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Introduction

Apart from the well-known absence of density cut-off values for Electron Bernstein Waves
(EBW), they have shown to be a suitable tecnique to drive current, low order rationals position-
ing, and magnetic shear modification in stellerators. Operation sustainment in tokamaks is also
an aplication of interest that Electron Bernstein Current Drive (EBCD) points out [1].
The fully relativistic linear estimation of the current drive efficiency for electromagnetic waves
was developed for inhomogeneous plasmas up to the second Larmor radius order and applied
to the TJ-1I stellarator [2]. Recent calculations have been carried out for EBW and have shown
larger efficiency values than those for electromagnetic waves. This was expected since for val-
ues of the paralell refractive index (Nlarger than 1 the resonance condition in momentum
space changes its elliptical shape to a hyperbolic one, thus allowing the high speed electrons
to resonate. The Bessel functions of the first kind, that are present in the calculation, have also
been expanded iteratively up to the Larmor radius order at which the convergence of the se-
rie took place, including in this way finite Larmor radius effects, which cannot be neglected
for large values oN, . Together with particle trapping phenomena, included considering the
Okhawa effect, a useful and accurate tool is available for its inclusion into the ray tracing code
TRUBA [3], currently used at TJ-1l. This last point is developed in this work, and completes our
description with the refraction effects and the complex geometry of the device, what makes our
result more reliable for a first experimental approach to the recently installed electron Bernstein

heating system in TJ-II.

Efficiency function and current generated

Our calculation of the current drive efficiency is based on the asymmetric modification of
the electron resistivity in momentum space in its relativistic formulation. The paralell current
density is defined as
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Figure 1: On the left, paralell current density gerenatedfasietion of the frequency for fixed values of bdth

andN |, and different values of trapping parametirfor To = 1 keV,ne = 1 x 102 m~—2 andB = 0.95 T. On the
right, dependence afj on the frequency for different values of the paralell refractive inigxfor N, = 2 and
Lt = 0.4, and also fofe =1 keV,ne=1x 101°m—3andB=0.95T.

wheren is the electron densityn the masse the electric charge; the speed of light\ the
Coulomb logarithm, ang (u), with u = p/mc, is the microscopic efficiency function including

particle trapping as it was presented in [2]. The absorbed power density in momentum space at
harmonics, ws, is expressed as follows

B oUW |- |2 = (sk(p) .. Yj
ws () = 4ka (1) Ms-E| exp(—uy), with ns—( D ,—135(p),Js(p) I) (2)

wherey = (1+ u2)1/2 is the Lorentz relativistic factory, the plasma frequency the wave

frequency,u = mé/T, with T the temperature, ari, the second order MacDonald function.
In the polarization terr+ﬁs~ E

, E is the wave electric field and (p) are the Bessel functions

of the first kind with argument = N, u, a./w. Then the macroscopic efficiency functig(r)
at a point of the traced ray is calculated as

() 7 (u)ws(u)du
r) B Pd (r) B fWS (U”) dUH ' (3)

Trapped particles satisfy the conditi(QuH/u) < =(1- B/Bmax)l/z. They have been con-
sidered not to contribute to the current, taking into account the trapping regions for the integral
limits in Eqg. (1). In Fig. 1, the dependence Hfwith different values of: and the refractive

index components are shown, and the Okhawa effect can be observed.

Adaptation to the ray tracing code TRUBA

With all the needed parameters provided by TRUBA, the macrocopic efficiency function at
each position of the ray trajectory using Eq. (3) is obtained. For the current density calculation

the average absorbed power density at a magnetic surface and hasn\dk)ics also needed,
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Figure 2: On the left, the projection ot the launched (thicke)i reflected (dotted line), and transmitted (thin line)
ray trajectories in the toroidal TJ-Il plane where the O-X conversion occurs is represented. On the right power

deposition and toroidal current density profiles are shown.

since the driven paralell current calculation depends on this quantiy asy (r) Ws. Ws can be
approximated by\s (r) = AP/AV, whereAP is the power deposition between two consecutive
ray steps, which is provided by TRUBA, ad is the volume, and can be aproximated by:
AV = 21PRy[2(r)A(r) 4 (A(r))?], whereRy = 1.5 m is the major radius of the TJ-II stellarator,
(r) the mean minor radius of the magnetic surface, &l is the variation of the mean minor
radius in the ray step. The toroidal current dendgys easily obtainedl, = J; (r) By (r) /B(r),
whereB, (1) is the toroidal magnetic field ari(r) its module. Finally, the integration on the

cuts of the magnetic surface must be performed to obtain the total current generated,

| :/J-dS: 2n/0a<r)J¢((r>)d<r). (4)

The power depositiokis and toroidal current profiled, are represented on the right of Fig.
2, for the ray trajectories plotted on the left [4]. A total current gf —22.32 kA has been
obtained. Fig. 3 shows the current efficiengs) as a function of the ray trajectory. As it can
be seen, the efficiency changes the sign with the paralell refractive Mdend remains zero

in a interval where no resonant electrons are found.
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Conclusions

The current driven by EBW in TJ-Il has been estimated, showing higher efficiency than
the one found for electromagnetic waves. The current has been calculated by introducing the
macroscopic efficiency function in the ray tracing code TRUBA, which was developed to com-
pute EBW propagation and absorption in TJ-1l. The macroscopic efficiency function has been
adapted to be valid for any value of the refracftive index, i. e., for any Larmor radius order and
for [Ny| > 1. Despite of the fact that the efficiency function changes its sign (see Fig. 3), the
driven current has always the same sign, due to the fact that absorption happens always in the
low field side. In this way, the current drive efficiency is maximum, since no current is driven

in the opposite direction.
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