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Abstract. The Electron Cyclotron Resonance Heating (ECRH) system of China Fusion Engineering Test 

Reactor (CFETR) is designed to inject 20 MW RF power into the plasma for heating and current drive 

(H&CD) applications. The ECRH system consists of 20 gyrotrons, the associated power supplies, the 

transmission lines and one launcher. In order to compare the launcher performance from equatorial and 

upper ports, two types of launcher are designed in this paper. In equatorial launcher (EL), twenty in-vessel 

transmission lines are divided into four groups. Every five gaussian beams from in-vessel transmission 

lines face one fixed focusing mirror and one steering mirror. All gaussian beams are injected into the 

plasma with optimal toroidal and poloidal angles calculated by C3PO/LUKE code. In upper launcher (UL), 

twenty-one transmission lines are supposed and divides into three groups. Every seven gaussian beams are 

injected into one fixed focusing mirrors and all twenty-one beams reflected to one common steering mirror 

finally. The optical transmission characteristics and the convergence information of gaussian beams are 

checked and optimized. The EL or UL is installed on the equatorial or upper port with a port-plug modular 

structure. 

1 Introduction  

The objective for International Thermonuclear 

Experimental Reactor (ITER) [1] is to demonstrate the 

scientific and technological feasibility of applying fusion 

energy for peaceful purposes. Based on the existing 

physics and technology of ITER, CFETR works on the 

technology which cannot be completed by ITER. The 

mission and goal of CFETR are as follows: (1) Fusion 

power 200- 1500 MW; (2) Duty cycle time (or burning 

time) ≧50%; (3) Tritium should be self-sufficiency by 

blanket, TBR (Tritium Breeding Ratio) ≧1. It is 

challenged by integrated design considering all crucial 

elements [2,3], which include integrated plasma 

scenarios for steady-state operation and engineering 

optimization, particularly inboard radial space for tritium 

breeding modules and the tradeoff of plasma faced 

surface for tritium breeding and heating and current 

drive (H and CD), diagnostics, burning ratio of fuelled 

particles, plasma burning duty factor, RH, and so on. 

 To assist and sustain CFETR operation in various 

scenarios, basing on the design experience of EAST 

ECH system [4,5], an ECH&ECCD system [6,7] 

operating at 170 GHz, 20 MW power continuous wave 

(CW) will be installed for the CFETR with the power 

injected via two types of launchers, the equatorial 

launcher and the upper launcher.  

 In this paper, central heating and current drive are 

the main physical requirements for EC system. Because 

of the excellent local power deposition and simple 

coupling between wave and plasma, megawatt 

steady-state ECH system is in the first priority to be 

considered among all the auxiliary heating systems. 

ECCD maintains the non-inductive current drive and 

controls the current profile during CFETR steady-state 

operation. 

  The main purpose of this paper is to present the 

status of our current design work. The structure of ECH 

system is introduced in section 2. The designs of 

equatorial launcher and upper launcher designed basing 

on the initial small-size CFETR device [2,3] are 

described in section 3 and 4. Finally, the conclusion is 

given. 

2 ECH system 

ECH system is composed of microwave subsystem, high 

voltage power supply (HVPS) subsystem, interlock and 

control protection subsystem, vacuum pumping 

subsystem and water-cooling subsystem (Fig.1). The 

microwave subsystem consists of microwave source, 

transmission line and EC launcher, which show the 

generating, transferring and injecting process of 

microwave power respectively. HVPS which is mainly 

formed by cathode power supply and body power supply 

is in charge of power supply for microwave source. Each 

cathode power supply provides two gyrotrons [8-11]. 

PSM structure is chosen in the cathode power supply. It 

adopts all-controlling switching elements and the 

switching speed is very quick. Therefore the independent 
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crow-bar protection for gyrotron do not need here. 

Independent body power supply, superconducting 

magnet power supply, filament power supply, gun coil 

power supply, ion pump power supply and collector coil 

power supply are configured to every gyrotron. Interlock 

and control protection subsystem, water-cooling 

subsystem and vacuum subsystem assure the safe and 

reliable operation of the overall ECH system. Interlock 

and control protection subsystem commands all the 

subsystems operating according to the setting procedures 

and parameters and monitors all kinds of operating 

parameters in real time. Once error occurs in the system, 

interlock and control protection subsystem will execute 

protective action immediately. Water-cooling subsystem 

cools all the microwave devices which are needed to be 

cooled in the ECH system. Vacuum subsystem ensures 

superconducting magnets, matching optics unit (MOU) 

and corrugated waveguides running in a good vacuum 

state. 

 
Fig. 1. The constitution of CFETR ECH system. It contains 

microwave sources, transmission lines, EC launcher, cooling 

water subsystem, vacuum pumping subsystem, interlock & 

control subsystem and HVPS. 
 In ECCD, the resonance condition for wave-particle 

in velocity space is given by the following equation [12]: 

/////  kn ce                  (1) 

where ω is the wave frequency, ωce is the electron 

cyclotron frequency, n is the electron harmonic number, 
)/(1/1 22 cv  is the relativistic form-factor, which is a 

consequence of the relativistic correction of the electron 

mass, c is the velocity of light in vacuum. The k//v// term 

is the Doppler effect, which plays an important role in 

ECCD and causes both shift and broadening of the 

absorption line, where v//, k// are the parallel components 

of the velocity of the resonant electrons and wave vector 

of the EC wave, respectively. In ECH system, two 

modes can be used to heat the plasma: O mode and X 

mode [13]. If the EC wave is injected into plasma from 

low field side, only O mode and X2 mode can be 

adopted. The probable resonance layers and heating 

methods in CFETR ECCD system are shown in Fig. 2. 

Taking the frequencies adopted in the present tokamaks 

into consideration, 110GHz, 140GHz, 170GHz and 

230GHz are chosen in the analysis. In Fig. 2(a), when 

the center toroidal field is 5T, 140GHz, 170GHz and 

230GHz satisfy the ECCD system demand. When the 

center toroidal field of CFETR is up to 7T in the future 

shown in Fig. 2(b), only 170GHz and 230GHz can be 

accepted. Combining with the mature manufacture 

technology of ITER 170GHz gyrotron, 170 GHz is 

chosen as working frequency of ECH system in CFETR 

according equation (1) and EC wave would be coupled 

to plasma with O1 mode. 

 
Fig. 2. (a) The center toroidal field BT=5T; (b) BT=7T. 

The microwave subsystem is made up of RF source, 

transmissions line and launcher. The design of launcher 

is similarly ITER EL and UL[14-17], two types of 

launchers are designed. In Fig. 3, it shows ECH system 

for CFETR where the injected launcher is EL for 

instance. RF sources contain twenty 170GHz/1MW 

gyrotrons which take charge of generating microwave 

power. 20 MW microwave power is transferred by 20 

transmission lines and injected into the plasma via EL. 

Transmission lines should satisfy a series of technical 

requirements, therefore there are different microwave 

components distributed along the line, such as MOU, 

corrugated waveguide, miter bends and some auxiliary 

equipments (Fig. 4). The diameter of corrugated 

waveguide is 63.5mm and the transferring mode in 

corrugated waveguide is HE11 mode. The miter bends in 

the transmission lines possess many functions, such as 

changing microwave power transferring direction, 

measuring the power [18], monitoring the arc and 

adjusting the polarization information [19]. The auxiliary 

equipments contain direct current (DC) break, vacuum 

pumping sections, chemical vapor deposition (CVD) 

window, gate valve and so on [20-22]. The DC break 

separates electrical potential along the transmission line 

to eliminate unnecessary electrical closed loops. The 

pumping section evacuates the transmission line through 

a gap of the waveguide and the whole transmission lines 

are evacuated to ≤ 2×10
-3

 Pa in order to reliably transmit 

1 MW RF wave. In each transmission line, there is one 

CVD window located close to the launcher in order to 

separate the high vacuum of CFETR vessel from vacuum 

transmission line. Gate valve is located at the end of 

transmission line and it is shut off immediately when one 

discharge is over. 

 
Fig. 3. ECH system for CFETR. 
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Fig. 4. Schematic of a generic TL. 

3 Equatorial launcher 

The wave with the specific mode, polarization 

information and incident angle is injected into CFETR 

plasma by the quasi-optical launcher which should be 

located on the special position for the optimal heating 

and driving current.  

The EL is installed on the equatorial port with 

sectional area 2200mm × 1750mm. Total 20 MW 

microwave power from 20 gyrotrons should be injected 

into plasma via one EL. Before designing the EL, the 

injecting position of the microwave power is decided by 

C3PO/LUKE code [23] via calculating the driven current 

in different positions. In C3PO/LUKE code, the injection 

angles of the beams are defined as Fig. 5. θ is the 

poloidal injection angle and φ is the toroidal injection 

angle. The distance from the center of CFETR horizontal 

plane to the injection mirror in vertical plane is marked 

as Za in Fig. 6(a). The distance from the middle point 

between injection mirror and focusing mirror to the 

CFETR center in horizontal plane can be seen in Fig. 6(b) 

and is named Ra. The distance in horizontal plane 

between injection mirror and focusing mirror is 100cm. 

 
Fig. 5. Definition of the injection angles (θ: poloidal injection 

angle; φ: toroidal injection angle). 

 
Fig. 6. The injection positions of the injection mirrors and the 

focusing mirrors. 

With the profiles of Te and ne as shown in Fig. 7, the 

driven current is optimized with the different positions of 

injection mirrors and focusing mirrors. Combining the 

size and shape of the CFETR equatorial port, Ra is 

chosen as 1000cm and Za is ±22.5cm or ±67.5cm (“+” is 

higher than the center of CFETR horizontal plane and “-” 

is lower than the center of CFETR horizontal plane). The 

calculating configuration is ITER-like configuration 

which is not symmetrical about the center horizontal 

plane of CFETR, so the different driven current of four 

height positions of injection mirrors ((a)-67.5mm, 

(b)-22.5mm, (c)22.5mm, (d)67.5mm) are given in Fig. 8. 

The driven currents are gotten with toroidal angles and 

poloidal angles changing in a certain range. The 

maximum driven currents in four different positions are 

all about 29 kA when the injecting power is 1MW. The 

optimal toroidal injecting angles are all about 206° and 

the optimal poloidal injecting angles are about 83°, 88°, 

94° and 98° respectively. 

 
Fig. 7. The profiles of Te and ne. 

 

Fig. 8. In four heights ((a)-67.5mm, (b)-22.5mm, (c)22.5mm, 

(d)67.5mm) of the injection mirrors, the driven current vs 

different toroidal angles and poloidal angles. 

EL is made up of in-vessel transmission lines 

(in-vessel transmission lines and ex-vessel transmission 

lines are separated by external surface of the flange), 

vacuum shielding, internal shield, focusing mirror, 

steering mirror, drive mechanisms of steering mirror, 

Blanket Shielding Module (BSM) [24], flange and so on 

(Fig. 9 and Fig. 10). The EL is installed on the CFETR 

equatorial port with port-plug modular structure. The 

in-vessel transmission lines are extended from 

transmission lines, restrain the microwave power and 

transfer the power with certain route. The optical mirrors 

contain focusing mirrors and steering mirrors which are 

in charge of changing the transferring route of gaussian 

beams. The vacuum shielding separates the high vacuum 

of CFETR chamber from external environment. One side 
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of vacuum shielding connecting with tokamak has the 

same vacuum with the vacuum chamber. The other side 

is in the atmosphere facilitating the installing and 

repairing microwave devices, and controlling electric 

motors which are the driving mechanisms of steering 

mirrors. The internal shield and BSM will both shield the 

neutron radiation in the physics experiments in the future. 

The flange takes charge of the installation and jointing 

between EL and port.  

 

Fig. 9. The overall installation of the equatorial launcher. 

 

Fig. 10. The internal structure of equatorial launcher and the 

transferring route of gaussian beams. 

Twenty in-vessel transmission lines are divided into 

four groups in EL and each group has five transmission 

lines. The top and the bottom of groups are arranged by 

four miter bends in every transmission line and the 

middle two groups are arranged by two miter bends. 

Miter bends increase the transmission loss, however, in 

order to converge the power from transmission lines into 

focusing mirrors, these are the integrant minimum 

quantities of bends. There are four focusing mirrors and 

four steering mirrors in ECH system. Five waveguide 

ends of the in-vessel transmission lines in each group 

face one fixed focusing mirror and five gaussian beams 

from the waveguide ends are injected into this focusing 

mirror, reflected to one steering mirror and then injected 

into the plasma of CFETR finally. The optical 

transmission routes are shown in the top right of Fig. 10. 

Four steering mirrors are fixed in poloidal direction and 

can steer in toroidal direction within a certain range of 

angles. The waveguide ends of each group are shown in 

the bottom right of Fig. 10. Four waveguide ends arrange 

around the middle end and they distribute symmetrically 

about the center. The distance between every ambient 

waveguide end and the center waveguide end is 102mm. 

The detailed designs of focusing and steering mirrors 

and the optical transmission characteristics of gaussian 

beams are optimized in Fig. 11. The distance from 

waveguide end to focusing mirror, from focusing mirror 

to steering mirror, and from steering mirror to plasma 

center are 500mm, 1000mm and 4300mm, respectively. 

When the focal length of focusing mirror is 7500mm, 

five gaussian beams are converged in plasma center 

shown in Fig. 11(a). The power density distributed in 

plasma center is shown in Fig. 11(b) with maximum 

power density 126.4MW/m
2
. 

 

Fig. 11. The transferring process of five gaussian beams. (a)the 

transmission trace of gaussian beams; (b)the distribution of 

power density in plasma center. 

4 Upper launcher 

There are only eight equatorial ports in CFETR and 

maybe none of them will be allocated to the ECH system. 

In that case, whether the microwave power can be 

injected from upper port is very important and should be 

proved. The driven current is also calculated by 

C3PO/LUKE code.  

The upper port is narrow and long compared with the 

equatorial port (Fig.12). The length of upper port in 

vertical direction is 13.29m and the horizontal 

cross-section of upper port is similar to a trapezoid 

whose wide length and narrow length are about 1772mm 

and 416mm respectively and whose height is about 

3609mm. The narrow and long shape and irregular 

cross-section of the upper port bring great challenge to 

design the UL in the ECH system. 

4

EPJ Web of Conferences 203, 04016 (2019) https://doi.org/10.1051/epjconf/201920304016
EC20



 

 

 

Fig. 12. The shape and size of the upper port. 
On account of the special shape and size of the upper 

port, the injection position of the UL is pre-estimated 

before physics calculation. The horizontal distance Ra 

and the vertical distance Za (defined same as Fig. 6) are 

chosen 7.919m and 4.787m, respectively. The driven 

current is calculated and optimized in Fig. 13. The total 

driven current is 1.46MA and the coverage area of the 

current is about ρ~0.1-0.8 when 18MW microwave 

power is supposed to inject into the plasma. The 

adjustable ranges of the toroidal angles and poloidal 

angles are φ ~ 210°- 230° and θ ~ 135°-145°. 

 

Fig. 13. Total driven current and radial position of the peak 

current density vs toroidal angles and poloidal angles. 
During the UL design, twenty-one gyrotrons and 

transmission lines are supposed. The arrangement 

principle of the RF sources and transmissions lines is 

similar to the Fig. 3 and not given here. The UL forms 

one port-plug modular structure made up of multiple 

microwave transmission components. It contains 

twenty-one in-vessel corrugated waveguides, miter 

bends, optical mirrors and so on. Twenty-one gaussian 

beams from in-vessel transmission lines are divided into 

three groups, injected to three fixed focusing mirrors, 

reflected from one common steering mirror and injected 

into the plasma at last. The arrangement of twenty-one 

transmission lines located in the flange is shown in the 

top left of Fig.14. The distance between top and bottom 

groups is 400mm and the left group goes to the center of 

top and bottom groups is 350mm. In each group, 

ambient six transmission lines distribute surrounding one 

center transmission line equably and the distance 

between every two neighboring transmission lines is 

100mm. From the right of Fig.14, the port-plug modular 

structure is composed of three sections which will bring 

the convenience of hoisting and installation in the future 

engineering construction. The upper section is mainly 

flange and twenty-one in-vessel transmission lines. The 

flange is in charge of the docking duty with the upper 

port. The middle section is constituted by the vacuum 

shielding, corrugated waveguides and miter bends. The 

bottom section primarily contains optical mirrors as well 

as their affiliated structure. Every seven gaussian beams 

from each group of transmission lines inject into the 

correspondent focusing mirror. The design of the optical 

mirrors and the transmission characteristics of gaussian 

beams are also optimized and the power distributions of 

all beams deposited in steering mirror and plasma center 

are shown in Fig.15. The focal length of focusing mirror 

is 10m.  

 

Fig. 14. The design structure of the upper launcher. 

 

Fig. 15. The transmission characteristics of gaussian beams is 

analyzed. All guassian beams are reflecting to the steering 

mirror whose radius is 425mm and injected into plasma with 

spot length 800mm. 

The UL is installed on the upper port as shown in Fig. 

16. Total gaussian beams are reflected from the steering 

mirror, transfer through BSM and then are injected into 

plasma. From above physics calculation, the optimal 

toroidal angle is 220°, which means the total beams will 

steer 40° in toroidal direction. Oversize steering angle in 

toroidal direction is dangerous, because the powerful 

beams will be likely to burn the port edge. In order to 

prevent this case happening, the steering mirror is not 

symmetrical as three focusing mirrors and is moved 

150mm towards the left in the opposite direction of the 
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gaussian beams. The UL design is relatively simple so 

far. More detailed design and analysis will be carried on. 

 

Fig. 16. The installation effect of the upper launcher. 

5 Conclusions 

According to the port position of CFETR tokamak, two 

types of injection launcher——EL and UL are designed 

with quasi-optics transferring pattern. The launcher is 

installed on equatorial port or upper port with port-plug 

modular structure. In the detailed research of the EL and 

UL, the injecting position and injecting angles of 

steering mirror are calculated by C3PO/LUKE code. 

Then according to the transmission characteristic of 

gaussian beams, the transmission routes and converging  

of all the wave beams are optimized by optical 

simulation software. After optimizing, the deploy of 

transmission lines in the launcher and the information of 

the optical mirrors are gotten. At last, the overall design 

of the EL and UL, including focusing mirror, steering 

mirror, driving structure of the steering mirror, in-vessel 

transmission lines, blanket shield module, internal shield 

module, vacuum shielding, supporting structure, flange 

and so on, are all explored. 

Compared with two launchers, each launcher has its 

advantages and disadvantages. On the driven current, UL 

can get about 81kA driven current when 1MW 

microwave power is injected into the plasma, while EL 

can only get 29kA. The driven current of UL is better 

than the EL. On the engineering design, because of the 

major size and regular shape of the equatorial port, the 

layout of the microwave components in the EL is not as 

compact as the UL and more than one steering mirrors 

can be adopted in the EL. The difficulty on EL 

engineering design is lower than UL. 

The present design of EL and UL is based on the 

initial small size CFETR, more research and design of 

ECRH launchers with respect to the present CFETR 

parameters are on-going. 
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