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Introduction. A central problem in lower-hybrid current drive is the 
effective penetration of the driven current in the plasma region; this 
is determined by several complicated mechanisms, such as, for instance, 
wave power deposition resulting from multiple ray bounces and current 
diffusion. Substantial progress in the understanding of this issue can 
only be made if accurate and direct measurements of the racial profile 
of the rf-driven current density J (r) are performed. Here we discuss 
two methods: the first is based on microwave transmission along vertical 
chords at frequency u lower than the electron gyrofrequency u and is 
appropriate for low-density plasmas. The second consists in measuring the 
attenuation of an ordinary mode reflected by the cut-off at the plasma 
frequency u , and is appropriate for high-density plasmas. Both methods 
exploit the proportionality between the local absorption coefficient for 
the LH tail at u < u and the parallel distribution function [l"j, which 
allows the inversion of the measured transmission spectra, yielding J (r). 

Vertical transmission method, we consider wave attenuation of the 
ordinary mode for u « u < u and propagation perpendicular to the tokamak 
magnetic field in a poloidal section, along nearly vertical chrrds. Because 
of refraction, the trajectories of rays injected vertically from a top 
port generally deviate from a straight line. However, for typical working 
densities in lower hybrid current drive experiments, i.e.,l0 1 3<n < 3 
x 10 1 3 cm-3, it is possible to adjust the launching angle in order to control 
the plasma refraction and to obtain a straight vertical line inside the 
current channel. This allows the application of the Abel inversion tech
nique, which yields the local value of the absorption coefficient and thus 
of the current density. 

The situation we want to discuss is typically realized in the Tore 
Supra tokamak (a = 80 cm, R 0 = 235 cm) in the low density regime, where 
a non-inductive current in excess of 0.7 MA has been generated [2] at n 
s l.E x 10 1 3 cm-3 by coupling 2.4 MW of lower-hybrid power at frequency 
3.7 GHz, B(0) * 4 Tesla and central electron temperature T (0) s 4 keV. 
In this case, the fast tail is a flat function of the parallel momentum 
p„ for p < p„ < p„ , where Pn(r) is the parallel momentum at which the 
Maxwellian bulk ana the flat tail match, and p is the pIf value 
corresponding to the lower-hybrid accessibility limit. For a flat tail, 
the absorption coefficient of the ordinary mode is given by [l] 
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where p = mc(w /u -1) and fH(P„)

 Œ exp(-p„/2mT ) is the parallel 
Maxwellian distribution (i.e., integrated in the perpendicular direction). 
ror each chord located at x the wave frequency can be chosen such that 
u (x)/u is constant; thus, the local value of the absorption coefficient 
and of f M(P n) can be obtained by Abel inversion. In this case, the current 
density is given by 
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For the purpose of illustrating the consistency of the method, we 
assume that a spati'Jly uniform lower-hybrid n„ spectrum is generated 
inside the tokamak chamber. For the boundaries of the wave spectrum we 
have n ~ 2.5 and ntI =1.4; the corresponding values of p n are p s 0.4 
mc and p„ = mc. The momentum distribution f(p„,p_L,r) is obtained with 
a 3-D Foxker-Planck code [3] from which the driven current profile 
(corresponding to a total current I a l MA) and the local absorption 
coefficient for given values of u are computed. We consider a series of 
rays as depicted in Fig. 1 with frequencies ranging from 100 GHz (central 
chord) to 79 3Hz (outer chord), spaced in such a way that u /u = const 
-1.12 (namely, p = 0.5 mc). We assume concentric circular flux surfaces, 
and consider the optical depths computed and shown in Fig. 2 as experimental 
data. We then apply Eqs. (1,2) in order to find J T„. Figure 2 shows the 

tki optical depth T versus the position x where the rays intercept the 
equatorial plane. Two different lower-hybrid current profiles are 
considered, obtained with different choices of the n (r) profiles. Curve 
(a) corresponds to a bell-shaped profile centered on the plasma axis, 
whereas curve (b) corresponds to an off-axis lower-hybrid current profile, 
strongly peaked at r = 40 cm. Note that this current combines with the 
ohmic one, giving a smooth q(r) profile. Shown in Fig. 3 are these two 
profiles (solid lines) together with the corresponding profiles obtained 
by the inversion method, i.e., by applying Eq. (1) (dashed lines). The 
two profiles were obtained by using 5 and 9 chords, respectively. The good 
agreement between the dashed and solid curves proves that the straight 
line approximation used in the Abel inversion is legitimate. This method 
is applicable at moderate plasma densities, which fortunately are the 
typical working densities in most present-day lower-hybrid current drive 
experiments. 

Reflectooetry method. For high densities, a method based on the same 
property of the absorption coefficient of the ordinary mode, but for w < 
u (0) and equatorial wave launching, is applicable. In this method, the 
cut-off at u - u (r) provides the radial selectivity for a generalized 
inversion procedure. The way this diagnostic method works can be summarized 
as follows. The c-mode cut-off plays the role of a movable reflecting mirror 
which selects a radially variable portion of the superthermal current. 
By varying the wave frequency <•>, the position of the cut-off layer r , 
defined by the relation u = w (r ), is also varied. Let the current channel 
of width Ar be centred at the radial location r , and an O-mode be launched 
from the low-field side of the tokamak in the equatorial plane. For r 
> r' = r +Ar /2, the wave is reflected back without crossing the 
superthermal current channel and the non-thermal wave absorption is zero. 
For decreasing values of r , the wave can penetrate deeper and deeper into 
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the current channel before reflection, and the magnitude of the wave 
damping increases until r = r" = r -Ar /2. A frequency scan of wave 
transmission (emission) below u (o) will display a sharp rise of the 
absorbed (emitted) radiation for u > u (r'), related to the presence of 
the superthermal current channel. 

The measured optical depth is given by 
r 
r P i(w) = 2j <r d^ . (3) 
0 

We know that, for u < u , a is proportional to J and we have to show 
that the integral equation (3) can be solved for J (r). In order to invert 
Eq. (3), the following procedure is adopted. The wave frequency is varied 
by small steps 8u, corresponding to variations of the reflection point 
5r . The corresponding variation of the ray path length is &-( = 2ôr , and 
the local value of the absorption coefficient is found from the relation 

«(r) * ' { W + S u l ? T("} . (4) 
Assuming that the density and temperature profiles are known, Eqs. (l) 
and (4) yield P n(r), thus Eq. (2) yields J (r). For arbitrary values of 
B 0 and n , wave transmission at oblique propagation is necessary and the 
method is readily extended to the case of N„ * 0. 

In order to illustrate this procedure, we consider typical parameters 
of the JET LH current drive experiment [4] (n (0) = 6 x 10 1 3 cnr3, T (0) 
= 8 keV, B = 3.3 T, I = 2 MA). The 3-D distribution function is simulated 
by means of the Fokker-Planck code, the optical depths of rays launched 
at toroidal angles ±20° and different frequencies are computed, and the 
described inversion procedure is used to determine J (r), which can be 
compared with the "true" one, directly calculated By the Fokker-Planck 
code. The result is shown in Fig. 4. The agreement between the "true" 
current profile (solid line) and the result of the inversion (stars) 
demonstrates the potential of the method [5]. 
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Fig. 2 : Optical depth t vs x 
for a system of nearly vertical 
chords, computed from the 
numerical solution of the Fokker-
Planck equation and two 
different LH current profiles, (a) 
profile centered at r=0; 5 chords, 
(b) profile centered at r/a = 0.5; 9 
chords. 

Fig. 1 : Chordal system used for the 
Abel inversion. 
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Fig. 3 : Radial profile of J, 
computed by the Fokker-PlancS 
(solid line), and obtained by Abel 
inversion of the curves shown in Fig. 
2. (a) central profile, (b) off-axis 
profile. 
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Fig. 4 : Numerically computed 
J L H ( r ) (solid line) vs r/a, and the 
corresponding result of the inversion 
procedure (stars), for JET parameters. 
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