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1. Abstract 
Electron Cyclotron Resonance Heating (ECRH) is the main heating system for the 

W7-X stellarator and the only one for CW-operation in the first stage. The mission of W7-
X, which is presently under construction at IPP-Greifswald, is to demonstrate the inherent 
steady state capability of stellarators at reactor relevant plasma parameters. W7-X is 
therefore equipped with a super-conducting coil system operating at 3 T and a divertor for 
10 MW steady state heat removal. A 10 MW ECRH plant with CW-capability at 140 GHz 
is under construction to meet the scientific objectives. The different ECRH scenarios, 
which are foreseen for W7-X, are presented. The commissioning of the ECRH plant is well 
under way, the status of the project and first full power, CW test results are reported.  

2. Introduction 
The physics goals for W7-X (major radius 5.5 m, minor radius 0.55 m) determine the 

main machine parameters as well as a consistent set of heating systems, diagnostics, data 
acquisition and machine control. The W7-X mission can be formulated as follows: 
 
1. Demonstration of quasi steady state operation at reactor relevant parameter, with 

temperatures Te = 2-10 keV, Ti = 2-5 keV and densities ne = 0.1 - 3 10 20 m-3 
2. Demonstration of good plasma confinement  
3. Demonstration of stable plasma equilibrium at a reactor relevant plasma ß of about 5 % 

4. Investigation and development of a divertor to control plasma density, energy and 

impurities 

 

W7-X does not aim at DT-operation and provisions for remote handling in radioactive 

environment are not foreseen. The physics objectives lead to the formulation of a set of 

optimization principles [1], which are met by the 3-D architecture of the W7-X magnetic 

configuration. The quasi steady state operation (< 30 min) asks for a super-conducting coil 

system (for economic reasons), a continuous operating heating system and stationary 

particle and energy control. ECRH was chosen as the basic heating system for steady state 

operation in the long mean free path regime. The development of a divertor for steady state 

particle and energy control is probably the most challenging task for W7-X and constitutes 

a major part of the physics and technology program. An island divertor, which was 

investigated successfully at W7-AS, will be available at W7-X from the very beginning 

and is designed for 10 MW heat removal and active pumping. A balanced NBI system with 

5 MW and ICRH with 4 MW in 10 s pulsed operation are foreseen for experimental 



flexibility. The high-ß criterion will be addressed at reduced magnetic field in a later state 

of the machine operation, where NBI will be available with 20 MW, 10 s pulsed.  

 

2. ECRH-scenarios 
 

An ECR-heating power of 10 MW is required to meet the envisaged plasma parameters [1] 

at the nominal magnetic field of 2.5 T. The standard heating and current drive scenario is 

X2-mode with low field side launch. Here the operation is limited by the X2-cutoff density 

of 1.2 10 
20
 m

-3
. Due to its very high single pass absorption the X2-mode will provide the 

plasma start-up and the first operation of W7-X. According to the stellarator scaling 

electron temperatures of up to 10 keV are expected as shown in Fig.1.  

 

 
 

FIGURE 1: Expected central temperatures for X2-heating as a function of density and 

heating power. 

 

As W7-X has no OH-transformer EC-

current drive with the X2-ECCD is a 

valuable tool to modify the internal current 

density distribution and to counteract 

residual bootstrap currents. The current 

drive efficiency is shown in Fig.2. The 

typical current diffusion time for the 

expected plasma parameter are of the order 

of 100 s, which means, that for steady state 

conditions plasma discharges of several 

hundreds seconds have are necessary.  

 

FIGURE 2: Current-drive efficiency for 

X2-mode as a function of density for 

different launch angles. 

 

 

Due to its local power deposition, both the temperature and iota profile can be varied by 

off-axis ECRH and ECCD. The power modulation ability will be used for heat wave 



generation as a tool for transport studies. High-density operation above the X2 cut-off 
density of 1.2 10 20 m-3, which is favorable for divertor operation, is accessible with O2-
mode (< 2.5 10 20 m-3). Here a single pass absorption of up to 80% only is expected as 
shown in Fig 3..  Thus the shine through would cause an overheating of the vessel wall 
protection. In addition at a critical density the absorbed power is not high enough to sustain 
the plasma at a sufficiently high temperature (>2 keV) and a thermal roll-over will occur. 
For reliable cw operation the power absorption has to be enhanced by controlled reflections 
of the high power microwave beams at the high field side in-vessel wall. This will restrict 
the ECRH launch on a fixed angle.  

FIGURE 3:  Single pass absorption 
for the O2-mode as a function of 
density. The temperature was 
estimated according to the 
stellerator scaling for an input power 
of 10 MW. 
 
For densities higher than the O-
mode cutoff (2.5 10 20 m-3) ECRH 
with the Bernstein mode is possible 
only  [2,3]. The Bernstein wave can 
be generated by OXB-mode 
conversion. The development of this 
scheme will be a part of the 
experimental program. 
Another ECRH operation scenario is 
the X3-mode heating at a magnetic 
field of 1.7 T. Here the situation is 
similar to that of O2-mode heating. 
The single pass absorption is not 

total and special reflector elements for a fixed launch angle have to be used. Fortunately, 
the same reflectors can be used for both scenarios. In Fig. 4 the density dependence of the 
X3-absorption is shown. 
 
FIGURE 4: Single pass absorption for the X3-mode as a function of density. The 

temperature was estimated 
according to the stellarator scaling 
for an input power of 10 MW. 
 

 
An even more advanced ECRH-
scenario is the high field launch 
from the N-type port in the 25° 

toroidal position. Here the beam 

propagates parallel to a B=constant 

surface. According to the EC-

resonance condition 

0/ |||| =−− 9NQ F γωω   for a wave 

frequency ω  and a cyclotron 

frequency Fω the interaction is 
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defined by the relativistic factor γ  and the Doppler term ||||9N . According to the launch 

angle the EC-waves interact with trapped or passing supra-thermal electrons. Due to their 
low collisionality a deformation of the distribution function can be achieved more 
efficiently. This generates radial or toroidal fluxes and thus radial electric fields or toroidal 
currents respectively. In Addition, the microwave beam will be used as a diagnostic beam 
for collective Thomson scattering. 

 
3. Requirements for the ECRH-system 
 
The scenarios listed in the previous section require a highly flexible ECRH-system with: 
 
 -arbitrary toroidal launch  (current-drive, X2-mode, O2-mode, X3-

mode, O-X-B conversion) 
 -arbitrary poloidal launch   (on- and off-axis heating)  
 -arbitrary wave polarization   (e.g. elliptical for oblique launch) 
 -high- and low field side launch  (phase space physics)  
 -AM capability  (heat waves and switching experiments)  
 
An optical transmission system was developed for W7-X, which is the most simple, 
reliable and cost effective solution. The overall-design of the ECRH-system is briefly 
reviewed in this section.  The gyrotrons and the transmission line are described in Sec. 4 
and 5, respectively. Recent results on integrated full power, cw-tests are reported in Sec. 6. 

ECRH must operate with a maximum reliability and availability. We have thus chosen 
a strictly modular design, which allows to operate each gyrotron separately and 
independently from all others to optimize the availability during installation and 
commissioning, in case of maintenance and breakdowns. This design also minimizes the 
costs because series production of identical modules is possible, and at the same time 
maximizes the experimental flexibility. The total ECRH power is generated by 10 gyrotrons 
operating at 140 GHz with 1 MW output power in CW operation each. Two subgroups of 5 
gyrotrons are arranged symmetrically to a central beam duct in the ECRH hall.    
 

 
FIGURE 5: The ECRH plant for W7-X 
 
 
The ECRH building is prepared to house two additional 70 GHz gyrotrons in a later state 
of the experiment to ensure reliable start-up for NBI-heated high-β plasmas at reduced 
magnetic field of 1.25 T. The arrangement of the gyrotrons and the transmission system in 
the ECRH building is seen from Fig. 5. Each gyrotron is equipped with its own water/oil 
cooling module and is fed by one main-power supply module and one body-
modulator/crowbar unit. The individual modules of the main power supply are located in a 



separate building and are connected with the ECRH hall via triaxial HV lines having an 
approximate length of 30 m. Snubber circuits assist in handling of the stored energy in the 
long HV cable in case of a breakdown.  
The power supply is designed as a multi user supply and meets also the requirements of the 
other heating systems NBI and ICRH (inverse polarity). The main power supply consists of 
10 solid state, pulse step modulated (PSM) units, 8 of them are capable of  
65 kV/50 A (bipolar) in continuous operation, two are designed for use with ICRH with 
half the voltage and twice the current. Series connection of both supplies is possible for use 
with ECRH. In combination with a low power body supply of +30 kV/0.5 A an 
acceleration voltage in the range of 80-90 kV as needed for the gyrotrons is available with 
some margin. The body supply is located in close vicinity of each gyrotron in the gyrotron 
hall and is an air insulated floating deck device to ease maintenance. Power modulation of 
each gyrotron up to 10 kHz is foreseen for transient physics investigations. The heater 
supply, which is on cathode potential and the crowbar circuit (thyratrons) are incorporated, 
a schematic circuit is seen from Fig.6.  
 

FIGURE 6: Schematic HV-circuit of the W7-X gyrotron supply 
 
The transmission of the RF-power to the torus is performed by two open multi-beam 
mirror lines, each of them combining and handling 5+2 individual RF-beams. Four front 
steering Plug-In Launchers (PILA’s) provide the necessary scanning range in toroidal and 

poloidal angles and are mounted within the large A and E-ports of the W7-X vessel. Two 

beams can be switched to smaller N-type ports, which give access to high field side launch. 

 

4. The W7-X gyrotron 
As gyrotrons with the required performance did not exist at the time of the W7-X 

approval, a European R&D program was launched in 1998 as a combined effort of 

several research laboratories and Thales Electron Devices (TED) as industrial partner to 

develop the W7-X gyrotron [4]. Also in 1998 a contract was placed with CPI (USA) to 

develop in parallel a W7-X gyrotron with the same specifications.  

Both development lines came to a 

successful end in 2002. The design 

parameters of the W7-X gyrotron are 

summarized in Table 1 and 

incorporate technologies, which were 

not state of the art at the time of the 

definition:   
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ABLE 1: Gyrotron design parameters 
 
The gyrotron uses a diode-type magnetron injection gun, which operates at Vacc = 80 kV 
with respect to the body and at a current of Ib = 40 A. The cylindrical cavity operates in 
the TE28,8-mode (TED) or TE28,7-mode (CPI). The (cold-cavity) frequency is designed to 
operate at 140.3 GHz to compensate for the frequency downshift during power loading of 
the cavity.  The magnetic field of the SC-magnet at the cavity is 5.56 T. The RF-beam is 
separated from the electron beam through a highly efficient quasi-optical mode converter 
consisting of a rippled-wall, helically-cut wave-guide launcher with tapered diameter [5] 
followed by a 3 mirror imaging system for beam shaping. The output window unit uses a 
single, edge cooled CVD-diamond disk with an outer diameter of 106 mm, a window 
aperture of 88 mm and a resonant thickness of 1.8 mm. The collector, the output window 
and the third mirror are on ground potential. At the nominal depression voltage, the 
cathode is at –50 kV. The beam tunnel, cavity, the launcher and the first two mirrors have 

the depression potential of +30kV.  

The European R&D went through a 2-step program with the ‘Maquette’ as the first and the 

‘Prototype’ as the second R&D gyrotron. All TED-gyrotrons undergo first tests at the 

FZK-test stand, which can operate for 180 s at 40 A and full CW at a reduced current of < 

30 A. The results obtained with both tubes are summarized in Table 2.  

 

TED-‘Maquette’ TED-‘Prototype’ 

power (MW) 0.98 0.86 0.74 0.92 0.89 0.54 
    pulse length (s) 10 45 100 55 180 939 
    current (A) 39.5 41.5 40.7 40 41 26 
    efficiency (%) 47 39 32 41 41 39 

 
TABLE 2: TED Prototype gyrotron performance measured at FZK (teststand limit is 180 s 
at 40 A). 
 
Both tubes are well qualified for operation in the W7-X system, although the ultimate 
specifications were not fully met (in particular full power CW-operation). The ‘Maquette’ 

was transferred to IPP after the test period at FZK and first operation at IPP was achieved 

by fall of 2003. Since then the gyrotron is routinely operated for high power transmission 

line tests on site at IPP. The ‘Prototype’ is still at FZK and will serve as a test vehicle for 

peripheral improvements, in particular tests of an improved collector sweeping system. 

An order for seven series gyrotrons was placed with TED in 2003, the first gyrotron was 

already delivered and is presently at IPP for final acceptance test. It could demonstrate the 

0.9 MW operation in the Gaussian mode at efficiencies around 45% for several minutes up 

to now. The next gyrotrons will become available with an average delivery sequence of one 

gyrotron every 4 months. 

Factory tests of the CPI gyrotron were restricted by the CPI test-stand limitations, which 

allows only short pulse operation (few ms) at full current and cw-operation at a reduced 

beam current < 25 A. An output power of 920 kW was achieved at CPI in 3 ms pulses with 

80 kV accelerating voltage (20 kV depression voltage) and 38 - 45 A beam current, the 

efficiency is about 37 %. An output power of 500 kW was achieved with very good 

reliability in repetitive 10 minutes pulses with reduced beam current of 25.6 A. The final 

tests of the tube were performed at IPP, where the power supply has full current CW 

capability (see Sec. 6).  



 
5. Transmission line 

Based on the excellent performance of the 800 kW / 140 GHz beam waveguide [6] 
on the stellarator W7-AS, a quasi-optical transmission system was chosen for W7-X as a 
low-cost solution with high efficiency. The millimeter waves are transmitted as Gaussian 
beam by iterative transformation with focusing metallic mirrors [7]. The design of such 
mirrors is relatively simple and straightforward. To minimise surface deformations by 
thermal loading a 60 - 70 mm thick honeycomb stainless steel structure is coated with a thin 
(2 mm) layer of electroformed copper as low-loss mirror surface. Cooling channels are 
located directly below the copper and spiral from the centre (inlet) to the edge of the mirror 
(outlet). The width and depth of the spirals are adapted to the size of the mirrors and the 
Gaussian distribution of the heat load. A very low thermal deformation below 10-3 m-1 was 
confirmed experimentally.  
The main advantages of a quasi-optical transmission are low ohmic and diffractive losses, 
high power capability due to relatively low field strength, and inherent mode filtering as 
high-order modes are diffracted out of the system. A beam wave-guide with many channels 
becomes, however, complex and bulky. This is avoided by the Multi-Beam-Wave-guide 
(MBWG) concept, where several quasi-optical beams are transmitted by a common mirror 
system. At the input plane of the MBWG, the Gaussian beams are closely packed and 
parallel. Four focusing mirrors at distances of two focal lengths (and additional plane mirrors 
to straighten the beam path) provide a low-loss propagation of all on-axis and off-axis beams 
and a correct imaging from the input to the output plane. After four mirrors, the spurious 
modes have cancelled and the beams cross the output plane exactly perpendicularly in the 
nominal position with a mode purity of 99.8%. Further calculations [8] show, that even a 
much higher number of beams could be transmitted via a common mirror system without 
remarkable diffraction loss. The MBWG’s for W7-X are designed to transmit 5+2 beams (7 

MW), the power handling capability is, however, by a factor of 2-3 higher and would allow 

to replace the 1 MW gyrotrons by more powerful ones in a later state. The overall 

transmission efficiency, which is determined by several loss channels was calculated to 88 % 

under conservative assumptions. To benchmark the calculations and to test performance and 

stability, a full-scale, un-cooled prototype was built and the total transmission efficiency 

measured in low-power tests yielded 90±2 %. This is in good agreement with the theoretical 

value for the prototype system, which is 92 %. From amplitude and phase measurements of 

the various beams at the output of the MBWG, a mode purity between 97 % and 99 % was 

deduced. 

The gyrotrons are located behind the wall of the beam duct and radiate their power laterally 

through small holes in the shielding concrete wall. For each gyrotron, a beam conditioning 

optics consisting of five mirrors is mounted on a common base frame. The base frames for 

10 gyrotrons are completely installed in the beam duct as shown in Fig. 7 (left). Two 

mirrors (Beam Matching Optics, BMO) match the gyrotron output to a Gaussian beam 

with the correct beam parameters. The following two mirrors have sinusoidally corrugated 

surfaces to set the polarization needed for optimum absorption of the radiation at different 

heating and current drive scenarios. Finally, a fifth mirror focuses the beam to a plane 

mirror array (Beam Combining Optics, BCO) as seen from Fig.7 (middle), which is located 

at the input plane of the MBWG. The MBWG is designed to transmit up to seven beams 

(five 140 GHz beams, one 70 GHz beam plus 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 7: View into the transmission duct. Left: Base frame with matching optics M1, 
M2, and polarizers P1, P2, as well as M3, switch mirror SC and calorimeter Cal. Middle: 
beam combining optics (BCO) as seen from the first MBWG mirror M5. Individual  beams 
coming from M3 are impinging on  the  plane  mirrors from left and right and are directed 
onto M5 of  the MBWG system.  Right: Beam duct with two multi-beam mirrors M5 and 
the mirrors MD which direct one selected beam into one of the CW dummy loads D seen 
in the foreground.  
 

 

 

 

 

 

 

 

 

 
 
 
FIGURE 8: Design of the front steering plug-in launcher (left) and a simplified full size 
mock-up (right) 
 

one spare) as seen from Fig.7 (right). Two symmetrically arranged MBWGs transmit the 
power of all gyrotrons over a distance of 45 m, the total lengths of the transmission lines 
are 57 to 65 m depending on the locations of the corresponding gyrotron and torus port. At 
the output plane of the MBWG, a beam distribution mirror array (identical to the BCO-
unit) separates the individual beams and directs each of them via two mirrors and through a 
vacuum barrier window towards the front steering launcher. Four large ports of W7-X will 
be equipped with the plug in launchers, which cover a wide poloidal and toroidal steering 
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P1 

P2 
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range to meet the requirements for optimum current drive (typically at 15 ° toroidal angle), 

O-X-B launch ( at 35 ° toroidal angle) and off-axis heating ( + 30 ° poloidal angle). The 

design is seen from Fig. 8 (left). A simplified full size mock-up launcher was manufactured 

and is ready for cyclic tests under vacuum and stray radiation loading (see Fig. 8 (right)).  

 

6. Integrated CW-tests 
The CPI gyrotron was successfully tested at IPP-Greifswald towards full power 

operation at 30 minutes pulse duration, which is the target value for W7-X. The microwave 

beam was transmitted through 7 single beam mirrors as described in Fig. 7 into a 

commercial CW-load from CCR [9]. As the beam parameters were not known with the 

required accuracy at the beginning of tests, a provisional BMO-unit (M1 and M2) was used 

resulting in transmission losses, which exceed the calculated values. The overall losses are 

estimated in the range 50 – 70 kW. The maximum power in 30 min pulses measured in the 

CCR load was 820 kW and represents the Gaussian mode content of the gyrotron beam 

because of the inherent filtering capability of the open transmission line. A typical time 

trace for an experimental sequence of two shorter (2 min) and one longer pulse (27 min) is 

shown in Fig. 9 (left).  

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE  9: left: RF-power as measured by the calorimeter vs. time, right: RF-power vs. 

beam voltage (beam current varies also). The measured power is the Gaussian fraction of 

the gyrotron beam.  

All measured parameters, in particular the gas pressure in the tube, the temperature in the 

collector wall and the temperature of the most loaded mirrors became stationary with the 

longest measured time scale of about 5 minutes. Problems arose from the imperfect beam 

matching to a Gaussian beam and side lobes hitting the beam duct concrete wall or 

uncooled elements like the M1-mirror support. Additional water cooled absorbing targets 

where installed at the measured hot spots. After some 30 min pulses a very reliable 

operation was achieved with all components behaving as expected. The beam pattern was 

measured at the end of the test period with high accuracy and the design of a matched 

phase correcting BMO is under way. It is expected, that some fraction of the lost power 

will be recovered, which would increase the useful power in the Gaussian mode. Even 

more important, however, is the reduction of the power in hot spots from stray radiation, 

were even a few tens of kW may cause significant heating of un-cooled surfaces in CW-

operation. An example for a power scan is shown in Fig. 9 (right), which was obtained in 

10 min pulses to save experimental time. 

It is worth noting, that none of the peripheral systems at IPP like main PS, central cooling 

system, body-modulator, transmission line components, rf-diagnostics, central control and 
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data-acquisition system has ever seen CW-operation before and consequently all systems 
had to go through this qualification process together with the gyrotron. 

 
 
 
7. ECRH-stray radiation 

Inside the plasma vessel the non-absorbed part of the ECRH will create a stray-
radiation, which can reach microwave power level of up to 2 MW and power flux densities 
up to 200 kW/m2 [10]. This radiation can cause damages of insufficiently cooled absorbing 
materials and arcing at sharp edges and resonant structures, for example hole and slits of 
the wavelength size. For integrated tests of in-vessel components, like the ECRH-antennas, 
diagnostics and the divertor cryo pump, a large stray radiation test chamber shown in Fig. 
10 was build up. It is equipped with W7-X size ports and with microwave and thermo-
graphic diagnostic. In first operation with a low power gyrotron the generation scheme of a 
homogenous and isotropic stray radiation was demonstrated with stray radiation level of up 
to 40 kW/m2. In a future installation the chamber will be supplied by a high power W7-X 
gyrotron to generate power flux densities of the expected 200 kW/m2 level. 

 
FIGURE 10: Stray radiation test 
chamber for integrated test of in-
vessel components 
 
 
 
 
 
 
 
 
 
 

 
8. Summary and conclusions 

The 10 MW, CW ECRH heating and current-drive system for W7-X is presently 
under construction. The system is designed for high flexibility with respect to wave 
coupling and fast power control. All major heating and current-drive scenarios such as X2-
mode, O2-mode, X3-mode and O-X-B mode-conversion are accessible with the optical in 
vessel launcher. Prototype gyrotrons were successfully developed in Europe and USA. The 
CPI gyrotron was operated at 820 kW in the Gaussian mode for 30 min. The first TED 
serial gyroton has achieved a power of 915 kW for 5 min up to now.  The project has now 
entered the phase of series installation and commissioning. The quasi-optical multi-beam 
wave-guide system offers favourable transmission characteristics and the most loaded 
components showed an excellent performance under full power, CW conditions.  
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