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I-INTRODUCTION

Current drive by microwaves in the range of the Electron
Cyclotron Resonance frequency (EC-waves) has been
experimentally demonstrated in tokamaks [1,2,3] and stellarators
[4], with results that allow for a moderate optimism on the
capability of this method to generate non-inductive currents in
"next step” fusion devices. The motivation to use ECCD in
Tokamaks is clear, microwaves in this frequency range can
penetrate to the core of a reactor grade plasma and non-
inductively drive current where it is needed. Stellarators, being
"current-free" devices, do not need any such scheme to obtain
particle confinement, all needed currents are produced by
external coils. The usefulness of ECCD on stellarators, specially in
shearless- devices, lays on the possibility of using these waves to
compensate intrinsic plasma currents like bootstrap that can be
deleterious for confinement in the device. The clear experiments
on Wendelstein VII-AS show how confinement is greatly
improved when ECCD is used to compensate bootstrap and Pfirsch-
Schliiter currents making the device a true current free stellarator
[5]. This is particularly important in configurations, like the Heliac
under construction in Madrid, TJ-II, with magnetic configurations
having an iota -or q- profile practically shearless, where pressure
driven currents can- push the iota profile towards rational values
with the corresponding consequences for confinement. Also, due
to the extreme localization of EC waves power deposition, the
possibility opens to use ECCD to locally control q-profiles [6],
although this awaits experimental proof.

Current drive by EC-waves consists of the asymmetric
modification of the electron resistivity in the momentum space [7].
Even a diffusion in the perpendicular momentum direction causes
a net current, provided it is asymmetric in the parallel direction,
by the modification of the collision frequency of the electrons. The
resonant absorption modifies the distribution function: which can
be computed solving the Fokker-Planck equation (see e. g. [8, 9,
10]). Once the distribution function is known, the current density
parallel to the magnetic field can be evaluated.

Such a calculation is expensive in terms of computational
time. There are alternative methods which allow the estimation of
the current without knowing the distribution function. Those
methods are either based on the adjoint approach as presented in
[11, 12], or on the Langevin equations [13], as the calculation



presented in this work. The last one gives the current drive
efficiency for a test particle as:
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where E is the kinetic energy of the resonant particle, the vector s
is parallel to the diffusion direction in the momentum space, and
is given by:
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and 7 is the so called response function, i. e., the total contribution
of the particle to the current:
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To calculate the response function one must know the test
particle evolution in momentum space, that is obtained averaging
Langevin equations for a particle ensemble embedded in a
thermal bath [14].

This method gives a linear estimation of the induced current
and is accurate if the absorbed power denmsity is not very high and
the distribution function not far from Maxwellian. The method is
fast enough to allow the inclusion of the efficiency function in a
ray tracing code, which calculates the absorbed power density
and, therefore, the induced current in a complex magnetic
configuration can be computed.

In the present work the induced current by EC waves is
computed for the heliac TJ-II. The complex geometry of the
machine is introduced in the ray tracing code RAYS [15] to
calculate the absorbed power density profile. The width and
structure of the microwave beam are taken into account since
they are not negligible respect to the plasma size.



II-THE EFFICIENCY FUNCTION

The induced current density parallel to the magnetic field
can be written in terms of the absorbed power density in phase
space and the microscopic efficiency as follows :
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The constant A is:
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where n, m and e are the electron density, mass and charge, c is
the speed of light and A is the Coulomb logarithm.

The efficiency can be obtained from the Langevin equations
averaged for a Maxwellian distribution function in the high
energy limit (see [13]). For the relativistic case and, in general, for
oblique propagation, the efficiency is :
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where the function G(v) is given by:
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and we have adopted the following normalization:
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For Zeff=1 the function G(v) can be computed analytically:
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For arbitrary values of Z.gr the integral in (6) must be performed
numerically. In figure 1 the efficiency is presented for some
values of Zegr. It is shown that the efficiency decreases with Zefr,



which means that the impurities have a negative influence on
current drive efficiency and so do multiple charged ion plasmas.
This is not surprising since the collision frequency rises with Zeff
and the particles are thermalized faster.

When varying the parallel refraction index, Ny, the
efficiency rises for the momenta of the sign of the index, but falls
in the opposite direction, as can be seen in figure 2. The efficiency
is an odd function in vj when Nj=0 and is an even function in the
product vyNjy.

Rising the perpendicular momentum 1is in general
deleterious for the efficiency, but for the values we consider here
(p1/mc=0.01) it has no appreciable influence.

We consider the absorbed power density in phase space at
harmonic s, wg, which is different from zero only for the resonant
electrons:
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This guarantees that we obtain zero current for Nj=0, since wgis
an even function and the efficiency an odd one. Moreover, as the
efficiency is an even function in the product v)Ny changing the
sign of Nj will change the sign of the induced current density.

After integrating in v in (4), the current density parallel to
the magnetic field can be written as,
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The absorbed power density for a Maxwellian distribution
function, at lowest order in Larmor radius, is given by (see e. g.

[16]) :
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In this linear theory, the efficiency has been calculated as an
average in time and for a test ensemble of particles embedded in
a Maxwellian distribution function, therefore it does not depend
on the absorbed power density.

The result of making the integration for the O mode at first
harmonic is shown in figure 3a, and for the X mode at second
harmonic is shown in figure 3b. In both figures, the induced
current is plotted versus frequency for several values of Ny,
keeping constant the other plasma parameters. The absorbed
power density is the same for all the cases in each plot. It can be
seen that the current has opposite signs at upshifted and
downshifted frequencies. The point where the current changes
sign does not depend on Nj, but on the value of Yg=sw./0. When
N is increased the induced current density becomes more
unlocalized and falls. The difference between both figures, near
the point where the current density is 0, can be explained
considering the different expressions of the absorbed power
density for X and O modes.

The deformation of the distribution function can be
considered a perturbation of the Maxwellian, that we can assume
that is well localized in the momentum space. The position of the
deformation will be near the so called Collective Resonant
Momentum [16]. This momentum is defined as the point in
momentum space where the deformation in the distribution
function is maximum or, equivalently, where absorbed power is
maximum:
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This condition is fulfilled by these values of vy:
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Only one of the two values is inside the resonant momentum
interval, and it depends on the sign of Nj:

Nn<0 = Vg =V, Nn>0 = Vg = Vg



The induced current density parallel to the magnetic field at a
point in the plasma can be approximated by this expression [16,
17]:

W<r>)=An(¥,)<P, > (12)

where the efficiency is calculated at the Collective Resonant
Momentum. This approximation can be avoided calculating
numerically the momentum integral (9). In figure 4 the current
density obtained by both methods at the second harmonic for X
mode is shown. The Collective Resonant Momentum approximation
(curve marked with squares) is accurate only at downshifted
frequencies, but this estimation is not so good at upshifted
frequencies and near the point where the current changes the its
sign.

Moreover, the numerical integration allows the introduction
of trapped particles effects, that are not evident using the
Collective Resonant Moment approximation, because it gives null
current when such momentum is in the trapping region.



III- INCLUSION OF TRAPPED PARTICLES

The effect of trapped particles on current drive can be
important in stellarators, especially when ECRH is in consideration,
since the diffusion in momentum space is mainly in the
perpendicular direction and the stellarator configuration allows a
big variety of trapping mechanisms.

As it is well-known, a particle with momentum v, whose
guiding centre moves along a field line with momentum wvy(t), is
trapped if:

B 1/2
Ly <y, E(l— )
v Bmax (13),

where |, is the trapping parameter, B is the local magnetic field
and Bmax is the maximum magnetic field on a field line. Since the
field lines are dense on a magnetic surface, Bpax coincides
approximately with the maximum of the magnetic field at the
magnetic surface. In a stellarator configuration, both fields must
be calculated numerically using the Biot-Savart law [18].

Let us consider how trapped particles modify the efficiency
(5). Trapped particles do not contribute to the current in the
bounce average, so the efficiency is zero in the trapping region:

MNr(v)=0 ; v, Sv<v,
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Additionally, circulating particles can become trapped by
the effect of the diffusion in momentum space and, from that
moment on, they will not contribute to the current, which must be
taken into account in the calculation. The- contribution ‘of this kind
of particles modifies the response function as follows [19]:
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vt is the momentum when the particle starting with momentum v
becomes trapped. That momentum is calculated using the
Langevin equations, averaged over an ensemble of particles. The



results we have obtained for its parallel component and module
are:
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where we have introduced the function:
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Using equation (1) we obtain the efficiency in presence of
trapped particles, outside the trapping region:

(17).
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where the derivative of the response function is given by:
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and n(v) is the efficiency without trapped particles, given by
equation (5). The sign of nT(v) can be opposite to the sign of n(v).

Then, we evaluate the integral (9) introducing the efficiency
(18) and obtain the induced current density in presence of
trapped particles. In figure S5a the influence of trapped particles
on EC current drive efficiency is shown. The induced current
density parallel to the magnetic field is plotted versus frequency
for X mode at second harmonic and different values of the
trapping parameter. The nature of EC diffusion in momentum
space, which is mainly in the perpendicular direction, makes the
effect of trapped particles deleterious, and the module of the
induced current density falls when p: rises. Even a change in the
current direction is possible when trapping parameter is large
enough.



The effect of trapped particles changes with Nj. This is
because the number of resonant electrons which are trapped
varies and their contribution to the current also varies. This can
be understood considering the expression inside the integral of
(9): When Nj rises, the resonance curve in momentum space
moves in the positive direction of vy and the maximum of the
expression inside the integral goes into the trapping region and
then goes out. The induced current versus frequency, for different
values of Ny, is plotted in figure 6, we have taken a medium value
for the trapping parameter p¢=0.2. It is shown that, when Nj rises,
the peak of positive current which appears at upshifted
frequencies moves to the right and its maximum is not

monotonous.



IV - ADAPTATION TO A RAY TRACING CODE

To take into account refraction effects and the complex
magnetic geometry of stellarators, we included the expression (9),
with the efficiency (18), in the ray tracing code RAYS [20]. The
parameters needed to calculate the efficiency are given by the
code. We assume that the resonant electrons move on the
magnetic surfaces and are quickly mixed with the rest. The
current is then uniform on each magnetic surface and we calculate
the averaged absorbed power density inside a given magnetic
surface [21], considering the differential volume of the whole
magnetic surface.

The induced current at a point in the plasma can be written
in terms of the absorbed power density, at the considered
harmonic s, as:

5L,(®) =y(H)W,(D) (20),
where the global current drive efficiency has been introduced:
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W(r), the averaged absorbed power density at a magnetic
surface, i1s calculated as follows:

W, (F) =~ o)
21°R, (2p(F)8 +87) (22)
We have defined:
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AP is the power absorbed in a ray step, given by the code, Rp is
the major radius, <r> is the mean minor radius of the magnetic
surface, b is the width of a single ray, k is the wave vector, ¥ is
the toroidal flux and A<r> is the variation of the mean radius in the
ray step, calculated from flux coordinates. The parameter 6 is
chosen to take into account the fact that when the ray is not
nearly perpendicular to the magnetic surface (the direction given
by the flux gradient) only a fraction of the power carried by the
ray is deposited at such surface.

To obtain the toroidal component of the current density one
must perform:

B, (F)
B(7)

J,(£)=1,(F) 25

where Bg is the toroidal component of the magnetic field and B its
module.

From this expression, one sees that the averaged power
density can be raised when the ray path is almost parallel to the
surface. It is also possible that a ray crosses twice the same
magnetic surface. In the last case the induced current density
depends on the local plasma parameters of the crossing points and
the total current density at the surface is obtained adding all the
single surface cross contributions. In this way we obtain an
expression for the current density induced by one ray, which is
function of the magnetic surface, i. e., of the mean minor radius.

The microwave beam structure must be taken into account,
because its width in TJ-II is d=5 cm, which is not negligible
respect to the plasma dimensions. We take a squared Gaussian
beam simulated by a number L2 of rays and we disregard the four
corner rays. The width of a single ray is b=d/L. This will make the
absorption area more unlocalized in the plasma than when only
one ray is considered [17], so the current profiles we obtain are
wider. Additionally, the several ray paths can be very different
and so do the plasma characteristics where the absorption
happens, namely the values of the density, temperature, parallel
index and magnetic field. Hence, the absorbed power and the
induced current densities are different for the several rays of the
beam. The averaged absorbed power density, which depends on
the angle between the wave vector and the toroidal flux gradient,
can change, especially when the ray beam diverges.

11



The total toroidal current density at each magnetic surface is
obtained adding the currents induced by every ray:

1 ' 2 2
S oxplx /(a/2)7) e (S T Dexp(=xi /(d/2))
o | (26)

J(<r>)=

In the same way, the global absorbed power density can be
calculated:

1 . ] 2
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i=rays ! (27)

W(<r>)=

The current intensity is calculated in terms of the mean
radii of the magnetic surfaces. To perform the integration it is
necessary to consider the current perpendicular to the toroidal
surface, i. €. :

I={J-dS=2xnf<r>J,(<r>)d<r>
o (28)

The amount of induced current depends on many factors,
which vary from a ray to another. The fraction of absorbed power
at downshifted or upshifted frequencies changes, which modifies
the sign of the current density. Generally speaking, a good
efficiency will be obtained when one has strong well-localized
absorption because it happens only at upshifted frequencies, for
low field side injection, or downshifted frequencies, from high
field side injection.

The influence of trapped particles depends on the chosen
position for the injection. The role played by them is more
important when absorption happens at external magnetic
surfaces. This is because the maximum magnetic field on a
magnetic surface rises for increasing mean minor radius. The
toroidal positions of the beam for which the plasma is far from the
device axis present also important trapped particle effects, since
the local field is lower. In some cases trapped particle effects can
even change the sign of the current.

12



V - NUMERICAL APPLICATION TO TJ-IT

The TJ-II heliac [22, 23] is a medium size, ¢=1, M=4
stellarator under construction in Madrid. Its minor radius can
vary depending on the magnetic configuration between a=0.1-0.20
m, its mean major radius is Rg=1.5 m, the magnetic field in the
centre of the plasma is about 1 T. Its magnetic configuration is
characterized mainly by having a helical magnetic axis and beam
shaped magnetic surfaces. The microwave injection will be done
by two 200 kW gyrotrons which emit at 53.2 GHz, i. e., at the
second harmonic frequency. For the present work we choose a
configuration with a=0.17 m.

The total amount of induced current is calculated simulating
the microwave beam by 144 rays (L=12) and disregarding the
four corner rays. As the beam is 5 cm wide, the distance between
the rays will be b=0.4166 cm, narrow enough to simulate a
continuum. The difference between the mean radii of contiguous
magnetic surfaces is taken to be 0.5 cm, which is a good
approximation, taking into account the transversal separation of
the rays. The induced current is calculated by linear interpolation
in the mean minor radius.

The cases presented here correspond to the toroidal position
of 16.8° for only one gyrotron. The geometrical position for the
injection and the TJ-II plasma are shown in figure 7. The effect of
both gyrotrons can be obtained by adding the density currents
induced by each one. The azimutal and poloidal angles of injection,
¢ and 6, can be varied to study the behaviour of the induced
current. By varying these angles one can change the amount and
the sign of the current and the current density profile. The
electron density on axis is ng=1.5 x 1019 m3 and the electron
temperature on axis is Tp=0.8 keV, which are typical values we
expect to reach in TJ-II. The toroidal magnetic field is in the
negative direction, i. e., in the clockwise direction.

The control over the induced current is not absolute because
one must consider other important effects. First of all we have
refraction. When one changes the injection angles of the beam, the
angle between the normal to magnetic surfaces and the wave
vector is changed, so refraction effects can deviate the beam.
Second, the absorbed power density in plasma depends on the
value of Nj, therefore the fraction of absorbed power at
downshifted or upshifted frequencies along one ray path changes
when varying Nj, which changes the sign of the induced current
density, as it has been shown in section II. The width of the

13



microwave beam is also a limitation in order to control the
induced current, since the absorption area is quite wide and one
can have some rays which induce a current in one direction and
others in the opposite one. Trapped particles may have an
important influence because when the absorption happens in
magnetic surfaces far from the axis, their effect can be very
important.

The average power density, and hence, the amount of
induced current density, are higher near the magnetic axis, since
the volume of heated plasma is smaller, so the amount of current
one can get off axis is smaller.

First, we present the case of absorption on axis, so that
absorbed power density is quite high. The position of the antenna
is chosen just in the vertical below the magnetic axis, 35 cm under
the equatorial plane, as it is shown in figure 7. We choose
¢=106.8° and vary 6. The ray paths are presented for 6=15°in
figure 8, where only 9 rays are plotted for clarity. In figure 9 the
profiles of absorbed power and the toroidal component of the
induced current densities, averaged to the magnetic surface, are
plotted for this case. One can see that the current is pretty high
and well localized in this case, since the absorption is strong, on
axis and at downshifted frequencies. The total current will be
[=-1.68 kA. Even though the angle is positive, Nj is negative
because the field is in the negative toroidal direction, and varies
between Nj;=-0.05 and N;=-0.15 for the different rays in the
resonant region.

In figure 10 we present a case in which 6=-50. We see that
power absorption occurs near the axis and for positive Nj, so we
obtain a positive current of 1=2.58 KA.

In the third case, which is presented in figure 11, the
amount of induced current is small because Njis small and we
have current density of both signs, positive and negative. This has
been obtained for 6=7.5°. The absorbed power density and the
toroidal induced current density are high near the magnetic axis
because the volume and the surface in which they are calculated
are small. The power absorption profile is quite wide due to
refraction effects. Even though the microwaves are almost
perpendicular to the magnetic field, the ray paths are not normal
to the surfaces of constant refractive index, therefore those effects
are important in this case. The width of the radial grid has been
taken of 0.8 cm in this case in order to mask the discrete beam
structure.

14



In figure 12 we present the induced current intensity and
the global absorbed power for different values of the angle 6. We
see that the change of the sign does not occur at 6=00° but at about
0=7.59, because the effects of refraction. These effects make the
absorption fall for oblique injection and, therefore, the amount of
induced current also falls.

We consider now situations in which the absorption happens
off-axis. These are obtained for =159, when the ray paths are
outside the vertical direction, and different values of ¢. Varying
this angle we can change the sign and the amount of the current
as is shown in figures 13 and 14. In figure 13 we have taken
¢©=216° and obtained a positive current of about 0.32 kA; the
power deposition profile is wide and pretty flat. On the other
hand, in figure 14, the current is negative and higher: I=-1.4 kA
and the absorbed power density is similar to the former case; this
is obtained for ¢=1870°.

Trapped particle effects are important near the edge where
the trapping parameter is high and where the temperature is still
high enough to maintain a low collisional regime. We consider two
situations in which the absorption occurs near the edge, but still
for quite high temperature, in order that the collisions are not
important as a detrapping cause. In this case the trapped particles
play an important role and can reduce the current in an important
amount. In figure 15a the injection angles are 6=25° and ¢=187°
and the induced current in presence of trapped particles (I=-0.66
kA) is reduced to almost one half of the calculated disregarding
their effect (I=-1.1 kA). In figure 15b, for 6=350 and ¢=1870°, the
amount of induced current is reduced from I=-0.38 kA,
disregarding trapped particles, to I=-0.12 kA, including trapped
particle effects.



V- CONCLUSIONS

In shearless stellarators even low currents (a few kA
typically) can modify their confinement properties. The current
induced by radio frequency can be useful to compensate
deleterious currents like bootstrap or to modify the iota profile.
The EC-waves can be appropriate for this goals, provided the
relative control over the current density profile and over the
amount of current one can achieve by varying the injection
parameters.

The current density has been computed in this work from
the efficiency in the momentum space and from the absorbed
power density in phase space. The first one is obtained from
Langevin equations averaged for a test ensemble of particles
embedded in a thermal bath. The results obtained in this way are
compared with those obtained by the Collective Resonant
Momentum approximation and it is shown that such an
approximation is only accurate at downshifted frequencies.

The influence of trapped particles is considered too. It is
important especially in stellarators for two reasons: a) the
diffusion caused by EC-waves is mainly in the perpendicular
direction in momentum space and b) the fraction of resonant
trapped particles depends on the toroidal and poloidal angles of
the microwave injection and on the geometry of the device.

To estimate in an accurate way the induced current in a
stellarator it must be taken into account the actual geometry of
the device. In this work, this has been done using a ray tracing
code. The volume of every magnetic surface and its section have
been calculated using flux coordinates. Moreover, for medium side
devices the microwave beam structure cannot be neglected, since
its wide is comparable to the plasma size. This will cause the
absorption be unlocalized and the current profile be wider, which
impose limitations to the induced current control.
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FIGURE CAPTIONS

Figure 1.- Current drive efficiency in momentum space versus
parallel momentum for some values of Zefr. We have taken Nj=0.2
and v;=0.1. One sees that when Zg¢r rises the absolute value of
induced current falls.

Figure 2.- Current drive efficiency in momentum space versus
parallel momentum for some values of Nj We have taken Zqfr=1
and v =0.1. It can be seen that for N;=0 the efficiency is an odd
function.

Figure 3a.- Induced current density for different values of Nj
versus frequency for O mode at first harmonic. We have taken the
following plasma parameters: Magnetic field B=1 T (fc=28 GHz),
electron density n=0.5 x 1019 m-3, electron temperature T=1 keV
and Zeff=1. One sees that for rising Nj the induced current density
is lower and more unlocalized.

Figure 3b.- Induced current density for different values of Nj
versus frequency for X mode at second harmonic. We have taken
the following plasma parameters: Magnetic field B=1 T (2f;=56
GHz), electronic density n=1 x 1019 m-3, electron temperature T=1
keV and Z.fr=1. One sees that for rising Nj the induced current
density is lower and more unlocalized, as in the former case.

Figure 4.- Comparison of induced current calculated by
numerical integration and by using the Collective Resonant
Momentum approximation. We have considered the same plasma
parameters as in figure 3b and Nj =0.2.

Figure 5.- Induced current density by X mode microwaves, in
presence of trapped particles for different values of trapping
parameter ; and for frequencies near second harmonic. We have
taken the same plasma parameters as in figure 4. For rising
trapping parameter the absolute value of the current density falls,
and in some cases a change of sign is possible .

Figure 6.- Induced current density, for the same plasma
parameters as in figure 5, versus frequency. In this case the value
of Nj has been varied in order to study the effect of trapped
particles for different angles of microwave propagation. The
trapping parameter considered is p=0.2.

Figure 7.- TJ-II plasma rounding the circular central coil.

Microwave beam situation is also plotted, the toroidal angle,
$=16.89, is fixed for all the cases and so are the coordinates Z=-35
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cm and R=152.5 cm. To obtain different currents we vary the
angles ¢ and 6.

Figure 8.- Plot of ray paths, magnetic surfaces (dashed lines) and
lines of IBl=constant for ¢=106.8° and 6=15°. Only 9 rays have
been plotted for clarity. The plasma region where absorption
happens is marked by crosses and, as can be seen, is quite broad
for this wide beam. The plasma parameter we have considered
are: electron density on magnetic axis ng=1.5 x 1019 m-3, electron
temperature on axis Tg=0.8 keV, Z.rf=1, magnetic field on axis
B0p=0.95 T. The microwave frequency is 53.2 GHz and the injected
power is 200 kw.

Figure 9.- Induced toroidal current density profile (continuous
line) and absorbed power density profile (dashed line) versus
mean minor radius in TJ-II, for the same plasma parameters and
injection position as in figure 8.

Figure 10.- The same as in figure 9, for the same value of ¢ and
for 6=-50°,

Figure 11.- The same as in figures 9 and 10, for the same value
of ¢ and for 6=7.50°.

Figure 12.- Induced current (continuous line) and absorbed
power (dashed line) for the same value of ¢ and for different
values of 8. The cases calculated are marked in the plot. The
plasma parameter are the same as in former four figures.

Figure 13.- Induced toroidal current density profile (continuous
line) and absorbed power density profile (dashed line) versus
mean minor radius in TJ-II, for the same plasma parameters but
for injection angles ¢=215.8° and 6=1509.

Figure 14.- The same as in figure 13, for the same value of 6 and
for ¢=186.80,

Figure 15a.- Study of trapped particles effects. Absorbed power
density (dashed line) and induced toroidal current density
(continuous lines) versus mean minor radius for 6=259° and for
¢=186.89. The curve J1 is calculated taking into account trapped
particles and the curve J2 is calculated disregarding these effects.

Figure 15b.- The same as in figure 15a, for the same value of ¢
and for 6=359°. The trapped particle effects are stronger in this
case because the absorption happens at outer plasma positions
and, hence, the trapping parameter is higher.
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Centro de Investigaciones Energéticas, Mediocambicntales y Tecnoldglcas
Instituto de Investigacidén Bdsica.- MADRID

"Corriente continua por ondas electrén-ciclotrén en

estellaratores”.

CASTEJON, F.; ALEJALDRE, C.; COARASA, J.A. (1992) 38 pp., 17 figs., 23 refs.

En este trabajo proponemos un método para calcular la corriente inducida por las mi-
croondas, en el rango de la frecuencia ciclotrdnica electrdnica, lo bastante rdpido pa-
ra ser incluido en un trazado de rayos y de esta forma tener en cuenta la complicada
geometria de log estellaratores.pos efectos de las partfculas atrapadas son particular-
mente importante en este método de induccidén de corrientes en estellaratores, por lo tan
to son tenidos en cuenta mediante la modificacidén que introducen en la eficiencia de la
i{nduccidn de corrientes.

Bisicamente el método consiste en integrar en el espacio oe momentos el producto de
l1a eficlencia relativista, corregida con los efectos de las particulas atrapadas, por
la denuidad de potencia absorbida en el espaclo de fases. Esta udltima se calcula para
una distribucidn Maxwelliana, ya que se supone que estamos en un rdégimen aproximadamen-
te lineal. La influencla de las impurezas y de tener plasmas de otras especies gue no
sean protones se considera calculando la eficiencia para Zeff#l.

Finalmente se ha reallzado un andlisis numérico particularizado al Heliac Flexible
TJ-II. La densidad de potencia absorbida se calcula mediante el trazado de rayos RAYS,
teniendo en cuenta la estructura real del haz de microondas, cuya anchura no es despre
ciable frente al tamafio del plasma.

CLASIFICACION DOE Y DESCRIPTORES: 700350. Magnetic Confinement. Electrdn Cyclotron-
-Resonance. Non-Inductive Current Drive. Plasma Heating. Stellarators.
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En este trabajo proponemos un método para calcular la corriente inducida por las mi-
croondas, en el rango de la frecuencia cilclotrdnica electrédnica, lo bastante rapido pa-
ra ser inclufdo en un trazado de rayos y de esta forma tener en cuenta la complicada
geometrfa de los estellaratores.pos efectos de las partfculas atrapadas son particular~
mente importante en este método de induccién de corrientes en estellaratores, por lo tan
to son tenidos en cuenta mediante la modificacidn que introducen en la eficiencia de la
induccidén de corrientes.

Baslcamente el método consiste en integrar en el espacio de momentos el producto de
la eficlencia relativista, corregida con los efectos de las particulas atrapadas, por
la densidad de potencia absorbida en el espaclio de fases. Esta ultima se calcula para
una distribucidn Maxwelliana, ya que se supone que estamos en un régimen aproximadamen-
te lineal. La influencia de las impurezas y de tener plasmas de otras especies gue no
sean protones se considera calculando la eficiencia para Zggg#t.

Finalmente se ha realizado un andlisis numérico particularizado al Heliac Flexible
TJ-II. La densidad de potencia absorbida se calcula mediante el trazado de rayos RAYS,
teniendo en cuenta la estructura real del haz de microondas, cuya anchura no es despre
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In thls paper we propose a method to estimate the induced current by Electron Cyclo-
tron waves fast enough, from the numerical point of view, to be included in a ray-tracing
code, and yet accounting for the complicated geometry of stellarators. Since trapped par-
ticle effects are particularly important in this Current Drive method and in stellarator
magnetic configuration, they are considered by the modification they introduce in the
current drive efficiency.

Basically, the method consists of integrating the Fisch and Boozer relativistic
efficlency, corrected with the effect of trapped particles, times the absorbed power per
momentum interval. This one ls calculated for a Maxwellian distribution function, assu-
ming a nearly linear regime. The influence of impurities and of species which are not
protons is studied, caiculating the efficiency for plasmas with Zeff#l.

Filnally, a numerical analyslis particularized to TJ-II stellarator is pregented. The
absorbed power density is calculated by the ray tracing code RAYS, taking into account
the actual microwave beam structure.
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efficlency, corrected with the effect of trapped particles, times the absorbed power per
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ming & nearly linear regime. The influence of impurities and of species which are not
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absorbed power density is calculated by the ray tracing code RAYS, taking into account
the actual microwave beam structure.
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