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The lower-hybrid (LH) wave is a privileged tool for noninductive current drive in 
tokamaks and a well-placed candidate to achieve continuous operation of fusion devices as well 
as to control the current density profile. Large current drive efficiencies have been obtained, up 
to 0.4x10+20 Am^W-1 [1], and a considerable theoretical effort has been carried out for the last 
fifteen years. However, and despite such effort, an accurate determination of the LH power 
deposition profiles remains a very difficult task, which is partly due to the strong dependence of 
LH wave propagation on the density and magnetic field characterizing a tokamak equilibrium. 
Using combined ray-tracing and Fokker-Planck codes, it has been shown that the LH wave 
dynamics is strongly affected by the poloidal inhomogeneity inherent to the tokamak toroidal 
geometry, which may result in an increase of the parallel refractive index, n/7 = ck/co, during 
wave propagation [2]. Here, k// is the component of the wave vector k along the equilibrium 
magnetic field B, k„= k.B/j B |, c the speed of light and co/2ït the LH wave frequency. When 
die n// upshift is large enough, i.e. when the so-called "spectral gap" is bridged, me wave energy 
can be absorbed by the suprathermal electrons, according to the Landau resonance condition 
10 = k//v// > where v// is the component of the fast electron velocity parallel to B. The uncertainty 
in predicting how the power carried by the low-n// spectrum launched by the antenna is 
deposited in the plasma lies gready on the fact that the LH wave propagation and absorption are 
nonlinearly coupled to the temperature and current density profiles. This is particularly important 
when the wave makes several passes in the plasma before being completely absorbed, in which 
case successive n// upshifts take place along the ray trajectories and the stochastic nature of the 
ray propagation in low aspect ratio 
tokamaks comes fully into play. Therefore, 
any small deviation from ideal equilibrium 
conditions, which are often considered in 
LH modelling codes, may grossly modify 
the ray dynamics and, consequently, the 
predicted power deposition profiles. 

In order to get closer to a real 
tokamak geometry, studies have been 
carried out recently to assess how the LH 
wave propagation and absorption are 
affected by the magnetic ripple that is due to 
the finite number of coils used to create the 
toroidal field. As a first step, it has been 
shown that the discreteness of the toroidal-
field system may significantly alter the 
picture of LH wave propagation obtained 
from a straight cylindrical geometry [3]. In 
particular, it has been demonstrated that, for 
parameters of practical interest, magnetic 
ripple may induce stochastic behaviour in 
the ray dynamics. Hence, and as a result of 

* 

CO 

Fig.l. Radial dependence of the TORE SUPRA 
ripple for various poloidal angles. 



- 124-

the nonintegrability of the ray equations, the well-known cylindrical accessibility condition for 
the LH wave to penetrate to the plasma center is no longer valid, so the predicted power 
deposition profiles are expected to be greatly modified. The purpose of this communication is to 
extend this work, in order to assess the effects of magnetic ripple on LH wave dynamics in a 
toroidal geometry, when both poloidal and toroidal inhomogeneiries are present. The study is 
carried out for the TORE SUPRA tokamak, which has a large magnetic ripple, S » 7% at the 
plasma edge, in the low-field side of the equatorial mid-piane (Fig. 1). 

The results presented here are obtained by integrating the usual ray equations, 
dr/di = - pD(<o, r, k)/ak]/[9D(û), r, k)/d(û] and dk/dt = [3D(co, r, kyar]/[3D(cû, r, k]/d(ù], 
where D(d), r, k) = 0 is the local electromagnetic dispersion relation for the LH wave including 
warm plasma effects [2], and k = (kn m, n) the wave momentum canonically conjugate to the 
toroidal coordinate vector r = (r, 9, (p). Due to the breaking in axisymmetry, the toroidal mode 
number n is no longer a constant of the ray motion and its evolution must be followed along the 
ray trajectories, much in the same way as the poloidal mode number m, which varies as a 
consequence of the poloidal inhomogeneity. To complete the description of the wave 
propagation, one must include a consistent treatment of the toroidal equilibrium in the presence 
of ripple. Following the usual approach [4], one considers that B = B + B, where B is deduced 
from the Shafranov aspect ratio expansion, in conjunction with the lowest order straight 
cylindrical equilibrium, and B the ripple perturbation. The perturbed field B may be written as 
B = Bv + Bp, where Bv is a vacuum field and Bp is the field arising from the perturbation in the 
flux surfaces. It must be noted that, in this approach, the plasma diamagnetism is neglected. 
From a perturbative calculation [4], where only the first harmonic in the toroidal angle 9 is 
retained, one obtains: 
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In this model, iso-ripple surfaces are circles of radius p defined by the relation 

p2 = L2 + r2+2rLcosG, with L(p} = L 0 -^p 2 / (R 0 -L 0 ) and Ln = L(p = 0). These circles are 

shifted, towards the axis of the torus, by a distance L from the center of the coils. In die above 
expressions, Bo is the magnetic field on axis in the absence of ripple, Rrj the major radius, 
R = Ro + rcos6, and In(x) and Ii(x) modified Bcssel functions. The parameter a, which 
depends on the actual shape of the coils (radius, thickness...), gives the magnitude of the ripple 
perturbation, and N is the total number of coils. 

Cylindrical calculations show that Bp may be neglected, an assumption that enables the 
Shafranov shift A of the flux surfaces to be decoupled from their displacement due to the ripple. 
The flux surfaces, which are defined by the condition Vvj/.B = 0, are thus given by the relation 

a / dA \ I R5 r +Lcos6 A pN \ . ... . 
ay = r + A(r)cos9 + - 1 + —cos9 U / - — 7 - . H ^—r- sin(N<p), 

NV rfr / y R o " L o y V + L2 + 2rLcos9 V R o- L o; 
where a is the plasma minor radius without ripple. Finally, the electron and ion temperatures and 
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dcnsit ies are considered to be constant on a flux surface y , 

TWr, 0.9) =Tlej)(y], nlea)(r, 9, 9) = nlejI(H/), and to be given in the interval 0 £ y <, 1 by the 

relation Xty) = (X0 - Xa) 
exp^xj-exp^xV2) 

ex P { ^ ) - 1 
+ Xa, X = {njej]% T[e,i] ] . The parameter £x is 

an arbitrary constant. Following Ref. [2], a linear decrease of T{e,j] and n{cj] as a function of \|/ 
is considered between the plasma edge and the chamber wall. 

Numerical calculations are carried out for the TORE SUPRA tokamak (a = 0.78m, 
Ro = 2.36m, Bo » 3.9T, N = 18, Lo= 0.32m, a = 1.69X10"4). A typical ray evolution is 
presented in Fig. 2 for two initial conditions 90 = 0 and <p0 = n/N and n//o = 2.0. When the LH 
wave propagates in the high-ripple region, n// starts to oscillate (sec insert) with an amplitude 

that is proportional to the ripple perturbation 8 =4̂ y This behaviour can be well 

explained analytically in a cold-plasma model by considering the electrostatic limit of the LH 
wave dispersion relation. After several passes through the outer plasma edge region, the ray 
trajectories differ strongly from the case without ripple. As depicted in Fig. 2, the ray trajectories 
may depend significantly on the initial toroidal angle, and so realistic simulations of LH current 
drive need to take into account the toroidal extent of the antenna, as well as the poloidal one. 

Full simulations of LH experiments have been carried out by coupling the ray-tracing 
code with a 1-D relativistic Fokker-Planck code [2]. In the calculations, the number of rays N ray 
launched into the plasma is large enough so that the final result is independent of this parameter 
[5]. Considering N r a y = 400, and dividing the antenna into four poloidal angles and eight 
toroidal angles, reliable power deposition 
profiles are obtained. The effects of the ripple 
are presented for two different accessibility 
conditions of the LH wave to the plasma center. 
For a high density case, corresponding to a 
poor accessible regime, a power deposition 

profile dPabsW/dV is given in Fig. 3(a). For 
this shot, the plasma and LH parameters are: Ip 

= 1.6 MA, neo = 7.30x10+19 m-3, T e 0 = 2 .8 
keV, n//o = 2.0, and PLH = 4.0 MW. Without 
ripple, dPabs(V)/dV is strongly localized around 

Y = 0.45, whereas in the presence of ripple it is 
much broader. For this set of parameters, an 
important new feature is the significant increase 
of dPabs(V)/dV in the core of the plasma. This 
effect arises from an increase of the ray 
stochasticity when ripple is considered [6). As a 
result, and due to the successive upshifts and 
downshifts of n// along the ray trajectories, there 
is a better coupling of the LH wave with the fast 
electrons in the plasma. Thus a significant 
modification in the energy dependence of the 
nonthermal part of the electron distribution 
function is found, as shown in Fig. 3(b). In this 
case, an increase of about 60% is predicted in 
the current drive figure of merit, as the LH wave interacts more efficiently with higher-energy 
electrons. 

Fig.2. Evolution of «// without ripple (full 
line) and with ripple (q>0 = 0 dotted line, 

çQ =• x/N dot-dashed line). A zoom of the 
area selected inside the circle where local 
ripple effects are important is shown in the 
inserted graph. 
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Fig.3. (a) LH power deposition profile without 
ripple (full line) and with ripple (dotted line), (b) 
energy dependence of the volume-averaged 
absorbed power without ripple (full line) and 
with ripple (dotted line). 

For another set of parameters, 
Ip = 0.8 MA. neo = 3.0xl0+1 9 nr3, Teo = 
6.0 kcV, n//0= 1.8, and PLH = 3.4 MW, 
which corresponds to a much deeper 
penetration case in a fully non-inductive 
discharge, the ripple effect on the energy 
dependence of the fast electron distribution 
function disappears, but a modification of 

dPabs(V)/dV is still observed. As shown in 
Fig. 4, the power deposition profile, which is 
much more centrally peaked when magnetic 
ripple is considered, is not only in agreement 
with the hard X-ray emission, but also with 
the current density profile deduced from 
polarimetry measurements. For this shot, it is 
worth noting that a radial diffusion coefficient 
for fast electrons of nearly 2.0 m2/s must be 
introduced to link the power deposition profile 
to the noninductive current density profile, if 
ripple is neglected, while nearly no radial 
transport is necessary when the full magnetic 
topology is considered. This result, which is 
in agreement with the fact that collisional 

slowing down seems to prevail over radial diffusion of fast electrons in LH experiments [7], 
illustrates the difficulty in using modeling codes to extract reliable information on fast electron 
transport. 

The effect of magnetic ripple on the LH wave dynamics has been investigated in various 
other plasma conditions. A significant modification of the power deposition profiles is, in 

general, observed, mainly in "intermediate" 
regimes, when single-pass absorption does 
not occur and the wave makes some, but not 
many, passes inside the plasma before being 
totally absorbed. In fully stochastic regimes, 
the very large number of passes ends up by 
cancelling any effects due to the ripple 
perturbation. Finally, if me ripple amplitude is 
reduced by a factor 4, the energy dependence 
of the electron distribution function remains 
still modified as compared to the case without 
ripple, while the power deposition profile 
corresponding to no ripple is nearly 
recovered. 
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