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SUMMARY

The paper considers in a critical way the different areas in which work is required to
provide sufficient information in view of designing a reliable and attractive fusion
reactor. Four main areas of activity are considered: physics, technology,
engineering, safety. In physics the trend is positive towards a better understanding of
suitable plasma regimes to be confirmed through further experimentation on the
operating machines. Engineering has already proven itself by the design and
construction of a number of experimental machines. In addition a large data base
obtained from design and operation of fission reactors is available. Safety is
reaching very satisfactory results in the analysis of the impact of fusion on man and
the environment. Where we have still a large unsolved problem is concerning
materials capable of standing the harsh fusion environment for an adequate number
of years. An intense neutron source is needed in order to allow the necessary
developments.

RIASSUNTO

II rapporto considera in modo critico le differenti aree nelle quali si richiede
ulteriore lavoro per fornire informazioni sufficient al fine di progettare un
reattore a fusione affidabile ed economicamente competitive Vengono
considerate quattro aree principali di attivita: fisica, tecnologia, ingegneria,
sicurezza. Nella fisica, vi e una positiva tendenza verso una migliore
comprensione di regimi di plasma favorevoli da confermare attraverso
ultenore sperimentazione sulle macchine funzionanti. L'ingegneria ha gia
dato dimostrazione di se col progetto e la costruzione di un notevole numero
di macchine sperimentali. In aggiunta e disponibile un gran numero di dati
ottenuti dalla progettazione, realizzazione e funzionamento dei reattori a
fissione. La sicurezza sta raggiungendo risultati molto soddisfacenti
nell'analisi dell'impatto della fusione sull'uomo e sull'ambiente. Un grosso
problema tuttora irresoluto e quello dei materiali capaci di resistere
all'ambiente ostile del reattore a fusione per un sufficiente numero di anni.
Una sorgente intensa di neutroni e necessaria per permettere gli sviluppi
necessari.

REATTORE A FUSIONE, FISICA, TECNOLOGIA, INGEGNERIA,
SICUREZZA
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WHAT WE MISS IN ORDER TO BE ABLE TO DESIGN

AND BUILD A COMMERCIALLY VIABLE FUSION

REACTOR

1. INTRODUCTION

In the last few years, fusion research has started to be looked at with some suspicion and dis-
belief from the public opinion and from decision makers. This has already had important con-
sequences on the budget of magnetic confinement fusion in the States (Inertial confinement
has additional supporting reasons beside energy production). There are a number of reasons
for this. The main one is probably related to the pace of our progress which unfortunately has
been extremely slow compared with what happened in fission. Only 16 years went by
between the evidence of uranium fission demonstrated by Otto Hahn (and Lise Meitner) in
1938 in Berlin and the operation of the first commercial reactor: APS-1 (5 MW el.) in
Obninsk, USSR, in 1954. This had been already preceded in reality by a limited production
of electricity in Idaho by the 0.2 MW el. EBR-I breeder reactor. In addition there is a gener-
al sense of suspicion of the public towards science and scientists related to the fact that, while
people use regularly cellular phones for communicating and take the plane for their move-
ments, they are scared from the possible misuse that scientists can make of their knowledge
by now mostly unaccessible to the man in the street. Last but not least the green movement
is advocating the possibility of solving humanity's energy problems of the future and saving
the environment by recurring to wind, solar, biomasses and all sort of so called "renewables"
labeled as clean energies, reducing progressively the use of fossil fuels and excluding nuclear
fission power. In these scenarios, fusion is not even counted on. In this respect even the
authoritative SCIENCE magazine in a recent issue devoted a set of articles to energy scenar-
ios of the future totally and rather acritically based only on renewables This prompted a
number of criticisms from readers. One of them made an interesting comment recalling the
facts of the year 1883 when the volcano Krakatoa exploded sending large amounts of ashes
in the stratosphere and modifying wheather patterns for the entire 1884. You can imagine
what would that mean in an energy economy largely based on solar.

At the same time the projections made by all the most reliable institutions agree in pointing
at a continuing growth of world population, concentrated mostly in Africa, Asia and South
America, at least until 2050, with a parallel increase in the use of energy in particular in the



form of electricity. The absolute need of reducing the production of CO2 if we want to try
and stabilise its content in the earth atmosphere makes,in my opinion, almost impossible to
do it without using nuclear probably in both its forms: fission and fusion, as a complement,
to be properly optimised, to the other types of energy sources.

In this type of situation, while we are discussing the possibility of building an important next
step which should represent a big step forward in the path to fusion, I thought it to be oppor-
tune to make a reflection on where we stand in view of designing a reactor which would have
to be competitive also on economic grounds besides being technically sound and reliable
(which is already implied in being economical) and socially attractive.

The areas which are critical in respect of the design of a future reactor are: physics, technol-
ogy, engineering and safety which however are strictly connected. I shall try to examine the
status of the art in each of them with particular reference to the needs of a reactor at least the
way we can envisage them at present. While technology, engineering and safety can be con-
sidered largely of an horizontal nature in the sense that, given the basic fusion process based
initially on D-T reactions, they would not change much with the specific layout of a reactor,
physics might present rather large differences depending on the type of configuration finally
chosen. In the paper, I shall consider the Tokamak as the reactor magnetic configuration of
reference only because, at present, it is the configuration of the majority of the operating
experiments where we have already produced more information and perhaps we know better
also some of the drawbacks.

2. PHYSICS

This is the area of work which has deserved the largest amount of theoretical and experi-
mental activities during the approximately 40 years of work on fusion. While a lot of inge-
nuity went into the engineering design of the experiments which have allowed our progress
in understanding, a large coordinated effort on technology only started in the second half of
the years 80s with the establishment of the ITER collaboration which originated the large
worldwide R&D programme accompanying the design of the machine.
In physics I see four main pieces of work relevant to the design of a Tokamak reactor.

• Plasma confinement and operating modes;
• MHD stability;
• Particles and power exhaust;
• Alpha particle physics

2.1 - Plasma confinement and operating modes

Two regimes are of interest in view of the reactor: the steady state Elmy H-Mode and the so
called "Advanced regimes". The Elmy H-Mode [1] has been obtained and studied on differ-
ent experiments, in particular on JET, JT-60U, ASDEX-U and DIII-D (1). Comparison
between the regimes obtained on the different machines and in particular the "wind tunnel "
experiments conducted on JET also with D-T at values of non dimensional parameters simi-
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projections

Figure 2 - Thermal diffusivities before and after
ITB formation. JET pulse no. 46664

lar to ITER, with the obvious exception of p*, shows a gyro-Bohm scaling and allows to
extrapolate with reasonable confidence to the performance expected on ITER and then pos-
sibly on the reactor (Fig. 1) [2]. JET appears very well suited to validate this and other
regimes for ITER in view of its size,geometrical similarity and the D-T unique capability.
This explains the European decision to prolong the machine operation streamlining the exper-
imental programme to be specifically relevant to the next step.

The formation of internal transport barriers (ITB) has been observed in the plasmas of
many machines [3] (JET [4], originally in the PEP mode in JET [5], JT-60U [6], TFTR [7],
DIII-D [8], ASDEX-U [9], FTU [10], Tore Supra [11] ) when a low or negative shear has
been produced in the plasma core. The internal transport barrier tends to reduce the ion trans-
port coefficient close to the neoclassical values improving dramatically energy confinement
with respect to Elmy H-Mode in the same parameters range (Fig.2) [2]. Generally ITBs have
been obtained transiently and in conditions not reactor relevant (low n/nGW and Te^T;), ramp-
ing up the plasma current in order to freeze the magnetic configuration and using internally
localised heating when the low/negative shear configuration is formed. A complete theoreti-
cal understanding and a fully reliable demonstration in steady state conditions are still miss-
ing. A preview of what could be a reactor exploiting the advanced regimes is offered by the
ARIES-RS study. The reduced energy transport allows to reduce the volume of the reactor
and the plasma current by approximately a factor two for the same fusion power. It is possi-
ble in fact to exploit the high beta values corresponding to the second stability region pro-
vided the external kink mode is adequately stabilised using the positive effect of a resistive
wall plus some active control and plasma rotation. The high beta would allow at the same
time to produce high bootstrap current reducing the needed current drive power (Fig.3) [12],
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Figure 3 - Bootstrap current fraction versus ^-5Pp (total poloidal beta) for JET (*), JT-60U (U), TFTR (A)
and Tore Supra (%) discharges in various heating schemes

This would require a rather delicate and accurate control of the combination of the self gen-
erated and externally driven plasma current density distribution along the cross section to pro-
vide a profile compatible with equilibrium and stability.
The other problem which has to be mentioned already here is the wall load which has to be
taken by the materials. In any case this seems to be the correct path to follow if Tokamak
wants to maintain its role of most advanced concept on which to base the design of a reactor.
The operating programs of the largest machines presently operating foresee intensive exper-
imental campaigns centered on the study of the advanced regimes so that we may hope that
the open issues will be solved in the near future.

2.2 - MHD stability

Elmy H-Modes appear to be limited in performance by the impact of neoclassical tearing
modes which could be excited below the ideal MHD beta limit. In JET however they do not
degrade plasma performance in terms of confinement time by more than 20% [2]. A localised
current drive inside the magnetic island produced by the mode appears to be the right reme-
dy to limit the island amplitude. In the case of the advanced regimes, the value of q is always
larger than 1, no sawteeth are produced. Ballooning modes are stabilised by properly shaping
the plasma and by profile control. However the problem of the external kink modes has to
be adequately solved in order to allow taking full advantage of the increased value of beta
and this might not be easy. A conducting wall must be present to stabilise the mode and feed-
back control has to be provided. Also this aspect will be dealt with in the near future on the
existing machines although a real big step forward in experimental capability will be obtained
only with the operation of ITER (even the reduced ITER) which will allow to test the oper-
ating regimes in real reactor relevant conditions of geometry and parameter space.
In every regime the occurrence of disruptions , apart from discontinuing the operation, has
noticeable consequences on the engineering design of the reactor. The objective should be to
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eliminate the possibility of disruptions or at least to make this event extremely unlikely.
Experimental campaigns devoted to study the physics of disruptive instabilities and ways to
reliably detect and use precursors to prevent disruptions from occurring or ways to mitigate
their effects are mandatory. Solving this problem would greatly contribute to ease the design
and improve reliability. In this context the creation of beams of runaways should be avoid-
ed as they have the potential of damaging the fist wall of a reactor.

2.3 - Particle and power exhaust

Operation of divertors on JET and on other Tokamaks appear satisfactory. The operation is
safe when a condition of plasma detached is permanently assured. The divertor appears to
play well its role with respect to particle exhaust. The ratio obtained in the experiments
between particle confinement and energy confinement time for helium, in presence of an ade-
quate pumping speed in the divertor, is below what is needed in the reactor. The problem of
the occurrence of large ELMs must however be solved because the amount of energy
involved and transferred to the divertor might permanently damage the divertor plates. A
problem which was found in JET is the excessive retention of tritium on the walls of the vac-
uum chamber and of the divertor components.

2.4 - Alpha particle physics

There are strong indications from JET that alpha particle behaviour: trapping, slowing down,
heating effects, is classical as long as collective modes are not excited. In particular evidence
of heating of plasma by alpha particle energy deposition has been achieved (Fig. 4) in JET
[2]. Alfven Eigenmodes, with the potential to eject alpha particles from the plasma, have not

D-T Pulses (T concentrations)

P a ( M W )

Figure 4 - Central electron temperature versus alpha particle heating power. The bars indicate the variation in
beam power compared to the 92% tritium reference pulse. The figures in brackets are the tritium concentrations
nj/np-nD)
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been observed in JET but the theoretical limit was higher than the obtained alpha beta by a
factor two. In the reactor, alpha particle driven Energetic Particle Modes, if not adequately
counteracted by controlling the radial beta alpha gradient, could determine a concentrated
loss of alpha particles and damage of the first wall. To test the physics and to study the reme-
dies, ITER or a burning plasma experiment with an adequate burn duration is needed.

3. TECHNOLOGY

The development of the technologies needed to build a fusion reactor is certainly one of the
main tasks to be performed in view of assuring the reliable operation of a well conceived and
well designed reactor. Assuming that the reactor will operate steady state, which, in my opin-
ion, will be a requirement of the utilities and also has a positive impact on the engineering,
the use of superconducting magnets is obviously mandatory. Large progress has been made
in this respect during the R&D directly or indirectly connected with the ITER EDA. The suc-
cesful development of the Cable in Conduit Conductor using steel or nickel alloy conduits
allows to decouple the mechanical and electrical performance of the superconducting cable
and gives great freedom and flexibility to the designer of the magnets. Also the potentialities
of Nb3Sn have been already demonstrated in a small number of coils, in particular one at
Frascati (Fig. 5) built in 1993 and intended to test the winding and react manufacturing pro-
cedure and the capability of this type of conductor to provide the ITER level magnetic field
response, which has been achieved in the tests. We are confident that they will be confirmed
by the test of the model coils of ITER which have been succesfully manufactured. Fig. 6 and
Fig. 7 show the two cable in conduit conductors used to build the model coils of ITER. Nb3Al
strands,which were pioneered at Frascati and have been recently developed in Japan, could
be used in the same type of conductor allowing easier manufacturing techniques and further
improvement in performance if applied to the TF magnets.

Figure 5 - The ENEA NbiSn CICC wind-and-react
solenoid (outer diameter fm; inner diameter 0.3 m;
height 0.35 m). Nb^Sn strand from Teledyne Wah
Chang Albany, USA, conductor manufacture (cabling
+ jacketing) at Europa Metalli, coil fabrication at
Ansaldo. I = 6 kA; B = 12 T

Figure 6 - The Europa Metalli, european conduc-
tor for the Toroidal Field Model Coil (316LN steel
jacket; outer diameter 40.9 mm; thickness 1.65
mm; 720 NboSn strands+360 Cu wires). 1-60 kA;
B = 12,5 T
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Figure 7 - The european CS2 conductor for the outer
module of the CS Model Coil (Incoloy square jacket
46.0 mm; cable diameter 37.2 mm, 720 NbiSn
strands+360 Cu wires) manufactured by Ansatdo,
Europa Metalli; Vacuumschmelze. 1-40 kA; B = 13 T

silver

NK)

Figure 8 - Cross-section micrograph ofbiaxially ori-
ented YBCO thick film grown on a Ni-V flexible sub-
strate with a NiO/CeO2 epitaxial buffer layer.
The critical current density of the high critical tem-
perature superconducting tape is JC(B=OT, T=77K)
> 0.5 MA/cm2 and JC(B=OT, T=65K) > 1 MA/cm2.

It is difficult to prognosticate now which will be the future evolution of high temperature
superconductors. Materials superconducting at liquid nitrogen temperature, BISCCO and
YBCO in particular, are presently investigated by a number of electrical manufacturers, in
collaboration with academic and state owned laboratories, for their potential applications in
power components and cables (Fig. 8). The dream of finding new superconducting materials
at room temperature has not materialised yet although the fact that we cannot fully explain
theoretically the behaviour of high temperature superconductors and further advances in the
investigation of the structure of matter and in the understanding of its operating laws leave
the door open to the hope of reaching this ambitious objective. If and when such an objective
is achieved, certainly it would represent a big positive step in the way to simplify and also to
add reliability to the operation of these basic components of a fusion reactor.

The problem of the structural materials is instead still largely open.

In this respect, it must be noted that ITER will not provide a final answer due to the fact that
the neutron fluence it could produce on the structural materials used is going to be much
lower than what we must expect in a reactor or in a DEMO. The expected operating life of a
reactor has to be similar to that of a fission reactor (30-40 years). We can consider a neutron
wall load in the order of 2-3 MW/m2. In order to exploit the advanced regimes, even higher
neutron fluxes should be considered.
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Table I - Experience with structural materials in Nuclear Technology in Europe

Materials group Field of application Operational conditions
Temperature range, Max. Fluence levels

Austenitic stainless steels of
Types 316, Fe-15Cr-15Ni-Ti
stab.

FBR: Cladding and wrapper 360-600 (630°C) Max. 120-150 dpa
materials of fuel elements

High-Ni austenitic steels and
Ni-alloys e.g. PE 16, Inconel

Ferritic-martensitic 9-12% Cr
steels e.g. 1.4914, EM-10,
FV 448, HT9

FBR: Cladding materials 360-600 (630°C)
of fuel pins

FBR: Cladding and wrapper 360-600°C
materials of fuel elements

Max. 135 dpa

Max. 115-145 dpa

Austenitic stainless steels and LWR:Core structural
Ni-alloys e.g. 18 Cr-9Ni-Ti/Nb materials
or 316 L; Inconel etc.

280-320°C Max. 50 dpa

The ideal structural materials we would like to use in a reactor should allow an adequate
availability of the reactor. They should therefore maintain good mechanical characteristics in
the reactor operating conditions (thermal and mechanical loads, temperature, interaction with
coolants and with breeder materials, neutron irradiation) during a convenient operating life
before replacement is required. They should also present low residual activation after opera-
tion in the reactor, good weldability during manufacture of the components and after irradia-
tion in the machine, in view of repairs, no or low embrittlement after irradiation. Presently
we hope to obtain these characteristics developing a suitable type of steel, which is the struc-
tural material we know better how to master and on which we have the largest experience also
in the use in fission reactors, thermal or fast breeders. Table I [13] presents typical uses of
austenitic and martensitic steels and Ni alloys in fission reactors, together with temperature
operating conditions and the displacements per atom corresponding to the achieved fluence
levels. Unfortunately the 14 MeV neutrons, produced in fusion D-T reactions, are much more
effective in producing displacements of atoms of the material in the lattice than fission neu-
trons, thermal or fast. The effect is further enhanced by the sequential reactions due to the sec-
ondary energetic elements produced. They also determine a number of transmutation reac-
tions with Fe and with other chemical elements present in every steel because their energy is
well beyond the threshold for many of these reactions producing helium and hydrogen plus
isotopes of the element or new elements. It is interesting to observe that quite a few trans-
mutation cross sections are peaking at or around 14 MeV. Figure 9 [14] shows e.g. the trans-
mutation cross sections for Fe. The conditions envisaged for DEMO and for a reactor would
produce approximately 30 dpa per full power year (FPY) in a steel used for the first wall and
would also produce 300 appm of He and 1400 appm of H2 per FPY in the same steel (Fig.
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10) [13]. It is interesting to note that there is approximately a factor 100 between helium pro-
duction in steel due to irradiation in a fusion reactor and in a fast breeder reactor for the same
fluence conditions. Swelling due to the generation of gas in the body of the material makes
impossible the use of austenitic steels, the usual stainless steels used in chemical industry (an
example is the well known 18 Cr, 8 Ni). Swelling of these steels due to the gases released in
the bulck of the material is very large already around 10 dpa. The excellent characteristics of
corrosion resistance and mechanical strength at the operating temperature and the large avail-
able experience have made austenitic steel the choice for ITER where, during the entire oper-
ating life, neutron damage is not expected to exceed 3 to 10 dpa. To proceed beyond ITER,
ferritic martensitic steels are the primary candidates. Also for these steels there is a lot of
experience in the operation of fission reactors where they have been subject to up to 150 dpa



16

D = Optifer reference
A = V-40-4 Ti
o =Ti-57r-2.4Sn
O = SiC/SiCf

10"1 101 103 105

Time after irradiation (years)

Figure 11 - Calculated contact y dose for structural
materials after an integral wall loading of 12.5
Mwy/mr

Reactor: HFR Petten
Experiments: SIENA, MANITU
Irradiation temperature: 300 °C

OPTIFER-H
OPTIFER-la
F82H
ORNL

2 3 4
Irradiation dose in dpa

Figure 12 - Ductile to Brittle Transition Temperature
for conventional and reduced activation ferritic
martensitic steels after low fluence neutron irradiation

but generally operating conditions are less severe from a purely mechanical point of view
than in a fusion reactor. In addition, although in comparison with austenitic steels swelling is
very low even at high dpa values, embrittlement becomes the main problem with a radiation
induced shift of the Ductile to Brittle Transition Temperature to relatively high values, even
beyond room temperature, in particular when irradiation takes place at a temperature lower
than 400°C.

The objective which is presently pursued is to taylor the chemical composition of martensitic
steels in order to obtain the best possible compromise between the different characteristics:
low residual activation, low DBTT possibly below room temperature. This activity is con-
ducted in the frame of a wide IEA sponsored collaboration. A number of low or reduced acti-
vation martensitic steel types have been developed, starting from the MANET family
designed for the Next European Torus (9-12% of Cr). Significative results have been already
obtained concerning radioactive decay. Figure 11 [13] shows the dose rate as a function of
time after irradiation for an OPTIFER type of martensitic steel developed in Europe and irra-
diated with a neutron integral wall loading of 12.5 MWy/m2. The behaviour is rather satis-
factory, only Vanadium alloys (V-Cr-Ti) appear to behave in a better way on the long term
while SiC composites do on the short range. In the long range, SiC behaviour is dominated
by Si transmutation reactions. Unfortunately, on the other side, we do not know yet whether
our efforts to solve the problem of the DBTT will be succesful. Figure 12 [13] shows the
results of irradiation on the old MANET and on a number of the second generation marten-
sitic steels, OPTIFER and the Japanese steel F82H. While the results are obviously encour-
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aging, the achieved level of dpa is way too low plus the neutron energy spectrum is too dif-
ferent to allow an extrapolation. Efforts are also aimed at improving high temperature char-
acteristics of martensitic steels using oxide dispersion strengthening.

Vanadium alloys have another important advantage over steel. Their capability of transfer-
ring heat, the power density capability or thermal stress factor, expressed in MW/m2.mm is
1.5-2 times that of martensitic steels especially at high temperature (500-600 °C). This,
together with the allowable creep rupture stress, more than double with respect to steel, has
made Vanadium the choice for a number of conceptual design, in particular ARIES-RS [15],
with the objective of being able to increase the power density and to improve the thermody-
namic efficiency. However the problems with Vanadium are not negligible and are related to
its extreme sensitivity to the environment in which it must operate. Gas cooling is practical-
ly not permitted because Vanadium is very permeable to gases and becomes brittle even when
exposed to traces of helium and nitrogen, not talking about oxygen. The possibility of using
Vanadium in combination wiyth Lithium or lithium lead for cooling and for breeding repre-
sents, on paper, an excellent solution (apart from ARIES-RS, remember the first version of
ITER) but it is therefore related to the development of reliable coatings to avoid both MHD
effects in the breeder-coolant material and corrosion phenomena leading to embrittlement. As
for martensitic steels, there is also a problem of hardening for low (400-500°C) irradiation
temperatures. The problems of using vanadium alloys are also enhanced by the fact that the
data base is still modest and the industrial development is also rather limited.

Another family of materials which is being considered are the SiC fiber matrix reinforced
composites. The characteristics which would make these materials attractive are their low
density connected with a good mechanical resistance at high temperature, order of 800°C,
their low afterheat, their fast radioactive decay in the short term favourable in view of main-
tenance requirements. This is however strictly related to the impurity content. On the other
side long term biological hasard potential seems to be higher than for low activation ferritic
martensitic steels (see Fig. 11) [13]. What is missing is a wide enough experience of their
behaviour in irradiated conditions, but it has already been found out that conductivity is
strongly decreasing with irradiation. Also lacking are reliable solutions for technological
problems like improving the intrinsic hardness and toughness, the problem of joining and
coating these materials. Developmental work is in progress on all these matters [16] but it is
still impossible to draw conclusions on the potentialities of their use as structural material for
reactors.Apart from the issues connected with the physical and chemical characteristics of
this material, there is also the need to develop an adequate body of engineering design rules,
rather different from the metal, steel engineering we are used to.

As far as materials to be used as armour for the wall of the chamber and plates of the diver-
tor of the reactor facing and interacting with the plasma, a number of solutions are being
investigated [17]. The evaluation of their relevance involves physics, technology and engi-
neering, and the real testing bed is represented by the experimental machines. My opinion is
that the choice might be difficult but I do not consider this to be an unsurmountable problem
although disruptions and large ELMs may represent a real danger for these structures.

From what has been said on structural materials, it is apparent that we will not be able to
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make substantial steps forward in the field of structural materials for fusion until an intense
14 MeV neutron source of the characteristics of IFMIF [18] is built and made available to
the fusion community. Already simply to achieve reasonable irradiation rates, comparable
with what can be expected in DEMO and in a reactor, we need a much more powerful source,
even without considering the problem of the difference in energy, as it is shown in Fig. 13
[13].

4. ENGINEERING

The other aspect of future reactors which deserves a large amount of ingenuity is the design
itself of the machine. Quite interestingly, in the case of fission reactors, a new generation of
reactors seems to be possible only if new engineering solutions will guarantee the utmost con-
vincing safety of operation. In the case of fusion, like in fission, the main characteristics
which have to be assured are reliability, maintainability, availability together with safety of
operation and reasonably low cost. It is obvious that the three first ones are strictly connect-
ed among themselves. In order to provide good availability, a machine has to be designed to
be reliable and to be easily repairable. In addition, the fact that a reactor has to be licenced
raises the problem of the type of codes to be used in the design, codes that, at the moment,
we try to mutuate from fission. The first design in which the problem of codes had to be con-
sidered is ITER. Three main components can be considered in ITER as in a reactor: the
superconducting magnetic structure, the vacuum vessel, the blanket, first wall and divertor.
The design of the magnetic structure can be performed, as in ITER, using the principles of
fracture mechanics and relying for reliability on the manufacturing experience and the exten-
sive data base collected through construction and operation of a number of superconducting
magnets and in particular of models reproducing the essential features of the full size com-
ponents. It is mandatory that no toroidal field coil fails during operation as the replacement
of one of the coils would require disassembling the vacuum chamber and the blanket. This
would imply a very long down time, disastrous in terms of costs, as the operation requires full
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Figure 14 - ITER as for Final Design Report

use of remote handling to deal with the activated machine components. Nuclear codes have
to be used for the vacuum chamber of the machine which represents the first confinement bar-
rier for tritium as in ITER (Fig 14). In ITER the worst loading conditions which determine
the design of the vacuum chamber are the electromechanical loads produced by a fast dis-
charge of the energy stored in the entire toroidal field, in case of quench of one of the coils.
For the components located inside the vacuum chamber of ITER or in a reactor, their design
is dominated by the electromagnetic forces induced by plasma instabilities: disruptions,
Vertical Displacement Events and halo currents. The frequency of occurrence of these phe-
nomena has a paramount importance in the determination of the allowable stresses in the
components. The ASME III Code establishes the category in which the loads can be classi-
fied according to their probability of occurrence: "operational events" (Cat. I), "likely
sequences" (Cat. II), "unlikely sequences" (Cat.III), "extremely unlikely sequences"
(Cat.IV). The classification has to be based on a deep and well documented analysis of the
loads arising during operation. It is up to the designer to produce adequate evidence to con-
vince the regulatory authorities that his categorisation is right. Depending on the category, the
allowable primary membrane plus bending stresses in the material can go from up to 1.5 Sm
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to up to 2.4 Sm with a very significant difference in size and therefore cost of the mechani-
cal components. However one must remember that the ASME code requires, for Cat. Ill, a
visual inspection or a non destructive examination of the interested components before
restarting. For Cat. IV, gross general deformations might be produced resulting in some dam-
age and the need of major repair. Once again it is therefore apparent that a deep knowledge
of plasma behaviour in a reactor and being able of mastering its instabilities is a prerequisite
in view of reducing the design requirements, the operating risks and consequently the cost.
Another aspect of engineering which is crucial for the reliable operation of the reactor is the
design of an efficient remote handling system. Such a system should include simple but effec-
tive equipment to perform all the most likely maintenance operations foreseable during the
life of a reactor and dexterous master slave servomanipulators to intervene in case of unex-
pected events. An example of this is what has been foreseen for ITER with the combination
of two specialised systems, one for the divertor, the second for the modules of the first wall.
A simplification of the problem by limiting the number of elements of the first wall to be
removed appears desirable. A rather extreme solution, in this respect, however on paper, is
presented by ARIES RS (Fig. 15) [15] where an entire sector, each one made by one sixteenth
of first wall, blanket and vacuum chamber, can be removed through large ports of the cryo-
stat for maintenance allowing to greatly reduce the time required for a large replacement
operation. This implies leaving enough room in between the toroidal field coils and therefore
making them relatively larger than strictly needed at the expense of a larger magnetic ener-
gy-
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Figure 15 - The elevation view of the ARIES-RS fusion power core
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5. SAFETY

The extensive studies which have been conducted in the frame of the ITER EDA and of the
national programmes of the partners in the ITER cooperation (in Europe through the "Safety
and Environmental Analysis of Fusion Power" (SEAFP) programme [19], have shown that it
is reasonably possible to maintain the promises concerning safety and environmental impact
associated since the beginning with the use of fusion as an energy source.
Three are the main areas of concern which have been considered:

Accident Analysis and Public Safety,
Occupational Safety,
Radioactive Waste & Decommissioning.

Accident Analysis and Public Safety. The smooth operation of the plasma in a fusion reac-
tor is the result of a precise control of a number of parameters. Any anomaly in one of the
parameters involved brings just about instantaneously the reaction to a halt. For example, any
anomalous temperature increase of the first wall produces an influx of impurities in the plas-
ma which immediately cools the plasma quenching the reaction rate. The amount of radioac-
tivity built in the reactor body after operation is of the same order as produced in a fission
reactor of equivalent power: order of lGCi for a 1000 MWe unit. But with a very substantial
difference in terms of nuclear power density and radioactivity decay time because the
radioactive load is not related to the transuranic elements and fission fragments in the core as
in the fission reactor but it is associated with the activated reactor structure. Therefore, while
the total nuclear power, immediately after the shutdown, amounts to 40 MW for the large
ITER and to between 100 and 200 MW for the reactor concepts used in the SEAFP study and
decays by an order of magnitude after one day, the volume averaged decay heat in the struc-
ture of the fusion reactor is so limited that no active cooling is needed after operation to limit
the temperature rise and no melt down can occur in any condition. Figure 16 shows the cal-
culated decay power for two of the three models of reactor, differing for choice of materials
and type of blanket design, considered in the SEAFP study. Figure 17 [19] shows the com-
puted evolution of the temperature of the first wall-blanket in case of loss of site power and
total loss of active cooling for Model 2 reactor concept in the frame of SEAFP (Model 2
assumes the use of low activation martensitic steel, liquid lithium-lead as a breeder and water
cooling). No melting of the vacuum vessel acting as the first and main containment can ever
occur and the operators have ample time to take actions to avoid any damage to the mechan-
ical structure and consequent loss of investment. Further, the application to ITER as to the
reactor models used in SEAFP of the principles of defence in depth: prevention, protection,
mitigation, translates in the fact that, even for the most severe conceivable accident: loss of
reactor cooling, tritium release from the fuel system, air or water ingress in the plasma ves-
sel and hydrogen generation due to chemical reactions between steam and hot surfaces, the
consequent release of radioactivity would not require evacuation of the population living at
the boundaries of the plant. The dose to the most exposed individual has been evaluated to be
less than 5 mSv which is well within the limits set by IAEA and ICRP.

Occupational safety. The second aspect which has deserved great attention is the radiologi-
cal safety of workers at the reactor site. Doses to the operators can be delivered due to y and
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P radiation from activated materials, 7 radiation from activated corrosion products in the cool-
ing loops and the presence of tritium concentration in the accessible areas. A lot of computa-
tions have been performed on this subject concerning ITER and taking as a reference the
experience gained in the operation of light and heavy water fission reactors. The results of
conservative calculations on the ITER heat transfer systems, the most occupational safety rel-
evant item, which assume one day waiting time before intervention of the operators on the
system, allow to extrapolate an overall collective dose for ITER maintenance (about 700 pers
mS/y). This is lower than the average accounted for in present day fission reactors (about
1000 pers mSv/y) and of the same order of the specified collective dose indicated as a
requirement by the European Utilities Requirements for future reactors (0.7 pers Sv/yGWe).
The experimental nature of ITER (presumably requiring a redundance of controls and diag-
nostic systems with respect to a commercial unit) and the record of operation of fission reac-
tors, showing a reduction in time of the yearly collective doses due to progressive learning,
makes credible to assume such a collective dose as a correct assumption also for future fusion
reactors.

Radioactive Waste and Decommissioning. The amount of radioactive material produced
during the lifetime of a fusion plant through replacement of components and final decom-
missioning is similar to the amount of waste from a fission power plant. But again the level
of activation and the decay time are by far lower due to the very different nature of the
wastes.The analysis of evolution with time of the amount of radiotoxicity, corresponding to
the different SEAFP models, presented in Fig.18 [19], shows that after between 50 and 500
years the integral radiotoxicity indexes are comparable to those of ashes from coal-fired
plants. In particular, assuming the use of reduced activation martensitic steel, this time peri-
od reduces to about 30 years. It is, in my opinion, very difficult to draw now any conclusion
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concerning recycling and clearance of waste from a fusion reactor and even from ITER
because legislation is lacking on this subjects. There are indices established by the IAEA but
they are not really binding. It is however clear that this problem for fusion is much less severe
than in the case of fission.Assuming the IAEA limits related to clearance, only few percent
in weight of the total waste (between 60000 and 900001 from the SEAFP study for the entire
life of the plant) would require shallow land burial, about 40% could be cleared, the rest could
be recycled, assuming that this would result legally and practically feasible and economical-
ly convenient.

6. CONCLUSIONS

Writing this paper, I wished to consider the different areas of ongoing work in the fusion pro-
gramme and the major problems with which we are still confronted on the path towards the
reactor, maintaining an as independant as possible and critical view. It is obvious that this is
difficult for somebody who has dedicated good part of his professional life to build experi-
ments in the field of fusion or to operate in the European and world programme with the
declared objective of making a reactor a conceivable reality. However I was rather relieved
not to find unsurmountable barriers which could jeopardise our efforts. It is obvious that there
are areas where we have still a rather long way to go but all together my impression is that
we are on the right track. From the analysis we can conclude that we have two major fields
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where we have to achieve substantial progress: physics, because we need to master some
form of advanced regime and it is highly desirable to solve the problem of disruptive plasma
stability; materials where our present knowledge is too limited and we need a large neutron
test facility to develop suitable radiation resistant alloys. Engineering seems to me satisfac-
torily advanced; in safety we are well equipped to continue accompanying progress in design
and technology with a careful analysis of the potential impact of a future reactor on our trou-
bled environment.
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