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Summary 

FTU (Frascati Tokamak Upgraded) in a high field compact tokamak which 

is presently under construction at the ENEA-CRE Frascati. Its main objective is 

to produce high density, high temperature plasmas with long energy 

confinement time to study reactor relevant regimes. One of the consequences 

of the operating regime in a high power flux to the vacuum chamber. In this 

paper are presented the machine and the solutions adopted in realizing the 

vacuum chamber and the vacuum system. 

Riassunto 

FTU (Frascati Tokamak Upgrade) è una macchina ad alto campo 

magnetico attualmente in costruzione presso il CRE di Frascati dell'ENEA. Il 

suo principale obiettivo è la produzione di plasmi ad alta densità ed alta 

temperatura con lunghi tempi di confinamento per studiare regimi di interesse 

reattoristico. Una conseguenza dei regimi previsti è un alto flusso di energia 

sulle pareti della camera da vuoto. Nel lavoro vengono descritti la macchina e 

le soluzioni adottate nel realizzare la camera da vuoto ed il sistema da vuoto. 
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1. INTRODUCTION 

In dealing with fusion technology it can be helpful to divide the 

technologies into two classes: plasma engineering and reactor engineering 

[1]. Plasma engineering is machine-dependent and, in the case of the 

tokamak, it is already applied to machines in operation or under construction. 

This type of technology is essentially concerned with the start-up condition, 

while reactor engineering is basically machine-independent and essentially has 

to do with the burn phase which follows the start-up. 

Following [ 1 ] we can consider the listing of two types of technology: 

A) Plasma engineering 

A.1) Plasma-wall interaction and impurity control 

A.2) Control of plasma shape and position 

A.3 Auxiliary heating and current drive 

A.4) Injection and exhaust of tritium (vacuum problems) 

B) Reactor engineering 

B.I) Structural materials 

B.3) Superconducting magnets 

B.4 Reactor operation (tritium cycle from the blanket, remote handling, 
safety and environmental problems) 

This division has only to be taken as a guideline because even in present 

machines several technological problems pertaining to a reactor have to be 

considered (first wall materials, remote handling, operation with tritium). 

In this paper the Frascati Tokamak Upgraded (FTU) machine is described 

with reference to the technological problems related to the vacuum vessel: 

first wall, limiter and vacuum system. 

2. THE FTU MACHINE 

FTU (Frascati Tokamak Upgrade) is a high field compact tokamak which is 

under construction at the Enea Frascati Center to conduct research on 

controlled fusion [2]. The main objective of the FTU machine is the 

improvement of the plasma parameters obtained in the Frascati Tokamak 

Machine (FT) which has been operating operating at Frascati since 1977. Both 
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machines belong to the line of the medium high field devices that typically 

produce high density, well-confined plasmas. 

Figure 1 shows a schematic view of the FTU tokamak. The main 

components of the machine are the toroidal vacuum chamber, the toroidal 

field magnet and the four sets of poloidal fields windings, the transformer, the 

vertical fields and vertical and horizontal feedback. 

The whole ioad assembly is kept at liquid nitrogen temperature to reduce 

the power required to energise the windings. To obtain this feature a cryostat 

in poliurethanic resins encloses the machine, and forced flow cooling with 

liquid nitrogen is used in all windings. 

In FTU the good energy confinement properties of a compact tokamak 

with a medium high toroidal field (8T) are combined with the strong plasma 

heiting obtained by injecting up to 8 MW of radiofrequency power in the 

Fig. 1 Schematic view of the FTU machine 



lower hybrid electron mode (8 GHz). The main parameters of FT and FTU are 

compared in Table I 

One of the critical points in the design of FTU is the thermal load on the 

vacuum vessel wall. It is about a factor 10 with respect to FT and is in the range 

of the thermal loads foreseen in reactors. Particular care has therefore been 

taken in designing the vacuum chamber. 

2. VACUUM CHAMBER AND FIRST WALL 

The volume containing the plasma has a solid surface^which defines the 

chamber in which a high vacuum is initially obtained. The vacuum vessel in FTU 

(Fig. 2) is an all-welded stainless steel structure. It consists of twelve toroidal 

sectors joined together by thick rigid sectors which incorporate the ports for 

diagnostics, pumping, auxiliary plasma heating and poloidal limiter. It has 

been designed in order to fulfill the following main requirements: 

Table I Comparison between FT and FTU 

MAIN PARAMETERS 

Plasma major radius (m) 

Plasma minor radius (m) 

Toroidal magnetic field on axis (T) 

Plasma current at q = 2.5 (MA) 

Toroidal field flattop duration (s) 

Radiofrequency heating frequency (GHz)/Power 
(MW) 

Repetition pulse rate (min) 

MAXIMUM PERFORMANCES 

Peak density n (1020 m 3) 

Peak temperature T (keV) 

Energy confinement time IE (s) 

ntE(1020m3s) 

Wall thermal load (MW m 2) 

FTU 

0.935 

0.31 

8 

1.6 

15 

8/8 

15 

EXPECTED 

6.6 

6.2 

0.2 

1.3 

1.3 

FT 

0.83 

0.20 

10 

1 

1 

2.45/0.5 
8/0.2 

10 

EXPERIM. 

7.5 

2 

0.06 

0.4 

009 
(0.13) 

8 



Fig. 2 View of the vacuum vesssel pre-assembled 

to provide the right containment for a very good, clean vacuum : 

2.610-6 Pa base pressure, low specific outgassing rate: < 2 10 8Wm-2; 

to stand the atmospheric pressure and forces produced by the interaction 

of the toroidal and poloidal fields with the currents induced in the 

chamber by changes in these fields or by plasma position or current 

variations, especially during disruptions of the plasma; 

to stand the temperature rise produced during the pulse by the power 

radiated from the plasma and the consequent thermal stresses. 

As a consequence of the different channels which contribute to 

dissipating energy from the plasma column, the heat loads can be peaked in 

certain zones of the first wall (limiters, divertors). 

Moreover, in machines with auxiliary heating (like FTU), the auxiliary 

power cannot be completely absorbed by the plasma and some fraction 

reaches the wall chamber directly the wall chamber. In FTU thermal loads were 
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Fig. 3 Detail of the toroidal sector of the vacuum chamber 

derived taking into account the ohmic power and assuming that 50% of the RF 

power is directly deposited on 50% of the chamber wall. As a consequence, 

thermal loads ranging between 0.4 and 1.3 MW m-2 have been taken as typical 

[3] during normal operation. By way of comparison, the foreseen thermal load 

(at the maximum performances) in FT was estimated in 0.13 MW/m-2 and a 

power flux of 0.09 MW/m-2 was measured experimentally [4]. 

Thermal loads in the case of plasma disruption were also considered. The 

results obtained [3] showed that in FTU working conditions, thermal cracks 

would have been produced in the stainless steel, and, consequently, it was 

necessary to protect the vacuum vessel by means of thermal shields which act 

as first wall withstanding the flux of energy and particles coming from the 

plasma. The solution adopted is shown in Fig. 3. 

3. LIMITER-IMPURITY CONTROL 

In designing the vacuum chamber and the first wall of a closed magnetic 

confinement machine, it is necessary to consider the different channels which 
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Fig. 4 Limiter configuration in FTU 

contribute to energy dissipation from the plasma. The first channel is the 

radiation loss: the energy lest by radiation is deposited isotropically all around 

the vacuum vessel. The second channel is due to the presence of particle and 

energy transport across the magnetic field. These particles carry an appreciable 

apart of the energy which is exhausted from the plasma. The particles 

impinging on the wall transfer part of the kinetic energy they carry to the wall. 

In order to keep the consequences of the plasma-wall interaction within 

acceptable limits, it is necessary to control the plasma-wall contact [5]. This can 

be achieved either by concentrating the plasma-wall contact on a limiter plate 

which defines the outer boundary of the area of the discharge where the 

magnetic surfaces are closed (i.e., where particles cannot reach a magnetic 

surface by flowing along field lines), or by diverting the plasma from the edge 
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region onto a material surface (divertor plate) situated far from the plasma 

region !n such a case the plasma is limited magnetically by a separatrix. 

In FTU, as in FT, we have adopted a limiter configuration which is 

schematically shown in Fig. 4. Due to the design of the vacuu.n vessel, the 

limiter consists of two separate sections: an inner section which can be 

extracted only by breaking the vacuum, and an outer section which is movable 

and extractable without breaking the vacuum. During the first phase the 

limiter will be constructed in stainless steel. The material facing the plasma 

could be changed, if necessary. According to experimental results we 

estimated a power load of 30% : this figure has to be considered as a maximum 

value. Experimental results showed that in high density discharges a sort of 

self-protecting mechanism acts near the limiter reducing the thermal load 

onto the limiter plates. In this configuration we expect a peak temperature of 

about 1300 °C [6]. This temperature will be exceeded in the case of disruption 

but, as suggested by FT results [7], the vaporization of some of the surface 

material will set up a mechanism by which the deposition of the plasma energy 

will distribute itself by radiation all around the machine. The opportunity of 

modifying the external part of the limiter by inserting new limiter geometries 

has already been considered. Figure 5 shows a modification of the outer part 

which will be used to tailor the plasma column: two independent movements 

can be performed in order to control the plasma >n both horizontal and 

vertical positions. 

With reference to the impurity control, no active methods are foreseen 

during the first phase of operation. A common feature in high density 

discharges is the low concentration of metallic impurities [8]. On Alcator C the 

iron and molybdenum densities have an order of magnitude decrease passing 

from low to high density discharges The same trend has been observed in FT,. 

The screening properties of the high density discharges are confirmed by the 

weak limiter erosion found in FT. The measured mass loss turned out to be 

much lower than the one calculated on the basis of the expected evaporation 

thickness [9].The light impurity concentration does not vary significantly. 

Density control is planned, and a design study is in progress on the use of 

a pumped limiter to be installed in the outer part of the main limiter. 
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Fig. 5 Modified limiter in FTU 

4. VACUUM SYSTEM 

The design requirements for the vacuum system in FTU are summarized in 

Table 2 

To obta'ti the required base pressure, the vacuum vessel is pumped by six 

turbomolecular pumps. These pumps are located near the main torus (Figure 

6). The installation positions are in zones where the magnetic fields do not 

effect the performances of the pumps which are all shielded. A detailed 
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Table II Vacuum system parameters 

Plasma chamber volume (m3) 

Plasma chamber area (m?) 

Total area (including RF structures) (m?) 

Outgassing rate (W m-2) 

Base pressure (Pa) 

Pumping speed in the torus (m3s-i) 

2.5 

74 

123 

<2.1f£8 

< 2.6 10-6 

1.98 

Fig. 6 Vacuum system in FTU 
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description of the vacuum system is reported elsewhere [10], and only the 

main features are summarized here: 

to reach the base pressure, particular care was taken over the cleaning 

procedures during manufacturing and assembling. 

routinely, three conditioning procedures have been considered: 

1) Baking upto200°C 

2) Pulse discharge cleaning 

3) Glow discharge cleaning 

The presence of thermal shields (Fig. 3) originates hidden volumes in 

which impurities can be retained. The effects of these volumes have been 

considered and since 1985 extensive analyses have been performed on a 1:1 

scale toroidal sector to test the efficiency of the various cleaning procedures 

[10,11]. The results are so far satisfactory and by combining glow discharge 

and wall temperature (100 °C) a pressuuEvf + MH Pa has been obtained, as 

shown in Fig. 7. 
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