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Recent results on JT-60 ion-cyclotron-range-of-frequency (ICRF)
heating experiment in the second harmonic regime are reviewed. Remarkable
beam acceleration by second harmonic ICRF wave was observed during combined
heating with neutral-beam-injection (NBI). Incremental energy confinement
time of ICRF up to 210 msec was cobtained with beam acceleration, which is
about three times as high as that of NBI or ICRF heating alone case. Second
harmonic ICRF heating is also effective in ohmic target plasma with antenna
phasing in the toroidal direction. Antenna coupling properties during
H-mode were investigated. Coupling resistance increased after H-transition
in (7,0) mode. TFuture plan for upgrade of the JT-60 ICRF heating system is

also presented,
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1. Introduction

Second harmonic ion-cyclotron-range-of-frequency (ICRF) heating is now
being investigated in the JT-60 tokamakl). The second harmonic ICRF
heating is attractive, because it can heat majority ions predominantly and
its power deposition profile can be much narrower than that of.neutral—

beam-injection (MBI} heating. Fusion product <neT Ti> can be expected to

E
rise thus more efficiently by second harmonic ICRF heating than by NBI
heating, assuming same transport coefficient in both cases.

2)

Construction of JT-60 ICRF heating system ' has been completed sub-
stantially in July, 1986. Antenna conditioning in vacuum has begun since
August, 1986. The voltage stand-off in the launching system has reached
45 kV with pulse duration of 3 seconds up to now. The heating experiment
has started from'September, 1986. Since then, we have had three experi-
mental periods. The first priority on JT-60 experiment for these periods,
however, was put on high power NBL heating experiment. Therefore, number
of experimental shots given for ICRF was restricted within only about 100
shots in each period. Nonetheless, some important results has been

obtained in JT-60 ICRF experiment. Main experimental results in each

period are summarized as follows.

{1) September - November, 1986

Coupling properties of the 2%2 phased loop array was investigated for
various phasing modes3). Coupling resistance, RC up to 10 £ was obtained
for (0,0) mode*). Cavity resonance was observed in (0,0) mode. Moreover,
it was found that the cavity resonance was supressed with (7,0) mode, which
is consistent with theoretical analysisa).
Preliminary result on the beam acceleration was obtained during

combined NBI and ICRF heating.

(2) January - March, 1987

Optimization of the heating and the beam acceleration with kH~shaping
(phase control in the toroidal direction) was investigatedS). The incre-
mental energy confinement time for (7,0) mode was 70 msec, while the one
for (0,0) mode was only 40 msec. Efficiency of the beam acceleration for
(7,0) mode was also twice as high as the one of (0,0) mode. Parameter
survey on the beam acceleration was made and the optimum condition for the

5)

beam acceleration was clarified .

%) (A®,A8) denotes the phase difference of the 2x2 loop array.
is the toroidal phase difference and AO the poloidal ome.

—-1—
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The maxlmum torus input power reached 2.1 MW, which corresponds to the
power density of the antenna of 1.1 kW/cm?. This value is close to the
best value of the power density of the ICRF antennas of tokamaks in the

6)

worid 7.

{3) July - October, 19877)

The material of the first wall and the antenna guard limiter has been
changed from molybdenum coated by TiC to carbon in May, 1987. As a result,
the radiation less during ICRF heating has been reduced significantly.

Enhanced confinement associated with beam acceleration was cbserved
during combined NBI and ICRF heating. Antenna coupling properties during
H-mode was investigated. Tt was found that the coupling resistance
increased after H-mode transition for (mw,0) phasing. This result implies
that the coupling resistance can be controlled with antenna phase control

even for the H-mode plasma.

This paper describes the present status of the JT-60 TCRF experiment,
centering around the experimental results in the second and third experi-
mental periods. TFuture plan for the JT-60 ICRF heating system is also

mentioned.

2. JT-60 ICRF Heating System

Qutline of the JT-60 ICRF heating system is only briefly described
here. Detailed description is given in Refs. 2 and 8. Frequency range is
108 ~ 132 MHz, which corresponds to the second harmonic cyclotron resonance
frequency of hydrogen for a range of the toroidal magnetic field of JT~-60.
Experiment has been done at 120 MHz up to the last experimental period.
Generator output power is 6 MW, which is delivered by eight lines of
amplifier chain. A coupler is 2x2 phased loop antenna. Schematic view of
the antenna is shown in Fig. 1. One of the feature of this coupler is
open-type Faraday shieldg). Up to now, we have observed no adverse effects

on the open-type Faraday shield. Material of the guard limiter has been

changed from molybdenum coated by TiC to carbon in May, 1987.

3. Antenna Coupling Resistance

We have used mainly two phasing modes so far. One is (0,0) mode.

Phase difference is zero both in toroidal and poloidal directions. The

iz__
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other is (7,0) mode. Phase difference is 180 degrees in toroidal direction
and zero in poloidal direction. Typical example of calculation of antenna
radiation power spectra for two phasing modes is shown in Fig. 2. The

peak position of the spectra is 0 mfl for (0,0) mode and about 10 m~! for
(1,0) mode.

Figure 3 shows dependence of the antenna coupling resistance on the
line-averaged electron density. The coupling resistance of (0,0) mode is
in the range of 4 - 10 & and the one of (7,0) mode is 1 - 4 {i. Previously,
we observed large asymmetry of the coupling resistance between upper and
lower loops. Recently, we have. found that the coupling resistances can be
equalized by adjusting the stub tuners. The difference is due to the
mutual coupling between the upper and lower loops. The antenna-side stub
of the double stub tuners plays an important role in adjusting the mutual
coupling. The equalized values are also shown in Fig. 3 by © and ® for
{(0,0) mode and © for {(m,0) mode. These are located between the previous
data of upper and lower loops. Results of the coupling calculation are
also shown. Experimental values are in general agreement with the

calculated ones.

4, Radiation Loss during ICRF Heating

The radiation loss during ICRF heating has been reduced significantly
by replacement of the first wall and the antenna guard limiter with carbon
ones. Table 1 compares APrad/PIC’ a ratio of the incremental radiation
loss associated with 1CRF heating to the ICRF power, before and after the
replacement.,

In the case of TiC wall, AP is dependent on the electron

rad’P1c
density, phase contrel and target plasma condition. APrad/PIC reached
about ‘2 in the low density and ohmic target plasma, This is the worst
case. It was reduced with increasing density or injecting neutral beam.
After replacement with carbon wall, it has been reduced significantly even

in the low density and ohmic target plasma.

5. Beam acceleration during Combined NBI and ICRF Heating

5.1 Introduction

The most prominent experimental results on ICRF heating have been

obtained in the combined heating with NBI up to now. Figure 4 shows the

_3_
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charge exchange (cx) neutral energy spectra, Remarkable beam acceleration
was observed during combined NBI and on-axis ICRF heating. Fast ions
injected at 60 keV were accelerated up to more than 150 keV.

Tt was confirmed that the beam acceleration occurs in the plasmé core
by chopping the neutal beams, whose lines intersects with the line of
sights of the cx analyzer in the plasma core. Figure 5 shows the charge
exchange spectra. From 6.0 sec to 6.2 sec, injection from the beam lines
#9 and #10 were chopped. The high energy tail was not observed in this
period as shown in Fig. 5. In this period, however, NBI heating continued
from the other beam lines and the beam acceleration should continue. We
can conclude that the beam acceleration cccurs in the plasma core, since
the high energy tail can be observed only when the neutral density in the
plasma core on the line of sight of the cx analyzer is enhanced by neutral-
injection from the beam lines #9 and #10.

5)

5.2 Parameter Survey

We examined the dependence of the beam acceleration on the electromn

density with almost constant NBI and ICRF power. We measure the beam
acceleration in ATEall, which is the difference of the slope of the cx

spectra above injection energy between NBI+ICRF and NBT only. Figure 6

shows AT;all as a function of a slowing-down time, TS(OE Tz/z/ne), which is
tail

evaluated from measured Te(O) and ne(O). A linear relation ATi = Ty is

confirmed from the experiment. The result is consistent with Fokker-Planck

10)

analysis .
Next, we show the dependence on the NBI power with fixed rf power and
tail

electron density. ATl is almost constant up to P of 16 MW as shown

NB
in Fig. 7(a). This result implies that the ICRF power density absorbed by

the beam component is proportional to P We confirm this by the plot of

. NBT
nb'.&T;"_all/Ts(OC prf) against PNB as shown in Fig. 7(b), where measured cx
data at the injection energy is employed for o, in arbitrary unit. The

1
result is also consistent with the theory O).
Efficiency of the beam acceleration is dependent on the phase control
: ‘1 '
of the antenna current. Tigure 8 compares ATEal as a function of PIC

between (7,0) and (0,0) modes. Efficiency of the beam acceleration of

(1,0} mede is more than twice as high as the one of (0,0) mode.
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11)

5.3 Beam Acceleration under Optimized Conditions

Experimental result on the beam acceleration under optimized con-
ditions, which were clarified by the parameter survey described in section
5.2, is shown in Fig. 9 by solid lines (shot E5764). The dotted lines
(F5795) are added to make clear the baseline of the shot E5764.

The plasma stored energy increased from the ohmic level by 1.2 MJ-
with NBI of 18 MW and further increased by 0.3 MJ with ICRF of only 1.4 MW.
It should be noted that the plasma stored energy did not saturate during
the pulse length of ICRF, although the electron density continued to
decrease during the ICRF pulse.

The number of energetic ions whose energy is higher than the injection
energy (70 keV) increased significantly with ICRF heating, but that less
than the injection energy changed little with ICRF heating, indicating that
the beam acceleration occurred, The electron temperature in the center and
the sawteeth period were also enhanced with increasing population of the
energetic ions.

The incremental energy confinement time of NBI in the NBI heating
alone phase is 70 msec, while the one of ICRF during combined heating is
210 msec. Thus, strong synergetic effect was observed during combined
heating.

The charge exchange energy spectra of the shot E5764 are shown in
Fig. 10. Data of the NBI heating at t=4.9 sec are shown by open squares
and those of the combined heating at t=5.9 sec by closed circles. The

10)

broken line is the fitting by the Fokker-Planck calculation, We thus
evaluate the ICRF power density as 0.34 MW/m® from the fitting analysis.
A ratio of the beam ion density to the total ion density amounts to 18%
during the NBI heating only. It increases up to 40% during the combined
heating. Thus, the beam ions occupy a significant population in the
total ion density during the combined heating. Therefore, we evaluate

ion average energy as an effective ion temperature in the form,

0

peff _ EJ l-MuzFo(u)uzdu/J Fo (UYU2dU (1)
i 3 . 2 .

where Fy, M and v are the isotropic ion velocity distribution determined
by the fitting, the mass and the velocity of an ion, respectively. Tiff
increases from 12 keV during NBL heating only up to 22 keV during the
combined heating in the shot E5764, .

Figure 11 compares the power deposition profiles between NBI and ICRF.

_5¥
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We determine the radius of the TCRF power deposition from the power density
obtained by the fitting analysis of the c¢x spectra and the torus input
power. Those of NBI is from Monte-Carlo code. In this case, the power
density of ICRF, Pig» is more than 50% of that of NBI, pbe+pbi’ in the
plasma center, although the terus input of ICRF is by an order of magnitude
less than that of NBI. ICRF heating 1s thus efficient for central heating.
A self consistent code which incorporates a global wave structure and

12,13)

a quasi-linear velocity diffusion has been developed "A comparative

analysis between the experiment and the calculation is being in progress.

5.4 Enhancemant of Tln; with Beam Accelerationll)
ne
E

(= AW/AP; AW is incremental stored energy due to additional heating power

. . . , . i
Figure 12 summarizes incremental energy confinement time, T

AP) against ﬁe for various heating methods. Open simbols show Tln; of ICRF
during combined NBI and ICRF heating and closed ones indicate ICRF heating
alone case. Circles indicate BT = 4 T case (on-axis heating) and triangles

B, = 4.5 T case (off-axis heating). The broken line is Tlng of NBI heating

T
alone. TlnE in excess of 200 msec is obtained for ICRF during combined
heating, which is about three times as long as that of NBI only or ICRF
only case. However, Tin; decreases with increasing electron density,
since beam acceleration becomes less dominant with increasing electron
density.

A simple scaling of the incremental energy confinement time of 1CRF

during combined NBI and ICRF heating is written as

inc inc
= . + T 2
TET T T s T T RO (2)
where nb is a ratio of the ICRF power absorbed by the beam ions to the

inc
EQ
is the incremental energy confinement time of the bulk plasma. Equation

total ICRF power, T is the ion-electron energy relaxation time and T

(2) is derived from a steady-state power balance of the two-components

plasma. 1n_ is calculated from the scaling of the rf power density

deposited gn the ions having the non-Maxwellian beam-induced and rf-
induced taillo).

The experimental data are plotted as a function of nb-TS ag shown in
Fig. 13. We confirm that the scaling fits the experimental data very well,
Therefore, we can conclude that the beam ions accelerated by the ICRF wave

behave classically, although the bulk plasma follows typical L-mode

iei
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scaling. It is important from point of view of the plasma confinement to
inject more ICRF power and to investigate the behaviour of the high energy

ions which dominate the total ion population.

6. ICRF Heating of OH Plasma

The second harmonic ICRF heating is also effective for ohmic plasma
in the case of (W,O)'phasing. Figure 14 shows time evolution of PIC and
the electron temperature measured by filter method of soft X-ray for (a)
on-axis heating and (b) off-axis heating. The cyclotron resonance layer
is about 40 cm outside from the axis in the latter case.

The central electron temperature and the sawteeth period are enhanced

with on-axis ICRF heating. Peaked profile of the electron temperature is

obtained with on-axis heating.

7. Antenna-Plasma Coupling during H-model*) "

H-mode phenomena were observed during combined NBT and ICRF heating in
JT-60. H-transition was seen both in (7,0) and (0,0) modes. Figure 15
shows time evolution of the antenna coupling resistance, the line-integral
electron density, Ha signal, the plasma stored energy measured by diamag-—
netic loop, NBI power and ICRF power for {(a) (7,0) mode and (b) (0,0) mode.
Perjod of H-mode is indicated by two vertical broken lines in each figure.
At the H-transitiocn, Hu signal was depressed and the electron density and
the plasma stored energy increased in both cases. The antenna coupling
resistance, however, showed different response between both phasing modes,
i.e. the antenna coupling resistance increased at the H-transition in {7,0)
mode, while it decreased in (0,0) mode.

A reduction of the antenna coupling resistance during H-mode has been
observed in other tokamaks. In JT-60, however, the coupling resistance of
(7,0) mode has been found to increase during H-mode transition, although
the one of (0,0) mode decreases.

This is explained with the antenna-plasma coupling code taking into
account the change of the electron density profile. Figure 16 shows
electron density profiles of L-mode and H-mode. Broken lines indicate cut-
off density of fast wave for various values of kH' The cut-off surface for
large k” (> 10 mfl) exists inside the geparatrix. Therefore, it becomes

close to the antenna after H-transition. This is the reason why the
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scaling. Tt is important from point of view of the plasma confinement to
inject more ICRF power and to investigate the behaviour of the high energy

ions which dominate the total ion population.

6. ICRF Heating of OH Plasma

The second harmonic TCRF heating is also effective for ohmic plasma
in the case of (W,O)'phaéing. Figure 14 shows time evolution of PIC and
the electron temperature measured by filter method of soft X-ray for (a)
on-axis heating and (b) off-axis heating. The cyclotron resonance lavyer
is about 40 cm outside from the axis in the latter case.

The central electron temperature and the sawteeth period are enhanced
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H-mode phenomena were observed during combined NBI and ICRF heating in
JT-60. H-transition was seen both in (7,0) and (0,0) modes. Figure 15
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netic loop, NBI power and ICRF power for (a) (m,0) mode and (b) (0,0) mode.
Period of H-mode is indicated by two vertical broken lines in each figure.
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the one of (0,0) mode decreases,
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account the change of the electroﬁ density profile. Figure 16 shows
electron density profiles of L-mode and H-mode. Broken lines indicate cut-
off density of fast wave for various values of kH' The cut-off surface for
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clogse to the antenna after H-transition. This is the reason why the
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resistance, however, showed different response between both phasing modes,
i.e. the antenna coupling resistance increased at the H-transition in {(w,0)
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observed in other tokamaks. In JT-60, however, the coupling resistance of
(7m,0) mode has been found to increase during H-mode transition, although
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coupling resistance increased during H-mode for (m,0) mode.

8. Summary

(1} During the combined heating of NBI and LICRF, the remarkable beam
acceleration was observed and the plasma stored energy increased very
efficiently. This improvement of the energy confinement is explained
as the bulld-up of the fast ions accelerated by ICRF.

(2) H-mode phenomena were observed during combined NBI and ICRF heating in
many shots. It 1s demonstrated that such large kH excitation as (m,0)
mode Improves the antenna coupling during H-mode.

(3) Peaked electron temperature profile was obtained with on-axis TCRF
heating.

{(4) Radiation loss during ICRF heating has been reduced significantly with

carbon first wall and carbon guard limiter of the antenna,

§. Experimental Programme in 1988

The frequency has been changed from 120 MHz to 131 MHz in March, 1988
in order to match the frequency to the full toroidal magnetic field of
JI-60, 1.e. 4.8 T. The ICRF experimental programme for the next experi-

mental period is as follows.

(1) Enhancement of ne(O)TETi(O) with
on-axis ICRF heating (= 3 MW),
intense NBI heating (~ 25 MW),
high plasma current (£ 3,5 MA) and
pellet fueling.
(2) Expansion of the database of ICRF heating alone with phase control,
pellet, etc.
(3) H-mode study with combined NBI and TCRF heating in the lower single
null divertor configuration.

(4) Fast wave current drive experiment with assistance of LHRF.
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10. Future Plan

Upgrade of the ICRF heating system is considered for JT-60U (D-shaped,

lower-side divertor, 6 MA) as follows.

(1) 1990 ~ 1992
Generator output ; 12 MW
by replacement of the tetrode 8973 with X-2242

Frequency range ;108 MHz ~ 132 MHz (unchanged)
Antenna 3 phased loop array

Number of antenna ; 2

(2) 1993 ~

Main experimental programme in this stage is current drive experiment
in the high electron density regime. Current driver for this experiment
will be determined in near future. ICRF is considered as one of the
possible methods for the high density current drive experiment.

Tentative specification:

Torus input 3 24 MW

Frequency range ; 40 MHz ~ 130 MHz
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Ratio of incremental radiation loss associated with ICRF

heating to ICRF power for various conditions.

TiC Wall (September, 1986 ~ March, 1987)
OH+ICRF OH-+NBI+ICRF
ne (10%m™3) ol ~G 3nd
APrad/Prc; (0,0) 2.2 1 0.5
APrad/Picy (m,0) 1.8 0.6 0.8
Carbon Wall (since July, 1887)
OH+ICRF OH+NBI+]ICRE
ne (10¥%m™3) 2.1~3.5 2.1~3.5
APrad/PlC; (75,0) 0.2 0.3
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(2) Faraday Shield
(@ Guard Limiter
(@ Coaxio! Line

Fig. 1 Structure of the 2X2 phased loop
antenna array of JT-60.
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Fig. 2 Radiation power spectra of the 2ZXZ2 loop antenna.
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-(C) (e8keV)  f.
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Time (sec)

Time evolutions of (a) plasma stored energy, line-averaged electron
density, NBI power (torus input), ICRF power {antenna radiation
power including circuit loss), (b) electron temperature at the
plasma center and r ~ 0.4 m and {c) charge exchange neutral fluxes
at the NBT injection energy (68 keV) and above the injection energy
(103 keV) for the shot E5764 (solid lines). Dotted lines {shot
E5795) are included for comparison. Ip=l.5 MA, Br=4 T, PNB
(absorbed power) = 18 MW and Pic (antenna radiation power excluding
circuit loss) = 1.4 MW.
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Charge exchange energy spectra of the shot E5764 during
the combined heating (t=5.9 sec) and NBL alone {(t=4.9
sec). The result of the Fokker-Planck calculation is
also shown (broken line).
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11 Comparison of power deposition profiles between NBI
and ICRF.
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Incremental energy confinement time TlnE against
line-averaged electron density fe. Open circles
and triangles are those corresponding to the ICRF
heating during the combined heating for By of £ T
(on-axis heating) and 4.5 T (off-axis heating),
respectively. Those of ICRF alone are indicated
with closed circles and triangles. Broken line
shows the level of NBI heating alone.
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Fig. 13 Incremental energy confinement time Tlng for ICRF
during the combined heating as a function of
Nh*Tg for Br=4 T {(circles) and 4.5 T (triangles).
The result of linear-regression analysis is shown
by solid line.
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14 Time evolution of ICRF power and the electron temperature from
soft X-ray filter method at various positions. Tgil(r); r=3,
0.2, 0.4, 0.6, 0.8 m from the top. (a) on-axis heating,
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Electron density profile of L and H modes
obtained by functional fitting analysis of
the data of three-channel far-infrared

laser interferometer. Broken lines indicate
fast wave cut-off density for various

values of kj.



