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ABSTRACT

The relation between RF-driven current and wave helicity is analytically and nuo-
merically studied for a tokamak plasma. The helicity conversion coefficient from the
wave to the plasma is generally obtained and numerically examined for the waves in the
range of ion cyclotron frequency. The wave propagation equation which includes kinetic
effects is solved as a boundary-value problem with one-dimensional inhomogeneities. It
is shown that the wave helicity well satisfies the continuity equation. We confirm that
the RF-helicity injection is noi an identical phenomenon of the reduction of the one

turn loop voltage due to the RF-driven current.
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I. INTRODUCTION

For stationary operation of a tokamak-type fusion reactor, the development of an ef-
ficient current drive scheme in a high-density plasma is one of the issues with highest
priority. The current drive experiments using the lower-hybrid wave and the neutral
beam injection have demonstrated high current-drive efficiency in 2 low density regime.
The efficiency of such current drive schemes, which employ the injection of the momen-
tum or the sustainment of an anisotropic velocity distribution, is inversely proportional
to the plasma density and the current sustainment in a reactor-relevant plasma requires
very large input power.!=7

As an alternative non-ohmic current drive scheme, the method based on magnetic
helicity injection has alse attracted a lot of attentions.®~1* The helicity injection on a
magnetohydrodynamic time scale, such as the F-© pumping and the peripheral beam
injection, has been studied both theoretically and experimentally,15~22

The injection by RF-waves with helicity has been proposed®®? as a promising
current drive scheme and the current-drive efficiency is reportedly independent of the
plasma density.?* Recently, the relation between RF-driven current and helicity con-
servation is clearly explained in Refs.25 and 26 . Since the previous calculations are
local analyses, however, the problem remains whether the current is actually driven by
the stationary-excited wave in a realistic geometry. The amount of the helicity-driven
current resulted from the ¥ x B force should be calculated by solving the global wave
structure self-consistently. Furthermore, it has not been clarified how much the helicity
injected by the transversely-polarized wave is converted to the DC helicity associated
with the plasma current. And the relation between the conventional current drive by the
momentum injection and the newly-proposed one by the RF-helicity injection should
be identified.

In the present paper, the RF-oscillating time is much shorter than the plasma

relaxation time. The typical phenomena of the relaxation process such as the magnetic



reconnection does not occur in the RF-oscillating time. From this view point, we de-
rive the conservation law of the helicity associated with the stationary RF-wave and
examine the contribution to the current drive. The relation between the momentum
absorption and the helicity absorption is also discussed. After the general formulation,
we concentrate on the behavior of wave in the ion cyclotron range of frequencies(ICRF).
We solve the wave propagation as a boundary value problem in a slab geometry?’ and
calculate the profile of the electron current including the contribution from the ¥ x B
force. The density dependence of the current drive efficiency is obtained. In addition
to the electron current, the ion current driven near the ion cyclotron resonance is also
examined. In the presence of fast ions injected by a neutral beam, we estimate the
incremental current-drive efficiency due to the ICRF waves.

In §2, we present the general properties of the helicity associated with the RF wave
and discuss its relation with the current drive. The specific calculation of the current
drive using the ICRF wave with helicity is described in §3. Following the description of
the model used in the calculation, the results of the global analysis of the ICRF current
drive are given. Both the electron current in the frequency away from the ion cyclotron
resonance and the ion current near the ion cyclotron resonance are examined. The effect

of a fast ion tail is also described. The summary and discussions are given in the §4.

II. RF-HELICITY AND CURRENT-DRIVE

We introduce the vector potential A (V x A = B) and write A = Ap + A, where the
suffix ’0° stands for the stationary component sustained by the Ohmic drive and the
symbol *&@ denotes the RF oscillation components. The helicity density H is defined as

H =< A - B> and can be written as

H=Hopy + Hyz, (1)

and

Hoe =<A-B>. (2)



Here <> indicates the time average over the wave period, Le., <a-b>= (a"-b+a-b*)/2,
where the symbol '+’ denotes the complex conjugate. . In order to drive the dc electric
field, E,y;, the vector potential Ag changes slowly. The time scale of the change is the
resistive diffusion time and is much slower than the RF frequency w. In treating the

time average <>, we approximate that Ag is constant over the wave period. Noting
the relations E = ~V§ ~ A /8t and B = V x A, the conservation of the RF helicity

density is written as
8,: = 7 S -
E(A-B)+V-(Ax-(37+2¢B)——2E-B, (3)
Taking the time average and summing up the OH component, we have
&H dA . 0A i -
Et—'i'v- (Ac X WO) +V. (<A X E‘) +2<¢B>) Z“Z{an -Byg +<E-B> },

<Ax§-&>=l§e(zi*-xa—A+AxaA), (4)

ot 2 ot ot
where By is the external magnetic field, i.e., the toroidal magnetic field. In deriving
Eq.(4), we note that operators V and <> are commutable. If one defines the helicity

fluxes Qq,; and Qg as

SA
QOHEAOXEQJ (5_1)
- BA e
Qrs =<Ax _5:3'>+2<¢B>’ (6-2)
we have
0H .- o~
E-I—V‘QOH-FV-QRF=—2EOH-BQ—2<E-B>, (6)

The right hand side is the helicity sink/source term. Equations (3) to (5) form the
conservation relation of helicity. It is noted that the OH part and RF part satisfy the

conservailon relations

V. Qou = —2E,;, - By, (7 - 1)

V. Q. =-2<E-B>, (7-2)




in the stationary state.

From Eq.(5-2), one sees that the RF helicity flux has two contributions. One is the
<A x BA/ Bi> term and the other is the 2 <$]§> term. The former term has contribution
when the RF amplitude is growing {or decaying) in time or when the RF-wave has the
circularly polarized component.?®~2* [t disappears for plane waves in the stationary
state where the relation 8A/8f = —iwA holds. The current drive by RF helicity,
which is associated with th temporal change of RF amplitude, has been discussed in
literatures. Such contribution, however, vanishes in a stationary state, in which wave
amplitude stays constant.

The balance between the divergence of the helicity flux and helicity sink/source is
given by Eq.(6). The main problems are whether the injected RF helicity flux Q. can
save the OH helicity flux Q,,, and how large the conversion coeflicient between them
is. To obtain the relation between V - Q. and change of V. Q,;, we first study the
RF dispersion by using the fluid model. Kinetic effects are studied in the next section.

The equation of motion and the continuity equation of density are given as

m(Z—Z+V-Vv)=q(E+va)—mvv, (8)
AV () =0, (9)

where m and ¢ are the particle mass and charge and » and v are the density and the
velocity. The collision frequency v is evaluated as v, for the motion of the RF-wave
frequency and v, for the DC motion, respectively. Expanding the density n and velocity
vasn=mng+f +As+---and ¥V =¥, + V34 -+, the resultant current density is given
as

J= qno¥1 + q(no¥s + A% + - (10)

Here the suffix j denotes the j-th order quantity of the RF amplitude. We have

. i = = . . U . -
<V2>"=—_“B— [i <E; B> +!(w+1VRF) <V1-Bl>“<V1-VV1>-Bo]. (11)
.'U“ gLtm



The RF driven current is given as
<h>=¢ (no <¥2>, + <i¥1>,), (12)

Using the relation n; = —ingV - V1 /w = ngk - ¥ /w, Eq.(12) reduces to

2 - . .
x g‘ng | <E,-By> w0 - w+1y|| k " 7 Bo
> = + <V Bi>+—F—— <% E;>-—
<} I i’/"m _BD 1 QO 1 1 +w+1uRF w 141 Bo »
(13)

where () is the cyclotron frequency, eBg/m. Here the wave vector k is determined
by the dispersion relation, which is described by the Maxwell equation with the RF

induced current, J; = gng¥; . From this relation, we have

my Jy = Eoy

. k. -
_|_<E1-B1> 1+iw+ium, <€'1'B1>JB . w+iy, 5‘<V1E1>'Bo! 9
By 2o <E1'B1> 0 w“I‘iVRF <E1']§1>j

where 1), is the resistivity. Under the constraint that the parallel current is fixed, the
right hand side of Eq.(14) is constant. We have the reduction of the OH eleciric field,
—5E0H, satisfies

~(8Ey, B) = <E; B, >, (15)

where the coefficient A is given as

) k-
/\_1+iw+iym, <i‘rl-Bl>B w+iy ;‘<V1E1>-Bo
- ~ = ] . = =

% <E,-B;> wtivg, <E{-B;>

; (16)

Noting that the conservation relation V-Q,,, = ~2E,,, By and V-Q,, = -2 <E-B>
holds independently, we have the change of OH helicity injection in terms of RF helicity

flux as
—5(V : QOH) =AV. Qnr (17)

From these relations, the coefficient A may be interpreted as the conversion coefficient
of the RF helicity to the OH helicity under the constraint of the constant current and

the constant resistivity.



The conversion coefficient A obtained here is not necessarily unity. This means that
the evaluation of the current drive efficiency by the relation A =1, i.e., §(f Q- dS) =
J Qxr - dS is not appropriate. The coefficient A is not constrained by the conservation
of total helicity, but dictated by other mechanism of current drive.

The driving mechanism is more clearly shown. In Eq.(11), the third term in the
right hand side v - Vv c;Jmes from the centrifugal force and the compressibility (E'“
contribution). The first and second terms are due to the ¥ x B force, which is usually
accounted for in evaluating dynamo force. From Eq.(8), the < ¥ x B >-driven current

satisfies

.va__g_ . W'l'iVRF ~ ~ Q -

M T {1 WP — (wtive)? <(E X B)“) + 02 — (w+1ive, )2 (E"‘ B*")} )
(18)

The first term is the damping of the wave due to the polarization drift and the second

term is that due to the < B; x B> drift motion. If the RF wave approaches to the
single plane wave, i.e., B, approaches to k x f}/ w, the <E-B> term disappears and the
driven current comes from < E x B> term. This term is proportional to the damping
of the parallel Poynting flux. In such a case, A can be very large number: This large
value of A does not mean that the current-drive efficiency is high. Equation(18) shows

that the phase-relation of the wave is the key parameter for the conversion coefficient.

III. NUMERICAL RESULTS IN THE ION CYCLOTRON RANGE OF
FREQUENCY

In this section we present the numerical results obtained for the current drive due to
the ICRF waves in a tokamak plasma. The relaiion between the driven current and RF-
helicity is shown quantitatively. In the previous section, the relation was discussed using
the fluid model in which the collisional absorption was the mechanism of dissipation,
l.e., the collision frequency v, was introduced as the typical wave-particle interaction

frequency. And we did not restrict the wave structure and excitation spectrum.



The quantitative analysis, however, requires consistent description of excitation by
an antenna, propagation in an inhomogeneous and dispersive medium and absorption
through microscopic kinetic processes, such as Landau damping and cyclotron damping.
There are two important kinetic effects on wave propagation. One is the wave-particle
mnteraction which causes collisionless damping and spatial dispersion in the direction of
static magnetic field. The other is the finite gyroradius effect which results in the disper-
sion perpendicular to the magnetic field. Furthermore, these effects are determined by
the analysts of global wave structure. In order to calculate the RF wave driven current
and RF helicity, we include these kinetic effects and obtain exactly the spatial profile
of RF wave amplitude (A, §). For the ICRF waves, the modeling and numerical proce-
dure of the global waves in one dimensional geomnetry has been developed by Fukuyama.
et.al.?” Using this numerical analysis code, we analyze the global structure of the RF
driven current and RF helicity.

This section is divided by three parts as follows. In subsection 3-A, the model of
the ICRF wave propagation is explained. The numerical results of the electron driven

current and ion driven current are shown in 3-B and 3-C, respectively.

A. KINETIC MODEL OF WAVE PROPAGATION AND CURRENT
DRIVE

To obtain the RF-driven current, it is necessary to calculate the velocity distribution
function in the existence of the wave excitation. The form of the lowest-order turbulent
velocity diffusion, is investigated in the quasi-linear theory by Kennel and Engelmann,?
where two components of RF-driven force, ¥ x B and ¥- V¥ terms, are taken into account.
We estimate the RF-driven current from the balance between the RF-driven force and
collision force. The wave fields in the plasma are calculated taking account of the wave
excitation by antenna, propagation and absorption in an inhomogeneous plasma.
Quast-linear theory separates the velocity distribution function f,(r,v,t) into

slowly varying component f,o(v,r,t) and small, rapidly fluctuating part f, (r,v,t) due




to waves, where the suffix s denotes the particle species. We can divide the Vlasov

equation into two parts:

af, 61‘3 f.,o
5 +v- 61' - (E +vxB). =0, (19)
a.st 3f_,0 9_3 afaO q_s " N 8]?6 _
50 +v - +ma(VXBD) - —{-m8 (E+vxB)- - = 0, (20)

Equation (19) determines the fluctuated velocity distribution function of the plasma.
The RF-fields, E and B, are determined by the Maxwell equation with the RF-induced
current, which is obtained by f,. The time-development of f,o component is described
by Eq.(20).

The wave equation is obtained from the Maxwell equation as follows:
oowlia 33
VxVxE+ c—2E =i ;zow(z.], +Jja), (21)

where j, is the oscillating current carried by the s-th species and jA is the antenna
oscillating current with the frequency w. The RF-oscillating current js is calculated
by [dvg,v £, . This is reduced to the conventional form using the non-local kinetic
conductive tensor; j, = fdr'e(r —r',w,r+r') - E(r'). We assume that the plasma is in
the steady state and the deviation of f,p from the Maxwellian distribution is very small.
The explicit form of j, is given in Ref. 27, where the f,o is treated as the Maxwellian.
The Landau damping(LD), transit time magnetic pumping (TTMP) and the cyclotron
damping near the fundamental and second harmonic resonances are included.

The wave equaiion, Eq.(21), is solved in the one dimensional slab geometry, where
the straight magnetic field aligns along the z-direction (toroidal-direction) and its mag-
nitude varies in the z-direction (direction of minor radius). The toroidal magnetic field
also varies in the x-direction as Bo(z) = Bo(0)/(1 + z/R). The antenna current ja
carries the sheet current along the y-direction (poloidal direction). The plasma param-

eters, i.e., density and temperature are assumed to vary in the z-direction and to be



homogeneous in the y and z-directions:
mle) = 0 = (a1 1 - (2)] +nt0),
Ty(z) = Ty(0) exp {~3 (%) 2] . (22)

The periodic boundary condition is employed in the z-direction and the wave equation is
Fourier-decomposed (&, ) in this direction. Under the above assumptions, the differential
wave equation with respect to z is solved with the bourdary condition on the wall and
exciting condition at the antenna.

The numerical procedure for solving the wave equation is as follows: The inhomo-
geneous plasma is divided into thin uniform layers and the local dispersion relation is
solved in each layer. There are six independent solutions in each layer and the electric
field is expressed by a linear combination of these modes, ie.,

6
E(z) = Z CiP;expli(kizz + ki 2 — wi)), (23)
=1

where the polarization vector P; is obtained by the local dispersion relation. The
arbitrary constant Cj is determined so that all the continuity conditions on the interfaces
between the uniform plasma layers and on the plasma/vacuum interfaces are satisfied.
It is important that the electric field is described by the combination of six eigen modes.
If we take only a single mode, the helicity sink/source term <E - B> disappears .

The RF-driven static force is obtained from the velocity moment in the z-direction
of Eq.(20). Because the plasma is assumed to be stationary, we estimate the drift

velocity by balancing the RF-force with the collisional drag. We have

I/u <V, >"= <-E'zﬁa + Gs X ﬁ)z) ) (24)

sns
where j, is the space charge density. In this expression, we neglect the pressure driven
force which is originated from the second term in Eq.(20). Using the relations, j, =

(k-j,)/w and B = (k x E)/w , the RP-driven current is obtained as

qs kg
meV, W

Jya(e) = Py (). (25)

10



Here P,(z) = (E(w) -3s (z)) is an absorbed wave energy by the s-th species particles.
Equation{25) means that the RF-current drive is caused by the momentum transfer.
Therefore, we notice that ion driven current and electron driven current have opposite
sign.

In the following subsections, we present numerical results. We use typical param-
eters of JT-60 plasma as standard ones: R = 3m, By(0) = 4T, ¢ = 0.95m, T.(0) =
T:(0) = 10keV, n.(0) = 3 x 10°m~2, and n.(a) = 0.1 x n.(0), Z.g = 2.4. In order
to reproduce the experimentally-observed Z.g, 2.4, we include the oxygen impurity ion

the concentration of which is 2.5 % of the electron density.

B. ELECTRON DRIVEN CURRENT

The numerical results for the electron driven current is presented in this section. To
avoid the ion cyclotron resonance, we choose the low frequency, f = 40MHz (w < ().
Figure 1 shows the electric field pattern (E, ), power deposition profile and driven current
profile, réspectively. In this calculation, the parallel wave vector is fixed at k, = 9m™?
and the antenna sheet current is 1 A/m. The z-axis indicates the distance from the
plasma axis on the midplane. The fast wave is launched from the low-field side (z > 0).
Although the proton cyclotron resonance is away from the low-field side, the cyclotron
resonance of the heavy impurity, the oxygen ion, locates £ ~ —0.7m and the fast wave
is reflected at the two-ion hybrid cutoff layer, 2 ~ —0.25m. Since the damping of the
fast wave is very weak, a standing wave is excited between the cutoff layer and the
low-field-side wall. The corrugated power deposition profile corresponds to the nodes
and loops of the electric field. The wave energy is mainly absorbed by electrons owing
to TTMP and LD in the absence of the ion cyclotron resonance. Because the RF-driven
current is proportional to the absorbed wave energy, the radial profile of driven current
has a similar structure with corrugation.

Figure 2 shows the spatial profiles of the RF-helicity flux Q.. (Eq.(5-2)), the
helicity sink/source term <E - B> and the reduction of the OH electric field 6E, Bo

(Eq.{15}), where we choose the Coulomb gauge. The RF helicity conservation relation

11



(7-2) is well satisfied. In the estimation of OH electric field, we use the formula of

plasma resistivity

Z Zizng

1/2 o
me € ].D.A H
L. . TS P 20
! 67 271'631'3/ 2 ) Zzini (
i

and constant current condition is employed. We see that the spacial profiles of the
quantities <E - B> and 6, By are quite different. We confirm the fact that the RF-
helicity injection is not an identical phenomenon to the reduction of the one turn loop
voliage.

Figure 3 shows the k,-dependences of global quantities. The dependence of total
absorbed power P,(= f° dzP,(z)) is presented in Fig. 3(a). Electrons always absorb
the main part of the wave energy in this case. The dashed curve, Py, shows the loss
energy on the resistive wall, which is negligibly small. Figures 3(b) and 3(c) show the
global driven current (b) and the drive efficiency (c), which is defined by

A R / ’ dz " jyelz)
ficp = _62313: ,
&

respectively. The current drive efficiency increases linearly with increase of &,. Since

(27)

the conductivity is propertional to T2/° /ne and the spatial profile is given by Eq.(22),

the conductivity decreases near the plasma surface and the current drive efficiency also

decreases. The global conversion efficiency of the wave helicity, A, may be defined as
dzé E,, B(z) dzd E,,, B(z)

- Ni “ (B:0) Bi)) e (@~ Onra(—3) )

from Eq.(15). In Fig. 3(d) we show k, dependence of A. The absolute value of X has
a maximum value about 500 near k&, = 3m™~! and decreases with the increase of k.
Since |A| is much greater than unity, most of the current is driven by the momentum

transfer which does not accompany with the helicity transfer. We see that the highest
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efficiency of the wave helicity conversion does not correspond to the highest current-drive

efficiency.

C. ESTIMATION OF ION CURRENT

The absorption of wave helicity takes place in a case where waves are absorbed by
jons through cyclotron damping.?* We estimate the driven current in the case of ion
cyclotron resonance. The <¥ x B> force also appears for ions. The ion flow driven by
the <¥ x B> force is estimated. The Ohkawa current® associated with this ion flow is
evaluated by using the neoclassical formula.?®

The drift velocity of resonating ions are given as

1

Vs 1y

vay = [< B.fi >+ <fix B> (29)

where 1! is the slowing down time of ions. The net current j; is given as
j“i = h(vdu)qi 7 Yq, (30)

where the coefficient h(vq,), which represents the effects of electron shielding and
trapped particles, is given in Ref. 29.

Figure 4 illustrates the case of second cyclotron resonance heating: Power partition
(a), driven current (b), current driven efficiency (c) and helicity conversion coefficient
(d). The wave frequency is 120 MHz and other parameters are the same as in Fig. 3.
The ion absorption is stronger for longer wave length modes (k, < 12m™!) and com-
parable to electrons for shorter wave length modes. The current carried by electrons
are originated from absorption through TTMP and LD. The absorption of the longer
wave length modes by ions gives only a small amount of the driven current. Due to the
strong ion absorption, the total current drive efficiency is lower than the cases in the
previous subsection.

The ion driven current can be large if there exist fast ions and the wave is absorbed
by the fast ions. We here examine the RF-assist of the beam induced current. We assume

that the plasma ion has two components. The hot component represents, for instance,

13



fast 1ons produced by the neutral beam injection. If the RF waves are absorbed by the
fast ions (v>> iy ), the slowing-down time is estimated by 1. In such a situation, the
incremental current by the RF-induced force is given by

g

m; Ve

i = hlong) =2 [< Bopo > + <o x B>, (31)

where v, is the typical beam velocity and Jp, is the RF-oscillating current carried by
beam ions. Due to long slowing-down time, the induced curreat is much enhanced.

Figure 5 shows the case of second cyclotron resonance heating in the presence of
hot ions. The concentration of the tail ion ny, is 8 % of n, and the tail temperature is 300
keV. Other parameters are the same as Fig. 3. The fast ions absorb most of the power.
Figure 5(b) shows that the RF-driven ion current which flows in the opposite direction
to the electron current has the largest contribution. The global conversion coefficient A
becomes positive. The current drive efficiency has a magnitude comparable with that
in the case of electron current drive.

Figure 6 illustrates the spatial profiles of Py, j“i, Qrr, <E-B> and EE" By in
the case of k, = 20m~!. The current is driven in the region r ~ af2 where the beam
ions absorb the wave through the Doppler-shifted second-harmonic cyclotron resonance.
The helicity dissipation rate becomes negative and the helicity flux increases within a
plasma. This phenomena suggests the possibility of the modification of the current
profile due to the helicity transport.

The density dependence of the current drive efficiency is shown in Fig. 7. The
efficiency is calculated for various values of ne and Thyik keeping np/ne = 0.08. The
wave number k, is so chosen that the efficiency 1s maximized for given plasma param-
eters. When the temperature of the beam Ty, is low (100 keV), the ion current slightly
exceeds the electron current which flows in the opposite direction. There is a lower
bound of hot ion temperature to obtain a high current drive efficiency. The efficiency
is approximately proportional to Ty, for T}, > 100keV. In this region, ficp has weak

positive dependence on n.g.
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IV. SUMMARY AND DISCUSSIONS

We have studied the relation between the RF helicity injection and the RF current drive.
The formula of the RF helicity in a stationary state has been derived for the RF waves,
whose frequency is much higher than that of the conventional helicity injection. The
helicity density, helicity demnsity flux a,n_d dissipation rate have been introduced and the
relation of the injected RF helicity to the DC helicity has been clarified. The efficiency
of RF current drive has been examined and the helicity conversion factor from the wave
to the plasma has been obtained. It is found that the RF helicity injection is not an
identical phenomenon of the reduction of the one turn loop voltage. Ii may cause a
misleading result if one counts the current drive efficiency, ncp, from helicity balance
equation.

The helicity conversion in the MHD analysis is attributed to the turbulent re-
laxation. In a turbulent state, the phase between ¥ and B is assumed to be random
and the net force remains. On the other hand, the phase difference is determined from
the wave propagation in the analysis of the RF helicity injection. The force is consis-
tently obtained by solving the wave propagation equation and the induced helicity is
estimated.

Application study has been made for ICRF waves. The wave propagation has
been solved to obtain the phase relation of the electromagnetic field. The spatial profile
of the RF helicity flux as well as the helicity dissipation has been calculated. The
current drive efficiency, ncp, has been estimated and its k, dependence as well as the
dependence on the plasma density have been obtained. The helicity conversion factor,
X, is much higher than unity for the parameter range in the present calculation. Most of
the current is driven by the momentum transfer from the wave to the electrons through
TTMP.

The smallness of the RF driven current associated with the helicity injection would

be attributed to the low electron temperature. The local analysis®® has shown strong
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temperature dependence of the current drive efficiency through the helicity injection.
The performance in a reactor-grade plasma will be examined in our forthcoming paper.

With respect to the ion current, the contribution of the thermal ion component
has been found to be small. The direction of the current is opposite to the electron
current. If the high-energy tail component presides owing to NBI, for example, the
induced ion current becomes large. The density dependence of the efficiency is weaker
than 1/n. We found that the helicity dissipation rate can be negative, i.e., the helicity
can be generated within a plasma. This phenomena suggests the possibility of the
modification of the current profile.

In order to obtain more quantitative results, the Fokker-Planck analyses are nec-
essary for both electron and ion components. In particular, the existence of trapped

particles changes the efficiency and further careful analysis is needed.
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FIGURE CAPTIONS

Fig.1:

Fig. 2 :

Fig. 3 :

Fig. 4:

Fig. 5 :

Fig. 6 :

The spatial profiles of (a) the wave electric field, (b) the absorbed power
density, and (¢} the driven current density. The wave frequency is 40 MHz,
k, = 9m~" and other parameters are standard. In (a), the solid line, dashed-
dotted line, and dotted line represent the absolute value, real part and imag-
inary part of the electric field E,, respectively. The antenna location is
indicated by a vertical dashed line.

The spatial profile of (a) the helicity flux, (b) the helicity dissipation rate,
and (c) the reduction of the OH electric field. Parameters are the same as
m Fig. 1.

The wave number dependence of (a) the absorbed power, (b) the driven cur-
rent, (c) the current drive efficiency, and (d) the helicity conversion factor.
The wave frequency is 40 MHz and other parameters are standard. The elec-
tron current drive due to momentum transfer through TTMP is dominant.
The wave number dependence of (a) the absorbed power, (b) the driven
current, {c} the current drive efficiency, and (d) the helicity conversion effi-
ciency. The wave frequency is 120 MHz and other parameters are standard.
The second-harmonic ion cyclotron resonance absorbs the wave energy before
it drives the electron current.

The wave number dependence of (a) the absorbed power, (b) the driven
current, (c) the current drive efficiency, and (d) the helicity conversion factor.
The beam component of ion, np, = 0.087, and T, = 300keV, is included.
Other parameters are the same as in Fig. 4. The beam ions couple with the
wave at the second-harmonic ion cyclotron resonance and the ion current is
driven in the opposite direction to the electron current.

The spatial profiles of (a) the absorbed power density, (b} the driven current
density, (c¢) the helicity flux, (d) the helicity dissipation rate, and (e} the

reduction of the OH electric field. Parameters are the same as in Fig. 5.
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Fig. 7: The density dependence of the global current drive efficiency in the presence
of beam ions. The concentration of the beam ions is kept constant, ny, =

0.087n,, and the temperature Ty, is varied as a parameter.
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