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ABSTRACT 

The R&D program of the fusion sector of ENEA (Italian Agency for New Technologies, 
Energy and Environment) Frascati center is mainly based on experiments on the Frascati 
Tokamak Upgrade (FTU) machine. The FTU is a medium-high magnetic field (8 T) tokamak 
with a radio-frequency (RF) additional heating system (8 MW, 8 GHz) that can heat the 
plasma to temperatures of fusionistic interest. The RF power is coupled to the plasma by a 
coupling structure consisting of three grills, each formed of an array of waveguides welded at 
the terminal flanges by an electron-beam technique. This solution allows highly accurate 
dimensions and optimum clean-surface conditions of the welded copper joints. 
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INTRODUCTION 

The Frascati Tokamak Upgrade (FTU) is a compact medium-high magnetic field 
(8 T) machine with a plasma current up to 1.6 MA, built and in operation at the 
ENEA (Italian Agency for New Technologies Energy and Environment) Frascati 
Research Center. The plasma is contained in a completely metallic vacuum vessel 
that can be accessed via 12 equatorial and 12 vertical ports (Fig. 1). The plasma 
temperature is increased by a microwave system, inserted through 3 of the 
equatorial ports, which provides 8 MW of power at 8 GHz. 

The power is coupled to the plasma by a coupling structure consisting of three 
grills (Fig. 2), each formed of an array of 12x4 OFHC copper waveguides welded at 
the terminal flanges by the electron-beam technique. As shown in Fig. 2, each grill 
on the plasma-facing side ends in a flange housing 48 waveguides; the opposite 
side is subdivided into six flanges, each one housing eight waveguides. Each 
reduced-size rectangular waveguide has internal dimensions of 3.6x28 mm and a 
thickness of 0.63 mm. The six flanges, made of stainless steel/OFHC copper plate, 
were obtained using the explosion bonding technique. 

To obtain efficient microwave-power transmission, the accepted tolerances, with 
respect to the nominal dimensions, is ±0.1 mm on the vertical direction and ±0.05 
mm on the horizontal direction of the waveguides. The welding between flanges 
and waveguides was carried out in a vacuum plant (10-2 Torr) provided with a 
control system for the electron beam (beam voltage 50 kV, beam current 30 mA, 
welding speed 2 m/min). 

2. WELDING CHARACTERISTICS 

Owing to the high dimensional accuracy required for the waveguide array, 
electron beam and laser welding processes were examined. The results with CO2 
laser welding were considered unsatisfactory because of the poor energy transfer 
from laser beam to material. Electron beam welding was chosen for the following 
reasons: 

Fig. 1 -FTU machine vacuum 
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Fig. 2-Coupling structure 

• good capability to weld on pure metals, particularly on copper; 
• accurate beam-energy deposition minimizes due to welding; 
• extremely clean surface finish due to operation under vacuum, which protects 

the welding zone from gas adsorption and impurities; 
• good metallurgical quality of the welds. 

In close collaboration with ALCI-TECHMETA, the welding process was tested and 
optimized on 150-mm-long mockups constructed with flanges and lengths of 
waveguide. In particular, the welding parameters, cleanness, waveguide/flange 
coupling geometry, and the welding jig and fixtures were optimized. 

Welding shrinkage was kept within the required tolerance by choosing 
appropriate values of beam power and speed. 

An important parameter optimized was the clearance between the window in the 
flange and the external dimensions of the waveguide. 

Excessive clearance can create significant shrinkage or defects in the penetration 
of the welding itself, while low values make installation of the waveguide in the 
flange difficult (Fig. 3). 

For the 48-waveguide flange, the optimum clearance value is about 0.020 mm. 
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Fig. 3-Flange-waveguide coupling 

3. CONSTRUCTION PROCEDURE 

3.1 Preliminary machining 

The waveguides supplied have a dimensional tolerance incompatible with the 
required accuracy. It is therefore necessary to gauge the waveguide ends in the 
region where waveguide it is coupled to the relative flange. By pressing the 
waveguide ends around a rectangular mold inserted inside the waveguide itself, 
internal dimensional tolerances of the order of 0.01 can be reached (Fig. 4). 

Then, the external collar of the waveguide is milled, referring to the internal 
profile, until the required values of concentricity and uniformity of thickness are 
reached (Fig. 5). 

Machining the waveguide collars guarantees that the 48-waveguide flange 
coupling has an allowance between 0.015 and 0.025 mm. 

Fig. 4-PresB for gauging 
the waveguide collars 



Fig. 5-Machining of 
the waveguide collars 

3.2 Cleaning 

After machining, the waveguides are cleaned with organic solvents to avoid 
oxidation due to machining residues. The two ends are cleaned with acid solutions. 
The flanges are cleaned with organic solvents, to eliminate residues from the 
electroerosive machining, as well as with acid solutions. 

These cleaning operations are important for avoiding inclusions that can produce 
gas bubbles inside the weld. 

3.3 Assembly 

The 48 waveguides are inserted one at a time into the flange windows, beginning 
from the bottom and proceeding from the outside to the center. The waveguides are 
installed making sure that they protrude from the multiflange plane by 1 ±0.1 
mm. They are housed in the internal carter, which consists of an electro-welded 
stainless steel tube. The 48-waveguide flange and the flange coupled to the 
external carter are welded to the tube ends. 

After assembling the waveguide array, the 8-waveguide flanges are inserted on 
the opposite side and fixed in position, coplanar within 0.05 mm (Fig. 6) 

Successively, molybdenum inserts are introduced in the ends of each waveguide 
with the aim of containing deformation during the electron-beam welding. 
Molybdenum was chosen because of its limited thermal expansion and high 
melting point, which facilitates its separation after welding. Finally, the 
waveguides are blocked using appropriate fixtures. 

All the operations were carried out in clean areas, with all the necessary 
precautions to avoid pollution. Between successive assembly stages, the grill parts 
were kept in special vacuum containers (Fig.7). 
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Fig. 6 -Grill assembly 

Fig. 7 - Grill in vacuum 
container 

4. ELECTRON-BEAM WELDING 

The waveguides are joined to the fiance by electron-beam welding under vacuum. 

The welding plant utilized has a special room for carrying out welding with the 
grill in vertical position (Fig. 8) The electron gun is a TECHMETA CT4-kW-60kV 
with a highly focused beam. The numerical control allows modulation of the 
electron beam power, speed, frequency, and vibration. The welding and smoothing 
parameters are given in Table 1.. 
The welding was carried out using a reference jig. 



Fig. 8 - Some componensts 
welding-plant 

Table 1 - Welding parameters 

Operating parameters 

Vacuum level in the chamber <mbar) 

Working distance <mm> 

Accelerating voltage (kV) 

Beam current >mA) 

Focussing current iA) 

Beam scanning 
signal 
Amplitude iV^ 
Frequency <H2) 

Welding speed (nrmin) 

48-waveguide 
flange 

< 5X10-2 

100 

50 

30 

3.07 

squares 
0,48 
500 

2 

8-waveguide flange 

Welding 

<5X10"2 

100 

50 

29 

3.07 

2 

Smoothing 

< 5X10-2. 

100 

50 

40 

2.9 

1 

Figure 9 shows the grill after welding of the 8-waveguide flanges. Also visible are 
the fixtures and molybdenum inserts in the ends of the waveguides. 

The e-r**.m welding carried out is of two different modes, according to whether it 
concerns coupling of the 48- or 8-waveguide flanges: 
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Fig.lO-48-waveguide flange Fig. 11-8-waveguide flange 
jointing jointing 

• 48-waveguide flange jointing: welding of the thin walls of adjacent waveguides 
to the thin walls of the flange (Fig. 10); 

• 8-waveguide flange jointing: welding of the thin walls of the waveguides to the 
thick wall of the flange (Fig. i l) . 

The 8-waveguide flange was two pass welded, and then two pass smoothed. The 
48-waveguide flange was two pass welded, with intermittent welding on adjacent 
joints carried out by magnetic deflection of the beam at a frequency of 500 Hz. The 
two parallel joints are therefore simultaneously welded with a minimum 
contribution of energy. 
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Fig.12- Metallograph of welding Fig. 13- Welding penetration 

Before welding it muat be checked that the material doea not have residual 
magnetiam rifirrting 2 Gauss, so that the magnetic field, deflecting the electron 
beam, doea not cause incorrect welding. 

5. MACROGRAPHIC INSPECTION 

The mockups utilised for finally testing and optimizing the welding procedures 
were sectioned for macrography of the most important zones. 

It was thus possible to evaluate the welding penetration and the metallurgical 
characteristics of the joints (Fig. 12). 

The penetration values measured on more than 20 macrographs per mockupofthe 
flange lie between 0.7 and 1.5 mm for the 48-waveguide flange (Fig. 13) and 
between 0.9 and 1.5 mm for the 8-waveguide flange. 

«.FINAL MACHINING 

After welding and the extraction of the molybdenum instrts, machining was 
carried out to restore the flange plane to the desired values. 

Wherever machining had caused amali defects d ìe to gas bubbles produced within 
the weld a repair was made with silver electrol> " deposition. 

The defects found were less than 1 mm in diameter and were located on 4 of the 13 
flanges developed. 
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Fig. 14 - Dimensional values 

7. DIMENSIONAL INSPECTION 

Numerical control equipment was used for the dimensional inspection of 
shrinkage, and the deviation of the waveguide array from the theoretical position 
was evaluated. The probe is placed inside the waveguide windows at a depth of 
0.15 mm relative to the flange plane. 

The measurements showed that deformations were within the design tolerance 
(Fig. 14). 

8. CONCLUSIONS 

The correct application of the development procedure guaranteed the high 
accuracy required. The results of the RF-power tests carried out on the coupling 
structures in their final configuration were in agreement with the expected 
performance. The good metallurgical quality of the welding together with the 
clean surface finish assure the long service-life of the system. 
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