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1 – Introduction. To perform realistic simulations of Radio-Frequency (RF) current

drive in tokamak plasmas many different issues ought to be addressed together and self-

consistently [1], such as the propagation and the absorption of the waves, the evolution of

the ion and electron distribution functions, the influence of the transport properties of the

plasma, and the effects of the plasma equilibrium. A further important issue is the power

coupling mechanism from the antenna to the plasma, which represents a crucial element for

the “final” performance of the experiments with frequencies in the Ion Cyclotron (IC) range.

Although there are satisfactory numerical codes for most of these problems, their integration

in an unified package is still in its initial phase. A first step in this integration process is the

interface between a solver for the Maxwell-Vlasov equations and one for the Fokker-Planck

quasilinear equation for the electron distribution function. In view of the analysis of current

drive with the Fast Wave (FW) at IC frequencies, the interface between the TORIC full-wave

code [2] and the new QLEFOPS quasilinear code [3] is presented here. In the next Section

the analytical derivation of the quasilinear diffusion (QLD) coefficient, including both elec-

tron Landau damping and Transit Time damping, is outlined by emphasizing the underlying

assumptions. In the third, a few technical aspects of the interface are discussed. Then the

results of a significant test are briefly reported and discussed. Finally, the radial profile of the

current density and the total current drive efficiencies predicted by the two coupled solvers

for a typical scenario on the ASDEX Upgrade (AUG) experiment are reported.

2 – Quasilinear Diffusion Coefficient. As the goal of this work is the estimation of the

radial profile of the FW-driven current density at frequencies much lower than the elec-

tron cyclotron resonance, the significant electron–wave interactions are the Cherenkov ones.

Moreover, the only non-vanishing term of the QLD tensor is the diagonal one, � �� � , where

from here onwards parallel and perpendicular (to the static magnetic field) components of

the electron velocity are intended to be normalized to the local thermal speed, � � � � � � � � �
and � � � � � � � � � .

On the basis of the ordering # $ & ( $ * , . * 0 1 , where # , * ( , * , and * 0 1 are respectively

the gyro-, the bounce-, the collision and the electron-wave heating rate frequencies, � �� � is

averaged over the fast time scales of the gyro and bouncing motion to obtain
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with the propagator, � � � � � � � � � � � � � � � � � � � � � � �   � � £ � � £ � � ¦ � � � � � � © . This expres-

sion is valid only for axisymmetric configurations where the toroidal angle £ is ignorable ( «
and ¬ are the poloidal and toroidal numbers respectively). Moreover, it has been simplified

by expanding it to second order in the Larmor radius perpendicularly to the static magnetic

field (second order corrections to the Landau term are always negligible).

The electrons which mainly contribute to the current drive are well-passing, and the richness

of the Fourier spectrum of the launched FW guarantees that each electron resonates with

many modes, and each resonance is restricted to a fraction of the poloidal turn around the

magnetic axis. Under these conditions, the propagator can be approximated by Dirac-delta, � ¦ � ¯ ° ± ² ³ ´ � , as in the uniform plasma limit. Performing the µ -integration the following

final expression of ¶ ´· · is derived:

¶ ´· · � ¸ � ¹ � » � � ¼½ ¦ ¾ ¿� ¿À
Á Â Ä � Æ Ç È É Ê Ì Í Î Í Ð Ñ Æ Ç È Ò Ó ´ Ô Í Ð Ö × Ø Ù Ú Û Ð Ñ Ü Î ÝÓ ´ Ô (2)

Á ß Û Ð Ñ Î Ýà Ó ´ Ô � á ± ² ³ ´½ â ¯ Û Ð Ñ Î Ý° Ó ´ Ô ± ² ³ ´ã ä ´ å Û Ð Ñ Î Ýà Ó ´ Ô ¹ ¿ É æ Á ß Û Ð Ö Î Ýà Ó ´ Ô � á ± ² ³ ´½ â ¯ Û Ð Ö Î Ý° Ó ´ Ô ± ² ³ ´ã ä ´ å Û Ð Ö Î Ýà Ó ´ Ô ¹ ¿ É ç
where the quantities with the subscript “res” are intended to be calculated at the resonant

poloidal angle ¯ Û Ð Ñ Î Ý° � � Ó ´ Ô � � ¦ ê � ± ² ³ ´ ¸ � , and ë is the radial coordinate. The factor Ú Û Ð Ü Î Ý �� Û Ð Î Ý° ê í íí ï ñ � Û Ð Î Ý° ííí Ó ´ Ô is proportional to the time that electrons spend in resonance with each

wave. ò Û Ð Ü Î Ý
is singular near the so-called tangent resonances, � � ó � ¼ ; these singularities

are integrable, and they could be eliminated by taking into account the next term in the

expansion of the propagator around resonance. It is worth noting that while the dependence

of the coefficients in Eqn. (2) on the parallel velocity õ reflects the ö ° –spectrum of the FW,

the perpendicular component ÷ enters only as a parameter.

3 – The Interface. Only few characteristics of the two solvers will be mentioned here; we

refer to [2] and [3] for a detailed description of TORIC and QLEFOPS.

In the interface, ¶ ´· · is evaluated by employing the same spectral representation of high-

frequency (hf) fields used by TORIC. The contributions of many toroidal modes, evaluated

by separate runs of TORIC, are superimposed using a weighting function ø Î
related to the

predicted launched power spectrum of the antenna. In particular, ø Î
is here obtained from

the antenna code FELICE [4].

TORIC calculates the hf fields at the points of a regular µ -mesh, but it is necessary for the

Fokker-Planck solver to know ¶ ´· · at a given õ -mesh. The resonance condition maps the

regular µ -mesh in an irregular õ -mesh which is different for each value of « and ¬ . When

mapping all these different contributions on the regular õ –mesh of the FP code, particular

care has been taken to ensure that the heating rate predicted by QLD coefficient in the limit of

a Maxwellian distribution function coincides with the local absorption predicted by TORIC

for the same situation, for each of the three terms: Landau, TTMP and Mixed [5]. Owing to

the very irregular nature of ¶ ´· · , the accuracy achieved is of the order of ù ú û . To obtain an

exact agreement a re-normalization of ¶ ´· · is necessary.

4 – Benchmarks A possible option of TORIC is to estimate the radial profile of the driven

current density using the absorbed power together with the parametric formula for the current



drive efficiency derived by Ehst and Karney [6] (EK) with the local values of the plasma

parameters. This approach does not require the integration of the Fokker-Planck equation.

On the other hand, this method is over-
(a)

(b)

Figure 1: (a): comparison between the simulated

radial current drive profiles (solid and dashed lines)

with the experimental result [7], reported with the

experimental error (shaded triangle). (b): the ra-

dial power absorbed profiles according to TORIC

(dashed) and QLEFOPS (solid); the inset represents

the power spectrum used for the simulation ( ü ý ü

toroidal and þ ÿ poloidal modes)

simplified because of the implicit assump-

tion that at each magnetic surface the indi-

vidual contribution of each Fourier mode of

the wave, ( � � � ), modifies the electron distri-

bution function independently from the pres-

ence of the others. In fact, the electron dis-

tribution function depends, in principle, on

the whole spectrum of toroidal and poloidal

modes excited by the antenna in a non-linear

way. This is expected to be more important

as the directivity decreases, or equivalently

as the
� �

power spectrum becomes broader.

Therefore, one of the goals of the present

work is the verification of the accuracy of the

EK-parameterization (EKP).

As a benchmark, the results of the inte-

grated codes have been compared with the

published experimental results of the DIII-D

group [7], shown in Fig. (1) as the shaded

triangle. The calculated radial current pro-

files fall inside the range of confidence of

the experimental measurements. Compared

with the QLEFOPS results, the EKP underes-

timates the current in the core of the plasma,

although this difference falls inside the exper-

imental errors. Using the experimental value of � 	 
 � � � for the total power carried by the

Fast Wave, the total driven currents, estimated with QLEFOPS, � 
 � � , and with the EKP,� � � � , can both be considered in agreement with the experimental one, � 
 � � � � � � � .

5 – ASDEX-Upgrade. The integrated system of the full-wave code and Fokker-Planck

solver can be used to predict the current drive density profiles and the current drive effi-

ciency for typical parameters of AUG. The profiles in Fig. (2.a) is calculated using the power

spectrum of the present AUG-antenna (inset), which is broader than the corresponding one

of DIII-D (inset of Fig.(1.b)). The discrepancy between QLEFOPS and the EKP profiles is

much more pronounced than in Fig.(1.a) and it is not limited to the core of the plasma. This

might be explained with the argument proposed above on the validity of EKP and the width

of the power spectrum. As a test, the profiles are re–calculated for a weight function ! "
corresponding to a proposed 4-strap antenna which is more directional than the present one.

The profiles reported in Fig. (2.b) show that in this case the agreement between EKP and FP

improves. It is interesting to notice that, while the QLEFOS efficiency decreases slightly,

the EKP one increases so that the two become comparable. The reason could be that the

increased directionality of the antenna is a somewhat offset by larger $ % value of the main

peak, as shown by the insets of Fig. (2.a) and Fig. (2.b).



(a) 2-strap antenna (b) 4-strap antenna

Figure 2: Radial current drive density profiles for AUG (a) with the 2-strap antenna (present antenna), (b)

with 4-strap antenna. The parameters used are: ' ( * , . 0 2 , 4 ( * 6 8 : ; = ? A C = E , G H * K L N O 0 Q R S and
U * V ; X Y [ . The total RF-current drive efficiencies are: (a) ] ^ ` a * ; L ; V V e f h and ] j a * ; L ; , k e f h ,

whereas (b) ] ^ ` a * ; L ; 6 k e f h and ] j a * ; L ; 6 s e f h

6 – Conclusion. It has been shown that the new integrated system of the TORIC full-wave

code and the QLEFOPS Fokker-Planck solver can be used to predict and interpret the exper-

imental data concerning the current drive with the
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Figure 3: Asymmetry of the electron distri-

bution function for FWCD. Same parameters

as in Fig. (1).

Fast Wave in the Ion Cyclotron range of frequency.

In view of achieving self-consistency in the simula-

tions of RF-current drive, an important result of the

present study is that the amplitude of the normal-

ized QLD coefficient for the FW in the IC range

is extremely small, t uw w x y { | }~ �
u �

� � � � � for � MW

of injected power. As a consequence, the devia-

tions of the electron distribution function, � { , from

the Maxwellian are also very small, as shown by

the example of Fig. (3). Moreover, as portrayed

in Fig. (1.b) the difference in the radial absorbed

power profiles between the Maxwellian (dashed line) and the true distribution function (solid

line) is smaller than the residual discrepancy between the TORIC and QLEFOPS code in the

Maxwellian limit, as discussed in Section � .

Therefore, it can be inferred that, contrary to the case of the Lower Hybrid current drive, no

iterations are needed between TORIC and QLEFOPS. The main effort should instead be put

on the accurate evaluation of the QLD coefficient, t uw w .
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