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Abstract: ICRF (Ion Cyclotron Range o f Frequency) heating is an essential heating and current drive tool on EAST 

(Experimental Advanced Superconducting Tokomak). The high-power steady-state transmitters were designed as a 

part o f research and development o f ICRF heating system which aimed at output power o f 1.5 MW  for 1000 s in a 

frequency range o f 25 to 70 MHz. There are 3 stage power amplifiers for each transmitter. Tube TH525A and 

TH535 were chosen for drive power amplifier (DPA) and final power amplifier (FPA), respectively. The power 

supply system o f DPA and FPA were upgraded by using reliable PSM high voltage sources, whose response time is 

less than 5 |is. The ICRF system, which consists o f 8 transmitters, w ill give out more than 10 MW  total output 

power in the future. Four o f them have been already fabricated, and another four are under construction. Three 

liquid stub tuners are used for impedance matching benveen antennas and transmitters, which can be only tuned 

shot to shot. There are two fast wave heating antennas which are assembled at I port and B port on EAST. Several 

projects are in progress including fast response impedance matching, distributed data acquisition and control 

system and so on for EAST ICRF heating system.
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1. Introduction

Ion Cyclotron Range o f Frequency (1CHF) heating is 

one o f the most successful heating and current drive 

tools, especially for Tokomak plasmas, by using radio 

frequency (RF) wave with tens o f MHz. A RF source 

for ICRh heating has a long development history and 

great advancements have been made so i'ar, such as 

JT-60U Tore Supra |2], and C-Mod Pl, KSTAR '4,.

Ion heating experiments have been carried out in IPP 

for many years, and good results were observedl5] ^

【8|. Though, many efforts have been made since 

1996 for these research works, it is not fit for the

requirements o f ICRF heating for EAST. The 

high-power steady-state transmitters were designed as 

a pari o f research and development o f ICRF heating 

system which aimed at output power o f 1.5 MW for 

1000 s in a frequency range o f 25 to 70 MHz in a CW 

(Continuous Wave) mode o f operation. Recently the 

ICRi system has been upgraded for several aspects, 

and it w ill be illustrated from three important parts: 

transmitter, antenna and matching network.

2. Transm itter

In order to attain 1.5MW o f output power, the ICRF
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transmitter consists o f three stage amplifiers [,0]. An

amplitude-modulated signal generator is used as a 

master oscillator to drive a 5kW solid state amplifier, 

which in turn drives two tuned tetrode stages. The 

tubes for the DPA (Driver Power Amplifier) and FPA
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(Final Power Amplifier) are Thales TH525 and TH535,

respectively. The RF signal from 5 kW solid-state 

amplifier is fed to DPA, which has a lOOkW output 

power and nearly the same input and output cavity 

structure as FPA, as shown in F ig .1.
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F ig .1 Schematic d iagram  o f DPA and FPA.

To ensure stable and reliable operation, a grounded 

grid configuration was chosen to provide the essential 

electrostatic shielding between input and output. The 

screen grid, which is connected to RF ground, prevents 

capacitive feedback from anode to the control grid, 

thus minimizes self oscillation o f the amplifier. The 

whole impedance matching circuit is divided into two 

important parts, i.e. input circuit and output circuit.

For DPA, to realize a continuous change in parameter

input circuit o f the DPA was designed to consist o f 

strip line except the input vacuum capacitance. The 

input stage is a pi-type matching circuit, which consists 

o f a variable coupling capacitance, a variable-length 

strip line inductance, and a section o f variable-length 

strip line with a characteristic impedance o f 45Q. The 

model TH535 tetrode operating in class B was chosen 

for the DPA, which is capable o f delivery o f a r f  output 

power o f 100 kW to drive the FPA. The output circuit

value and a compact structure, each component o f the o f the DPA consists o f a coupling capacitance and an
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output cavity. A square single coaxial cavity in cross

section was adopted as the output cavity for tuning, 

variable from 30 to 280 cm in length. A vacuum 

variable capacitance was selected for coupling r f  

power to the FPA, changing from 10 to 250 pF. This 

kind o f structure is often employed in broadcasting 

amplifiers.

For FPA, because o f the grounded-grid configuration, 

the input impedance o f the FPA is seriously dependent 

on operation conditions, in particular, anode current. 

Different output power levels w ill result in big changes 

in input impedance, so that matching status between 

the DPA and the FPA should be adjusted carefully 

during testing o f the amplifiers. The high reflected 

power fraction may cause damage o f amplifier 

components because o f over-current and/or high 

VSWR or arcing inside the tube. Because o f the DPA 

output impedance o f 5 0 fi，a 6-in. coaxial transmission 

line with characteristic impedance o f 50Qwas 

employed as the DPA output power delivery to drive 

the FPA. To achieve a perfect matching state between 

FPA and DPA, the input circuit, which is composed o f 

an input resonator, a double-stub tuner, and a U-link, is 

used as an impedance matching network between the 

DPA and the FPA to match the input impedance o f the 

FPA to 50f2. The stub tuner is a section o f  transmission 

line short-circuited at one end, i.e., a choke-type tuner, 

and is movable from 0 to 200 cm in length. The U-link 

is a section o f transmission line variable in length that 

is shaped like a letter U. As usual, the input resonator 

used as the preparing matching tuner is fixed during
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the tests. As is known, there is a forbidden range o f 

load impedances that cannot be matched with a 

double-stub tuner matching system. To eliminate the 

forbidden range, the changeable U-link is used to 

change the length between the stub tuners to cover the 

whole working frequency range, as shown in Fig. 2.
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Fig. 2 Assembling and dimentions o f waveguide 

absorbing structures

The output circuit o f FPa  is a double coaxial wave 

resonator, and two tuning stubs motivated by motors 

are installed among the inner, intermediate and outer 

conductors, which can change the length o f resonator 

for impedance matching. The cross sections o f the 

outer, intermediate, and inner conductor are a square, a 

12-sided polygon, and a circle, respectively, for 

convenient assembly. As is known, spurious frequency
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w ill appear when the tube works at rated power

condiction. For TH525, the frequency o f stray signal is 

about 1.2 to 1.3 GHz. To suppress the spurious 

frequency, a kind o f rectangle waveguide structure 

terminated by wedge-shape absorbing materials was 

used. In this research and development, waveguide 

dimensions were chosen so that only the modes o f 

which the cutoff frequency is in a range o f 0.75 to 1.5 

GHz w ill propagate, and then be absorbed, such as 

TEi〇, TE〇j. There are i / waveguide absorbing 

structures assembled around the tetrode.

It is definitely necessary to effectively cool the 

components o f the amplifier for long-pulse operation at 

high power level. Water cooling was mainly used for 

the tetrode and anode blocking capacitor and the power 

transmission line, and forced-air cooling was mainly 

used for the cavity and the tetrode socket terminals, the 

dissipated r f  power on the surface o f the intermediate 

conductor is higher than those o f the inner and outer 

conductors because the double surfaces o f the 

intermediate conductor are in effect. A gas blower was 

employed to drive air with an airflow rate o f 〜20 

m3/min and a pressure o f 1500 Pa at the air tube inlet 

to remove the heat loss inside the output cavity, which 

is generated by the dissipated r f  power.Another blower, 

which can provide a flow rate o f 10 mJ/min with an air 

pressure o f 1000 Pa, was used to cool the tetrode and 

socket terminals. Such a forced-cooling airflow can 

maintain high thermal efficiency to avoid overheating 

o f the cavity

The DPA and the FPA were tested at each integer
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frequency over the whole designed frequency range. 

The averaged output power o f 1.5 MW  for each was 

achieved in a frequency range o f 25 to 65MHz, and 

energy conversion efficiency from dc to r f  was 60% to 

70%, as shown in Fig. 3. However, it was found that r f  

output power and energy conversion efficiency 

decreased sharply when the amplifiers operated at 

frequencies higher than 65 MHz. The decreases in 

output power and in efficiency at the higher 

frequencies were caused by a limitation o f the tetrode 

operating frequency, which is probably induced by the 

lead inductance o f the electrodes, the geometry, and the 

electrode material o f the tetrode. It was also found that 

output power was slightly low at 3!) and 36 MHz. The 

reason is not clear. It needs to be further analyzed what 

caused this drop in r f  power.

The crowbarless HVPSs based on PSM technology, as 

shown in Fig. 3, were developed for the THALES 

TH535 and TH525A tetrodes because o f its great 

advantages compared with a conventional power 

supply with a crowbar, such as fast response, low 

short-circuited energy, safety, etc. The response time o f 

such PSM power supply is about 2 (is for a specified 

overcurrent value o f 200 A. Furthermore, another 

feature o f PSM HVPS is that the response time is 

inversely proportional to the loop current o f power 

supply. That is mainly because the energy in the circuit 

can be discharged faster with large currents. In 

addition, it takes a shorter time for a large current to 

reach to the specified threshold values. This character 

o f PSM power supply w ill cause faster response under
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the situation o f over current to avoid severe damage o f

RF transmitter components. Therefore employment o f 

the PSM HVPS ensures that the transmitters operate 

stably and reliably at high RF power levels.
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Fig. 3 PSM power supply fo r TH535 and TH525A 

tetrodes

There w ill be eight sets o f r f  power amplifiers for r f  

heating in EAST in the future. Four o f them have been 

already fabricated， and another four are under 

construction which w ill be finished at the end o f this 

year. 3

3. Antenna ana M atching network

Two fast wave antennas w ill be assembled in EAST 

and the performance o f them w ill be tested in the next 

experiment campaign, as shown in Fig. 4. One is a 

4-strap antenna which w ill be fabricated at I-port and 

each strap w ill be connected to a 1.5MW transmitter.

Another one is a 2><2 loop antenna at B-port and each 

loop w ill be also connected to a 1.5MW transmitter, 

respectively, which inform that the total injected power 

w ill be more than 10 MW.

Gen CHEN

Fig. 4 4-strap antenna at I-po rt and 2x2 loop 

antenna at B-port

Liquid stub tuners were used for impedance matching 

network, which match the transmitter to antenna. 

However according to theoretical and experimental 

studies, some events such as L-H mode transition, 

ICRF operation during edge localized modes (ELMs) 

w ill induce time-varying loading impedance o f 1CRF 

antenna during a shot. The traditional choke-type and 

liquid stub matching networks are non-ideal any more 

due to their low tuning speed.

A Fast Ferrite Tuner consists o f iron yoke, biasing 

magnets and ferrite loaded strip line which is biased by 

a pair o f external magnetic coils. By changing the 

biasing magnetic field, variable permeability o f the 

ferrite material which affects the propagation velocity, 

and hence equivalent electrical length o f the device can 

be obtained.

The design o f fast ferrite tuner and built o f first 

prototype have already been finished. The test results
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o f first prototype have demonstrated that the FFT with

the tuning speed o f 340 ms is obviously faster than the 

traditional methods. As for future work, due to the 

saturation magnetization o f ferrite materials which is a 

strong function o f temperature, decreasing as 

temperature increases, the high power performance o f 

the FFT should be tested in 2013 EAST winter 

campaign.

4. Conclusion

The design o f FPA aimed at output power o f 1.5 MW 

for 1000 s. The maximum output power o f 1.5MW was 

achieved within the frequency range o f 25 to 65MHz. 

The power supply system o f DPA and FPA were 

upgraded by using reliable PSM high voltage sources, 

whose response time is less than 5 [is. The ICRF 

system, which consists o f 8 transmitters, w ill give out 

more than 10 MW  total output power in the future. 

Four o f them have been already fabricated, and another 

four are under construction. Three liquid stub tuners 

are used for impedance matching between antennas 

and transmitters, which can be only tuned shot to shot, 

and new ferrite tuner is under developing. There are 

two fast wave heating antennas, which are assembled 

at I-port and B-port and w ill be tested in next 

experiment campaign, on EAST.

Although it was a very encouraging result for the 

research and development o f ICRF system, several 

projects are in progress including fast response 

impedance matching, distributed data acquisition and 

control system and so on for EAST ICRF heating
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system.
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