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1. 5 Recent Results of JT-60U ICRF Antenna Operation
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1. Introduction

Ion cyclotron range of frequencies (ICRF) heating is one of attractive plasma heating

methods for a reactor grade tokamak because it is quite effective in wide ranges of the plasma

density and temperature. An antenna, which should inject high power into plasmas, has been

developed intensively because heating efficiency and coupling properties depend on its design.

The antenna was operated at small antenna-plasma gaps of 0.02 - 0.05 m in JT-60 for out-of-

phase mode ((rc,0) phasing) which shows high heating efficiency to obtain high loading

resistance [1] and similarly in other tokamaks [2, 3, 4]. However, in order to reduce heat load

to the antenna from the plasma, wide gaps are required in the reactor grade tokamak, such as

ITER where the gap is designed to be 0.15 m in CD A [5]. Two new antennas were fabricated

for JT-60U, which are designed to obtain high loading resistance at wide gaps for (7T,0) phasing.

2. ICRF Heating System

Figure 1 shows a schematic block diagram of the JT-60U ICRF heating system [6]. Total

generator output is originally 6 MW for 10 sec and is increased to 8 MW for 3 sec by rising the

screen grid voltage. An impedance matching circuit for each transmission line is composed of

a stub tuner and a phase shifter. Phasing of the currents between toroidally adjacent straps and

between poloidally adjacent straps is carried out by phase shifters in low power levels. There
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Fig. 1 Schematic block diagram of the JT-60U ICRF heating system.
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are several protection circuits against high antenna reflectivity, high antenna voltage, large

reflected power to the amplifier and so on. In particular, the circuit against high antenna

reflectivity due to the antenna breakdown is quite useful for antenna conditioning. It has a

notching function by which RF power is cut off within 200 |is if the reflectivity exceeds the

preset value, and is turned on after the preset cut-off time, normally 2 ms for vacuum

conditioning and 10 ms for plasma conditioning.
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Fig. 2 Illustration of the JT-60UICRF antenna.

3. JT-60U Antenna
The front view of the JT-60U antenna is

illustrated in Fig. 2. The antenna consists of 4

current straps (trombone shaped loops) short-

circuited at the middle plane in the poloidal

direction, which is basically similar to the JT-

60 antenna. Each strap is 0.19 m in width and

0.32 m in height. The toroidal separation

between the current straps is chosen to be 0.44

m to have the n// spectrum with n/fpeak" 3 and

An//=2.5 for (7t,0) phasing at 116 MHz,

which is calculated by the coupling code

where the image current on the solid poloidal

septum is considered [7]. The open type

Faraday shield made of copper plated inconel pipes (15 mm in diameter) is provided to reduce

RF dissipation. The poloidal septum leads easy impedance matching by suppressing the

toroidal mutual coupling between the straps. Its position is the same in the major radius

direction as that of the straps so that the arched Faraday shield, the septum and the recessed

side antenna casing may have

good transparency for RF

magnetic field parallel to the

toroidal magnetic field same as

a slotted septum. The antennas

are installed into the equatorial

ports, P l l and P12 without

bumper limiters, as shown in

Fig. 3, but they are set behind

the carbon tiles used as the first

wall by 0.03 m.

Fig. 3 Front view of the JT-60U ICRF antennas installed.

4. Power Injection Capability
Antenna conditioning has been conducted well in the initial operation period. The phasing
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mode is set at (TT.,0) phasing which

is expected to be higher heating

efficiency than (0,0) phasing.

First we conditioned the antennas

in vacuum loading up to the

antenna maximum voltage VmBX =

42 kV, where Vmax is defined as

the maximum standing voltage in

the coaxial line connected to the

current strap. ICRF power of 3.6

MW was coupled to plasmas after

only about 70 conditioning shots

where Vmax reaches about 28 kV,

as shown in Fig. 4. The coupled

power was increased smoothly after the antenna conditioning. The maximum coupled power

reaches 6.4 MW corresponding to the power density of about 6.1 MW/m2 and Vmax is 34 kV

with Re = 3.9 Q. Here, the loading resistance is defined as the following expression
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where Pnet is the transmitted power to the current strap and ZQ is the characteristic impedance
of the coaxial line, 50 £1.

Anomalous antenna breakdown is

observed during combined neutral

beam injection (NBI) and ICRF

heating for the particular magnetic

field Bt = 3.0 T. Figures 5 (a) and (b)

show rime evolution of the forward and

reflected powers of each current strap

at Pic = 4 MW for two successive

shots of B[ = 3.0 T and Bt = 2.83 T,

respectively. The notching for antenna

protection works for Bt = 3.0 T but

does not for slighdy changing magnetic

field Bt = 2.83 T. Moreover, sparks on

the Faraday shield are found only for • . . . • , • . t«o

Bt = 3.0 T by monitoring the antenna FiS- 5 T i m e evolution of the forward and reflected
powers of each current strap at Pic = 4 MW

front with a visible TV camera. Hot for (a)B t = 3.0T and (b)Bt = 2.83T.
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spots are also seen in both antennas and are localized on the upper side of the Faraday shield

blades in xhe lower part and near the toroidal center of the antenna. An ion cyclotron

resonance layer of 7 COCD is located near the antenna for Bj = 3.0 T. Here, the resonance

position is estimated carefully by considering the effect of the toroidal field ripple as well as the

effect of the poloidal field because the ripple is fairly large values of about 2 % near the outer

wall in the JT-60U. Thus, we infer that the sparks and the hot spots are caused by the energetic

ions which are originally injected perpendicularly by NBI, diffuse to the resonance layer and

then are accelerated by 7 OJcD ICRF heating.
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5. Coupling and Radiation Loss Properties

Figure 6 indicates the

averaged loading resistance Rc

over all the current straps as a

function of the distance 5s F

between the separatrix and the

Faraday shield. Open symbols

indicate the data for (rc.O) phasing

and closed symbols for (0,0)

phasing. The dotted line is a

calculated result for (TC,O) phasing

by the coupling code. The solid

lines are simple fitting to the data.

Fairly large antenna loading

resistance is obtained, i.e. 4 Q. for

(;i, 0) phasing at 5SF = 0.13 m, and

5 n for (0, 0) phasing at very large

distance of §SF = 0-33 m although it decreases with 5SF- The (TI,0) phasing data agree with the

calculation, but the (0,0) phasing data is much larger than the calculation.

Since the length of the evanescent layer for fast waves with n// > 1 is almost same as 5SF

for the JT-60U plasmas, the loading resistance is roughly proportional to the expression [8]

;al. for (-.,0)
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Fig. 6 Averaged loading resistance Rc as a function

of the distance 5sF between the separatrix
and the Faraday shield.

Rc (2)

where krj is the wave number in free space and ny is the poloidal refractive index. The main

parallel refractive index of the coupled power is estimated as n// - 2.8 for (it, 0) mode and as n//

- 1.8 for (0,0) phasing from the slopes of the loading resistance shown in Fis, c. where ny = 0 is

assumed. Then calculated n//pcak for (71,0) phasing is consistent with the estimated n// from the

slope. Therefore, as for (n,0) phasing it is inferred that the n// spectrum of the coupled power is

close to the calculated one. On the other hand, the calculated n//peak is about 5 for (0,0)
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phasing, much different from the estimated value from the slope. This discrepancy between the

experiment and the calculation for (0,0) phasing seems to come from inexact modeling of the

poloidal septum in the code because the image current on the septum may affect the n//

spectrum much more strongly for (0,0) phasing than (n,0) phasing. Thus, we must treat the

seprum geometry exactly to calculate the loading resistance for (0,0) phasing.

The radiation loss properties

during ICRF heat ing are

investigated for (jt, 0) phasing

though there are not a number of

data for (0,0) phasing at high power

levels. Figure 7 shows the ratio of

the incremental radiation loss to

ICRF power APracj/Pic from the

main plasma as a function of ICRF

power in deuterium and helium

discharges for second harmonic

minority hearing of proton at B t = 4

T. The data also include the results

after boronization. The ratio of the

incremental radiation loss decreases

with ICRF power and is saturated at

small values less than 10 % at power levels more than 4 MW. Possible explanation for this

power dependence of the radiation loss is the improvement of the power absorption, because

the power absorption also increases with ICRF power and is saturated at about 100 % more

than 2 MW. The effective ionic charge Zeff is about 3 for helium ohmic discharges and it

increases slightly by about 10 % during ICRF pulses of 4 MW level. The increase in the line

emission intensity of light impurities such as carbon and boron shows a similar ICRF power

dependence to that of the incremental radiation loss. Conversely, the metallic impurity nickel,

which seems to come from the Faraday shield, has no correlation with the incremental radiation

loss during ICRF heating. So that the increase in the radiation loss seems to be mainly caused

by the light impurities from the first wall.

6. Conclusions

The JT-60U ICRF antennas are conditioned quickly with about 70 shots. The maximum

coupled power is 6.4 MW for (7r,0) phasing, corresponding to the power density 6.1 MW/m2.

Fairly large 'Jitc ma loading resistance is obtained, i.e. 4 Q for (TT, 0) phasing at 5SF =0.13 m,

and 5 Q for (0, 0) phasing at very large distance of 5SF = 0.33 m. This is desirable to an ICRF

antenna operation in a reactor grade tokamak, such as ITER.

Fig. 7 Ratio of the incremental radiation loss to

ICRF power APrad/PlC from the main plasma

as a function of ICRF power for (71,0) phasing.
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Anomalous antenna breakdown is observed during combined NBI and ICRF hearing for

B t = 3.0 T. It is inferred to be caused by the energetic ions which are originally injected by

NBI and then heated at 7 C0CD ICRF resonance near the antennas.
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