and& = 0.0, and elec-
trostatic transport, Wit%o =0.0and& =05x105. Itis FIG. 2: J vs s for several values of. The lines show the values of
seen that the presence of transport contributes to the increaget 1= 10, 20, 30, 40, 50, 60, 70, and 80. (a) The case of ma
of the generated current. It is also seen that the effect of eleaetic transport withbo = 3.0 x 10-5; (b) The case of electrostatic
trostatic transport on the generated current is remarkably sinfransport withéo = 0.5 x 10-2; (c) the case without transport. Other
ilar to the effect of magnetic transport. In Fig. 3(a) and inParameters are the same as in Fig. 1.
many of the following figures, the case of magnetic transport
is indicated by MG, and the case of electrostatic transport is

3k

indicated by ES. electron temperature expressed in keV, also averaged alc
The efficiency of current drive may be measured by thethe radial coordinate [26].
nondimensional parameter Fig. 3(b) shows the current drive efficiency as a functiol

1 [Rrie of time, displaying the case without transport and the cas:
— (9)  of magnetic transport, withg = 3.0 x 10~° and& = 0.0, and
(R +Pec) Tave electrostatic transport, withy = 0.0 and&, = 0.5 x 10°-5. Itis
wherenaye is the electron density expressed in unitsl6f®  seen that the presence of transport contributes to increase
m—3, averaged along the radial coordinate, aig is the  efficiency of current drive, when compared to the case witt

n=33



P.R.da S. Rosa et al. 675
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FIG. 3: (a) Current vs. normalized time. (b) Current drive ef- FIG. 4 (a) Current drive efficiency vs magnetic fluctuation level
ficiencyn vs. normalized tima. The curves shown in each panel bo, for & = 0.0, att = 50 (thin line) and atr = 80 (thick line). (b)
are: the case without transport (thin line); magnetic transport, witfCurrent drive efficiencyy vs electrostatic fluctuation leve, for
bbo = 3.0x 1075 and& = 0.0 (thick line); electrostatic transport, with  bp = 0.0, att = 50 (thin dotted line) and at = 80 (thick dotted line).
b = 0.0 and& = 0.5 x 1075 (thick dotted line). Other parameters Other parameters are the same as in Fig. 1.

are the same as in Fig. 1.

netic transport, the efficiency at= 80 is nearly 706 of the
efficiency at the end of the LH phasetat 50. It is also seen

out transport. It is also seen that the effect of electrostatitl‘,hat the dependence of the current drive efficiency on the tt

Flrantsp?hrt or}rth? e}"n(:lencytpf '([:urrent dtmﬁltﬁ rerr;]atrrlfably SIMylence level, in the range considered, is nearly the same

fiar fo the efiect ol magnetic transport. ough the currenty,q 5ses of magnetic and electrostatic transport.

generated immediately increases after the start of EC waves, . - . . .
The increase of the current drive efficiency with the in-

the overall efficiency decreases with the introduction of Eccrease of the turbulence level may be explained by the follov

waves, comparing with the efficiency of the LH waves alone.. . ; )
. paring Y g mechanism. Fast particles are radially moved towards le

After the sudden decrease which occurs at the onset of E .
- . . ense regions of the tokamak by effect of the transport. |
waves, the efficiency slowly increases again, but for the para;

meters utilized do not attain the same level attained with th?ﬂgf;(;fgmrelsletcgl zlfo Vve-gg\r/;rt]et(lzln(]:ﬁrcrjgr?t :2 i(rjl?:lr“esggz s large
LH waves alone. 9 j

) ) o In Ref. [8] we have verified the consistency of this explana
Fig. 4(a) shows the current drive efficienayvs mag-  tjon by considering a situation with different plasma densitie
netic fluctuation levebg ranging frombo = 0.0 up tobp = keeping the same profiles and all other parameters. The ar
5.0x10°°, for & = 0.0, att = 50 and att = 80. Fig. 4(b)  ment can be illustrated with the results shown in Fig. 7 of Re
shows the current drive efficienay vs electrostatic fluctua- [8], which shows that for increasing electron density the cul
tion level& ranging froméy = 0.0 up to& = 1.0x 10°°,for  rent drive efficiency is reduced. It also shows that the positiv
bp = 0.0, att = 50 and att = 80. Other parameters are the contribution of the transport to the current drive efficiency i
same as in Fig. 1. Figs. 4(a) and (b) show that the electromore significant for smaller electron densities. Both finding
static turbulence witléy = 1.0 x 10> produces similar effect are in accordance with the explanation given in the previot
on the current drive efficiency as the magnetic turbulence witlparagraph.
b = 5.0x 107>, Both in the cases of electrostatic and mag- The effect of the position of the center of the ITB can be
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FIG. 5: Current drive efficiency vs position of the transport barrier,
att =50andt = 80; the two upper curves are fp = 3.0 x 10°°
and& = 0.0 (thin line) and forb = 0.0 and&= 0.5 x 10~° (thin
dotted line), respectively, at= 50. The lower curves are fdiy =
3.0x 1075 and& = 0.0 (thick line) and forb = 0.0 and&= 0.5 x
1075 (thick dotted line), respectively, at= 80. Other parameters
are the same as in Fig. 1.

seen in Fig. 5, which shows the current drive efficiencys
position of the ITB, att = 50 andt = 80. The two upper
curves are foby = 3.0 x 107> and& = 0.0 and forb = 0.0
andé= 0.5 x 1075, respectively, at = 50. The lower curves
are for the same parameters;tat 80. Other parameters are

the same as in Fig. 1. Itis seen that, both at the end of the L
phase and at the end of the phase with combined effect of L

and EC waves, the efficiency is a minimum &r= 0.6, in-

creasing when the barrier is closer to the center of the slab a
when the barrier is closer to the plasma edge. The explanati
can be as follows. As seen in Fig. 2, the LH waves gener-

ate current around, = 0.5. The radial diffusion toward the

plasma edge tends to produce increase of the current. If t

ITB is localized ats, < 0.5, it does not hinder very much the

If the ITB is localized neags, = 0.6, it stands in the way of

the radial diffusion between the region of energy depositio
of LH waves and more external regions, and consequently thg
efficiency of current generation is decreased. However, if thé
ITB is closer to the edge, its effect on the particle diffusion
starts becoming less important, since significant diffusion al-
ready occurred up to the position of the barrier. The efficiency
of current generation may therefore increase by effect of the

diffusion of particles frons ~ 0.5 toward the position of the

barrier. Fig. 5 indicates that this effect of the position of the
barrier is more pronounced in the case of magnetic fluctua-

tions than in the case of electrostatic fluctuation, both-ab0

h
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FIG. 6: Current drive efficiency vs depth of the transport barrier,
att = 50 andt = 80 (the barrier depth decreases toward the right)
the two upper curves are fop = 3.0x 1075 and& = 0.0 (thin line)
and forb = 0.0 andé=0.5x 105 (thin dotted line), respectively, at
T =50. The two lower curves are fdip = 3.0 x 1075 and& = 0.0
(thick line) and forb = 0.0 and&= 0.5 x 10~° (thick dotted line),
respectively, at = 80. Other parameters are the same as in Fig. 1.

represents the case without barrier). The two upper curves ¢
for by = 3.0 x 105 and& = 0.0 and forb = 0.0 and& =
0.5x 1073, respectively, at = 50. The lower curves are for
the same parameters;tat 80. Other parameters are the same
as in Fig. 1. It is seen that the current drive efficiency i

Imost independent of the barrier depth, featuring a very slig
ﬂmrease when the barrier depth is reduced until vanishing.

Fig. 7 shows the current drive efficiengyvs EC power

in MW, at T =50 andt = 80. The lower curves are for
=3.0x10"° and& = 0, and foré = 0.50 x 10> and
=0, att1 = 80. The curve in the upper part of the plot
shows the value af att = 50, before the onset of EC waves.
Qther parameters are the same as in Fig. 1. Itis seen that
gﬁiciency of the current drive at= 80 decreases with the in-
crease of the EC power, with the same rate of decrease in
ases of magnetic and electrostatic transport. The time evol
tion of the efficiency, which leads to the outcome appearing i
ig. 7, appear in Fig. 8, for ranging between 0 and 80, for
everal values of the EC power.

Although the efficiency of the current drive decreases witl
the increase of the EC power, the combined efficiency of LI
and EC power is larger than the summation of the separat
efficiencies due to LH and EC waves, as shown in Fig. ¢
which displays the relative efficiency,

Niniec . lHiEC
N +Nec I +lec’

(10)

Nrelat =

and att = 80. Regarding the effect of the position of the bar- 4 the case 0P 1 = 0.5 MW andPec = 0.25 MW, 0.50 MW,

rier, the combined action of LH+EC waves does not chang@) 75 mw. and 1.00 MW. It is seen that immediately after th
appreciably the behavior observed with LH waves alone [8]. 5nset of EC waves there is a reduction of the efficiency, b

The effect of the barrier depth is investigated in Fig. 6,after a few collision times the combined efficiency become

which shows the current drive efficiencyvs a, parameter
related to the depth of the ITB, at=50andt1 =80(a =1

larger than the separated efficiencies, indicating a synergis
effect [11, 27-29]. At = 80, Fig. 9 shows that in the case of
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FIG. 7: Current drive efficiency vs EC power in MW, at = 50and
T = 80, the two upper curves are fti = 3.0 x 10~5 and& = 0.0
(thin line) and forb = 0.0 and &= 0.5 x 1075 (thin dotted line),
respectively, at = 50. The two lower curves are fdg = 3.0 x 107°

677

Nrelat

50 55 60 65 70 75 80

FIG. 9: Time evolution of the relative efficiency of current genera:
tion, Nyejat. IN the case of magnetic transport, wih= 3.0 x 10°°
andey = 0. The curves are obtained wily = 0.50MW, andPec =
0.25 MW (thin dashed line), 0.50 MW (thin line), 0.75 MW (thick

and& = 0.0 (thick line) and forb=0.0and&=05x 105 (thick dashed line), and 1.00 MW (thick line). Other parameters are th
dotted line), respectively, at= 80. Other parameters are the same Same as in Fig. 1.
as in Fig. 1.

Nrelat

FIG. 10: Time evolution of the relative efficiency of current genera
FIG. 8: Current drive efficiency) vs 1, for several values of EC tion, N4, in the case of magnetic transport, with = 3.0 x 10°°
power, in the case of magnetic transport, with= 3.0 x 105 and ~ andé = 0. The curves are obtained wiky = 0.50 MW, and show
& = 0. Pec = 0.25 MW (thin dashed line), 0.50 MW (thin line), 0.75 the casest = 0.125(thin line) ando = 1.0 (thick line). Other para-
MW (thick dashed line), and 1.00 MW (thick line). Other parametersmeters are the same as in Fig. 1.

are the same as in Fig. 1.

maximum EC absorption, near= 0.5, the extremity of the
greater EC power considered, which is twice the LH poweryesonant ellipses for EC waves, where most of EC power
the combined efficiency is tending to an asymptotic increaséeposed, occurs far ~ 2, while the LH-produced tail ap-
of approximately 126, similar to the increase obtained in the pears fou; > 3.
case ofPec = 2 By, in Ref. [7]. Although in Ref. [7] the Fig. 10 shows the relative efficiency for two different values
model utilized for the propagation of LH waves was differ- of a, considering the case of magnetic transport. It is see
ent from the model utilized here, in both case some spatiahat the presence of the barrier (in the case of the figure, wi
superposition between the absorption profiles of LH and EQx = 0.125) produces a relative efficiency slightly above the
waves was obtained. The magnitude of the synergistic effegelative efficiency obtained in the case without barrier=
obtained is relatively small. The reason is the following. Al- 1.0). As we have seen in previous figures, the current driv
though the spatial regions of EC and LH absorption are nearlgfficiency is increased as effect of transport, in the propose
coincident, the superposition of effects in momentum space isonditions of good confinement. The presence of the barri
not very large, for the parameters utilized. At the position ofwith finite depth, on the other hand, retards the radial diffusio
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FIG. 11: (a) Electron density as function of position in the plasmaFIG. 12: (a) Amplified vision of the relative variation of the electron
slab, att = 50 andt = 80. (b) Electron temperature as function of density,dne = (ne(T) — ne(T = 0))/ne(T = 0), for positions near the
position in the plasma slab, at= 50 andt = 80. The curves show plasma edge, at= 80. (b) Amplified vision of the relative variation
bo 3.0x 10°® and& = 0.0 att = 50 (thin line), bo 3.0x 10°5 of the electron temperaturdie = (te(T) — te(T = 0)) /te(T = 0), for
and& = 0.0 at T = 80 (thick line), & = 0.50 x 10—5 and bo =0.0 positions near the plasma edgeIai 80. In both panels the curves
att = 50 (thin dotted line)& = 0.50x 10~° andbo =00att=80 show the caselso 3.0x 103 andg&, = 0.0 (thick line), & = 0.50x
(thick dotted line). The initial profile is also shown in both panels 10~ andbg = 0.0 (thick dotted line). Other parameters are the sami
(thin dashed lines). Other parameters are the same asin Fig. 1. asin Fig. 1.

and allows longer time of interaction between the particle and An amplified vision of the region near the edge is seen i
the waves, therefore increasing the efficiency. Fig. 12. Fig. 12a shows the relative variation of the electro
Fig. 11(a) shows the electron density as function of posidensity,dne = (ne(T) — ne(T = 0))/ne(T = 0), atT = 80, con-

tion in the plasma slab, at=50 andt = 80, for the cases sidering the case of magnetic transport, viigh= 3.0 x 10~5
bp=30x10° and& = 0.0, and& = 0.50x 10°° and  and&, = 0.0, the case of electrostatic transport, wigh= 0.0

bo = 0.0. Fig. 11(b) shows the electron temperature as funcand & = 0.50 x 10°°. Fig. 12b shows the corresponding
tion of position in the plasma slab, at= 50 andt = 80, for  figures for the relative variation of the electron temperature
the caségp = 3.0 x 107° and& = 0.0, and& = 0.50x 10> &Te = (Te(1) — Te(1 = 0))/Te(t1 = 0), att = 80. It is seen that
andbp = 0.0. The initial profile is also shown in both panels. the relative variation of density near the edge is near$yp 2
Other parameters are the same as in Fig. 1. In the scale of the the case of magnetic transport, and considerably small
figure it is not possible to distinguish in Fig. 11(a) any sig-than that in the case of electrostatic transport, while the rel
nificant modification of the density profile, which isat 80  tive variation of temperature may be nearly 20t the case
nearly the same as at= 0, both for magnetic and for electro- of magnetic transport, and less than%0n the case of elec-
static transport. On the other hand, in Fig. 11(b) it is possibldrostatic transport. These results confirm the expectation th
to notice a small decrease of the electron temperature at thbe transport due to magnetic fluctuations effectively diffuse
plasma center, along with a small increase of the temperatutg@gh velocity particles more efficiently than the transport du
ats~ 0.5, where both LH and EC wave energy is absorbed}o electrostatic fluctuations. Nevertheless, the results obtain
and a more significant increase near the plasma edge, in tilow that both types of transport mechanisms produce ve
cases with transport. similar effects on the combined current drive efficiency.
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IV. CONCLUSIONS with the level of fluctuations, both in the case of magnetis
and electrostatic turbulence, with approximately the same re

In this work we have investigated how the occurrence ofof increase. This result can be understood as a conseque
radial transport and the presence of an Internal Transport Baff the diffusion of fast particles toward more external region
rier affect the efficiency of current drive by LH and EC waves. Of the tokamak, where they find smaller density, and cons:
We have considered two possible mechanisms for radial tran§ilently longer collisional slowing-down time. The efficiency
port, either due to magnetic fluctuations or due to electrostaas been shown to depend weakly on the depth and on the |
tic fluctuations, and studied the influence of the barrier depti§ition of the ITB. The minimum of the current drive efficiency
and position and of the level of magnetic or electrostatic perhas been shown to occur when the barrier is placed close
turbation, considering parameters of a medium size tokama#he position of LH power absorption, but somewhat displace
In our model of the plasma we have used boundary conditoward the external edge of the tokamak.
tions appropriated for regimes where the loss of particles at
the plasma edge is very small. Therefore the model is not
suitable to describe situations with poor particle confinement. Acknowledgments
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