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Abstract: A new launcher based upon the PAM concept (Passive-Active Multijunction) 

already proposed for ITER has been developed and is currently under realisation at Tore 

Supra. It was designed for an injection power capability of 2.7 MW CW at 3.7 GHz, a power 

density of 25 MW/m2, to radiate a power spectrum peaked at N//=1.7 with a maximum power 

directivity near the electron cut-off density and with very good coupling properties on a wide 

range of electron densities. In this paper an overall description of the antenna as well as the 

foreseen manufacturing and assembling processes are given, followed by the results from 

studies and optimisations of its RF components, and by a stress analysis of its thermo-

mechanical behaviour. 

1. Introduction 

The Passive-Active Multijunction (PAM) was presented in [1] as a new means to address 

some of the problems associated with the very demanding advanced scenarios as envisioned 

for ITER – for which it was already proposed [2] – where large thermal loads, neutron fluxes 

and mechanical stresses, amongst other issues, will have to be appropriately dealt with. It is 

based on the multijunction using an alternating active/passive waveguide structure in which 

the passive waveguides, a mere λ/4 wavelength long, are fed by cross coupling through the 

plasma. The shortened passive waveguide depth allows a water cooling circuit to be devised 

in its backside, thus providing the launcher with a very efficient cooling system to remove the 

excessive heat due to the neutron flux, the plasma radiated power and the RF losses. What is 



more, the PAM will be able to couple the wave at low densities where the cross coupling 

between active and passive waveguides is higher, hence, permitting to place the antenna in an 

area where the thermal loads are smaller. In addition, this design simplifies the development 

of LH launchers while improving the resistance to mechanical stresses and offering an 

appreciable shielding to the neutron fluxes. This was the concept chosen in the CIMES project 

frame – consisting in particle fuelling via a pellet injector and in energy powering using 

LHCD for pulses lasting 1000 s [3], complemented by the transmitter refurbishing [4] – for 

the new LH launcher to be installed in Tore Supra aiming at quasi-CW operation in a fully RF 

driven plasma and to provide an efficient coupling around the cut-off electron density. 

2. Antenna Description 

At the CIMES project completion 6.7 MW of LHCD at 3.7 GHz will be available on Tore 

Supra to drive more than 1 MA at an average electron density of 1.5×1019 m-3. That amount of 

power will be delivered through a combination of 2 launchers: the MkII depicted in [5] and its 

follow up, the PAM. The new antenna (Fig. 1) is fed by 8 klystrons whose power is split in 

two via hybrid junctions. Therefore, the required 16 BeO half wavelength pillbox-type RF 

windows are stacked on 2 horizontal rows and inserted on the antenna vacuum flange with 

bellows to compensate for the expansion due to thermal gradients. Each window is then 

followed by a rectangular TE 10 to TE 30 mode converter (MC) whose main goal is to power a 

set of three output waveguides stacked in the vertical direction. Each of them is the input of a 

quarter wavelength E-plane step taper which in turn feeds its own 270° E-plane bi junction. 

The latter employ internal phase shifters implemented using quarter wavelength step 

transformers. The ensuing structure forms an array of 6 x 16 (76 mm x 14.65 mm) active 

waveguides having a radiating surface of 0.11 m2 that, owing to a power density limit of 25 

MW/m2, limits the injection power capability to 2.7 MW. Quarter wavelength (76 mm x 13 

mm) passive waveguides are inserted between each pair of active guides.  



The antenna is efficiently cooled by a loop of demineralised water (30 bars at 150°C) 

streaming through tubes drilled behind the passive waveguides. So as to protect the antenna 

from the plasma convection an efficiently water-cooled guard limiter made of CFC tiles was 

designed to withstand 9 MW/m2 [6] and such that its position can be adjusted 1.5 to 4 mm 

from the antenna front. A repositioning system is also provided for the 8 tonnes PAM, being 

driven by a hydraulic jack that can move it in a 20 cm stroke. The launcher is inserted in a 

vacuum tank equipped with a 2200 l/s turbo molecular pump. In order to analyse its behaviour 

on plasma, it is equipped with a variety of diagnostics: RF bi-directional couplers, Langmuir 

probes, thermocouples and a pressure gauge. 

The PAM is assembled in two main blocks that are then joined by electron beam welding. 

Each block is composed of 17 plates, the external ones made of 2 layers (SS + copper) 

whereas the inner ones use 3 layers (copper + SS + copper), the layers of both types being 

linked by explosive diffusion bonding. The waveguides and the phase shifters are machined in 

the copper section, while the cooling ducts and the passive waveguides are drilled in the 

stainless steel segment. To combine the 17 plates use is made of brazing to ascertain the 

electric contact between the copper components whereas electron beam welding is employed 

on the SS part, on both the top and bottom of the plates, in order to close the cooling 

manifold. Electrolytic copper plating is realized in the passive waveguides to reduce the RF 

losses. The mode converters are fastened to the PAM rear part. 

3. Study and optimisation of the RF components 

The RF studies aimed at the optimisation of the antenna structure made up of the MC and the 

PAM, (see Fig. 4). The E-plane taper section of the PAM was developed for an optimal 

transmission of the fundamental mode TE 10 and dampening of higher modes, while avoiding 

any detrimental reflection of power back to the klystrons in a reasonably large bandwidth. 

Indeed, the S11 parameter of the scattering matrix corresponding to TE 10 has an amplitude to 



better than −45 dB over a bandwidth larger than 20 MHz centred at 3.7GHz, whereas modes 

other than the fundamental are effectively dampened to better than −55dB over an even larger 

bandwidth of 100MHz also centred at 3.7GHz. 

The four propagating modes of the bijunction input, TE 10, TE 01, TE 11, and TM 11, were 

fully considered in its RF characterisation which confirmed that the transmission coefficient is 

−3dB and that the input standing wave ratio for every one of these four modes is lower than 

−35dB over the 100MHz bandwidth. Still, to enhance wave-plasma coupling the bijunction’s 

length was optimised by computing the power coupling reflection coefficient R and the power 

directivity ηp for a row of four such bijunctions as a function of the bijunction length lb and 

the feeding phase between the different modules, φ. This included not only the effect of 

plasma loading but also of the passive waveguides in the alternating active/passive scheme of 

the PAM, using a plasma model with a density step followed by a slope (ne =3.4×1011cm-3 and 

∇ ne=3.4×1011cm-4, leading to ne/∇ ne =1cm). The optimised bijunction achieves a minimum 

R=0.4% concurrently with a maximum ηp=63%, radiating a spectrum having its main peak at 

N =1.72 with a reasonable spectrum flexibility between 1.48 and 2.0 when φ is made to vary 

between −90° and +90° relative to the nominal conditions (φ =180°). A good coupling is 

expected down to the electron cut-off density which is reached with very low R (1.13%), and 

reasonably high ηp (67%) [7] being such that, for the same active waveguides surface, the 

power injected by the PAM for current drive purposes is higher than that of a conventional 

multijunction launcher for densities smaller than 2 times the electron cut-off density nec [8]. 

From the know-how gained during the development of the previous LH antenna it was clear 

that the performance of the new launcher will depend non-negligibly on the length of the 

rectangular waveguide section coupling the TE 10-TE 30 mode converter to the PAM (as 

evidenced by experimental tests), due to the fact that the power conversion efficiency of the 



MC is 99 %, meaning that 10% of the electric field amplitude is coming from modes other 

than the TE 30. In view of that, a study was carried out to find the length that would optimise 

the RF properties, mainly the power balance between the 6 output waveguides of the resulting 

ensemble. This study indicates 101.5mm as a favourable length whereby it is possible to reach 

a good compromise between the VSWR and the power splitting capabilities for the entire 

device over the largest frequency range in the above 100MHz bandwidth region, while 

preserving a safety margin for thermal expansion, see Fig. 2. 

Another study was performed to assess the impact of the launcher’s mouth profiling on the 

antenna’s overall reflection coefficient and power splitting capabilities. With respect to the 

poloidal profiling, it revealed a slight increase in the VSWR especially at frequencies 

≥3.7GHz when compared to the straight mouth. Regarding the toroidal profile, when a central 

module is compared to an external one, it showed that the VSWR is affected essentially for 

frequencies ≥3.7GHz and by a non-negligible yet favourable reduction, whereas there is a 

mixed bearing upon the power splitting and over a broader range. 

Given that the entire ensemble (PAM plus MC) uses waveguides whose inner walls are made 

of copper, its influence upon the RF properties (especially the losses induced by its use), were 

investigated. For an external module and considering the poloidal profiling, the expected 

losses are 1-Σj=1,7 S1j 2=1.33×10-2. 

4. Thermo mechanical analysis 

As described above the antenna is protected from plasma convection by a guard limiter. 

Therefore, the remaining main heat sources that have to be dealt with are the radiated power 

from the plasma (assumed to be 10 MW leading, thus, to a flux of  0.15 MW/m2 ) and the RF 

losses (a total power of 2.7 MW with a power reflection coefficient of 4 % induces a 5 kW/m2 

flux). These were fully taken into account in the thermo mechanical study which considered 

also that the water speed through the 6 mm diameter water pipes inside the antenna is 4 m/s 



and that the shortest distance between the antenna tip and the cooling ducts set behind the 

passive waveguides is 50 mm, whereas on the module top and bottom the largest distance is 

20 mm. The computation has been performed for a 1000 s pulse and from its results it is 

found that: the time constant is 30 s and the maximum temperature in the stainless steel part is 

335°C (Fig. 5); the temperature gradients are smaller than 50 °C; and the maximum Von 

Mises stress is 55 MPa and 155 MPa in the copper and stainless steel sections, respectively. 

A typical disruption (2 MA in 5 ms with a poloidal beta β and an internal inductance li such 

that β + li/2 =2) brings about a magnetic field variation of 100 T/s for the vertical component 

and 40 T/s for the radial component. The corresponding eddy currents in conjunction with the 

maximum steady toroidal magnetic field (3.2 T) induce a total torque of 90 kN.m around the 

antenna axis which results in stresses as shown in Fig. 6. Taking into account the stresses due 

to both disruption and temperature increase, the total amount of allowed pulses before 

reaching the breaking point was found to be 9000 for stainless steel and 7000 for copper.  

5. Conclusion 

Many of the antenna components are already finished whereas others are being manufactured. 

Yet, the PAM, which is the component with the most critical manufacturing process of the lot, 

and whose construction is just beginning, will set the installation of the antenna on Tore Supra 

plasma by mid 2007. Until then, in order to complete the test of the PAM concept on FTU [9], 

and following the antenna scattering matrix determination, the  experiments on plasma will 

have to tackle with: the coupling properties, to be tested for electron densities smaller than nec 

by adjusting the guard limiter position; the power directivity, to be compared to the markII 

launcher through the loop voltage drop and the fast X ray emission observation; the power 

handling capacity, to be probed for long pulses (> 100 s) in order to assess if it is possible to 

overcome the power density envisaged in the ITER launcher design (33 MW/m2); and the 

antenna thermal behaviour, to be analysed with recourse to infrared endoscopes. 
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Figure Captions  

Fig. 1. TS PAM overall view. 

Fig. 2. Optimisation of the MC: S-matrix components of the PAM+MC for a top, middle and 

bottom row waveguide, S12, S14, and S16, respectively. 

Fig. 3. Power balance for the PAM + MC with copper inner walls (see Fig. 4). 

Fig. 4. Electric field amplitude inside the MC and PAM with copper inner walls. 

Fig. 5. Maximum temperature increase. 

Fig.6. Deformation due to disruption. 
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Fig. 6 (1/6 pp) 

 

TEMPERATURE  M AXIMALE  EN  FONCTION  DU  TEMPS
     (Flux thermiques HF et rayonnement plasma durant 1000s)
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