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600 kW of ICRF power is coupled to the JFT-2 plasma from the high
field side using small area antennae (460'cm2). By the net input of
500 kW, ion temperature increases from 0.4 to 0.8 keV, that of electron
0.6 to 0.9 keV, and the increment of Bp is 0.35~0.4. The heating
mechanism changes with the ratio of minority H species in D plasma
(ng/np), but clear dependence on the ny/n; is not observed for the
heating efficiency. Deuterium high energy tail is observed, which

indicates direct absorption of the RF power by the majority deuterium,
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1. Introductioﬁ}

Ion cyclotron range of frequency (ICRF) heating is promising for
heating tokamak plasmas.

The merits of ICRF heating are considered as follows: The heating
mechanism is relatively simple and bulk plasma heating is possible. The
upper limit of the electron density does not exist. These merits are
quite suitable in applying the ICRF heating to a tokamak reactor.

Intensive investigations are now under way in order to demonstrate
the ICRF heating in the much higher temperature and much denser density
with the power level up to 2 MW [1, 2]. At present a loop antenna is
used as a coupling structure. After the successful achievement of the
high power ICRF heating in the medium size device, development of a
reliable coupling structure will be a pressing issue in the next-generation
large device.

In JAERI, ICRF heating experiment started in 1978 using JFT-2a/DIVA
tokamak device with the RF power of 200 kW. In the DIVA experiment,
optimization of the lower field side excitation was investigated and
the excellent heating efficiency was obtained [3~5].

This paper describes experimental results of the ICRF heating in the
JFI-2 tokamak device with the RF power level of 1 MW.

The main objectives of the ICRF heating experiment on JFT-2 are as

follows.

(1) Investigation of the higher field side excitation.

In a deuteron plasma with a minority proton component, second
harmonic cyclotron resonance layer, two-ion hybrid cut-off layer and two-
ion hybrid resonance layer are formed from the low field side along the
toroidal axia. The magnetosonic (fast) wave excited from the higher
field side propagates to the plasma core and then heavily damped at the
confluent region with the ion Bernstein wave, resulting in the plasma
heating. The coupling with the ion Bernstein wave takes place at the
two—ion hybrid resonance layer. It is theoretically predicted that the
extent of the coupling and the power partitioning among species change
with the proton-to-deuteron density ratioc np/np, since the distance
between the two-ion hybrid resonance layer and the cyclotron resonance

layer is determined by ny/ng [6,7]. However, quantitative estimation



JAERI-M 82-046

or even qualitative estimation in some case have not yet been done to
the complicated physics involved there.

On the other hand, the fast wave excited from the lower field side
encounters firstly with the two-ion hybrid cut-off layer, and the coupling
with the ion Bernstein wave is less effective., In this case, the wave
power is mainly absorbed by the minority proton component in the wide
range of nH/nD as reported from PLT [2].

In this paper, we show the experimental results of the higher field
side excitation in the wide range of the plasma parameters with the RF

net power up to 500 kW.

(2) Establishment of the ICRF heating technology up to 1 MW

in a single port [8].

There are few problems in the power source. The largest obstacle
in increasing the RF power is the RF breakdown in the coupling structure
and the transmission line. We use 1/4-loop antennae. One of the reasons
why we use the 1/4-loop antemna is to reduce the voltage at the coil and
the power feedthrough by shortening the antenna length, Antenna aging
before experiment is not necessary in usudl case.

In return, very high voltage is generated in the transmission line
connecting the antenna and the stub tuners. We have suppressed the
breakdown up to 45 kV in experiment and 51 kV in vacuum test using 4 7/8"
coaxial line with SFg gas at 3 atmospheric pressure.

Scaling of the antenna loading resistance is indispensable in applying
the ICRF heating to the next-generation large device. We show the para-
meter dependence of the loading resistance, which is well explained by

the strong damping model [9].

(3) Comparison with the neutral beam injection (NBI)} heating and

high B/Bp study with combination heating

2 MW NBI heating system has already been installed in JFT-2 and high
R plasma has been investigated [100v12]. It is of importance to analyze
results of both heating methods in the same machine and to compare
advantages and disadvantages of them. From this, we can definitely
conclude whether ICRF can take the place of NBI in future. In addition,

we challenge much higher toroidal beta or poloidal beta values in
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combination of both methods.

We will report on this subject in near future.
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2. Experimental Set-up
2,1 JFT-2 and Diagnostics

JFT-2 is a tokamak with 0.9 m major radius and 0,25 m minor radius.
Toroidal magnetic field is up to 15 kG and plasma current is 160 kA at
maximum [10].

Figure 1 is the top view of JFT-2 and shows arrangement of various
diagnostic instruments along with the position of the ICRF antennas and
the beam lines of NEI.

The energy spectra of majority and minority ion species were measured
with a E// B mass descriminating charge exchange neutral energy analyzer
[13]. The radial profile of the ion temperature was measured with a
Czerny-Terner mounting vacuum monochromator using Tj, O and C lines.

The neutron flux was also monitored with a REM counter [14].

The spatial profiles of the electron temperature and density were
measured with a laser scattering in a single shot [15].

The measurements of hydrogen to deuterium density ratio were cross-—
checked by the spectroscopy (H,, Dy), the mass descriminating charge
exchange neutral analysis during discharge, and the mass analysis of

the residual gas after discharge.
2.2 RF Equipments

The RF generator is operated at 18 MHz which is a cyclotron frequency
for preton wifh the toroidal magnetic field By = 11.8 kG. The output
power of the generator which has a single TH 116 power triode is about
1 MW to the 50  dummy load, and the pulse duration is up to 50 ms.

Figure 2 is a cross-sectional view of JFT-2 together with the
antennas. Both inside and outside antennas are shown in this figure,
Only the inside antennas are used in the present experiment. No ceramic
insulator is used except at the power feedthrough. The central conductor
is separated from the plasm by the double layer Faraday shield.

Detailed structure of the antenna are shown in Fig, 3, The central
conductor made of copper is 48 mm in width and 3 mm in thickness.
Distances from the central conductor to the return conductor and the
inner Faraday shield is 20 mm and 7 mm, respectively. The return

conductor is made of stainless-steel and 80 mm in width. Radial spacing
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between the two layers of the Faraday shield is 3 mm. The element of the
Faraday shield is 7 mm in width and 1 mm in thickness. Poloidal gaps
between the elements are 3 mm. The inner layer was of stainless-steel
and the outer one was of molybdenum. Recently, the surface of the latter
has been coated with TiC in order to reduce the molybdenum influx into
the plasma [16].

Fig. 4 depicts the antennas, transmission line and impedance matching
system schematically. Two antennas are installed from the adjacent ports
and are supplied with the RF power in phase. We also used top and bottom
ports in the same toroidal section, and supplied the RF power to them in
phase. In this case, the antennas act as half turn loop antenna. The
loading resistance and the heating efficiency are not different from those
of the toreidally separated two antennae case.

From the beginning of this experiment, we have frequently encountered
with a RF breakdown at transmission lines, antennas and generator.

Various countermeasures have been taken to overcome the breakdown.
Power-up process of the available RF power is shown in Fig. 5. PRF Q@)
is the transmitted power to the stub tuners. PNet (®) is the one exclud-
ing circuit loss from PRF (see Sec. 3'1)'. Up to now, the maximum PRF has
reached to 820 kW and the maximum PNet is about 600 kW. The power
densities on the antenna surface and in the vacuum feedthrough reach

to 1.4 kw/cm2 and 8.7 kW/cmz, respectively, The maximum voltage at the
transmission line (filled with 3 atm. of SF6 gas) is 45 kV and up to 51

kV in the wvacuum test.
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3. Experimental Results
3.1 Antenna Loading Resistance

The loading resistance is determined by Ry = PRF/Ier, where I ¢ is
the current at the antenna measured by a small one turn coil behind the
antenna as shown in Fig. 2. The absorbed power by plasma is determined
by P

= [(RA - RC)/RA]PRF where R, and R. are loading resistance with

Net A C

and without plasma, respectively.

The loading resistance is critically dependent on the plasma position
as shown in Fig. 6. The value is about 1 @ because of the short length
of the antenna. The vacuum loading which includes a loss of transmission
line, is 0.6 0.7 for the RG-19U coaxial cable and 0.4 O for the SF-120
(4 7/8") coaxial line [8].

Inward shift of the plasma decreases the radius but the distance
between the antenna and the plasma does not change. On the other hand,
outward shift increases that distance. The solid line is a calculated
value by ref. 9. Considering the antenna length 48 cm, it should be noted
that the measured values well agree with the values predicted by calcu-
lation,

On the other hand, the loading resistance has weak dependence on
the electron density and the minority-to-majority demsity ratio. Figure
7 shows the loading resistance as a function of the line average electron
density fiy for various minority-to-majority density ratio. The loading
resistance increases slowly with D, which is again comsistent with the

calculation {(solid line in Fig. 7).
3.2 Plasma Position Control

Plasma position control with a feedback system is used in the JFT-2,
but in the start up phase of the RF heating, the position control by the
feedback system is not sufficient to suppress outward shift due to
increase of plasma pressure.

Thus, we use a preprogram to increase a current of the vertical field
coil. Figure 8 shows the current as a function of RF power input, PNet'
The open circles indicate well controlled plasma and closed circles show

a failure of the control. From this figure, it can be said that the

energy content in the plasma increases in proportion to the RF net power.
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The gradient of the open circles indicates a rough estimation of the
heating efficiency with the assumption of constant current profile that
is ABP/PNet = 0,5~0.6/MW at Iy = 140 KA.

3.3 Parameter Survey

Parameter dependence studies such as nH/nD, ﬁe, Bp surveys are
performed in order to obtain general properties of the JFT-2 ICRF experi-
ment., The experimental conditions are surveyed as followingly, ﬁe =1,7
v 5.5% 1013 em™3, By = 11 kG ~ 15 kG, ny/np = 24,30 % and I, = 100 ~ 150
kA for the fixed 18 MHz frequency.

A scan of the toroidal field indicates that the increase of ion
temperature sharply peaked when the hybrid layer is in the plasma center
as shown in Fig. 9. This observation is indirect evidence for a centrally
peaked deposition profile. 1In this paper, the torcidal magnetic field is
selected so as to keep the mode conversion layer in the center of the
plasma, hereafter.

Mass sensitive charge exchange spectrums during low power RF heating
are shown in Fig. 10. Deuterium spectra in these cases have no high energy
tails up to E = 4 keV, and the temperature determined by the slope are
around 500 eV. The temperature increase of deuteron normalized by PNet
and the average electron density as a function of nH/nD is shown in Fig.
11. This figure shows that the increase of the ion temperature is almost
constant irrespectively of nH/nD.

On the other hand, hydrogen spectra reveal non-Maxwellian distri-
bution characterized by the existence of a high energy tail. The heating
power density to the minority protons near the plasma center is derived
from fitting the proton energy spectra to the Fokker-Planck theory [1771.
The calculated spectra are shown by solid line in Fig. 10. The slope of
the tail is the largest in the case of nH/nD < 0,03, but the power
deposition per unit volume is the largest at nH/nD ~ 10%. The nH/nD -
dependence of the heating power density to protons is shown in Fig. 12,
If the majority deuterous are heated only through collisional transfer
from the minority protons, the experimental observation that the increase
of ion temperature in those cases are almost the same cannot be explained.
Thus, we should conclude that a part of the RF power is absorbed directly
by deuterium.

If the RF power is directly absorbed by deuterium, the spectrum of



JAERI-M 82-046

deuterium exhibits a high energy tail aslpreQicted by a Fokker-Planck
theory including large Larmor radius effects. The e#ample of the calcu-
lation by the 2-dimensional linear Fokker-Planck code is shown in Fig.
13(a).

Deuterium and hydrogen charge exchange spectra with high power and
low density are shown in Fig. 13(b). Significant high energy tail, which
is almost the same as that of hydrogen, is observed. This fact evidently
shows that the RF power is directly absorbed by deuterium. The high energy
tail in deuterium spectrum is clear in the case of low density, and nH/nD
= 2+ 4% and 30%. In the case of nH/nD ~ 10%, appreciable high energy
tail is not observed, which is consistent with the results mentioned
above, In the case nH/nD n 30%, the second harmonic cyclotron layer of
deuteron (same as fundamental cyclotron layer of proton} lies in the
vicinity of plasma edge. This experimental fact should be interpreted
that the mode conversion layer enhances the second harmonic cyclotron
damping. Tt should be noted that the RF power‘is directly absorbed by
deuterium.

The mode conversion theory predicts that hydrogen concentration in
a deuterium plasma nH/nD is a key parameter to determine the absorption
mechanism, Figure 14 shows heating efficiency as a function of nH/nD in
wide range of density A = 1.7%5.5 «1053en™> and Py, = 200 % 500 k.
Because of day-by-day reproducibility and variation of other condition
such as plasma current, the experimental points are rather spread.

A clear parameter dependence of heating efficiencies, ATioﬁe/PNet
(ATio + ATeo)ﬁe/PNet was not observed. It can be said that the heating
efficiency is almost constant irrespective of nH/nD.

In the low density case denoted by D, typically ﬁe < 2 x 1013, the
increases of ion and electron temperature are small compared with the
same nH/nD cases, which may be due to large increase of impurities and/or

charge exchange loss. The density dependence of the ion heating is

shown in Fig. 15. For Ee z 3x 1013 cm—3 ATi-ﬁe/PNet v 4XI013 eV-cm_B-kW—l

was obtained.
Finally, we show the power dependence of the ion heating for

3% lO13 < ﬁe < 5><1013 cm_3 and nH/nD = 2~47% and ~10%. The solid line

- _ i3 -3 ..-1
corresponds to ATi-ne/PNet = 4x107" eV.cm ~ kW .
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3.4 High Power Heating Results

Tn this section, heating results with Ppee > 500 kW are shown under
the following conditions; fig = 47%5x1013 cm™3, I;=140 kA, ng/np = 27 30%.
Toroidal magnetic field is chosen so as to keep the hybrid layer near the
center.

Figure 17(a) shows typical time evolution of ion and electron
temperature at the center, and Bp in the case nH/nD=v 30%. The Bp is
determined by magnetic probe measurement. Deuterium temperature measured
by mass sensitive change exchangé neutral analyzer increases from 0.4 keV
to 0.8 keV, and the electron temperature on the axis increases from 0.6
keV to 0.9 keV.

From the profile measurement of electron temperature as shown in
Fig. 17(b) and assuming the ion temperature profile Ti(r) = Tio(l- r2)l 5
the calculated thermal energy content Bp is 0.5~ 0.535 for Joule heating
phase and about 0.8+ 0.9 for RF heating phase, which are shown by triangles
in Fig. 17(a), assuming that current profile does not change. These
values are consistent with the magnetic measurement.

Figure 17(c) is the deuterium and hydrogen charge exchange neutral
spectra of this case. Appreciable high eﬁergy tail but smaller than that
of hydrogen is observed in the deuterium charge exchange spectrum. This
fact indicates a direct absorption of the RF power by deuterium.

Time evolutions of the plasma current, loop voltage, radiation loss
measured by the bolometer and spectral line intensity of MoXII are shown
in Fig. 17(d).

The loop voltage including LI decreases from 2 volt before the RF
to 1.1 V during the RF. The decrease of the loop voltage is consistent
with the increase of electron temperature with the assumption of constant
Zgg(n1.8) and constant current profile. The decrease of Joule input
during the RF is about 100 kW. Radiation loss measured by bolometer in-
creases up to 2~ 2.5 times as high as that of the Joul heating phase.
Taking into account of the increase of the power input by a factor of
about 3, the radiation loss does not fatally affect the energy balance.

Almost the same results are obtained in the case of nH/nD = 2v4 7,
The profiles of ion and electron temperature are shown in Fig. 18. The
radial position of the Doppler broadening temperature are determined by
scanning the monochromator. The increase of Bp is 0.24, whose value is

also consistent with the magnetic measurement. Significant increase of

ig__
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ion and electron temperaturé are observed in a entire region of the plasma.
But these profiles are more peaked than the Joule heating phase, which
may be due to peaking of power deposition profile and increase of radia-
tion loss. The radiation loss in this case increases 5 times as high
as that of the Joule heating phase, but still the loop voltage decreases
from 2 Volt to 1.5 Volt,

Comparing the both cases of nH/annSOZ and nH/nD = 2~ 4%, the electron
temperature exceeds that of the ion by about 100 eV in the former case.
Tn the latter case, however, the electron and ion temperature are glmost
the same. This difference becomes clearer in the low density case. The
excess of electron temperature, about 200 eV is indirect indication of
absorption of RF power by electrons. Computer simulation by 1-D tokamak
code show that if all of the RF power deposits on ions, the ion and
electron temperature are almost the same in high density case and the
ion temperature exceeds the electron temperature in low density case.
Therefore it can be said that the RF power deposits directly on electrons.

Figure 19 shows time evolutions of Bp measured by magnetics. Those
two cases, nH/nD‘= 2~n4 %, 30 %, show almost the same increase of Bp at
power level 500550 kW, that is ABp:v 0.4. The initial slope of
(dBp/dt)t=o when the RF is applied at power level ~500 kW, we can obtain
a lower limit of an effective heating power. If the slope is taken at
initial 5 ms, these values are 380 kW for nH/nD ~ 30 %, and 450 kW for
nH/nD = 274 %, Taking account of a rather lower value of the ép,
roughly 80 % of net power is absorbed in the hot core.

In concluding this section, a good heating results are obtained

irrespective of the key parameter ng/np.
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4. Conclusions and Discussions

ICRF heating have been performed in JFT-2 at power levels up to 600
kW with small area antennae of 460 cm2 in total. The radiation power
density on the antenna surface reaches 1.4 kW/cmz. The radiation resistance
of the each antenna is 1  and quantitatively agree with strong damping
model proposed by J. Adam [9].

The heating results obtained are summarized as followingly:

1. Clear dependence of heating efficiencies represented by ATioﬁe/PNet,

(AT4o + ATeO)ﬁe/PNet are not observed in the region nH/nD = 2730 %.
In the DIVA experiment, a strong dependence of heating efficiency
on nH/nD, that is peaked at nH/nD’UlO %, is observed [3].
The difference of nH/nD dependence between the JFT-2 and DIVA
ICRF experiment can be understood by the difference between the
higher and lower field side excitation.

Full wave equation for the mode conversion theory shows

that almost all of the‘wave energy converts to the slow wave
in the case of higher field side excitation [187.

2. Radiation loss does not fatally affect the energy balance in the high
density case, on the otherhand, in the low density region (< 2 x 1013
cm_3), impurity contamination is significant and the heating effici-
ency may decrease,

3. Around PNet = 500 kW, ion temperature increases from 0.4 keV to 0.8
keV and that of electron from 0.6 keV to 0.9 keV are obtained at neg =
4.5 X1013. Increase of the gross thermal energy ABP is 0.35~0.4,

This value determined by magnetic measurement agrees well with the

value obtained from profile measurement.

For the understanding of the heating mechanism, power distributions
for each species of particles are matter of importance. The nH/nD scan

shows the following results:

1. Preliminary power balance analysis indicates that the power deposition
on minority hydrogen takes the maximum value at ny/npv10 Z and in
the case of the larger and smaller hydrogen concentrations than this,
the RF power is dominantly absorbed by deuterium.

2. Deuterium high energy tails are observed at high power PNet > 300 kW.

This fact is a clear evidence of the direct RF power absorption by
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deuterium. Especially, in the case of nH/nD'h30 %, and Bp = 15 kG,
the cyclotron layer lies in the vicinity of the plasma edge.
Up to now, there is no quantitative explanation of the direct
absorption by deuterium. The experimental observations suggest
that the mode conversion layer enhances the hamonic cyclotron
damping.

3. Significant electron heating are observed in the case of nH/nD’bBO %.
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deuterium., Especially, in the case of nH/nD'bBO %, and By = 15 kG,
the cyclotron layer lies in the vicinity of the plasma edge.
Up to now, there is no quantitative explanation of the direct
absorption by deuterium. The experimental observations suggest
that the mode conversion layer enhances the hamonic cyclotron
damping.

3. Significant electron heating are observed in the case of nH/nD’hBO Z.
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