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Impedance matching and power test of the JT-60 ICRF launching system
was performed on.the test stand before installation into the JT-60 wvacuum
vessel. Impedance matching of the 2%X2 phased loop antenna array was con-—
firmed with various phasing conditions. The antenna input impedance changes
considerably according to the phasing because of thé mutual coupling among
the loops.

Multipactoring discharge was observed and its power region was
clarified.

Rf energy of 1 MJ could be injected into the half part of the launch-

ing system after the aging of effectively 2 days. Observation of the aging

#1 On leave from Hitachi Ltd,
*2 On leave from Toshiba Ltd.

*3 Toshiba Ltd.
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process, such as gas desorption, mass analysis, measurement of the tempera-

ture of the launcher etc., is discussed.

Keywords: JT-60, ICRF, Launcher, Impedance Matching, Phased Loop Antenna

Array, Multipactoring Discharge, Aging, Gas Desorption
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1. Introduction

This péper describes the results on the tests of the JT-60 ICRF
launcher before installation into the JT-60 vacuum vessel.

The JT-60 ICRF heating experiment is the first attempt of the second
harmonic heating in the large tokamak device, which is the most attractive
heating regime in application of the ICRF to a fusion reactor. The current
drive by the fast wave will be also tested. From the point.of view of the
rf heating technology, the launcher developed for high power density and
long pulse operation will be tested in the reactor-like circumstances.

The basic specifications of the JT-60 ICRF heating system are as

follows.
RF power T 6 MW
Frequency : 110 MBz ~ 130 MHz
Pulse width : 10 sec.
Duty cycle : 1/60
Launcher : 2 x 2 phased locp antenna array

The detailed descriptions of the total heating system are given in Ref. 1.

The'contents of the present test are twofold.

(1) Impedance Matching Test

The JT-60 ICRF launcher is a 2 X 2 phased loop antenna array. Each
antenna element is connected to a double stub tuner individually, because
of the phase contrel. The antenna elements couple mutually and its degree
depends on the position of the stub tuner. Therefore, it is important to
check the feasibility of the impedance matching of this launching system
with simultaneous injection into all the elements.

We try the impedance matching for four types of the phasing, i.e.

(0,0, (0O,m, (r,0) and (v,m), where the former is the toroidal phase
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difference and the latter is the poloidal ome.
(2) Power Test
The total launching systeﬁ including the sub tuners is assembled
on the test stand., Rf power is injected into the launching system in
the vacuum condition in order to check the reliability of the launching

system against high voltage and high current during 10 sec.

We can evaluate basic performance and quality of the launching
system by these tests before commissioning. The contents of this paper
are as followé.

In Sec. 2, brief descriptions of the JI~60 ICRF launcher and the
experimental set-up on the test stand are given, The result on the
impedance matching test is described in Sec. 3. Observation of the
nultipactoring discharge and experimental results on the aging process

are prensented in Sec., 4 and 5, respectively.
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2. JT-60 ICRF Launching System and Test-stand

The design of the ICRF launcher of JT-60 was started from the
beginning of 1984. We adopted the 2x2 phased loop antenna array, since
we recognized the importance of phase control in optimization of the
heating.

The coupling calculation was done to determine the dimension of
the coupler with the three dimensional antenna coupling code {2,3].

A detailed mechanical and electrical design calculation was
performed to satisfy the specifications imposed on the JT-60 launcher,
which are summarized in Table 1., High power demsity, leng pulse
operation and disruptive instability were severe obstacles in establish-
ment of the design. However, these points have been overcome by adopting
pertinent mechanical structure and confirming it with three dimensional
stress analysis.,

Figure 1 shows the structure of the JT-60 ICRF launcher [1].

The fabrication of the launcher was completed in August, 1985,

The other important components cof the coupling system, such as stub
tuners, DC breaks, directional couplers and U-1links (trombones) have
been alsb completed.

The total coupling system was assembled on the test stand before
the installation into the JT-60 vacuum vessel, Figure 2 show the
experimental set-up on the test stand, The vacuum vessel of 1300 &
capacity is evacuated with a turbo molecular pump of pumping speed
200 /s, Before the antenna conditioning, the launcher and the vacuum
vessel were baked at 200°C during 60 hours. The base pressure after the
baking énd before the antenna conditioning was 4 x 107% Torr (Ny) and

it decreased to 2 x107% Torr (N,) after the antenna conditioning.
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The temperature of the launching system was measured by 51 thermocouples.
A double stub tuner was equipped for each antenna; Rf power transmitted
into the launching system was measured by a directional coupler located
between the stub tuner and a generator, Since antenna loading resistance
is very small because of vacuum loading, a large reactive power is
accumulated between the antenna and the stub tuner. The accumulated
power was measured by a directional coupler located between the stub and
the antenna.
A rating of the rf power source is as follows.
Frequency : 120 MHz
Rf power : 100 kW
Pulse width : 10 sec
Duty cycle : 1/15
Output of the power source was supplied to the two lines of the
launcher through a two-way power divider. The rest of the lines were
short-circuited near the junction with the stub tuner. The transmission

lines were filled with SFy gas at 2 atomospheric pressure,
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3. Impedance Matching

Before the assemblage of the total launching system, we measured
the mutual coupling between the loop antennae. The results are shown

in a matrix form,

“P1y Pi» P13 Pay | ~ 0 -6.6 =19.9 -14.3 |
Pz1 Pz Pz3z Pay -6.6 0 -14,6 -19.9
P31 Pss Pas Pay i -19.9 -14.6 0 -6.5 o
Pur Puz Puz Pus -14,3  -19.9  -6.5 0 dB

where Pij (i, i = 1~~4) is the normalized power coupled to the j-th
loop when the power is supplied frem the i-th loop. Numbering of the
loops is shown in Fig, l. Coupling between the poloidal pair is the
strongest (-6.6 dB), Coupling between the torcidal pair is medlium
(-14.3 dB) and the cross coupling is the weakest (-19.9 dB), Symmetry
of the loop array was found to be quite good.

In order to evaluate the antenna input impedance, we must take the
mutual impedance into account. The mutual impedance Zij can be written

in the form,

Vi Zyy L1, Z1s 2y I,
Vs Zyy 2y, Ly Zy, I,
= (2)
Vs Z31 L3y Zaz gy 1,
Vi L Zyy lyp Zyz Zyy 1 L,

where Vi and Ii (i =1~ 4) are respectively voltage and current at the

terminal point of each loop antenna. Antenna input impedance ZAi is
Vi
defined as ZAi = T;’.

Using Eq. (2), we obtain

4 .
Z .= 1 z, = . (3)
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From the above relation, we can find that the antenna input
impedance can be controlled by the choice of the current direction of
each antenns, i.e. antenna phasing. The antenna input impedances for

various phasing conditions are as follows.

0 . =

(0,m ; Zyg =2 Loyt Zoa+ Ly,
(M) 5 2y = 2457 F 259 = 253 7 24y
(0,0) ; 2., =2,, = 2,0= Z,,+ 2

Al T L4 T A2 Zist 2y
(Ta0) 5 Zpy = 250 — 259 = 245 7 244

where (1,8) means respectively toroidal and poloidal phase differences,

The directions of the current for each case are illustrated as follows.

(0,m) (m,) (0,0) (m, 0)

+
4

“— >

+
+

v ¥ ¥
v ¥ ¥

+ ¥
o4

The mutual inductance is the largest for (0,m) and is the smallest
for (w,0).

The impedance matching of the 2 X2 loop array was achieved with the
stub tuners for various phasing conditions. Because of good symmetry
of the antenna array, the stub positions necessary for the impedance
matching are almost the same for all the lines. We can obtain impedance
matching simply by scanning each stub tuner by almost equal length,

The input impedances of the antenna array with simultaneous injection
into all the ports can be deduced from the stub matching positions. The
results are indicated on the Smith chart in Fig., 3 for 120 MHz. As
discussed above, the electric length becomes larger in order with {(m,0),
(0,0) and (0,m).

It shculd be noted that the antenna input impedance can be changed
considerably by phase contrei. It is important to calculate the

antenna-plasma coupling, taking the mutual coupling between loops into
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account. This work is now in progress for the 2 X2 antenna array.
One should alsoc note that the input impedance of the single loop
operation, where the other lines are terminated with 50 @ load, is near

the quarter wavelength resonance, as shown in Fig. 3.
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4. Multipactoring phenomena

Rf power was fed to one of the poloidal pairs (antennae I and II)
through the two-way power divider with the phase difference of m, which
means that the current directions of the antennae I and II coincide.

Positions of the stub tuners were controlled so that the power coupl-
ing to the antennae III and IV was sméll. Typical power partition among

the loops were as follows.

PI : PII : PIII H PIV =1 : 0.98 ; 0.14 : 0.53 .

We observed strong multipactoring phenomena at low power region.
Figure 4 shows the power dependence of the multipactoring discharge. The
vertical axis 1Is increase of gas pressure associlated with the rf pulse.

At about 10 kW, large increase of pressure was observed, Strong light due
to the discharge was seen around the feedthrough of the antennae IIL and IV.
The corresponding peak value of the voltage standing wave was less than

~7 kv.

The position of the discharge changes with the power. The light near
the feedthrough moved to the antenna at 20 kW. At the power of 30 kW, the
discharge took place inside the antenna casing, and the outgassing decreas-
ed. Above 40 kW, the discharge was not observed inside the launcher, and
the outgassing was further reduced. Weak light was observed outside the
launcher and hot spots were seen on the coil and the central conductors of
the lines I and II, Number of the hot spot increases with the power, but
the gas pressure was kept at the low level up to 100 kW.

The multipactering discharge causes large reflection at the start and
end phase of the rf pulse. Figure 5 (a) ~ {(c) show the oscillograms of the
incident veltage measured by the directional coupler located after the stub
tuner and the incident and reflected wvoltages measured before the stub

tuner. The rf power of each case is (a) 6.4 kW, (b) 12 kW and (c) 35 kW.

_;8_;
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In Fig. 5(a), large reflected voltage was observed at the start of the
pulse and reflected power increased gradually in the latter half of the
pulse due to the onset of the multipactoring discharge. At the start of
the pulse, we always encounter the forbidden band of the power due to the
multipactoring phenomena. The ramp-up rate of the pulse must be as rapid
as possible, otherwise the pulse is interrupted by the reflection alarm
circuit.

In the interm diate power regibn, the pulse was noisy but its ampli-
tude became constant except at the start of the pulse as shown in Fig. 5(b).
In the high power region (Fig. 5(c)), the pulse became stable and the
mismatching at the start of the pulse was reduced. Above this power, we

could easily increase the rf power up to the maximum power of the generator.
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5. Observation of Aging Process

The aim cof this power test is to inject the rf power of 100 kW
during 10 sec into the launching system. Therefore we increased the
pulse width step by step up to 10 sec, monitoring the power accumulated
in the 1aﬁnching system, the temperature at various points of the
launcher and the pressure in the vacuum vessel.

The power level of the aging was 60 ~100 kW, so that the multi-
pactoring discharge was suppressed inside the launcher, 1In this power
region, we observgd the het spots on the central conductor and the weak
light ocutside the launcher as described in Sec. 4.

Figure 6 shows the gas pressure during the rf pulse P_ versus rf

G

energy W. It is found that the aging was in progress day by day. PG

increases non-linearly with W. A large jump of PG was seen at 1 MJ.
This might be due to insufficiency of aging time.

The temperature of the launcher was measured at various positions
of the launcher i.e. the Faraday shield, the guard limiter, the coaxial
lines (outer conductor), the feedthrough (outer conductor) and so on.
The highest rise of the temperature was detected at the gap of the
guard limiter, The rise of the temperature at this pesition, ATbulk’
is plotted as a function of W in Fig. 7. It is shown that ATbulk is
proporticnal with W and that there is no difference between the data
of 27/9 and 28/9 in contrast with the relation between PG and W (Fig.6).

This result indicates that the increase of the temperature was
not due to anormalous discharge on the surface of the launcher but
simply due to the joule loss on it,

The mechanism of the gas descrption associated with the rf pulse

has not yet been made clear. It is not likely, however, that the
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discharge phenomena play an important role in the gas desorption at
least in the present aging process, since we avoided the power region
of the multipactoring discharge.

From the mass analysis of the desorbed gas, increase of hydrogeﬁ
was found to be the most prominent, Secondly CO increased largely.
Figure 8 (a) and (b) show the data of the mass analysis, It is a
feature of the rf aging that HyO does not increase. Similar tendency
was seen for much higher frequency case in JAERL (2 GHz, lower hybrid range
of frequency).

The aging process is shown in Figure 9, The abscissa is the
integrated value of the injected energy from the start of the aging.
The vertical axis is the gas pressure normalized by the rf power and
the pulse width. 1 MJ injection was achieved after the aging of the
total injection energy of ~45 MJ during two days.

The gas desorption rate at 1 MJ injection was 0,02 Torr-%/s, which
is at least two order of magnitude smaller than the value which affects
the particle balance of JI-60. If the maximum power were injected, the
gas desorption would further increase only by one order, Therefore the
gas desorption from the launcher itself might be no problem.

Typical waveforms of 1 MJ injection are shown in Fig. 10 (a) ~(d).
Power is injected into the lines I and Il. Incident and reflected power

of them, Pin and P are shown in Fig. 10 (a). The power accumulated

ref’
in the launching system PAin’ which was measured with the directional
couplers placed between the antenna and the stub tuners, are shown in
Fig. 10 {b). These signals are of forward wave, The voltage standing
wave ratio (VSWR) of the launching system is quite high because of the

vacuum loading. Then, the coupling resistance RC and the maximum

voltage of the launching system VMax are given as follows.
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Pin - Pref
RC oo ZO ¢ —
4 PAin
- ———————— )
VMax ~ 22 ZO PAin ’

where ZO is a‘characteristic impedance of the coaxial lines of the
launching system, Temporal change of RC and VMax are illustrated in

Fig. 10 {c) and (d), respectively. Besides the early phase of the pulse,
Rc is almost constant, RC is 0.35 ! and 0.3 {2 for the antennae T and

II, respectively., The small difference of RC between I and II may be
due to the subtle phase difference of the two lines from 180°. The

averaged coupling resistance including the coupling to the lines III

and 1V, Ec’ is defined as

2
.§ (Pinj - Prefj)
R = gz 31
c 0 4
4P
j;_-lAlnj

ﬁc is 0.278 in this case., The relaticn between ﬁc and the resistance

per unit length of the launching system, L. is

where L is the total length of the launching system. Assuming the
radiation resistance in the vacuum to be 0.18 and using L = 10,7 m,
r. is 0.031 ©/m. This value is consistent with the design value of the
6 inch coaxial lines at 120 MHz and room temperature,

VMax of T and II is 28 kV and 26 kV, respectively. These are about

30% of the maximum rating of the JT-60 ICRF launcher. The enerxgy loss

of 1 MJ per two lines is also about 507 of the maximum rating.

ST e
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Conclusions

Impedance matching and power test of the JI-60 ICRF launching

system was performed on the test stand before the installation into

JT-60. Following results were obtained.

L,

impedance matching of 2 %2 loop antenna in vacuum was investigated
with vérious phasing. Input impedance of the loop antennae changes
considerably with phasing due to the strong mutual coupling.

Intense multipactoring discharge was observed only at the low power
level, i.e. for the voltage of standing wave less than ~7 kV.

1 MJ has been injected into the half part of the launcher. Gas
production rate can be suppressed at modest value (~1072 Torr-L/s)
after some aging process,

Desorbed gas is mainly hydrogen.

Coupling resistance in the vacuum is 0.3 ~0.35 {, which is consistent

with the estimation of the resistance of the launching system,
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JT-60 ICRYF¥ Launcher Specifications

Table 1

1. 2X2 Phased Loop Antenna Array
2. Faraday Shield
Arch shape
Open type (gap/pitch=05)
Material ! Inconel
Coating : Cu+TiC
3, Guard Limiter
Material :Molibdenum
Coating . TiC
4, Feedthrough
Two— stage
5 Baking Temperature
250%C

6. Electric and Thermal Coditions

RF power . 6 MW
VSWR { 25

~ Pulse Length : 10 sec
Duty : 160
Total RF loss . 430kW

Heat flux from the plasma . TO0KW
7. Mechanical Condition
Current quench time of disruption

i ms at Z27TMA
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JT-60 ICRF
2x2 PHASED LOOP ANTENNA

S
-

(1) Central Conductor

(2) Faraday Shield

| (3 Guard Limiter
(4) Coaxial Line

Fig. 1 Structure of the JT-60 ICRY 2x2 phased loop antenna array.
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Multi poC'fOring" ‘Phenomena

P (10° Torr)

| T | 1 1

i Feedthrough
 Coaxial Line

Anfenna

Cosing  vacuum Vesse!
| Hot Spot

™

0

Fig. 4

0 20 40

6080 100

Variation of the pressure in the vacuum vessel as
a function of the rf power. Location where the

multipactoring discharge took place is shown in

the figure.
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(c)
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Waveforms of the incident veltage measured after
the stub tuner (upper trace), incident and reflect-
ed voltages measured before the stub tuner (middle

and lower traces, respectively). R&f power is
{(a) 6.4 kW, (b) 12 kW and (c) 35 kW.
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.a) Power Transmitred into the Launching System
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(t) Power Accumulated in the Launching System
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Waveforms of 1 MJ injection. (a) Power transmitted into the
launching system. (b) Power accumulated in the launching
system. (c) Loading resistance in the vacuum. (d) Maximum

voltage generated in the launching system.



R, (2)

Vv
Max ( kV )

JAERI-M Bé-113

(¢} Loading Resistance in the Vacuum
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Maximum Voltage in the Launching System
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