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ABSTRACT
A review is given on the potentialities of fusion energy with respect to energy production and related environmental problems, the various approaches to controlled thermonuclear fusion, the main problem areas of research, the historical development, the present
state of investigations, and future perspectives. This article also presents a personal memorandum of the author. Thereby special reference will be given to part of the research conducted at the Royal Institute of Technology in Stockholm, merely to identify its place within
the general historical development.
Considerable progress has been made in fusion research during the last decades. In
large tokamak experiments temperatures above the ignition limit of about 108 K have been
reached under break-even conditions where the fusion power generation is comparable to the
energy loss. A power producing fusion reactor could in principle be realized already today,
but it would not become technically and economically efficient. The future international
research programme has therefore to be conducted along broad lines, with necessary
ingredients of basic research and new ideas, and also within lines of magnetic confinement
being alternative to that of tokamaks.
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1

INTRODUCTION

With the aim of providing mankind with a practically inexhaustible energy source
having acceptable environmental features, research on controlled thermonuclear fusion has
now been conducted at a large number of the world's laboratories during half a century. A
review is given here on the progress in this field of research. After some introductory descriptions of basic facts and main problem areas of fusion research, the historical development in this field since the beginning of the 1950's will be illuminated. The review then ends
with the present state and future perspectives.
A personal memorandum is also included, with some points of view of the author, as
presented in the form of an invited lecture on May 7 in 1999 at the Department of Physics
of the Royal Institute of Technology in Stockholm. Special reference is given here to part of
the research by the author and by the staff of the Department of Fusion Plasma Physics at the
Alfven Laboratory, not with the purpose of promoting achieved results but merely to
identify their place in the historical development.
Concerning the progress of research on various specific subjects, the subject index at
the end of this review may also become helpful for a reader.
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POTENTIALITIES OF FUSION ENERGY

Fusion research is motivated by the potentialities of fusion energy, both in respect to the
large amounts of available energy and to the favourable environmental properties, as listed in
Fig.l. Even with the deuterium-tritium reaction which has the highest reaction cross section,
the energy reserve is at least comparable to that of the fission breeder. Direct burning of the
deuterium which is available in ordinary water would correspond to a practically inexhaustible
energy source. Advanced fuels, such as those based on the deuterium-helium-3 and the protonboron reactions, also represent very large future fuel sources with a small emitted neutron flux.
Among the environmental properties the fuels and ashes are themselves neither toxic
nor radioactive. Wall-induced radioactivity will exist, but it can be substantially limited by
the choice of low-activation materials, and later probably also by utilizing the deuteriumdeuterium and advanced fuel reactions. An outstanding environmental advantage of the
fusion reactor is the inherent safety due to its small amounts of active fuel, the limited afterheat, and that there is no possibility of a nuclear excursion such as that of the Tjernobyl
accident.
The points just made on these features should, however, not be taken as polemics
against fission energy which at least becomes necessary during the nearest future.
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APPROACHES TO CONTROLLED FUSION

Attempts to realize fusion as an energy source have been made along four lines as
shown in Fig. 2. These lines can shortly be described in order from right to left in the figure
as follows:
(i) Cold fusion by metal catalysis has been based on the implantation of deuterium and
tritium in the interatomic spacing of palladium. This was already attempted in the early
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The potentialities of fusion energy with respect to energy production and
environmental properties.
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The four lines of approach to controlled fusion.

193O's by J. Tandberg at the Elektrolux Laboratory in Stockholm, whereby an electric
discharge was also imposed on the system. Similar experiments were reported by H.
Fleischmann and S. Pons in 1989 who claimed that an energy gain had been observed.
Today it is clear that this line does not lead to a useful energy source.
(ii) Cold fusion by muon catalysis is based on an enhanced reaction rate due to a lowered
Coulomb barrier when electrons are replaced by muons in the atom. There is a difficulty
with the short muon.lifetime and the corresponding energy efficiency.
(iii) Hot fusion by inertial confinement is based on the compression of small deuteriumtritium fuel pellets by means of a cross-fire of laser or high-energy particle beams, as outlined in Fig. 3. This line has made progress, and considerable temperatures have been
reached at the pellet centre, thereby being close to a state of "break-even" where the fusion
power production is of the same order as the power loss.
(iv) Hot fusion by magnetic confinement is the oldest line of research, and also the most
elaborated. It aims at a burning fusion plasma, being confined in a quasi-steady state in a
magnetic bottle. The rest of this review will be devoted to this line which at present appears
to have the largest promise of success.
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MAIN PROBLEMS AREAS

There are two necessary but not sufficient conditions to be satisfied for the fusion
reactions to have a positive gain of energy, as shown by Fig.4:
•

The plasma temperature T has to exceed an ignition temperature T c for the reaction
rate to outbalance the bremsstrahlung loss of a clean burning fuel. This temperature is
about 3xlO7 K for the deuterium-tritium (DT) reaction, and about 3xlO8 K for the
deuterium-deuterium (DD) reaction.. As a consequence of the high necessary
temperature, the fuel in a fusion reactor has to be in the state of a fully ionized hot
plasma.

•

The product ntE of the mean particle density n and the energy confinement time
(cooling time) tE of the plasma fuel has to exceed a limit (ntE)c for the fusion power
production to outbalance the total heat loss. The marginal case ntE = (ntE)c, denoted as
"break-even", corresponds to values of about 1020 s/m3 and 1021 s/m3 for the DT and DT
reactions, respectively. This so called Lawson criterion imposes a strong requirement
on the energy confinement of the burning fuel.

Even some percent of impurities due to heavier elements increase the radiation losses
appreciably and can then jeopardize the energy balance (Fig.5). As stated at the beginning
of the 1960's by L. A. Artsimovich, the vacuum conditions at every fusion project have first
to be clean by passing through Purgatory before being allowed to enter the Heaven of a positive energy balance.
Fusion research does not deal with a limited and specialized area but concerns an entire complex of problems, ranging from basic plasma physics, through advanced fusion
technology, to system studies, as outlined in Fig. 6. In its turn, plasma physics includes a
large part of the entire field of theoretical and experimental physics, and there are a manifold of applications in addition to fusion physics, in particular that of cosmical physics
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Fig. 3

Outline of an inertial confinement system with laser beams impinging on
deuterium-tritium pellets.
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The necessary but not sufficient conditions for positive gain of energy in a fusion
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Impurity cleaning is necessary before being able to reach the regime of a positive
energy balance.
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The complex of problems in fusion research.
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Plasma physics includes a large part of physics, and it also leads to a number of
applications.

(Fig.7.). A substantial part of the basis of modern plasma physics has its origin in fusion
research performed during the last fifty years. Within fusion technology and system studies
much of the experience from fission reactor research has become a useful knowledge for the
fusion scientists and engineers.
A fully ionized quasi-neutral plasma is a system with many degrees of freedom and of
high complexity. It consists of large and equal average number densities of ions and electrons.
The equilibrium and the dynamics of such a plasma does not only depend on externally imposed electric and magnetic fields, but also on the additional electric field which is generated
through local charge separation of ions and electrons, and on the additional magnetic field
which is generated by currents due to the differential motions of ions and electrons. In this
way the slightest difference in the motion of ions and electrons can generate large extra electric and magnetic fields which, in their turn, affect the dynamics of the plasma. This sometimes implies that effects which at a first sight appear to be small can in a quasi-neutral
plasma become of decisive importance to the end result of an analysis. The plasma is thus
extremely skilful in its attempts to cheat the scientists.
Research which aims at magnetic confinement of a hot plasma can in principle be
subdivided into three steps:
(i) First the condition of an equilibrium has to be satisfied. In its simplest way this implies
that the plasma pressure gradient Vp has at every point within the plasma body to be balanced by the Lorentz force jxB where j is the current density and B the magnetic field strength.
An illustration of this is given by the unperturbed state of a linear pinch discharge in Fig8 (a).
(ii) When having achieved an equilibrium, the question arises if this is also a stable state,
or if a small perturbation leads to unstable growing modes, which destroy the confinement
and break up the plasma into an irregular structure. In Figs 8(b) and (c) the two types of
"sausage" and "kink" instabilities destroy the equilibrium by releasing magnetic energy.
There are in fact several energy sources which can drive instabilities as listed in Fig. 9. More
than hundred elementary instability modes have been identified. Fortunately not all of these
are catastrophic to the plasma confinement. Part of the instability modes are of macroscopic
nature ("MHD instabilities" or "macroinstabilities"), in the sense that they can be described
by macroscopic fluid equations, i.e. without having to consider effects being due to the velocity distributions of the plasma particles. Another part is of microscopic and kinetic nature
("microinstabilities") where effects in velocity space influence the dynamics of a
perturbation.
(iii) Having achieved a stable equilibrium, the plasma has to be heated to thermonuclear
temperatures. Unfortunately the Coulomb collision cross-section decreases at increasing
temperature, and this makes ohmic heating inefficient at high temperatures. Therefore auxiliary heating has to be imposed. One efficient way is to apply high-frequency power on the
plasma through a suitable antenna system. Plasma waves are then excited, the energy of
which can in its turn be absorbed and converted into heat. Another way is to inject highenergy neutral or charged particle beams which heat the plasma through particle impacts.

5

SOME HISTORICAL GLIMPSES ON THE ROAD OF RESEARCH

We now turn to some historical glimpses on the road of fusion research in plasma
physics, to some extent as being recalled to the authors mind. The development can be
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subdivided into the days of the early 1950's when fusion research was largely classified,
followed after the declassification by a "brainstorming" and optimistic period of the late
1950's, then passing over into an intermediate period of reconsideration and confrontation
with critical problems in the 1960's, and finally ending in the 1970's and up to recent days
by a progressive period having partly the character of "big science" being in gradual progress. Here we mainly follow this subdivision, as far as the initial ideas and first results in
various areas are concerned.
5.1

The Earliest Days

At the end of the 1940's and at the beginning of the 1950's there were some informal
discussions and a growing interest within the scientific community about the possible use of
controlled nuclear fusion processes as a source of energy. In fact, such an idea had been in
the mind of John Tandberg in Stockholm already in the 1930's. It also became clear that a
hot thermalized plasma with its high frequency of repeated particle impacts could become a
basis for self-sustained fusion reactions. Plasma physics which already played a significant
role in cosmical physics, in particular due to Hannes Alfven's scientific contributions, now
also became fundamental to research on controlled fusion.
During these early days research on electrically conducting magnetized fluids and
plasmas was performed at Alfven's department of the Royal Institute of Technology in
Stockholm, with the main aim of contributing to basic physics and cosmical applications.
Thus S. Lundquist1 designed and conducted an experiment on torsional oscillations of a
cylindrical column of mercury in a strong axial magnetic field, to test the theoretically
predicted behaviour of the transverse magnetohydrodynamic Alfven wave mode. The magnetohydrodynamic coupling between adjacent fluid layers was clearly demonstrated in this
experiment. As based on the main features of the design by Lundquist, an experimental study on torsional oscillations in a column of liquid sodium was then performed by the author".
Such an experiment provided a first demonstration of damped Alfven waves. Under the available experimental conditions, such waves will namely exist in liquid sodium but not in
mercury which has too low electrical conductivity and too high mass density3.
During this period S. Lundqivst4 was the first to formulate the energy principle for a
magnetically confined plasma, this being of considerable importance to the later developed
stability analysis. This principle was elaborated more in detail by I.B. Bernstein et al5.
Further research on magnetohydrodynamics of a general character was also carried out
in Stockholm at this time, such as the introduction by the author6 of the magnetic Reynold's
number VcLcjxa and the Alfven Mach number V/VA with Vc and Lc standing for a characteristic velocity and length, VA = BJ(\ip)Vl for the Alfven velocity, Bc for the characteristic magnetic field strength, and with \i, c and p for the magnetic permeability, the electric conductivity, and the mass density, respectively. An additional set of characteristic numbers was
also identified, being associated with viscosity and heat conductivity3. The ratio between
the magnetic Reynold's number and the Alfven Mach number is the Lundquist number
BcLc, CJ (p./ pY" which can be taken as a measure of the importance of magnetohydrodynamic
phenomena7. Moreover a rotating fluid experiment with mercury in a strong homogeneous
magnetic, field was used to demonstrate the magnetohydrodynamic coupling along the field
lines according to Ferraro's isorotation law, as well as the generation of a
magnetohydrodynamic Kelvin-Helmholtz instability in the form of vortex streets in a
strongly sheared velocity field8.
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During the first half of the 1950's it was not well known officially where and how
fusion research was carried out on a larger scale. Classified work was going on within the
frame of Project Matterhorn in the United States, and by the research laboratories at Harwell
and Aldermaston in England. No one in the West knew what was happening in the Soviet
Union. At an early stage fusion research had a strong promotor through Dr. Bhabha in India,
who already realized the importance of fusion energy to mankind and its Development
Countries.
1

In August 1956 Alfven organized a symposium on electromagnetic phenomena in
cosmical physics which was held in Stockholm and supported by the International Astronomical Union9. Thereby Alfven had also invited a delegation from the Soviet Union, consisting of persons nominated by him. During the day before the symposium six entirely
different persons arrived in Stockholm, accompanied by a "politruk". Hannes Alfven was
confused, and his old collaborator OUe Wemholm uttered the words "What suspicious types!". However several of these "types" turned out to be the top scientists within classified
fusion research in the Soviet Union, such as L.A. Artsimovich and I.N. Golovin. During the
symposium they reported on high-current discharge investigations performed within the
programme of the Academy of Sciences in Moscow. Soon afterwards the Soviet leaders N.
Chrustev and N. Bulganin visited the United Kingdom and reported to the West on the
fusion research in their country. The consequence of this was a total declassification of the
ongoing fusion research in the United States and England. This also reflected itself in the
presented reports at the Second United Nations Conference on the Peaceful Uses of Atomic
Energy, held in Geneva in 1958.

5.2

The Brainstorming Period

In Geneva numerous proposed systems for magnetic plasma confinement were presented, mainly by the British, American and Soviet delegations. Here one should first mention the devices based on an imposed toroidal magnetic field directed in circles around an
axis of symmetry, such as "Zeta" at Harwell which in many respects was similar to the later
designed "Tokamak" concept with a very strong such field (Fig. 10). For a weak plasma current and a negligible resulting screw form of the magnetic field lines in the geometry of
Fig.10, the inhomogeneity of the toroidal magnetic field leads to antiparallel drift motions of
ions and electrons in the vertical direction, and to a resulting charge separation with an associated vertical electric field. In its turn this produces an ExB drift which drives the plasma
towards the wall in the outward radial direction. This effect was shown to be suppressed by
means of a stronger toroidal plasma current, with a larger resulting screw shape of the total
magnetic field. Such a "rotational transform" makes the field lines form closed "magnetic
surfaces".
In a "Stellarator" scheme proposed by L. Spitzer at Princeton in the U.S.A., the differential transverse drift motions and the resulting ExB drift in a plasma without imposed
currents are outbalanced by a rotational transform being produced by the "figure-eight"
geometry shown in Fig.ll.
The toroidal scheme of Zeta and its later modification into a tokamak, as well as the
stellarator, are "closed" magnetic bottles in the sense that no field lines lead from the confinement volume out to external space.
An example of "open" magnetic bottles where the field lines leave the confinement
region is the magnetic mirror system. Proposals for such geometry were given in which a

13

transformer yoke

plasma current
magnetic field
plasma

/magnetic coils

vacuum
chamber

primary windings

Fig. 10 The Tokamak plasma confinement scheme. A strong toroidal magnetic field, running in circles around the axis of symmetry, is generated by a tyre-shaped coil
system. The plasma is created and heated by a toroidal current which is induced
by a pulse transformer. The resulting magnetic field is slightly screw-shaped.
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Fig 11. The "Figure-Eight" Stellrator scheme in which the effect of the transverse
differential particle drifts and associated space charges are outbalanced by
the twisted geometry. There is no plasma current induced by external means.

magnetic field

Fig 12. An axisymmetric magnetic mirror device with two end coils. Only those plasma
particles which move nearly parallels with the magnetic field lines can escape
through the ends of the configuration.
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grandpart of the plasma is confined in a region of weaker magnetic field, situated between
the strong-field regions at two end coils (Fig. 12.). Only those plasma particles which have
velocity vectors being almost parallel with the magnetic field lines can escape along the
latter.
With the purpose of creating a magnetic bottle both having closed field lines and closed particle drift orbits within the confinement volume, a proposal of internal conductor systems was made by the author10'11 (Fig. 13). In the figure the magnetic field lines run around a
ring-shaped internal current-carrying conductor, and all particle drift motions are directed
along circles around the axis of symmetry. The magnetic field is poloidal, i.e. it is localized
to planes through the axis of symmetry, and can thereby be fully used to confine the plasma
and balance its pressure. The confinement region can -have a "spherator-like" geometry,
with an outer sphere-shaped magnetic separatrix", and this also includes the possibility of
having a superimposed toroidal magnetic field and a strong magnetic shear. A problem is
due to the suspension of the internal ring, and to the possibility of using magnetically
shielded supports10'".
To confine the plasma, the Zeta and tokamak schemes need a pulsed current, whereas
the stellarator, mirror, and internal conductor systems can in principle be operated in a
steady state.
At this.stage the importance of plasma instabilities was realized to an increasing extent. A threat to stable confinement was the macroscopic so called "flute-type" instability,
being analogous to the hydrodynamic Rayleigh-Taylor mode which arises when a heavy
fluid is stratified on top of a lighter one. A simple demonstration of this instability is given
by Fig. 14. A plasma is supported by a magnetic field B against a gravitation force g when
being separated from a vacuum region at the horizontal boundary in Fig. 14 (a). A small
sinusiodal perturbation of the boundary is then assumed to occur, as in Fig.l4(b). Due to the
crossed magnetic and gravitation fields, ions at the perturbed boundary will drift to the left
and electrons to the right, as shown in Fig.l4(c). This generates electric space charges in the
boundary region, with an associated electric field perturbation E which makes the ions and
electrons perform an additional drift motion at the velocity E xB/B2. In this way the perturbation of Fig.l4(b) becomes unstable and grows until it may become limited by nonlinear
effects. The energy, source of the instability is in this case gravitation energy, as is also seen
from Fig. 14(b) where the centre of gravity of the system has been lowered by the perturbation. This flute-type instability arises in a similar manner when the gravitation field is replaced by the pressure force of a hot plasma and its expansion energy. Thereby the transition
from a state of higher energy to that of a lower one can be brought about by the drift motions
of the charged particles in an inhomogeneous magnetic field. A similar unstable behaviour
can also occur in systems where there is a continuos pressure distribution instead of a sharp
boundary.
The flute-type instability was one of the first severe threats to a stable plasma confinement, and possible ways of controlling or avoiding it were considered at an early stage.
Already in 1954 it was proposed by E. Teller to use "minimum-B" magnetic field geometry
for this purpose, and this method was forwarded in a more concrete and exact form by H.
Grad and his collaborators12. The flute-type instability develops under the constraint of magnetic flux preservation due to the electromagnetic induction law. The total magnetic flux
which is encircled by the plasma boundary is therefore the same before as after the perturbation. When the plasma volume inside the perturbed boundary becomes larger than that in-
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Fig.13 Two simple versions of an internal conductor system. The plasma is confined in
the magnetic field generated by a circular current-carrying conductor. This magnetic bottle has both closed field lines and closed particle drift orbits within the
confinement region, (a) Single loop which in some cases is being levitated,
(b) Loop with auxiliary external ring conductors which produce a "spherator-like"
field with a magnetic separatrix. A problem is due to the suspension of the internal
ring.
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Fig. 14 Simple demonstration of a flute-type instability driven by gravitation energy, (a)
The unperturbed equilibrium of a plasma supported by a magnetic field B against a
gravitation field g. (b) A small perturbation of the plasma vacuum boundary lowers
the centre of gravity, (c) The perturbation grows on account of the charged particle
drifts and the resulting charge separation.
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side the unperturbed one, expansion energy is released and drives an increasing instability,
and this cannot even be avoided by the strongest magnetic field. Such is the case for fields
of the "maximum-B" type demonstrated in Fig.l5(a) where the magnetic field strength increases in the direction from the boundary into the plasma. For the proposed "minimum-B"
geometry represented by Fig.l5(b) the situation is the opposite. Here the magnetic field
strength decreases in the direction from the boundary into the plasma. Then the plasma is
instead compressed by the perturbation. This can also be shown to be consistent with the
detailed charge separation mechanism and particle drifts at the plasma boundary13. A concrete example on "minimum-B" configurations is the cusp geometry of Fig. 16. As for the
mirror geometry of Fig. 12, this is an open bottle with certain plasma losses along the magnetic field lines.
The class of "minimum-B" configurations is rather limited. An extension to a larger
class of flute-stable systems defined as "minimum-average-B" geometry was discovered and
elaborated by S. I. Braginskii and B. B. Kadomtsev14, M.N. Rosenbluth and C.L. Longmire15,
and others. This field geometry includes regions with both local minimum-B and maximumB features along a given magnetic filed line at the plasma boundary (Fig. 17). Here the former features are made to dominate over the latter, under the conditions of a full magnetohydrodynamic coupling along the magnetic field and between every cross-section of the confined plasma. Then the total change in plasma volume during a flute-type perturbation is
made negative, and the plasma is stabilized.
Also the connection between plasma instabilities and enhanced ("anomalous") transport of particles and heat across the magnetic field began to attract interest at this stage. In
a study of arc discharges D. Bohm and collaborators16 proposed the transport across a magnetic field to be governed by a turbulent "drain diffusion" coefficient
D B =k B T/B

[nr/sj

k B =10 4 k/16e

(1)

here given is SI units and with T as the plasma temperature. The idea behind this diffusion
mechanism was that fluctuating local deviations from charge neutrality result, in a fluctuating electric field E and a random ExB drift which drives the particles across the magnetic
field at a diffusion rate being much larger than that due to classical Coulomb collisions. The
latter lead to the ambipolar diffusion coefficient
2
[m
m2/s]
/s]

kcs2xl03k

(2)

Thus the "drain diffusion" of equation (1) could jeopardize the attempts to achieve an
efficient plasma confinement.
The arc experiments by Bohm and collaborators were performed with a device of rather short length in the magnetic field direction. The enhanced plasma diffusion rate across the
magnetic field could then be explained by A. Simon and R.V. Neidigh17 in terms of a shortcircuit effect at the end electrodes which eliminated the ambipolar electric field and made
the ions diffuse across the magnetic field at their own intrinsic rate.
•"o

1

To avoid these end effects, the author performed an experiment on the partially ionized
positive column of a discharge in a strong longitudinal magnetic field, with a tube of 4 meters length and being 2 centimetres in diameter18. The potential drop was measured as a function of the magnetic field strength. The corresponding longitudinal electric field was found
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Fig. 15 Stability conditions for flute-type perturbations of a sharp vacuum boundary of a
magnetically confined plasma, (a) Unstable "maximum-B" case where the magnetic field increases in the direction from the boundary into the plasma,
(b) Stable "minimum-B" case where the magnetic field decreases in the same
direction.
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Fig. 16 An open magnetic bottle of cusp geometry with "minimum-B" stability properties.
The magnetic coils have currents in antiparallel directions such as to generate a
magnetic zero point at the centre of the configuration.
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to decrease with increasing magnetic field strength as predicted by the theory of classical
diffusion, but only up to a certain critical magnetic field strength. Above this strength the
potential drop was instead increasing, and an enhanced noise level was recorded at the same
time, thus revealing an onset of a kind of plasma instability. There were some thoughts of
this instability being caused by an E xB mechanism. Before such an idea could be
elaborated, however, an advanced theory was presented by B. B. Kadomtsev and A.V.
Nedospasov19 who gave full quantitative explanation of the observed results. Later a physical
interpretation of the mechanisms involved in this theory was given by F. C. Hoh and the
author20. The driving mechanism was identified to be flute-like as shown in Fig. 18. Here a
small screw-shaped perturbation of the plasma column, combined with the antiparallel
longitudinal drifts of ions and electrons, makes the screw-shaped ion and electron clouds
drift apart. This produces a charge separation and an electric field E <p. In its turn, the E p x B
drift tends to make the perturbation grow in a way analogous to that of a flute-type
instability (Fig. 14). This destabilizing tendency is at the same time counteracted by an ErxB
rotation of the configuration around its axis, thereby leading to a frictional drag force
between the charged particles and the particles of the neutral gas background. The drag force
produces an additional charge separation which counteracts that due to the differential axial
drift motions. The rotation and its drag force decrease with increasing magnetic field
strength. The destabilizing mechanism will then outbalance the stabilizing one when the
magnetic field strength increases beyond its critical value. In fully ionized plasmas
numerous investigators have later studied other types of current-driven instabilities.
Already in the early days of fusion research Marshall N. Rosenbluth in the United
States was considered as one of the outstanding scientists in his field. As a result of the brilliant theory on the screw instability and some other contributions, Boris B. Kadomtsev soon
also became well-known throughout the scientific community. At this stage Albert Simon,
who was a friend of Rosenbluth, used to tell a modified form of a well-known fairy tale. It
was said that Rosenbluth every morning placed himself in front of a mirror and ask-ed:
"Mirror, mirror on the wall, who is the fairest theoretician of all ?". And then he used to see
his own face. One morning at the beginning of the 1960's, however, the mirror first be-came
hazy, and then Rosenbluth looked into the face of Boris Kadomtsev.
When Kadomtsev passed away in 1998, he was honoured by the world's entire
community of plasma and fusion scientists, not only for his scientific contributions but also
for being a person of extra-ordinary fine character. His personality can be further revealed by
an experience made by the author. For their theory on the screw instability Kadomtsev and
Nedospasov were going to receive an award of honour from the Soviet Union. It was then
stated by Kadomtsev that he would only accept this provided that the experimental discovery
by the author was also being included in the reward. Since I was not a Soviet citizen, this
turned out to be impos-sible. Then Kadomtsev and Nedospasov refused to receive the award.

5.3

The Intermediate Period of Reconsideration

After the Geneva conference in 1958 and during the 1960's fusion research attracted a
strongly increasing interest throughout the world, and the experimental and theoretical activities were expanded at a manifold of laboratories and universities. As the investigations
were confronted with experimental reality, the complexity of this field of research was gradually being realized, with its need for a refined and more advanced theoretical basis as well
as for more efficient experimental and diagnostical methods. The steadily growing number
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Fig. 17 Outline of the principle of "minimum-average-B" flute stabilization. The geometry
of a stable configuration should be chosen such that the "good" regions with
stabilizing curvature, as in Fig. 15(b), give an integrated effect which dominates
over that from the "bad" regions with destabilizing curvature, as in Fig. 15(a).

Fig. 18 Screw instability of a partially ionized plasma in the positive column discharge.
The driving mechanism is flute-like, being based on the charge separation which
occurs when the axial electric current drives the screw-shaped ion and electron
clouds apart. The plasma thereby also performs a rotation around the vertical axis
and becomes subject to a drag force imposed by the neutral gas background.
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of discovered instabilities were an important part of the investigations during this period, as
described in reviews and attempted classification schemes by the author21 among others.
The studies of the flute-type instability and methods for its control were continued.
M. S. Ioffe and collaborators22 converted the simple magnetic mirror configuration of Fig. 12
into an average-minimum B system by introducing a set of current-carrying "Ioffe-bars" as
shown in Fig. 19. Also magnetic shear stabilization earlier proposed by L. Spitzer was further
considered in connection with the stellarator, as being due to changing field line directions in
layers which are situated on top of each other1'.
A closer examination of the "maximum-B" case of Fig.l5(a) shows that the real stability situation is in fact more complex than what has just been described for the special case
of a sharp plasma-vacuum boundary. This is illustrated by the simple example of a plasma
confined in the magnetic field from a line current, and where the plasma pressure and the
magnetic field strength both decrease continuously in the outward radial direction24'25. It is
then found that the plasma becomes flute unstable when the pressure gradient is sufficiently
large as compared to the magnetic field gradient, thus in a way similar to that already
described in connection with figures 14 and 15. However, when the pressure gradient is
instead sufficiently small as compared to the magnetic field gradient, there is a regime of
"maximum-B" stability. Due to the strong magnetic field gradient there is then a net compression work to be performed under the constraint of the induction law. This result is also
intrinsically included in the energy principle of I.B. Bernstein et al5. An illustration of this
"maximum-B" stabilization is given by the van Allen belts of Fig. 19 where there is space
for the plasma pressure to decrease slowly outwards from the earth, whereas the earth's
magnetic dipole field decreases rapidly in the same direction. A further example of pronounced "maximum-average-B" stabilization was later given by T. Hellsten26 who treated a
"spherator-like" internal conductor system similar to that of Fig. 13 (b) with an outer sphereshaped magnetic separatrix" at which there is a very strong effective magnetic gradient, i.e.
a large gradient in the volume change under the constraint of the induction law.
In Stockholm the plasma in internal conductor systems of the type outlined in Fig. 13
was planned to be created and heated by means of a rotating plasma ExB discharge1'. This
also directed the investigations to special studies of rotating plasmas generated by electrode
discharges in strongly curved magnetic field geometry as shown in Fig.20. In this open magnetic bottle geometry the centrifugal force was shown to reduce the plasma losses along the
field lines to the end insulators27. The same force has a purifying effect by separating heavy
impurity ions from the plasma body28. Such a system can also act as an isotope separator as
proposed by B. Bonnevier28. Ion-ion impacts further lead to a viscosity which provides the
rotating plasma with a sheared velocity profile and a powerful frictional heating mechan29-31

ism

At a first sight the plasma in Fig.20 is expected to become highly unstable due to the
"wrong" field curvature at the outer boundary, and to the presence of a strong centrifugal
force in the outward radial direction. Experimental studied have, however, clearly shown the
plasma in Fig. 20 to be remarkably stable29'31, in a way being of more far-reaching interest
than only to the special rotating plasma systems. Thus, when cutting off the plasma from its
energy source and leaving it in a free-wheeling mode, the velocity decayed with an e-folding
time of about 300 microseconds, i.e.more than two orders of magnitude longer than the time
of growth of a flute-type instability due to simplified theory. Under the action of a strong
centrifugal force, the outer plasma boundary was further pushed out in the radial direction by
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Fig. 19 The Van Allen belts are an illustration of a flute-stable "maximum-B"
configuration.

axis of symmelry
Plasma
.• confinement •
region
•

end isolator
with concentric
metal rings

Fig. 20 The rotating plasma in device FI with a strongly curved magnetic field. The plasma
is generated, accelerated and heated by a crossed-field electrode discharge, i.e. by
imposing an electric current between the anode rings and the cathode plate. The
magnetic field lines will nearly act as equipotential surfaces.
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about one centimeter at a local magnetic field strength of about 0.35 Tesla, and this under
quiescent and stable conditions.
The theoretical explanation of this stable behaviour can be traced to a combination of
several effects 25'31'33. First, the fully ionized plasma body does not extend all the way to a
material wall where the ratio | Vp | /p of the pressure p would have to be very large and
thereby introduce a strong destabilising effect. Instead the outer plasma layers become
"matched" to a partially ionized and dissipative boundary layer ("cold-blanket") within
which there are stabilizing viscosity-pressure-resistively effects33. Second, the cathode plate
in Fig. 20 has a short-circuiting ("line-tying") effect which suppresses all potential fluctuations along the field lines which are tangent to it32. Third, due to these changes in the boundary conditions9, also the earlier discussed "maximum-B" mechanism can contribute to stability. Fourth, the velocity field of the rotating plasma is non-uniform, i.e. "sheared". For such
a field a flute-type perturbation can be " smeared-out" and stabilized32. This mechanism is
demonstrated by normal mode analysis on a two-dimensional case where a plasma with sheared velocity v is supported by a magnetic field against a gravitation force g in an unperturbed state, and where the plasma pressure p has a gradient p ' in the opposite direction of the
gravitation field. In this state derivation with respect to the vertical coordinate y in a frame
(x,y,z) is denoted by a prime. For flute-type perturbations of the form exp[i(cot+kz)] the
stability condition becomes32
-4gp'pk2< [(pv')']2

(3)

where -gp'> 0. This is a first simple example of velocity shear stabilization. About twentyfive years later this stabilization mechanism has turned out to be important to the so called H
mode in tokamaks, as will be described later in Section 5.4 of this review. A fifth mechanism which may also have contributed to the stability is the finite Larmor radius effect to
which we will also return later.
In the studies of the rotating plasma the question was raised about neutral gas penetration into the plasma body and plasma-neutral gas interaction. Neutral particles which
penetrate into a hot plasma by a diffusion process will soon adopt the plasma temperature T
through collisions with the ions, and will also be subjected to an ionization process by the
electrons. A simple theoretical model yields an exponential profile of the penetrating neutral
gas density, having an e-folding penetration length33'34
L , = (l/a,)/n

l/acf = [2kT/m, \{2\ + y f = 2 xlO8 m 2

(4)

where n is the average local plasma density in the region of neutral gas penetration, ra is
the ion mass, £, is the ionization rate, and ^ u is the ion-neutral collision rate. When this penetration length becomes small enough as compared to the thickness of the plasma confinement region, the plasma can be said to be "impermeable" to neutral gas. This turned out to
be the case with a density n =1021m'3 and Lnf=2xl0'3 m in the rotating plasma experiments29'31.
Under such conditions a fully developed partially ionized cold-blanket can be established
which separates the hot fully ionized plasma from the surrounding vessel walls as shown in
Fig.21. The figure is based on a theoretical model, which includes the particle, momentum,
and heat balance of the plasma and the neutral gas33. The model and its corresponding scaling laws have been confirmed by experiments33'35'36. The theory finally indicates that the
conditions for a fully developed cold-blanket system of Fig.21 are difficult to realize in so
far performed experiments with tokamaks and stellarators. The reasons for this are the com-
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Fig. 21 A fully developed cold-blanket system in cylindrical geometry. The local plasma
density n and temperature T and the densities nns and nnf of slow and fast neutrals
have the crudely outlined profiles.
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paratively low plasma densities and strong externally applied magnetic fields in these devices, by which the fully ionized plasma tends to destroy the partially ionized boundary layer
of Fig.21, and thereby extends itself to the vicinity of a limiter or a wall".
It was earlier postulated by Alfven37 that a strongly enhanced ionization process should
arise when a cloud of plasma collides with a cloud of neutral gas, i.e. at a velocity which
approaches a critical value vc corresponding to the ionization energy. In the experiment with
a fully ionized rotating plasma, this plasma-neutral interaction process was found to be localized to a narrow neutral gas layer at the end insulator surfaces29'31, such as those in Fig.20.
Due to the magnetohydrodynamic isorotation law (Ferraro's law) of constant angular velocity along a field line, the largest velocity of rotation in the midplane of the device then
became limited to the value31
v _ = (ro/rjvt

vc = (2ec|>/m,r

(5)

Here ({>, is the ionization potential, ra the ion mass, and ro the radial distance in the midplane
of a field line which intersects the end insulator surface at the radial distance rw where the
critical ionization velocity is first being reached. In rotating plasma devices with end insulators, and at plasma densities of thermonuclear interest, this has so far imposed a serious
limitation on the velocity. All attempts to further accelerate the plasma by raising the power
input have only resulted in an increased destruction of the insulators.
According to the heat balance of a rotating plasma31, the temperature becomes
proportional to the square of the rotational velocity, and is therefore limited to somewhat
more than 10 electron volts in devices such as that of Fig.20. In an attempt to circumambulate this difficulty, a suggestion was made to combine the rotating plasma technique with
the spiral-coil "Tornado" trap38'39 in Leningrad as outlined in Fig.22. In principle the field
lines do not intersect any end insulator in this trap. A new set of spiral coils was constructed
in Stockholm by Jan Bergstrom and a team of technicians, and brought by them in a car on
the snowy roads of a cold winter over the Karelian Isthmus to the Ioffe Institute in Leningrad. The rotating plasma mode was found to improve the plasma parameters and the plasma
purity. So far it has not been technically possible to run the experiment in a test of the critical velocity limitation at plasma densities of 1020m3 or more.
In an early study of the flute-type instability in terms of ideal one-fluid theory, M.N.
Rosenbluth and C.L. Longmire15 showed that unstable perturbations could have a very fast
growth rate. A modification of the flute instability analysis by finite Larmor radius kinetic
effects was first introduced by the author40, as being due to the overlapping of the ion and
electron flute perturbations. The physics of this mechanism can be understood from a modified simple version of Fig. 14 where the sharp plasma-vacuum boundary is replaced by a
continuous unperturbed plasma density which decreases downwards, whereas the unperturbed plasma temperature is constant in space. Also here flute-type perturbations of the
surfaces of constant density will in combination with the particle guiding centre drifts
produce a growing instability at the very first moment, but with a reduced growth rate as
compared to that of the sharp boundary case. The horizontal antiparallel drifts of ions and
electrons will continue, but when the horizontal separation of the ion and electron clouds
has become larger than half a wavelength, the vertical E x B drifts are reversed. For
sufficiently fast horizontal drifts and a sufficiently small unperturbed density gradient, this
overlapping of the perturbed density clouds ends into a stable oscillation. The horizontal
charged particle drifts are thereby associated with the Larmor radii.
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lnn*r srparatrix C\

Fig. 22 The Tornado trap in which the shaded plasma confinement region is defined by two
spherical spiral-shaped coils. A rotating plasma discharge is imposed between an
anode ring on the inner spiral and a cathode ring near the outer one.
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A year later M.N. Rosenbluth., N. Rostoker, and N.A. Krall4' reconsidered the flute
stability problem in terms of a detailed kinetic analysis, with a full higher-order form of the
pressure tensor. As a result, an additional finite Larmor radius effect was discovered, as
caused by the inhomogeneous electric field perturbation, which arises through charge separation. Due to their larger Larmor radius the ions will during a Larmor period "feel" an
average electric field which differs slightly from that "felt" by the electrons. In this way the
average E xB guiding centre drifts of ions and electrons differ slightly from each other, and
this produces an additional charge separation current which counteracts that of the instability
driving force.
The combined result of these two finite Larmor radius effects can be illustrated by a
plasma of constant unperturbed temperature where localized analysis yields the stability
crierion
(ka,)2>16eneB/(£;+84)
(6)
with k as the wave number, a; as the ion Larmor radius, l/en = n/ Vn as the characteristic
length of the unperturbed density n, and l/eB = B/1 VB | as that of the magnetic field in the
case of "bad" geometry such as that in Fig.l5(a). Here the term 8£g within the bracket represents the overlapping effect40, and the term e^ the separation current due to the average
differential E xB drift41. The former effect is thus important in a plasma with a weak density
and pressure gradient, being confined in a strongly inhomogeneous magnetic field. The latter
effect will on the other hand be dominating when there are large density and pressure gradients in a magnetic field with small inhomogeneity. In most cases of thermonuclear interest
the latter effect has more application than the former.
During the middle of the 1960's there were increasing worries at many laboratories
about the threat against stable plasma confinement by Bohm diffusion as expressed by the
coefficient of equation (1), as well as by other anomalous transport effects. In their investigations on plasma transport in the screw-shaped fields of tokamaks in Fig. 10 and in stellarators, D. Pfirsch an A. Schliiter42 found that the transverse diffusion coefficient of a quiescent
plasma should be changed from the classical expression (2) to
DPS = D c ( l + q 2 )

q = aB/RBp

.

(7)

Where a and R are the minor and major radii of the toroidal configuration, and Bt and Bp are
the toroidal and poloidal magnetic field components. This "neoclassical" diffusion mechanism is due to a nonzero electrical resistivity by which the electric short-circuit along the
screw-shaped field lines does not become complete, thereby leaving a residual electric field
which drives out the plasma by a reduced ExB drift. In several experiments, however, the
plasma appeared to be lost at a much higher rate than that predicted by the coefficient (7)
and by other neoclassical theories being elaborated for various parameter regimes of tokamaks. These were shocking results, and many investigators feared that Bohm diffusion or
some other anomalous effect could as a general principle make an efficient plasma
confinement impossible.
5.4

The Big Science Period

During the later half of the 1960's L.A. Artsimovich had established a large tokamak
programme at the Kurchatov Institute in Moscov . For a sufficiently strong toroidal plasma
current a screw-shaped field line on a magnetic surface will end upon itself after one turn
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around the axis of symmetry in Fig. 10. The system then reaches the Kruskal-Schafranov
instability limit. To make high plasma currents and temperatures available within this limit,
the devices at the Kurchatov Institute were therefore run with much stronger imposed toroidal magnetic fields than that earlier applied in Zeta at Harwell. As a result, substantially
improved data were recorded in the T3 tokamak in Moscow. An early report on these data
was given by Artsimovich during a symposium at Oxford in 1968, to an audience which at
that time was somewhat sceptical to these very positive results. At this occasion the speaker
had just turned from German to English as his first foreign language, but for the sake of
safety and since the results were "hot" in a double sense, the lecture was given in Russian
and translated into English by an interpreter. Feeling a sort of pressure from the audience,
Artsimovish soon became annoyed about the speed and quality of the interpretation and
started to lecture directly in a rather bad English. The poor panic-stricken bear-like
interpreter, who had a great respect for Academician Artsmovich, then turned into a paralyzed state of translating the speaker's terrible English into Russian to an audience having
great difficulties not to burst with laughter. It soon turned out that Artsimovich would have
the last laughter. To test the results N.J. Peacock with his team of advanced diagnostics at
Culham Laboratory were sent to Moscow to take data from the T3 plasma (Fig.23). The
team confirmed the successful earlier reported results.
As a consequence, and also due to the results of an international conference in Novosibirsk in 1968, the threat by Bohm diffusion as a universal law was removed and a new era
with more optimism started within the world's fusion community. Large tokamak devices
were thus designed at many laboratories, thereby turning the research into a more costly period of "big science". One of these was the so far largest establishment, the Joint European
Torus (JET), decided by the European Community in 1978 and first put into operation in
1983.
A parallel work on alternative lines of magnetic confinement was also conducted at
several laboratories, such as on reversed field pinches, stellarators, internal conductor systems, high-beta pinches, and mirror devices.
This period was characterized by more organized forms for research with larger budgets. In Western Europe a fusion programme was established by Euratom, being joined by
an increasing number of Associations. Sweden became a member in 1976, at the initiative of
the Swedish government and with the aims of establishing a formal connection with the
European Community within a politically "neutral" field and of reinforcing the resources of
Swedish fusion research. The author held the position as head of the Swedish Fusion Research Unit during the years 1980-1992, then followed by James R. Drake. During its first
years this Research Unit grew to include a number of research groups. In addition to the
Department of Plasma Physics and Fusion Research at the Royal Institute of Technology in
Stockholm, the Unit also consisted of the Institute of Electromagnetic Field Theory of Hans
Wilhelmsson at Chalmers University of Technology in Goteborg, a Division of Gunnar
Holte at the Studsvik Nuclear Laboratory, the Theoretical Electrotechnics Institute of Erik T.
Karlson at Uppsala University, the Atomic Data Centre of Indrek Martinson at Lund University, and the research groups of Elisabeth Rachlew-Kallne at the Physics Department of the
Royal Institute of Technology in Stockholm, of Birger Emmoth.at the Manne-SiegbahnInstitute in Stockholm, of Jan Kallne at the Department of Radiation Sciences at Uppsala
University, and of Gudmar Grosshog at the Department of Reactor Technology at Chalmers
University of Technology in Goteborg. All these parts of the Research Unit have contributed
with important results in theory, experiments, diagnostics, and technology, which deserve to
be described in special reviews being outside the frame of this article. The help and
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Fig.23 Dr. NJ. Peacock with his team of advanced diagnostics were sent to Moscow to
inspect the plasma in the T3 device.
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Fig. 24 The magnetic field geometry in a Reversed Field Pinch (RFP) configuration. The
magnetic field lines spiral in a reversed direction in a layer near the outer edge.

31

indefatigable support of Swedish fusion research by Gunnar Leman of the Swedish Natural
Research Council is also gratefully acknowledged, in this connection.
The reversed Field Pinch (REP) is related to the tokamak. The first idea of this concept
originates from the quiescent periods early observed in the toroidal Zeta discharge. This
scheme was elaborated by H.A. B. Bodin at Culham, and followed by research at several
other laboratories. An example of the field geometry is given in Fig. 24. The stability properties were expected to be improved by having a reversed toroidal magnetic field component in the plasma edge region. The beta value, defined as the ratio between the plasma and
magnetic energy densities, becomes higher than in a tokamak of the type outlined in Fig. 10.
To establish the RFP configuration, however, a magnetohydrodynamic dynamo effect has
steadily to be present, and this enhances the transverse plasma transport.
Modified and advanced stellarators, with the figure-eight-geometry being replaced by
extra external coil systems to produce magnetic surfaces and a rotational transform, were
developed in the United States, the Soviet Union, and Germany. At the Institute of Plasma
Physics at Garching in Germany an advanced scheme was designed by A. Schliiter and collaborators. In this scheme the difference between the magnetic surfaces and the drift surfaces
of charged particles is minimized as well as the corresponding currents which flow along the
field lines to short-circuit the space charges which are generated by the differential particle
drifts. A similar idea was proposed by D. Palumbo already in 1968. The latest design of an
advanced stellarator is the Wendelstein 7-X device in Greifswald (Fig.25). It has a coil system which generates the desired noncircular forms of the magnetic surface cross-sections
and produces a confinement volume being unsymmetric but periodic along the
circumference.
Some studies on systems with a levitated supportless internal ring, such as that in Fig.
13, were earlier performed in the United States. In Stockholm an internal "spherator-like"
device, FIV, was designed as shown in Fig. 26. This device had a single ring suspended by
three pairs of magnetically shielded supports. The plasma was created and preheated by
means of a crossed-field rotating plasma discharge, being run below the critical electrode
voltage which corresponds to the ionization limit of equation (5). Since support shielding
does not work when the rotating plasma wind velocity becomes comparable to the ion thermal velocity1011'4', the rotating plasma discharge was stopped and the plasma heating was
taken over by imposed high-frequency power tuned to the lowest magneto-acoustic plasma
resonance. The experiments were carried out at electron densities of about 1021m"3, average
magnetic field strengths of about 0.4 Tesla, and frequencies of 1.2 MHz. They gave a first
clear indication of improved confinement when the magnetic shielding was turned on44. In
spite of this the experiments were terminated before leading to a final result, as being due to
the concentration on tokamaks and similar schemes required by Euratom.
An experimental procedure which was not performed with FIV and which could have
given interesting results is as follows. A quasi-steady rotating plasma mode could have been
applied at a level below the limit (5) during the entire discharge time. A strong superimposed high-frequency heating would then gradually increase the plasma temperature, past the
level determined by rotating plasma viscous shear heating alone. Thereby the ratio between
the plasma wind velocity and the ion thermal velocity would also decrease gradually. If this
decrease becomes large enough, the system would then turn into a state of full support shielding, with a further reduction of the plasma losses and a further increase in temperature.
In an effort to preserve the property of a strong poloidal magnetic field and its possibility of reaching high beta values, a proposal was further made to substitute the internal
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Fig. 25 The Wendelstein 7-X advanced stellarator in Greifswald. The coil system and the
plasma confinement region are unsymmetric but periodic along the circumference.
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Fig. 26 The spherator-like internal ring device FIV with three pairs of magnetically
shielded supports. The shaded region represents the confinement volume. The
plasma is generated and preheated by a crossed-field electrode discharge which
is then replaced by magneto-acoustic high-frequency heating.
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ring by a toroidal plasma current generated along the zero line of an externally imposed
magnetic octupole field, possibly with the addition of a moderately strong toroidal magnetic field45. It was thereby expected that free-boundary plasma motions in the strongly
inhomogeneous octupole field should induce currents and forces which could have certain
stabilizing effects on a plasma of high electrical conductivity, as would be the case for a
superconductor. A small linear experiment on this "Extrap" scheme was designed, with
pinch currents up to 7 kA and with 36 kA in each of four conductors which generated the
octupole field..The experiment demonstrated a substantial improvement of the macroscopic global stability of the plasma, as compared to a conventional Z-pinch, also when a moderately large axial magnetic field was superimposed46 (Fig.27). A stronger axial magnetic
field deteriorated the global stability.
In an initial study on toroidal effects, a similar experiment was further undertaken with
a toroidal 60 degree sector device of 0.4 m major radius47'48. There were trim coils for the adjustment of an extra magnetic field to control the plasma equilibrium position. This experiment gave the same positive results as the linear one.
The magnetohydrodynamic stability of Extrap was investigated theoretically, by the
use of the GATO code according to T. Hellsten and H.E. Dalhed49'50, and later by several
other research workers. It was found from these theories that the system should become
unstable, but that the growth rate of free-boundary modes should be diminished due to a
reduced effective plasma pressure gradient at the bounding magnetic separatrix which arises from the superposition of the pinch and octupole magnetic fields. Among other possible
stabilizing macroscopic mechanisms there are induced image currents along the zero lines
of the magnetic separatrix51, as well as a strong line-tying effect which clamps the electric
potential at the magnetic separatrix by the field lines which end on the metal wall". Also
finite Larmor radius effects could contribute by stabilizing the short wave lengths of a plasma perturbation45'25'49'50.
The progress made with the linear and toroidal sector experiments formed the basis of
a fully toroidal experiment with an "Extrap Tl" device51'52 having a major radius of 0.45m.
This project was given preferential support by Euratom. The typical experimental data52 were
an electron temperature of 35 eV at a plasma density of 10 2 W\ with a plasma current of 30
kA, a current of 15 to 30 kA per octupole conductor, and a superimposed toroidal magnetic
field up to 0.2 Tesla. The poloidal beta value varied between 20 and 60 percent, and the
discharge was found to be globally stable, with an equilibrium which agreed with GradShafranov calculations. For further details on the Extrap project at this stage, reference is
made to a review by the author53.
In the spring of 1989 a press release was spread all over the world on the could fusion
investigations by H. Fleischmann and S. Pons who claimed to have observed a positive
energy gain by metal catalysis in a small table-top experiment. This gave rise to numerous
discussions on the scientific, fundgiving and political levels (Fig.28), with a resulting confusion and delay of the ordinary fusion research programmes. The scientists were shocked,
not by the reported results, but mainly by the way in which politicians and other laymen
might be-lieve in this rumour. One of the first comments from the expert side came from a
professor in Helsinki (Helsingfors) who wondered if this was an April-fool's joke. During
more than one year many laboratories had to make test experiments and investigations on
this type of cold fusion. The latter was found possibly to have some basic physical interest,
but not to be of any importance as an energy source. A relief was felt by the fusion
community when this also began to be realized outside of the laboratories. This can here be
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Fig. 27 First linear Extrap experiment with a Z-pinch in a superimposed magnetic octupole
field. The latter is generated by a current Jo in each of four conductors. Side-on
photographs of the pinch are shown in the unstabilized (Jo=0) and the stabilized
(JO=36 kA) cases at three different times ti, t2, t3, during a nearly constant pinch
current of about 7 kA.

STATUS OF COLD FUSION, MAY 1, 1989

Fig428 The early discussions on the announcement about cold fusion in the spring of 1989.
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illustrated by a poem composed by my friend and colleague Professor Hans Wilhelmsson in
Goteborg, with a free translation into English given at its right-hand side:
Tva djarva kemister fran Utah
hade tankt energikrisen bota.
De slog larm uti viirlden:
Vi fatt varme pa harden,
fast de fiesta fann inte ett jota!

Two bold chemist from Utah
the energy crises wanted to cure.
They sounded alarm all over the World:
We got heat in our stove,
but most people found not a jot!

The magnetic fusion programme was now continued with full vigour. In 1991 the JET
device of Euratom (Fig.29) and a number of other tokamaks made steady progress by reaching higher temperatures and improved parameter data, thereby approaching breakeven. During a period of twenty years the ratio between the calculated released fusion energy and the
measured plasma heat loss had thus been improved by a factor of more than a million, as
seen from Fig.30. This was also directly confirmed by deuterium-tritium experiments in
December 1991 by JET, and in December 1993 by the TFTR device at Princeton in the
United States (Fig.31). A mixture of 50 percent each of deuterium and tritium gave a fusion
power output of 10.7 MW in TFTR during 1995, and of 12 MW in JET during 1997.
In respect to plasma stability and transport, a tokamak of the type outlined in Fig. 10 is
a rather complicated system, partly due to such features as a comparatively weak poloidal
magnetic field, a shallow minimum-average-B potential well, and possibilities of magnetic
island formation by field-line reconnection. Experiments have revealed anomalous transport
phenomena and turbulence which affect the particle and energy confinement, and where the
physics of the outer plasma layers and the profile shapes become important. To describe the
transport processes, a number of semi-empirical laws have been applied to match the
experimental data.
An important and successful result was reported by F. Wagner in 1982 and collaboraors on the ASDEX tokamak in Garching. Under certain conditions they found that the plasma could make a transition from the so far studied "low" (L) mode to a new "high" (H)
mode for which the plasma confinement was substantially improved. Several investigators
made attempts to explain this transition in terms of barriers of decreased transport. Thereby
T. Chiueh et al.54 were the first to propose that the electric field in the edge region could be
responsible for this behaviour. In a detailed theory reported in several papers55"57 M. Tendler
and V. Rozhansky showed that the transition could be attributed to the ambipolar electric
field E and the resulting shear of the guiding centre ExB drift in the plasma edge region.
Their model was successful in explaining the observed experimental data. The underlying
mechanism is the same as the stabilizing velocity shear effect of equation (3) demonstrated
earlier by a simple example32. Thereby it should be emphasized that the theory on the H
mode is an advanced and original contribution by Tendler an Roshansky who were not
aware of the author's normal mode analysis on velocity shear stabilization given twentyfive
years earlier. The author was further not engaged in studies of rotating tokamak plasmas at
the time when the H mode started to attract interest.
As seen from the example of Fig.20, a plasma can easily gain angular momentum by
means of an imposed transverse current in an electrode-driven discharge. The origin of the
plasma rotation in a tokamak, and its representation by an ambipolar electric field ExB drift,
is in the other hand not a simple question, because there is no such transverse current and the
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2R = 6m

Fig. 29 The tokamak device JET (Joint European Torus) at Culham, England, operated by
Euratom.
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Released fusion energy
Plasma heat loss
Ignition

10

•-

Marginal energy
balance, "breakeven"

ALCATOR C

ALCATOR A

10 - 1965

1975

1995

1985

Year

Fig. 30 Ratio between the estimated released fusion energy and the measured plasma heat
loss in a number of tokamak experiments during the period 1970 to 1990.

Device

Parameter Values
JET
Dec 1991

TFTR
Dec 1993

Major radius R (m)

2.96

2.48

Toroidal field B t (tesla)

2.8

5.2

Deuterium / Tritium ratio (%)

90/10

50/50

Peak temperature T o (K)

2xlO 8

3.5xlO8

Lawson parameter nt E (S/m3)

5xlO 19

1.4xlO19

Fusion power (MW)

2

6

Pulse duration (s)

2

1

Fig 31 Deuterium-tritium experiments with JET at Culham in December 1991 and with
TFTR at Princeton in December 1993.
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law of conservation of angular momentum cannot be violated. To understand the situation
we consider the relations
v1 = vE+vp

vE = ExB/B 2

vp = (l/2enB 2 )BxVp

(8)

obtained from the basic magnetohydrodynamic equations for the macroscopic fluid velocity
v, across the confining magnetic field B. Here vE is the contribution to v± from the ExB
guiding centre drift, and vp is the contribution to vx from the Larmor motion in presence of
a pressure gradient. For a plasma in static equilibrium these two contributions cancel each
other. To generate the rotation and angular momentum of the tokamak plasma either of these
contributions has to be affected. This becomes possible when there are ion-neutral impacts
by charge-exchange. Such impacts leave the electric space-charge distribution unchanged as
well as the electric field and the drift vE, but they replace hot ions by cold ones. In this way
there is a reduction of the contribution vp from the Larmor motion. Consequently, a macroscopic motion due to a partly uncompensated ExB drift arises. In other words, the charge
exchange neutrals then deposit their from the hot ions gained momentum at the vessel wall,
and this makes the plasma gain angular momentum in the opposite direction. Since, the tokamak has a dominating toroidal field, the rotation is mainly in the poloidal direction, as obtained from the lost momentum of the Larmor motion. This also implies that the uncompensated ExB drift is mainly associated with the ambipolar part of the electric field. This mechanism due to charge-exchange has also been proposed by P. Monier-Garbet et al5S. To
provide an effective mechanism for sheared rotation the neutrals must then be able to reach
the transport barrier of the H mode. In a tokamak at a plasma density of about 2xl019m"3, say,
the neutral penetration e-folding length of equation (4) becomes about Lnf = 0.1 m, and the
bar-rier has to be established at about the same distance from the plasma edge, or less. It
should thus be observed that an increasing plasma density leads to a decreasing neutral penetration length, a weakened driving mechanism for a sheared velocity field through chargeexchange, and at the same time to a reinforced ion-ion viscous shear damping31 which suppresses the amplitude of the same velocity field. If this explanation of the rotation holds true,
the condition for H-mode formation may become changed at higher plasma densities and
beta values.
The encouraging results with Extrap Tl in Stockholm formed the basis of an application for preferential support by Euratom for a larger Extrap T2 experiment, the planning
of which started in 1984 and ended inl990 with approval by Euratom, after having passed
about twenty international and Swedish authorities and expert groups. The project included
an additional building with a large experimental hall, and a purchase of the basic equipment
from the OHTE Reversed Field Pinch device at General Atomics in San Diego. The latter
device happened to fit many parts of the planned experimental design. The new experiment
aimed at a flexible construction, also with the possibility of being operated in an RFP mode.
As proposed by one of the international expert groups, this substantial reinforcement of the
fusion activities in Stockholm also resulted in the formation of the Alfven Laboratory, then
consisting of the three former departments of Accelerator Technology, Plasma Physics, and
Plasma Physics and Fusion Research. During the years to come, the experimental work
received a valuable reinforcement on the diagnostical side by the research groups of
Elisabeth Rachlew-Kallne within spectroscopy and of Birger Emmoth within plasma-wall
interaction.
In the meantime the toroidal Extrap Tl device was upgraded into "Extrap Tl-U"
having a resistive stainless-steel bellow vessel, an improved octupole coil system, and the
possibility of adding a stronger toroidal (axial) magnetic field59. The plasma region near the
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magnetic axis of an Extrap discharge has the same local stability properties as those of the
pure Z-pinch of Fig.8. It was suggested that finite Larmor radius effects would contribute to
stability45"53, and this was found to set an upper limit to the particle line density of about
lO'W according to T. Hellsten4960. Further analysis by J. Scheffel and M. Faghihi61, H. O.
Akerstedt62, and T.D. Arber et al63 showed that kinetic effects cannot completely suppress
instabilities caused by short axial wavelength perturbations. Also the earlier considered
Large Larmor Radius effects53 were shown only to produce a weak stabilizing influence on a
pinch-like statee64. Experiments with the Extrap Tl-U device confirmed the earlier obtained
results of a grossly stable plasma with a poloidal beta value of order unity and a maximally
high plasma pressure being confined for a given discharge current59. However, a poor energy
confinement was recorded both in presence and in absence of a weak toroidal field, i.e. with
energy confinement times only up to 15 Alfven transit times and temperatures of about 40
eV in the best case of 60 kA toroidal current. Magnetic fluctuations within the plasma core
due to internal short axial-wavelength kink modes and a resulting turbulent transport could
account for this result. Such fluctuations were also recorded by P. Brunsell65.
In this connection some points should be made on the application of the energy principle by Bernstein et al5 to configurations with a strongly inhomogeneous externally imposed
magnetic field, such as Extrap, the Stellarator, and some other schemes. Restricting
ourselves here to the case of a magnetically confined ideal plasma without a surrounding
metal wall, we first consider the classical form for the change in potential energy due to a
small plasma displacement \ as given by5
6W= 5W n +5W va +5W su

(9)

Here 8Wn is an integral over the plasma volume, 8\Vva is one over the surrounding vacuum
region, and 5Wsu is one over the plasma-vacuum surface. Using the boundary conditions of
conventional electromagnetic theory and well-known vector identities, the change (9) can be
recast into the alternative form66'67
8W= 8WV + 5WS

(10)

where SWV is an integral of the work performed by the total volume force on the plasma, and
5WS is a surface integral due to the work done by possibly existing induced plasma surface
currents. Expression(lO) has also been deduced directly from the total work done on the plasma '67. The change in potential energy has obviously to be determined by the work of the real
forces which act on the plasma and its surface, i.e. the Lorentz jxB force and the pre-ssure
gradient Vp. Other mathematically equivalent forms of this change can be given in terms of
the electromagnetic vacuum field and by substituting the real physical forces by equivalent
tensor forces. This does, however, not bring any new features into the theory but rather
obscures the physics. Thus the form (10) gives the work done on the plasma by its real forces.
The form (9) is on the other hand difficult to survey. The term 5Wfl includes only part of the
work by the volume force, the tern 5Wsu is not equal to the work of the surface force, and the
term 5Wva is an equivalent substitute for part of the work done by the surface force. This is, in
itself, not a problem when the boundary conditions are handled in a correct way. However,
when treating concrete problems in terms of the conventional form (9) and where induced
surface current can arise, the avoidance of errors does not become trivial. Within the plasma
volume there is a magnetic field perturbation B p = curl ( \ x B 0 ) where Bo is the unperturbed
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magnetic field, and within the vacuum region there is a magnetic field perturbation
B v = curl A. The correct boundary condition at the plasma-vacuum interface is then
Bo-(Bv-Bp) =-uon-KxBo

(11)

when there is a surface current density K , and n stands for the outward surface normal. To
use the boundary condition (11) with a vanishing right-hand member then leads to incorrect
results for confinement schemes with an inhomogeneous externally imposed magnetic field,
such as Extrap. In tokamaks there is on the other hand such a small inhomogeneity that the
same right-hand member and the induced surface current effect can be neglected in a first
approximation when studying free boundary modes.
A further illustration of the consequences of a concrete application of the forms (9) and
(10) is given by the special case of rigid displacements f = const, for which the energy principle inevitably also has to be valid. Then the form (10) immediately gives the correct answer 8WV =0 and with 8WS being equal to the work by induced surface currents when a rigid
conductor is being moved across an inhomogeneous magnetic field. With the form (9) an
unsurveyable mixture of contributions results even in this simple case. To proceed with the
analysis, one then has to apply the necessary boundary conditions which already have been
used in the deduction of the alternative form (10).
Here it should finally be stressed that the induced surface currents obviously give rise
to an additional contribution to the change in potential energy, but that this change is not
always of stabilizing character such as in the simple example of rigid displacements. In the
case of ballooning types of perturbation near the x-points of a high-beta Extrap configuration, the local induced surface currents thus have a destabilizing effect66'67.
As a pilot experiment to the planned project "Extrap T2" the device Extrap Tl-U was
also operated in an RFP mode68'69, mainly with data being characteristic for other RFP experiments with the field geometry outlined in Fig.24. The plasma current was run up to 100 kA,
with a maximum on-axis current density as high as 40 MA/ral The average electron density
was about 1020m'3, the current to density ratio was up to 2x1013Am, the typical poloidal beta
value 10 percent, and the particle and energy confinement times up to 45 and 20 }J.s, respectively. The particle confinement time was found not to be deteriorated by enhanced dynamo
activity.
The larger Extrap T2 device with a major radius of 1.24 m was completed for operation during the middle of this decade, and has been run as a Reversed Field Pinch with a
resistive shell70. Density control in the range up to 10:0m'3 was performed through special
wall conditioning techniques. Data typical for RFP operation were achieved, such as discharge currents up to 250 kA corresponding to current densities of 2.5 MA/m2, and temperatures up to 200 eV. The resistive shell had a penetration time of 1.5 ms, and pulses were
sustained for about 10 shell times. The operation parameters were found to be in the same
range as for an ideal shell RFP, despite the fact that resistive shell modes were observed. In
this connection collaboration with the laboratory in Padua, Italy, on RFP investigations has
been established.
Recently there has been an increasing interest in a compact tokamak geometry having a
numb-er of features in common with the earlier "spherator-like" geometry in Fig.l3(b) with a
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super-imposed toroidal magnetic field. There is also such an interest in plasma confinement
schemes of the type in Fig. 13(a) with a levitated internal ring, to investigate stability and
transport in this "maximum-B" system with well-defined particle drift surfaces and an
externally applied strong poloidal magnetic field generated by currents which are "anchored"
in solid conductors", and not in the plasma. These internal conductor systems have thus been
reconsidered in the United States and in Japan.
In closing this review on the historical development, we shall here turn to a simple reconsideration on the energy confinement time and related energy transport. We consider a
toroidal magnetic configuration with the average major and minor radii R and a, in which a
plasma of average density n and temperature T is being confined. In a first crude estimate the
derivative across the magnetic surfaces is substituted by the factor I/a. The energy confinement time can then be approximated by nkaVA^ where Xx is the transverse heat conductivity.
If the plasma would lose its energy by neoclassical transport, the transverse heat
conductivity would be given by71
^

=2k 2 nTv u (l + 1.6q 2 )/(m it of)

q = aB t /RB p

(12)

where vH is the ion-ion collision frequency, CO, the ion gyro frequency, ra the ion mass, and Bt
and Bp the average toroidal and poloidal magnetic field strengths. With t ^ as the
experimentally determined energy confinement time, we can then define a "neoclassical
energy confinement ratio"
2
(13)
which becomes an approximate measure of the enhanced plasma heat loss as compared to
that expected from neoclassical transport.
Here two examples can be given. The first is the Extrap ultra-low-q (ULQ) experiment
by J. Scheffel et al59. Equations (12) and (13) then yield Fnc = 10 which implies that there is
about an order of magnitude larger anomalous losses in this experiment than those expected
from neoclassical theory, possibly as predicted by the influence of short axial wavelength
kink modes59. As a second example we choose the large tokamak JET device72. For this device we adopt the experimentally determined energy confinement time t ^ = 0.8 s of the Hmode which according to D. Campbell73 is about twice as large as that of the L-mode. The
present estimate then yields Fnc = 600. In the examples given here the energy losses are thus
between one and two orders of magnetide larger than those predicted by neoclassical theory.
The Extrap scheme appears in this respect even to be better off, but care is of course necessary when comparing devices which such large difference in size and other parameters as
JET and Extrap. It should also be observed that in the tokamak and in the RFP a considerable part of the plasma current flows along the magnetic field and heats the plasma without
being involved in the pressure balance, whereas the same current in Extrap is mainly responsible for both the heating and the pressure balance. The high beta value in Extrap then
results in a comparatively poor ohmic heating by the plasma current.
In any case, the present estimates seem to indicate that there could be a rather large
margin between theoretically predicted losses and those found in today's experiments, and
that this should encourage the efforts to find systems with improved transport and lower qvalues, especially when also aiming at higher beta values and more efficient and compact
fusion reactor systems.
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6

THE PRESENT STATE

On the road to the fusion reactor, important milestones have been passed. The present
state can be summarised as follows:
•

Theory and experiments have been brought closer to each other. There is an increased
understanding of the experiments due to a more advanced theoretical basis as well as to
more developed and refined diagnostical methods of measurement.

•

Powerful plasma heating methods based on high-frequency and beam heating
are now available, also being due to extensive theoretical analysis.

•

The necessary reactor parameter ranges have been approached in several large experimental devices. Plasma temperatures even exceeding the ignition value have been achieved, and the plasma energy balance has been brought into the range of breakeven where
the fusion power is of the same order as the power loss.

•

It should in principle be possible to build a power-producing fusion reactor today. However, with the present confinement schemes such a reactor would become uneconomical
and have a low efficiency.

•

Even if substantial progress has been made, further improvements of plasma confinement methods and more basic knowledge are thus required before fusion energy can be
utilized in practice.

7

FUTURE PERSPECTIVES

The strategy for further research can be represented by the scheme of Fig.32. From
the present state of research with large tokamaks such as JET, and with specialized devices
at various national laboratories, three equally important parallel lines of research have to be
conducted in the nearest future. These concern improvements of the confinement concept,
long-term technological research and development of reactor systems, and a larger common
experimental device, ITER (International Thermonuclear Experimental Reactor), outlined in
Fig.33 and based on a tokamak confinement scheme.
The purpose of ITER is to provide possibilities for studying a burning fusion plasma
during long-term steady operation and under full-scale plasma physical and technical reactor
conditions. Information and experience should thus be gained about the physics of self-sustained reactions, about plasma-wall interaction in discharges of long duration, and about the
behaviour of the technical construction components during reactor-like operation. Even if
ITER would not become a successful and future scheme for a rector, it should thus provide
this important and necessary information on the road to the economical reactor. The earlier
planned large version of ITER has recently been put into question, especially in the United
States. A reduced project is now under consideration.
Concept improvement is a subject of renewed interest in our days where the progress
with large tokamaks has at the same time also revealed the weak points of the conventional
toka-mak scheme. Here some areas for concept improvement can be mentioned:
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R&D Path towards the First Electricity Producing Fusion Reactor
(Demo)

'Actual or planned start of operation

Fig. 32 The strategy of future fusion research as outlined in the research programme of
Euratom.

THE ITER DEVICE
Cryostat
Central Solenoid

Shield/Blanket

Poloidal
• Field Coils

Plasma Exhaust

Divertor Plates

Fig. 33 Basic elements of the planned international ITER device. A reduced version of this
project is now under consideration.
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•

•
•

•

•

Higher beta and lower q values should be aimed at, to promote high power densities and
fusion power to loss ratios, a minimized reactor size and coil stress, and possibly the
conditions for a future use of advanced fuel reactions. At the same time an increasing
wall load has to be taken into account and its associated problems be tackled.
The density limitation observed in several experiments has to be better understood, and
methods for overcoming this limit should be aimed at.
Steady-state operation is necessary for a high efficiency. It requires both intrinsic
"bootstrap" and external current-drive mechanisms to be operative in the case of
tokamaks, but can be achieved in some other schemes such as stellarators.
Further experimental and theoretical analysis of plasma transport and its possible
reduction is desirable in order to achieve an efficient confinement scheme. Thus, there
are not only the aims of breaking records of achieved parameter values, but also of
gaining a full understanding of such basic effects as those caused by instabilities and
anomalous phenomena.
Disruptions, such as those arising in tokamaks, have to be suppressed or avoided. They
can cause damage but appear to be less critical in some other schemes such as the
stellarator.

Alternative schemes which may become important in this connection, also by providing
an increased general knowledge, are stellarators, field reversed configurations, pinches of
various types, magnetic mirrors, internal conductor systems, and possibly some other new
approaches.
To reach the goal of an optimized and efficient fusion reactor, the investigations have
still to be conducted along broad lines, with necessary ingredients of basic research and new
ideas, also within other lines than that of tokamaks.
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ABSTRACT

A review is given on the potentialities of fusion energy with respect to energy production and related environmental problems, the various approaches to controlled thermonuclear fusion, the main problem areas of research, the historical development, the present
state of investigations, and future perspectives. This article also presents a personal memorandum of the author. Thereby special reference will be given to part of the research conducted at the Royal Institute of Technology in Stockholm, merely to identify its place within
the general historical development.
Considerable progress has been made in fusion research during the last decades. In large
tokamak experiments temperatures above the ignition limit of about 108 K have been reached
under break-even conditions where the fusion power generation is comparable to the energy
loss. A power producing fusion reactor could in principle be realized already today, but it
would not become technically and economically efficient. The future international research
programme has therefore to be conducted along broad lines, with necessary ingredients of
basic research and new ideas, and also within lines of magnetic confinement being alternative
to that of tokamaks.

55 pages
Key words: Plasma physics, fusion energy, historical review.

