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The optimum launching condition of electron cyclotron wave for a localized driven
current profile at a targeted magnetic surface is obtained by numerical analysis, where
the fundamental O-mode wave is launched in the low field side. The wave launching
condition is determined by the direction and position of beam injection and the wave
frequency. First the optimum direction of the wave launched at the midplane is analyzed
by scanning the launching direction in both the toroidal and poloidal directions. Doppler
broadening of the current profile is significantly suppressed, when the current is driven at
the position where a ray trajectory becomes tangent to the magnetic surface (referred to
as the “tangential resonance”). Second the dependence of the current driven through the
tangential resonance on both the location of beam injection and the wave frequency is
also examined. It is found that the optimum position is at 60 ~ 70° above the midplane
and the optimum frequency is in the range of 170~190GHz for a toroidal magnetic field
of 5.5T. It is also shown that the dependence of the tangential resonance condition on the
electron temperature is weak.

Keywords: ECCD, O-mode, Numerical Analysis, Tangential resonance, Doppler Broad-
ening, Optimum Injection
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1. Introduction

The current drive by electron cyclotron (EC) waves is considered as one of efficient
methods for steady state operation in a tokamak plasma. The advantages of EC current
drive (ECCD) are possibility of localized profile of driven current, controllability of loca-
tion of driven current, and so on. These properties are very attractive for stabilization
of magneto-hydrodynamic(MHD) perturbations, especially the neoclassical tearing mode.
In recent years, neo-classical tearing modes have attracted much attentions as an origin
of a serious problem which limits the stored energy and deteriorates the confinement.

Many studies concerned with the stabilization of the neo-classical tearing modes have
been reported, where ECCD is applied to act on the stability on the plasma. Two methods
have been proposed to stabilize the tearing mode by ECCD. The first one is to drive
direct current around the magnetic island. To stabilize the MHD perturbations, it is not
necessary to maximize the total driven current I, but rather the quantity I/p2, when
the radial width of the driven current py is larger than the island width. The second
one is to drive phased current inside the magnetic island, where maximization of I/p, is
an important issue. Both methods simultaneously require large total current and narrow
current profile for efficient stabilization. In the many cases, the injection angle of the
ECCD power is so chosen as to deviate by relatively small angle from the perpendicular
plane to the magnetic field i.e., small refractive index parallel to the magnetic field Ny,
because the power absorption profile is broadened by Doppler effects for large N). The
total driven current, however, may be reduced from the maximum value which can be
obtained under the considered situation. The Doppler broadening of the driven current is
caused by the power absorption distributed along the ray trajectory crossing the magnetic
surfaces. Our attention focuses on the effects caused by the geometrical relation between
a ray trajectory and a magnetic surface. It has been shown that the maximum current
density is obtained when the ray is tangent to the magnetic surface exactly at the position
of wave absorption[5].

In this report, by scanning the direction of beam injection in both the toroidal and
poloidal directions, the optimum injection angles are numerically obtained to drive a
current with a maximum 1/p,, at the targeted magnetic surface. We analyze the effects of
Doppler broadening on the driven current profile. Furthermore, the dependence of driven
current on the wave frequency and launching position is examined. This problem has not
been fully investigated so far, so that the systematic study is the motivation for the present
work. In order to specify the problem, the current driven by the fundamental resonance
of the ordinary mode (O-mode) wave is examined for the parameters of a tokamak like
the International Thermonuclear Experimental Reactor(ITER). The ray trajectories are
calculated by the standard method of geometrical optics [6] and the driven current is

calculated by using the adjoint equation for the relativistic Fokker-Planck equation]5]
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with the full relativistic Coulomb collision operator[7]. This numerical method enables us
to examine a huge number of conditions of wave launching. This paper is organized as
follows. In the next section, the numerical model and geometry are explained. The results
of numerical analysis are shown in Section 3. In Section 4, summary and discussions are

presented.

2. Basic Equation and Numerical Procedure

The EC driven current is obtained by analysis of wave propagation and of deformation
of electron velocity distribution. The wave propagation is analyzed by the standard ray
tracing method[6]. The ray trajectory is computed by using the Hermitian part of the
plasma dispersion tensor with a cold plasma approximation. The wave damping rate is
evaluated by numerical integration of the anti-Hermitian part of relativistic dispersion
tensor for a plasma with Maxwellian velocity distribution[8]. To compute the driven
current, we analyze the linearized Fokker-Planck (F.P.) equation by using the method
of adjoint equation[5, 9] in order to save a computation time. Here the deformation
of electron velocity distribution function f; is assumed to be small compared with the

Maxwellian distribution fen. The linearized Fokker-Planck equation is written as

uy By 0fer

Y B o, U=V 5w (1)

where v is the electron momentum per unit mass parallel to the magnetic field, v is
the relativistic factor, B is the strength of magnetic field, B, is the poloidal component
of magnetic field, and £, is the arclength of a field line projected on the poloidal plane.
The linearized collision operator C(fe1)[7] conserves the particle number, momentum and
energy for collision between electrons. The wave-induced flux S, is expressed as S,, =
—Dy - V fem, where Dy, is the quasi-linear diffusion tensor[5]. When a kind of the Green

function K is introduced by the following adjoint equation:

U Bp 0K | C(Kfem) _  ujp 2
v B 04, * fem v 2)

the driven current J and absorbed power P are calculated as
7 = B </d3uSw : VIC>, (3)
(8°)

p - < = s> (4)

where the operator of magnetic surface average is defined as (A4) = (1/V") f{ d¢,A/ B, and
V' = §dl,/B,. The solution of Eq.(2) in the first order of Legendre expansion can be
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expressed by
<32

Ac
K(ua)‘) = / <\/1 —-/\B>
0 ford > A,

K(u) ford < A,

where

3, 0\ P AdA

A =ul/(ufB), Ac = 1/ Bmax and & = v|/|u))|. The function K(u) is the solution of a one

dimensional integro-differential equation:

0 (’U,2Duua[{> _ meuD oK _ (QDM n "}'Fe/eZeff) K

5;; ou Tory wug. 02 2 15/8[1{] — —=0, (7)

fe ¥

where Zeg is the effective charge number of multi species ions. Eq.(7) with f. = 1 is same

to the key equation of the relativistic Spitzer-Harm problem[7]. The details of notation
in Eq(7) are described in Ref.[7]. The numerical recipe for Eq.(7) is minutely explained
in Ref.[10]. From the view point of numerical calculation, it is very important that the a
numerical cost for solving the Eq(7) is very low and the function X does not depend on
the properties of EC wave, i.e., S,,. This enables us to comb the driven current profile
localized at the targeted magnetic surface by varying the direction of the beam injection.
Though the analysis based on the adjoint equation is limited in the linear approximation,
we consider that it is permissible to apply linear analysis to the case of the off-axis current
drive owing to the low power density. It is our purpose to examine the Doppler effects
on the driven current profile with a maximum I/p,, within the off-axis region. In this
article, the plasma is assumed to be confined by nested magnetic surfaces. And also, it is
assumed that a stationary current is sustained by the EC wave. In order to stabilize the
tearing modes, however, the phased current must be driven inside the magnetic islands.
We will discuss our assumption in the last section.

The configurations and notations used in the numerical calculation are explained in
the following. EC waves are traced in cylindrical coordinates (R, ¢, z), where the system
is assumed to be axially symmetric. The ray trajectory starts from (R;,z), which is
set just inside the outermost magnetic surface. The location on the magnetic surface is
specified by the poloidal angle x; = tan™'((z — Zo)/(R:; — Ro)), where (Ry, Zy) is the
position of the magnetic axis. The direction of beam injection is specified by the toroidal
and poloidal injection angles, 8; and 8,, which correspond to two subsequent rotations:
first, in the poloidal plane the direction is rotated out of the horizontal plane, and, second
around the vertical axis. The driven current density is expressed as J(p, 6,0,), where
p= \/ V(¥)/(272Ro) and V(%) is the volume within the magnetic flux surface ). When

the posmon of the driven current, g, is defined by the peak position of the current density,

_3_
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p becomes a function of the injection angles 6, and 6,. Then the total driven current is
expressed as I = I(6,,0,). The width of the driven current is defined as p,, = I/ (27 pJ),
where J = J(p,0;,8;). If py/2 > p, then the definition is changed to py = \/I/(ﬂ'j).

To maximize the value of I/p, at the targeted magnetic surface, the direction of wave
injection is scanned in the (6;,8,)-plane. Hereafter the notation T = I/p,, is used. Then
the following numerical procedure is employed. First by seeking the poloidal injection
angles 0, under the condition of fixed p and 6;, we can find several (usually one or two)
poloidal injection angles. The maximum T as a function of p and 6, T}, is determined by
picking up the maximum value among the values of T with the obtained poloidal injection
angles, i.e.;

Yo(p,0:) = max Y(6:,0,) with fixed p(6;,60;) and 6; (8)

P

= T(Gt, gp)a

where 8, is also a function of p and ;. Second the toroidal injection angle 6, is varied.
The maximum of T on the targeted magnetic surface p is obtained as

Toe(p)=max Ty 5, 0) = Y (00, 6y) (9
where §, is a function of p and ép = 5p(ﬁ,ét). In this report, 6, and ép are called the

optimum angles.

3. Numerical Results

It is our purpose to find the optimum launching condition, i.e., the optimum angles and
optimum launching position and the optimum wave frequency, with maximum value of T
at the targeted magnetic surface. First the optimum injection angles for Y, are sought
without consideration of finite beam size. Next the dependence of the driven current
profile on the launching position and wave frequency is analyzed taking the effects of
beam divergence and of finite beam width into account.

As for the plasma parameters, we employ a tokamak like ITER-Feat: Ry =6.20m,
a = 1.90m, By =5.51T, I, =13.3MA, £ =1.60, § =0.241, n,o =1.17x10°m™°, and
T, =30keV, where the both direction of the toroidal magnetic field and the toroidal
plasma current are counterclockwise. The profiles of the density and temperature are the
following: ne(1) = neg X (1 — /15)%1% and To(v) = Teo X (1 — /1), where 1, means
1 on the plasma boundary. Further a flat Z.g profile is assumed with Z.g = 2. The
fundamental O-mode wave is launched from the low field side. In the following numerical

analyses, the total input power P, is fixed to IMW.
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3.1 Optimum Direction of Beam Injection

The currents driven by the waves injected at y; = 0 and 70° with a frequency of
f =180GHz are examined by the single ray analysis, i.e., effects of finite beam size are
not included.

Figure 1 illustrates the dependence of T on the injection angles, where the waves are
injected at x; = 0 and the minor radius is normalized by ps = p(¥s) =~ 2.4m. In the
middle part of the figure, intensity of T, is drawn in the (p,6;)-plane, where the ridge
of the intensity plot corresponds to the optimum toroidal angle g, indicated by the solid
curve. In the upper part of the figure, the solid curve shows Y, defined by Eq.(9) and the
dotted curve shows Y, with 6, fixed at 31°, which is also indicated by the dotted line in
the middle part of the figure. In the lower part of the figure, the optimum poloidal angle
th and 8, with 6, fixed at 31° are described by the solid and dotted curves, respectively.
Many corrugations or spikes appear in these curves, since the injection angles are scanned
with the same intervals (A, = 0.5°, A6, = 0.25°) and the driven current density J is
evaluated in shells divided by the same width (Ap/ps = 0.005). The optimum angles vary
discontinuously at p/ps ~ 0.67.

First the driven current in the region of p/ps < 0.5 is considered. Figure 2 shows the
poloidal projection of typical ray trajectories injected by optimum angles shown in figure

1. The fundamental harmonic resonance layer (f = f..) is also plotted by the dashed

10.

1.0

Y ma/m]

0.1

6, [deg]

9p [deg]

6/ps 6 R[m]

Figure 1. The dependence of T on the injec- )
Figure 2. The poloidal projection of

tion angles in the case of the waves injected at
xi = 0. In the middle part, intensity of T is
shown in the (p, 6;)-plane. The ridge of inten-
sity plot corresponds to the optimum toroidal
angle #; indicated by the solid curve. In the
upper part, the solid curve shows T;,; defined
by Eq.(9) and the dotted curve shows Tp, with
0, fixed at 31°, which is also indicated by the
dotted line in the middle part. In the lower
part, the optimum poloidal angle 8, and 4,
with 6; fixed at 31° are described by the solid
and dotted curves, respectively.

typical ray trajectories injected by op-
timum angles shown in figure 1. The
fundamental harmonic resonance layer
(f = fee) is also plotted by the dashed
curve. When half of the wave energy
is absorbed, solid curves are changed to
dotted. The peak radius of driven cur-
rent density, j/ps, are indicated near
each ray. The ray trajectories are ar-
bitrarily stopped after the wave power
is perfectly absorbed.



JAERI—Research 2000053

—_— 0.3 —
________ T 3 =

B ] 10.2 &
N .01;%AN ) 1.2
& Tk ah s 1018
: ] 2

001 P T SN ST S T S [1] (1
05 1 0 0.5 1 =

. A
P/Ps P/Ps

Figure 3. pw and I as functions of p. The solid curve indicates the case of
optimum injection and the dotted curve the case with the fixed 8 shown in the
dotted curves in figure 1. In (a), the dashed line shows the radial mesh size.

curve. When half of the wave energy is absorbed, solid curves are changed to dotted ones;
the peak radius of driven current density, p/ps, are indicated near each ray. Furthermore
the ray trajectories are arbitrarily stopped after the wave power is perfectly absorbed.
The position of power absorption is close to the position of the current drive. Here, we
note that the current is driven at the position where the ray trajectory becomes tangent
to the magnetic surface. We call this type of resonance the “tangential resonance” in real
space. With the increase in 6, the location of tangential resonance shifts towards the
low field side. At the same time, IV is increased by the increase in 6; shown in figure
1. The power absorption at the tangential resonance point is caused by the enhancement
of the Doppler effect. Of course, the power absorption region is broadened along the
ray trajectory by the enhancement of the Doppler effect. Figure 3 shows p,, and I as
a function of p, where the solid curve indicates the case of optimum injection and the
dotted curve the case with the fixed §; shown in the dotted curves in figure 1. Figure 3
(a) shows that p, for the optimum injection lies close to the radial mesh size shown by
dashed line , i.e., p,/ps =~ 0.005. Although the cyclotron resonance region is broadened
by the Doppler effect, the radial width of driven current is significantly reduced due to
the tangential resonance. On the other hand, p,, with 6, fixed at 31° is broadened by the
Doppler effects. In figure 3 (b), as p increases, the total driven current with a fixed 6;
decreases due to the increase in the collisionality and in the ratio of trapped particles.
In the case of the optimum injection, the total driven current is kept around the value
of 30kA, because the increase in the driving force caused by the increase in N is almost
cancelled by the increase in the collisionality and in the population of trapped particles.
The maximum Y is achieved by both the increase in I and the decrease in py. In this
figure, the current drive efficiency « is also shown for reference, where v = (ne)Rol/ Py
and (n.) is the volume averaged electron density.

In the region of 0.5 < p/ps, Tpt decreases (see the solid curve in the upper part of figure
1). In figure 2, the ray trajectories on poloidal projection with 0.5 < p/ps < 0.6 bend
at the tangential resonance position owing to the refraction and the toroidal effect. This
bend in the ray trajectory causes the increase in py (see figure 3(a)) and the decrease
in T. Furthermore, in the region 0.6 < p/ps < 0.68, the wave power is not absorbed

perfectly at the tangential resonance position because of the large distance from the layer
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for f = f. and of the low electron temperature. Figure 4 shows the absorbed power as a
function of p, where the solid curve shows the total absorbed power and the dashed curve
shows the absorbed power by the fundamental cyclotron resonance. The rest of the power
is absorbed by the down shifted second harmonic resonance. The current is driven by
the fundamental resonance power absorption. This figure shows that the total absorbed
power decreases in the region of 0.6 < p/ps < 0.68, where T still becomes a maximum

near the tangential resonance in spite of lost power. When p/ps becomes larger than
about 0.68, however, the injection angles for T,

are found in the other branch, where the power

. ) ol ——

is perfectly absorbed, since the power absorbed I Ty \L )

, , 2 05" 5

through the tangential resonance no longer drives s f ]
. 1 S S W Y R W WA S

sufficient current. On the new branch, the power 0 0.5 1

A
P/Ps
is absorbed perfectly near the layer where f = f..
Figure 4. The absorbed power as a

by the injection with small 0. However, we obtain function of 5. The solid curve shows the
. total absorbed power and the dashed
neither large I nor large T because of the small V), curve shows the absorbed power by the

. . fundamental cyclotron resonance.
and power absorption due to the second harmonic

resonance.

By considering that the current drive through the tangential resonance depends on the
relation between the location of beam launching and that of the layer where f = f.., we
examine the current drive by a wave injected at x; = 70° with a frequency of f = 180GHz.
Figures 5 to 8 correspond to figures 1 to 4, respectively. In figure 5, the optimum injection
angles jump discontinuously at the position of p/ps ~ 0.88 and Y, is low in the region

0.88 < p/ps. Figure 6 and figure 7 show that the current is driven through the tangential

10— .

1.0L .

T [ma/m]

0.1

6; [deg]

Op [deg]

1.0

6/ Ps

Figure 6. The poloidal projection of
typical ray trajectories injected by op-
timum angles shown in figure 5. The
figure is drawn by the same manner of
figure 2.

Figure 5. The dependence of T on the injec-
tion angles in the case of the waves injected
at x; = 70°. The figure is drawn by the same
manner of figure 1 without the dotted line.
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Figure 7. pw and I as functions of p in the case of the waves injected at x; = 70°
The figure is drawn by the same manner of figure 3 without the dotted line.

resonance in the region p/ps < 0.88. Figure 6 also shows that the tangential resonance
positions shift into the high field side where the population of trapped electrons decreases
and that the ray trajectories become almost straight compared with figure 2. In figure
7 (a), the current width py is reduced to the radial mesh size. This is caused by the
straight ray trajectory and the reduction of the Doppler effects due to the decrease in ét,
i.e., decrease in V. On the other hand, the total driven current does not increase so much
due to the decrease in V). Furthermore, figure 8 shows that the absorbed power does not
exhibit a sharp decline around p/ps ~ 0.88 and that the wave power is perfectly absorbed
by the fundamental cyclotron resonance. The optimum direction of beam injection is

determined as the result of the competition among the above effects.

Here, it must be noted that the correct value

of Tpy may be lower than the value of Ty ob- 3 10——= N K
Bregparan’
tained by the single ray analysis, since the py is 2 0.5¢ ]
0. L
close to the numerical radial mesh size. We can v S—

A
not conclude which launching position is better in W/bs
Figure 8. The absorbed power as a
function of g in the case of the waves in-
jected at xi = 70°. The figure is drawn
by the same manner of figure 4.

this subsection. In this situation, the effects of
beam divergence and of finite beam width become

essential.

3.2 Dependence on Launching Position and Wave Frequency

In the previous subsection, the optimum injection angles are obtained by the single
ray analysis. The total driven current is not affected so much by a beam cone with
finite size. Single ray analysis only reveals the driven current density profile width as
a consequence of the absorption profile broadening that occurs along the propagation
of the ray. This leads to the smallest deposition width and possibly the highest T for
tangential resonance conditions. The effects of divergence and finite spatial width of the
wave beam is to broaden the power deposition and the driven current density profile in
the direction perpendicular to the propagation of the beam. Consequently, the effects of
profile broadening due to finite beam size can be minimized by propagation as close to
perpendicular to the magnetic surface as possible. By using the optimum injection angles

obtained from the single ray analysis, we examine the dependence of the driven current
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profile on the launching position and wave frequency by taking into account the effects of
finite beam size.

Here we analyze the beam cone injected by a single waveguide. The beam cone is
assumed to be focused at the starting point just inside of the outermost magnetic surface.
Furthermore, we assume that the beam cone has a Gaussian power distribution with a
full angle of 2°. The effect of finite beam width Ar is also taken into account, where the
relation between Ar and expanse of the wave vector Ak is determined by Ak - Ar = 2.
This beam cone is simulated by a bundle of 49 rays and the total power is also set at
IMW.

Figure 9 shows contours of Y, in the (p, f)-plane, where the frequency and jp are
varied with intervals of 10GHz and of 0.1, respectively. The injection position is set at
Xi = 0 and shifted from 50° to 80° with an interval of 10° , which corresponds to figure 9
(a) to (e). The best launching condition is determined by maximizing the current density
at the specified radial position and value of T,;. In this paper, we look for the wave
launching condition to obtain a large value of T, in a range of minor radius as wide as
possible. In the case of x; = 0 (figure 9(a)), a large value of T, can be obtained only
in the core region j/ps S 0.4. In the case of x; = 50° (figure 9(b)), the radial profile of
T, becomes almost a flat peak in the region 0.2 < 5/ps < 0.6 and in the frequency range
170GHz < f < 190GHz. However, T, decreases in the region p/ps 2 0.7. When the EC
wave is injected at x; = 60° (figure 9(c)), Yyt in the region p/ps 2 0.7 is improved in the
frequency range 180GHz S f < 190GHz as compared with figure 9(b). Furthermore, the

injection at x; = 70° improves Yy in the same radial region and in the same frequency

(c)

(a)

X% =0

A " A
Ps o/Ps

ros frps
Figure 9. Contours of Yp¢ in the (p, f)-plane. The frequency and p are varied with intervals

of 10GHz and of 0.1, respectively. The injection position is set at y; = 0 and shifted from
50° to 80° with an interval of 10°, which corresponds to figure 9 (a) to (e). :
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range. However, the launching at x; = 80° reduces YTy, in the whole plasma region. In
conclusion, the injection at x; ~ 70° with the frequency of f = 180 ~ 190GHz is better
for driving the current with a large value of Ty in the radial region of 0.2 < p/ps < 0.8.
The total driven current I and the driven current width p,, are also shown for reference

in figure 10 and 11, respectively.

Y [102°A/m?2 W]

A
P/Ps

Figure 10. Contours of I in the (j, f)-plane. The figure is drawn by the same manner of
figure 9.

A
/Ps

Figure 11. Contours of py, in the (p, f)-plane. The figure is drawn by the same manner of
figure 9.
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01 @ 04

Figure 12. The radial profiles of the driven current. (a) and (b) show
the cases of T.p =30keV and 20keV, respectively,

3.3 Dependence on Electron Temperature
The dependence on electron temperature is examined for the current driven by a wave
launched at x; = 70° with a frequency of f=180GHz. The radial profiles of the driven
current in target plasmas with T,y =30keV and 20keV are illustrated in figure 12 (a) and
(b), respectively, where the optimum injection angles are also obtairied by the single ray
analysis and p/ps is varied from 0.1 to 0.9 with an interval of 0.1. In the core region,
the effects of finite beam size slightly shift the peak positions from j obtained by the
single ray analysis. In so much the wave power is absorbed mainly by the fundamental
resonance, this shift is negligible. Here, we note that / in figures 9 to 11 is evaluated by
the single ray analysis. In figure 12, p,, is also plotted by solid circles. The current profile
is scarcely affected by the electron temperature. The optimum injection angles in the case
of Teo = 20keV are illustrated in figure 13. The radial position, where the current driven
through the tangential resonance disappears, shifts inward a little. The radial dependence
of §; and ép does not vary so much in the region p/ps < 0.7 in comparison with the case
of Teo = 30keV. Figure 14 illustrates I and Ypt, where the solid and dotted curves show
the cases of To =20keV and 30keV, respectively. In figure 14(a), I for Too =30keV is
smaller than that for 20keV in the region p/ps < 0.3, be-

(21
(=]
T
(D{

cause of the power absorption by the second harmonic res-

onance. In the case of T,9 =20keV, the power absorbed by

Injection Angle
[deg.]
(1]
[=]
o .°,'. _—
Lo
|
i
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minor radius. When the wave is injected at the optimum
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4. Summary and Discussions

The ECCD by the fundamental O-mode has been numerically analyzed. In order to
drive the current with the maximum I/p, on the desired magnetic surface, the optimum
injection angles have been examined by using the single ray analysis. When the current
is driven around the position where a ray trajectory becomes tangent to the magnetic
surface, the Doppler broadening of the driven current profile can be significantly sup-
pressed. The radial region where the current is driven through the tangential resonance
strongly depends on the beam launching position and wave frequency. Launching from
the position off the midplane can drive the current through the tangential resonance in
the region p/ps < 0.9. When the current is driven through the tangential resonance, the
driven current profile is mainly broadened by the effects of finite beam size. These effects
are analyzed for the optimum injection angle obtained by the single ray analysis. Also,
the dependence of I/p,, on both the launching position and wave frequency has been
obtained. The width of the driven current is kept within 2~ 5% of the minor radius. It is
also shown that the dependence of the optimum injection angles and the driven current
on the electron temperature is weak.

In this paper, the plasma is assumed to be confined by nested magnetic surfaces; i.e.,
the magnetic islands are not taken into account. Also, the optimum injection is discussed
for the maximum I/py, which is used as a parameter for stabilization of the neo-classical
tearing mode by using phased current drive within a magnetic island. The numerical
results obtained here can not be directly applied to the analysis for stabilization of the
neo-classical tearing mode. When one sees the field lines of magnetic island along the
toroidal direction, the magnetic field line is gently twisted around the magnetic axis of
the island. If the current is driven through the tangential resonance to the magnetic
axis of the island, the total amount of driven current may not be affected so much. At
the same time, the width of the driven current profile may be broadened by the finite
beam size. The driven current density, however, will be strongly dependent on the area
surrounded by the magnetic surface. We show that the width of the driven current profile
can be controlled in the range 0.05~0.1m under the assumption of a beam divergence of
92°. On the other hand, the width of the seed island is evaluated to be about .05m[1].
Current drive through the tangential resonance, it is hoped, can reduce the island width
to around the seed island width. Of course, a numerical analysis taking into account the
island structure and temporal development of the driven current is necessary to confirm

the effects of tangential resonance. This analysis is left for future study.
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