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ABSTRACT.

Fast Wave Current Drive simulations have been performed with the 2-D full wave code
ALCYON. These simulations include the computation of the RF field in a Tokamak geometry,
for a given launched power spectrum, a linear estimation of the driven current profile using this
RF field, and the numerical derivation of the quasilinear diffusion operator for a complete
Fokker-Planck calculation. Results concerning the ITER, and the DIII-D Tokamaks are
presented and discussed.

1. INTRODUCTION.

The 2-D full wave code ALCYON [1][2] has been improved in order to include the
direct absorption of the fast wave on the electrons. This effect includes the parallel magnetic
field ( transit time magnetic pumping (TTMP) ), as well as the parallel electric field ( electron
Landau damping (ELD) ). ALCYON is then able to compute the fast magnetosonic wave field,
in a Tokamak geometry, for a realistic launched spectrum, in all situations where the
predominant damping mechanism is ELD+TTMP, the first, the second ion cyclotron resonant
heating, or any combination of them.

In the cases of fast wave current drive (FWCD) studies, this field is then used for three
different analyses:

(a) an estimation of the intrinsic decorrelation provided by the wave-electron interaction.
Together with the estimation of the extrinsic decorrelations, such as the collisions or a radial
diffusion effect, this study validates the quasilinear analysis of the process.

(b) a derivation of the local quasilinear diffusion operator, in the parallel-perpendicular
velocity space, for each magnetic flux surface. The comparison of this operator to the amplitude
of the collisional drag directly gives information on the possibility of driving a plateau in the
electron distribution function. This local diffusion operator is also the input of a Fokker-Planck
code [3], in order to compute the realistic distribution function perturbation, and its
corresponding moments.

(c) a linear estimation of the driven current profiles from the deposited power, using the
non-relativistic expressions [4][5].

Such a set of simulations allows us to study and optimize the FWCD scenarios
proposed for the next-step Tokamak, as well as for present-day experiments.
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2. COMPUTATION OF THE FAST WAVE FIELD.

2.1 Presentation of the ALCYON code.

ALCYON is based on the variational formulation of the linearized Maxwell-Vlasov set
of equations [1]. A functional form, L, depending on the vector A and scalar U potentials and
on their complex conjugates is then derived. The radiated field (A(x,t), U(x,t)) is the one
which extremalizes L with respect to all the variations of A*(x,t) and U*(x,t):

• = 0 (1)
6A*(x,t)

8£ =0. (2)
SU*(x,t)

The Tokamak geometry is taken into account through a computed steady-state toroidal
MHD equilibrium, working in the (xjf, $, <p)-coordinates, where \jr is the poloidal flux, d the
conjugated poloidal angle, and q> the toroidal angle. The unperturbed trajectories of the particles
are described through a set of canonical action-angle variables (Jk=i,23. ̂ =1,2,3)- The present
version of ALCYON takes only passing electrons into account The wave-particle interaction is
computed through an hamiltonian formalism, in the action-angle phase space. The linearized
interaction hamiltonian is Fourier analyzed, and all the modes concerning the zeroth, first and
second cyclotron harmonics are kept in the functional form L. The ALCYON code assumes the
toroidal axisymmetry of the plasma, allowing us to compute each toroidal harmonic number N
separately. For this reason, the antenna is modelled as a single wire, located at a given toroidal
angle tpo, having any chosen poloidal location, poloidal width and current profile. The
reconstruction of the launched spectrum is discussed hereafter in 2.3. The extremalization is
numerically performed on a mesh in the (\|f, m)-space, where m is the poloidal harmonic
number, through a finite-element method [2]. The outputs of the code are the field components
as functions of ijr and m, for each toroidal mode number N. The mesh contains typically 75
cells in the ̂ -direction, 81 poloidal harmonics (from -40 to 40), and a typical launched
spectrum requires toroidal mode numbers ranging from -35/-2S to 25/35.

In the present version of ALCYON, the extremalization with respect to the scalar
potential U* (eq. (2)) has been performed analytically, leading to a relationship between the
vector and the scalar potential. One can notice that this relationship is one of the polarization
equations for the fast magnetosonic wave. The remaining functional form is then rewritten
coherently using this relationship, and numerically extremalized.

2.2 Analysis for a single toroidal mode number.

A complete case has been run in order to simulate, in the ITER Tokamak, the low
frequency FWCD scenario [6\. Tablel gives a summary of the chosen parameters, and Figl the
Ojr, $)-mesh in a poloidal cross-section of the torus. Fig2 displays contours of constant
modulus of the parallel magnetic perturbation SB//, in the configuration space, for N=10. In
order to analyse this picture, one can display the same field in the (p, m) space (Fig3), where:

(3)
¥edge-¥axis

is the square root of the normalized poloidal flux, and is very close to the normalized minor
radius. If we now consider the local (WKB) fast magnetosonic wave dispersion relation:

where CA is the Alfven velocity, one can rewrite k2 in terms of the radial wave number kr, the
poloidal wave number m/r and the parallel wave number k//. Expression (4) then leads to an



upper bound for the poloidal wave number, that can be rewritten as a condition on the poloidal
mode number m:

W<£ (5,

This condition is also shown on Fig3, and one can check that it is satisfied almost everywhere
in the plasma. This provides a bound to the broadening of the m-spectrum in the plasma core.

One can then notice on Fig3 that, due to this particular relationship between m and r,
whatever the poloidal enrichment of the wave can be in the middle of the plasma (essentially
due to the low single-pass absorption), the directivity in the centre of the plasma remains very
close to the launched directivity. The major loss of directivity is located typically around mid-
radius, where the driven current is yet quasi-negligible (see below).

Two possible regions in the plasma can however exhibit discrepancies to the condition
(5). The first one consists in the very last cells at the edge of the plasma. In this region the
mesh is not accurate enough, in particular on the high field side of the plasma, to cope with
phenomena such as Alfven resonances for example. The functional tries then to develop
structures that reveal those phenomena, but the computed field cannot be the realistic one. The
resolution of such resonances would need a specific analysis [7]. The very centre of the plasma
can also exhibit "spurious" structures, due for example to a mode conversion [2]. Such a
behaviour has also been detected in a simulation concerning the DIII-D Tokamak, where a
second cyclotron harmonic layer was located exactly at the center of the plasma. In these cases
again, the computed field is not the realistic one, since the accuracy of the mesh is no more
sufficient to describe it

Several possibilities exist to avoid these parasitic effects. The first one, a priori, is to
include in ALCYON an artificial damping term, absorbing the field components whose high-
order spatial derivatives are too large. The second one, a posteriori, consists in filtering the
field coherently with the condition (5), in order to keep only the fast wave component, which is
the only one correctly computed by the code. In all cases, these two methods are equivalent,
and do not affect deeply the fast wave structure. The reason is here that those small structures
are generated by the fast wave, but do not react back on it because of their thin structure. They
can then either be damped or simply ignored without modifying strongly the fast wave itself.
Moreover, one can numerically verify that, in the presence of thin structures in the very centre
of the plasma, the generated current remains totally driven by the fast wave (i.e. low-m)
component, and not by these small wavelength components. In the following results, no
artificial damping or filter has been used.

2.3 Construction of a complete case.

Due to the axisymmetry approximation, each toroidal mode number N can be computed
separately. In order to obtain the full toroidal spectrum of the radiated field, we use the
following procedure:

(a) each toroidal mode number N is computed, with the same excitation amplitude. One
then obtains the plasma response (field and linear absorbed power per Ampere in the
antenna) for each N.

(b) the currents in the realistic antenna are Fourier analyzed, with the desired phasing, in
the toroidal direction.

(c) the launched power spectrum is obtained by multiplying those two spectra.
(d) the radiated field is reconstructed coherently with this spectrum.

Rg4 displays the first three steps in the HER case (cf. Table I).

In this paper we assume that the different currents in the antenna straps are independent
and equal One can think of computing the launched spectrum using an antenna code. From the
ALCYON computation ( cf. (a) above ), one can derive for each N the plasma admittance in
front of the antenna. This admittance can then replace the usual cold-slab plasma admittance



used in a classical antenna code [8]. The output of this antenna code will then be the launched
spectrum, taking into account the antenna geometry computed consistently with the hot-toroidal
plasma response. The radiated field will then be reconstructed using this spectrum. Such a
procedure is being implemented, and the results will be reported later.

3. THE QUASILINEAR DIFFUSION OPERATOR.

3.1 Validation of the Quasilinear Approximation.

The quasilinear approximation consists in rewritting the Vlasov equation as a diffusion
equation. This theory requires a decorrelation process which insures that the phase between the
particle trajectory end the wave is sufficiently ergodized so that the wave-particle interaction
looses its adiabatic character [9]. This decorrelation can be extrinsic, e.g. due to Coulomb
collisions, or intrinsic, i.e. generated by the interaction itself through hamiltonian chaos.

Due to the low frequency of the wave, the Landau-type resonant condition (for passing
electrons)

» + k//v// = 0 (6)
generates discrete resonances in velocity space, which may or may not overlap. A detailed
analysis [12] of the intrinsic stochasticity generated by the ELD+TTMP interaction on passing
electrons shows that the adiabatic effects can be rather important, in particular around the
rational q-surfaces, and at high parallel energy. However the extrinsic decorrelations due to
collisions and mainly to the anomalous radial diffusion can validate the quasilirear
approximation, at least for small distorsions of the electron distribution function. One must
notice that for high parallel energies, this approximation is certainly no more valid under those
conditions. Moreover new effects can then appear, such as the interaction between the
curvature drift velocity of the electron and the perpendicular electric field for example, effects
which are not included in the present analysis.

In the following, we will consider that, for simulations concerning FWCD alone, the
quasilinear approximation is valid.

3.2 The Quasilinear Diffusion Operator.

In the action-angle variables, the Vlasov equation reads:
df 9f 3f 9Jk df 30k

-
where the distribution function f is a function of Jk, <&k> and time. This can be rewritten, using
the hamiltonian formalism, as a diffusion equation on the action variables:

where:

f = ffjr t_ I" ̂ *ff| A t\ (Q\1 tv*»1./ i /•*}.—\3 *\J> ^i *•} \y)

is the bounce-averaged distribution function, and:
(PQi3ij=4jc 5^ NjNj lhN(J)l2 8(o)+NkOOk) (10)

N
is the diffusion tensor, taking into account all the hamiltonian resonances [9]

co+NfctujcsO, (11)
with their respective amplitudes h^ (tùk = dHo/dJ* = <MJ) are the three characteristic
frequencies of the unperturbed quasi-periodic motion). Typically, for a FWCD simulation,
NI = 0 represents the cyclotron harmonic of the interaction, N2 = m describes the poloidal
mode numbers, and NS = N the toroidal mode number. The resonance condition (11) is then
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equivalent to the Landau resonance condition (6). In particular, (Dgpss describes the diffusion
in the parallel velocity direction and (Dqtha the diffusion in the radial direction induced by the
wave.

As pointed out in 3.1, quasilinear theory requires a decorrelation process to be present
in order lo apply and to yield the diffusion equation (8). When it does apply, the quasilinear
approximation also allows us to transform the discrete singularities 5(cu+NktOk) in expression
(10) into broader overlapping resonances and thus to obtain a continuous diffusion tensor over
finite regions of velocity space. This transformation from a singular to a continuous diffusion
coefficient should however conserve the absorbed power around a given set of closely spaced
hamiltonian resonances. Therefore, for numerical purposes, we shall use the following
smoothed diffusion coefficient, defined over a broad parallel velocity grid, with mesh size 5
larger than the average distance between consecutive resonances:

Jdv// v/y2 exp(-mv//2/2T) (DQL)ij

Dij(v//mcsh,vi) = -x*^ (12)
5.v//meSh

2 exp(-mv//racsh
2/2T)

where v//mcsh refers to any point of the parallel velocity grid and (DQL);J is computed from eq.
(10) and from the RF fields given by the ALCYON code. A typical dependence of the parallel
velocity diffusion coefficient 033 on v//mcsh is displayed on Fig5, for v±=0. The structures on
this coefficient reflects the non-regular distribution of the resonances in the velocity space.

The perpendicular velocity dependence, characteristic of the ELD / TTMP interaction
[10][11], has been taken in the low-frequency/high-temperature limit, where it vanishes for
vj_ = Vflie and increases as vj.4 at high perpendicular velocity. Including also the relativistic
effects, one obtains the complete diffusion tensor Dij(v//mesh>vj.) on each magnetic flux
surface. Fig6 displays the quasilinear coefficient describing the diffusion in the parallel velocity
direction, normalized to die amplitude of the local collisional drag [12]. A plateau in the
distribution function can only be driven in the phase space domain where this normalized
coefficient is greater than one. A major result of our simulation is the fact that, for reactor-like
conditions, the normalized diffusion coefficient is smaller than one except at very high
perpendicular energy. A strong non-linear enhancement of the current drive efficiency, using
the fast wave alone, thus seems to be ruled out. One can however notice that when the wave
energy increases (e.g. in the centre of smaller machines, or through eigenmode excitation),
some non-linear effects can reasonably be envisaged.

This quasilinear diffusion tensor, computed on different flux surfaces in the plasma, is
then used as an input of a relativistic Fokker-Planck code, which includes the full collisional
effects (passing and trapped particles), and the radial diffusion effects. This part of the
computation is described in a companion paper [3] at this conference.

4 . LINEAR ESTIMATION OF THE DRIVEN CURRENT.

A linear derivation of the driven current profile, and the current drive efficiency profile
can be made using the usual formulas [41[5] for the current density:

where:
Dv// is proportional to 033,

_ ne(r) e
4 InA
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for passing electrons only [4],

_ _ 2 -i
1 - 4 i —ô^j—ô including the trapped electron effect [5].

Zeff+1 Vi2-t4v//2J

Fig? displays, for the ITER case described in Table I, the deposited power density
profile p(r), the current density profile j(r), the local efficiency profile -y(r) = nc(r)Roj(r)/p(r),
and the integrated current For this case, the launched spectrum is the one displayed on Fig4(c),
and corresponds to 50 MW launched by 24 ICRF-current straps [6] regularly phased. Fig8
compares the local efficiencies when the trapped electron effect is included, and gives the
corresponding global linear efficiency, following:

T PFWCD
(computed with the line averaged density ne). As expected the trapped particles, which in this
model are assumed to absorb power without driving current, lower the global current drive
efficiency, and peak its profile. One notices however a small enhancement of the local
efficiency, in the centre of the plasma, i.e. in a region where the wave can detrap the electrons
and then create a substantial amount of current with a somewhat small amount of power. The
Fokker-Planck calculation [3] confirms this tendency, although this effect is reduced.
Moreover, our linear estimation does not include the exact collision term, but only its limit for
high velocities. We thus underestimate the current supported by electrons in the region around
and under the thermal velocity. Once again, the Fokker-Planck calculation [3] confirms that the
efficiency is somewhat higher than the one given here. The current drive efficiency, in a typical
case as the one given in Table I, can thus be estimated [3] around 0.18 - 0.2 1020 A/W/m2.

The complete Fokker-Planck calculation also confirms the very small deformation of the
electron distribution function, thus validating the linear estimation of the efficiency.

A similar complete case has been computed for the DIII-D Tokamak, for parameters
close to experimental data [13] (cf. Table H). In the same way, the linear efficiency, including
the trapped particle effects, has been estimated to = 0.015 1020 A/W/m2.

CONCLUSIONS.

Fast Wave Current Drive scenarios can now be studied using a 2-D, full wave, linear
and self-consistent code for the computation of the radiated field, in the Tokamak geometry.
This code contains the n// up- and down-shifts experienced by the wave, because of the toroidal
effects. By coupling ALCYON to a 3-D Fokker-Planck code, an estimation of the driven
current, and of the corresponding efficiency can be obtained, taking into account the global
launched spectrum.

Several improvements to this set of codes are under process. The full-wave code
ALCYON will be coupled to an antenna code, in order to handle more realistic spectra, and to
optimize the antenna designs. Absorption of the fast wave on plasmas with non thermal
electron distributions will allow us to study possible synergistic effects with other current drive
schemes (Lower Hybrid Current Drive, Electron Cyclotron Current Drive). If strong non-linear
effects appear, iterations between the full wave and the Fokker-Planck code can also be
envisaged. Finally, the complete 3-D (Le. diffusion in velocity space, in the radial direction and
cross-terms) diffusion tensor win be included in the Fokker-Planck simulation.

The present results concerning Fast Wave Current Drive scenarios for reactor-iike
Tokamaks yield a current drive efficiency of the order of 0.2 1020 A/W/m2. Even though these
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scenarios have not been optimized, such an efficiency seems insufficient to drive the whole
plasma current (= 20 MA) by the fast wave alone. However, a scenario where the fast wave
driven current plays the role of a seed current for the bootstrap effect [14] seems reasonable, in
the present state of the art
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TABLES.

Major radius (m)
Minor radius (m)
Toroidal magnetic field (T)
Plasma current (MA)
ne(0) (m-3)
density profile
plasma
Te(O)flceV)
température profile
Zeff
Fast wave frequency (MHz)
poloidal angle of the ant. centre (rd)
Antenna poloidal extension (rd)
Antenna strap width (m)
Number of straps
Phasing between straps (id)

6
2.15
4.85
22
1.5 ID2»
(1 - D2)l-5
D(50%)+T(50%)
35
(1 - D2)2-5

1
17
0
±0.5
0.51
24
-0.18

Table I: Plasma parameters for the ITER case. In the profile expressions., p = A/

Maior radius (m)
Minor radius (m)
Toroidal magnetic field (T)
Plasma current (MA)
ne(0)(m-3)
density profile
plasma
Te(0) (keV)
temperature profile
Zeff
Fast wave frequency (MHz)
poloidal angle of the ant centre (rd)
Antenna poloidal extension (rd)
Antenna strap width (m)
Number of straps
Phasing between straps (rd)

1.78
0.56
2
0.8
3.5 1019
(1 - o1-8)1-5

D(97.5%)+H(2.5%)
3.5
(1 - pl-6)2-8
2
60
0
±0.35
0.223
4
-Ji/2

Table II: Plasma parameters for the Dni-D case. In the profile expressions,ions, p = A/

-8-



FIGURES.

Figl: (y, tf)-mesh for the ITER case (75 v-cells, 81 û-cells).
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Fig2: level-curves of the modulus of 5B;/ for N=10 (ITER case).
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Fig3: same as Fig2. in ihe (p, m)-space (ITER case).

The frontier corresponding to the equation (5) is superimposed.
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Fig4: (a) Absorbed power spectrum for 1A in the wire-antenna

(b) Fourier transform of the antenna current pattern (see Table I)

(c) Launched power spectrum.
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EigS: Parallel velocity dependence of the diffusion coefficient
(TIER case, p=0.15, q=0.945, v^=0).

V///C

ESÉ: Complete diffusion coefficient in velocity space,
normalized to the collisional drag (TIER case), and limited to 0.1.
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Fig7: ITER case, passing electrons only, for 50MW (cf Table I):
deposited power profile, current density profile, local efficiency profile, integrated current

r(m)
Eg& local efficiency profile (TIER case. Table I)

(- -) : passing electrons only (y = 0.221020 Ayw/m2)
(—) : including trapped electron effect (Y= 0.161020 A/W./m2).
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