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P.R. da S. Rosal. F. ZiebelP, C. I. de Oliveir&, G. N. Jardim, and A. K. Bonfirt
1Departamento de Bica, UFMS, Caixa Postal 549, 79070-900, Campo Grande, MS, Brazil
2|nstituto de Fsica, UFRGS, Caixa Postal 15051, 91501-970, Porto Alegre, RS, Brazil
Received on 27 May, 2005

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 particle
losses [5]. In order to implement such conditions of good con-

It is nowadays well established that plasmas in tokamakgmeme.nt’ we assume Neumann boundary condltl_ons In our
g\umerlcal calculations, which guarantee zero particle flux at

may feature regions of r transport known as tran . "
ay feature regions of reduced transpo own as transpofg edge. In experiments where such conditions of good con-

barriers (TB). These TB may occur either near the plasm ; ' e
edge, when they are denoted as ETB, from edge transport b%}pement typical of H-mode confinement are not satisfied, the

rier, or in more internal regions, when they are denoted a 0ss of particles at the plasma edge may play significant and
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 investigations
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 di7] had objectives similar to those of the present paper, both
particles and energy is expected to occur in the region intefinvestigating the effect of radial transport and of the occur-
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 propagation
of TB’s, particularly to the formation of ITB’s, are not com- of LH waves was described by a cruder model, if compared
pletely understood, but for the purposes of the present papayith the model employed in the present investigation and also
it is sufficient to know that they appear in plasmas subject t&mployed in Ref. [8], which considered the case of current
a variety of heating schemes: ohmic, lower hybrid, ion cy-generation by LH waves alone. According to the present more
clotron, electron cyclotron, and neutral beam injection [1-3]. detailed model of LH propagation, the LH waves do not arrive
In this paper we intend to discuss the effect of radial par{C "égions of the tokamak in which they could be present with
ticle transport, in the presence of an ITB, on the efficiencyl® Previous model. Significant differences occur in the pro-
of current drive generated by the combined effect of lowerfiles of LH power absorption and generated current, and there-
hybrid (LH) and electron cyclotron (EC) waves in tokamaks.[ore the effects of transport and of the presence of the ITB may
The investigation utilizes quasilinear theory in order to fol- °€ Significantly modified, as demonstrated in the case of cur-
low the time evolution of the electron distribution function, "€t drive with LH waves [8]. Another difference between the
using a slab geometry to describe the tokamak. Density an@PProach of Ref.  [7] and that of the present paper is that in
temperature modifications which may occur due to the radialtef- [7] the only kind of transport considered was of mag-
transport are taken into account. Two different mechanism8€tic 0rigin, while in the present paper we compare transport

causing radial transport will be considered, the electrostati€f Mmagnetic and of electrostatic origin. The effects of trans-
transport, which is expected to be more effective on low veport, elthc—?r magnetic or electrostatic, and of the ITB on the
locity particles, and the transport of magnetic origin, whichcurrent drive by combined effects of LH and EC waves, under

is expected to be more active on high velocity particles. Al-the conditions prescribed by an improved model describing

though taking into account radial particle transport, we will be-H Waves, constitutes the main motivation for the present in-
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 a
vated by the existence of experiments such those performed a¢ry short account of the equations which are employed and
the DIII-D tokamak [4], and such those with double transportthe models which describe the tokamak and the wave-particle
barrier performed at the Alcator C-Mod tokamak [2]. Otherinteraction. The numerical approach is described in Section
current drive experiments featuring negligible loss of fast pardll, which also shows the results found by numerical solution
ticles have also been realized in JT60U, under conditions vergf the Fokker-Planck equation, as a function of several para-
similar to those assumed in the present paper, with extrapaneters. Section IV presents the conclusions and final remarks.
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Il. THE FOKKER-PLANCK EQUATION AND THE on the magnetic surface, the energy acquired by the elec-
NUMERICAL SCHEME trons when passing through the region affected by the wave
is rapidly spread to all the magnetic surface, and the aver-
We start with a Maxwellian distribution function and solve age LH intensity at each magnetic surface can be given by
the Fokker-Planck equation obtained from quasilinear theoryPLn (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- p (s 1) = Py (a) (14T[2Ra2 Sdés’pLH (s’,r)> -
ically as follows 1

Ocf = (0cf) y + (O Fgc+ (0c ) o + (Oc )y (1) with
Z

where the subscripts in the right-hand side denote, from the _ —16 3 Uj
left to the right, the effect of LH and EC waves, collisions and PLi(ST) =15x10 PTeoveo U7 (Oc )iy -
particle transport.f = f(u,l,s,1) is the electron distribution
function, T is the time normalized to the collision time at the
center of the slahy is the electron momentum normalized to
the central thermal momentummt O, g = cos0 is the cosine
of the pitch angl®, ands= x/a is the radial coordinate along
the direction perpendicular to the ambient magnetic ele-
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 in
the slab, and wheney is the collision frequency at the plasma
center. The numerical constants are such that the ungg of
are W/cni. A similar quantity,pec(s, 1), can be defined for
the density of absorbed EC power at each position, depending
on the term(d; f)ec.

The EC term, calculated for each slab position, can be writ-

ten as
(0 f)Lpy = Oy ( DL Oy, f ) 1 u
: ( : ) (Oflgc = U (YIauL + \/%auu n|>
whereDy is the diffusion coefficient in momentum space, +
and parallel means the direction parallel to the equilibrium % |:UJ_DEC <y|6u T up 3y ) f} . (5
magnetic field. The explicit expression for the coefficibnt; L 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 In this equatiom; =y (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,N;), which represents the spectrum of the energy flux

. a
for LH waves. It is evaluated as follows. We assume N (X) = no Ro+ ,
i Ro+sa
S N <N <N ) .
S(s,T,N)) = { 0 N < Nﬂ N >N (3)  whereny is the refraction index at the plasma ed&e, the

major radiusa the minor radius angthe slab position. Here,

whereS is the intensity of LH waves at positigiat timeT, perpendicular means the direction perpendicular to the am-
andNi, N, 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 modesgiy, = M/ Te, With Tey the central electron temperature at
N is the minimum between the upper caustic &ijd, which 1= 0, m the electron mass argithe speed of lightDec is
is a limitation due to Landau damping, approximately giventhe diffusion coefficient in momentum space, which can be
by n_/+/Te, wheren_ ~ 6 — 7. Due to the Landau resonance easily found in the literature [13—15]. The point to be empha-
condition, there is a corresponding range of parallel velocitiesized is that the EC diffusion coefficient is averaged over the
where the particles are in resonance with the waves. In ordenagnetic surfaces, assumed to be cylindrical, for simplicity.
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 diffusiothe magnetic surface only appears in the surface averaging of
coefficient connects to the adjacent non-resonant region in veéhe EC diffusion coefficient, and for that purpose any surface
locity space by means of Gaussian ramps whose half-width ishape with the same surface area would be equally effective,
the local thermal velocity [11]. at least if the effect of trapped electrons is considered to be

These limits of the LH spectrum iN-space are obtained negligible, as in the present investigation, which deals with a
from a well known propagation model which assumes seviarge aspect ratio tokamak. Moreover, for the parameters to be
eral back and forth trips of the LH waves before completeused in the numerical investigation, the EC absorption occurs
absorption due to Landau damping [8, 11, 12]. The use of thisnly in the low-field size, and therefore the actual shape of
propagation model is one of the main differences between ththe whole surface area is not so significant for the evaluation
investigation developed in the present paper and the approadi the EC absorption. The approximation of cylindrical mag-
adopted in Ref. [7]. netic surface therefore seems appropriated for the purposes

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 surfaces.
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The spectrum is assumed to be Gaussian at the edge, and takaisn 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 usually

trajectory, occurs at the position of minimurmp or closer to the plasma
center, but this is not an absolute restriction [3]. Therefore we

Pec(a) ,% consider in the numerical solution the cgnonical case _in_which
Pec(s,T,N)) = = e the center of the ITB occurs at the position of the minimum
VT n g, but we also consider some cases where the barrier is dis-
placed either toward the plasma center or toward the plasma
200eca2 Zg edge, when investigating the effect of barrier position on the
X exp(C . d¢ n’i(s’)) , (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 atnetic (or electrostatic) turbulence is uniformly equaEtp(or

the plasma edgey is the parallel refraction index of the cen- &) everywhere except in the barrier region, where it is re-

tral ray of the wave packet, am is the imaginary part of duced down to a minimum valueby (or 0&). The bar-
the perpendicular wave number, obtained from the dispersioHer is centered as = s,, with nondimensional half-width
relation for EC waves. Details upon the procedures for calcun 0.15 Specificz;Iy ,we assume a parabolic reduction

lation 9f the components O.f the @electng tensor and for th of the magnetic turbulence level at the barrier position (for
numerical solution of the dispersion relation can be found in

the literature [14, 15]. % —P < S< s+ P), such thato = by (a; +as+ass?) and
The effect of collisions is introduced by the third term in € = & (a1 +azs+ass’), where thea; are constants [7]. As
the right-hand side of equation (1). We have used a linearize@oundary conditions of the barrier region in the case of mag-
form which describes the interaction of fast electrons withnetic fluctuations we assurbe= by 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, ande=ae 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 as
scribes the transport of particles and has the following generdhe profile of magnetic turbulence which can be seen in Fig-
form ure 1a of Ref. [7], for several values afand3 = 0.15. The
model describes a situation where an ITB is already formed
(0 ), =0s(Dosf), (7)  when RF waves are injected in the plasma in order to generate

) ) - o _ ~current. Modifications on the barrier profile due to RF waves
D being the particle diffusion coefficient, which can be givengre not taken into account in this scenario.

as follows [16-20],
For the magnetic field, initial density and temperature pro-

1/2 ; i i
2 c/ luyl ~ » files we make use of the following expressions
D — Dy + De = 20R0 |1”/|2b2+We° 2|
we Ul
whereDn,is the contribution to transport due to magnetic fluc- Bo(s) = Bo(0) (1+s§) —1;
tuations, andg is the contribution to transport when electro- R
static fluctuations are present. For the numerical solution, we Ne(S,T = 0) = (Neo — Nea)(1—S2) + 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 divergencguat = 0 which ap- , o )
. L~ - where the indexe8 anda indicate, respectively, values taken
pears in Eq. (8). The quantiti&s= (B/Bo) ande= (E/cBo) 4t the plasma center and plasma edge. Along the time evolu-

give, respectively, the magnetic and electrostatic perturbatioHon the density and the temperature are updated at each col-

level of turbulence, normalized to the magnitude of the 10-jiion time, to take into account modifications in the profiles
cal ambient magnetic fieldo(s). y is the relativistic factor, .5 seq 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 ADI
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 withl51x 31 x 81 points in theu x 1 x s space,

The safety factoig is simulated in the present study by with0<u<12 —1<pu<land-1<s<1. Thetime vari-
a parabolic profile which has its minimum value at positionable is discretized assumidg = 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 the
plasma edge, as shown in Fig. 1b of Ref. [7]. It simulates thdotal number of particles initially presemy, is kept constant
reversedq profiles typically found in situations where there along the calculations. This conditiongds imposed as a normal-
is ITB formation, since it has been found that these barrierszation condition for the density profile:ds ny(s, 1) = No.

Te(sT = 0) = (Teo—Tea) (1= ) + Tea,
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1. NUMERICAL RESULTS However, when comparing the case without transport shown
in Fig. 1(c) with the cases with transport shown in Figs. 1(a)
For the numerical ana|ysisl we assume the fo”owing paraand 1(b), We. observe that the .Eﬁ:ect of transport is revealed in
meters, typical of medium-size tokamaks, chosen in order téhe broadening of the LH profile. The presence of transport
guarantee total LH power absorption, for the assumed profile|So0 allows for synergy effects between LH and EC waves, re-
Neo = 6.0 x 101 M3, Teg = 3.0keV, By(0) = 2.65T, a= 0.2 vez_iled by the slight modification in the LH absqrptl_on p_roflle
m, R= 1.0 m. For the LH waves, we considBry (a,t) = 0.5 which occurs between= 50 andt = 80, appearing in Figs.
MW, and chooséN|q = 2.3 and fuy = 3.37 GHz. For most 1(a) and 1(b).
of the applications, unless explicitly stated, we gse= 0.5,
o =0.125andp = 0.15. s
As we have already discussed, at each pointin the slab there
is a range of values of the parallel refraction index which is o @
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 §3,
the previous paragraph, as a function of position inside the =
slab. The range of resonant velocities is position-dependent, 2f
although nearly uniform in a significant part of the slab. For
instance, for the parameters listed in the previous paragraph, T —
the resonant velocities nearly span the range betweers.3 ST ‘
anduj ~ 6.0, in the region of the slab where most of the LH ! o .
wave power is deposed, arousd: 0.5 [8]. ¢
For the EC waves, we consider the extraordinary mode,
with frequencyfgc = 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 andAn; ~ 0.052. For most
of the applications, unless explicitly stated, we Bge = 0.5
MW.
Fig. 1(a) shows the density &H andEC power absorbed
as a function of position in the plasma slabrt at 80, for the T —
case of magnetic transport Wiﬁj =3.0x 10°and& = 0.0, oL EC80
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 forr = 50 shows that at the end of the LH phase the
LH power is mainly deposed near the positgna 0.4, slightly
displaced toward the plasma edge as compared to the initial
profile of deposition. Att = 80, the deposition of LH waves
has moved further outward, toward the posit®a 0.5, with
the profile slightly broadened when compared to the situation
att = 50. The EC absorption occurs in a region narrower than
the LH absorption, around positi@r~ 0.45. I
Fig. 1(b) shows curves corresponding to those of Fig. 1(a), oo —
but obtained considering the absence of the ITB. The results P
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 = 50and att = 80are very slightly more broad-
ened in the case of absence of barrier than in the case with ti#G. 1: p ,; andpgc vss, for By (a,t) = 0.5 MW and Pec(a,t) =
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(ado = 0.0. The ITB is located a, = 0.5, with a = 0.125 andp =
and 1(b), but obtained ignoring the effect of transport. We0.15. (b) The case of magnetic transpdsg,= 3.0 x 105 and& =
observe that the peak of LH absorption is moved outward be@.0, without the presence of the ITB. (c) The case without effects of
tweent = 0 andt = 50, even in the absence of transport. This transport. The curves shown in each panel ajg; att = 0.0 (thin
occurs due to the formation of the electron tail in the electrorflashed line)p, ,y att = 50.0 (thin line); p, y att = 80.0 (thick line);

distribution and the consequent modification of the absorptioffec &t = 80.0 (thick dotted line). The parameters are characteristic

ium si 9 m-3
of the wave. This process has already attained steady sta@ medium size tokamakne = 6.0 x 109 m™3, Tep = 3.0 keV,
b Y y a£ (0)=2.65T,a=0.2m,R=1.0m. For the LH wavesl,\lHo =23,

att = 50, and is not affected by EC waves, since the curves °© ®
for LH absorption at = 50 andt = 80 are nearly the same. LH =3:37> 10" Hz, andn_ =6.5.

p (/)

~
T

p (m/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 10> andé& = 0.0, panel
(b) shows the case of electrostatic transport viigh= 0.0 st
and& = 0.5x 107>, 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
is not moved by the effect of transport. A rough quantitative
analysis can be as follows. In the case without transport, de-
picted in panel (c), the peak of current densitytat 80 is
nearly 6.1/3.7% 1.65, or 65% higher than the peak atthe end
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
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- st
rent density than the magnetic transport. The reason is that the _
magnetic transport is more effective for high-energy particles N\
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 -}
range of experimental values [20, 24, 25], and have already
been utilized in a previous analysis on transport effects on LH r
current generation [8].

Fig. 3(a) shows the current generated as a function of time, g
displaying the case without transport and the cases of mag-
netic transport, withy = 3.0 x 10~° andé& = 0.0, and elec-
trostatic transport, WittBo =00and& =0.5x10°. Itis FIG. 2: J vs sfor 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 mag-
of the generated current. It is also seen that the effect of eleaetic transport wittby = 3.0 x 10-5; (b) The case of electrostatic
trostatic transport on the generated current is remarkably sinfransport withéy = 0.5 x 10~°; (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

(A/m%)

A/m

indicated by ES. electron temperature expressed in keV, also averaged along
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 function
1R, of time, displaying the case without transport and the cases
=33 9 of magnetic transport, WitEo =3.0x10"°and& = 0.0, and
1= R+ Peo) Tave © ; g

electrostatic transport, wilﬁb =0.0and&g =0.5x107°. Itis
wherenge is the electron density expressed in unitsl6f®  seen that the presence of transport contributes to increase the
m~3, averaged along the radial coordinate, ahg is the  efficiency of current drive, when compared to the case with-
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FIG. 3: (a) Current vs. normalized tima. (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 efficiencyn vs electrostatic fluctuation levép, for
bo = 3.0x 1075 and& = 0.0 (thick line); electrostatic transport, with bo = 0.0, att = 50 (thin dotted line) and at = 80 (thick dotted line).
bo = 0.0 and& = 0.5 x 10-5 (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 phase;tat 50. It is also seen

out transport. It IS qlso seen that the. eff_ect of eIeCtrOSt.at'(fhat the dependence of the current drive efficiency on the tur-
transport on the efficiency of current drive is remarkably SiM-plence level, in the range considered, is nearly the same in

ilar to the effect of magnetic transport. Although the currenty o cases of magnetic and electrostatic transport
generated immediately increases after the start of EC Waves, - crease 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 follow-

waves, comparing with the efficiency of the LH waves alone.. ) : )
After the sudden decrease which occurs at the onset of EG'Y mecha_msm. Fast particles are radially moved towards less
ense regions of the tokamak by effect of the transport. In

waves, the efficiency slowly increases again, but for the par%—

meters utilized do not attain the same level attained with th hese regions the slow-down time due to .COH'S'mS is larger,
LH waves alone. herefore the level of generated current is increased.

) ) 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 densities,
netic fluctuation leveby ranging frombp = 0.0 up tobp =  keeping the same profiles and all other parameters. The argu-
5.0x 10, for & = 0.0, att = 50 and att = 80. Fig. 4(b)  ment can be illustrated with the results shown in Fig. 7 of Ref.
shows the current drive efficieney vs electrostatic fluctua- [8], which shows that for increasing electron density the cur-
tion level& ranging fromé = 0.0 up to& = 1.0x 10>, for  rent drive efficiency is reduced. It also shows that the positive
bo = 0.0, att1 = 50 and att = 80. Other parameters are the contribution of the transport to the current drive efficiency is
same as in Fig. 1. Figs. 4(a) and (b) show that the electromore significant for smaller electron densities. Both findings
static turbulence witl = 1.0 x 10> produces similar effect are in accordance with the explanation given in the previous
on the current drive efficiency as the magnetic turbulence wittparagraph.
bp = 5.0 x 10°°. 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, FIG. 6: Current drive efficiency vs depth of the transport barrier,
att = 50 andt = 80; the two upper curves are fﬁb —30x10°° att = 50andt = 80 (the bgrrier depth decreases toward the right);
and & = 0.0 (thin line) and forb = 0.0 and& = 0.5 x 105 (thin the two upper curves are fbp = 3.0 x 10~° andé& = 0.0 (thin line)
dotted line), respectively, at= 50. The lower curves are fdyg = and forb = 0.0 and&= 0.5 x 10~° (thin dotted line), respectively, at
3.0x 10~ and& = 0.0 (thick line) and forb = 0.0 and&= 0.5 x T =50. The two lower curves are fd}o =3.0x 10> andéy = 0.0
10~ (thick dotted line), respectively, at= 80. Other parameters (thick line) and forb = 0.0 and&= 0.5 x 105 (thick dotted line),
are the same as in Fig. 1. respectively, at = 80. Other parameters are the same as in Fig. 1.

represents the case without barrier). The two upper curves are

for bp = 3.0 x 1075 and& = 0.0 and forb = 0.0 and& =

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. It is seen that the current drive efficiency is
Imost independent of the barrier depth, featuring a very slight

ﬂmrease when the barrier depth is reduced until vanishing.

seen in Fig. 5, which shows the current drive efficiencys
position of the ITB, att = 50 andt = 80. The two upper

curves are fobg = 3.0 x 10°5 and& = 0.0 and forb = 0.0
andé= 0.5 x 10~°, respectively, at = 50. The lower curves
are for the same parameters;at 80. Other parameters are
the same as in Fig. 1. Itis seen that, both at the end of the L
223S§gr\}\?a3te;hiheengfgzitgﬁcphizsae mmrﬁﬁmbggj (? I;feicr:_of L Fig. 7 shows the current drive efficiengyvs EC power
creasin when,the barrier is <):/Ioserto the center of thé slab a ) MW, att =50 andt =80 The lower curves are for
9 S "By =3.0x10°° and& = 0, and forg = 0.50 x 10~° and
when the barrier is closer to the plasma edge. The explanati

can be as follows. As seen in Fig. 2, the LH waves gener-2 _ 0, att =80 The curve in the upper part of the plot
ate current around, = 0.5. The radial diffusion toward the shows the value af att = 50, before the onset of EC waves.

plasma edge tends to produce increase of the current, If thgtfher parameters are the same as in Fig. 1. It is seen that the
ITB is localized afs, < 0.5, it does not hinder very much the iciency of the current drive at= 80 decreases with the in-

diffusion toward the edge, and the current indeed increases. .coc of the EC power, with the same rate of decrease in the
; . g€, . ) Bases of magnetic and electrostatic transport. The time evolu-
If the ITB is localized neag, = 0.6, it stands in the way of

the radial diffusion between the region of energy depositio tion of the efficiency, which leads to the outcome appearing in

of LH waves and more external regions, and consequently tr:?g' 7, appear in Fig. 8, for ranging between 0 and 80, for

- C : everal values of the EC power.
efficiency of current generation is decreased. However, if the Althouah the efficiency of the current drive decreases with
ITB is closer to the edge, its effect on the particle diffusion 9 y

. . . e g the increase of the EC power, the combined efficiency of LH
starts becoming less important, since significant diffusion al'and EC power is laraer than the summation of the separated
ready occurred up to the position of the barrier. The efficiency ... . P 9  Sep
. . efficiencies due to LH and EC waves, as shown in Fig. 9,
of current generation may therefore increase by effect of th(\?vhich displavs the relative efficienc
diffusion of particles froms ~ 0.5 toward the position of the play Y
barrier. Fig. 5 indicates that this effect of the position of the
barrier is more pronounced in the case of magnetic fluctua- Nrelat =

tions than in the case of electrostatic fluctuation, both-a60

and att = 80. Regarding the effect of the pOSition of the bar- for the case OH_H —0.5MW and PEC = 0.25 MW, 0.50 MW,

rier, the combined action of LH+EC waves does not changg) 75 mw, and 1.00 MW. It is seen that immediately after the

appreciably the behavior observed with LH waves alone [8]. gnset of EC waves there is a reduction of the efficiency, but
The effect of the barrier depth is investigated in Fig. 6,after a few collision times the combined efficiency becomes

which shows the current drive efficiencyvs a, parameter larger than the separated efficiencies, indicating a synergistic

related to the depth of the ITB, at=50andt=80(a =1  effect[11, 27-29]. At = 80, Fig. 9 shows that in the case of

Nniec  liiec 7 (10)
Nun+Nec It +lec
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FIG. 7: Current drive efficiency vs EC power in MW, at = 50and FIG. 9: Time evolution of the relative efficiency of current genera-
T = 80, the two upper curves are fix = 3.0 x 10> and& = 0.0 tion, Nyelat, iN the case of magnetic transport, with=3.0x 105

(thin line) and forb = 0.0 and&= 0.5 x 10> (thin dotted line), ~ande =0. The curves are obtained wifhy = 0.50MW, andPec =
respectively, at = 50. The two lower curves are fdlp =3.0x 107> 0.25 MW (thin dashed line), 0.50 MW (thin line), 0.75 MW (thick
and& = 0.0 (thick line) and forb = 0.0 and&= 0.5x 10-5 (thick ~ dashed line), and 1.00 MW (thick line). Other parameters are the
dotted line), respectively, at= 80. Other parameters are the same Same as in Fig. 1.

asin Fig. 1.

a=1.000 ——
a=0.125 ——

Nrelat
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FIG. 10: Time evolution of the relative ef'ficiency~of current genera-

FIG. 8: Current drive efficiency) vs 1, for several values of EC  tion, o, in the case of magnetic transport, with= 3.0 x 10~°
power, in the case of magnetic transport, with= 3.0 x 105 and ~ @ndé = 0. The curves are obtained withy = 0.50MW, and show
& =0. Pec = 0.25 MW (thin dashed line), 0.50 MW (thin line), 0.75 the casest = 0.125(thin line) anda = 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 powerfesonant ellipses for EC waves, where most of EC power is
the combined efficiency is tending to an asymptotic increas€eposed, occurs far ~ 2, while the LH-produced tail ap-
of approximately 124, similar to the increase obtained in the pears for > 3.
case offec = 2 Py, 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 seen
ent from the model utilized here, in both case some spatiahat the presence of the barrier (in the case of the figure, with
superposition between the absorption profiles of LH and EGx = 0.125) produces a relative efficiency slightly above the
waves was obtained. The magnitude of the synergistic effeaelative efficiency obtained in the case without barrigr=
obtained is relatively small. The reason is the following. Al- 1.0). As we have seen in previous figures, the current drive
though the spatial regions of EC and LH absorption are nearlgfficiency is increased as effect of transport, in the proposed
coincident, the superposition of effects in momentum space isonditions of good confinement. The presence of the barrier
not very large, for the parameters utilized. At the position ofwith finite depth, on the other hand, retards the radial diffusion
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Te (keV)

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,0ne = (ne(T) — ne(tT = 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
bp =3.0x 1075 and& = 0.0 att = 50 (thin line),bg = 3.0 x 10°>  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 =00 positions near the plasma edgez at 80. In both panels the curves
att = 50 (thin dotted line)gy = 0.50x 10~° andby = 0.0att =80  show the casds = 3.0 x 10~ and& = 0.0 (thick line), & = 0.50
(thick dotted line). The initial profile is also shown in both panels 10-° andbg = 0.0 (thick dotted line). Other parameters are the same
(thin dashed lines). Other parameters are the same as in Fig. 1.  as in Fig. 1.

and allows longer time of interaction between the particle and An amplified vision of the region near the edge is seen in
the waves, therefore increasing the efficiency. Fig. 12. Fig. 12a shows the relative variation of the electron
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, wigh= 3.0 x 10-5
bo =30x107° 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 & = 0.50x 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 casdyy = 3.0 x 107° and& = 0.0, andé = 0.50x 10°  8Te = (Te(T) — Te(T = 0)) /Te(T = 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$p 2
Other parameters are the same as in Fig. 1. In the scale of tliee the case of magnetic transport, and considerably smaller
figure it is not possible to distinguish in Fig. 11(a) any sig-than that in the case of electrostatic transport, while the rela-
nificant modification of the density profile, which isat 80  tive variation of temperature may be nearly 20th 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 that
to notice a small decrease of the electron temperature at ttthe transport due to magnetic fluctuations effectively diffuses
plasma center, along with a small increase of the temperatutd@gh velocity particles more efficiently than the transport due
ats~ 0.5, where both LH and EC wave energy is absorbedto electrostatic fluctuations. Nevertheless, the results obtained
and a more significant increase near the plasma edge, in tlshow that both types of transport mechanisms produce very
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 magnetic
and electrostatic turbulence, with approximately the same rate
In this work we have investigated how the occurrence ofof increase. This result can be understood as a consequence
radial transport and the presence of an Internal Transport Baff the diffusion of fast particles toward more external regions
rier affect the efficiency of current drive by LH and EC waves. Of the tokamak, where they find smaller density, and conse-
We have considered two possible mechanisms for radial tran§i4ently longer collisional slowing-down time. The efficiency
port, either due to magnetic fluctuations or due to electrostad@s been shown to depend weakly on the depth and on the po-
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 peras been shown to occur when the barrier is placed close to
turbation, considering parameters of a medium size tokamakhe position of LH power absorption, but somewhat displaced
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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