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Abstract

First ray tracing computations based on typical ASDEX hydrogen plasma para-
meters are presented. It is shown that the heating efficiency is already
appreciable for ohmically heated discharges, where, depending on density,
10 to 25% single transit absorption has been calculated. The efficiency
strongly increases with electron density and plasma temperature reaching
more than 40% single transit absorption at Tio = 3 keV, Tag = 1.5 keV,.

Neo = 5 x 1013 cm=3, Well defined power deposition profiles with peak power
densities of a few W/cm3 per MW and of small halfwidth are found to be
rather insensitive to typically observed variations of plasma density and
temperature profiles. In the temperature range explored so far most wave

power is transferred to the plasma ions.



1. INTRODUCTION

Recent experimental investigations at PLT, JFT-2/M and TFR /1-4/ have de-
monstrated the high heating potential of ICRF experiments performed either
in two-ion schemes (mode conversion and minority regime) or at the second
harmonic freauency of the majority ion species. Particularly second har-
monic heating now looks very appealing since

i) higher frequencies generally afford the possibility of applying wave
guides or cavity antennae as launchers, and

ii) experiments indicate that the wave power absorption is already appreci-
able under ohmic discharge conditions. In addition, present-day tokamak
experiments do not possess sufficient radiation shielding and so working at
high bulk plasma temperatures (multi-keV range) with hydrogen majority

heating is safer and convenient,

Various ICRF experiments are now being conducted and increasing efforts are
devoted to the preparation of high-power ICRF heating projects (ASDEX,
ASDEX-UPGRADE, DIII-2, JET, JT-60, PLT, TEXTOR, TORE SUPRA etc.). ICRH in
ASDEX is scheduled for operation in fall 1984, A total rf power of up to

3 MW within the frequency range 30 to 115 MHz will be available for pulse
lengths of up to 10 sec /5, 6/. This wide range of frequencies allows us to
work at two-ion heating schemes as well as at the second harmonic frequency
of hydrogen which is supposed to have first priority in the experimental

program of ASDEX.

The principles of ICRF heating and the heating mechanisms ifself have been

extensively analyzed /7-15/. Among various approaches ray tracing of ion



cyclotron waves has been shown to be a valuable tool in describing ICRF
heating in medium and large tokamaks /16-20/, though - of course - not all
observations of rf heating experiments can be explained in detail by it.
However, if the inherent Timitations of ray tracing are kept in mind, this
approach - particularly when coupled to a transport code - allows a more

profound understanding of ICRF heating in tokamak devices.

2. MODEL

The RAYIC code /21/ models coupling, propagation and absorption of e.m.
waves in large axisymmetric plasmas in the ion cyclotron frequency domain.
It combines a careful application of the Eikonal approximation (ray tracing
and power transport) with a 3-D semianalytic solution of the Maxwell equa-
tions near the antenna and around singular layers (ion cyclotron and two-
ion hybrid resonances). The code can thus be used to obtain detailed infor-
mation both on the propagation of the waves and on the power deposition

profiles, under a lTarge range of conditions.

The core of the code is a ray tracing subroutine which follows the propaga-
tion of the fast (compressional) Alfven wave in an arbitrarily axisymmetric
configuration /16/. The plasma dispersion relation is written in the warm

plasma approximation, the electron inertia being neglected.

The initial conditions for the ray and power transport equations are
provided by a 3-D plane layered model of the antenna, described in /16/.

The output of the antenna subroutine consists of the spectral distribution



of the radiated power among partial waves with different toroidal wave
number ny, and, for each ng , the distribution of the power flux across a
wave front in the poloidal direction. The power transport equation takes
into account cyclotron damping at the fundamental and at the second har-
monic resonances, and electron Landau and transit time damping. A detailed
description of the treatment of the power absorption equation within

singular layers is given in /16, 17/.
The limitations of the model are well known /16, 17/:

a) Ray tracing generally cannot include diffraction effects and conse-

quently cannot account for energy transferred to surface waves.

b) The plasma must be large and dense enough to accommodate at least a

few wavelengths in radial direction:
kj-a > 1

where a 1is the plasma minor radius. In the case of ASDEX this

requirement is reasonably well fulfilled, i.e. k, - a~ 20 within

L

the region where ray tracing is applied.

c) In addition, the power balance is only reliable if absorption is
sufficiently strong, since selective eigenmode excitation cannot be

taken into account.

Thus, while ray tracing in its present form cannot provide a complete de-

scription of ICRH, it is still a useful tool for describing the main



features of ICRH in present day tokamaks /22/. The main purpose of ray
tracing computations - in our opinion - is not only the calculation of the
absolute power absorption but also, and this may be even more important, to
reach a more profound physical understanding of ICRH in toroidal plasmas,
and to evaluate the inherent scaling of the various processes involved. It
is obvious that the 1imitations of the ray tracing approach have always to

be kept in mind when the results are being interpreted.

Before the results of the calculations are presented the dispersion rela-
tion should be considered. Figure 1 gives the radial dependence of the

square of the perpendicular index n, which is computed by the full hot

1
plasma dispersion relation /23/ for n, = 3. The freauency of f = 70 MHz
and the central toroidal magnetic field By = 2.2 T correspond to @= 28y
on axis in a pure hydrogen plasma, while the plasma parameters (central
values and profiles) are typical of ohmic ASDEX discharges. A more detailed
view on the variation of n;, around the resonance layer is given in

Fig. 2. Though the resonance frequency of the second harmonic for hydrogen

is located exactly on axis, the maximum of the absorption is slightly

shifted out of axis towards the inside of the plasma.

3. DATA AND PARAMETERS

The computations are based on the following ASDEX and ICRF system para-

meters (Tables 1 and 2):



Minor radius a = 40 cm, major radius R = 165 cm, toroidal magnetic field
Br = 2.3 T, plasma current 250 to 450 kA. The density and temperature
profiles were taken from experimental data. The frequency was f = 70 MHz,
which places the W = 2S¢y layer of a hydrogen plasma just in the centre
of the device. At this frequency, the average wavelength of the fast wave
in the plasma is A=~ 10 cm at ng =5 x 1013 cm-3; the Eikonal approxi-
mation can thus be applied, albeit not by a large margin. We followed the
waves for only one transit through the plasma, since standing wave effects

cannot be taken into account by the model.

A power Pprf =1 MW is assumed to be Taunched by a number of A/2-double
antennae located on the 1ow magnetic field side of the torus. They are
described in detail in Ref. /24/. Figure 3 shows the geometry of one
antenna in the poloidal plane. The width of one element in the toroidal
direction, 18 cm, is such that a broad spectrum of partial waves with
toroidal wave number ng up to about 40 is excited; the power spectrum is
shown in Fig. 4. Only even modes ng =0, 2, 4, 6 ... 40 were evaluated,
corresponding to two toroidally opposite antennae such as will be used in
the experiment, Figure 3 also shows one example of the propagation (rays
and wave fronts) of the toroidal mode ng = 4. The length of the arrows on
the first wave front is proportional to the power flux through the corre-

sponding poloidal section of the wave front.



4. RESULTS

4.1 ICRH with ohmic target plasma

Under ohmic discharge conditions (ngg = 5 x 1013 cem=3, Toq = 700 eV,

Tio = 500 eV) about 14% of the launched power is absorbed in a single
transit (Fig. 5, dashed 1ine). Of this about three quarters (110 kW) goes
to the ions through IC damping, and about one quarter (32 kW) to the elec-
trons through electron Landau damping of the Bernstein wave excited by
linear conversion just beyond the W = 2§ZCH layer. Figure 6 shows that
mode conversion is only effective for modes up to ng = 4. Though relative
modest, this value of the total single transit absorption is already suffi-
cient to exclude high quality cavity mode excitation, which is important

with respect to the validity of the antenna model and the power balance.

As expected, the absorption efficiency shows a marked dependence on the
density and temperature (Fig. 5, 8), being in first approximation propor-
tional to B, i.e. to the product nT. However, it can be shown that higher
densities and particularly higher temperatures favour mode conversion of
partial waves with low to moderate ng into ion Bernstein waves/25/; this
in turn slightly increases the proportion of electon heating at the expense
of ion heating. For effective mode conversion the evanescence layer has to
be clearly separated from the IC-resonance layer. Since Doppler broadening
is proportional to n, T1/2 /26/, while the width of the evanescence layer

is proportional to ngT, mode conversion is effective if

const - n,,Tl/2 < const-ngT, where n, = QCT(”,;./R +-Bf’kx /Br)°



This means that, ng must be sufficiently small, though the maximum per-

missible ng -value grows as the temperature.

This behaviour is in fact found in the numerical results shown in Figs. 5
and 7 where the density dependence of the heating efficiency at constant
temperature is plotted. A more detailed analysis of the mode behaviour is
displayed in Fig. 7, where the increase of the power deposited into the
electrons in the density range ngy = 4 to 5 x 1013 cm=3 corresponds to the
transition of the ng =4 mode from the IC damping regime to the mode
conversion regime, thereby reducing the absorption by the ions and, in
turn, increasing the absorption by electron Landau damping. At higher
densities, around ngg = 6 to 7 x 1013 cm=3, the same effect occurs but then

for the partial wave ng = 6.

4.2 ICRH with preheated target plasma

The dependence of the heating efficiency on the ion temperature is pre-
sented in Fig. 8. At medium central density, ngo = 5 x 1013 cm=3, preheated
plasmas absorb the radio frequency power fairly well., At Tjo = 3 keV, Tgq =
1.5 keV corresponding to, for example, neutral beam preheated discharge
conditions, up to 43% of the coupled power can be absorbed in a single
transit. Of this, about one fifth (100 kW) is transferred to the electrons,
and the rest (340 kW) to the ions. In this temperature range, direct
electron transit time damping of the fast wave is still quite small, so
that the fraction of power taken by the electrons is rather insensitive to
the electron temperature and depends mainly (at constant density) on the

jon temperature. This is also demonstrated in Fig. 8 where the calculations




with fixed (low) electron temperature show only slight differences to the

results with varying Tgq.

A more detailed analysis of the temperature dependence of different modes
is given in Fig. 9. Thus, between Tj, = 1.5 keV and 2.0 keV the partial
wave ng = 8 changes to the mode conversion regime, again increasing Pe and
decreasing the slope of Py+(Tjo) (Fig. 9) in a stepwise manner. At higher
temperatures, however, the optical thickness of the evanescence layer
associated with wave transformation is already larger than the optimum, so
that Pe almost saturates. The next mode, ng = 10, remains in the IC
damping dominated regime up to Tj, # 2.4 keV. Absorption of higher ng -
modes (ng > 12) is still roughly proportional to T;j up to the highest
temperature explored, Tio = 3 keV. The wiggle of Py+(Tjo) at the transi-
tions is probably a numerical effect related to the difficulties encoun-
tered by the code in properly recognizing the various regimes, when used

near the 1imits of applicability of the Eikonal approximation.

A summary of the behaviour of different ng -modes is displayed in Fig. 10.
As already mentioned, at low temperatures (ohmically heated plasma) elec-
tron absorption is significant up to ng = 4, while at higher temperatures
corresponding to beam heated discharges it extends up to ng = 10. The
increase in IC absorption efficiency of high ne -modes with temperature is

also evident from this figure.

For effective IC damping the Doppler broadening of the IC resonance layer
has to be large enough to overlap with the evanescence layer, 1i.e.

const-n,T1/2 > conste-ngT.




= =

So, for higher values of ny (n,) the IC absorption will increase. Since
mode'conversion is most efficient at 1ow to moderate ng the net effect is
a strong IC damping at ng -values above the 1imit for mode conversion,
particularly at higher temperatures. The modest absorption of high-ng modes
(ng > 14) by the electrons at T, = 3 keV, Teo = 1.5 keV is due to the

incipient transit time damping, not localized near the resonance layer.

4.3 Power deposition profiles

One of the main goals of ray tracing is to compute the power deposition
profiles. However, the strong focussing seen in Fig. 3 makes the evaluation
of power deposition profiles somewhat questionable. In the code, the
problem has been dealt with by broadening the illuminated region over one
local wavelength with a Gaussian profile. Although this is still somewhat
arbitrary, the real physical picture will certainly be met better than
without broadening. It should be noted that this focussing is a particular

problem just with circular plasma cross-sections,

Figure 11 shows deposition profiles for electrons and protons at two
different temperatures. In general, the widths of the profiles for the
electrons are found to be quite similar to those of the protons, which
might be affected to some extent by the numerical broadening. Particularly
at higher temperatures the profiles are slightly peaked to the inside of

the resonance layer,
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Note that the calculations of the profiles do not include transport and
losses of energy. The absolute peak values of the power density may be
somewhat too large since a region of one local wavelength -as applied in
our code for the broadening - is expected to be the minimum deposition
width in a real experimental plasma. The influence of the plasma density
and temperature profiles on the power deposition is illustrated in Fig. 12.
No strong change of the deposition profiles and of the peak power densities
is observed when the electron density and temperature profiles are changed
from the rather peaked shapes, corresponding to the ohmic discharge phase
(Fig. 13a), to the broader ones, related to the neutral beam-heated phase
(Fig. 13b, c). This is to be expected since most variation of different
plasma profiles occur in the plasma edge where absorption is negligible.
Furthermore, the total power absorbed by electrons and ions does not change
when varying the plasma profiles (Table 3), provided the central values of

Ne, Te, T{ are kept constant.

The relative flatness of the normalized plasma profiles (Fig. a-c) within
a/4 explains why only weak changes of the absorbed power occur if the
resonance layer for the second harmonic frequency W = ZQZCH is shifted
somewhat out of axis (Fig. 14). It shows that the experiment should not be
very sensitive to small deviations of the position of the resonance layer

from the magnetic axis.
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5. CONCLUSIONS

The results of the ray tracing approach appear to be reliable as far as
transport and distribution of wave power and the scaling on electron
density and plasma temperature are concerned while the evaluation of the

power deposition profiles may involve some uncertainty.

In summary, ray tracing computations for ASDEX at w= ZSZCH predict
substantial single transit absorption, particularly for neutral beam-
preheated plasma conditions. The heating efficiency turns out to be already
appreciable for ohmically heated plasmas and rapidly increases as the elec-
tron density and plasma temperature, reaching more than 40% single transit
absorption at Tij, = 3 keV, Tep = 1.5 keV, ngo = 5 x 1013 cm=3. Deposition
profiles with peak power densities of a few W/cm3 per MW are found to be
well localized near the W= 2§2CH layer. They are rather insensitive to
variations of the profiles for Tj, Te and ng. In the temperature range

Tio € 3 keV most of the power absorbed is taken by the plasma ions. The
existence of a high-energy ion tail either generated by the rf itself or
resulting from neutral beam injection may have a positive impact on the
wave power absorption and the power distribution to ions and electrons /27,
28/. For this purpose a ray tracing code including a Fokker-Planck

treatment of the high energy tail should be used.
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6. APPENDIX

This section presents a complete set of plots obtained with the RAYIC code
with fixed ng . Since it turns out that most absorption happens at the
highest temperature - as to be expected - an example with the following

parameters was chosen:

Jp = 380 kA f = 70 MHz
q(0) = 1.3 Prg= 1 MW
qla) = 3.1 ng = 12
ne(0) = 5 x 1013 cm=3 (pure hydrogen)
Te(0) = 1.5 keV
T100) = 3.0 kev.

Figure Al shows the normalized profiles of ng(r), Te(r), Ti(r) and q(r).
The eight rays starting at different poloidal angles, and the corresponding
wave fronts of the partial wave n¢ = 12 are displayed in Fig. A2. For

ne = 12 and the plasma parameters 1isted above the whole power absorbed is

transferred to the ions (see Fig. 10).

Figure A3 illustrates the refraction indices nperp along the rays, where
§/2M 1is in units of local wave length. Typical values of npepp at the

plasma edge are about 20 to 25 increasing by a factor of about two in the
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central plasma for rays starting near the torus midplane. The values of
Nperp @t various magnetic surfaces labeled by Y (¥ = r/a for circular
plasmas) are plotted in Fig. A4. Owing to the poloidal symmetry of the

eight ray starting points only four values of Nperp exist at the start,

which then split into eight curves along the course in the plasma.

The dependence of ny on Y is given in Fig. A5. Its variation over the

plasma cross-section is typically £ 70% with respect to the start values.

Figures A6 and A7 present the n,-variation along the ray paths through the
plasma. n, increases by a factor of about 1.5 between the start and end
points of the rays. The variation of n, given in Fig. A8 is of the same

order.

Figures A9 and A10 show the power transported by each ray versus $/2T (in
units of wave length) and ¥ , respectively. It is evident that most
absorption occur within the resonance layer, which in this example is
located at S/2T( ¥ 2.8. The power depostion profile for the ions is given
in Fig. All. Since all power is transferred to the ions for ng = 12, there

is no profile of electron absorption.
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ANTENNA DATA

distance antenna-plasma : / cm
distance antenna-wall : 6 cm
width of antenna element : 18 cm
length of antenna element : 39 cm
number of antenna elements : 4

phase difference : 0

Table 1




PLASMA DATA

circular hydrogen plasma

major radius : 165 cm

minor radius : 4o cm

toroidal magnetic field : 2.30 T

plasma current : 250 to 450 kA
central electron density : 3 to 7.1013cm_3
edge density . a few lot%em™
central electron temperature: 0.7 to 1.5 keV

central ion temperature : 0.5 to 3.0 keV

Table 2




P [ku] Ptk P k]
OH-profiles 66 261
L-profiles 66 264
H-profiles 66 £l3

(T. =0.8 keV, T. =1.5keV, n__ =
io 0

eo

P = 1 M)

Table 3
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Fig.d: Dependence of nZ on plasma radius (R, denotes the major radius,
Ro = 165 cm).
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Fig.5: Dependence of fractional and total absorbed power on electron
density (Pg, Py+ denote the fraction of power taken by the
electrons and ions respectively, Pahs = Pe + PH+).
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applied to simulate

a) ohmic discharge phase

b) L-type neutral beam injection phase

c) H-type neutral beam injection phase.
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