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INTRODUCTORY NOTE

At the request of the International Atomic Energy Agency (IAEA), the Inter-
national Fusion Research Council (IFRC) — an advisory body to the IAEA — has
again reported on the current status of fusion, updating the 1978 Status Report on
Controlled Thermonuclear Fusion [1]. The present Status Report is in two parts —
a General Overview with an Executive Summary and a series of technical reports.

The General Overview represents a consensus among IFRC members' on the
status of and prospects for fusion research. It stresses the potential advantages of
fusion as an energy source, outlines a strategy for development of a fusion reactor,
summarizes the present status of research on controlled thermonuclear fusion, com-
ments on trends and prospects, identifies important technological accomplishments
and problems yet to be solved, and recommends 'the next step' to be taken in this
field: an internationally co-operative step.

Thirteen technical papers form the second part of this status report.2 These
papers express the best technical judgements of the authors, in consultation with their
support experts, on the status of various approaches to plasma confinement and on
the reactor aspects of these approaches.

The timing of this report is especially auspicious, arriving as it does shortly
before the successful completion of the International Thermonuclear Experimental
Reactor (ITER) Conceptual Design Activities (CDA)3 and on the eve of a possible
extension of the ITER project into Engineering Design Activities (EDA). This report
will provide authoritative, useful information to those responsible for deciding
whether or not to proceed with the ITER project.

Believing that the views, assessments and technical reports of this group of
experts merit the broadest exposure and consideration, Nuclear Fusion is pleased to
publish this report on the status of fusion in its entirety.

1 M.H. Brennan, Chairman (Australia), Ch. Maisonnier (CEC), D.P. Jackson
(Canada), Z. Li (China), K. Pinkau (Fed. Rep. of Germany), P.K. Kaw (India), F. De Marco
(Italy), T. Sekiguchi (Japan), M.J. van der Wiel (Netherlands), B. Lehnert (Sweden),
N.A. Davies (USA), B.B. Kadomtsev (USSR), D.R. Sweetman (UK). The Council was
assisted in the preparation of the report by M. Roberts (USA), E. Canobbio (CEC, Brussels)
and G. Eliseev (USSR). Special acknowledgement is also extended to E. Canobbio for his
excellent preparation of the General Overview and for his shepherding of it through several
drafts.

3 Only the Executive Summary and the General Overview are included in the present
booklet. The technical reports will be published together with the Executive Summary and the
General Overview in the September 1990 issue of Nuclear Fusion.

3 The ITER project was formally initiated in April 1988, under the auspices of the
IAEA. The CDA will be formally concluded as of 31 December 1990.

1



2 INTRODUCTORY NOTE

Part of the mission of the IAEA is to support and encourage progress towards
development of thermonuclear fusion as an attractive source of energy for mankind.
I am especially pleased to note the significant technical progress made since the
previous Status Report and the growth of international co-operation in this area. We
consider the continuation of international co-operation on fusion research, engineer-
ing and development to be of major importance. We gratefully acknowledge the
efforts of the authors, the support experts, the IFRC and its chairman in producing
the present report on the status of fusion.

Hans Blix



EXECUTIVE SUMMARY

1. INTRODUCTION

Energy supply is a vital and, in the long run, an uncertain issue. Given the
world population growth, the total energy needs may well increase enormously.
Whatever quantity of energy will be necessary in the future, the criterion of quality
will become most important. Every source of energy appears to have its own
economic, health and environmental costs and risks.

Against the background of recent experience, the need for the development of
diverse and widely accessible long term sources of energy is perceived more and
more acutely. These energy sources should not only be technologically feasible but
also acceptable from the economic, safety and environmental points of view. Fusion
has the potential of becoming one of these sources.

Developing a completely new source of energy such as fusion is a formidable
scientific and technological challenge which spans several human generations. Yet
the continuity in, and the magnitude of, the progress achieved so far on the way to
the reactor are impressive and augur well.

The aim of this report is to present the state of the two possible approaches
to nuclear fusion — magnetic confinement fusion (MCF) and inertial confinement
fusion (ICF) — in order to assess the prospects for fusion and to suggest actions the
IAEA might take to assist in the development of the fusion option on an international
scale. The report chiefly deals with MCF, where international co-operation is most
developed.

2. ENVIRONMENTAL, SAFETY RELATED AND
ECONOMIC POTENTIAL OF FUSION POWER

2.1. Availability of fuel and resources

The primary fuels for deuterium-tritium (D-T) fusion reactors (deuterium and
lithium (Li)) are so abundant in nature that, practically speaking, D-T fusion is an
inexhaustible source of energy for global energy requirements.

The primary fuels and the direct end product of fusion — the inert gas
helium — are neither toxic nor radioactive: they do not produce atmospheric pollu-
tion nor do they contribute to the greenhouse effect. The fusion reactors contain
neither uranium and plutonium nor their fission products. Criticality accidents are
impossible. However, D-T fusion reactors will have a radioactive inventory arising
from the intermediate fuel, tritium, and from the radioactive materials parasitically
produced by neutron activation of parts of the reactor structure.
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2.2. Environment and safety

A major safety feature of a future fusion power source (typically referred to
as a 'fusion reactor') is that the reaction zone contains only a small amount of fuel
(for some ten seconds of thermonuclear burn): fuel is fed in as needed (as in the case
of fossil fuel plants and in contrast to fission reactors). The reaction rate is self-
limiting. The magnitude of a potential energy release from the reaction zone is,
therefore, small. Likewise, in a fusion reactor the power density associated with the
afterheat is much lower than that in a fission reactor.

2.3. Economics

It is obviously difficult to estimate with any useful precision the cost of a
system which will be put into general service several decades hence. What is clear
is that the cost of electricity from fusion will be dominated by the capital cost of the
plant, and thai a significant contribution to the operating cost will be the need to
replace the first wall and blanket at regular intervals.

3. STRATEGY OF APPROACH TO
FUSION AS AN ENERGY SOURCE

In view of the time required to develop and implement a completely new source
of energy such as fusion, neither a precisely defined goal nor an optimized R&D
strategy can be proposed today. Yet, the reasonable, staged, broad strategy of
approach is that dictated by the need for developing, in sequence but partially also
in parallel, the main parts of a D-T reactor, practically from the core to the periphery
of the reactor.

The Next Step test reactor would essentially complete the demonstration of the
scientific feasibility of fusion by achieving, in the same device, both a self-sustaining
D-T fusion reaction, i.e. an ignited plasma, and the control of such a burn during
long pulses, in reactor relevant plasma conditions. Today's effort in fusion physics
research focuses on this aim. The Next Step would also address substantial techno-
logical issues of reactor relevance. At the moment, Next Step devices are in their
conceptual design phase. Only after satisfactory operation of one of these devices can
precise plans be drawn up for moving towards a prototype reactor.

At present, the ambitious objectives described above can only be envisaged for
Next Step(s) devices of the tokamak type. It is indeed the sum of the results from
several generations of tokamaks that has given confidence that now is the time to
extrapolate to the Next Step. Likewise, fusion technology has reached the point
where it can be merged with the results of plasma physics in a Next Step tokamak
(incorporating, for example, superconducting magnets).
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Nevertheless, other toroidal confinement systems have specific intrinsic
reactor relevant potential advantages over the tokamak and gain support in spite of
the fact that funds for their development are limited.

The design envisaged for a Next Step device along the main line of attack
should have enough built-in flexibility to enable it to incorporate useful innovations.
This implies a broad effort based on parallel developments throughout the lifetime
of the envisaged device.

It is important to note that reactor strategy requires that the scientific feasibility
of fusion be demonstrated in reactor relevant conditions, i.e. in plasma conditions
close to those required to demonstrate the technological feasibility of a power
producing reactor as it is conceived today.

4. WORLD FUSION PROGRAMMES
AND INTERNATIONAL CO-OPERATION

Fusion research in the field of magnetic confinement is an outstanding example
of international co-operation for peaceful purposes. Indeed, an impressive and
probably unprecedented escalation in international co-operation has gone hand in
hand with the progress in MCF scientific and technical achievements over several
decades. Several factors motivate international co-operation in MCF: the scale of the
necessary human and financial resources, the long term effort needed to arrive at a
reactor, and the fact that a fusion reactor is an important common objective which
is unlikely to raise large scale industrial competition for many years to come. The
potential benefits of sharing cost, risks and knowledge have encouraged fusion
programmes throughout the world to increase their co-ordination efforts in a spirit
of friendly (healthy) competition and productive, expanding collaboration.

The Reagan-Gorbachev Summit of November 1985 gave powerful political
impetus to a worldwide co-operation ("the widest practicable co-operation in fusion
energy") and led to the International Thermonuclear Experimental Reactor (ITER)
Conceptual Design Activities (CDA). This initiative brings together the four major
fusion programmes in the world — those of the European Community (EC) (plus
Sweden and Switzerland), Japan, the USSR and the USA — as equal participants,
under the auspices of the IAEA, in carrying out conceptual design and supporting
research and development. Indeed, it is hard to imagine a more appropriate opportu-
nity for substantial international collaboration over the whole period of development
of MCF power than participation in the work required for the Next Step device.
However, those countries or groups of countries wishing to be capable of developing
fusion power in due course for their own energy system and their own industrial
capability must sustain their own fusion research effort. Only by preserving their
scientific and technological talent and capabilities will they be in a position to retrieve
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results from the international research effort and to integrate them into their
industrial systems.

The status of international co-operation in ICF is very different from that in
MCF. So far, international co-operation in ICF has been on a small scale and limited,
both in scope and participation, because portions of the programmes are, in some
countries, classified.

Countries such as Australia, Brazil, Canada, China and India have smaller, but
significant fusion programmes of different breadths. These are linked with fusion
activities throughout the world by bilateral and multilateral agreements, and espe-
cially through the IAEA, which exercises its information sharing functions also for
various countries having activities in some fields of fusion research. In the ITER
activities, Canada is involved through the EC contribution, while Czechoslovakia
takes part in the contribution of the USSR.

5. CONTRIBUTIONS TO AND BENEFITS FROM
OTHER SCIENTIFIC AND TECHNOLOGICAL SECTORS

The general characteristics of contributions to and benefits from fusion
research follow from the essential features of fusion R&D activities, which are
mission oriented, have a remote time horizon, involve substantial public spending,
are inherently multidisciplinary, develop and integrate advanced technology compo-
nents, relevant both to fusion and to other applications (spin-offs), and require the
highest engineering standards.

The advance of scientific knowledge in fusion research has required the
construction of generations of experimental facilities of ever increasing technological
complexity and size. This has involved industry at the highest level of its techno-
logical capability, spanning an unusually large range of both existing and advanced
knowledge. As a result, fusion and industry experts have established close working
relations, thus enhancing the interpenetration of industry, research institutes and
universities. In this way, scientific and technical information already available in
research institutes is shared with industry. Of course, from one national programme
to another there are significant variations in the extent to which these comments
apply; but when programmes, governments and industries take deliberate steps to
enhance interaction, it will occur (and has already occurred).

The long duration and the role of the effort involved allow the necessary indus-
trial adjustment to take place. The unconventional nature of fusion work increases
the manpower skills, attracts young talents and improves the capacity of industry to
satisfy outstanding customer demands.
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6. STATUS OF FUSION PHYSICS AND TECHNOLOGY

6.1. Status of tokamak physics

The main figure of merit used to assess the approach to ignition is the ratio
of the fusion power released by D-T reactions to the power lost from the plasma.
At ignition relevant temperatures, in a pure 50% D — 50% T plasma, this ratio
is proportional to the triple product nrT, where n is the number of nuclei per
cubic metre of fusion fuel, T is its temperature in keV (1 keV is equivalent to about
ten million degrees Celsius) and r is the energy confinement time in seconds. The
minimum value of nrT necessary for ignition is about 5 x 1021 m~3-s-keV at a
temperature of about 15 keV. The nrT product has increased by almost two orders
of magnitude since the last IFRC Status Report (1978) [1]. In the best cases it is less
than a factor of ten away from ignition and is close to break-even. Moreover, in
several tokamak experiments, the value of T exceeded the requirement by a factor
of two or so. Information on a large variety of phenomena which have been
discovered has been gained from improved diagnostics and has enabled improved
modelling of plasma behaviour, supplemented by semi-empirical scaling relation-
ships. In fusion, as in other fields, fundamental studies on basic processes and
possible improvements continue.

6.2. Status of MCF technology

Progress in technology (such as for superconducting magnets) is good and, on
the basis of current experience with components, there is no doubt that technical
solutions for the design and construction of an experimental tokamak reactor will
be available, provided sufficient activity is conducted. For the technology of a
demonstration or prototype power reactor, considerable development efforts are
still required.

Several breeding blanket concepts are under study, as is the development of
advanced, low activation materials. Such materials appear to be necessary for the full
exploitation of the environmental potential of fusion power. The materials for an
experimental reactor are already available.

The safety and environmental impact of fusion reactors are important issues
which are being studied intensively. The favourable characteristics of fusion systems
may constitute the major appeal of fusion as an energy system.

6.3. Status of ICF

Compression of D-T pellets up to 600 times solid density has been
demonstrated. In other experiments, 1013 fusion reactions have been produced,
representing a fusion energy of 0.2% of the energy of the driver pulse of the 10 kJ
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laser. From the experiments it is concluded that a 100 kJ blue laser is required for
break-even (fusion energy = laser energy). The ICF experiments and the computa-
tional data support projections about the feasibility of achieving ignition and high
energy gain.

7. THE NEXT STEPS IN FUSION

7.1. The Next Step in MCF as exemplified by ITER

The Next Step device, which is at present under conceptual design within
the ITER CDA, aims at fully confirming the scientific feasibility and at addressing
the technological feasibility of fusion as a potentially safe and environmentally
acceptable, practically inexhaustible source of energy.

The ITER design is based upon scientific knowledge and upon extrapolations
derived from the operation of dozens of tokamaks over the past decade as well as
the technical know-how flowing from the extensive technology R&D programmes
of the Parties involved. Safety considerations are an integral part of the design activi-
ties, and safety is being enhanced by the use of passive safety systems wherever
possible. Within the freedom allowed by the objectives, the design philosophy has
been to control the size and to minimize cost.

The participation of the Parties in the ITER CDA reflects their interest in an
ambitious Next Step device, with substantial technological objectives. The construc-
tion of such a device by one Party alone would represent a heavy technical and finan-
cial burden. On the other hand, four machines of this type would be unnecessary.
Thus, an international solution appears to be the most attractive option. The Next
Step devices which are being considered for possible construction by single Parties
have, in general, physics objectives which are similar to those of ITER, but they
have more modest technology objectives.

Magnetic fusion programmes throughout the world are using the ITER process
to focus their R&D efforts. The achievement of an ITER conceptual design and the
high priority given to R&D work for ITER have been a challenge, requiring all of
the scientific skills available and the personal goodwill and dedication of scientists
worldwide.

7.2. Next Steps in ICF

The critical path to achieving ICF ignition and fusion energy gain in the labora-
tory is the completion of the remaining target physics research which is planned
within each of the major programmes. Furthermore, the construction and subsequent
operation of a high gain facility for ICF research and development would be essential
for the study of thermonuclear burn and for obtaining engineering design data for
an ICF reactor.
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8. CONCLUSIONS

The continuity in, and the magnitude of, the progress achieved so far on the
way to a D-T fusion reactor are impressive and augur well.

Since the last IFRC Status Report (1978) [1] the figure of merit which charac-
terizes scientific achievements in fusion research — the triple product nrT — has
increased, in tokamaks, by almost two orders of magnitude. In the world's main
tokamaks the best value is now within less than a factor of ten of ignition and
close to break-even.

It is now possible to adopt as the next major goal for fusion research the full
confirmation of the scientific feasibility of fusion in a Next Step tokamak device
which would achieve controlled ignition and extended burn of D-T plasmas, while
addressing substantial technological issues of reactor relevance.

The prime example of a Next Step tokamak with ambitious technical aims,
work on which is being carried out effectively through broad international collabora-
tion, is ITER, the conceptual design of which is currently nearing completion.

The database required for the construction of a Next Step device does not need
to be available in its entirety when the design activities begin. Since the whole design
phase is bound to take another five to six years, it is possible to gradually incorporate
into it the design information as it will be progressively delivered by a suitably
programmed supporting R&D effort.

Other magnetic confinement systems which possess specific reactor relevant
potential advantages over the tokamak — akin to it, such as stellarators and reversed
field pinches (RFPs), or different from it — are investigated all over the world at
a more modest level of funding than is available for tokamaks. These investigations
ensure a sufficient breadth to the world effort, as is appropriate for developing the
full potential of fusion.

The ICF experiments and the computational data obtained in the past two years
support projections about the feasibility of achieving ignition and high energy gain.
The critical path to achieving ICF ignition and fusion energy gain in the laboratory
is the completion of the remaining target physics research which is planned within
each of the major programmes.

9. RECOMMENDATIONS

The IFRC greatly appreciates the support of the cause of fusion by the IAEA
through its publication of the journal Nuclear Fusion, its sponsorship of the biennial
Plasma Physics Conferences, the co-ordination of many specialists meetings, the
management of co-ordinated research programmes, the worldwide dissemination of
information and the aid to the fusion efforts of developing countries.
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Given the importance of these activities to the development and understanding
of fusion worldwide, the IFRC suggests that the IAEA continue and, where possible,
strengthen these activities.

Furthermore, the IFRC greatly appreciates the IAEA support of the ITER
process which follows the useful antecedent work done for INTOR, as recommended
in the previous Status Report, via active participation in the formative stages of the
current ITER CDA. Therefore, on the basis of the work carried out so far and con-
sidering its benefits for fusion worldwide, the IFRC suggests that the Director
General take the following steps:

— Continue the support of the ITER CDA through facilitating the meetings of the
ITER council and related meetings, issuing publications and disseminating
technical information to all IAEA participants, and advocating the use of the
ITER process as a model for international collaboration.

— Express to the Parties involved in ITER the willingness of the IAEA to con-
tinue its support during the Engineering Design Activities as may be deter-
mined by the Parties, under conditions which are mutually productive both for
the Parties and, through the IAEA, for other Member States and their
programmes.

' — Bring to the attention of IAEA Member States with fusion energy programmes
the general value of the ITER work and the possible benefits of fusion activities
to their domestic programmes.



GENERAL OVERVIEW

1. FUSION AS AN ENERGY SOURCE

1.1. Introduction

Energy supply is a vital and, in the long run, an uncertain issue, given the
growth of the world population. Depending on the degree and rate of levelling out
the extremely uneven global distribution of primary energy consumption over the
various economies and depending on the extent of success in enhancing the efficiency
of energy end use worldwide, the total energy needs may well increase enormously.

Whatever quantity of energy will be neceessary in the future, the criterion of
quality will become most important: Energy must be produced in a manner that is
not only economically but also environmentally acceptable, even if what is and will
be environmentally acceptable is a moving target that is difficult to define. Every
source of energy appears to have its own economic, health and environmental costs
and risks. Reliance on fossil fuels, apart from problems linked with global or local
availability, carries the risk of global warming (the greenhouse effect) and acidifica-
tion, which is now perceived with acuteness both by the public and by governments.
A possible large scale use of the renewable energy sources (sunlight, biomass, etc.)
depends on local conditions and seems to be confronted with high costs and substan-
tial environmental consequences. Nuclear power from fission reactors is facing
concerns regarding safety, accidental radioactive releases, waste disposal and
proliferation of nuclear material. The degree of concern in these areas will most
probably be lower in the case of nuclear power from a future fusion power source
(typically referred to as a 'fusion reactor'), for which, however, it is too early to
tell whether eventually it will be economically competitive.

Against the background of recent experience, the need for the development of
diverse and widely accessible long term sources of energy is perceived more and
more acutely. These energy sources should show promise of being not only techno-
logically feasible but also acceptable from the economic, safety and environmental
points of view. Fusion has the potential of becoming one of these sources.

Developing a completely new source of energy such as fusion is a formidable
scientific and technological challenge which spans several human generations. Yet
the continuity in, and the magnitude of, the progress achieved so far on the way to
a fusion reactor are impressive and augur well.

1.2. Fusion and fission

As is well known, there are two nuclear processes which can lead to self-
sustaining exothermal reactions on a macroscopic scale. One is the process oifusion,

11
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in which two light nuclei combine to form, inter alia, a fast, heavier nucleus. The
other process is fission, in which a very heavy nucleus is split by a neutron into fast
(radioactive) fragments, thereby ejecting also free neutrons. The two processes
release as kinetic energy of the final particles millions of times more energy per
reaction than what can be obtained with chemical reactions.

The role of fusion in nature can hardly be exaggerated: it is fusion that has
powered the stars for billions of years. Fusion is, therefore, the source not only of
solar energy but also of all fossil and of most renewable forms of energy available
on our planet. Moreover, as the process which produced heavy chemical elements
out of the original light ones on a cosmic scale, fusion can even be considered as
a remote ancestor of fission. On the contrary, the role of fission energy in nature
can be considered as negligible.4

Here on earth, however, it is far more difficult to create the conditions required
for a self-sustaining, net power producing reaction in the case of fusion than in the
case of fission. Basically, this is because of the high repulsive electrical barrier
experienced by any two nuclei as they approach each other to fuse — a fact which
has no equivalent in the case of fission by neutrons. Thus, while commercial fission
reactors have been in use for many years, the level of controlled fusion power
produced to date is still substantially lower than the input power level.

Since it was realized that stars run on fusion and since the explosion of the first
hydrogen bomb, the challenging question facing those who seek controlled fusion for
peaceful uses has been "can this energy be released on a small enough scale to be
managed in a power station?".

On the basis of present knowledge, the smallest conceivable fusion system will
release an average (thermal) power of at least a gigawatt, so it appears that the
development path requires large scale experimental facilities, although more
compact fusion systems can perhaps be developed in the future It seems that fusion
reactors cannot evolve on the basis of experience gained on small devices as was the
case with fission.

1.3. Thermonuclear fusion

Because nuclei repel each other, they are normally much too far apart for
fusion reactions to occur at any rate of interest. However, if matter is brought to very
high temperatures, its atoms and molecules are dissociated into electrons and nuclei
(matter is then said to be in the plasma state) and, what is of greatest interest, at least
a few of the nuclei move with high enough relative speed to undergo close collisions.

4 It is believed, however, that a natural fission reactor operated two thousand million
years ago in Africa, fuelled by natural uranium deposits.
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The higher the temperature, the more nuclei come close together, until finally
thermonuclear fusion reactions occur at a rapid rate. The temperature required to
sustain thermonuclear fusion in the core of stars such as the sun is some ten million
degrees Celsius. It turns out that producing on earth useful net amounts of power
by thermonuclear fusion requires temperatures which are some ten times higher than
those in the core of the sun. These temperatures are hard to achieve and even harder
to maintain against the inevitable losses. Indeed, more power has to be produced by
the thermonuclear reactions than must be spent to maintain the conditions in which
such reactions are possible.

It is useful to express the power which is required to maintain the desired
thermal energy content per unit volume, nT, of the reacting plasma as the ratio
between such a content and a global energy confinement time r (n is the number of
nuclei per cubic metre of fusion fuel and T is its temperature in keV; 1 keV is
equivalent to about ten million degrees Celsius), r is a measurable quantity charac-
terizing the degree of confinement: the larger T, the better the energy confinement.5

The fusion fuel of primary interest is a mixture of deuterium and tritium in equal
proportions, since it requires, in order to achieve net power production, the lowest
possible temperature T and the lowest possible nr product. The temperature required
is about 10 keV. The nr value is about 3 x 1020 irT3-s. Deuterium and tritium are
two of the three isotopes of hydrogen, the third being protium (H), usually referred
to simply as hydrogen, which is the most abundant in nature. The nuclei of hydrogen,
deuterium and tritium consist of a single proton and of zero, one and two neutrons,
respectively. While deuterium is found abundantly on our planet (see Section 2.1),
tritium, being unstable with a physical half-life of 12 years, has to be manufactured
(see Section 1.3).6

Net power production by thermonuclear fusion requires that those relatively few fast
moving nuclei which are responsible for most of the reactions approach each other,
transiently, within a distance some 10 000 times smaller than the typical atomic spacing in
normal molecules, but still larger than the nuclear dimensions. This, of course, is a classical
mechanics view. Quantum mechanically, there is always a finite probability for two nuclei to
be found at the same place, even though classically they cannot but remain separate.

5 Fusion is a binary process, so the thermonuclear power output per unit volume is
n2 times some function f of T (n is the fusion fuel particle density and T is its temperature).
Net power production therefore requires nr > f(T), which is a function of T only (given the.
thermonuclear fuel composition). For any fuel composition, f(T) has a broad minimum around
a certain temperature value, say T*, and tends to infinity both for T — 0, which is obvious,
and for T — oo, which is a consequence of the fact that the duration of the close encounters
tends to zero in this limit.

6 The details printed in smaller typeface may be skipped by readers only interested in
a general overview.
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Substantial fusion rates can also be obtained at room temperature (or even at much
lower temperatures) if the electrons which hold nuclei together in molecules (and crystals) are
replaced by negatively charged (elementary) particles with larger masses. Indeed, in any such
bond the internuclei distances scale inversely with the mass of the bonding particles. One such
particle is the negative muon, an unstable particle with a mass 207 times that of an electron
and a lifetime of about one microsecond. Unfortunately, although the macroscopic effect is
large enough to be routinely detected in laboratory experiments, as of now it seems unlikely
that eventually net energy can be produced competitively compared with the energy required
to produce the muons by means of a particle accelerator (there are too few reactions before
the muon sticks to a (helium) nucleus produced in the process and the nuclei are no longer
prevented from flying apart).

An alternative approach to achieving useful fusion rates at room temperature (generally
referred to as 'cold fusion') requires the production of an interatomic spacing in solid matter
about a factor of ten smaller than the normal spacing, corresponding to a 1000-fold steady state
compression in volume. This, however, would require the ability to exert on large samples
the enormous pressures which are already difficult to exert on tiny pellets and only for
nanoseconds, as pursued in the ICF approach to fusion (see below).

Muon catalysed fusion and other, so far highly speculative, approaches to cold fusion
are not further considered in the present report.

1.4. The D-T reactor

The reaction products in the case of D-T fuel are: (a) A 3.5 MeV helium
nucleus (the very stable alpha particle, consisting of two protons and two neutrons)
which, in some circumstances, can remain within the plasma, where it slows down
and heats the plasma, (b) A 14 MeV neutron which escapes from the plasma region.
The D-T fusion reaction will be self-sustaining, i.e. the plasma will be 'ignited',
when the alpha particles which carry =20% of the energy released per reaction
remain long enough within the plasma and heat it sufficiently to maintain the required
plasma temperature. This 20% of the energy eventually impinges as radiation and
energetic particles on the plasma facing components. The neutrons carry the remain-
ing 80% of the released energy beyond the plasma facing components into the
blanket where they are slowed down, thereby heating the blanket. Coolants circulat-
ing within the blanket and the plasma facing components transfer the heat out of the
reactor area to produce steam and to generate electricity in a conventional way
(see Fig. 1).

The blanket also serves another essential purpose, namely producing, or
'breeding', the tritium fuel required by the reactor, once the initial startup inventory
of tritium (manufactured elsewhere) has been used. This function is performed by
the lithium contained in the blanket and which is transformed to tritium (and helium)
by neutron bombardment. Lithium is a chemical element found abundantly on earth
(see Section 2.1). The primary fuels for a D-T fusion reactor are, therefore,
deuterium and lithium.
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1.5. The two approaches to thermonuclear fusion

There are two basically different approaches to thermonuclear fusion:
magnetic confinement fusion (MCF) and inertial confinement fusion (ICF).

1.5.1. Magnetic confinement fusion

Magnetic confinement relies on the fact that the presence of a magnetic field
can affect the motion of individual plasma particles (nuclei and electrons) more
strongly than ipterparticle collisions do, so that macroscopic electric currents can
easily flow within the plasma (while virtually no macroscopic electric charge can
develop). It is on the currents flowing in the plasma across a magnetic field that this
magnetic field acts. As a result, closed confinement configurations are toroidal, i.e.
doughnut shaped. In them the plasma is free to flow on certain closed (toroidal) and
nested surfaces, but it is impeded from flowing across them (only in combination
with proper electrostatic fields can magnetic fields lead to efficient 'open' confine-
ment concepts). Both the magnetic field and the plasma current density lie on such
a surface, where the plasma pressure is constant and which, therefore, is called an
isobaric or a magnetic surface.

Since the temperature for ignition is determined and since, in order to be
magnetically confinable, the reacting plasma must have sufficiently low pressure
(much smaller than the pressure of the magnetic field whose strength at the
supporting structure of the conductors cannot exceed about 16 T, for engineering
reasons), the plasma density must be low — less than 10"7 solid density. Thus,
r must be large (inversely proportional to n), typically a few seconds for ignition.
(On the time-scale of single particle motion in the confining magnetic field, one
second is a very long time!) It turns out that large toroidal plasma volumes are
implied in a reactor — about 1000 m3.

Concepts of MCF devices

To provide toroidal plasma equilibrium and stability, the magnetic field lines have to
pass around and around both the short (transversal or poloidat) way and the long (longitudinal
or toroidal) way to form magnetic surfaces.

In the tokamak (see Fig. 2) the poloidal magnetic field component is produced by a
longitudinal current, usually called the toroidal current, flowing in the plasma itself, with the
result that the magnetic configuration can be axisynunetric. In practice, this is the case when
the longitudinal field, in which the plasma is embedded, is produced by currents flowing in
a sufficiently large number of uniformly distributed (poloidal) coils encircling the plasma
torus, called toroidal field coils. The positioning of the plasma and the shaping of its poloidal
cross-section are achieved by a set of circular horizontal coils which are coaxial with the verti-
cal axis of symmetry of the tokamak (the plasma configuration which is considered optimum
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FIG. 2. Schematic of a tokamak.

today is that with a D-shaped cross-section). In order to ensure MHD plasma stability, the
toroidal magnetic field of the tokamak has to be by far the strongest field component. The
toroidal plasma current is usually transiently induced by transformer action (where the plasma
plays the role of the secondary circuit). However, in a reduced parameter space, this current
can be produced and maintained in steady state by injecting appropriate electromagnetic waves
or neutral beams into the plasma (non-inductive current drive). In addition, as in any magneti-
cally confined toroidal plasma, a steady state toroidal current can be created and maintained
by the particle and energy transport across the magnetic surfaces — the 'bootstrap' current.

The plasma edge can be defined by the magnetic surface which leans tangentially
against specific components of the plasma facing wall — the 'limiters'. In a 'divertor' configu-
ration, however, it is the magnetic separatrix — the boundary between closed surfaces and
open ones — which delimits the confinement region for the plasma. The magnetic field lines
in the region between the separatrix and the wall can be diverted from the main vessel into
a 'divertor chamber' to intersect target plates where they deposit heat and particles.

In the stellarator, the whole magnetic field configuration is essentially produced by
currents flowing in coils surrounding the plasma. In the absence of net toroidal plasma current,
the magnetic configuration, which is then necessarily non-axisymmetric, can be naturally
maintained in steady state. In fact, in this case the current is driven by the plasma pressure
gradient and flows along closed loops the short way on each isobaric surface. This is why,
in 'advanced stellarator' concepts (see Fig. 3), only one set of coils (non-planar toroidally
arranged modular coils encircling the plasma) can be used. Two different sets of coils (helical
windings and poloidal coils) were used in earlier stellarators and are used in torsatrons or in
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heliotrons, helical windings and horizontal coils. Besides stationarity, a further reactor rele-
vant advantage is an aspect ratio (ratio of the major plasma radius to the minor plasma radius)
larger than that of tokamaks (allowing the first wall power loading to be correspondingly
reduced). Of course, in steilarators without a net toroidal plasma current, heating relies upon
non-Ohmic methods.
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In the reversed field pinch (see Fig. 4) — an axisymmetric system — not only the
poloidal magnetic field component but also most of the toroidal component is created by a
current flowing in the plasma. The magnetic configuration, which always approaches that
corresponding to a state of minimum energy, implies that some spontaneous relaxation process
has occurred. The toroidal field component vanishes on a toroidal surface embedded in the
confined plasma (field self-reversal) and is, at the coils, relatively low compared with that of
the tokamak, for the same bulk plasma pressure. Even in a (D-T) reactor, the use of copper
coils and of Ohmic heating alone could be possible. The free choice of aspect ratio is another
advantage. The RFP, therefore, holds the promise of a favourable fusion reactor concept.
However, the RFP configuration lasts, of course, only as long as the current flows in the
plasma.

There are important differences between the tokamak, the stellarator and the RFP, but,
nevertheless, they all belong to the family of toroidal confinement devices. Also, most of the
fusion technology developed for the tokamak is transferable to these systems.

In principle, open magnetic configurations could be much less sophisticated, technically
more attractive variations of the simple solenoid concept than closed configurations.
Moreover, they could be made to operate stably in steady state at high plasma pressures (for
a relatively low magnetic field). Unfortunately, even though strengthening the magnetic field
near the end of a solenoid reflects a fraction of the individual plasma particles back into the
centre of the solenoid (magnetic mirror effect), such a magnetic mirror cell cannot confine
a plasma well enough for fusion power generation. The situation can be improved by adding
at each end of such a cell another mirror cell (tandem mirror configuration). Technologically
highly sophisticated end cells could be conceived to hold energetic particle populations that
generate a properly shaped electric field. It is this electric field which should prevent the
thermal energy content of the thermonuclear plasma in the central cell from escaping. It is
speculated that the energetic particle losses from the end cells could be compensated, with an
acceptable overall energy expenditure, by injecting new particles. Most of the fusion
programmes in the world, however, have abandoned research on open magnetic
configurations.

1.5.2. Inertial confinement fusion

If a pellet of solid fusion fuel is first compressed to very high densities
(typically 103 solid density) and then heated locally to the temperature required for
ignition, it is possible to generate net fusion power (the fusion rate is proportional
to n2) before the pellet blows itself apart. Indeed, in such a situation the confine-
ment time needed to comply with the nr criterion introduced in Section 1.3 becomes
as small as (or even smaller than) the time during which the pellet matter's own
inertia is sufficient to hold the pellet together (inertial confinement).

A high energy beam of light (photons generated by a laser) or of particles (ions
generated by a particle accelerator) is used to rapidly heat just the surface of a
spherical pellet, thus forming a thin plasma envelope. By rocket-like inward reaction
to the evaporation of the surface material, the fusion fuel implodes and is compressed
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to superhigh densities and adiabatically heated. It is only the core that needs to be
brought to ignition. Then, the thermonuclear burn spreads by itself through a suffi-
cient fraction of the fusion fuel to yield many times the input energy before the pellet
cools down. The amounts of fuel have to be very small in order to keep the explosive
yields to within technologically acceptable limits (such amounts turn out to be
smaller than those used in the case of MCF). The high energy laser or the particle
beam used to drive the pellet and to initiate the fusion process is called a driver. The
primary technical issue is the demonstration of a target gain G (ratio of the fusion
energy produced to the driver energy aimed at the target) greater than 50 and
possibly as high as 80-100. In addition to high gain, a driver efficiency n (ratio of
the driver energy produced to the required electrical input energy to the driver) large
enough to provide an efficiency-gain product (nG) of about 10 or more is required
for power generation. This nG value keeps the recirculating power fraction of the
plant at an acceptable level. As G depends, in turn, on the pellet design and the driver
energy, key issues in ICF are pellet design and construction, and driver efficiency.

Approaches to ICF

Two approaches are being investigated to uniformly irradiate spherical fusion fuel
pellets (called targets):

— In the direct drive approach, a number of beams of photons or ions are made to con-
verge on the target so as to produce a highly symmetric illumination, while the pulse
shape of the beams is optimized for efficient compression and ignition.

— In the indirect drive approach, either the laser radiation or the ion beam is first
converted (with good efficiency) to soft X-rays that isotropically fill a metallic cavity
(Hohlraum). The fuel pellet, placed in this cavity, is then symmetrically compressed
and ignited.

2. ENVIRONMENTAL, SAFETY RELATED
AND ECONOMIC POTENTIAL OF FUSION POWER

2.1. Availability of fuel and resources

The primary fuels for D-T fusion reactors (deuterium and lithium) are so abun-
dant in nature that, practically speaking, D-T fusion is an inexhaustible energy
source for global energy requirements. Indeed, deuterium is present in all water (one
D atom out of 6700 H atoms) and lithium is widely distributed throughout the earth
crust at rather low mean concentrations (30 ppm by weight), with known deposits
of lithium at higher concentrations (up to «4%) around the world. Moreover, the
concentration of lithium in the ocean is about 0.2 ppm. Fusion will consume very
r.mall quantities of these fuels, 0.5-5 tonnes per GW(e)-a, depending on the
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efficiency of using the natural lithium (the estimated resources of lithium available
on land can supply D-T reactors for several hundred years). The environmental
disturbance of extracting lithium from brines and deuterium from water is small. The
provision of other materials specific to fusion reactors appears to pose no special
difficulty and to have no impact on the environment.

The primary fuels and the direct end product of fusion — the inert gas
helium — are neither toxic nor radioactive; they do not produce atmospheric pollu-
tion nor do they contribute to the greenhouse effect. The fusion reactors contain
neither uranium and plutonium nor their fission products. Criticality accidents are
impossible. However, D-T fusion reactors will have a radioactive inventory arising
from the intermediate fuel (tritium) and from the radioactive material parasitically
produced by fusion neutron activation of parts of the reactor structure.

2.2. Environment and safety

To illustrate the environmental quality and economic potential of fusion, a
tokamak fusion power plant is considered, as an example, with a net electricity out-
put power of 1.2 GW(e). For completeness, some considerations specific to 1CF will
be added at the end of this section.

According to published studies, several kilograms of tritium will be on the site
where tritium is both produced and consumed. Today, estimates indicate that the
routine tritium losses to the biosphere can be made less than those laid down in the
present regulatory guidelines, and that only a few hundred grams of the tritium
inventory are vulnerable to release under accident conditions; this is design depen-
dent (mobilization and leakage suitably limited). A major safety feature of a fusion
reactor is that the reaction zone contains only a small amount of fuel (corresponding
to some ten seconds of thermonuclear burn); fuel is fed in as needed (as in the case
of fossil fuel plants and in contrast to fission reactors). The reaction rate is self-
limiting. The magnitude of a potential energy release from the reaction zone is,
therefore, small. Likewise, the power density associated with the afterheat in a
fusion reactor is much lower than that of a fission reactor.

The inventory of activation products in tokamak reactors can be compared
with the overall inventory in an equivalent pressurized water reactor (PWR).

The toxicity of the radioactive inventory of a fusion reactor, in terms of the
gross potential to cause biological damage to man by inhalation and by ingestion if
it were all absorbed once, is found to be significantly less than that in a PWR and
by many orders of magnitude less after a few years. Moreover, there is the potential
to reduce this inventory further by using selected elements for all parts of the plant
exposed to neutrons and by using carefully purified materials. Finally, the potential
of fusion waste to contaminate the groundwater is many orders of magnitude less
than that of fission waste and is close to or below the allowable level of 1 inSv/year
set by the International Committee for Radiological Protection.
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The volume of radioactive waste produced during the lifetime of the reactor,
for example due to regular replacements of the first wall and the divertor plates,
and after decommissioning could, according to present knowledge with currently
available materials, be comparable to that of an equivalent PWR with a once-through
fuel cycle. However, the volume of waste from decommissioning could be substan-
tially reduced by the use of low activation elements and by recycling the used
materials, thus fully realizing the potential superiority of fusion over fission in this
respect.

The important differences between fission and fusion decommissioning wastes
are that, in the case of fusion, actinides are completely absent and there is no
equivalent of spent fuel to be disposed of.

2.3. Economics

It is obviously difficult to estimate with any useful precision the cost of a
system which will be put into general service several decades hence. What is clear
is that the cost of fusion electricity will be dominated by the capital cost of the plant.
Indeed, the cost of the basic fuel cycle is likely to be very low, and the costs of
deuterium extraction and of the recycling of tritium do not contribute appreciably to
the electricity costs. Of more significance is the need to replace the first wall and
the blanket at regular intervals; this will contribute significantly to the operating cost.
It has been estimated that, if a fusion device is to be competitive with the PWR,
i.e. if the kilowatt-hour costs of both systems are the same, the capital cost of a
series ordered fusion plant can constitute up to about three quarters of the total unit
cost of electricity (under the assumption that in real terms the cost of electricity will
be about the same).

Recent studies [2] suggest that the goal of making fusion competitive may be
achieved with a matured technology. In the case of ICF the cost of pellet fabrication
has to be taken into account and may not be negligible with some of the more
sophisticated designs.

The above statements concern the D-T reactor, it being generally believed that the
prospects for other ('advanced') fuels which would increase the capability to realize more fully
the potential of fusion as a truly inexhaustible, environmentally benign energy source are still
too speculative. For example, in a D-D reactor, deuterium would be the only primary reacting
species (satisfying the global energy needs for tens of million years), and tritium would only
be produced in small amounts by a secondary reaction (thus the tritium inventory would be
much reduced). Furthermore, most of the neutrons resulting from this process would have
much less energy and thus would be easier to shield. However, in this case, with the maximum
cross-sections of the relevant fusion reactions being substantially smaller and the particle
energy being higher than those of the D-T reaction, the level of plasma performance required
is much more demanding. Demanding plasma performance would also be required for
(1) a hydrogen-boron mixture (fuels widely distributed and easily extracted), the use of which
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would virtually suppress neutron production and could even lead to efficient direct conversion
to electricity; and (2) a deuterium-helium-3 mixture, also avoiding tritium breeding require-
ments, which could be optimized to give neutron yields several orders of magnitude below
those from the D-T reaction. In the latter case, there is, however, a further serious problem
because helium-3 is virtually non-existent on earth (a suggestion is to bring it from the moon).

2.4. Comment specific to ICF reactors

Some of the problems associated with the environment, health and safety issues
in connection with nuclear power could be much reduced in ICF reactors (even in
the D-T case). The ICF driver (the high technology portion of the power plant) can
be situated at a distance from the fusion reactor chamber. This reduces the shielding
requirements and greatly simplifies maintenance. Also the ICF reactor chamber
requires only a modest vacuum, and the lithium containing region for absorbing
neutrons and breeding tritium can be inside the first wall. If shock fatigue is not a
critical issue, the first wall might last the lifetime of the reactor and the amount of
long lived radioactive products would be minimized. Safety is also enhanced by the
facts that the fusion process does not continue after the driver is switched off and
that the radioactive products are short lived.

3. STRATEGY OF APPROACH TO
FUSION AS AN ENERGY SOURCE

In view of the time still required to develop and implement a completely new
source of energy such as fusion, neither a precisely defined goal nor an optimized
R&D strategy can be proposed today. Yet, the reasonable strategy of approach is
that dictated by the need for developing the main parts of a D-T reactor, along
appropriate paths, in sequence but partially also in parallel.

In the case of MCF, from the core to the periphery, we have the following
parts:

(a) The magnetically confined burning plasma;
(b) A surrounding system of plasma facing components (first wall and divertor):

— the blanket, breeding tritium and allowing for high grade heat removal, and
the shielding;

— superconducting magnetic field coils;
— tools for steady state burn operation;
— a mechanical structure of suitable materials, the choice of which will signifi-

cantly influence the environmental and safety aspects of fusion reactors.
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Accordingly, one can define milestones in the progression of fusion research
requiring, as appropriate, parallel developments, especially for the more long term
tasks:

— The production of plasmas with reactor relevant characteristics, implying the
ability to run ever longer operational pulses;

— Ignition and controlled long burn, requiring appropriate design of the plasma
facing components to achieve this end, which is a major technical challenge.
This implies demonstrating equilibrium in (i) the radial distribution of the
plasma components, including fusion products and impurities, and (ii) the
plasma facing components, in terms of heat and particle loading;

— Demonstration of plasma equilibrium under steady state conditions regarding
the confinement configuration itself, implying the ability to sustain pulses for
times longer than the magnetic field diffusion time in the plasma;

— Demonstration of the blanket functions;
— Evaluation of the component lifetime;
— Development of materials having adequate lifetimes and leading to acceptable

costs for maintenance and decommissioning (a particularly long term task);
— Economic production of electricity.

Albeit somewhat arbitrarily, such a process can be divided into three stages of
demonstration: (1) the scientific feasibility, (2) the technological feasibility, and
(3) the commercial feasibility.

At present, fusion research deals mainly with the scientific feasibility.
The demonstration of the scientific feasibility of fusion will be essentially

completed in the Next Step test reactor by achieving, in the same device, both igni-
tion and the control of a burning D-T plasma during long pulses in reactor relevant
plasma conditions. Today's effort in fusion physics research focuses on this aim.
Substantial technological issues of reactor relevance will also be addressed. At the
moment, Next Step devices are in their conceptual design phase. Only after satisfac-
tory operation of one of these devices can precise plans be drawn up for the approach
to a prototype reactor.

In principle, the development strategy illustrated above can be followed for
each specific concept within the general magnetic confinement approach to fusion,
i.e. tokamaks and alternative systems akin to the tokamak such as stellarators and
RFPs, or for other concepts which are investigated all over the world but at a much
lower level of funding than is available for tokamaks. However, the actual pace of
progress through the various stages does not have to be the same for all confinement
concepts. In fact, the principal key to progress in fusion research over the past two
decades has been the steady increase in gross machine parameters that could be
achieved through the structural merits of the tokamak concept. Thus, it was probably
more rewarding to concentrate the fusion effort on one topic — the tokamak, which
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allows more rapid progress to be achieved — than to spread the investment among
the various lines.

At present, the ambitious objectives described above can only be envisaged for
Next Step devices of the tokamak type. It is indeed the sum of the results from
several generations of tokamaks that has given confidence that now is the time to
extrapolate to the Next Step. Likewise, fusion technology has reached the point
where it can be merged with the results of plasma physics in a Next Step tokamak
(incorporating, for example, superconducting magnets).

Nevertheless, other toroidal confinement systems have specific intrinsic
reactor relevant potential advantages over the tokamak and gain support, in spite of
the fact that funds are limited. However, it has to be accepted that, also in the future,
more support will be given to research on the main concept, because of its success
and steady progress up to now, than to studies of other concepts for which less
conspicuous advances have been made.

Within a given staged 'big science1 broad R&D strategy, it should be con-
sidered when each step should be started and how substantial the steps should be.
As a general rule, the gap to the ultimate goal should be covered by the smallest
number of steps that are still compatible with the acceptable risks. Each new step
should be planned by extrapolation from knowledge acquired in the previous steps
in such a way that, over one period, enough knowledge is acquired to start planning,
in due course, for a next step tackling as many of the remaining problems as possible.

Thus, the design envisaged for a Next Step device along the main line of attack
should have enough built-in flexibility to enable it to incorporate useful innovations
if and when these become available from progress achieved through the efforts of
the rest of the scientific and technological world. This implies a broad effort based
on parallel developments throughout the lifetime of the envisaged device.

Moreover, from the technical point of view, the database required for the
construction of a Next Step device does not need to be available in its entirety when
starting on its design. For instance, in the case of the Next Step device, only the
essential results necessary for the definition of the main parameters, such as the
dimensions, the plasma currem and the magnetic field (the main cost determining
parameters of the device), must be available before starting. Since the complete
design phase, from the beginning of the conceptual design to finalization of the
engineering design of the complete device, including all its subsystems, is bound to
take another five to six years, it is possible to gradually incorporate a developing
database into the design information as it is progressively delivered by a suitably
programmed supporting R&D work (e.g. in plasma edge physics and in plasma
facing components technology).

It is also important to note that the devised reactor strategy requires that the
scientific feasibility of fusion be demonstrated in reactor relevant conditions, i.e. in
plasma conditions close to those required to demonstrate the technological feasibility
of a power producing reactor as it is conceived today. Thus, when designing a Next
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Step device which should demonstrate the scientific feasibility of fusion, it would be
unwise not to make provisions to use at the same time the burning plasma for
technology developments in this device. Indeed, if ignition and long burn would
actually occur without such provisions, the money spent would not have been used
in an optimal way.

4. WORLD FUSION PROGRAMMES
AND INTERNATIONAL CO-OPERATION

Fusion research in the field of magnetic confinement is an outstanding example
of international co-operation for peaceful purposes. Indeed, an impressive and prob-
ably unprecedented escalation in international co-operation has gone hand in hand
with the progress of the scientific and technical achievements in MCF over several
decades. Several factors motivate international co-operation in MCF: the scale of the
necessary human and financial resources, the long term effort needed to arrive at a
reactor, and the fact that a fusion reactor is an important common objective which
is unlikely to raise large scale industrial competition for many years to come. The
potential benefits of sharing costs, risks and knowledge have encouraged fusion
programmes throughout the world to increase their co-ordination efforts in a spirit
of friendly (healthy) competition and productive, expanding collaboration.

From the beginning of declassified fusion research in the late 1950s, international
co-operation has played an important role. The Conference on the Peaceful Uses of Atomic
Energy, organized by the IAEA in Geneva in 1958, established as a norm the practice of open
communication among fusion researchers worldwide. This practice has flourished, stimulated,
inter alia, by the journal Nuclear Fusion, published by the IAEA since 1960, and the IAEA
Conferences on Plasma Physics and Controlled Nuclear Fusion Research, the first of which
was held in 1961. In the early days, the basic nature of much of the research and the large
number of concepts which appeared to warrant exploration created a fertile ground for active
information exchange between fusion researchers. Long lasting personal working contacts
were established.

From the late 1960s, as interest grew worldwide in the tokamak configuration and as
many tokamak machines were built, the direct comparability and complementarity of research
results provided grounds for concrete international co-operation projects. Also, as regards the
range of alternative lines, the limited resources available increased the interest in task sharing.
To cater for these various co-operation needs, the fusion programmes of the world started
entering into formal agreements. In 1970, the IAEA created the Internationa] Fusion Research
Council (IFRC) which meets annually. Bilateral framework agreements for fusion research
were established between Japan and the USA and between the USSR and the USA. For
specific co-operation agreements, the International Energy Agency (IEA) of the OECD,
founded in 1974 as a reaction to the 1973 oil crisis, provided a useful framework for multi-
lateral co-operation: for example, the joint development and the successful testing of large
superconducting magnet coils.
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As devices became more and more elaborate and expensive, co-operation became
correspondingly more attractive. There was an interest in maximizing the likelihood of useful
co-operation by joint planning of research programmes; an example is the trilateral project
in the IEA framework on the three large tokamaks — JET, TFTR and JT-60. When attention
turned to the very large Next Step devices, international co-operation was on the agenda from
the earliest days of planning. In 1978, the IAEA organized a workshop series for the four
major fusion programmes of the world (EC, Japan, USSR and USA) on the concept of a large,
next generation tokamak, INTOR. This topic was taken up again in the follow-up to the
Versailles Summit of Western industrialized countries in 1982. Recognizing the opportunity
of co-operation on the Next Step device, by joint planning or even by joint construction, and
conscious of the beneficial co-ordinating effect which this could have over a wide area of
fusion research, the major Western fusion programmes explored together their various
mid-term strategies and goals, seeking common ground.

The Reagan-Gorbachev Summit of November 1985 gave powerful political

impetus to a worldwide co-operation ("the widest practicable co-operation in fusion
energy") and led (in April 1988) to the ITER CDA. This initiative brings together
the four major fusion programmes in the world as equal partners, under the auspices
of the IAEA, in carrying out conceptual design and supporting research and develop-
ment. The objective is to provide by end-1990 a design which will then be available
for all Parties to use either in their own programmes or as part of a larger interna-
tional collaborative programme. If the Parties were to decide on the second option,
such a co-operation project would be unprecedented in scope and scale, and in impact
on domestic programmes. Indeed, it is hard to imagine a more appropriate opportu-
nity for substantial international collaboration over the whole period of development
of MCF power than the work on the Next Step device. Of course, much more
substantial commitments within a more formal framework would be required. (Any
major change in the four programmes would inevitably have an impact on the
co-operation.) However, in the future, as in the past, a prime responsibility will
inevitably rest with the domestic programmes, whose continued strength is a
prerequisite for successful and mutually beneficial international co-operation. The
countries or groups of countries wishing to be capable of developing fusion power
in due course for their own energy system and their own industrial capability must
sustain their own fusion research effort. Only by preserving their scientific and
technological talent and capabilities will they be in a position to retrieve results from
international research effort and to integrate them into their own industrial systems.

The status of international co-operation in ICF is very different from that in
MCF. Portions of the ICF programmes remain classified in some countries, and this
fact tends to discourage international co-operation in this field. Some countries are
pursuing research on ICF because of its potential application as an energy source and
because of its technological 'spin-off, as in the case of the X-ray lasers. Conse-
quently, at this time the degree of international co-operation is on a small scale and
is limited both in scope and participation.
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While many nations of the world are conducting research in the field of fusion,

four fusion programmes, broadly similar in content, accomplishment and direction

and comparable in levels of effort, are outstanding: the fusion programmes of the

European Community (plus Sweden and Switzerland), Japan, the USSR and the

USA. The tokamak is their focal point. Tokamak experiments have reached the

plasma temperature range that will be required in a practical D - T burning reactor

(200-300 million degrees Celsius). Steady progress has continued to be made

towards reactor level tokamak plasma regimes.

4.1. The fusion programme of the European Community

By decision of the European Council of Ministers, the fusion programme of the EC is
a long term co-operative project embracing all the work carried out in its Member States (plus
Sweden and Switzerland) in the field of controlled fusion. This programme is designed to lead
in due course to the joint construction of prototype reactors with a view to their industrial
production and marketing.

The principal near term objective of the programme is to provide the scientific and
technological base necessary to construct and operate a Next Step tokamak device whose
major physics goal will be the achievement of self-sustained thermonuclear burn of a D-T
plasma and its control during long pulse operation, which should demonstrate the safe opera-
tion of a device that integrates important technologies of a fusion reactor (e.g. superconducting
magnets and remote handling) and which should test essential components (e.g. plasma facing
components) and subsystems (e.g. D-T fuelling and helium exhaust, modules of tritium
breeding blankets).

Other objectives for the near term and the longer term are:

— To determine the reactor potential of toroidal magnetic configurations akin to the
tokamak, concentrating on stellarators and RFPs;

— To enlarge the involvement of European industry, particularly in the design activities
and the development of prototypes for the Next Step device;

— To enhance the capability of exploiting the environmental, safety related and economic
potential of fusion;

— To ensure the capability of reacting rapidly to progress achieved elsewhere through
other approaches to controlled fusion, if this is justified.

In order to fulfil the principal near term objective of the programme, a large fraction
of the activities are in support of the Next Step device. Within these activities, balanced efforts
and coherent planning are maintained between the design activities, supporting R&D in
physics and technology, and industrial involvement.

Following recent proposals, the main thrust of the activities of the Joint European Torus
(JET) will be towards establishing reliable methods of plasma impurity control for the Next
Step device. This requires a new system for controlling the plasma impurity — a pumped
divertor. The exploitation of JET in deuterium plasmas is assumed to be completed by the end
of 1994. The final phase of JET with D-T plasmas is assumed to take place in 1995 and 1996.
So far, the best result on JET was the achievement of about 50 kW of fusion power for 1 s
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with 18 MW of plasma heating. Had a D-T mixture been used instead of pure D, the fusion
power would have exceeded 10 MW. Thus, JET is now potentially within less than a factor
of ten away from ignition and close to break-even.

The Next Step conceptual design activities are currently being undertaken in the
European frame — NET (Next European Torus) — and also in the quadripartite frame of
ITER. The transition to engineering design in the most appropriate frame, taking the fullest
possible advantage of international collaboration, will be the subject of future discussions.

Studies relevant to the Next Step device, regarding the confinement, heating, current
drive, fuelling and exhaust of tokamak plasmas, are conducted through specific programmes
of work, to be carried out chiefly on the specialized tokamaks in the Associations: TORE-
SUPRA (a large superconducting tokamak): long pulse operations in plasma conditions
relevant to the Next Step; ASDEX-UPGRADE: understanding the mechanisms of plasma
impurity control in a reactor relevant divertor geometry; TEXTOR: plasma-wall interaction;
FTU: study of plasmas at high particle and current densities; COMPASS and TCV: plasma
stability and disruption control; RTP: transport mechanisms. New plasma diagnostic methods
are being developed to support these studies, as well as new methods for heating, current
drive, fuelling and exhaust.

Specific actions in fusion technology are directed mainly towards the needs of the Next
Step device, particularly in the fields of superconducting magnets, plasma facing components,
tritium handling, remote maintenance, test modules of the tritium breeding blanket, and
operational and environmental safety. Work is undertaken also on longer term issues, such
as materials development, strategic reactor studies and safety studies.

IGNITOR, a high field tokamak intended to produce an ignited plasma for a few
seconds, is under engineering design.

The Wendelstein VII-AS stellarator will be exploited with a view to assessing the
advantages of an 'advanced' concept for possible future large devices. The TJ-II stellarator,
a flexible heliac device, is under construction. Wendelstein VII-X, a large advanced stellarator
with superconducting coils, is under design; it aims at demonstrating the reactor relevance of
stellarators.

A large RFP device, the RFX, is under completion. An original confinement concept,
EXTRAP-T2, is also under completion.

The present keep-in-touch activities with other approaches to controlled fusion,
particularly in the field of inertial confinement, will be continued.

The fusion programme is implemented through contracts of association between the EC
and national organizations, by JET Joint Undertaking, by the Joint Research Centre of the
EC, through a multilateral agreement concerning NET, and by the industry. There are
12 associations in eight of the 12 Member States of the EC. In Sweden and Switzerland, cost
sharing contracts are also signed with organizations of Member States which have no fusion
association. Industry is involved through development contracts as well as through the
manufacture of equipment.

Currently, the expenditure for fusion research from the budget of the EC is at a rate
of approximately 260 million ECUs per year — some 0.5% of the yearly overall budget of
the EC. When funding by national institutions is taken into account, the total expenditure of
the EC fusion programme from all sources is about 400-450 million ECUs per year. About
1750 professionals are currently working within the framework of the programme.
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The EC has bilateral activities in fusion with Canada, the USA and Japan (a co-
operative agreement with the USSR is under consideration). The EC is also active within the
framework of the IEA (OECD), with agreements for six major programme areas. Most
components of the programme contribute to the ITER CDA. As part of its contribution to
ITER the EC has made available a technical site for joint work at Garching near Munich
(Fed. Rep. of Germany). In the contribution of the EC to ITER, Canada is also involved.

4.2. The fusion programme of Japan

In Japan, fusion R&D activities are being conducted in three sectors: (1) National and
semi-national research institutions, such as the Japan Atomic Energy Research Institute
(JAERI), the Electrotechnical Laboratory (ETL) and the National Research Institute for
Metals (NRIM), which are under the control of the Japan Atomic Energy Commission (JAEC)
and the Science and Technology Agency (STA) of the Government. (2) Universities under the
control of the Mombusho (MBS — the Ministry of Culture), including the National Institute
for Fusion Science (NIFS), which was established in May 1989 upon the merger of the former
Institute of Plasma Physics at Nagoya University, a part of the HELIOTRON Research Centre
at Kyoto University, and the Research Institute for Fusion Theory at Hiroshima University.
(3) Industry, which is actively co-operating with the above two sectors in technological R&D
and manufacturing of equipments.

JAERI is the major institution for realizing fusion energy in Japan; its activities are
based on a programme laid down by JAEC in July 1975. The core of the programme is the
JT-60 project, which aims at demonstrating the scientific feasibility of fusion by achieving
break-even plasma conditions and at exploring reactor relevant characteristics. JAERI also
operates a medium sized satellite tokamak, JFT-2M, to explore advanced tokamak concepts.

The operation of JT-60 was started in April 198S, and its target in plasma parameters
— deuterium equivalent values — was reached in 1987. Since April 1988, JT-60 has initiated
a series of advanced experiments, with the major objective of studying confinement improve-
ment and steady state tokamak operation. The first phase experiment with a modified lower
side magnetic field divertor configuration lasted until October 1989. Some of the major results
are: (i) Achievement of nrT values as high as 1.3 x 102Om"3-s-keV, with hydrogen
plasmas, and enhancement of the energy confinement time by 40% compared with gas fuelled
discharges in hydrogen multi-pellet injection experiments; (ii) demonstration of current drive
with a figure of merit Rnl/P as high as 3.4 x 1019 m"2-A-W"', using lower hybrid waves
(R is the major radius of the plasma, n is the density, I is the driven current and P is the applied
wave power); (iii) demonstration of bootstrap current dominated (nearly 80%) discharges at
a poloidal beta (ratio of plasma pressure to poloidal magnetic field pressure) as high as
about 3.2; and (iv) observation of a nearly steady state H-mode without an edge localized
mode in limiter discharges, with the lower hybrid current drive lasting up to 3.3 s without
significant impurity accumulation. The upgrading modification of JT-60 (JT-60U) for the
second phase of the advanced experiments is under way and operation will start in April 1991.
Detailed studies on the H-mode and the improved L-mode confinement as well as a current
drive experiment with a fast wave have been performed on JFT-2M.
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Basic and supporting studies are being conducted on medium and small scale tokamaks
at universities, leading to valuable results. Typical examples are the demonstration of long
pulse operation (longer than one hour by the superconducting tokamak TRIAM-1M at Kyushu
University), detailed studies on radiofrequency plasma heating and current drive (WT-3 at
Kyoto University) and studies of the edge plasma utilizing an 'ergodic magnetic limiter'
(Nagoya University).

Regarding tokamak alternatives, NIFS has recently begun construction of a large helical
device (LHD) which will have superconducting helical coils developed on the basis of recent
achievements of the Heliotron project at Kyoto University; LHD is expected to be completed
by 1996. Studies on compact tori (such as RFPs, field reversed configurations and sphero-
maks) are continued mainly at universities and also at ETL. The only operating, relatively
large open system, the tandem mirror GAMMA-10 at the University of Tsukuba, aims at
further improvement of open system confinement.

Regarding ICF, major implosion experiments are conducted at Osaka University with
the GEKKO-XII glass laser (10 kJ output in green and blue light with 1 ns pulses; one of the
three large laser systems in the world). Recently, a fuel density of nearly 600 times solid
density was achieved and a total neutron generation of the order of 10'3 per pulse; further
upgrading of the laser system is proposed. Development of a near-UV KrF gas laser system
is also under way at the ETL; an output of 1 kJ was recently achieved and an upgrading to
10 kJ output is planned. These activities at universities are important for future innovations;
they are also valuable for fostering young scientists and engineers in the field.

In parallel with experimental and theoretical plasma research, key fusion technologies
are being developed extensively to establish the basis for short term and long term fusion
development programmes. These studies are being conducted not only at JAERI and other
research institutions but also at universities. The activities at JAERI cover all relevant areas,
i.e. new vacuum technology, plasma heating technology (negative ion based neutral beam
injector/RF technology), tests of high heat flux components, superconducting magnet
technology (Demo poloidal coil programme and Proto toroidal coil programme), tritium
technology, blanket technology, irradiation tests of materials, etc. Development work on
structural metallic materials is being performed at NR1M, with the main emphasis being put
on protection wall materials (such as single-crystalline tungsten and molybdenum) and low
activation materials (such as 9Cr-W-V based ferritic steels).

In the last decade, the activities in this area at universities were supported by the MBS
with grants in aid for scientific research, for basic understanding and new proposals, as well
as for fostering researchers in the technology area.

Conceptual design studies for a Next Step Fusion Experimental Reactor (FER) are
another major area of the JAERI fusion activities. The main objectives of FER will be
to demonstrate significant D-T burning and to develop long burn operation, as well as to
test essential components such as superconducting magnets, remote handling maintenance,
D-T fuelling/helium exhaust, plasma facing components and concepts of tritium breeding
blankets and others in a single device. The basic concept of FER is to take a 'minimum step',
as compared with ITER, towards a power demonstration reactor. Because of this concept, a
relatively compact design of FER is being pursued (with a major radius of less than 5 m and
a plasma current of 20 MA). A concept of a high aspect ratio, steady state tokamak reactor
has been proposed on the basis of experimental results for the high bootstrap current in JT-60.
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Regarding international collaboration, experiments on DIII-D (GA Industries),
materials irradiation tests at HFIR (ORNL), joint studies on fusion neutronics using the Fusion
Neutronic Source, FNS (JAERI), and tritium tests at the Tritium System Test Assembly
(TSTA, LANL) have been conducted successfully under the JAERI-USDOE collaboration
programme. Tests of superconducting poloidal coils, plasma heating studies using a free-
electron laser (MTX, LLNL) and other studies have also been started recently. Under the
Japan-EC bilateral fusion co-operation agreement, an energy recovery experiment is being
conducted (JAERI-CEN Cadarache). In the framework of OECD/IEA, Japan participates
in co-operation activities on the three large tokamaks as well as in plasma surface studies
on TEXTOR (Jiilich) and in fast neutron irradiation studies for fusion blanket materials
(BEATRIX-II, Hanford). Also, ITER CDA and related physics and technology R&D have
been undertaken since May 1988 under the IAEA collaboration programme.

4.3. The fusion programme of the USSR

In the USSR, scientific research and R&D in fusion are being carried out within the
framework of the All-Union Programme on controlled nuclear fusion and plasma processes,
in four main directions:

— Nuclear fusion reactor design based on a tokamak facility and R&D support;
— Alternative magnetic confinement systems of high temperature plasmas;

creation of a scientific basis for promising fusion reactors;
— ICF studies;
— Plasma processes for commercial utilization.

The general goal of this programme is the creation of a basis for fusion power production.

The first subprogramme focuses on the design of an experimental tokamak fusion
reactor, with physical and engineering research as a basis for fusion power reactors.

In the process of the design of an experimental reactor, some systems of a power pro-
ducing tokamak reactor should be developed and adjusted, and their matching and reliability
should be checked. An experimental basis should be created for scientific and engineering
research, testing of materials and verification of principal engineering solutions. Development
work should also be performed for the newest technologies in the field of superconductors,
means for plasma heating, vacuum, cryogenics, tritium handling and electrical engineering.

For the creation of a scientific basis which should help solve the problems connected
with a fusion reactor, research has to be performed under wide international co-operation. The
opportunity for such a joint effort is now given by the ongoing design work for ITER, in which
the USSR takes part; it also plans to continue to participate in this international co-operation.

The main experimental plasma physics base for this subprogramme is provided by a
group of facilities, such as T-10, T-15 (a large superconducting tokamak), TSP, IFT-1 and
TVD, and the test stands IREK and MIN.

Some alternative concepts are being developed in parallel with tokamaks. Substantial
experimental data have been acquired in these areas which may lead to new ideas or may result
in essential improvements in tokamak reactor designs.
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The goal of the second subprogramme, which is for alternative devices, is to develop
closed or open stationary systems for plasma confinement in fusion reactors, including
promising fuels and energy conversion schemes. Reactors with magnetic systems that are
based on principles different from those of magnetic systems in tokamaks may better satisfy
some specific purposes (for example as neutron generators) or may be more adequate for the
promising method of energy conversion (e.g. avoiding a thermal cycle). The most important
issue for a radiation safe reactor using a non-traditional fuel is that it requires a higher ratio
of plasma pressure to magnetic field pressure than is required in modern tokamaks.

For this subprogramme, most plasma physics experiments are performed on the stella-
rator facilities U-2M, U-3, L-2, and on the mirror machines PR-8, OGRA-8, ANBAL,
GOL-3 and GDL.

The goal of the third subprogramme is the achievement of ignition with lasers or with
particle beams and by magnetic compression.

The subprogramme on nuclear fusion based on beams and on magnetic compression is
directed to the achievement of ignition with a positive energy yield, the creation of an
experimental database for the study of physical processes in targets and the optimization of
target design. The use of ultrahigh electric power generators, which are cheap and very
effective, is the basis of this subprogramme. The main problems associated with these genera-
tors are the energy concentration upon the target and the reduction of the pulse duration. It
is necessary to modernize the ANGARA-5-1 facility to produce an engineering physics base
for this direction of research.

Experiments are carried out with the solid lasers Mishen and Delfin, and with the
gaseous iodine laser ISKRA-5 (30 kJ, 0.25 ns, 12 beams) to study the physical processes and
mechanisms determining the arrangement of a DEMO experiment on laser fusion. The search
for optimal ways of laser fusion is continuing in the USSR.

The results of various plasma process investigations are widely utilized in several areas
of science and technology. The produced high power plasma flows with high energy particles
can be utilized for diamond-line filming and for strengthening the cutting tools. The plasma
systems (high power arcs, RF and microwave plasmotrons) provide a high rate of chemical
reactions.

Investigations on controlled nuclear fusion and plasma processes have been performed
over many years. This work has led to wide co-operation in many branches of scientific
research. The following institutes are involved in this programme: Kurchatov Institute of
Atomic Energy, Moscow (T-10, T-15, OGRA, PR-8, neutral beams and gyrotron pro-
grammes, theory of computational physics, superconducting systems, electron beams, etc.)
and its Troitsk site (Tokamak TCM (T-14), ICF with lasers, ANGARA-5, plasma guns, etc.),
Scientific industrial Corporation Eiectronsiks (including the Efremov Scientific Research
Institute of Electrophysical Apparatus, Leningrad, as the main designer for fusion reactors),
the Institute of Physics and Technology at Khar'kov (stellarator Uragan-2M, U-3, plasma
accelerators, materials studies, diagnostics), the Institute for Theoretical and Experimental
Physics (ICF with ion beams), the Scientific Research and Design Power Engineering Institute
(fusion reactor blanket studies), the Ail-Union A.A. Bochvar Scientific Research Institute of
Inorganic Materials (responsible for tritium systems, superconductors and some materials for
fusion reactors), the Scientific Research and Design Institute for Remote Handling, the All-
Union Scientific Research Institute of Instrumentation (diagnostics for fusion devices), the
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Lebedev Institute of Physics (ICF with lasers), the Institute of Applied Physics (gyrotrons),
the Institute of High Temperatures (plasma-wall interactions), the Keldysh Institute of
Applied Mathematics (computational experiments, theory), the Baikov Institute of Metallurgy
(materials studies), the Institute of Nuclear Physics (Siberian Branch) (responsible for mirror
programmes in the USSR, CRMBAC, GOL-3, CDL machines), the Moscow Engineering
Physics Institute, the Moscow Power Engineering Institute and the Polytechnical Institute
at Leningrad.

4.4. The fusion programme of the USA

In 1989, experiments on both the Tokamak Fusion Test Reactor (TFTR) of the USA
and JET have come within a factor of two of operating conditions that project to break-even
— the point where the power produced by D-T fusion reactions equals the amount of external
power required to create and heat the plasma. Attainment of actual break-even in a D-T
plasma is a near term objective for the US fusion programme. This demonstration will lend
itself to an assessment of the physics of partly self-heating fusion plasmas.

This progress in tokamak experiments has led the US programme into design and
development of a machine to study the physics of burning piasmas. The purpose of this
machine, the Compact Ignition Tokamak (CIT), is to understand and control tokamak perfor-
mance in a regime where the plasma is heated primarily by its own fusion reactions, rather
than by an external heating power input. Demonstrating and understanding the physics of
burning plasmas will provide valuable experience to support the operating phase of an
engineering test reactor.

Support for the CIT and for other future fusion energy devices is provided by the
remaining core magnetic fusion R&D effort. Within this core programme, research is con-
ducted at varying levels on all of the principal science and technology issues which are deemed
important to the eventual realization of a fusion reactor.

The major experimental effort in the core programme is on large and medium
sized tokamaks including the TFTR at Princeton, the DIII-D at General Atomic, the
ALCATOR C-Mod at MIT, the Microwave Tokamak Experiment (MTX) at Livermore, and
the Texas Experimental Tokamak (TEXT) at the University of Texas. These experiments act
as the vehicles for research on physics issues such as the transport of energy and particles
across magnetic field lines, auxiliary heating, plasma stability, current drive, boundary
physics and impurity control. Innovative new diagnostics and experimental techniques are
developed for these experiments through smaller experiments and collaborations involving
scientists at many universities. Similarly, work on new and improved technologies such as
high power, high frequency microwave systems for auxiliary heating, high speed pellet
injectors for fuelling and high heat flux materials for power handling is fostered at institutions
such as Oak Ridge National Laboratory (ORNL) and Sandia National Laboratories (SNL), as
well as at several universities in order to extend the operating characteristics of the above
tokamaks.

A somewhat smaller, but stil! important, experimental effort within the core programme
is carried out on longer range configurational improvements to the tokamak concept, such as
the Princeton Beta Experiment (PBX), the Advanced Toroidal Facility (ATF) at ORNL, the
Confinement Physics Research Facility (CPRF) at Los Alamos National Laboratory (LANL)
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and, more radically, the smaller FRC experiments at LANL and Spectra Technologies. In
each case the focus of these experiments is on a combination of enhanced performance
vis-a-vis the mainline tokamak effort, and on complementing the fundamental physics under-
standing gained in tokamaks. As with the mainline tokamak effort, there is considerable
supporting work on diagnostics and advanced technologies.

Intellectual guidance for all of the above research programmes is provided by a multi-
institutional theory programme. The theory effort in fusion plasma physics has its roots in the
physics of fluids and electromagnetism, and there is a strong overlap with current efforts in
space physics, fluid turbulence and the emerging science of chaos. The theorists work with
computational physicists who have created elaborate codes to model the complex behaviour
of fusion plasmas. There have been notable successes in this effort, including the ability
to predict with a high degree of accuracy the gross stability of the plasma, experimental
confirmation of the theoretically predicted self-induced current in tokamaks, and the identifi-
cation of numerous microinstabilities which influence the behaviour of the plasma.

The nationwide theory effort of the fusion programme has been closely linked together
through the National Magnetic Fusion Energy Computer Center at Livermore. This computing
network provides satellite access to state of the art supercomputers (CRAY-1 and CRAY-2
computers) which are used to develop models and codes of plasma theory and for interpreta-
tion of experimental results. Fusion engineers also make use of this centralized facility to carry
out detailed analysis of the complex magnetic and structural problems in designing new
experiments.

There are also a number of technologies addressed within the core programme which,
by their very nature, have long lead times for development. These include the identification
and qualification of new materials to minimize activation and extend the lifetime of structural
components such as vacuum vessels and magnets. The development of large scale, pulsed and
steady state superconducting magnets which could operate at even higher fields than present
systems is also pursued continuously. The eventual use of a D-T fuel cycle will require the
breeding of tritium in a lithium blanket surrounding the plasma; therefore, the safe handling
of tritium and a variety of blanket concepts are being explored. Emphasis is also placed on
improving the environmental and safety aspects of fusion.

Finally, the integration of all the activities — experiment, theory and technology — is
examined in ongoing systems design efforts using the most recent analytic and computational
tools to provide economic, safe and environmentally acceptable fusion power plants. The
present design studies programme (ARIES) which includes a large number of institutions led
by UCLA is developing the conceptual designs of advanced tokamak reactors. In this, as well
as in other areas of the fusion programme, a high degree of interaction between disciplines
and institutions takes place. Collaboration, both within the USA and around the world, has
become an essential ingredient of fusion research, leading to a highly internationalized
programme.

The USA has active bilateral programmes with the EC, Japan and the USSR, and
also with the programmes in Canada and in China. The USA is also active in the OECD/1EA
framework in which there are six major programme agreements, three of which deal with
co-ordinated programmes on comparable facilities in the bC, Japan and the USA. The USA
is also an active participant in IAEA fusion activities and, in particular, it is a Party to the
newest and potentially largest collaborative effort — the ITER CDA — involving the four
major Parties.
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The ICF programme of the USA has two general purposes. In the near term, it contri-
butes to the defence programme through increased understanding of the phenomena that occur
during a thermonuclear explosion; in the future, there is the potential of a civilian energy
application to electric power generation. The technical goal of ICF is to achieve, and
ultimately control, nuclear fusion in the laboratory by imploding small capsules containing a
mixture of deuterium and tritium.

An extensive R&D programme is being pursued, including driver development, target
fabrication and target physics experimentation. A variety of driver technologies are under
development and testing: glass lasers, KrF exciter lasers, light ion accelerators and heavy ion
accelerators. Both types of ICF targets are being evaluated. 'Direct drive' targets absorb the
energy of the driver directly into the fuel capsule; 'indirect drive' targets convert the driver
energy to X-rays, which are then absorbed by the fuel capsule.

The ICF programme of the USA has made significant progress in target physics, mainly
in NOVA laser 'indirect drive' experiments af LLNL, in a classified programme that uses
underground nuclear explosions, and in the Omega laser 'direct drive' experiments at the
University of Rochester. The progress has led the ICF community in the USA to conclude
that inertial fusion in the laboratory is technically feasible.

The next major step of the ICF programme is to construct a Laboratory Microfusion
Facility (LMF) to achieve and exploit thermonuclear ignition in the laboratory. The LMF
would entail a 5-10 MJ driver and be capable of high gain (energy released by the fusion
reaction compared to the driver energy input). A critical issue for the programme is to develop
information that will give confidence in selecting the driver and target technology to proceed
with the LMF and determine how to best utilize existing facilities in attaining this confidence.

International co-operation in ICF is limited in both scope and participation. Since
portions of the ICF programme remain classified, international co-operation in ICF is not
encouraged. However, ICF scientists from the USA participate in international meetings, and
several bilateral agreements are in force.

4.5. Fusion programmes in other countries

Several other countries, for example Australia, Brazil, Canada, China and India, have
smaller, but significant, fusion programmes of different breadths. They are linked with the
worldwide fusion activities through bilateral and multilateral agreements as well as through
the IAEA, which offers its information sharing functions also to these countries. In ITER,
Canada is involved through the EC contribution; Czechoslovakia co-operates with the USSR
in the field of fusion and is involved in its contribution.

(a) Fusion research in Australia

The Australian fusion research programme is primarily carried out at universities.
Three universities have major activities: At the Australian National University, Canberra,
fusion research is concentrated on helical confinement systems and the development of plasma
diagnostics. Exploratory studies on plasma generation, magnetic flux surface formation,
fluctuations and transport have been carried out on the prototype heliac SHEILA. The
H-l heliac is now under construction. At Flinders University, Adelaide, an extensive theoreti-
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ca) rnd experimental programme has demonstrated the potential of the tokamak confinement
system. An experiment employing 1 MW RF generators is being commissioned. The Sydney
University is primarily concerned with experiments on Alfve'n and ICRF wave propagation
and heating, using the TORTUS tokamak, and with the development of plasma diagnostics
using lasers and tunable gyrotrons.

(b) Fusion research in Brazil

Brazil has a small tokamak (R = 30 cm, a = 8 cm, BT = 0.5 T) at the University of
Sao Paulo. As a major national effort, a substantial programme will concentrate on a low
aspect ratio tokamak with RF assistance for startup and current drive. Furthermore, a number
of groups are carrying out significant MHD simulation studies.

(c) Fusion research in Canada

The national fusion programme in Canada is focused on special magnetic confinement
and materials studies at the Centre canadien de fusion magnetique (CCFM) in Montreal and
on technologies for engineering of fusion systems at the Canadian Fusion Fuels Technology
Project (CFFTP) in Toronto. Canada participates in ITER through the European contribution.
At the CFFTP, work is concentrated on tritium systems, blanket design, remote maintenance,
plasma exhaust gas cleanup, safety and environmental work. At the CCFM, the Tokamak de
Varennes operated from June 1987 until December 1988, when it was shut down for installa-
tion of double-null divertor coils and outboard coils for rapid control. The next experimental
phase will concentrate on studies of plasma biasing with respect to the vacuum vessel, current
and helicity injection, comparison of limiter and divertor operation, and eventually multiple
tokamak pulses and fast ramp-down (and ramp-up) of the plasma current. The machine will
be recommissioned in the first half of 1990.

(d) Fusion research in China

Under the Chinese fusion programme, seven small and medium size tokamaks are being
operated, the largest of which is at the Southwestern Institute of Physics in Leshan and
Chengdu (R = 102 cm, a = 20 cm, BT = 3.5 T, discharge duration 1.4 s). The other
important tokamak, HT-6M (R = 65 cm, a = 20 cm, BT = 1.5 T, duration 150 ms), is
at the Institute of Plasma Physics of the Academia Sinica at Hefei. Experiments on helical
field control, disruptions, edge phenomena, current drive and auxiliary heating are being
performed. A multi-institutional programme on fusion-fission hybrid reactors, launched a few
years ago, is vigorously pursued. ICF research with laser beam drivers is conducted at the
Shanghai Institute of Optics and Fine Mechanics, with setups of six beams (10" W) and
two beams (1012 W), both with Nd glass lasers.

(e) Fusion research in India

There are two tokamak experiments in the Indian fusion programme. The indigenously
built tokamak ADITYA (R = 75 cm, a = 25 cm, BT = 1.5 T, duration 300 ms) has just
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become operational at the Institute for Plasma Research, Gandhinagar; experiments are under
way or planned on plasma formation studies, plasma disruption control, ion cyclotron heating
and current drive, etc. The smaller tokamak experiment (a = 8 cm, BT = 2 T, duration:
a few milliseconds), from Japan, is operating at the Sana Institute for Nuclear Physics,
Calcutta. Low q discharges are being studied in this device. Laser fusion experiments with
a SO J Nd glass laser are being conducted at Bhabha Atomic Research Centre, Trombay,
Bombay, and a new laser with a 2 kJ output is under fabrication; some REB plasma heating
experiments and a 500 kJ plasma focus experiment are also being performed.

4.6. Contributions to and benefits from
other scientific and technological (S&T) sectors

Fusion research and development both contribute to and benefit from advances in other
S&T sectors as well as in industry. The nature and importance of these reciprocal benefits and
their balance may vary significantly from programme to programme. Different national,
university or even industrial laboratories may be involved; these may be sponsored by, or
placed under the authority of, different governmental bodies (with various degrees of centrali-
zation of the efforts) pursuing different aims. Each governmental body may have to implement
different R&D and technology transfer policies, to encourage the involvement of the private
sector in fusion projects and to accord different levels of responsibility to the industry. In what
follows, only a few aspects are reviewed, which concern primarily the fusion programmes of
the EC, Japan and the USA.

(a) Rote of the industry

Industry is involved in various ways: in a few isolated cases by direct participation in
fusion research through the operation of fusion devices; an advisory or support function in
large national laboratories (as in the USA); industrial involvement in specific design, develop-
ment and construction work on a contractual basis (an EC practice); technical responsibility
for the detailed design, construction and installation of entire experimental fusion systems
under contracts (as in Japan).

(b) Role of universities

Universities — traditionally a major source of innovation and technological advance —
also play a role in the implementation of fusion R&D programmes: In Japan about 17% of
fusion research (including ICF), in the USA about 10% of the MCF work and in the EC
a comparable fraction are being performed at universities.

(c) Benefits

The general characteristics of the benefits from and the contributions to fusion research
follow from the essential features of fusion R*D itself Fusion R&D is mission ori«nfe<l, has
a remote time horizon, attracts substantial public funding, is inherently multidisciplinary,
develops and integrates many advanced technology components, and requires the highest
engineering standards.
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The long term potential of fusion, namely to provide a new source of energy, can in
itself be an attraction to those firms which traditionally devote an important part of their efforts
to activities related with power generation. If successful, the field holds the promise of
opening a sizable economic market. Participation in the effort would help industry to progres-
sively broaden its capability with more and more demanding projects, paving the way towards
the possible construction of a fusion power reactor.

Since the time horizon of fusion research is well beyond the characteristic time horizon
of industry, the date when a practical power generating system will be available can only
roughly be estimated. It may seem premature to prejudge competitive positions in the future;
hence, spontaneous enlistment of the private sector for the execution of the research activities
is rare. Nonetheless, a limited number of corporations have participated in this effort over the
years.

Currently, the resources allocated to fusion research are of about the same level as those
for other large publicly funded civilian research programmes. Similarly, the level of spending
in high technology industry to construct the advanced experimental facilities required
represents for the industry an important part of its global science related market.

Advancement of scientific knowledge in fusion research has required the construction
of generations of experimental facilities of ever increasing technological complexity and size.
This has involved industry at the highest level of its technological capabilities, over an
unusually large range of both existing and new advanced knowledge. This has made it
necessary for fusion and industry experts to establish close working relationships, thus
enhancing the interpenetration of industry, research institutes and universities. By this
process, scientific and technical information available in research institutions is made available
to industry. Of course, from one national programme to another there are significant variations
in the extent to which these comments apply; but when programmes, governments and
industries take deliberate steps to enhance interaction, it will occur (and has already occurred).

The role and the long duration of the related effort in industry permits the necessary
adjustments to take place. The unconventional nature of fusion work increases the skill of the
workforce, attracts young talents, improves industrial capacity to satisfy demanding customer
requirements, and enhances the company's image as a high-tech supplier.

At least three of the largest groups involved in the world fusion programmes (EC, Japan
and the USA) have attempted to measure the dividends that fusion research may pay back
through 'spin-off to other fields. Though, by definition, spin-off has never been considered
an objective to be sought per se, these inquiries indicate that substantial spin-offs have indeed
occurred in industry, especially in the fields of: vacuum technology and high precision
mechanics; advanced processing and manufacturing techniques, and development of
materials; technology of high power densities; cryogenic technology; magnets and coil
construction (including superconductivity); high pulsed electrical power technology; radio-
frequency technology; remote handling technology; and control and data handling technology.
More spin-offs are expected to come with the transition from the mostly scientific research
phase to the engineering development phase required by the increasing size of fusion
experimental equipment, with an increasing importance of the role of industry. More particu-
larly, a Japanese study has shown that in the output/input balance of transfer to/from other
fields, fusion has been a net contribution, both in quality and in quantity.
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Contractors in fusion research are also involved in many other large research
programmes. As a consequence, the technical innovations arising from one programme are
also of benefit to the others. Smaller fusion programmes have been very successful in making
their own important technological contributions to the world effort through the transfer of
highly advanced special sector technologies from their long standing efforts in certain areas.

The scientific sectors from which fusion research has mostly benefited are: plasma
physics, space and astrophysics, computational science, atomic physics and scientific
instrumentation.

Finally, in the very long term, besides the possible application of fusion to generate
electric power, other uses can be envisaged, such as nuclear waste burning, radioisotope and
fissile fuel production, synthetic fuel production, development of materials, and processing
and space applications.

5. STATUS OF FUSION PHYSICS AND TECHNOLOGY

5.1. Status of tokamak physics

The main figure of merit used to assess the approach to ignition is the ratio
of fusion power released by the D-T reactions to the power lost from the plasma.
At ignition relevant temperatures, in a pure 50% D — 50% T plasma, this ratio is
proportional to the triple product nrT. Approach to ignition can be visualized in a
(mT, T) diagram (Fig. 5). The lowest value of nrT that has to be achieved to reach
ignition is about 5 X 1021 m"3-s-keV at a temperature of about 15 keV. Another
figure of merit also used is Q, defined as the ratio of D-T fusion power to the exter-
nal heating power needed to maintain the plasma temperature. A set of constant
Q contours is also plotted in Fig. 5. The figure shows the performance already
achieved on tokamaks (simultaneous values of n, r and T) and the steady rate of
progress towards the goal of ignition. The nrT product has increased by almost two
orders of magnitude since the last IFRC Status Report on Controlled Thermonuclear
Fusion (1978 [1]). In the best cases it is less than a factor often away from ignition
at ignition relevant temperatures and is close to break-even. Moreover, in several
tokamak experiments, T exceeded the requirement by a factor of two or so.

5.1.1. Confinement

The many confinement studies in discharges with Ohmic and intense additional
heating have provided a broad database on this complex issue. The plasma energy
content increases with the heating input power. However, it is commonly observed
that there is a concomitant degradation in confinement; in the 'L-mode' (low confine-
ment regime), r monotonically decreases as the additional heating power increases.
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A complete understanding of the phenomena which dominate the losses has not
yet been reached. A number of semi-empirical global scaling laws have been
produced which provide, within the scatter of the available data, a good fit with
the experimental points, but diverge when extrapolating to reactor parameters.
Theoretical and experimental research on the underlying physics of transport in
tokamaks is being carried out in all of the world fusion programmes and is an area
of particular emphasis in the US programme.

Enhanced confinement regimes (with respect to the L-mode) have been empiri-
cally discovered in present devices. The most notable is the H-mode, in which the
energy confincinciit time can be up to a factor of two io iiiree beiici iiiaii in iiie
L-mode. Confinement improvement also results from the peaking of the radial
plasma density profile, as can be produced by the injection of frozen deuterium
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pellets or by specific wall conditioning and gas refuelling techniques. It is not yet
clear whether these enhanced confinement regimes, which for the time being are
maintained only for a few seconds, have the potential to be extended to steady state
operation.

5.1.2. Power and particle exhaust and the question of plasma purity

Plasma-wall interaction is the cause of the impurity release which con-
taminates the plasma. The consequences for plasma performance depend strongly
upon the electric charge Z of the impurity ions.

Many experimental techniques have been developed to limit the impurity
influx in limiter equipped tokamaks. Producing a carbonization or a boronization of
the plasma facing components has proved to be an effective means of controlling
high-Z impurity. Another experimental technique is to use only low-Z materials, for
example beryllium, for the protection of plasma facing components.

In a divertor equipped tokamak — the only reactor relevant solution — the
extent to which impurities flow back into the plasma can be reduced. Furthermore,
a divertor in combination with a system of local pumping and active control of the
plasma density in the divertor region should allow the production and backflow
of impurities to be controlled and the particles to be exhausted under conditions
(configuration and pulse duration) typical of the Next Step device.

For the Next Step device, more knowledge about particle transport is needed
to predict impurity levels and to determine fuelling and pumping requirements. Ways
for reducing to acceptable levels the power load on the most exposed components
(dump plates in the divertor region) are being investigated.

5.1.3. Operational limits and disruptions

Tokamak discharges are bound by operational limits encountered with increas-
ing values of plasma pressure (the Troyon limit), plasma current (essentially the
Kruskal-Shafranov limit) and plasma density (the Murakami limit). Reaching these
limits causes performance degradation or even plasma current disruption. While safe
operation close to these boundaries and even an extension of the density limit (by
influencing the impurity balance via first wall treatment) have been achieved, much
experimental work is being devoted to the exploration and complete definition of
these limits with a view to finding safe operating regimes compatible with good
confinement.

5.1.4. Plasma heating and non-inductive current drive

Several heating methods for high power plasmas have been developed over the
years and are routinely applied during multisecond pulses in present devices; these
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methods are based eithf\ on the injection of intense beams (up to several tens of
megawatts) of high energy (from several tens of kiloelectronvolts to 140 keV)
neutral particles or on the coupling of intense (up to several tens of megawatts)
electromagnetic waves (frequencies ranging from about 30 MHz to above
100 GHz). These heating methods also have the potential to drive the plasma
current. Although the current drive efficiency has already reached 70% of that
required for ITER, these methods will still need higher power (to be applied over
the whole burn pulse) than that required for only heating to ignition. It should be
noted, however, that the requirement for non-inductive current drive is alleviated by
the existence of the bootstrap effect (of which there is growing confirmation) which
may provide a substantial fraction of the current in large devices.

A broad experimental database exists only for current drive using lower hybrid
waves at a frequency of a few gigahertz. However, in large devices with relatively
high central electron densities and temperatures, lower hybrid waves could drive
current only in the outer part of the plasma. For neutral beams to penetrate into the
plasma core and to drive plasma current in large devices such as the Next Step,
particle energies up to 1 MeV will be necessary. The technology of production of
such high energy neutral beams, which will have to result from the acceleration of
negative ions for reasons of neutralization efficiency, is under development (a 10 A
negative ion beam has been obtained).

5.1.5. Alpha particle heating

Since no tokamak has as yet been operated with D-T, the physics of plasmas
heated by alpha particles is known only through theoretical models and from simu-
lation experiments based on the behaviour of fast ion populations produced either by
electromagnetic waves or by nuclear reactions. Simulation experiments, however,
cannot cover all relevant effects of the alpha particles in an ignited plasma. More
experimental data on confinement and operational limits in alpha heated plasmas are
needed. Operational devices such as JET, TFTR and TSP are designed to provide
experimental data during their last phases of operation.

5.2. Status of stellarator physics

At present, several medium sized stellarator experiments are in operation in
the EC, the USA and Japan. These experiments differ in magnetic field geometry
and in the geometry of the coil system, i.e. helical windings or poloidally closed
modular coils are used to produce all the confining magnetic fields. With heating by
electromagnetic waves and neutral beam injection of up to several megawatts,
substantial plasma parameters have been obtained. Operation without induced
toroidal current, achieved for the first time in 1981, is now routine in stellarator
experiments.
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Confinement in stellarators depends critically on the details of the magnetic
field requiring high accuracy of the coil system. This, however, is achievable in
practice. Degradation of confinement with increasing heating power has also been
found in stellarator experiments, which behaviour shows close similarity to that in
tokamaks.

Operational limits are mainly set by impurity influx and increasing radiation
losses; a disruptive limit has not yet been observed in stellarator experiments. The
present experimental activity is mainly aimed at a full exploration of the confinement
properties and the extension of plasma performance to its limits. In theoretical activi-
ties, major progress has been made in optimizing stellarator configurations with
respect to plasma equilibrium, stability and confinement. The available variety of
stellarator configurations introduces flexibility in addressing these problems. These
new theoretical results are the basis of the next generation experiments planned in
Japan (LHD) and in the EC (Wendelstein VII-X). Main emphasis is put on stationary
magnetic fields produced by superconducting coils and quasi-stationary plasma
confinement. The goal is to achieve substantial progress in plasma parameters and
to investigate plasma performance under reactor relevant conditions, but without
considering D-T operation.

5.3. Status of RFP physics

Present-day machines have plasma currents typically in the range of a few
hundred kiloamperes, and all have reached a beta value of =10% (beta is the ratio
of plasma pressure to the magnetic field pressure). The plasma temperature is in the
range of 1 keV and the confinement time reaches up to 1 ms.

The main objective of research is to increase the temperature and the confine-
ment time towards reactor values, maintaining beta as high as possible ( « 10%), by
using facilities (recently completed or under construction) which, in addition to
higher parameter levels (e.g. 1-2 MA), will have adequate means to control the
plasma current, field configuration, plasma density and impurities.

A main objective of future research continues to be the understanding of the
relaxation processes which regenerate the magnetic configuration. A clear under-
standing of the role of the shell as well as of the cause of field perturbations in the
outer plasma regions is another crucial issue. Such perturbations could explain why
in RFP experiments so far the anomalous part of the average resistivity is high and
the volt-second requirement from the transformer is larger than that for a tokamak
with the same plasma current.

5.4. Status of MCF technology

Superconducting magnets will be the most expensive components required for
a fusion reactor. So far, superconducting magnets have been built for laboratory size
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tokamaks. For these laboratory size components, superconducting wires and cables
similar to those required for large reactor size devices have been utilized, demon-
strating some industrial capabilities in this field. However, magnets of the size, field,
current and reliability required for reactor size devices have not yet been commer-
cially fabricated and tested. Before full size superconducting magnets can be utilized
in a fission reactor, model coils are required; these must be large enough to give
assurance of consistent industrial fabrication, winding techniques and reliable
in-reactor operation, yet small enough to be cost effective.

In a fusion reactor, blankets are needed for fuel production (tritium), energy
extraction and radiation protection. Blanket research is now focused on critical issues
for the two leading concepts of fusion reactor blankets — the liquid breeder and the
solid breeder. The most promising liquid breeder concept is based on a flowing
liquid metal, either lithium alone or lead-lithium mixtures. The critical issues for
such blankets are tritium recovery and control, MHD effects on fluid flow and heat
transfer, interaction of materials which affects corrosion and mass transport, and
structural response to the fusion environment. For a fusion engineering test reactor,
large scale experiments at high temperatures would have to be performed at high
magnetic fields.

The critical issues for solid breeder blanket concepts are neutron irradiation
effects on tritium release, interaction of materials which affects corrosion and mass
transfer, and operation under off-normal conditions. Work on solid breeders has
focused on fission reactor irradiations of candidate lithium bearing ceramic
materials. Experiments have provided basic data on solid breeder irradiation
behaviour as a function of temperature and neutron fluence up to reactor relevant
conditions. Experiments have begun to demonstrate on-line tritium recovery from a
solid breeder at reactor relevant tritium and heat generation rates.

In the near future, small scale experiments on separate effects will be used to
resolve critical issues of the leading blanket concepts. Later, large scale, multiple
interaction experiments will have to be performed to test power producing blanket
prototypes in an experimental test reactor or a specially dedicated blanket test
facility.

There is growing confidence that viable technical solutions will emerge from
this work. Full demonstration of power generation and a tritium breeding ratio
higher than unity in the blanket will be a task for DEMO.

Research on structural materials for fusion reactors will provide options
of materials which can be used for demonstration and fusion power reactors.
These studies will also provide information on materials needed in the near future,
including the steels (SS 316) required for the coming experimental devices with
more ambitious programmes.

The major classes of materials under study include low activation materials
(mainly manganese stabilized austenitic steels, modified ferritic steels and vanadium
alloys), conventional steels of both austenitic and ferritic compositions and copper
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alloys. Work on ceramic and composite materials has just begun. Also, a significant
fraction of the programmes is directed at obtaining a fundamental understanding of
the controlling mechanisms.

These programmes focus on the understanding of the materials response to the
expected fusion reactor irradiation conditions. At present, this work relies mainly,
but not exclusively, on fission reactor irradiations in the EC, the USA, Japan and
the USSR. It will be important, however, to correlate, at a later stage, the irradiation
data obtained from fission reactors and accelerators with the actual values of damage
from 14 MeV neutrons in a high energy neutron source. While studies on radiation
effects dominate, large segments of the programme focus on compatibility and corro-
sion issues, physical metallurgy, mechanical properties, and fabrication and joining
of metals.

A major part of these programmes is directed at developing low activation
structural materials which would have desirable environmental characteristics. The
approach is to develop new compositions of the existing alloy groups with a
performance level which is at least equal to that of the conventional counterparts.

Materials related issues that may be addressed in increasing detail in the
future are reactor safety (afterheat, activity releases during possible accidents),
maintenance, waste disposal and material recycling.

The technology work associated with the fabrication and testing of plasma
facing materials is generally regarded as having two phases. The first phase is the
development and testing of plasma facing materials, with the primary aim of helping
the plasma physics community to reach its near term goals of density, confinement
time, etc. This is accomplished through the fabrication and utilization of materials
which can prevent the plasma from being poisoned and which can endure the heat
fluxes associated with the plasma edge. At this stage, the large amount of erosion
and the potential neutron damage occurring in low-Z materials such as graphite
is not of great concern. Once the physics goals are met, it will be necessary to
develop, in the second phase, plasma facing materials which either show very little
erosion or which have a demonstrable capability for in situ reconditioning. In addi-
tion, these materials have to survive the neutron loading that is expected in a fusion
reactor, and the number of high-Z materials introduced into the plasma must not be
so large that significant losses result. At present, the first phase is nearing successful
completion. Materials such as carbon-carbon composites, beryllium, and high-Z
materials such as tungsten are being evaluated for operation in a fusion reactor
neutron environment.

The safety and environmental impact of fusion reactors are important issues
which are being studied intensively. The favourable characteristics of fusion systems
may constitute the major appeal of fusion as an energy system. These characteristics
include the potential for reduced stored energy inventories, which minimizes the
consequences of severe accidents; the production of less radioactive materials, which
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minimizes the burden of radioactive waste management; and the fact that the produc-
tion of air pollutants, acid rain and global warming gases is essentially avoided.

5.5. Diagnostics, theory and computation

The existing major fusion devices have a complete set of reliable diagnostic
tools which have been developed and implemented during the last decade. These
diagnostics are capable of scanning from the edge of the plasma to the centre with
high resolution and on a rapid time-scale, allowing measurement of the critical
plasma properties without disturbing the plasma. Data on basic parameters, such as
temperature, density and magnetic field structure, as well as data on instabilities,
fluctuations and transport are available on a routine basis. The information on the
relevant plasma phenomena gained from these diagnostics has been utilized in the
modelling of the plasma behaviour, bringing theory and experiment closer together.

Analytic theories are supported by sophisticated computer models, which
provide quantitative predictions of transport, particle motion and turbulence in the
plasma. Theories and models of alpha particle behaviour, and the launching and
propagation of RF energy for heating and profile control are used to guide the design
of future devices.

5.6. Status of ICF physics and technology

The results of ICF experiments and the computational data obtained in the
past two years are used in projections of the feasibility of achieving ignition and
high energy gain under the conditions required for electric power production with
inertial fusion. High target convergence (30 times), target performance that matches
theoretical predictions, and high compression with low energy direct drive laser
beams have been observed.

At present and in the near future, the ICF experiments are aimed at an under-
standing of pellet implosion. Second priority is given to developing driver technolo-
gies capable of providing multi-megajoule energy pulses. ICF reactor design and
technological activities are in the conceptual stage. The reactor performance criteria
(repetition rate, alignment, etc.) depend strongly on the outcome of the ongoing
driver development and target experiments.

Currently, the Nd glass laser is the most flexible and advanced driver. Pulse
energies in the range of 120 kJ in the near infrared are available and can be converted
to shorter wavelengths with high efficiencies. The high cost of this laser and its
repetition rate are still of concern.

Short wavelength light ensures efficient absorption, efficient conversion to
X-rays, suppression of plasma instabilities and avoidance of the generation of fast
electrons.
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Krypton fluoride gas lasers are considered to be candidates for a reactor driver
with sufficiently high efficiencies and repetition rates. However, these lasers are still
in an early stage of development (several kilojoules).

Light ion beam facilities having high efficiency and low cost and the capability
of producing megajoule pulses have been demonstrated. However, problems of beam
transport, focusing and repetition rate have still to be solved (progress is slower than
anticipated).

The technology for heavy ion accelerators for ICF is similar to that for high
energy particle accelerators, which is highly developed. High efficiency and repeti-
tion rate are conceivable. A potential advantage is the possibility of beam transport
and focusing over long distances. Extrapolation to a reactor size facility seems to be
possible.

With improved homogeneity of illumination and fabrication of highly sym-
metric pellets, in connection with proper pulse shaping, compressions up to
600 times solid density of D and T have been demonstrated. In some experiments,
10 l3 fusion reactions have been produced, representing a fusion energy of 0.2% of
the energy of the 10 kJ laser pulse.

6. THE NEXT STEPS IN FUSION

6.1. The Next Step in MCF as exemplified by ITER

The ITER device, which is at present under conceptual design within the ITER
CDA among four Parties (EC, Japan, USSR and USA), under the auspices of the
IAEA, has the objective of fully confirming the scientific feasibility and of address-
ing the technological feasibility of fusion, as a potentially safe and environmentally
benign, practically inexhaustible source of energy. Accordingly, the device is con-
ceived for controlled ignition and extended burn of D-T plasmas, as well as to
demonstrate and perform integrated testing of components required to utilize fusion
power for practical purposes [3]. During the first year of the CDA (1988), a techni-
cal description of a single concept was developed. The results are described in the
ITER Concept Definition, Vols 1 and 2 [4]. During 1989, the design analyses have
been improved and the design has progressively evolved. The results are described
in the ITER Conceptual Design Interim Report [5].
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FIG. 6. Basic elements of ITER.
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The heart of the ITER facility will be the tokamak device (see Fig. 6). Its
principal parameters are as follows:

Plasma major radius, R 6.0 m

Plasma half-width at midplane, a 2.15 m

Elongation, 95% of the flux surface 1.98

Toroidal field on axis, Bo 4.85 T

Nominal maximum plasma current, Ip 22 MA

Nominal fusion power, Pf 1000 MW

The main machine characteristics and parameters follow from the technical
objectives of the programme. Superconducting coil systems are required for
extended burn in reactor relevant technological conditions. The plasma current and
the approximate size of the device are determined by the conditions necessary for
ignition. The design target for the first wall fluxes and faiences necessitates a mini-
mum shield thickness. The general features of the reactor are determined by these
requirements, together with considerations of plasma stability, impurity control and
current drive. Safety considerations are an integral part of the design activities and
safety is being enhanced by the use of passively safe systems wherever possible.
Within the freedom allowed by the objectives, the design philosophy has been to
control the size and to minimize the cost.

The ITER design is based on scientific knowledge, on extrapolations derived
from the operation of dozens of tokamaks over the past decade and on the technical
know-how flowing from the extensive technology R&D programmes of the four
Parties. The design policy has been to (1) proceed essentially on the basis of actual
performance reached in the present generation of tokamaks, (2) provide the
maximum machine performance consistent with prudent engineering practices and
reasonable costs, (3) build in as much experimental and operational flexibility as is
practical in a machine of the size of ITER, and (4) implement physics and technology
R&D plans, using existing facilities, to validate the ITER design concept.

The ITER Terms of Reference anticipated that each Party would contribute a total of
about 80-100 professional person-years over the CDA period. (Canada's involvement in the
Euratom contribution is 8 professional person-years over this period.) In the course of these
activities, each Party has actually supported ITER with more than the anticipated amount of
work. This work is being done partly on a domestic basis and partly at the ITER technical
site for joint work at Garching near Munich. During joint working sessions, more than
40 scientists and engineers are in residence, while an even greater number of persons continue
work at home locations. About 200 individuals have participated in the work at Garching
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under short term assignments. The joint work done at the technical site and the work being
conducted domestically by the four Parties are completely integrated.

The conceptual design process has been supplemented by an extensive programme of
supporting R&D activities. The ITER Terms of Reference anticipated that this R&D would
amount to approximately ten million US dollars per year for each Party. (Canada's involve-
ment in Euratom's supporting R&D activities is estimated to be one million Canadian dollars
per year.) This effort is being devoted entirely to technology R&D. Furthermore, the Parties
agreed to contribute a substantial amount of physics research in addition to the technology
R&D. More than ninety reports on these additional physics research studies have already been
submitted for use in the design.

The CDA Terms of Reference require, inter alia, that cost, manpower and schedule
estimates be prepared for the realization of ITER. A preliminary estimate of the capital cost
of the ITER device is 4.9 billion dollars (January 1989 US $) including 20% contingency (the
estimate is preliminary because of the incomplete state of the CDA and because of open
questions regarding the project plan).

The participation of the Parties in the ITER CDA reflects their interest in an
ambitious Next Step device, with substantial technological objectives. The construc-
tion of such a device by one Party alone would represent a heavy technical and
financial burden. Also, four machines of this type would be unnecessary. Thus, an
international solution is attractive. The Next Step devices which are being contem-
plated for possible construction on a one Party basis generally have physics
objectives similar to those of ITER, but more modest technology objectives.

The ITER conceptual design results from extensive research and development
over several decades. The need for further development of ITER will remain, to
guide the worldwide R&D effort over the next several years.

One example of a critical research topic is energy confinement in tokamaks. The energy
losses are dominated by plasma instabilities, rather than classical collision and radiation
processes. The rate of loss changes significantly for different modes of tokamak operation
which modify the plasma instabilities (both fine scale turbulence and large scale fluctuation).
Within the ITER conceptual design, the size and shape of the device and the magnitude of the
current and fields have been determined on the basis of the present understanding of energy
confinement in tokamaks. Ongoing research is aimed at validating the ITER conceptual design
and seeks to find additional techniques to improve the energy confinement in tokamaks, which
would lead to a reduction of the magnetic field requirements.

The design, construction and operation of a tokamak within the ITER definition will
provide numerous technological challenges that will have to be met in order for a fusion
reactor to be realized. It will be necessary to speed up the development of neutron compatible
materials, remote handling techniques, high heat flux management, magnet construction
techniques, and plasma heating and fuelling techniques. Credible solutions to all of these
challenging tasks have been proposed, but these solutions will have to be tested by the R&D
groups over the next few years and new solutions will have to be found in order to improve
confidence in the eventual realization of a fusion reactor and to reduce the cost.
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The world's MCF groups are using the ITER conceptual design process to
focus their R&D programmes. The achievement of an ITER conceptual design and
the identification of high priority R&D for ITER have been a challenge to these
groups, requiring all of the scientific skills available and the personal goodwill and
dedication of scientists, also in view of the impetus given by government leaders at
the highest level.

6.2. Next Steps in ICF

The critical path to achieving ICF ignition and fusion energy gain in the
laboratory is the completion of the remaining target physics research that is planned
within each of the major programmes. Furthermore, it would be essential to con-
struct and subsequently operate a high gain facility for ICF research and development
in order to study thermonuclear burn and to obtain engineering/design data for an
ICF reactor.

In the USA, a 10 MJ facility is envisaged for demonstrating high gain with
indirect drive fusion pellets (fusion energy more than 100 times laser energy). In
Japan the demonstration of break-even (fusion energy = laser energy) with a 100 kJ
blue laser in the direct drive approach is planned as an intermediate step. In the
USSR the project of a 200 kJ glass laser is being planned. In the EC and in the USA
the technology of heavy ion accelerators as fusion drivers is being investigated.
Production of 1 kJ pulses will be possible in the near future.

At present, the development of lasers as drivers for a reactor concentrates on
KrF and free-electron lasers (EC, Japan, USA); there are, however, still hopes to
improve the repetition rate and the efficiency of Nd glass such that it will become
suitable for use in a reactor together with a very high gain pellet.
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