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Conceptual design of the Ion Cyclotron Wave (ICW) system for FER and
Japanese contribution te the conceptual design of the ITER TICW system are
presented, A frequency range of the FER ICW system is 50-85 MHz, which

covers 2wCT heating, current drive by TTMP and ch heating. Physics

analyses show that the FER and the ITER ICW systemg are suitable for the
central ion heating and the burn control. The launching systems of the
FER ICW system and the ITER high freguency TCW system are characterized
by in-port plug and ridged-waveguide-fed 5x4 phased loop array. Merits of
those systems are (1) a ceramic support is not necessary inside the

cryostat and (2) remote maintenance of the front end part of the launcher
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is relatively easy. Overall structure of the launching system is
consistent with radiation shielding, cocling, pumping, tritium safety and
remote maintenance. The launcher has injection capability of 20 MW in the
frequency range of 50-~85 MHz with the separatrix-antenna distance of l5cm
and steep scrape-off density profile of H-mcde. The shape of the ridged
waveguide is optimized to provide desired frequency range and power
handling capability with a finite element method. Matching between the
current strap and the ridged waveguide is satisfactorily good. Thermal
aralysis of the Faraday shield shows that high electric conductivity low
Z material such as beryliium should bhe chosen for a protection tile of the
Faraday shield. Thick Faraday shield is necessary to tolerate
electromagnetic force during disruptions. R&D needs for the ITER/FER ICW
systems are identified and gain from JT-60/60U ICRF experiments and

operations are indicated in connection with them.

Keywords: ICW System, FER, ITER, Second Harmonic Heating, Current Drive
by TTMP, Burn Control, Launching System, Phased Loop Array,
Ridged Waveguide, Faraday Shield, JT-60/60U ICRF Experiment
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1. INTRODUCTION

1.1 Concepts of FER and ITER

JAERI has performed conceptual design of the fusion experimental reactor in both
domestic programme and international cooperation programme in these three years. Fusion
Experimental Reactor (FER)! corresponds to the domestic programme. Basic objectives of
FER are to explore a machine that solves reasonable minimum physics and technological
issues necessary to proceed to a demonstration power reactor (DEMO) without any further
intermediate steps. Achievements of Q (energy multiplication factor) = 20 and steady state
at least separately under well controlled condition are considered to be a reasonable
minimum step to proceed to DEMO. International Thermonuclear Experimental Reactor
(ITER)z) corresponds to the international cooperation programme, where four parties
(EURATOM, Japan, the Soviet Union and the United States) join under the auspices of
IAEA. Major objectives of ITER are as follows: (1) to demonstrate controlled ignition and
extended burn of D-T plasma, with steady state as an ultimate goal, (2) to demonstrate
technologies essential to a reactor in an integrated system and (3) to perform integrated
testing of the high-heat-flux and nuclear components required to utilize fusion power.

Major device and plasma parameters for FER and ITER are as follows:

FER ITER
Major radius (m) 4.7 6.0
Minor radius {(m) 1.6 2.15
Elongation 2.0 2.0
Toroidal field (T) 5.25 4.85
Plasma current (MA) 15 22
Fusion power (GW) 0.6 1

1.2 Heating and Current Drive Scenarios of FER and ITER

Roles of heating and current drive system necessary for operations of FER/ITER are
considered as follows:>
(1) Tonization, Preheating, and Current Initiation
(2) Non-inductive Current Ramp-up Assist
(3) Heating to Ignition
(4) Steady-state Current Drive
(5) Local Current Profile Control

(6) Burn Control
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As it is difficult to cover these functions by any single heating and current drive system,
combination of plural systems is inevitable. Following four heating and current drive
systems were thought as the candidate.

(1) Neutral Beam (NB) System

(2) Ion Cyclotron Wave (IC) System

(3) Lower Hybrid Wave (LH) System

(4) Electron Cyclotron Wave (EC) System
Selection was made from the database obtained before and during the conceptual design
phase and the modelling calculations.

For FER, 50 MW, 0.5 - 1 MeV NB is selected as main current drive and heating
system, since some database exists for the current drive*® and a theoretical current drive
efficiency shows the best value among all schemes. 30 MW, 5 GHz LH system is selected
for current ramp-up assist and current drive in the outer region. A plenty of database on the
current drive by LH waves have established in many tokamaks. A record value of the
current drive figure of merit (y) of 0.34x102°Am *W ! was obtained on JT-60.”
However, in the steady-state scenario of FER/ITER, a flow channel of the driven current
will be limited in the outer region because of a high electron temperature (volume-averaged
electron temperature <T,> ~ 20 keV). Current profile control can be thus expected in
combination with NB current drive in order to obtain stable plasmas at high-P and to avoid
the sawtooth oscillation. In addition, Volt-sec saving by LHCDY in the current ramp-up
phase is quite useful in order to get higher plasma current or longer pulse discharge in
FER, whose magnetic flux of the ohmic coil is relatively small. Thus the combination of
NB and LH with a total power of 80 MW is chosen for the heating and current drive
system of FER.

In order to supplement a central heating capability, either 20 MW, 50-85 MHz IC
system or 20 MW, 140 GHz EC system is added. With IC system, unique central ion
heating can be expected. This capability is favourable for getting high Q and for bumn
control, even at high electron density, where penetration of NB tends to be difficult. With
EC system, strong central heating based on the electron heating is possible. In addition, EC
system is a powerful tool for the preionization and the current initiation. If IC system will
be chosen for a central heating method, a short pulse (< 1 sec), several MW EC system will
be necessary for the preionization and the current initiation. Stabilization and control of the
* sawtooth oscillation can be expected with both IC and EC systems.

For ITER, following two options have been determined in the course of the Conceptual

Design Activity (CDA).

Reference: 75 MW, 1.3 MeV NB System
50 MW, 5 GHZ LH System
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20 MW, 120 GHz EC System

Alternate: 130 MW, 15-80 MHz IC System
50 MW, 5 GHZ LH System
20 MW, 120 GHz EC System

A reason why the combination of NB and LH is adopted for the reference current drive
and heating scenario is the same as in FER. EC system is included in the reference
scenario. Role of EC system is partly different from the one of FER. Capability of local
current profile control near q=2 surface for the purpose of avoidance of disruptions is
included instead of the central heating as considered in FER. In the alternative scenario, IC
system replaces NB system. A reason why IC system is not chosen as a reference system
is its sparse database on the current drive and its lower theoretical current drive efficiency
(about two thirds of NBCD efficiency). However, from considering merits of IC system
(unrivaled central ion heating, unnecessity of a large scale engineering development and
low cost), it is proposed that both NB and IC be part of the reference system. This point
will be discussed in the cofning Engineering Design Activity (EDA).

1.3 Ion Cyclotron Wave Systems for FER and ITER

As mentioned above, the role of the FER IC system is mainly central heating.
Therefore, the FER IC system need not be optimized for the current drive. It means that a
large number of current straps in the toroidal direction are not necessarily needed. One of
the features of the FER IC system is a compact launching system; where a concept of a
ridged waveguide-fed loop antenna array is introduced. On the other hand, the ITER IC
reference system aims both the current drive and the heating. A large number of the current
straps should be installed with an equal spacing in the toroidal direction. A concept of in-
blanket antenna is employed for this reason. The concept of the FER 1C antenna was also
proposed for ITER as a back-up solution to the reference antenna system, since ceramic
insulator needed in the vacuum coaxial transmission lines would be critical. Hereafter we
call this as the high frequency ITER IC system. Conceptual design of the reference and
high frequency ITER IC systems is reported in Ref. 9.

This report describes conceptual design of lon Cyclotron Wave (IC) system for FER
and Japanese contribution to ITER. Physics basis for the FER and high frequency ITER IC
systems is presented in Sec. 2. Overall system description of the FER IC system is
presented in Sec. 3, where basic specification, antenna concept, system layout, radiation
shielding, tritium safety, remote maintenance, RF generator, power supply and total system
efficiency are described. In Sec. 4, design and analysis of the antenna system, which are
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common items both for FER and high frequency ITER IC systems, including antenna-
plasma coupling, power handling capability, ridged waveguide, Faraday shield, antenna
guard limiter and the electromagnetic force during disruption are presented. Conclusions,
R&D programme and gain from the JT-60/60U ICRF experiments and operations are
presented in Sec. 5.
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2. PHYSICS BASIS

2.1 Heating and Current Drive Scenarios

A frequency range is chosen to be 50-85 MHz for the FER IC wave system. Following
heating and current drive scenarios are possible with this frequency range. They are

considered to be necessary and sufficient for the objectives of this system.

2 g7y Wepe3: 53 MHz
- Central heating
- Burn control
- Sawteeth stabilization
- D-He® burn

>2 @ 60 MHz
- Current drive

2 W.p, O 80 MHz
- Central heating
- Burmn control
- Sawteeth stabilization
- Local current profile control in combination with NBCD
- Heating of hydrogen plasma (He* minority second

harmonic heating)
2.2 Power Partition and Power Deposition Profile

Power partition among species and power deposition profiles are calculated for the
second harmonic heating and are compared with those of the third harmonic heating by
using a one-dimensional full-wave code and a two-dimensional bounce-averaged Fokker-
Planck code. The former takes account of the antenna phasing and the slowing-down
distribution of alpha particles.m) The latter calculates power partition and power deposition
- profile assuming uniform electric field along the wave path and monochromatic wave
number spectrum (N =1). These two codes are considered to be complementary each
other. Global wave structure is calculated by the 1-D full-wave code assuming Maxwellian
distribution of bulk ions. In turn, distortion of energy spectra of ions due to the ICRF
heating and resulting collisional power transfer to bulk ions and electrons near the plasma
center are evaluated with the 2-D Fokker-Planck code. Plasma parameters for ITER are



JAERI-M 91-0%4

used in the present calculation. Profiles of the density and the temperature are assumed as

follows.

n() = (n(0)-n@)H(1-¥/a %)Y 4n(a)
T(r) = (T(O)-T(@)(1-1%/a +T(a)

where n(0)=2.1x10%° m3, T(0)=16.7 keV (<n> = 1.4x10*m~, <T> = 10 keV) for
ignition and n(0)=1.05x10% m3, T(0)=33 keV (<n> = 0.7x10° m?, <T> = 20 keV) for
steady-state operation. Figure 2-1 shows power absorption ratio among species (electrons,
deuterons, tritons and fusion alphas) against a parallel refractive index corresponding to a
peak position of the antenna current spectrum, Ny (p), calculated from the 1-D full-wave
code in the case of the deuteron second harmonic (2 w,p) heating and the ignition
parameters . A ratio of the power absorbed by alphas and deuterons in the central region to
the total RF power is ~70 % with Ny(p)=1. About 50 % is absorbed by alphas and 20 % by
deuterons. We cannot get central ion heating with higher Ny (p), which results in strong
electron heating in a middle part of the plasma cross-section. Power deposition profiles and
distributions of the wave electric fields with N(p)=1 are shown in Fig. 2-2. Central
narrow power deposition to deuterons and alphas and strong single pass absorption are
indicated in the figure.

From the 2-D Fokker-Planck code, we obtain different results on the power partitions
between deuterons and alphas in the central region. We assume 20 MW of the total RF
power. Figure 2-3 shows the power deposition profiles for deuterons and alphas. The
power absorption by deuterons is found to be dominant (~ 80 %). The reason can be
explained by a trapped particle effect. In the Fokker-Planck calculation, the wave electric
field pattern is uniform in the x-direction and parabolic in the y-direction, |E +I2 e (1-
yzlLAz) for lyl < L, where L4 is an effective antenna length. In this case, even for alpha
particles, the wave absorption is determined mainly by trapped ions, whose turning points
where paraliel velocity is zero are located on the the cyclotron resonance layer. Profile
broadening of wave deposition to alpha particles due to the large Doppler shift resonance
velocity is not significant. The width of the deposition region is almost corresponding to
L. Therefore, power absorption is dominated by deuterons of major concentration.
Collisional power transfers are ~86% to ions and ~14% to electrons. Thus the bulk ion
heating is dominant in the central region with 2w, heating for ignition parameters. The
collisional power transfer with 2 o, heating is almost the same as the one with 2 w.p
heating. Power deposition profiles for the 2 @, heating is shown in Fig. 2-4. Thus, the
central ion heating is expected both with 2 w.p and 2 o, heatings. The central power
density is comparable to that of the alpha heating. Thereby efficient burn control can be

expected.
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For steady-state parameters (<I> = 20 keV, <n> = 0.7x10%° m™%), the collisional
power transfers are 44% to ions and 56% to electrons with 2 w.p heating. The collisional
power transfer to electrons is dominated in this case.

Finally, we compare the third harmonic (3w.p) heating with the second harmonic
heating. Figure 2-5 shows the power absorption ratio as a function of Ny(p). Profiles of
power deposition and the wave electric field are indicated in Fig. 2-6. About 30 % of the
power goes into tritons, since fifth harmonic resonance layer of tritons is located at about
one-third of the minor radius in the low field side. Percentage of the power which can be
absorbed by deuterons and alphas in the central region is ~55 % with Ny(p)=1. Power
partition between deuterons and alphas in the central region is almost the same as for the
second harmonic heating (i.e. ~80 % to deuterons and ~20 % to alphas). Power deposition
profiles on deuterons and alphas are shown in Fig. 2-7. Percentages of collisional power
transfers are ~72 % to ions and ~28 % to electrons for ignition parameters, and ~34 % to
ions and ~66 % to electrons for steady-state parameters.

Power partition among species and central deposition power densities are summarized

in Table 2-1 (ignition parameters) and Table 2-2 (steady-state parameters).
2.3 Current Drive

The current drive efficiency as well as the driven current profile is calculated by using

the 1-D full-wave code. 1/5 formula including trapped particle effects, proposed by Ehst,'V

is incorporated in the code. As mentioned above, a frequency around 60 MHz is the most
suitable for the current drive in the frequency range chosen for FER. Percentage of the
power absorbed by electrons is 70 ~ 80 % with N; =2 ~ 3. The rest of the power is
absorbed mainly by tritons via the second harmonic resonance. The current drive figure of
merit yis (0.25 ~ 0.18)x102°Am™2W-! with N, =2 ~ 3. However, ¥ is reduced further (~
70 %) if the antenna spectra of the four current straps are taken into account. Profiles of the
driven current are centrally peaked because of decreasing the current drive efficiency in the
outer region due to the trapped particle effects.

Local current profile control is possible by accelerating deuterium beam ions with
second or third harmonic ICRF waves in NBCD plasma. The cyclotron resonance layer is
located slightly in the high field side in order to enhance absorption by passing particles and
to increase the driven current by ICRF waves. Enhancement of the current density by ICRF
waves is localized near the cyclotron resonance layer. The current drive figure of merit of
ICRF is about (.13, although optimization in calculation has not yet been done so much.
This application will be useful to provide a method of local current profile control with
ICRF waves and to compensate the current profile of NBCD when the penetration problem

of the neutral beam occurs.
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2.4 Effects of Poloidal Phasing

The IC antenna system for FER has a large number of current straps in the poloidal
direction. Therefore, effects of the poloidal phasing on the wave propagation and damping
have been studied by using a two-dimensional full-wave code.'¥ We could not calculate
with actual plasma and machine parameters of FER because of a memory limit of the
computer. We use following parameters in calculation in order to reduce radial wavelength
of the fast wave; By=7.3 T, =110 MHz (second harmonic resonance frequency of
deuterons), ngg= 0.15x10%° m™ and Ty = 100 keV. However, essential characteristics of
the poloidal phasing can be well understood with above procedure. We also assume eight-
row antenna array in the poloidal direction because of higher frequency. Figures 2-8 (a) ~
(d) show examples of the calculation. Remarkable effects of the poloidal phasing are seen
in the wave propagation. The reason is that the wave propagation is not symmetrical with
respect to k, (poloidal wave number). Total and individual absorbed powers are indicated
as a function of the poloidal phase difference between adjacent current straps in Fig. 2-9,
Optimum phase difference for good coupling is found to be about -45 degrees. The worst
case is about +90 dcgrccé. The antenna loading resistance of each current strap is shown in
Fig. 2-10. It is found that the antenna radiation with optimum phasing is converged much
better than with the worst phasing and even with zero phasing case. This fact is also
confirmed from the plots of the poynting vectors and the power deposition profiles in Fig.
2-8. The power deposition profiles change significantly according to the change of the
poloidal phase difference.

Thus, the power deposition profile can be controlled with poloidal phasing. However,
the power partition between the electrons and alpha particles cannot be changed by

changing the poloidal phase.
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Table 2-1 Power partition among species and central power densities
for ignition parameters

1D Full-Wave Calculation (¥, p¥=1.0)

P/ Pr/Pi" PP PiyPif
2ap 0.50 0.21 0.01 0.27
KRN ) 0.26 0.30 0.28 0,10
2D Fokker-Planck Caleulation (N, =1.01
PP P P50 pi0) P p&(0) ph() pI0)
(MW/m)
2aen 0.17 0.83 0.19 1.16 1.35
3 wep 0.18 0.82 0.46 1.16 1.63
2 Wt 0.25 1.35 1.6
Alpha 1.20 0.42 1.63

Table 2-2 Power partition among species and central power densities
for steady-state parameters

10 Full-Wave Caleulalion (N, {pi=1.0)

Pr/Pif" P/ PP PR
2 tcp 0.70 0.12 0,01 0.19
Jaep 0.53 0.11 0.21 0.15
2D Fokker-Planck Calculation (N T‘i-m
PP PaPF PE(0) pi{0) PO PL(0} Ph(0) N0}
MW/m®)
2 0D 0.23 0.77 0.77 0.61 1.40
3 oD 0.22 0.78 0.95 0.50 1,47
Aipha‘ 0.54 0.37 0.91
NB 1.02 0.86 1.39
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Fig. 2-1 Power partition ratio among species as a function of N (p)
in the case of the chD heating and the ignition parameters

from the 1-D full-wave cecde.
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Fig. 2-2 Power deposition profiles and distributions of the wave
electric fields in the case of the 2mCD heating with

N, (p)=1 and the ignition parameters from the 1-D full-wave
code.
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Power deposition profiles for deuterons and alphas 1n the
case of the ZmCD heating with N;=1 and the ignition

parameters from the 2-D Fokker-Planck code. Fusion alpha
heating power profile and collisional pewer transfer to
electrons and ions (minus sign) are also indicated.
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Fig. 2-4 Power deposition profiles for tritens in the case of the
chT heating with N =1 and the ignition parameters from

the 2-D Fokker-Planck code.
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Fig. 2-5 Power partition ratio among species as a function of Nj (p)

in the case of the BmCD heating and the ignition parameters

from the 1-D full-wave code.
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Fig. 2-6 Power deposition profiles and distributions of the wave
electric fields in the case of the SMCD heating with

N (p)=1 and the ignition parameters from the 1-D full-wave
code.
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Power deposition profiles for deuterons and alphas in the
case aof the SmCD heating with Ny{p)=1 and the ignition

parameters from the 2-D Fokker-Planck code. Fusion alpha
heating power profile and collisional power transfer to
electrons and ions {minus sign) are also indicated.
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(a) Poloidal phase ditference = -135°
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Fig. 2-8 Power depositicn profile, Poynting vector and wave form
on a poloidal cross-section for various poloidal phase
differences with Ny=1 from the 2-D full-wave code. Contour
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(b) Poloidal phase difference = -45°

vector

Fig. 2-8 (Continued)
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(c) Poloidal phase difference = 0°

Poynting
vector

Fig. 2-8 (Continued)
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(d) Poloidal phase difference = 90°

Poynting
vector

Fig. 2-8 (Continued)
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Fig. 2-9 Total and individual absorbed powers as a function of the
poloidal phase difference from the 2-D full-wave code.



JAERI-M 91-094

Npara=1

25

i i
—o— 45
==& 0

-.---D.‘.. 90

20

15

10

ZR (ohm)

Fig. 2-10

Antenna loading resistance of each current strap for

ANTENNA ROW NUMBER

various poleidal phase differences from the Z-D
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3. SYSTEM DESIGN FOR FER

3.1 Qutline of the FER Ton Cyclotron Wave System

3.1.1 Design policy
The objectives of the IC system for FER are mainly central heating and burn control,

and supplementarily current profile control. Therefore, the system can be designed to be

compact in comparison with an IC sysiem oriented for the current driver (e.g. ITER IC

systemg)). Design policy of the FER IC system is as follows.

1.

Antenna phasing is possible both in toroidal and poloidal directions for optimization
of the heating and the coupling and capability of the current drive.

The antenna spectrum should be satisfactory with a single horizontal port. This
point is important for a compact launching system.

A concept of waveguide (e.g., ridged waveguide) is utilized in the vacuum
transmission line. A ceramic support, which is a critical part in the reactor

environment, can be avoided inside the cryostat.

An overall structure of the launcher is plug-in module, which is suitable for remote

maintenance.

A frequency should be in a range where high power tetrode (22 MW/tube) is

available.

Ion heating in the plasma core can be expected for efficient burn control of high
density plasmas. This is possible by using second harmonic resonance heating of

fuel ions with low N,

Supplemental current profile control is possible by accelerating electrons via transit
time magnetic pumping (TTMP) or deuterium beam ions via second harmonic

resonance with the neutral beam current drive.

Heating of a hydrogen plasma should be also possible at a frequency of 80 MHz

(second harmonic minority helium 4 heating).

Figure 3-1 shows a concept of the antenna proposed for the FER IC system. Features

of the antenna are (1) compact in-port design and (2) waveguide-fed loop antenna array.13

)

A radiation part of the antenna consists of conventional and reliable multiple-loop array, but
a ridged waveguide is utilized as a vacuum transmission line instead of a coaxial line.
Thereby the antenna is free from a ceramic support inside the cryostat. By optimizing a
shape of the ridge (Sec. 4.3) , a cutoff frequency of the ridged waveguide can be reduced
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down to 43 MHz. Frequencies near the tritium second harmonic resonance frequency,
which are important both for heating and current drive, are included in the frequency range.

3.1.2 Basic specifications
Basic specifications of the FER IC system are determined to satisfy above

requirements:
Injection power 20MW
Frequency ‘ 50 MHz ~ 85 MHz
No. of port 1
Size of port 1.2 m (width) x 3 m (height)
Launcher
Type Phased loop array
No. of current strap 4 (toroidal direction)
5 (poloidal direction)
Ny " 0~12
Power density 6.4 MW/m?
Transmission line
Vacuum side Ridged waveguide
Pressurized side Coaxial line
No. of lines 20
Power source
Tube Tetrode
Output power 2 MW/tube
No. of amplifier
channel 20

3.2 Launching System

3.2.1 Overall structure

A basic concept of the total launching system is presented here. Detailed description of
a front part of the launcher is given in Sec. 4.1. Figures 3-2 and 3-3 show respectively
elevation and horizontal views of an overall structure of the total launching system. The
launcher plug is installed in the horizontal port of FER. The design is based on the concept
where the port is supported on the cryostat. The launcher plug is supported by the port and

A



JAERI-M 91-094

partly from a supporting structure outside the cryostat. Large double bellows and driving
mechanism are used for moving the launcher plug radially. A detailed study will be
necessary for supporting and driving the launcher plug.

A detailed structure of the launcher plug is shown in Fig. 3-4 (elevation view) and Fig.
3-5 (horizontal view). Ridged waveguides are connected by coaxial transmission lines
inside the launcher plug. Optimum connection between the ridged waveguide and the
coaxial line should be studied further. The coaxial lines are bent at an angle of 90° inside
the Jauncher plug and come out from it. Primary and secondary feedthroughs are placed in
the coaxial line outside the cryostat. Ceramic supports are necessary between the junction
of waveguide and coax and the primary feedthrough, since a distance between them are
long. They will be placed at the point where the neutron fluence is less than 10" n/cm?,

A rear part of the launcher after the double bellow is enveloped by a container with a
double door. Tnside of the container is filled with water for shielding in operation. Coaxial
transmission lines are also contained in boxes for double containment of tritium and
radiation shielding. The boxes are separated in parts with primary and secondary
feedthroughs.

A matching network consists of one line stretcher and one stub tuner per one antenna

channel. This combination is suitable for a wide band system.

3.2.2 Radiation shielding

Personal access should be secured outside the reactor room during operation and inside
the reactor room one week after shut-down. A limit dose for personal access is 2.5
mrem/h. A dose rate at the first wall is 4x10'® mrem/h during operation and 8x10° mrem/h
one week after shut-down. Dose rates at various positions without shielding, which are
estimated from results of a 2-D Monte Carlo calculation for the NBI beam Iinc,M) are

given below.

First wall Outside wall of Qutside wall of
(mrem/h}) cryostat reactor room
(mrem/h) (mrem/h)
During operation 4x101 5x101! 1.3x101°
One week after 8x10° 1x108 3x10°
shut-down

We evaluate radiation shielding needed for the present system to satisfy above criterion.
We assume that a dose rate is reduced by one order of magnitude for each bend and
absorbing materials around the coaxial lines. Reduction of the dose rate from the first wall
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at various positions is indicated in Fig. 3-6. Then the dose rate at the outside wall of the
reactor room is 8.3 mrem/h during operation. Only small additional shield is necessary to
reduce to 2.5 mrem/h level outside the reactor room. On the other hand, in the reactor
room, thick additional shield is necessary for personal access according to the distance
from the first wall. If the shield is composed of 20 % S.S. and 80 % H20O, thickness of
135 cm and 35 ¢m is necessary around the primary feedthrough and the secondary
feedthrough, respectively. At the rear part of the launcher plug, the container filled with
water, whose radial thickness is about 2 m, is sufficient for the shielding.

3.2.3 Cooling system
The launcher has two water cooling piping systems. One is for the Faraday shield and
the guard limiter, and the other is for the ridged waveguides including the current straps.

They are shown in Figs. 3-4 and 3-5.

(1) Faraday shield and guard limiter

Heat load on the Faraday shield and the guard limiter are summarized in Table 3-1. We
assume that the alpha paﬁicle loss'™ (qg) to the Faraday shield is negligibly small, because
the Faraday shield is recessed by 15 mm from the top surface of the guard limiter. In turn,
q,, to the inside surface of the guard limiter is enhanced by a factor of lgg/(2X] ¢cese)+1 from
the value to a uniform wall surface near the equatorial plane (7 W/cm?), where Ig and
1 ocess 2r€ toroidal length of the Faraday shield and perimeter of the inside surface of the
guard limiter, respectively. Igg = 1000 mm and 1. ;s = 46 mm in the present design. We
take q to the outside surface of the guard limiter to be 7 W/cm?. We assume VSWR
(voltage standing wave ratio) of the antenna of 15 and a beryllium armor tile to evaluate RF
loss on the Faraday shield.

Each heat load integrated on the Faraday shield and the guard limiter is shown in Table
3-2. Total heat loads on the Faraday shield and the guard limiter are about 1360 kW and
550 kW, respectively. Flow rates required for water cooling of the Faraday shield and the
guard limiter are 32.4 I/sec and 13 Vsec, respectively, assuming temperature rise of water
of 10 °C. Diameter of cooling water pipes of about 12 cm is needed assuming flow speed

of 2 m/sec and four pipes.

" (2) Ridged waveguide

RF loss of the ridged waveguide (6 m long) is estimated to be about 5% with VSWR =
15. Total RF loss is about 1 MW. Required flow rate is 24 /sec. Diameter of the water
cooling pipe is about 9 ¢m for a main pipe assuming flow speed of 2 m/sec and number of
four. Diameter of a branch pipe to each waveguide is about 3 cm.
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3.2.4 Vacuum pumping system

Evacuation piping system for the launcher is also indicated in Figs 3-4 and 3-3. The
launcher is surrounded by an evacuation jacket in the middle part of the plug. Inside of the
ridged waveguides are evacuated through holes ($75) made in the side walls of the ridged
waveguides as shown in Fig. 3-4. A conductance of the evacuation piping system is
estimated to be 0.6 m*/sec (H,), where we take a diameter of the main evacuation pipe to
be 150 mm. Assuming a pumping speed of a pump to be 2000 I/sec, a total conductance is
0.47 m*/sec. In order to keep the pressure in the ridged waveguide at a low level (e.g.,
<107 Torr), a degassing-ratf: should be less than 2.2x10°® Pa-m®/sec-m? (1.7x10°°
Torr-1/sec-cm?). This number is about two order of magnitude larger than the JT-60 data
1.3x10°® Pa-m?/sec-m? (after 350 °C, 48 hours baking), but is smaller by one order than
the value before baking (2.9x107 Pam®/sec-m?). Database of a degassing rate during RF

injection is necessary for further detailed design.

3.2.5 Tritium safety

All parts of the antenna system in contact with the primary vacuum should have a
double containment structure for tritium safety. In addition to the two-stage feedthroughs,
another tritium barrier should be inserted between the secondary feedthrough and the
matching network. We evaluate tritium permeation into the cooling water of the Faraday
shield. Although the materials of the Faraday shield are beryllium and inconel in the present
design, we assume stainless steel for calculation because of lack of data base for beryllium
and inconel. The calculation is made by using TPERM code.'® Tritium permeation rate
against stainless steel of 10 mm thickness, q, is obtained as

q = 2.2x10™ g/m?/day

Surface of the Faraday shield facing to the plasma, S, is about 2 m?. Flow rate of the
cooling water for the Faraday shield, w, is 1950 I/m. Total volume of the water of the
Faraday shield cooling system is 2.9x10% 1, assuming 15 minutes of a flow cycle. Then the

tritium concentration in the cooling water after 2 weeks, D, is obtained by

D= %x f qdt = 1.5x10 (CifD) (3-1

This value is similar to the one in the cooling water of the first wall.

Tritjum influx into the vacuum pumping is also evaluated. Effective pumping speed for
DT mixture gas is estimated to be .3 m3/s, using calculated conductance of the launcher (
0.35 m%/s (DT)) and assuming 2 m*/s pumping speed of the vacuum pumping system.
Then the tritium influx into the pumping system is 0.14 g/day = 1340 Ci/day for the
pressure inside vacuum vessel of 4x107 Pa during operation .
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3.2.6 Remote maintenance

Main item of remote maintenance for the launcher is replacement of tiles of the Faraday
shield and the guard limiter. They will be renewed once a year because of erosion by
disruptions. Two possibilities are considered for replacement of tiles. One is replacement of
individual tile by a manipulator in the vacuum vessel. The other is replacement of the front
end frame (guard limiter frame with Faraday shield) from the vacuum vessel. Therefore,
replacement of the whole launcher plug is not necessary for routine maintenance.

Water cooling pipes to the front end frame are cut with a remote laser welder of in-pipe
access. Weight of the front end frame is ~0.94 ton. Therefore, it can be removed with a
rail-mouted vehicle proposed for remote maintenance of 1-ton divertor plates in FER.D
Weight of the launcher with supporting sleeve is estimated to be 70~80 ton. The launcher is
pulled out from the port and is housed in a cask. Procedure of the replacement of the front

end frame and the launcher plug is depicted in Fig. 3-7.
3.3 Transmission Line System

Each RF power unit delivers power to each antenna channel through a coaxial
transmission line. Figures 3-2, 3-3, and 3-9 show the layout of the transmission lines from
the RF power units to the launcher. Specifications and cooling design for the transmission

system are as follows:

Coaxial line between generator and matching network:

Transmitted power 2MW
Diameter of outer conductor 9 inch
Characteristic impedance 50Q
YSWR 1.5
Number of line 20
Line length ~70m
Transmission efficiency per
70 m of line 0.985 @ 85 MHz
Filling pressure 2 bar (gauge)
Gas SFg or dry air
Cooling Water
flow velocity 0.5 m/sec
flow rate 210 I/min
environment temp. 30°C
temp. rise of water 1.4°C
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47°C

Coaxial line between matching network and ridged waveguide:

2 MW
9 inch
30Q
10

20
~20m

0.973 @ 85 MHz
2 bar (gauge)

SF; or dry air
Water

0.5 m/sec

410 l/min

30°C

1.3°C

53°C

3.4 RF Power System

An output power level of an RF power unit is designed to be 2MW in the frequency
range of 50-85MHz with a high power tetrode (X2274 made by Varian Eimac). The
following table shows operational parameters of a high power tetrode (X2274) and a driver
tetrode (4CW 100,000E).

Tetrode X-2274 4CW-100,000E
Anode Voltage [kV] 25.0 15

Screen Grid Voltage [V] 1,400 800

Control Grid Voltage [V] -600 -450

Output Power (kW] 2,200 104

Input Power [kW] 82 4

Anode Current [A] 118 9.5

Efficiency [%] 74 73

Screen Grid Current [A] 4.72 0.065

Control Grid Current [A] 4.03 -—

izg —
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Gain [dB] 14.4 14.1

Figures 3-8 (a) and (b) show conceptual drawings of an output cavity for X2274 and
4CW100000E, respectively. Input power needed for each stage of the R¥ power unit is
shown in the following table.

High Power AMP. | Intermediate AMP. | Oscillator and
Solid State AMP.
Anode Power 295 MVAx1.1= | 143kVA xI1.1=
Supply 1245 kVA 157 kVA
Screen Grid 6.6 KVA x 2 = 0.6 KVA x 2 = 20kVA
13.2kVA 1.2kVA
Control Grid 24kVA X2 = 05kVA X2 =
4.8 kVA 1kVA
Filament 105 kVAx1.2= | 33kVAx1S5=
12.6 kVA 4.95 kVA
Blower 10kVA 5kVA SkVA
Total 1285.6 kVA 169.2 kVA 25kVA
Input Power of 1 unit = 3.5 MVA
Total Input Power of 20 unit =70 MVA
. 2
Total Efficiency = Total Output Power _ 2.2 MW x 20 63 %

Total Input Power  70MVA

Figure 3-9 shows plan view of the amplifier room. We consider 20 power units in
order to deliver 40 MW total generator power and at least 20 MW of torus injection power.
Each generator output is fed into each antenna channel. The area of the generator room is

50 x 30 m? and the height is 10 m.

3.5 Total System Efficiency

The total system efficiency at 83MHz is evaluated as follows:

iSU —
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For VSWR =5 For VSWR = 10
Generator 0.63 0.63
Transmission line
Coaxial line
Generator-stub 0.985 0.985
Stub-ridged waveguide 0.986 0.973
Ridged waveguide! 0.98 0.96
Support System , 0.97 0.97
(assumed to be 2MVA)
Total 0.58 0.56

The total system efficiency is thus slightly dependent on the VSWR value in the
transmission lines between the stub and the antenna. The total system efficiency is 56-58%

with the VSWR of 5-10.

I' A model of a parallel plate transmission line is used to evaluate transmission loss of
the ridged waveguide.



Table 3-1

Radiation (qp)

Nuclear heating {q,)

Alpha particle loss (qg)

to Faraday shield
to guard limiter

(inside surface)
(outside surface)
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Heat load on the Faraday shield and the guard limiter

15.4 W/cm?

10 W/em?

160 Wicm?
7 W/cm?

RF Loss on Faraday shield (VSWR=15)

Table 3-2

low-Z part
beryllium

graphite

incone! part

0.38 W/em®

(Max 8.7 W/cm?)

11.8 W/em?

(Max 267 W/cm?)

0.5 W/em?

(Max 10.9 W/ecm?)

Heat load and water cooling for the launcher

Radiation (kW) o particle loss Nuclear heat RF loss Total load Required flow
(kW) (kW) (kW) (kW) rate {I/5ec)
Faraday screen 380 - 630 350 1360 324
Guard limiter - 340 220 - 550 13
Ridged W.G. - - - 1000 1000 24
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Fig. 3-1 Perspective view of the FER IC antenna.
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Fig. 3-7 Concept for remote maintenance of the Faraday shield
and the guard limiter ((a)-(b)) and the launcher plug
((B)-(c)).
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4. ANTENNA DESIGN AND ANALYSIS

4.1 Basic Structure

Figures 4-1 and 4-2 show respectively front and side views of the front part of the FER
IC launcher. A phased loop antenna array is used as radiation elements. Number of current
straps is 20 (4 in toroidal direction and 5 in poloidal direction). The size of each current
strap is 16 cm in width, 48 cm in length and 20 cm in depth. Each current strap is directed
in the same way. RF current is fed from the top part of each current strap. Short-circuit is
located in the bottom part of each current strap. The distance between central lines of
adjacent current straps is 24.8 cm. Septa between adjacent current straps will be necessary
to reduce mutual coupling between straps adequately and that not to give unfavourable
effects on wave spectrum. Each current strap is connected by a T-shaped ridged waveguide
with arms, which plays a role of a vacuum transmission line. Therefore, no ceramic
support is needed inside the cryostat. Cross-section of the ridged waveguide is 485 mm
(height) x 228 mm (width). Thickness of an outer wall of the ridged waveguide 1S 5 mm.
Gaps between the ridge and the wall is 12 mm in toroidal direction and 8 mm in poloidal
direction. By selecting a length of the arm to be 205 mm, cutoff frequency of the
waveguide can be reduced as low as 43 MHz (see Fig. 4-13).

The Faraday shield is single-layer and open-type, which is favourable for reducing RF
loss and has been demonstrated to be quite effective in JT -60.1" The Faraday shield is
made of water-cooled inconel pipe whose cross-section is parallelogram (48 mm in height
and 43 mm in depth, see Fig. 4-17). The plasma-facing side is protected by replaceable
tiles of low-Z material (beryllium). Thickness of the tile must be so large as to withstand
erosion associated with disruptions and to match frequency of remote maintenance (at most
once per year). Faraday shield will be inclined to follow the magnetic field lines (=~ 15
degrees). A front end frame including the Faraday shicld and the guard limiter is detachable

from the main body for the remote maintenance.

Specifications of the FER IC launcher are as follows.

Injected power 20MW

Frequency 50-85 MHz

Port
type horizontal port
size - ImH)x 1.2 m (W)
number 1

Launcher size 2.75m (H) x 1.14 m (W)
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Power density at the Faraday
shield

2.893m(H) with cooling pipe

6.4 MW/m?

Radiation element loop antenna array
Vacuum transmission line ridged waveguide
Current straps
number 4 toroidally
5 poloidally
size 16 cm (W)
48 cm (H)
20 cm (D)
distance between adjacent
straps 24.8 cm
gap to Faraday shield 15 mm
Ridged waveguide
size 485 mm (H)
228 mm (W)
gap between ridge and
wall 12mm  (/B)
§ mm (L B)
Faraday shield
cross-section 50 mm (H)
43 mm (D)
pitch 66 mm
inclination 15° to toroidal direction

Difference between the FER antenna and the high frequency ITER antenna is minor.
Recause of higher frequency range for ITER (70-110 MHz), the length of current straps is
36 ¢cm and the arm length of the ridge is 75 mm for the ITER antenna.”

4.2 Antenna-Plasma Coupling

4.2.1 Coupling calculation

The antenna-plasma coupling is calculated with a three dimensional antenna coupling
code including radial feeder currents.!® The code is based on cold plasma and strong
damping model, i.e. the wave field is calculated by a multi-layer method in a region
between a conducting wall including an antenna and a certain layer inside a plasma from
which waves are not reflected. Namely, we assume that waves are perfectly absorbed
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beyond that layer. The code predicts coupling resistances of the JT-60 2x2 antenna
satisfactorily.lg) Exact antenna configuration, i.e., 5x4 array, is taken into account in the
code. A geometry for the antenna-plasma coupling calculation is shown in Fig. 4-3. A
distance between the guard limiter and the current strap, d, is 73 mm, which includes the
Faraday shield thickness of 43 mm. A standard value of the distance between the separatrix
and the antenna guard limiter is 15 cm. Two types of the electron density profile in the
scrape-off layer (H-mode and L-mode) are considered for FER/ITER. Typical examples are
shown in Fig. 4-3, whose parameters are indicated below:

n.(separatrix) e-folding length, A,
H-mode 6.6 x 1017 m> 2.1cm
L-mode 4,0 % 10'% m> 37 cm

Scrape-off density profile of H-mode is employed in the present coupling calculation, since
this is more severe condition for antenna-plasma coupling than L-mode one.

The coupling code gives an antenna radiation impedance of each current strap
(Zg(D)+Z;(D), i=1~20). We assume that an antenna input impedance, Z,, is given
approximately by Z,=(Zg+jZp/((sinh aLa)2+(cos BLa)z), where o is an egivalent
attenuation constant of the antenna as a transmission line,  the phase constant and L, the
antenna length. We derive a from the relation Zg=1/2-Zysinh 20L,, where Z, is the
characteristic impedance of the antenna. A coupling resistance R is defined as an
equivalent loading resistance when the antenna is connected with a transmission line of the
characteristic impedance Z;. R is expressed as

=4 (4-1)
p
NEPE (4-2)
1-T
ro \/ (Re(Za)-Zi)*+H(Im(Zy))” @-3)
Re(ZA)+Z)+(Am(Z))?

We evaluate a coupling capability of the antenna system with the coupling resistance
and the real part of the antenna radiation impedance, because they are closely related with a
power handling capability of the antenna system as discussed in 4.2.3. We take averaged
values of the coupling resistance and the real part of the antenna radiation impedance over

all current straps for simplicity.
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4.2.2 Coupling properties
We show coupling properties of the 5x4 array. Matching of the current strap and the

ridged waveguide is an important point for consistency of this antenna system. Length (I.,)
and width (W) of the current strap are set to be 0.48m and 0.16 m, respectively. 0.48 m of
L, is the maximum allowable antenna length in the present antenna design and corresponds
to a quarter wavelength at 90 MHz including reduction of wavelength by the Faraday
shield. The characteristic impedance of the ridged waveguide ranges 28 Q ~ 16 €2 in the

frequency range of 50 MHz ~ 85 MHz (see Fig. 4-13).

(1) Loading impedance and coupling resistance

Figure 4-4 shows Zy, Z;and R, as a function of frequency. A parallel refractive index
corresponding to a peak position of the antenna current spectrum, Ny(p), is set to be unity
in this case, since low N is required for the central ion heating (see Sec. 2.2). Phase
differences between toroidally adjacent current straps are 14.7° ~ 25.0° for 50 MHz ~ 85
MHz. Phase difference in the poloidal direction is zero. As shown in Fig. 4-4, good
coupling capability can be expected in the frequency range of 50 MHz ~ 85 MHz. Zy
increases monotonically with increasing frequency. Absolute value of Z; approaches to
zero at 85 MHz, since the antenna length is chosen to be a quarter wavelength at 90 MHz.
As the characteristic impedance of the ridged waveguide decreases with increasing
frequency, R, takes the largest value (~ 6 Q) at a frequency of 47 MHz, which is near the
cut-off frequency of the ridged waveguide. R decreases rapidly at 50 MHz and takes a
value of 3 ~ 5 £ in the frequency range of 50 MHz ~ §5 MHz.

(2) Antenna radiated power spectra

Figurers 4-5 (a) and 4-5 (b) show the antenna radiated power spectra at 50 MHz and 80
MHz, respectively. Almost all radiation concentrates in a region below INyl=1. Remarkable
peaks appear just below IN|=1. They are due to a coaxial mode, which is excited by radial
feeder currents. They can propagate inside the plasma region if the density gradient is not
too steep. Actually, the radiated spectrum at the antenna surface coincides with the one at
the non-reflection surface in the plasma in the calculation. As indicated in Fig. 2-2, the
power is absorbed in a single pass with N;(p)=1. Thus, the coaxial mode has a potentiality
to improve the coupling capability in keeping good heating capability (single pass
absorption and central power deposition).

(3) Dependence on antenna-plasma distance

Figure 4-6 shows dependence of R_ on the antenna-plasma distance, d, at various
frequencies. The d-dependence of R is not so strong, since the coaxial mode is dominant
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in the antenna radiation. Reduction of R, with increasing d becomes less significant with

increasing frequency.

(4) Comparison with other antenna configuration

In the present design, each current strap is directed in the same way. RF current is fed
from the top part of each current strap. Each current strap is short-circuited at each ground
plate (or toroidal septum). In this design, the radial feeder current tends not to be cancelled
each other. This is the reason why the coaxial mode is relatively strong. We compare this
type of poloidal antenna configuration (Type A in Fig. 4-7) with other type of antenna
configuration (Type B in Fig. 4-7). In the case of Type B, two current straps are coupled
and RF currents are fed from the top and the bottom of each current strap. Therefore,
feeder currents are cancelled at the short-circuit. Then, the coaxial mode is less significant
than in the case of Type A. Figure 4-8 shows Zg, Zy and R, for 4x4 array with Type B
configuration as a function of frequency. Zg decreases with increasing frequency, since the
coaxial mode becomes smaller with decreasing feeder current with increasing frequency.
Behaviour of Zj is similar with the case of the 5x4 array with Type A configuration. A
value of R, becomes much smaller in comparison with the case of the 5x4 array, because
the antenna input impedance is high and matching of the antenna with the ridged waveguide
with low characteristic impedance is poor. A transmission line with much higher
characteristic impedance is suitable for this antenna system. Antenna radiated spectra of the
4x4 array with Type B configuration are indicated in Figs 4-9 (a) and (b). It is found that
the coaxial mode becomes less significant with this configuration than with Type A
configuration as shown in Figs 4-5 (a) and (b). Especially, difference between them at 80

MHz is significant.

4.2.3 Power injection capability
Power injection capability of the launcher is evaluated with following formulas.

2
P, (MW) - limited in loop antenna part = 10-Zg YAmS (4-4)
7oA
G2.E2
P, (MW) - limited in ridged waveguide part = IO-RC—HT’“EE (4-5)
Z;
Zy; real part of the antenna radiation impedance
R.: antenna coupling resistance
Zoa s characteristic impedance of loop antenna (40 )
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Z . characteristic impedance of ridged waveguide (16  ~ 28 £,
dependent on frequency)
V Apmax 3 maximum voltage in the loop antenna part (35 kV)
E maximum electric field generated at the gap of the ridged waveguide
(20 kV/cm)
G; gap length of the ridged waveguide (1.2 cm)

Figure 4-10 shows the 5x4 array antenna injection power limited by the ridged waveguide
part as a function of frequency. The launcher can afford to have 20 MW injection power
capability in the frequency range of 50 MHz ~ 85 MHz. The power limited at the loop
antenna part is also high enough because of large Zg in this frequency range.

4.3 Analysis of T-shaped Ridged Waveguide with Arms

4.3.1 Introductory remarks

Ridged waveguides have an electrical small cross section to propagate waves less than
the cutoff frequency of a rectangular waveguide.zo) The cutoff frequency is decreased by
increasing a ridge surface, such as a T-shaped ﬂdge.u'm) The cutoff frequency of the T-
shaped ridged waveguide can be decreased further by using a small gap between the ridge
and the waveguide inner wall. However, it is not permitted for high power application to
have very small gap spacing which causes the electric field beak down.

To decrease its cutoff frequency without using small gap spacing, a T-shaped ridged
waveguide with arms is presented in this section. The cutoff frequency, the waveguide
impedance, and the field distribution of the ridged waveguide with arms are calculated by
finite element method to obtain an electrical small waveguide.

4.3.2 Cutoff frequency
The cutoff frequency f_ of a T-shaped ridged without arms, P3=0 in Fig. 4-11 (a), is

calculated approximately as following equation.

fo = (c/TWP1/(W-H-A) (4-6)

where ¢ is the velocity of light, and A=W-2xP2. One method to reduce the cutoff
frequency for constant waveguide cross section W-H is obtained by decreasing P1,
however, which is not appropriate for high power application. Another technique to
increase the ridge length A, is given by adding arms to the both sides of the ridge shown in
Fig. 4-11 (a). This structure does not have small gap spacing inside the waveguide to
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reduce the cutoff frequency. To investigate this waveguide characteristics, a finite element
method (FEM) is used in this section.””’

The dominant mode propagating in the z direction of this waveguide is a TE mode, and
its fields are expressed by a potential @ as follows.

- - (4-7)
E = -jouVxdz
- = (4-8)
H=VxVxdz

where ( is the angular frequency, U is the permeability in free space, and z is a unit vector
in the z direction, respectively. To evaluate the cutoff frequency of this waveguide, the
FEM is used by a following functional I'(®).

T(®) = iukzj | 2@” - OF - 2y dxdy (4-9)

where k is the wavenumber of the waveguide, ®; is the partial derivative of @ about i, and
the waveguide cross section is in the xy plane. In the following calculation, the waveguide
cross section is divided by 67 triangles, and the potential in each element is approximated
by the second order polynomial.

Table 4-1 shows cutoff frequencies as a function of the arm length P3 for four sets of
P1 and P2 parameters. Parameters of the waveguide cross section, H and W, are 456 mm
and 228 mm, respectively. Gap spacings P1 and P2 are larger than 10mm not to make large
electric fields inside there. The cutoff frequency is decreased by increasing P3. For
example, the cutoff frequency is 61.42(MHz) for the waveguide P1=P2=12(mm) with no
arms P3=0(mm). Therefore, the cutoff frequency is reduced 20% by using arms
P3=205(mm), rather than the waveguide without arms P3=0, which shows the effect of the
arms to decrease the cutoff frequency without using small gap spacing. The cutoff

frequency is decreased by using long length arms in each parameter in Table 4-1.

4.3.3 Waveguide impedance

The waveguide impedance should be matched to an antenna impedance to suppress the
reflection waves from the load. The waveguide impedance of the ridged waveguide is
approximated by dividing the voltage squared at center of the ridge by a transmitting power
on the analogy of a rectangular waveguide.

Figure 4-12 shows calculated waveguide impedance for four sets of P1 and P2
parameters with the waveguide cross-section for FER and ITER (485 mm in height and
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228 mm in width). The waveguide impedance is diverged at the cutoff frequency, and is
converged for more than 60MHz in each parameters. The waveguide impedance is reduced
by large arm length, because the center electric field strength is decreased by long arms.
Electric fields between the ridge and the waveguide wall is expanded by the long arms,
which reduces the electric field strength.

For the FER IC antenna (50 MHz ~ 85 MHz), P1 = 8 mm, P2 = 12 mm and P3 = 205
mm are adopted, while for the high-frequency ITER IC antenna (70 MHz ~ 110 MHz), P1
= P2 = 12 mm and P3 = 75 mm are taken. Waveguide impedance calculated with the

parameter set for FER is shown in Fig. 4-13.

4.3.4 Electric field distribution

For high power application, sharp edges of the ridge should be rounded not to make
large electric fields there. The electric field has a singular condition at those points
theoretically. In general, those edges can be cut to avoid the singular condition without
changing the waveguide characteristics. Figure 4-14 shows the electric field distributions
along the ridge for four shaped ridges in Fig. 4-11 (b). Two peaks appears for the ridge
without cut edge at points 4 and 7 in Fig. 4-14 (a). The first peak is disappeared by large
cut of Fig. 4-14 (b) and (d), and is reduced by small cut of Fig. 4-14 (c). The electric field
distribution for two cut edges of Fig. 4-14 (d) becomes almost uniform by the point 6,
which verifies the effect of cut edge. It should be noted that cutoff frequencies for four
kinds of ridge are changed only 2.5% by cut edges. This result indicates that the ridge
edges can be cut without changing the waveguide characteristics.

To verify the effect of cut edges to decrease the electric field strength, electric field
distributions of another parameter (FER waveguide parameter) are shown in Fig. 4-15,
where the electric field strength at point 1 is also presented for 1 MW power transmission.
In this example, electric field at the point 4 edge is also decreased by the edge cut.

4.3.5 Transmission loss

Transmission loss of T-shaped ridged waveguide with arms are calculated by currents
flowing along the waveguide. The current distribution is given by tangential components of
magnetic field along the inner wall of the waveguide. For the parameter of Fig. 4-15 and
conductivity of copper, transmission losses are shown in Fig. 4-16. The waveguide
~ without cut edges has more than five times transmission loss than the waveguide with cut
edges. The current flowing along the ridge becomes very large at the edges, and are
suppressed by cut edges. True value of the transmission loss of the waveguide, however,
will be much less if wa take realistic round cormers of the ridge and the waveguide wall into

account.
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4.3.6 Concluding remarks
The ridged waveguide with arms to decrease the cutoff frequency without using small

gap spacing in the waveguide is presented to obtain an electrically small waveguide for high
pPOWEr mMiCrowave transmission. The cutoff frequency and waveguide impedance of the
waveguide are calculated by the finite element method, and the cutoff frequency of the
waveguide with arms can be reduced 20% less than the waveguide without arms. Electric
field distributions are also calculated, and the cut edge is efficient to obtain a uniform

electric field distribution in the waveguide without changing the waveguide characteristics.

4.4 Analysis of Faraday Shield

The current straps are protected from direct impinging of neutral particles by a Faraday
shield, which also plays an important role in cancelling a parallel electric field in order to
minimize coupling with the slow wave. The Faraday shield is protected by guard limiters
from direct bombardment of charged particles including energetic alpha particles. The frame
of the Faraday shield and the guard limiter is detachable from the launcher for maintenance.

A thick and open-type Faraday shield is proposed for the FER IC system and the high-
frequency ITER IC system. Thickness and height of each pipe of the Faraday shield is 43
mm and 48 mm, respectively. Pitch of the pipe is 66 mm. Cross-section and detailed
dimensions of the Faraday shield are shown in Fig. 4-17. Heat loads on the Faraday shield
are shown in Table 3-1. RF loss on the graphite is the most severe heat load on the Faraday
shield. Beryllium is an attractive material for the armor plate in order to reduce RF losses as
well as impurity radiation. Replaceable beryllium armor plates are assumed t0 be employed
for this reason. Figure 4-18 shows a calculation model for analyzing steady-state
temperature profile and thermal stress of the Faraday shield as well as material of each part
of the Faraday shield. Temperature contour of the Faraday shield with beryllium armor
plate is shown in Fig.4-19. The highest temperature (370 °C) appears on the Jower comer
of the armor plate due to the highest RF Joss density there and up-and-down asymmetry of
the distance from the heat sink (molybdenum bolt). The stress contour and the deformation
of the Faraday shield with beryllium armor plates are shown in Fig. 4-20 and Fig. 4-21.
The maximun stress (54 kgf/mm?2) appears in the molybdenum washer inserted between
the beryllium tile and the inconel pipe. This value is smaller than the limit value (3Sm=85
kgf/mm?) of molybdenum. The maximum stress in the beryllium tile (~20 k gf/mm?2) is
smaller than the limit value (29.5 kgf/mm?2), too. The maximum deformation which is
found at the lower corner of the armor plate is 0.12 mm. Consequently, there is no problem
on the thermal stress of the Faraday shield with beryllium tiles.

4.5 Analysis of Guard Limiter
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An example of the design of the antenna guard limiter for the FER IC system and the
high frequency ITER IC system is shown in Fig. 4-22. Main role of the guard limiter is
protection of the Faraday shield from charged particles. As a radial position of the guard
limiter is flush to the first wall in a standard case, the guard limiter receives large heat flux
mainly due to alpha particles as discussed in 3.2.3 (1). The heat loads on the guard limiter
are given in Table 3-1. Figure 4-23 shows a model for thermal analysis of the guard
limiter. A plasma-facing part of the guard limiter is made of graphite or carbon-carbon
composite. Due to a relatively large heat flux, the graphite or carbon-carbon composite part
(hereafter we call this low-Z part) should be closely contacted with a heat sink (water
cooling pipe of copper) by brazing. The low-Z part is connected by a molybdenum plate,
through which the guard limiter is attached on the launcher jacket by bolts. Such kind of the
antenna guard limiter except the close contact heat sink was successfully applied for the JT-
60 ICRF antenna. A material of the launcher jacket is stainless-steel. It is assumed that
cooling water flows with a speed of 2 m/s inside the copper pipe and the jacket wall.

Temperature contour of the guard limiter is indicated in Fig. 4-24. We assume that a
heat transfer coefficient at the brazing region between the low-Z part and the copper pipe is
1.0x102 W/cm2-°C. The maximum temperature which appears in the low-Z part is
990°C, which is well below the limit for the graphite. The maximum temperature of the
molybdenum plate is 300°C, which appears at the middle point of the portion facing the
thick wall of the launcher jacket. A constraint condition for the thermal stress analysis is
indicated in Fig. 4-25. The guard limiter is assumed to be free only in the radial direction.
The stress contour is shown in Fig. 4-26. The stress in the low-Z part is less than 10
kg/mm?. There is no problem in this part. The maximum stress in the molybdenum part is
74.8 kgf/mmz, which is less than the allowable value for molybdenum (3Sm=85 kgf/mmz).
The maximum stress which appears in the launcher jacket is 67.4 kgf/mmz, which exceeds
the allowable value for stainless-steel (3Sm=40.5 kgf/mmz). It is necessary to change the

material of the front part of the launcher jacket to inconel whose allowable stress (3Sm) is

87 kgf/mmz.

4.6 Analysis of Electromagnetic Force during Disruption

The antenna system is required to withstand plasma current disruptions at 22MA (dL/dt
= 1MA/msec) on ITER. Analyses of electromagnetic force and resultant stress during
disruption are made for the Faraday shields, the loop antenna element, the ridged

waveguide and the launcher jacket.
Models for analyses of eddy current, electromagnetic force and stress for gach
component are shown in Figs 4-27 (a)~(e). Each component forms a loop and the eddy
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current is calculated from an equivalent circuit equation. The maximum value of the eddy

current, i, is obtained by

B-S

tm
= lexp(--Ib) - exp(- 1), 4-10
R(Tex-Tc) d Tex P Te ( )

Inmax =

where B is interlinkaging magnetic flux density, S interlinkaging area, R resistance of the
loop, T, decay time of the plasma current, T, time constant of the loop. t,, is a time when

the eddy current reaches the maximum value and given by

IncL) - InC-)
= (4-11)

TC TCX

Each component of the magnetic field at the antenna position used in the calculation is
as follows, B,=3.5T,B,=2.6Tand B, = 0.5 T, where B is a radial component of the
magnetic field. The Faraday shield is made of inconel 625 and the other components are
made of stainless steel. Allowable stresses (1.5 S,)) are 43.5 kgf/mm2 for inconel and 20.3
kgf/mrn2 for stainless steel. Results of the stress analyses are summarized in the Table 4-2.
All the values of the stress indicated in Table 4-2 are smaller than the allowable limit of each
material with adequate design of each component. Following points have been found to be

important for each component to withstand the electromagnetic force during disruptions.

(1) Faraday shield

As the toroidal length of the Faraday shield is relatively long (~ Im) in the present
design, thickness of the Faraday shield is important to tolerate the electromagnetic force
with B, Thickness of the inconel pipe of 35 mm is necessary.
(2) Loop antenna element

It is found that the loop antenna element cannot withstand the disruption force if the
current strap is short-circuited on a common ground plate (toroidal septum). Therefore. we
" should assume separate short circuit plate. Thickness of the current strap of 35 mm is
necessary.
(3) Ridged waveguide

We assume that only top plate of the T-shaped ridge deforms. In order to secure space

inside the waveguide as much as possible, tapered cross-section of the top plate whose
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stress is constant in the direction of the taper, as indicated in Fig. 4-27, is favourable.

Thickness f(x) (mm) is given by
f(x) =424.5-x, (4-12)

where x (mm) is the distance from the edge of the top plate and the constant stress of 19.2

l(gf/mm2 is assumed.
(4) Launcher jacket
All the torques acting on each component are supported by the launcher jacket, which is

eventually supported by brackets on the cryostat. In order for the jacket to tolerate all the
torques, thickness of the jacket of 45 mm is necessary.



JAERI-M 891-094

Table 4-1 Cutoff frequency (MHz) of ridged waveguide
W=228, H=456, T1=T2=T3=20(mm)
P1{mm) P2{mm) P3(mm}
0 100 205 286
10 10 57.90 49.68 44.81 41.53
12 12 61.42 54.25 49.20 46.24
10 12 59.08 52.03 47.29 44.22
8 12 55.95 48.49 4521 42.38

Table &4-2 Results of electromagnetic force and stress analyses
for antenna components during plasma current disruption.

Antenna component

Electromagnetic force

Moment/Torque

Stress

Faraday shield

2050 kgf/m with B by By,

1.2x10* kgf-mm

4.0 kgf/fmm?

1530 kgf/m with By by By

1.35x10° kgf-mm

35.7 kgf/mm?

Loop antenna element

Feeder!

2 7%10° kef with B, by By,

4.4x10° kgf-mm

14.6 kgffmm?2

Current strap®

6.1x10° kgf with B, by By

9.8x10° kgf-mm

17.4 kgf/mm?2

Short circuit plate? 2.65x10° kgf with B, by Bp 4.2%10% kgfmm 6.5 kgf/mm?
Ridged waveguide
Frame 2.6 ton with B by lén 0.26 kgf/mm?

Top and bottom plates

118 ton with B, by B,

5.64x10* ton-mm

T-shaped ridge

157 ton with B, by By

3.20x10% ton-mm

19.2 kgf/mm?

Launcher jacket

Frame

1.73%10° ton-mm

7.27 kgf/mm?

1520 ton with By by B,
206 ton with By by By,

2.58 kgf/mm?

Top and bottom plates

1320 ton with B, by B,

1.50x10% ton-mm

Top and bottom plates of
ridged waveguide (total)

1.13x10° ton-mm

T-shaped ridge (total)

6.39%x10° ton-mm

Toroidal sepum (total}

1.68x10% ton-mm

5.17x10° ton-mm

(total by By

19.5 kgf/mm?

(total by B )

122 ¢m (D), 16 cm (w), 2.5 cm (1)

248 cm (), 16 em (w), 3.5 cm (1)
322 cm (1), 16 cm (w), 3.8 cm (1)
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ELECTRON DENSITY PROFILE AND ANTENNA POSITION
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Fig. 4-3 Model for the antenna-plasma coupling calculation

5x4 Array, La=0.48m, Wa=0.16m
d=0.15m, Nﬁp)=1

—O-ZR--&-Z1 —®-Rc

100 | 1 8
80 [ 17
— 60 _ ,,,,,,,,,, 6
g I 9 -
~ a0 e 15
N [ ﬁxo/ ] fé-
- 20¢F o 4 =2
S L—'_’.\'/ L
NT : | | :
-20L N L 12
: ] ]
-40 | 11
i Fay e ]
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-0 L &, L PP ORI Y §
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Fig. 4-4 Real and imaginary parts of the antenna radiation
impedance,ZR and ZI, and antemma coupling resistance,
Rc’ evaluated with the characteristic impedance of the

ridged waveguide, for the 5x4 array against frequency.
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(a)
2 5x4 Array, La=0.48m, Wa=0.16m
d=0.15m
20 7T T7
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Yig. 4-5 Antenna radiated power spectra of the 5x4 array at
(a) 50 MHz and (b) 80 MH=z.
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5x4 Array, La=0.48m, Wa=0.16m
N,(p)=1

6 ———————r—r—q ~O-50 MHz -@-70 MHz
| A-60 MHz--A-80 MHz

R (Q)

LARE b san o

0.05 0.1 0.15 0.2 0.25
d (m)

Fig. 4-6 Dependence of RC on the antenna-plasma distance, d,

at various frequencies.

Type A Type B
e——
.<__
—_— —
- P —
——
—_—

Fig. 4-7 Comparison of two antenna configuratioms in the poloidal
direction.
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4x4 Array, La=0.48m, Wa=0.16m
d=0.15m, Nﬁp)=1
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Fig. 4-8 Real and imaginary parts of the antenna radiation

impedance, ZR and Zl’ and antenna coupling resistance,

R , evaluated with the characteristic impedance of the
ridged waveguide, for the 4x4 array against frequency.

5x4 Array, La=0.48m, Wa=0.16m
d=0.15m, N”(p)=1

120

100

80! e .
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40 50 60 70 80 90
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Fig. 4-10 Injection power capability cof the 5x4 array antenna
limited by the ridged waveguide part as a function

of frequency
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(a)
4x4 Array, La=0.48m, Wa=0.16m
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Fig. 4-9 Antenna radiated power spectra of the 4x4 array at
(a) 50 MHz and (b) 80 MH=z.
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Fig. 4-11 T-shaped ridged waveguilde with arms
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Fig. 4-12 Waveguide impedance of ridged waveguide
W=228, H=456, T1=T2=13=20(mm)
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1 {MHz)

Fig. 4-13 Waveguide impedance of the ridged waveguide for the
TER IC antenna. W=228, H=485, P1=8, P2=12, P3=205,
T1=T2=T3=20 (mm)
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Fig. 4-14 Electric field distribution along the ridge of
various cut edges. W=228, H=485, P1=P2=12, P3=50,
T1=T2=T3=20 (mm)

(a) kl=k2=0, k3=k4=0(mm}, fc=55.277(MHz)
(b) k1=k2=20,  k3=k4=0(am), fc=56.864 (MHz)
(c) kl=k2=10, k3=k4=0(mm), fe=54.973(MHz)

(d) kl=k2=20, k3=k4=10{mm}, fe=57.473(MHz)
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1 2 3 4 5 B8 7 8 9 101112

{a) Electric field distribution

10ﬁ

E1(kV/cm)

-
S

0 3 —_ 1 1 J
40 80 8O 100 120 140
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(b) Electric field strength at point I for 1MW transmission

Fig. 4-15 (a) Electric field distribution along the ridge of the
ridged waveguide for FER.

(b) Electric field strength at point 1 for 1 MW
transmissicn

W=228, H=485, P1=8, P2=12, P3=205, T1=T2=T3=20(mm)

— ki=k2=0, k3=k4=0 (mm}, fc=43.329(MHz)

---- k1=k2=20, k3=k4=10 (mm), fe=41.717(MHz)
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no cut edge

Neper/m 0.06r

0,047
T 2 ——
------------ cut edge
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to B0 B0 100 120 140
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Fig. 4-16 Transmission loss of the ridged waveguide for FER.
W=228, H=485, P1=8, P2=12, T1=T2=T3=20(mm)
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Fig. 4-27 Models for analyses of eddy current, electromagnetic force
and stress on various structural components of the antenna
system during plasma current disruption.

(a) Faraday shield
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Fig. 4-27 {Contdinued)

(b) Loop antenna element
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Fig. 4-27 (Continued)
(¢) Ridged wavegulde
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5. CONCLUSIONS, AND R&D NEEDS
5.1 Conclusions

Physics analysis and conceptual design study have been done for the FER IC system
and the ITER high frequency IC system. The frequency range of the former system
includes 2 o, heating, current drive (TTMP) and 2 o heating. Physics analysis shows
that the 2 w,p and 2 o7 heatings are suitable for burn control, because, even in the former
case, wave power absorption by deuterons dominates the one by fusion alphas and it can
bring the central ion heating in the ignition plasma parameters. Efficient burn control can be
expected with centrally peaked ion heating. The central current drive is possible with
slightly higher frequency from the tritium second harmonic resonance frequency. The
current drive efficiency is 20-30 % smaller than the one of the lower frequency scenario (@
< @.T), but higher damping par pass can be expected. Strong coupling with deuterons will
make local current profile control possible by accelerating deuterium beam ions with second
or third harmonic ICRF waves in NBCD plasma. Enhancement of the current density by
ICRF waves is localized near the cyclotron resonance layer. A current profile will be
compensated by ICRF when penetration of the neutral beam changes. The system can also
provide heating method of hydrogen plasma through helium 4 minority second harmonic
heating, and D-He? burn. From these respects, it can be concluded that the FER IC system
is very attractive for the central ion heating and supplementary current drive system.

The launching system of the FER IC system and the ITER high frequency IC system is
characterized by in-port plug and waveguide-fed loop antenna array. Merits are as follows.

(1) Ceramic support is not necessary inside the cryostat.

(2) There is no interference with the blankets.

(3) Remote maintenance of the front end part of the launcher (Faraday shield and guard

limiter) is relatively easy.
Overall structure of the launching system is consistent with radiation shielding, cooling,
pumping, tritium safety and remote maintenance. The total system efficiency is expected to
be nearly 60 %.

Power handling capability of the launcher is evaluated from the coupling calculation,
assuming H mode scrape-off density profile (ng(separatrix)= 6.7x10"m3, e-folding
length= 2.1 cm) and the maximum electric field strength in the ridged waveguide of 20
kV/cm. It is found that the coaxial mode dominates in the antenna radiation resistance for
the 5x4 array. Hence, dependence of the coupling resistance on the antenna-plasma
distance is quite small. The launcher can afford to have 20 MW injection power capability
in the frequency range of 50 MHz ~ 85 MHz with the separatrix-antenna distance of 15 cm.



JAERI-M 91-094

However, it should be checked carefully both in experiment and theory whether the coaxial
mode works well or not.

Detailed analyses on important components such as the ridged waveguide, the Faraday
shield and the guard limiter have been carried out. The shape of the ridge of the waveguide
is optimized to provide desired frequency range with a finite element method. A gap
distance between the ridge and the waveguide wall in the toroidal direction is set to be
realistic value, i.e., 1.2 cm. The characteristic impedance is 28 ~ 16 Q in the frequency
range of 50 ~ 85 MHz. From the thermal analysis of the Faraday shield, it is found that
beryllium is suitable material for protection tiles of the Faraday shield. Due to the relatively
large heat flux by a particles to the guard limiter, the front end part of the guard limiter
(graphite or c-c composite) should be closely contacted with water cooling pipe of copper
by brazing. Thick Faraday shield (43 mm in total thickness including beryllium tile) is
necessary to tolerate disruption forces. In the conceptual design, it has been confirmed that
all these components are possible with pertinent choice of design paremeters and materials.

5.2 R&D Needs

5.2.1 R&D Programme
Specific R&D needed for the use of FWCD on ITER is minor; however some tasks

have been identified that are necessary for the ITER FWCD system:”)
(1) Radiation effects on ceramic insulators
{2) Faraday shield materials and construction techniques should be tested to make
sure that the Faraday shield will be able to meet the ITER reliability and life
time requirements '
(3) Experience is needed in the design and operation of an antenna array suitable
for FWCD. '
(4) Development work on the ridged waveguide will be needed to provide a back-
up option to the coaxial conductor vacuum transmission line system.
For FER and Japanese contribution to ITER Long Term Technology R&D, an activity is
focused on the development of a FWCD antenna system including development work on
the ridged waveguide. The former could be installed and used for FWCD experiments on

JT-60U.

5.2.2 Gain from JT-60/60U ICRF experiments and operations

Two main roles of ICRF heating in ITER/FER are central plasma heating and current
drive, especially at high densities. As for plasma heating, high power ICRF experiments
have been conducted in fundamental and second harmonic regimes on large tokamaks such
as JET,2Y IT-60% and TFTR.?® Effectiveness of ICRF heating is well established while
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further investigations are necessary for the current drive by ICRF waves. Sawtooth
stabilization is observed accompanied with formation of an ion tail in ICRF heating
experiments. Figure 5-1 shows a typical result of second harmonic minority heating in JT-
60. When ICRF power, Py, of 2.2 MW is applied, the plasma store energy WP and the
central electron temperature T  F significantly increase, indicating strong central electron
heating with high heating efficiency.?” Calculations by a self-consistent wave code, which
takes into account global wave structure and quasi-linear velocity distribution,?® suggest
that these results are due. to high energy ion generation in the plasma core. Moreover, the
sawtooth period is extended up to 300 ms as long as the energy confinement time. Such
sawtooth stabilization is observed even for high densities 7, ~ 7 x 10! m™ at relatively
low power level Pc = 2 MW on JT-60 while it is observed for ne < 4 x 10*®* m3 on JET
and TFTR. Although the reason for this difference may be due to the difference of the
heating regime (second harmonic minority heating in JT-60, fundamental minority heating
in JET and TFTR), a detail has not yet been understood. Therefore, objectives of ICRF
heating in JT-60U will be focused on the investigation of the sawtooth stabilization of high
density plasmas with much higher power than in JT-60 as well as the central heating of H-

mode plasmas.
It can be recognized that JT-60U is very suitable tokamak device for FWCD experiment

from the following reasons:
(1) High electron temperature (~10 keV), which is highly demanded for FWCD
experiment, can be expected with assistance of ECH (110 GHz, 5 MW).
(2) High-frequency (110-131 MHz) and high-power (currently 6 MW, near future 10
MW) ICRF source is available.
(3) Matching of FWCD and ECH frequencies is very good. Two FWCD regimes
consistent with electron cyclotron central heating are possible.
(a) 0~2.50,y (50.p) with Bp=3.3-3.5 T (ECH; )
high confinement plasma
(b) w~4.504 Qw,p) with By=1.9 T (ECH; 20,)
weaker ion damping
(4) Two large horizontal ports (0.9 m in width and 0.78 m in height) are availabie for
FWCD antennas.
(5) Driven current at the 1-2 MA level at moderate electron density (g9 = 02310 m™?)
is expected with 7 MW of total injection power, which is estimated assuming four
current straps antenna, N, =~ 4 and central electron temperature of 10 keV.

From a view point of the antenna engineering, the power injection capability and
plasma-antenna coupling properties are matters of great interest. Features of JT-60 ICRF
antenna were compact and high power density. The antenna was made up of 2 x 2 loops,
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an open-type Faraday shield and a metallic casing. We could change the peak position of k;
spectrum of the radiated power, k;{peak), by phasing loop element currents: k,(peak) =0
m™! for (0,0) phasing and k,{peak) ~ 10 m-! for (n,0) phasing, where the former in
parentheses is the toroidal phase difference of the loop currents and the latter the poloidal
one. Figure 5-2 shows progress of the injected power Py as a function of the maximum
voltage V.. in the coaxial line connected to the antenna in the JT-60 ICRF experiments.'”
The injection power of ~ 3 MW is achieved for both phasing modes. This corresponds to
the injected power density of 16 MW/m?, the highest level among ICRF systems operating
in the world. Although the effective heating is obtained for both phasing modes as
described above, (1,0) phasing (high-k, mode) shows better heating efficiency than (0,0)
phasing. Parametric decay instabilities, one of non-linear phenomena, are observed for
(0,0) phasing but not for (r,0) phasing at such injected high power densities.?” On the
other hand, the coupling resistance is 5 - 7 € for (0,0) phasing and 1 - 3 Q for (r,0)
phasing. These coupling properties are consistent with the predictions by the three-
dimensional antenna-plasma coupling code including the effect of radial feeder currents.'”
Moreover, different behaviours of the coupling resistance between (0,0) and (1,0) phasing
modes at H-mode transition are observed and analyzed by the code, 3

On the basis of the good results on the JT-60 ICRF antenna, new antennas (two
antennas) for IT-60U have been constructed.?” The new antennas are also 2 x 2 loop
array, essentially similar to the JT-60 antenna, but have three times larger size than that of
the JT-60 antenna to improve power injection capability, especially for H-mode plasmas.
The new antenna is equipped with poloidal septum and optimized to have k,(peak) ~ 7.5 m’
! with sharp peaks. An impedance matching system is composed of a high power phase
shifter, one stub tuner (A/4 choke type) and a frequency feed back control system to
enhance a power handling capability and to easily make impedance matching for any
antenna impedance with low reflectivity {~5 %). Effectiveness of the frequency feedback
control system has already been confirmed in the JT-60 ICRF experiment. The output
power of the ICRF heating system will be increased from 6 MW to 10 MW,

Thus, further data on power injection capability, limitation of stand-off voltage,
coupling properties and antenna impedance matching will be obtained and effects of
poloidal septum will be understood through the JT-60U ICRF experiments and operations.
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