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Abstract

ICRF (ion cyclotron range of frequencies) waves heating in ASDEX
tokamak is analysed. The excitation, propagation and absorption are studied
by using a global wave code. This analysis is combined with a Fokker-Planck
code, and the generation of fast ions and thermalization of the absorbed
power are obtained theoretically. The wave form in the plasma, the loading
resistiance and reactance of the antenna are calcualted for both the
minority ion heating and the second harmonic resonance heating. Attention
is given to the change of the antenna loading associated with the L/H
transition. Optimum conditions for the loading are discussed. In the
minority heating case, the tail generation and thermalization are analyzed.
Spatial profiles of the tail-ion temperature and the power transferred to
the bulk electrons and ions are obtained. Central as well as off-central
heating cases are investigated. The ratio of the electron heating power is
obtained. Finally, the effect of the reactive electric field is discussed

in connection with rf losses and impurity production.




8I. Introduction

ICRF heating schemes have been considered as a major tool to heat in
toroidal experiments. Recently, several MW of ICRF wave power have been
launched in the plasma chamber. To explain experimental results and to have
a perspective to the future parameters, a comprehensive study is necessary.
To this end we have been exploiting analytical method and the computer
codes. In order to analyze an ICRF heating process, we divide it into three
phases according to the different time scales. Namely, 1) the wave absorp-
tion phase which includes excitation, propagation and absorption of the
wave; 2) the velocity relaxation phase where the modification of a velocity
distribution is due to the balance between absorption and collisional re-
laxation; and 3) is the transport phase where the wave energy is redistri-
buted in real space. The typical time scales of these phases are 1) a/vg:
the plasma radius divided by the group velocity of the launched wave, 2)
v‘?: the collisional relaxation time, and 3) tg: the energy confinement

time.

In analyses of the first stage, there are two methods to describe the
wave propagation and absorption. One is the ray-tracing method (based on
the geometrical optics)1’2) and the other is to solve the wave equation
directly3'5). The ray tracing has been applied to ASDEX to predict the
basic feature of the wave propagation6). In this report, we apply the
latter method3), which can reveal the céherent structure of the wave
characteristies and the global coupling to the antenna. This method has
been successfully applied to explain the global quantiﬁies of the experi-
mental results in various tokamak57'10). The wave calculation includes
kinetic effects, such as the wave-particle interaction and the finite

gyroradius effect up to the 2nd order.

The global wave code is connected to the isotropic Fokker-Planck
equation with a quasi-linear diffusion11’12). This extension enables us to
calculate the modification of the velocity space due to the ICRF heating.
The combined analysis of the phases (1) and (2) explores the time
developments of the wave field structure and global coupling in accordance
with the relaxation processes. The energy transport in a real space is not
yet taken into account. Both the minority heating scheme and the 2nd |

harmonic heating schemé are examined for ASDEX plasma parameters.
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In the minority heating case, most of the wave power is absorbed by
minority ions through fundamental cyclotron damping. The high energy tail
component is formed in the vicinity of the resonance layer. These fast ions
collide with bulk electrons as well as majority ions and transfer the
energy to them. The scheme has been predicted and analyzed in a local
approximation for a given wave-field by Stix11). Qur analysis extends his
theory to a nonlocal theory using a directly obtained wave-field structure.
We calculate the localization of the high energy ions with their maximum

energy in an inhomogeneous plasma.

The outline of this report is the following. In 82, we briefly present
our basic equations and the theoretical model. We discuss the important
physics quantities, which can be computed from our codes. The simulation
results for ASDEX experiments are shown in 83 and 4. In 83, the coupling
studies of two heating schemes, i.e., minority heating and the 2nd harmonic
heating, are presented. We also ekamine the difference of the loading
resistance between L-mode and H-mode discharges. 84 is devoted to topics
related to the fast-ion generation in the case of the minority heating. The
temporal evolution and the power scan of related quantities are obtainéd.
In 85, the effect of the ICRF launching to the plasma in a peripheral
region is discussed based upon the numerical results obtained in 83. The
role of the reactive electric field near the antenna is considered in
relation to the impurity release and the impurity influx. The direct loss
of the wave to the divertor region (which does not couple to the main
plasma) is also discussed. In the final section, a brief summary and

discussions are given.

82 Basic Equations and Theoretical Model

For the analyses of the wave field structure, we formulate the basic
equation as a boundary value problem. The basic equation governing the
propagation and absorption of the wave has been reported in refs. /3, U,
13/. Here we adopt the one-dimensional stratified model plasma in a strong
magnetic field along the Z-axis, i.e. B(x)=B,/(1+x/R). The plasma is
assumed to be uniform in the Y and Z directions. The plasma is composed by
the majority deuterons, np, the minority proton, ny, and electrons for the

case of the minority heating. (nH and electrons for the 2nd harmonic case).
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The initial density and temperature profiles of electrons and ions are

simulated by the experimental observations as?uv15)

(njo = njg)(1-x2/a8) + nyq {Xlrsas
nj(x) =
njsexp{-(/x/—as)/kn} ag S./XfoSsan (1)
(Tyonc Tya) (1-xB/ad) + Tyg {x/- & ay
Tj(x) =
Tjsexp {-(/x/-ag)/At} a5 < /%) 5 ep

where the suffix j stands for the particle species. We introduce the dens-
ity and temperature fall-off lengths A, and A7 in order to simulate the
scrape-of f layer. Notations ag and aj, mean the separatrix radius and the
location of the guard limiter of an antenna as illustrated in Fig. 1. The
plasma in scrape-off layer extends to the guard limiter. Outside of the
radius of the guard limiter, /x/>aj, is assumed to be vacuum. In the initial
state, we assume that the minority ion distribution has the same profile as
that of the bulk ions and that there is no high energy ion tail component,
i.e., ng(x) = 0.

A model antenna is located at x=d, which corresponds to the location
of the central conductor, in a low field side, and carries the sheet

current in the Y direction as

JA = JJ(ky)6(x-d)exp(ikyz-iwt) (2)
kZ
where J(z) is fourier decomposed as, J(z)=}J(k,) * exp(ikzz). We choose
k

(for simplicity) the current distribution in Z-direction JA(z) =
exp{ﬂHZZ/L%} to simulate the full toroidal width of the antenna to be L.
The wall is located at x=+b. Figure 1 shows the schematic configuration of
the model geometry. .

The wave equation inside the plasma is
VxVxE - wé/ce E = iwuo(ZJj) (3)
where Jj is the oscillating current of j-th species (j=e, H¢, Hp, D). In

order to include the plasma inhomogeneity and the wave dispersive effect,

we use the collisionless conductivity tensor3) as
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where o=o(0) + 0(1)kx + (1/2)0(2)k§ and p and q stand for x,y and z. We
have assumed that an inhomogeneity of the equilibrium configuration is weak
compared with the gyroradius and have retained the second-order dispersive
effects in order to describe the mode conversion to the ion Bernstein wave
near the second cyclotron harmonic. Within the framework of our analysis
the Poynting theorem V-§+I<JJ-E>=6 is satisfied, where P;(®) = <3J-E> is
the power density absorbed by j-th species. The symbol <> shows the time
average over the wave period.

Directly computing Eq.(3) with Eq.(4) for appropriate launching
conditions of antennae and for the plasma pressure profiles, we obtain the
wave field structure, B(#), the spatial deposition profile to each
species, Pj(?), the power partition of the absorbed power, JPJ(F)dF = Py,
and the absorption spectra which can be compared with the radiation spectra
from the antenna. Since we calculate the power deposition for a given
antenna current, IA=JEE4§2J(z)dz, the total absorption of the plasma,
PabS=Jsz(F)d? (summed up over each plasma species and integrated over the

J

~~
plasma column) has the relation to the loading resistance, R, as
(1/2)/1:? I% = Pgps + FNON (5)

where Pygy denotes the power which is radiated from the antenna but is not
absorbed by the main plasma. Example of the nonplasma power loss, pNON 3
may be attributed to the power dissipated on the wall (due to the finite
resistivity), to the direct loss of escaped wave power from the chamber
through the ports and so on. We first assume that ﬁNON =0 for simplicity.
Since, if we include the power loss on the wall (stainless steel case), the
loss power is calculated to be small (order of 1073) as compared with the

absorption power.
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As a global response function of the antenna current, we obtain the
loading impedance, Z ='§—i§, where § is the reactance of the antenna. The
reactance does not contriubte to the absorption, but it plays an important
role for obtaining the optimum loading condition. The reactive electric
field may also affect the ion acceleration (accordingly, the enhancement of
the impurity influx) in front of the antenna. In the one dimensional
calculation, the antenna impedance per unit arc length, E, is obtained.
Multiplying the arclength Lp, we have the antenna impedance, §=%LA. From
the results of 2D calculations, we have found that this estimation of re-
sistance is accurate enough and that the value of § can change from this
evaluation due to the effect of the feeders (this change is of the order

unity).

The calculated absorptions tell us how much of the power is going to
electrons, minority ions and the majority ions (bulk). In the heating
scheme of the minority heating, the major part of the absorbed power goes
to minority ions at the cyclotron fundamental resonance. Its power strongly
modifies the minority velocity distribution. We combine the Fokker-Planck
equation on each magnetic surface in the following manner. In the isotropic

approximation, we employ the Fokker-Planck Equation for minority species
b)
as

JEbE 90 12 of
— = — — [-av?f+—— (BVZE) + Kvi—)] (6)
TEC Iy e eSS TG ¥

where o and B stand for the Coulomb colision term with bulk particles. The
rf heating term, K, is deduced by averaging the quasi-linear diffusion term

over the magnetic surface in tokamaks:

1 m
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mn 2V f mf
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= < >=)—G(LeV)
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where

przfzze4lnn

Ce=
2 X 2
d(x)= ——1/-5-J exp(-y“) dy
m 0
8(x)-x0 (x)
G(x)=
2x2

<P> is an absorbed power density averaged over the magnetic surface, and m,
Z, n, T and v are the mass, the charge number, the number density, the
temperature and the velocity of the test particles (minority ions),
respectively. We use the subscript f to designate the background plasma
particles, i.e., e for electrons and i for majority ions. Note that . and

d L
denote directions with respect to the velocity of the test particle ¥ and

not with respect to B.

To have an insight, let us show the approximate steady state, the

isotropic solution of Eq.(6) for the minority species11),

E R: (T_.-T:+£T,)
Inf(v) = -— (14— ° H(E/E;) | 0
Te(1+£) Ti(1+Ri+§)
where
2K
~ I.'I‘IV2 E =
E = 7 €Cla
5 mT 1+R;+£ 2/3
M s E;(£) = [
S 3Tr1/2 m; 2e (1+£)
2 1 X du
LT H(x) = ——I —
Ry = = x 1o 1+u3/2
e’e

This approximate solution (7) has been reported11!16) to agree with the

direct numerical calculation, provided that the pulse length of the input
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power and the spatial transport time are long enough compared with the
electron-ion collision time, tTje. In this report, we solve Eq.(6) directly
to obtain the distribution of the minority, fy(v). When we obtain the
distribution, the power transferred to bulk electrons, Pg,, and to the bulk
ions, Pjo, from the hot component of the minority hydrogen through

collisions are obtained by

meC_2 = mT 1 1 3
Pog = ——— I u[( — = u-—)uf+——u?f |du
3
€0l 0 miTe u 2 3u
(8)
meC_2 C.%. @ u m 1 1 23
Pio = e e [(——u-——)u2f+——-——uzf du
5012 Cele 0 1+2r‘:u3 m; u 2 Ju
where u=l;v. The RF power absorbed by minority ions is given by
meCelg
Phinopity = = ioic-— & Jou[—1/u(u2f)+ 1/2 Bfau(uzf)]du (9)
eol? ' 3

and is proportional to £. In a steady state, the power conservation law

Pminority = Pec * Pic holds.

We notice the importance of the parameter £ (so-called Stix's g
parameter), which is basically the ratio of the local heating time, 1p =
<{P>/3nTg, and the local cooling time due to electron collisions, Tje-
Therefore, in a steady state the temperature of the hot component of'the

minority reaches Tg(1+£) in the absence of other losses.

The tasks casted to us are how we combine the wave deposition profile,
Pj(r), and obtain the absolute value of £ as well as its spatial profile
g(F) in a consistent manner. The power deposition profile obtained by 1D
kinetic wave-code is calculaﬁed on the X-axis (mid plane), which is tréns~
formed.to the power deposition on each magnetic surface, <P>, in the
following way. We assume that the deposition in the y-direction is
localized with a parabolic profile in the area -Ly/2 <y < Ly/2, where Ly
is the length of the deposition in the poloidal direction. Owing to the
focusing effect of the fast wave to the high density region, Ly is chosen

to be smaller than the poloidal arc length of the antenna Lp. Here we
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choose Pj(y) « (1—(2y/Ly)2). This assumption is made by the comparison
analysis with the results of 2D kinetic code»9) . From this assumption we
obtain <P> as a function of the minor radius r. Using thus transformed
deposition profile, we solve the Fokker-Planck equation and calculate g
and other parameters. The numerical scheme is shown in Fig. 2. We repeat
calculations of the wave equation and Fokker-Planck equation following the
temporal evolution of f(v), until the physical quantities reach the
stationary state. This calculation shows us not only the effective tem-
perature of the ICRF produced fast ions but also their localization profile
in real space. Simultaneously, we can see how the input power, which is

first deposited to minority ions, distributes to electrons and ions.

83 Coupling Study

In this section we apply our analyses on the wave coupling to ASDEX
plasmas. The standard parameters we use are summarized in table 1. The wave
code analyses are made for both the minority heating scheme and the 2nd

harmonic heating scheme.

3.1 Minority heating

We first examine the minority heating case where the minority hydrogen
(H) of 5% is mixed in the majority deuterons (D). The concentration ratio,
n=ng/ng is 0.05. Figure 3 shows the wave propagation and absorption
structure in the radial direction on the Z=0 plane (3(a):Eyx, 3(b):Ey). The
fast wave (mainly Ey component) is launched at the low-field-side anténna
and propagates into the plasma. A part of the fast wave is mode-converted
to Ion Bernstein mode of short wave length as seen in a high-field-side of
Fig. 3(b). Figure 3(c) depicts the direct power absorption profile of the
minority protons, IPH(r)dz, that of the deuterons, [PD(r)dz, and that of
the electrons, |Pg(r)dz. The total absorption profile, thot(r)dz, and the
Poynting flux, |Sx(r)dz, are also shown. The deposition profiles are
integrated along the Z-direction, namely 128 modes with respect to k; are
summed up. We see that the major part of fhe wave energy is absorbed by the
minority protons near the fundamental cyclotron resonance region as shown
in Fig. 3(ec). A small fraction of the wave energy is absorbed either by
majority deutrons by the 2nd harmonic resonance or by electrons through

Landau damping (higher field side).
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With respect to the absorption spectra, we plot the power absorbed
(integrated over the minor radius) by each k; mode in Fig. 4. The distri-
bution among different species are also plotted. Several peaks are due to
the cavity eigenmode effect. (The results by 1D model code shows the
stronger cavity effect, if we compare with those obtained by 2D model
calculation”).) The sharp decrease of the coupling in higher k"(kz) side is

originated from the wave accessibility condition, i.e.,

'k / < /K of
n n
(10)
k"c3 = [mﬁD/c2 ; (dn/dr)/n]r > ay,
For the large k component, the evanescent region is too thick to access
n
the main plasma region. The zero k“ mode is hardly absorbed because little

particle satisfies the resonance condition with the wave.

In the case of minority heating (33.5 MHz), the resistance of a half
antenna (Lp/2 = 0.39 m) is calculated to be (d-ap=2.6 m) around 2.7 Q. The
observed value is around 2.7 Q. The agreement is within error bars of both
in experiment and in a theoretical model. It should be noted that the value
of the calculated resistance changes aocérding to the plasma boundary
conditions as well as to the distance between the plasma and the antenna.
These changes are also observed experimentally. Furthermore, in ASDEX
experiment, it is observed that the sudden change in the loading resistance
occurs when the plasma does L-H transition7). (Typically from 2.7 Q(L-
phase) to 1.8 Q(H phase).

In order to analyze these behaviours, we examine the loading resis-
tance by changing the conditions of, i.e., 1) the density and the tempera-
ture fall-off lengths, A and Af, from 0.5 cm to 10 cm, 2) the scrape-off
density itself, Njss 3) the distance between the central conductor and the
guard limiter of the antenna d-aj, and 4) the distance between the central
conductor and the separatrix radius d-ag. The results are plotted in Fig. 5
for full antenna, Lp=0.78 m. For fixed vélues of d, aj, and njg, say d-ap=2
cm, the loading decreases from around 7@ to ~4.89Q (I, III) as A and At
decrease. The reduction rate may reach more than 30% as seen in Fig. 5. A
similar curve of the resistance R is obtained when we decrease the scrape-
off density, Njs, for fixed value of d-a;=2 cm. The decrease of Njg usually

reduces the loading. The result in Fig. 5 differs from the general depen-
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dence on Njg» since the effect of the cavity eigenmode is stronger than the
effect of the change in the scrape off density. More dramatical changes are
observed when the distance between the antenna and the plasma surface
becomes large.

When we increase the distance between the separatrix radius and the
guard limiter of the antenna, aj-ag, for the fixed fall-off lengths, the
loading resistance reduces more than 30% as is shown in Fig. 5 (II). A
particular case is examined for d-ap=2.6 m, An,T=2 cm, simulating the L-H
transition which is mentioned above. The charge in aj-ag from 3cm to 5cm
causes the change in loading resistance from 2.7Q to 1.9Q. A similar
effect is seen when we change the distance between the central conductor of
the antenna and the guard limiter. Only 1 cm change in the distance causes
the reduction of more than 30% (féom d-aj,=2 cm to d-ap=3 cm) in the loading
resistance (IV). Therefore we may say that the distance between the central
conductor of the antenna and the plasma surface dictates the loading resis-

tance of the antenna.

The transition from L to H in experiments may involve the effects
above. Namely, the enlargement of the distance aj-ag, the decreases of the
density and the temperature fall-off lengths and the reduction of Njs
appear simultaneously. Even though their mixture may not be discriminated
we may say that we have a fairly good explanation to the experimentally

observed values.

In order to study the coupling of the antenna to the plasma, we calcu-
late the total impedance, E. The loading reactance and the resistance are
plotted v.s. the effective antenna width in toroidal direction, Lt, (Fig.
6). The calculation confirms the optimum coupling condition to present
ASDEX parameters. Namely, the high value of R at low value ofli is found at

around Lp= 18 cm, which is the value of the ASDEX launching system.

It is well known that the effective toroidal extent, Ly, can be
controlled by using the phase control of antenna array. There is a possi-
bility to compensate for the sudden change of the ﬁ duﬁing the L-H(H»L)
transition, if a fast feedback control in phasing between antennas could be
done, provided that the maximum electric field, Epgx, can be made high. The
crude way is to start the launching with a non-optimum (low loading) con-

dition in order to have a margin to an optimum loading (the case for L-+H).
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3.2 2nd Harmonic Heating

The 2nd harmonic heating case, Qoy: w/27m=67 MHz for the pure hydrogen
plasma, is studied in the same framework as of the minority case (3.1). The
wave structure is obtained to be qualitatively similar to those in Fig; 3
(The wavelength becomes shorter due to the high frequency.) The absorpﬁion
is mainly due to the 2nd harmonic resonance of hydrogen. The difference is
seen in the absorption spectra. The spectra in Fig. 7 (for 2nd harmonic
heating) can be compared to those in Fig. 4. The k# cut-off is higher
according to the increase of the frequency: The wave becomes less evan-
escent for the higher frequency. Therefore the larger k" modes are
accessible to the core plasma and absorbed. Also seen are the peaks of the
absorption due to the cavity eigenmode efféct. The absorption to electrons

is also plotted. This is found to be small (<~8%).

The dependence of the loading resistance on the density and the tem-
perature fall-off-lengths is studied in Fig. 8. The cases of nse=1019 m“3;
d-a;=2 cm and d-ap=3 cm are studied. A stroﬁger dependence of ﬁ on Ap and
At is found, if the result is compafed to that in Fig. 5. This is expected
because the density at the fast wave cut-off near the-surface is lower in
the 2nd cyclotron resonance heating than in the case of the minority
heating. Due to this difference, the change of A, is more effective to
change the position of the cut-off layer in the case of the 2nd harmonic
heating than in the case of the minority heating. The dotted lines in Fig.

8 are for the case that the antenna is far: aL—aS=5 cm.

To complete the analysis of the wave-field (which corresponds to the
structure at the onset of the launching), let us show the peripheral data
of the wave-field associated with launching. In Fig. 9, we show the EY
component (solid line - real part, dashed line cd iméginary part) of the
field in the toroidal direction on the surface of the antenna position
(r=d). The minority case is plotted in Fig. 9(a) and 2nd harmonic case is
in Fig. 9(b). In the case of the minority heating, the wave field falls off
by an order of magnitude within the length +AZ = 0.5 m in the toroidal
direction. This value can be roughly estimated by taking AZ = ﬂ/k"c. This
result shows the similar dependence of JET ICRF launching conditionB’ ax
The absolute value of the wave field strength is evaluated at Ip=1A, that

is, at the power level of 6W.
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The case of the 2nd harmonic heating shows a different structure in
the Z-direction as shown in Fig. 9(b). The strong fall-off of the wave
field is not seen due to the remaining cavity component as is illustrated
in Fig. 7. The finite Ey component of a few V/m at the power level of <10 W
(Ip = 1A) remains over the toroidal extent. This electric field may affect
the peripheral and boundary conditions of the plasma in an intense heating

case. Some discussions are made in 85.

84 Temporal Evolution of Heating Process and Fast Ion Generation

Following the model described in 82, we proceed to the heating
analysis with respect to the minority heating scheme. The solution of the
wave-equation gives us the aspect of the coupling coﬁdition and the wave-
field structures. However, the result in 83 is restricted to the linear
analysis and to ﬁhe time scale which is short compared with the relaxation
times. The analysis in this section shows the time evolution of the heating

process as well as the input power dependences of observation variables.

Firstly, we simulate the central deposition case, where the cyclotron
resonance region is located near the plasma center. As shown in the
preceding section, the major part of the rf power is absorbed by protons.
Electrons and deuterons are heated by rf generated fast protons. Therefore,
the power partition depends on the evolution of the kinetic energy of fast
ions. In calculating the time evolution, we choose Ly=M0 cm. The calcula-
tion based on the 2D wave form has confirmed that this choiée of the length
is 1ittle affected by the high energy ion generation12= 18), Figure 10
shows the time evolution of the volume-integrated power inputs to electrons
(dashed line) and ions (solid line), which are obtained by the combination
of the isotropic Fokker-Planck calculation with Egs. (8) and (9) and wave
calculation. Direct absorptions (Pgq, Ppq) are also included. The total
power is kept constant to be about 0.15 MW. The power transférred to ions
reaches up to 70% of the steady state valué-after about 2 msec, but that to
electrons increases more than 20 msec (which corresponds to the time for

the ion tail formation becomes steady state).

The power deposition profiles (heating profiles) and the profile of
the effective temperature of fast ions, Ty, at the steady state are shown

in Fig. 11(a) and (b). The different cases of the power input are shown in
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(a): Ppp ~ 0.16 MW and in (b) Ppr ~0.31 MW. We see that the generation of
the fast ions and the heating of the bulk plasma occur in the plasma core
region. The maximum kinetic energy and the half width at half maximum of
the Ty profile are larger for the case (b). In order to reach the quasi-
steady state, it takes about 50 msec in the case (b). Even for the case of
the higher power level of 1 MW, the high energy particle generation is

localized to the central core region r< a/l.

The change in power input, however, causes the change in partition
ratio of Pp, and Pge. The partiction ratios are plotted in Fig. 12. Pgq4,
Pees Ppe and Ppy denote the direct rf absorption by electrons, the power
transferred from fast ions to electrons, that transferred to majority ions
and the direct rf absorption by deuterons, respectively (: all are volume-
integrated values). As the power increases, the total power input to
electrons becomes larger. It may reach more than 60% at the power level of
0.6 MW.

Tail generation affects not only the spatial deposition profiles (Fig.
11) but also the rf absorption spectra. The change of k"-spectrum of the :
power absorption is shown in Fig. 13. The dashed line shows the initial
spectrum (onset of the ICRF wave) and the solid line is the case for t=100
ms after the rf injection (Pn.¢ = 0.3 MW). The graph clearly shows the
broadening of the absorption spectra whiéh is caused by the high energy
fast ions. Within a framework of 1D code calculation the width of the
absorption layer in x-direction, Ax, is estimated to be Ay = 3Rk“va/QH
where vre is the thermal velocity of fast ions. If Ay exceeds the wave
length and kAy >~1, then the resonant cavity mbdes are suppressed. With
respect to the cavity effect, we previously compared the results of 1D code
and those of 2D code. The typical cavity eigenmode effect is suppressed by
a factor of 10 if we employ 2D code. The case was done for JT-60 and was
compared with the experimental obsefvation of the appearance19). The dens-
ity scan of the loading resistance in experiment has shown the presence of
eigenmode which agrees with our calculation, however, their magnitude is
slightly less than the 2D code prediction. (0(10) times less than the 1D

code calculation.)

Figure 11 shows that the maximum temperature of the fast ions
increases as the power increases. The power scan is shown in Fig. 14(a) for

fixed concentration ratio of minority ions. The solid line shows the
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central deposition case. This indicates that at the power level of 0.5 MW
TRaX reaches to 50 keV in the central core region. The dashed line shows
the case of the off-central deposition as will be discussed later. For a
fixed power level, a scan over the minority concentration ratio, n'=ny/np,
is plotted in Fig. 14(b). As the value of n' increases, the number of the
minority ions which absorb the wave increases; then the maximum kinetic

energy of fast ions decreases.

The central deposition of the wave predicts the electron heating
through the fast ions in the core region. The increase of Tg inside the g=1
surface may affect the MHD stability. The study on the MHD stability of the
ICRF-heated plasma shows that the strong central heating can violate the
m=n=1 ideal pressure-driven kink stability condition?B). With regard to

this, the off-centered deposition should be investigated in more detail.

Next we examine the off-central deposition case. Figure 15 depicts the
effective temperature of the fast ions, Tp, heating power to électrons
(Pgt: total value) and that to deuterons, Ppt, in the case where the
resonance surface is located at r/ag=0.37 (By=2.4 T). Comparing the result
to that in Fig. 11, the shifts of peaks as well as the reductions of the
absolute values are seen. The maximum value of Ty, decreases to 20 keV
instead of 40 keV in Fig. 11(a). The temporal evolution of the power
partition ratio also chahges in the case of the off-centered heating (Fig.
16). In this case, it takes about 40 msec in order that the partition
reaches the quasi-steady state. Also shown is the power scan of the power
partition ratio in Fig. 17: The power to electrons increases when the power
input increases, as in the case of the central heating case (in Fig. 14). A
difference is, however, found in the reduction of the electron heating rate
at fixed power. For a given power, the maximum kinetic energy of fast ions
becomes lower in the case of off-central heating, since the deposition area
is larger. Electron heating rate reduces. However at the power level of 1.2

MW, the electron heating rate reaches 70% of the total rf power input.

Before closing this section, let us discuss the role of fast-ions due
to NBI heating. Neutral beam injection generally makes the high energy ion
tail of several 10 keV. It has been suggested that this helps for the ICRF
waves to be absorbed inside the plasmazo). The difference is noticable in

the case of the 2nd harmonic heating in a small size machine. Because of
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the poor absorption by thermal ions, the cavity modes may become prominent
and radiation losses are enhanced. The presence of the fast ions plays the
similar role as the hot minority épecies generated by ICRF itself if the
beam fast ion is injected perpendicularly to B,. As seen from Fig. 13, the
absorbed power spectra broadens and the cavity effect is suppressed if the
fast ions are present. In ASDEX experiment21), indeed, the better absorp-
tion has been found in the heating scheme of NBI+ICRF (2Qy) than the case
2Qy alone.

One example?”-zT) can be examined in a case of combined minority
heating D(H), and the NBI(D®sD*). Only the perpendicular beam component of
deuterons may act as the same role as the minority does in their second
harmonic resonance (Qy=2Qp). The question is how the absorbed energy
distributes among the minority H and the beam components of D. We study the
direct absorption rate and the partition rate by using the wave-code. In
Fig. 18(a), we plot the partition ratio of the direct absorption for the
case of (DO(45 keV)»D*) + (D(H);33.5 MHz). The minority ratio is fixed to
be 5% (ng/ng=5%) and the absorption rate is plotted versus the density of
the beam component. The total absorption is little affected by the presence
of the beam component, even if we simulate the beam component to be
isotropic. If we consider the actual injection angle of the NB in ASDEX
experimenﬁ, the calculated values in Fig. 18(a) correspond to the case
where the perpendicular component is oveﬁ-estimated. Provided that most of
the power, which is absorbed by the minority H and the beam of D, is
transferred to electrons, the presence of the beam affects the power
partition ratio little. Compare the values of the power input to bulk

deuterons, D,, for different concentration ratio of the beam component.

It should be compared with the case of (HO(42 keV)-H*) + (Qop;
67MHz), the results are shown in Fig. 18(b). In order to examine a cata-
lytic effect of the beam in an actual situation, we introduce an anisotropy
(Tq = 10 keV and T" = 30 keV) of the beam componentt Owing to the high
energy, the beam component acts as a catalyst to transfer the absorbed
energy to electrons through collisions like the high energy tail of the
minority in minority heating scheme. As seen in Fig. 18(b), the power
absorption by the beam component is-about 10% for the parameter of
Npot/Ne=2%. If we again consider the collisional transfers and assume that

the power absorbed by the beam component is almost completely transferred
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to electrons, the presence of the beam changes the power partition such as
to increase Pgt/Pyps about 10% as much. We have a qualitative agreement
with the experimental observations. The studies on the transport are left

for the future.

85 Effect on Peripheral Plasma Region

In this section, we discuss the possible effects of ICRF wave
launching on the peripheral region of the plasma. Firstly, we consider a
possible origin of impurity influx due to the strong reactive field in
front of the antenna23). This affects the radiation in the plasma and may
cause the power loss ﬁNON in Eq.(5). We next consider the effect of the
throat into the divertor chambeﬁ. There is a possibility that the divertor
throat could play a role of a hole in the wall allowing the launched ICRF
waves to escape and be damped in divertor chamberS). If this part of the
chamber can be regarded as a perfectly reflecting bdundary for the wave,

this effect is negligible.

Let us start with the possible origin of the impurity influx. We show
the reactive electric field along the z-direction on the magnetic_surfaoe
of the antenna location in Fig. 9(a) (imaginary part). The reactive field
usually does not contribute torthe power input to the plasma. However, this
strong electric field directly affects the motion of ions in'the scrape-of f
layer and might cause some sputtering of impurities. The ExB drift velocity

of the ion, vg, is estimated to be

Q (m Si ) &
(m2 = QI) gz

(11)

where Q1 is the cyclotron frequency of the ions of the interest. This relation
shows two possible mechanisms to enhance the energy of ions near the antenna.

One .is due to the resonance of w ~ Q7. Usually this condition is not satisfied
in a scrape-off layer near the antenna. Another is due to the strong field near

the antenna, the maximum value of which is of the order of

= ¢ /2/R(X/Ly) VP (12)
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(assuming that §>>§). The coefficient C denotes the effect of the inhomogeneity
of Ey along the antenna, which must be evaluated by the two dimensional calcula-
tion. C usually ranges up to 2.5 for the plasma with ag=0.4 m23) , We, in the
following, give a heuristic argument on the effects of the reactive field. If
one takes the typical value of Z for ASDEX as R=50 and §=509, the maximum value

is estimated as
k{gY)= 1074p(W) + Tr(eV) (13)

where Ty is the average energy in the absence of the wave field.

This implies that Kmax exceeds 100 eV at the power level of 1 MW, even if Tg1=0.
The sputtering yield ratio Y(VI) becomes greater than 10 fér K>120 eV in the
case of H* collision on the iron surface24). Since the function Y(vy) shows a
strong energy dependence near this energy, the power which corresponds to K=100
eV can be considered to be a threshold power. We define the threshold rf power

in this meaning.

The ion impurity source from the antenna is estimated to be ng Yvy, where n
s is the number density of the scrape-off plasma and vy is the incident
velocity. The effective area which contributes to the sputtering is approximated
by S~aj(b-a;)Ly/d. We use this value instead of the value S~LtLp, since we
assume the 1ocaliiation of the strong electric field in poloidal direction. The

total rate of the impurity source per unit time, T', may then be estimated as

r ~ 2Y(vp)ngvy 2LL73L) Lt (atoms/sec). (14) ¢
d

At the power level of 1MW, Eq.(16) gives the maximum energy of Kpgx=100 eV
and the incident velocity vi~105 m/s. For this energy, Y(VI) is ealuated ﬁo be
1073. We here note that K reaches 100 eV at lower rf power if T1#0 holds. Sub-
stituting the geometrical parametefs, we have the source of iron impurity as T
433 Es (atoms/sec; Bs is measured in m™3). For the higher power case, say P=2
MW, Rmax = 200 eV and v, = 1.4x10% m/s hold. Y(vy) is higher for this case Y ~
5x1073. The source is estimated to be I = 20 ng (atoms/sec). In the experiments
of'ASDEX, ﬁsH < 1018 m=3. In the absence of ICRF launching, the measurement of
the impurity confinement time, ty, is estimated to be 2~ 5msec. (The screening
effect of SOL plasma is taken into account.) The impurity density in the
stationary state, nI~P-TI/Vp (Vp: plasma volume), is estimated to be ~1016/m3
for the parameter of Pypg~2 MW, T1=0, and 55H=1018 m~3. This value of ny would
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give rise to a radiation loss in the plasma. This loss might be related to the
enhancement of the radiation loss during the ICRF heating. In the ASDEX experi-
ments without the wall carbonization, the central radiation loss is of the order
of 50 kW/m3 per MW of ohmic heating power (OH plasma) and of 120-160 kW/m3 per
MW of tbtal heating power (ICRF plasma). The estimate of np givenrhere is the
ofude evaluation. The value is within the experimental observation325’26). More

precise study is necessary for the quantitative comparison.

The different feature of the electric field is seen in the case of the 2nd
harmonic heating case. The loading resistance is a little larger than that of
the minority heating éase, but the maximum electric field is higher due to the
large reactance. The field does not localize to an antenna as seen from Fig.
9(b). Taking into account this process, we may say that the threshold power to
release the impurity becomes lower than the minority case and that, if it
exceeds the threshold, then the impurity influx can be larger because of the

larger area of the impurity source.

As for the direct loss of rf power from the chamber, we consider a
possiblity that the wave escapes from the divertor throat area and is absorbed
in the divertor chamber. This loss may become noticeable if the cavity eigenmode
is strongly excited. The loss has been estimated in a crude manner in Ref. /5/.
For cavity eigenmodes the wave field has a coherent structure in the toroidal
and poloidal directions. The wave field can leak either from ports or throats.

The loss rate is estimated, assuming that the wave leaks into unbounded space,

as
Ploss Pi §2 i §2
= x — x (krp)Zexp(-214k ) (15)
Pr’f‘ 'l2]'[d:2 wuo(b-d)R

where ry is the measure of the width in the poloidal direction of the
throat, k is the vacuum wave number, Ak“ is the width of the cavity
resonance, and 1 is the antenna throat distance. According to this calcula-
tion, in ASDEX, the loss from the throat may reach 5% at most. This
estimate is the upper bound of the loss through the throat, because the
wave is assumed to be not reflected back from the divertor region and we
evaluate exp(—21Ak“) ~1. We also note that this loss becomes smaller when
the coupling and absorption becomes large in the high density and high

temperature target plasma.
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86 Summary and Discussion

In this report, we examined the ICRF propagation, absorption structure
and coupling to the ASDEX plasma. The absorption structures are combined to
the Fokker-Planck analysis. The temporal evolution of the heating struc-

tures are also obtained.

The coupling studies were applied to both the minority heating scheme
and the 2nd harmonic resonance heating scheme. The accessibiity of the wave
and the total loading impedance were examined for different experimental
conditions. The global loading change in the L/H transition is simulated.
The analysis fairly agrees to the experimental observations!7). Present
launching condition is found to be chosen in the range of an optimum

loading condition.

In the minority heating case, the major part of the wave power is absorbed
by the minority ion species. Therefore, the wave generates the high energy
ions in the core region. These fast ions transfer the wave power to both
electrons and bulk deuterons due to the collisional processes. Our analysis
shows that more than 70% of the absorbed wave power is used to heat elec-
trons at the power level of 0.5 MW (central heating case): And the fast ion
energy reaches 40 keV. The parametrical dependences were also examined. We

compared the cases of the central deposition and off-central deposition.

In addition to the analysis of the heating process, we examined the
effect of the global wave field in the scrape-off layer. The role of the
reactive electric field associated with the wave launching is discussed.
This field might be a candidate to cause an impurity influx from the
antenna region. The rough estimation was done for the ASDEX experiment. The
analysis shows that the impurity sputtering might become noticeable at the
power level of =1 MW. The additional impurity influx can induce an en-
hancement of therimpﬁrity radiation. The loss rate becomes an appreciable
amount'in the case of the high powef experiments. In order to reduce the
impurity influx, both the increment of the loading resistance and the
reduction of the antenna reactance as well as the reduction of the density
of the écrape~off plasma in front of the antenna (still keeping a good
coupling to the plasma) would be necessary. Problems (how to realize) are
left for future. -



The direct loss rate through the divertor throat was roughly esti-
mated. This loss may be appreciable when the cavity formation is realized
in thé plasma. The crude analysis tells us that the case of the 2nd
harmonic heating (without NBI) has a more severe 1loss than the case of the

minority heating.

In this article, we do not take into account the spatial transport
losses. The spatial loss affects the heating structure and, at the same
time, the heating affects the spatial loss. One of the prominent features
in the spatial loss in the ICRF heating process is the loss of the gene-
rated fast ions. Even if we do not consider the anomalous transport due to
fluctuations, wé may have an enhanced diffusion of fast ions. Namely, if we
consider the neoclassical diffusion of ions, such as the plateau (Dpcv3)
and the ripple-trapped (Dp,¢V7) diffusions, it has velocity dependences.
The particles of the higher kinetic energy escape faster than the thermal
ions. The minority heating generates the fast ion tail component, and the
tail energy increases as the heating density £ increases. We have examined
the loss rate of the fast ions by the model analysis27» 28), We have found
that if the value of E exceeds a certain critical value, the loss rate
becomes noticable compared with the heating power. This implies that 1) the
effective heating rate decreases as the heating density increases andithat
2) the loss of the fast ions becomes large. If the value of E=Pprtg/nyTe
exceeds 30, then these effects can be seen. The present ASDEX ICRF experi-
ment is in the range of the average value £=8 (for Ppp=2 MW, 15 is
slowing-down time of fast ions ~20 ms, EH=1.5x1018 cm‘3, Te=2 keV, Vp ~
5m3). Our analysis in 84 (Fig. 11(b) for example) shows that the local
value of & reaches 20-30 in the present experimental conditions. The know-
ledge of the confinement characteristics of fast ions is a key issue for
the burning plasma and for the enhancement of the fusion cross-section.

As was calculated in 84, the fast ion tail is formed in aocordancé
with the rise of the power to electrons. For the parameters of Fig. 10, it
takes about 20 msec to see the appreciaﬁle amount of fast ions from the
onset of ICRF. In the plasma periphery, the fast ions are observed in ASDEX
experiment right after the onset of ICRF29). These fast ions may be
accelerated by the other mechanisms than that discussed in this report.

The comprehensive study in experiments is necessary and is left fér

future work.



- 22 -

Acknowledgement

The authors would 1like to acknowledge Dr. F. Wagner, Dr. M. Brambilla
for elucidating discussions, critical reading of the manuscript and the
hospitality, Prof. M. Porkolab, Dr. G. Fussmann and Dr. F. Wenser for
stimulating discussions. Two of the authors (S.I.I. and K.I.) acknowledge
Mr. J.Kisslinger and Mré. I. 0tt for help in computations, members of the
ASbEX group and Dr. H. Wébig for the hospitality. They also thank Mrs. R.
Thorm&hlen and Miss C. Weller for kind helps during their stay at IPP

Garching.

Computations are performed by using the CRAY-computer in the Computer

Center of the Max-Planck-Institut filir Plasmaphysik.

Work is partially supported by Grant-in-Aid for Fusion Research and

Grant-in-Aid for Scientific Research of Ministry of Education, Japan.




Table 1

Major radius

Minor radius (at separatrix)

Guard limiter location of an antenna
Antenna location

Wall location

Magnetic field

Electron density at center

RF frequency

Majority ion species

Minority ion species
Antenna width

Antenna arc length
Scrape-off density
Scrape-off temperature
Density fall-off length
Temperature fall-off length

R=1.67Tm
ag = 0.4 m
a, = 0.43 m
=0.45m
=0.5Tm

B, = 2.24 T (central heating)

2.4 T (off-central heating)
ng(o) = 5x1019 m=3
w/27 = 33.5 MHz (minority ion
heating)
67 MHz (2nd cyclotron heating)
deuteron (minority ion heating)

hydrogen (2nd cyclotron heating)

hydrogen

Ly = 0.18 m

Lp = 0.78 m

nse = 1019 m™3 (at separatrix)

Tha = 700 eV ( " )
An = 0.02 m

Ar = 0.02 m
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Figure

Captions

Fig. 1

Fig. 2

Fig. 3

Fig. U

Illustration of the model geometry. /x/=ag denotes the separatrix
radius. The scrape-off plasma extends to /x/=aj,. The region
aj,</x/sb is treated as vacuum. Antenna is located at x=d (low field

side excitation) Wall positioﬁ is x=%b.
Procedure of the numerical calculation.

Spatial structure of the wave for the case of minority heating. The
x-dependencies of Ey and Ey on Z=0 plane are shown in (a) and (b).
Solid lines for real part and dahsed lines for imaginary part. Ey
component is the superposition of the fast wave and Bernstein-wave
(which is generated by the mode conversion). Ey component shows that
the fast wave propagates into the plasma. The power deposition
profile and Poynting flux are shown in (c). The integrated profiles,
Jsz and -Jsxdz are shown. Resonance absorption by hydrogen and
deuteron near the center, and the absorption by electron in the
high-field side are illustrated. Cyclotron resonance surface is
denoted by the arrow on the horizontal axis.

Parameters are: B=2.24 T, w/2w=33.5 MHz, ag=0.4 m, a;=0.43 m,
d=0.45 m, b=0.51 m, Ap=Ar=0.02 m, Lr=0.18 m, noe=5x1019 m=3,
Nge=1019 m™3, Toe=2 keV, Toj=3 keV, Tge=0.2 KeV, Tgi=0.3 keV,

ng/ng=0.05. Antenna is located on the low-field side and Ip=1A.

k“-dependence of the loading resistance for the minority ion heating
(parameters are the same as in Fig. 3). Thick solid line, thin solid
line, dotted-dashed line and dotted line are for total absorption,
absorptions by minority hydrogen, majority deuteron and electron,
respectively. The k" spectrum of the antenna current is also shown.
Access of the shorter wave-length modes, /k"R/225, are limited by
the vacuum between the antenna and plasma. Weak cavity resonances
(k“R =10, 15521, 25,728 =..); are observed. Antenna current Ip is
1A. R = 8.2 o/m.




Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Loading resistance R as a function of the fall-off-length in the
scrape-off plasma (Ap=Ar). Line I is the standard case (Fig. 3). As
the increase of the density at the edge of SOL, n(ap), the loading
resistance increases. If n(aj,) approaches the cut-off density of the
local dispersion of ﬁhe cold plasma, the )\, dependence of‘§ becomes
weaker. Line II is the case of d-ap=3 cm. The plasma-antenna
distanée is very effective to change thercoupling. The line III
indicates the case of higher edge density: ns=1.5£1019 m-3. Stronger
dependence of R on An is observed. Dotted lines indicate the case
where antenna is far from the plaéma: aj-ag = 5 cm. d-ap, is also

chosen to be 2 and 3 cm.

Loading resistance (R) and reactance (X) as a function of the width
of the antenna. When antenna width is wide, LT-k"022w, R decreases
with increasing Lp. In the narrow antenna limit, LT-k"c<w, R
saturates while X continues to increase. Other parameters are the
same as in Fig. 3. aj-ag = 3 cm (solid lines) and 5 cm (dashed

lines). d-aj, = 2 cm and 3 cm as indicated.

k" spectrum of the power absorption for the 2nd cycltoron resonance
heating of pure hydrogen plasma. ne(0)=nH(O)=5x1019 m-3, ns=1019
m™3, Te(0)=2 keV, Ty(0)=3 keV, Tgg=0.2 keV, Tyg=0.3 keV, Ap=ir=2
em, w/2m=67 MHzZ and other geometrical paramters are the same as in
Fig. 3. Due to the increase of the frequency, accessible range of
the high k“ modes becomes wider compared to Fig. 4. The cavity mode
is more prominent in this case due to the weaker damping than the
case in Fig. 4. Power partition Po/P¢o¢=T.6%, and the total loading

resistance per unit arc length is ﬁe12.5 Q/m.

Dependence of the loading resistance on A and At for the second

cyclotron resonance heating of hydrogens. The stronger dependence is
seen compared to the minority heating. Other parameters are the same
as in Fig. 7. aj-ag = 3 cm (solid lines) and 5 cm (dashed lines). d-

ap, is indicated.

The structure in the toroidal direction of the electric field (Ey on
the plane x=d) is shown for the minority heating case (a: paramters

are those in Fig. 3) and 2nd cyclotron heating case (b: paramters
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are the same as in Fig. 7). Antenna center is located at Z=0.
Strong reactive electric field is localized near the antenna. Half
width of the antenna is 0.054 R. In the 2nd cyclotron heatin'case,
shorter-wave-length mode persists, reflecting the cavity components
in Fig. 7. Solid lines for real component and dashed line for

imaginary component.

Temporal evolution of the heating powers to electrons and ions.
Case of the central heating. Back-ground plasma parameters arei
ne(0)=5x1019 m=3, ng(ag)=5x1018 w3, ny/ne=5%, Tp=2 keV, Tg=0.2
keV, w/2m=33.5 MHz, B=2.24 T, Ap=A7=0.02 m, Ly=0.2 m and other
geometrical paramters are the same as in Fig. 3. Total rf power is
0.15 MW. :

Power deposition profiles to electron and ion, and the radial tem-
perature profile of the hot ion component in the steady state for
central heating case. Low power case (Pne=0.16 MW; a) and medium
power case (Ppe=>0.31 MW; b). Half radius of ion-heating profile is
wider compared to that of electron heating, parameters are those in
Fig. 10.

Ratio of the power partition as a function of the rf power. Ratio
of the direct absorptions by electrons and ions (Pggq, PDd)-and
collisional transfer to electron and ions (Pgs, Ppe) are shown. The
thick 1line indicates the ratio of the electron heating. Paraﬁeﬁers

are the same as in Fig. 10. Pg¢=Ppt holds around Prf=0;4 MW.

Change of the k"-spectr'um of the power absorption as a result of
the tail generation. Initial spectrum (dashed line) shows a cavity
around k"R=6, while in the final state (t=100 ms, solid line), the
flatter spectrum is obtained. Ppe=0.3 MW. Parameters are those in
Fig. 10. ' :

a) Maximum value of the temperature of hot ion component as a

function of the rf power (in the stationary state, t=50 ms). Solid

line is for the central heating case (Fig. 10) and dashed line is

for the off-central heating (see Fig. 15).




Fig. 15

Fig. 16

Eig.=1q

Fig. 18

b) A plot of maximum tail temperature versus the value of the

minority ratio n' = ny/np for the fixed power level.

Example of the off central heating. B=2.4 T and P.p=0.55 MW. Power
deposition profile in the stationary state is shown. Other para—
meters are the same as in Fig. 10. By this change of the magnetic
field, the resonance surface,iw=9H(x), moves to r/ag=0.37. Because
of the larger area of the magnetic surface, the power density
averaged over the magnetic surface, for given Ppg, reduces compared

to the central heating case.

Temporal evolution of the heating power to electrons and ions after
the onset of the rf power: off-central heating case (parameters are
those in Fig. 15). Similar delay of the rise in Pyt is observed as

in Fig. 10.

Power partition in the case of the off-central heating. Parameters

are those in Fig. 15.

The effect of the high energy component. The case of minority
heating (a: other parameters are the same as in Fig. 3) and the
case of the second cyclotron heating (b: see Fig. 77for other
parameters). T, = 45 keV in (a) (isotropic) and T" = 30 keV and T,
= 10 keV in (b). Antenna current is chosen to be 1A; power per unit

length of antenna is shown.
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Fig. 1 Illustration of the model geometry. /x/=ag denotes the separatrix
radius. The scrape-off plasma extends to /x/=aj,. The region
ap</x/sb is treated as vacuum. Antenna is located at x=d (low field

side excitation) Wall position is x=#b.
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Solution of the time evolution of
Fokker-Planck equation

Caluculation of Pe and PD

aproximation by
two-Maxwellian
distribution

Fig. 2 Procedure of the numerical calculation.
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Spatial structure of the wave for the case of minority heating. The

x-dependencies of Ey and Ey on Z=0 plane are shown in (a) and (b).

' Solid lines for real part and dahsed lines for imaginary part. Ey

component is the superposition of the fast wave and Bernstein wave
(which is generated by the mode conversion). Ey component shows that
the fast wave propagates into the plasma. The power deposition
profile and Poynting flux are shown in (c¢). The integrated profiles,
Isz and -Jsxdz are shown. Resonance absorption by hydrogen and
deuteron near the center, and the absorption by electron in the
high-field side are illustrated. Cyclotron resonance surface is
denoted by the arrow on the horizontal.axis.

Parameters are: B=2.24 T, w/2w=33.5 MHz, ag=0.4 m, a;=0.43 m,
d=0.45 m, b=0.51 m, Ay=A7=0.02 m, Lp=0.18 m, noe=5x1019 m™3,
nge=1019 m™3, Toe=2 keV, Toi=3 keV, Tge=0.2 keV, Tgi=0.3 keV,
ny/neg=0.05. Antenna is located on the low-field side and Ip=1A.
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Fig. 4 k"—dependence of the loading resistance for the minority ion heating
(parameters are the same as in Fig. 3). Thick solid line, thin solid
line, dotted-dashed line and dotted line are for total absorption,
absorptions by minority hydrogen, majority deuteron and electron,
respectively. The k“ spectrum of the antenna current is also shown.
Access of the shorter wave-length modes, /k"R/>25, are limited by
the vacuum between the antenna and plasma. Weak cavity resonances
(k“RA= 10, 15, 21, 25, 28 ...) are observed. Antenna current I, is
1As*R = 8.2 Q/m.
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Fig. 5 Loading resistance ﬁ as a function of the fall-off-length in the
scrape-of f plasma (Ap=A7). Line I is the standard case (Fig. 3). As
the increase of the density at the edge of SOL, n(ajp), the loading
resistance increases. If n(ap) approaches the cut-off density of the
local dispersion of the cold plasma, the A, dependence of ﬁ becomes
weaker. Line II is the case of d-a;=3 cm. The plasma-antenna
distance is very effective to change the coupling. The line III
indicates the case of higher edge density: ns=1.5x1019 m3. Stronger
dependence of R on Ap is observed. Dotted lines indicate the case
where antenna is far from the plasma: aj-ag = 5 cm. d-aj, is also

chosen to be 2 and 3 cm.
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Fig. 6 Loading resistance (ﬁ) and reactance (Q) as a function of the width
of the antenna. When antenna width is wide, LT-k"022n, ﬁ defreases
with increasing Lt. In the narrow antenna limit, LT-k"c<n, R
saturates while ﬁ continues to increase. Other parameters are the
same as in Fig. 3. ap-ag = 3 cm (solid lines) and 5 cm (dashed

lines). d-ap, = 2 cm and 3 cm as indicated.
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Fig. 7 k" spectrum of the power absorption for the 2nd cycltoron resonance
heating of pure hydrogen plasma. ne(0)=nH(0)=5x1019 m“3, ns=1019
m™3, To(0)=2 keV, Ty(0)=3 keV, Teg=0.2 keV, Tyg=0.3 keV, An=Ar=2
cm, w/2w=67 MHz and other geometrical paramters are the same as in
Fig. 3. Due to the increase of the frequency, accessible range of
the high k" modes becomes wider compdred to Fig. 4. The cavity mode
is more prominent in this case due to the weaker damping than the
case in Fig. 4. Power partition ﬁe/§t0t=7.6%, and the total loading

resistance per unit arc length is 3512.5 Q/m.
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Fig. 8 Dependence of the loading resistance on A, and At for the second
cyclotron resonance heating of hydrogens. The stronger dependence is
seen compared to the minority heating. Other parameters are the same
as in Fig. 7. ap,-ag = 3 cm (solid lines) and 5 cm (dashed lines). d-

ap, is indicated.
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Fig. 9 The structure in the toroidal direction of the electric field (EY on
the plane x=d) is shown for the minority heating case (a: paramters
are those in Fig. 3) and 2nd cyclotron heating case (b: paramters
are the same as in Fig. 7). Antenna center is located at Z=0.

Strong reactive electric field is localized near the antenna. Half

width of the antenna is 0.054 R. In the 2nd cyeclotron heatin case,

shorter-wave-length mode persists, reflecting the cavity components
in Fig. 7. Soiid lines for real component and dashed line for

imaginary component.
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Fig. 10 Temporal evolution of the heating powers to electrons and ions.
Case of the central heating. Back-ground plasma parameters are
ne(0)=5x1019 m3, nglag)=5x10'8 m™3, ny/ng=5%, To=2 keV, Ts=0.2
keV, w/2m=33.5 MHz, B=2.24 T, Ap=A7=0.02 m, Ly=0.2 m and other
geometrical paramters are the same as in Fig. 3. Total rf power is
0.15 MW.
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Fig. 11 Power deposition profiles to electron and ion, and the radial tem-
perature profile of the hot ion component in the steady state for
central heating case. Low power case (Pnp=0.16 MW; a) and medium
power case (Pnp=0.31 MW; b). Half radius of ion-heating profile is
wider compared to that of electron heating, parameters are those in
Fig. 10.
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Fig. 11(b)
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Fig. 12 Ratio of the power partition as a function of the rf power. Ratio
of the direct absorptions by electrons and ions (Pgq, Ppg) and
collisional transfer to electron and ions (Pge, Ppe) are shown. The
thick line indicates the ratio of the électron heating. Parameﬁers

are the same as in Fig. 10. Pg¢=Ppt holds around Pnp=0.4 MW.
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Fig. 13 Change of the k“—spectrum of the power absorption as a result of
the tail generation. Initial spectrum (dashed line) shows a cavity
around k"H=6, while in the final state (t=100 ms, solid line), the
flatter spectrum is obtained. Pnp=0.3 MW. Parameters are those in
Fig. 10. '
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14 a) Maximum value of the temperature of hot ion component as a

function of the rf power (in the stationary state, t=50 ms). Solid

line is for the central heating case (Fig. 10) and dashed line is

for the off-central heating (see Fig. 15).

b) A plot of maximum tail temperature versus the value of the

minority ratio n' = ny/np for the fixed power level.
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Fig. 15 Example of the off central heating. B=2.4 T and Pn¢=0.55 MW. Power
deposition profile in the stationary state is shown. Other para-
meters are the same as in Fig. 10. By this change of the magnetic
field, the resonance surface, w=Qy(x), moves to r/ag=0.37. Because
of the larger area of the magnetic surface, the power density
averaged over the magnetic surface, for given Ppnp, reduces compared

to the central heating case.
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Fig. 16 Temporal evolution of the heating power to electrons and ions after
the onset of the rf power: off-central heating case (parameters are

those in Fig. 15). Similar delay of the rise in Pet is observed as
in Fig. 10.
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Fig. 17 Power partition in the case of the of f-central heating. Parameters

are those in Fig. 15.
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Fig. 18 The effect of the high energy component. The case of minority
heating (a: other parameters are the same as in Fig. 3) and the
case of the second cyclotron heating (b: see Fig. 7 for other
parameters). Ty = 45 keV in (a) (isotropic) and T =30 keV and T,
= 10 keV in (b). Antenna current is chosen to be 1A; power per unit

length of antenna is shown.
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