
ENERGY FOR THE FUTURE

FusionCanada



Ce document est aussi disponible en francais

original contains
color illustrations

Fusion: Energy for the Future.
This revised edition published May 1991.
Copyright 1991 National Fusion Program.

Enquiries about copyright and reproduction
should be addressed to:

Director
National Fusion Program
AECL Research
Chalk River Laboratories
CHALK RIVER, Ontario

Cover Photo credit:Canadian Fusion Fuels Technology Project Canada KOJ 1 JO

FusionCanada



FUSION: ENERGY FOR THE FUTURE

Fusion, which occurs in the sun and the
stars, is a process of transforming mat-
ter into energy. If we can harness the
fusion process on Earth, it opens the
way to assuring that future generations
will not want for heat and electric
power.

The purpose of this booklet is to
introduce the concept of fusion energy
as a viable, environmentally sustainable
energy source for the 21 st century.
The booklet presents the basic principles
of fusion, the global research and devel-
opment effort in fusion, and Canada's
programs for fusion research and devel-
opment.

The Canadian fusion program is small
by international standards; in dollar
terms it represents about one percent
of the world's total spending.
Nevertheless, our scientists and engi-
neers are making important contribu-
tions to world fusion power
development. Canadian industry is suc-
cessfully marketing goods and services
to fusion research and development
programs abroad. This has been possible
because Canada's fusion program con-
centrates on those science end technol-
ogy areas where we have world-class
expertise.

Our participation in the international
ITER project demonstrates world recog-
nition of Canada's fusion skills. ITER -
the International Thermonuclear
Experimental Reactor — is a joint ven-
ture of Europe, Japan, the USA and the
USSR to design and build a fusion test
reactor that demonstrates fusion
energy production. Canada has partici-
pated in ITER since 1988, through the
European Community. ITER's basic
design was developed during 1988-90,
and detailed design of the reactor is
under way.

Canada's fusion program is based on
partnerships between the federal and
provincial governments, electrical utili-
ties, industry and universities. This
internal cooperation and the high level
of international collaboration between
our program and other world programs
have been key factors in the success of
our program to date. They will continue
to be essential for bringing the benefits
of fusion power to Canada in the
future.

Dr. David Jackson
(Director, National Fusion Program)

May 1991
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WHY FUSION ENERGY?

The world's population in 1991 is over
5 billion, and it continues to grow
quickly. Consequently, the world's need
for energy is also growing. At the same
time, many of the fuel resources we
have depended upon in the past are
becoming less viable as large-scale
sources of energy. To help supply the
world's future energy needs in an envi-
ronmentally acceptable fashion, we
must find newer energy resources to
supplement, and perhaps supplant, our
traditional energy mainstays — oil, coal
and gas. With reduced emphasis on fos-
sil fuels as our main energy resources in
the coming decades, the search is on
for long-term replacements. World-wide
concern over how to supply our future
energy needs has prompted a global
effort to find alternative large-scale
methods of providing energy.

Newer fuels or energy resources,
and newer energy technologies, should
be improvements on existing methods.
They should offer long term reliability
and be environmentally sustainable. It is
important that newer energy resources
and technologies can be used by third
world countries, so that their overall
standard of living can be improved.

One energy resource which has the
potential to fulfil these requirements is
fusion energy. Canada is taking a sig-
nificant part in the world-wide effort to
develop this advanced energy technol-
ogy-

We must recognize that no single
fuel resource or technology can supply
all of our energy needs. Our future
energy systems will undoubtedly be a
complex mix of various energy sources
and technologies. Wind, geothermal,

tidal, biomass and solar energy systems
are all capable of making useful contri-
butions to our future energy require-
ments. Energy conservation techniques
and improved energy efficiency will
help slow 'he growth of energy con-
sumption.

For generating electric power, the
world's main options in the short term
will continue to be coal, oil, natural gas
and nuclear fission. Some countries, like
Canada, generate substantial amounts
of hydroelectric power, but only a small
percentage of the world's energy needs
can be supplied this way.

Because of the widespread abun-
dance of the fuels for fusion, and the
prospect of low environmental impact,
fusion is viewed in many countries as a
desirable long term energy source. The
effort to design and build fusion power
plants is one of the most difficult scien-
tific and technical tasks ever under-
taken. When it comes to fruition, fusion

L\

energy will be one of the greatest sci-
entific and technological achievements
of mankind.

(Fig. 1) One glass of tap water contains
enough hydrogen to represent potential
fusion energy equivalent to the energy of
600 000 litres of gasoline.

•2000 yrs. •1000 yrs. present +300 yrs. +1000 yrs. +2000 yrs.

(Fig. 2) The age of oil in which we live (perhaps a mere 300 years)
appears as a mere blip on a broad time scale.
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FUSION — WHAT IS IT?

The aim of fusion technology is to har-
ness, on earth, the same energy source
that powers our sun and the stars.
Energy is produced in the sun by
nuclear reactions, different from the
nuclear processes in uranium fission
reactors. All nuclear energy, both Fis-
sion and fusion, is described by Albert
Einstein's famous equation published in
1905:

This equation expresses the basic
principle that mass "m" may be con-
verted into an equivalent amount of
energy "E". In the equation, "c" is the
speed of light, which is a huge number;
300 million metres per second. Thus a
small amount of mass produces a very
large amount of energy. For example, if
one sugar cube (mass = 1 gram) could
be entirely converted into energy it

would produce the same energy as
burning 2.7 million litres of gasoline.

There are certain large atomic
nuclei, like uranium, that can be induced
to break apart into two or more pieces.
The total mass of the pieces is slightly
less than the mass of the original
nucleus. This so-called "mass defect"
appears as energy, according to
Einstein's equation. This is the process
that operates in a fission reactor.

At the other end of the atomic mass
scale, very light nuclei such as hydro-
gen, helium and boron can be combined
or fused together. The resulting single
nucleus has less mass than the original
nuclei. Again, the mass defect appears
as energy. All the light elements up to
the mass of iron can undergo fusion
reactions and produce energy. In cer-
tain stars all of these fusion reactions
do indeed take place; however, only the

lightest elements, hydrogen, helium and
lithium have a chance of fusing under
conditions we might produce on earth.

The source of energy for the sun is
the "proton-proton chain" of fusion
reactions, in which the helium nucleus is
built up from hydrogen nuclei (protons),
one step at a time.

What are the conditions under which
a fusion reaction will take place? In
essence, we must bring two light nuclei
close enough together that certain nat-
ural nuclear forces that act between
nuclei — forces of attraction — can
become strong enough to pull the two
individual nuclei together into one new,
heavier nucleus. But there are four
basic forces in nature: gravitational,
electrical and two nuclear forces which
are associated with particles in the
nucleus of atoms.

\

fission fragments + neutrons + energy

(Fig. 3) The fission reaction uses neutrons to split a heavy atom, such as uranium, into
smaller atoms, with the release of energy ana more neutrons.
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flff HYDROGEN FAMILY

All atoms that make up the universe
are themselves constructed of three
basic particles:

Protons |p) - positively charged heavy
particles;

Neutrons (n) - particles with almost
the same mass as the proton but with
no electric charge; and,

Electrons- light particles that have
electric charge equal to that of the
proton but of opposite (or negative)
sign.

Since atoms are electrically neutral
it follows that they must contain an
equal number of protons and electrons.
The simplest possible atom consists of
one proton and one electron; such an
atom is called hydrogen. The proton
forms a massive nucleus and the light
electron may be thought of as orbiting
n a much larger space outside the

nucleus.

The chemical properties of this atom
are entirely determined by the outer
electron, but there is another hydrogen
that has as its nucleus a combination of
one proton and one neutron. This is
heavy hydrogen or deuterium; chemi-
cally, it is still the same as hydrogen,
since it has only one orbiting electron.
In other words, deuterium is an isotope
pf hydrogen. Thus, it forms heavy

water or D2O just as ordinary hydro-
gen forms normal water, or H2O,

•hen it reacts chemically with oxy-
gen. On earth, there is one deuterium

atom for every 7,000 atoms of ordi-
nary hydrogen.

A third isotope of hydrogen may be
obtained by adding a further neutron
to the nucieus; this is triple heavy
hydrogen, or tritium. Here, however,
this nucleus exceeds the limits of
nuclear stability and the atom is
radioactive; one of the neutrons
eventually undergoes a transformation
into proton + electron, and since the
electron cannot remain inside the
nucleus it is expelled. The resulting
nucleus is that of helium (3He).

The half-life of this process is about
12 years, that is, in a given sample of
tritium, half of the atoms will decay in
12 years, half of the remainder in a
further 12 years and so on. Although
tritium does not occur to any great
extent naturally, it is produced in cer-
tain fission reactors by the action of
neutrons on heavy water.

Ordinary hydrogen: (. H)

Deuterium: (,H) orD

Tritium: (,H)orT

(Fig. 4) Tritium decays with a half-life of about 12 years into helium-3,
accompanied by the emission ofafi particle.
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The gravitational and electrical
forces act over distances that are large
compared with the dimensions of
atoms. Nuclear forces, however, have
only a short range, comparable to the
diameter of the atomic nucleus itself.
This means that two nuclei must be
brought very close together before the
nuclear forces will become strong
enough to cause them to combine, or
fuse. All nuclei carry positive electrical
charges and, since like charges repel,
atomic nuclei tend mostly to stay apart
and it is difficult get two nuclei
together. High temperatures of tens of
millions of degrees will give the nuclei
such high speeds that some, in head-on
collisions, will get close enough to each
other for fusion to occur.

With its high core temperature and
gravitational pressure, the sun can eas-
ily carry out the proton-proton chain of
fusion reactions. This is the fundamental
energy-producing process in our sun and
in most stars.

The problem is that the efficient con-
finement of energy inside the sun,
which is needed to allow fusion, is due
to gravitation from the sun's enormous
mass. Gravitational pressure like that in
the sun is simply not available on earth.
Fortunately, there are several fusion
reactions that have less stringent
requirements than the proton-proton
reactions in the sun; these are listed in
Table 1: Example Fusion Reactions.

Fusion
Reaction

D + T -• "He + n

D + D ->T + p

D + D -»3He + n

D + 3He > "He + p

EXAMPLE FUSION REACTIONS
Energy Generated

Per Gram of Reactants
(joules)

34 X 10'°

10 x 10'°

8x 10">

36 x 10'°

Ignition
Temperature

(millions C)

45

650

900

220

Table 1 COLLISION

E=mc'

ENERGY
CONVERSION

PLASMA
HEATING

(Fig. 5) Fusion involves the combining of two
atoms (such as deuterium and tritium) to
form a new heavier atom such as helium.
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None of these reactions involves nor-
mal hydrogen; they rely instead on the
heavier forms of hydrogen called deu-
terium (D) and tritium (T). Because they
involve D and T only, the first three
reactions have a special significance for
Canada.

The D-T and D-D reactions are sig-
nificant for Canada because our
CANDU (Canadian Deuterium Uranium)
fission reactors are cooled and moder-
ated by heavy water. Thus, Canada has
had to build heavy water production
plants, and is now the world's largest
producer of this material. Heavy water
is extracted from natural water, and
deuterium is a part of heavy water.
Thus, heavy water is a key fuel source
for fusion reactors. Tritium is produced
as a by-product in the CANDU reac-
tor's coolant and moderator systems.
Since Canada operates about 20 large
CANDU reactors for electric power
production (mainly in Ontario), Canada
is the largest civilian producer of tri-
tium. Furthermore, technology for the
safe handling of tritium in terms of
worker safety and environmental
impact has been extensively developed
in Canada. Canada then, has a key posi-
tion in technologies for production and
use of the two essential fusion fuels.

Returning to Table 1 [Example Fusion
Reactions), the second and third
columns show the energy released by
one gram of the reactants. To put these
in proportion, 10'° joules of energy is
the amount of energy released by burn-
ing about three hundred litres of gaso-
line. The ignition temperatures given are
the minimum temperatures under which
a self-sustaining fusion reaction can be
initiated, or ignited, assuming an ideal

situation in which there are no energy
losses. A practical fusion reactor will
not have ideal confinement, so temper-
atures of 200-300 million degrees will
probably be required. While these tem-
peratures appear to be astonishing,
they are being routinely achieved in
today's fusion experiments. It is clear
from the Table that the most promising
fusion reaction for the first generation
machines is the D-T reaction, the
approach that is now being pursued
worldwide.

(Fig. 6) The energy released in both fission
and fusion reactions was previously con-
tained as the binding energy of the nuclei
involved in the reactions.

D Deuterium
'He Helium-3
T Tritium
Li Lithium

'He Helium-4
U Uranium

'He

Atomic Mass

FusionCanada



THE CHALLENGE Of PLASMA CONFINEMENT

To understand the technologies pro-
posed for achieving practical fusion
power, it is first necessary to introduce
the concept of a plasma as it relates to
fusion. In any fusion reactor, the fusion
process will happen when the fuels have
been heated to many millions of
degrees. At these temperatures, the
fuel is no longer liquid or solid, but
behaves like an extraordinary kind of
gas — it becomes a Plasma — and very
special techniques are needed to man-
age it. The box 'Solid, Liquid, Gas,
Plasma' tells more about the special
nature of plasmas.

In an operating fusion reactor the
temperature of the plasma will be so
high that just keeping it confined is a
difficult problem. Substantial contact of
the plasma with a material container
will cool the plasma, preventing or
interfering with the fusion process.

The fusion plasma must be either
held in a non-material container, or the
fusion process must be completed so
quickly that it does not have sufficient
time to lose heat to its surroundings.

If the fusion process is to be com-
pleted very quickly, then the density of
the plasma must be high in order to
achieve a sufficient number of reac-
tions so that more energy is produced
than was required to create the plasma.
This net energy generation is required
to make the fusion process self-sustain-
ing. If the confinement time can be
made longer, then the required density
may be lower, and still produce the
same number of fusion reactions from
collision of the D and T fuel atoms. This
relation is expressed as the Lawson
Criterion, which relates the density and

SOLID, LIQUID, GAS, PLASMA
If the temperature of a gas is raised
high enough, the atoms in the gas will
collide with sufficient energy to
remove their electrons. This will result
in a high-temperature medium consist-
ing of positively charged ions and neg-
atively charged electrons, whose
overall electrical charge is still neu-
tral. This swirling, cloud of charged
particles is called a plasma.

A plasma has quite different prop-
erties from the gas from which it was
formed. For example, the plasma is a
very good conductor of electricity
because of its free electrons and ions,
whereas the gas it was made from
may have been a very poor conduc-
tor. It is also a good heat conductor,
while gases are generally poor in this
respect. If a magnetic field is present,
the particles in trie plasma will be
trapped on the magnetic field lines,
whereas the neutral gas is largely
indifferent to the presence of a mag-
netic field. This magnetic trapping of
the plasma is fundamental to a large
class of proposed fusion machines

called magnetic confinement devices.

Plasma has often been called the
fourth state of matter. It is not, in
fact, a rare state. It exists only for a
short time on earth in such diverse
places as lightning discharges or inside
fluorescent light fixtures, but stars
are made up largely of matter in the
plasma state.

t \

• f

• -

•

^ • Plasma
_ f ^

t

confinement time needed for successful
fusion at a given temperature. For the
example of a two-hundred million
degree plasma, the product of the den-
sity (in particles per cubic metre) and
the confinement time (in seconds) must
be greater than about 1020m 3s. Thus,
at a density of 1020 particles per cubic
metre, the plasma energy must be con-
fined for about one second.

The gravitational confinement that
makes fusion possible in the sun and the
stars is not possible on earth. Thus,

fusion research since the 1950s has
concentrated on the two rypes of
plasma confinement where practical
results seem possible: Inertial confine-
ment fusion (ICF) and Magnetic con-
finement fusion (MCF).

Magnetic confinement research is
the most advanced in the 1990s, but
inertial confinement is showing consider-
able promise, and good advances were
made in the 1980s.
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INERTIAI CONFINEMENT FUSION
In inertial confinement fusion the objec-
tive is to compress and heat a pellet of
fusion fuels by a focused implosion of
the pellet. This transforms the fuel pel-
let into a small, dense, and very hot
plasma. It is expected that in the com-
pressed pellet the density will be high
enough than even for the short confine-
ment time, determined by inertia of the
matter in the pellet, the Lawson
Criterion will be met. Various kinds of
high energy beams, including lasers and
particle beams are being investigated to
"drive" or produce the implosion of the

"et.

In laser inertial confinement, many
intense laser beams are directed simul-
taneously onto a small spherical fuel
pellet from all sides. ICF depends on
compressing and heating the small fuel
pellet, which may be perhaps a few mil-
limetres in diameter, with these high
energy laser beams to create fusion
ignition conditions inside the pellet. The
pellet may simply be a small s!iell of
glass or plastic filled with a deuterium-
tritium mixture or an elaborate multi-
layer structure designed to promote
the implosion and minimize losses.

Pellet to be
injected

The initial intense irradiation of the
fuel pellet vaporizes, or ablates material
from the pellet's surface and turns it
instantaneously into a corona of plasma
blasting away from the still solid pellet.
The resulting shock waves are what
compress the fuel pellet into a high den-
sity plasma. Laser energy must continue
to be absorbed by, or coupled to, the
outer corona of plasma in order to con-
tinue compression of the pellet.

In the ICF approach to fusion, one of
the basic problems is the efficient cou-
pling of the energy of the driver (laser
or particle beams) to the pellet. It is
necessary that the energy provided to
the pellet is largely used to produce the
implosion rather than being dissipated
by various nonproductive energy-loss
mechanisms. Many factors affect effi-
cient absorption of laser energy, includ-
ing the wavelength of the laser light
and the intensity of the laser beam.

Another important challenge is to
construct drivers (lasers or particle
beams) of sufficient power, energy effi-
ciency and repetition rate to allow a
practical fusion system.

Inertial confinement fusion research produces a small,
star-like fusion reaction. At the probe's tip, a small
hollow bead fitted with deuterium-tritium gas, was
irradiated by the USA's powerful NOVA laser.

In Canada, some work is being done
on laser-plasma interactions relevant to
inertial confinement. However, the bulk
of the fusion work is concentrated on

magnetic confinement fusion.
Therefore, we shall treat this

topic in somewhat more detail.

(Fig. 7) in inertial confinement
schemes, tiny glass beads contain-
ing a D-J fuel mixture are
imploded by laser beams, creating
the super-high temperatures and
densities required for fusion.
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MAGNETIC CONFINEMENT FUSION

Magnetic confinement fusion is the
method that has been pursued continu-
ously since the 1950s and on which
most of the world effort is concen-
trated. The method depends on the fact
that electrically charged plasma parti-
cles in motion will travel along a line of
magnetic field or spiral around it in a
corkscrew fashion. The aim, then, is to
trap the plasma in a suitably shaped
magnetic field, away from the con-
tainer walls, for a sufficiently long time.
During this time the temperature and
density of the plasma can be built up so
that fusion can take place.

The requirements of temperature
and density have, so far, been met sep-
arately in different machines, but not
simultaneously in the same plasma.

There are many possible configura-
tions of MCF devices depending on
what arrangements of magnetic fields
are used: magnetic mirrors, stellarators,
reversed field pinches, spheromaks, and
tokamaks, to name the most prominent.
To date, the most successful and highly
developed of these approaches is the
fokamak.

The technical name for a donut-
shape is a torus or toroid, and the word
tokamak comes from the Russian words
for toroidal chamber and magnetic coil;

such machines were first built in that
country in the late 1 950s.

The essential elements of the toka-
mak machine are shown in Figure 9. The
windings around the torus produce a
uniform magnetic field along the axis of
the torus. This toroidal field alone is not
sufficient to contain the plasma, as it
will drift toward the walls of the torus.
The addition of a circular field, called
the poloidal field, in the direction of the
small circumference of the torus is
required. The resultant spircl field,
obtained by adding the two fields,
effectively contains the plasma.

In the tokamak the plasma current
creates the poloidal field. This plasma
current is driven by a transformer that
couples energy from an external power
supply, the primary circuit, to the sec-
ondary circuit formed by the plasma
loop. This is called inductive or ohmic
heating. The current flowing around the
plasma loop can inductively heat the
plasma to temperatures as high as
10-50 million degrees Celsius.

Coils .

Electric Current

r\

\J \T

r\
Losses

Because of its reliance on trans-
former action for plasma heating, the
basic tokamak design, as described
above, is limited to pulsed operation. By
equipping the tokamak with non-induc-
tive means for sustaining the plasma
current, steady-state operation can be
envisaged. The most promising of these
is by sustaining the plasma current by
radio frequency (RF) energy injected
into the plasma. This technique, known
as RF current drive has been success-
fully demonstrated in tokamaks.

Auxiliary heating, meaning additional
heating beyond ohmic heating, can be
provided by the injection of vecy high
speed beams of electrically neutral
hydrogen or deuterium atoms or by RF
waves. Both methods are in use on
tokamaks and temperatures as high as
300 million degrees have been achieved
using them.

During confinement, some ions from
the plasma mc.y become neutralized and
bombard the walls of the torus. This, in
turn, can result in atoms dislodged from
the torus wall reaching the plasma.
These plasma-wall interactions cause

^ Losses

. — Magnetic
Field Lines

« s Plasma

Magnetic Field Lines

\J \.

(Fig. 8) Magnetic fields can
be shaped by the applica-
tion of additional fields.
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two types of problem. First, the walls
of the torus can become damaged, but
second and more important, the pres-
ence oi impurities from the wall in the
plasma can cause severe degradation of
confinement due to energy loss by radi-
ation from the impurity atoms. These
problems can be controlled by devices
known as limiters and divertors. The
former is a specially designed part of
the container wall that is intended to
contact the plasma before it can reach
other parts of the wall; thus, it limits
the plasma's contact with the wall. A
divertor is an added set of curved mag-
netic fields that scrape off the outer
layer of the plasma, and in this manner
removes impurities. Most tokamaks
hove limiters and some he 'e divertors.

As you will now see, there are many
complex processes occurring in plasmas.
Therefore, a variety of sophisticated
instruments, called diagnostics, must be

used to measure plasma characteristics
such as the temperature of the ions and
electrons, the density, the level and
type of impurities, the plasma's shape
and size, and so on. The development
and application of adequate diagnostics
is essential to progress in fusion.

The performance of magnetic con-
finement devices can be measured in
terms of a factor Q. This is the ratio of
the fusion energy produced, to the
energy put in from external power
sources to heat and confine the plasma.
When Q = 1, the energy output is just
equal to the energy input and this condi-
tion is called breakeven, or scientific
breakeven. This important milestone is
considered to mark the demonstration
of the scientific feasibility of fusion and,
as we shall see below, the current gen-
eration of large tokamaks have
achieved near-breakeven conditions.
At somewhat higher Q values

(Q = 5-10), ignition will occur. Ignition
means that the plasma is heated by the
fusion reactions occurring within it and,
once ignited by the initial application of
heating, no further external heating of
the plasma would be required. A practi-
cal fusion reactor would, of course,
operate in an ignited condition.

Fusion Reactors and the Fuel Supply

An operating fusion reactor has not yet
been achieved, but we can, with some
certainty, describe many of the fea-
tures if will have when it becomes a
reality.

It will probably be part of a heat
engine. That is, its primary purpose will
be to produce heat to make steam to
drive turbo-electric generators, much in
the same v/ay as conventional power
plants. It will also be a plentiful source

(Fig. 9| The Tokamak fusion reactor design
achieves desired magnetic field properties
by using a donut (toroidal) shaped container
inside of which a plasma current flows.

Circuit
(iron transformer axe)

Inner PotoidalRetd Coil
(primary transformer circuit)

Toroidal
Field
Coils

Outer Potokfal
Field Coils
(tor plasma
positioning

and shaping)

Plasma with Plasma Current Ip
(secondary (ransfbrmer circuit)

Resultant Helical Magnetic Field
(exaggerated)
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of neutrons. One possible use of a
fusion reactor is as a neutron source to
breed fuel for fission reactors out of
otherwise non-fissionable material such
as thorium — the so-called fission-fusion
hybrid system.

The fuel used in the first generation
of fusion machines will be a mixture of
deuterium and tritium. The deuterium
fuel supply is virtually inexhaustible;
deuterium is extracted from heavy
water, which in turn is extracted from
natural water. Canada is a world leader
in deuterium extraction technology.

The tritium supply is another matter;
after an initial startup charge a fusion
reactor must manufacture its own. In
the D-T fusion reaction, 80% of the
energy is removed via the neutrons.
This energy, of course, must be cap-
tured. But neutrons, having no charge,
pass out of the magnetic confinement.
The reactor will be surrounded with a
thick 'breeder' blanket containing the
light metal lithium. Neutrons from the
fusion reactions will react with the
lithium nuclei to produce, or 'breed' tri-
tium by the reactions:

6Li + n » "He + T

7Li + n • "He + T + n

In the process, the neutrons will
transfer their energy to a heat
exchange medium (or coolant) in the
blanket. Thus the reactor will manufac-
ture, or breed, one of its own fuels: tri-
tium from lithium. The lithium may be in
the liquid or solid state; for breeding tri-
tium, it does not matter which.

Steam
Boiler

Heat
Exchangei

(Fig. 10) Representation of a future fusion power plant. (Magnets not shown.)

Plasma inside the TFTR tokamak at Princeton Plasma Physics Laboratory. TFTR is the largest US research
tokamak.
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There is enough lithium to support a
global scale of fusion energy generation
for several hundred years at least,
based on the deuterium-tritium fusion
fuel cycle. When more advanced fusion
reactors have been developed using
deuterium alone as fuel, then the world
supply of deuterium should suffice for
thousands of years.

The reason for this fuel supply
longevity is that fusion fuels are rich in
energy, and so only small amounts are
needed, relative to traditional fuels like
coal and oil. One gram of mixed deu-
terium-tritium fuel could generate

100,000 kilowatt-hours of energy.
About 8 tonnes of coal must be burned
to supply the same energy.

Thus, fusion power plants need only
small amounts of fuel, compared with
other power generation methods. Total
electric power consumption in 1988 for
all of Canada was 482 terawatt-hours.
Fusion energy plants would use about
20 tonnes of deuterium and about 30
tonnes of tritium fuel, bred from 330
tonnes of lithium, to produce this
amount of energy. To put the lithium
number in perspective, known world
deposits are 10 million tonnes, so there

is virtually no resource limitation on
fusion power.

Fusion readors, like fission reactors,
can be built wherever they are
required. There are no special require-
ments in terms of their location other
than those common to any large-scale
construction project; in other words,
from a geographical perspective, fusion
power is universally available.

Toronto

Coal

2 100 000 tonnes n

Fission

150 tonnes uranium fuel 8 tractor-trailers

Fusion

0.6 tonne fusion fuel 1 pickup truck
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THE IMPACT OF FUSION POWER
SAFETY AND THE ENVIRONMENT

Safety

No form of energy production is abso-
lutely safe in the sense that it is totally
without potential for harm to people or
the environment, either from normal
processes and activities, or through
accidents and mishaps. This is the case
for familiar energy sources; unfortu-
nately, fatalities from accidents in coal
mines, on ocean oil rigs and from gas
pipeline explosions are not rarities.
Fusion will not be absolutely safe, but it
holds the promise of being as safe or
safer than our present energy produc-
tion methods.

Because it is an advanced form of
nuclear power, we must look at the
risks and consequences of potential

accidents involving radioactive mate-
rial. No event inside a fusion power
plant should result in abnormal radioac-
tive releases to the environment. There
are three reasons for this.

First and foremost, there is no possi-
bility of a massive energy release from
a fusion reactor, even if all the control
systems were to fail at once. The possi-
bility of a catastrophic accident, like
Chernobyl, does not exist as there is
simply not enough fuel or stored energy
in a fusion reactor at any one time for
such a thing to happen. Unlike uranium
fission plants, the deuterium and tritium
fuels are metered into a fusion reactor
vessel as they are burned, a little at a
time. Because uranium fission plants
require a large fuel load to ensure effi-

cient energy production (tens to hun-
dreds of tonnes of uranium), a uranium
power reactor contains a large amount
of highly radioactive material in its inte-
rior. This can be rapidly released under
certain circumstances, such as hap-
pened at Chernobyl and at the Three
Mile Island plant incident. Because of
the way the fusion process works,
there cannot be enough fuel in a fusion
reactor at any one time to cause such
catastrophic damage.

Second, the fusion process is itself
delicate. It is difficult to initiate and dif-
ficult to maintain. For example, an air
leak into the reactor's vacuum vessel,
or a disruption of the reactor's magnet
system, would stop the fusion reaction

Detroit

191 trains, 110 cars each—stretching a distance of
400 kilometres (250 miles)

one about the
f the CN tower

(Fig. 11) Relative annual fuel requirements
for the typical 1000 megawatt power
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quickly. There is no possibility of an out-
of-control or meltdown situation.

Third, fusion reactors, like fission
reactors, will be placed inside sealed
containment buildings, with filtered ven-
tilation. Any internal event that
released radioactive material, such as a
breach of the reactor vessel, would
release it into the containment building.
Containment buildings are included in all
the fusion plant designs being considered
today.

In summary, fusion plants will have
inherent safety advantages.

Environmental Impact

A fundamental feature of both fission
and fusion is that there are no emissions
comparable to the combustion gases
that are released in large quantities by
fossil fuelled power plants. No carbon
dioxide or other so-called greenhouse
gases will be emitted by fusion plants,
nor will there be pollutants such as
oxides of sulphur and nitrogen that
cause acid rain and attack the ozone
layer.

Fusion power plants will emit some
atmospheric radioactive material,
though about one hundredth of the
amount, or less, than the radioactive
emissions from a comparable fission
plant. Coal-fired power stations also
emit gaseous radioactive materials, in
amounts comparable to those emitted
by nuclear power plants of similar elec-
tric generation capacity; the source of
the radiation is trace amounts of
radioactive material in the coal, much
of which is released during burning. Oil

and natural gas exploration and produc-
tion also result in the release to the
atmosphere of radioactive gases; these
are the radioactive gases naturally pro-
duced in geological formations by the
continuous radioactive decay of ura-
nium-bearing minerals.

The end product of the fusion reac-
tion is helium, a harmless naturally
occurring gas, which is not detrimental
to the environment. Helium will appear
in fusion plants as reactor exhaust gas.
Urtburnt tritium fuel remaining in the
helium exhaust gas is stripped from the
helium and returned to the reactor as
fresh fuel. Trace amounts of tritium,
from the normal operations of fuel han-
dling, would probably be the main com-
ponent of emissions from a fusion plant.

The environmental impacts of pro-
ducing and transporting fusion fuels are
also relatively small. One deuterium
plant and one lithium mine could supply
the fusion fuel needs For all of Canada.
The compact nature of fusion fuels sug-
gests that there would be little threat
from transportation accidents. There
exists no possibility of calamities on the
scale of large oil spills from tankers. An
initial charge of tritium would be
required to start a fusion reactor.
Subsequently, the tritium fuel cycle
would be totally contained at the plant.
The deuterium and lithium required are
not radioactive and their transportation
would involve no hazard.

The chief waste product of fusion
will be the radioactive metal comprising
the reactor structure. The reactor ves-
sels in fusion plants will become radioac-
tive through exposure to the neutron
radiation produced by deuterium-tritium

fusion. The process is called activation,
and happens also in fission power plants.
This activation of equipment, mostly
the solid metal structure, is the main
producer of radioactivity and radioac-
tive waste in a fusion plant. If suitable
low-activation materials can be found,
the radioactivity produced would be rel-
atively short-lived, perhaps a few
decades.

Some parts of the fusion reactor
structure will have to be replaced peri-
odically, especially the first wall and
breeder blanket components, which are
exposed to the heaviest plasma and
neutron radiation damage, respectively.
These radioactive components would
have to be handled by robotic means in
order to avoid exposure of fusion plant
workers to high levels of radioactivity.
Thus, remote handling is an essential
fusion technology.

A fusion reactor will have a volume
of non-fuel waste similar to a that from
a fission reactor of similar size and elec-
tric generating capacity. Certainly, if
extensive replacement of damaged
activated components is required, then
the amount of fusion waste could well
exceed that of a comparable fission
reactor. However, fhe important dif-
ference is that with fusion there is no
long-lived waste corresponding to the
spent fuel of fission reactors. Thus, the
toxicity of fusion waste will be many
orders of magnitude smaller.
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INTERNATIONAL FUSION RESEARCH

Canada is one of more than 30 coun-
tries active in fusion energy research.
There is a very high degree of interna-
tional collaboration — nations cooperate
to build and operate advanced fusion
test machines, conduct joint fusion
experiments, and share research
results. The development of fusion
power is truly a world-wide effort.

Around the world, about 10,000
scientists, engineers and technical stcff
work directly in fusion research and
engineering. Annual world spending on
fusion R&D is about $2 billion in 1991,
and has been at this level for some
years.

The world's four largest fusion pro-
grams are those of Europe (with 14
countries involved), the United States,

European Community

US A.-

Japan

USSR

The World's

: JET

TFTR

JT-60

T-15

Large Tokamak Projects

Culham (United Kingdom)

Princeton University (New Jersey)

Naka

Moscow

Table 2

Japan and the USSR. Each of them
works mainly in magnetic confinement,
with smaller efforts in inertial confine-
ment. Some other countries working in
fusion include Brazil, Argem.na,
Australia, South Korea and the People's
Republic of China.

Canada's fusion program has formal
collaboration agreements with Europe,
the United States and Japan.

Tokamaks are by far the most suc-
cessful fusion experiments, and each of
the four major fusion programs has a
flagship tokamak research project.
These devices, costing about one billion
dollars each, are designed to push the

JAERI

NATIONAL FUSION PROGRAM
AICL CfMl. R.«-'

MIT

UNIVERSITY OF ROCHESTER
RiOTsier Neu Vo-n

TFTR

UNIVERSITY OF WISCONS0N
Wisconsin

(Fig. 12) Some of the
international centres vis-
ited by Canadian fusion
scientists and engineers.
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The Joint European Torus IJET) fusion research machine, the world's most advonccd rokamak in 1991. The man standing on top in (he blue hat giveb an idea of i

16 FusionCanada



frontiers of fusion toward breakeven
conditions. If the progress made in
1989 and 1990 continues, the
breakeven goal may soon be demon-
strated with these tokamaks. They are
large machines, as the photograph of
JET shows.

There are also about 30 other
medium-sized advanced tokamaks
around the world that do vital, special-
ized work not suited for these large
projects. These include Canada's
Tokamak de Varennes (see section on
CCFM), and Europe's ASDEX and TEX-

TOR tokamaks with their special inter-
est in plasma purity and plasma control,
and Europe's TORE SUPRA which has
superconducting cryogenic magnets and
aims to demonstrate long duration plas-
mas. There are also several smaller
fusion devices, many of which are not
tckamaks.

The fusion test projects of the
1980s and 1990s are very interna-
tional — a fusion research tokamak
may have parts designed and built in
several countries. For example, Canada

is supplying engineered fusion equipment
to several European sites.

In 1985 the four major fusion pow-
ers jointly embarked on the design and
construction of the world's most ambi-
tious fusion project — the International
Thermonuclear Experimental Reactor,
known as ITER. The goal of ITER is to
demonstrate that an ignited, self-sus-
taining fusion reaction — a 'burning'
fusion plasma — is possible. This inten-
sive international project continues into
the 1990s; it is described in the next
section.

At present, the world's largest and
most advanced tokamak is Europe's
Joint European Torus (JET), located in
England. JET has produced near-
breakeven conditions in its plasma for
short bursts, providing great encourage-
ment that full breakeven (Q = 1) can
be achieved for longer periods with the
present generation of tokamaks. Even
so, another generation of fusion test
machine — the Next Step machines —
is needed, designed to fully test ignited
plasma behaviour, and handle the large
amounts of energy put into, and pro-
duced by, a burning plasma. In parallel
with the ITER project, each of the four
largest fusion programs has its own
plans for a Next Step machine.
Europe's Next Step project is called
NET — the Next European Torus.

Inside the toroidal plasma chamber of JET. Technicians in clean-area suits inspect the "first wall" — the plasma
chamber lining. Plasmas with temperatures up to 200 million C can erode the lining.
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AECL's Chalk River Laboratories where research and development on several fusion-relevant topics is performed.

HOW ITER BEGAN

The impetus for ITER came from a
1985 agreement between the
USA and the USSR to cooperate
in thermonuclear fusion research.
After President Reagan and
General Secretary Gorbachev
agreed on fusion cooperation at
the 1985 Geneva Summit, Japan
and Europe joined in, and the ITER
collaboration was born. ITER is
administered from Vienna by the
international Atomic Energy
Agency.

Canada became an ITER partici-
pant in 1988, contributing through
Europe's NET team.

Tritium technology research at the Chalk River Laboratory of AECL Research.
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HER
THE INTERNATIONAL THERMONUCLEAR EXPERIMENTAL REACTOR

The world's four largest fusion pro-
grams joined forces in 1985, in a pro-
ject to design and build a powerful,
operating fusion test reactor of very
advanced design. This reactor is
intended to demonstrate beyond doubt
that an ignited, self-sustaining fusion
reaction — a 'burning' fusion plasma —
can be produced in a practical machine.
ITER is expected to sustain a powerful
fusion reaction for long periods.

The project is called ITEf? — the
International Thermonuclear
Experimental Reactor. Europe, Japan,
the USA and the USSR —
the four parties to ITER —
are pooling their fusion
knowledge and fusion R&D
resources in the collabora-
tion. The four will share
both the costs and the ben-
efits of ITER. The benefits
will be new knowledge —
the science, technology and
industrial capability for
building fusion reactors.

The ITER reactor will
burn tritium-deuterium fuel
and produce copious
amounts of fusion power —
up to 1,000 megawatts —
in its experimental trials. It
will cost about $5 billion
dollars to construct.

Canada began to partici-
pate in ITER in 1988, con-
tributing to ITER through
the European fusion pro-
gram.

During 1988-1990, a
basic design for ITER was t£*to3L

devised, during the ITER Conceptual
Design Activities (CDA). Headquarters
for the CDA were in Germany, at the
Max Planck Institute near Munich.
Engineers and scientists from the four
parties and Canada worked together
during the CDA, with much supporting
R&D for the ITER design work being
done in their home countries.

The ITER Engineering Design
Activities (EDA) began in 1991 and will
continue through 1996. A detailed engi-
neering design will be produced during

design scheme for the ITER fusion reactor, generated with computer design pro-
Ridge National laboratory, USA. The reactor is more than 30 metres high.

the EDA, as a blueprint for constructing
the ITER reactor.

Construction of the ITER reactor
could begin in 1996 and be finished
eight years later. Present plans call for
ITER to be producing fusion energy in
experiments by the year 2005.
Although it will not be an electric
power producer, ITER will have many
features in common with a large mod-
ern power plant and will be about the
same size.

The temperature of ITER's fusion
plasma will be 200
million degrees or
more. The intense
heat and radiation
fluxes inside ITER
mean that new high
temperature erosion-
resistant materials are
needed to line the
torus. Advanced auto-
mated remote han-
dling technology is
being developed for
replacement of dam-
aged internal reactor
parts, because the
machine will be made
radioactive by neu-
trons from the fusion
process. It will have
superconducting mag-
net coils, operating at
liquid helium tempera-
tures.

Superconducting coils
greatly reduce the
energy required to
power the tokamak
magnets.

•
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CANADA'S FUSION PROGRAMS

Canada has a coordinated national
strategy in fusion, designed to continue
building Canadian fusion expertise and
expanding industrial capabilities in the
fusion technologies.

Canada focuses its fusion research
and development in two areas of fusion
work:

some fusion work at Universities,
including research in inertial confine-
ment fusion.

The National Fusion Program (NFP)
is the central agency responsible for
coordinating Canada's fusion work; it is
operated by AECL Research. NFP man-

Canada has bilateral agreements with
the European Community, the USA,
and Japan. In addition, Canada takes
part in the fusion activities of the
International Energy Agency, and the
International Atomic Energy Agency.

Canada's Fusion Objectives

* Magnetic confinement
technology and reactor
materials science. This
work is mainly carried out
at Centre canadien de
fusion magnetique
(CCFM) near Montreal.
CCFM operates Tokamak o
de Varennes, Canada's J
most advanced tokamak 2
facility. The University J
of Saskatchewan also ~
operates an independent s
magnetic fusion program, s

I
• Engineered fusion sys-

tems and reactor engi-
neering, with tritium
systems as a speciality.
The Canadian Fusion Fuels
Technology Project, (CFFTP) near
Toronto, performs this work. CFFTP
is an R&D management centre which
contracts out research and develop-
ment in Canada, and exports exper-
tise and engineered fusion systems
to other countries working in fusion.

Funding for Canada's fusion work is
mainly provided by the Government of
Canada, the Province of Quebec, the
Province of Ontario, and the electrical
utilities Ontario Hydro and Hydro-
Quebec. The Natural Sciences and
Engineering Research Council funds

The Bruce Nuclear Power Development in Ontario is the site of eight CANDU
nuclear fission power reactors ana the Bruce Heavy Water Plant. CANDU nuclear
technologies are a foundation of Canada's fusion strengths.

ages the federal funding allotted to
fusion energy. This funding is provided
by Energy, Mines and Resources
Canada through the Panel on Energy
Research and Development. The major-
ity of federal funding is spent support-
ing research at CCFM and CFFTP. Total
funding from all sources — federal,
provincial, industrial and foreign — was
about $25 million (CAN) in 1990.

An important NFP role is to arrange
and maintain international agreements
for the exchange of fusion technologies
between Canada and other countries.

The ultimate goal is to provide
Canada with the scientific
and industrial capabilities
needed to give Canada the
option of using fusion as an
energy source in the future.
The resources available for
fusion R&D in Canada are,
however, modest when com-
pared with those of the USA,
Japan, Europe and the USSR.
Available resources are not
sufficient to support a broad
full-scale fusion program
encompassing all the new
technologies that fusion
needs. Therefore, Canada
chose to focus its work in the
two R&D areas mentioned
above, with these strategic

national objectives:

• Establish and maintain a foundation
of fusion expertise, from which the
capability of building industrial-scale
fusion power systems can be devel-
oped.

* Gain access to international fusion
technology by making recognized
contributions to the international
fusion effort.

» Develop a technology capability base
in Canada that can supply systems,

20 • * • FusionCanada



High voltage research and test laboratory at Hydro-Quebec's IREQ research centre near Montreal.
Quebec's renowned high power electrotechnology was vital in designing Tolcamak de Varennes,
Canada's principal research tokamak.

components, fusion fuels and techni-
cal services to fusion development
projects abroad.

Although commercial fusion power
generation is a long range goal, Canada
wishes to participate in current technol-
ogy development projects and those
planned for the 1990s. Therefore,
fusion research projects in Canada are
selected to meet these criteria:

• The possibility of interim industrial
benefits is high.

• There is an indigenous Canadian
advantage that will provide the basis
for Canadian leadership in the tech-
nological areas chosen.

Strategy for the 1990s

Canada intends to participate as fully as
possible in the large next-step fusion
reactor projects such as the ITER pro-
ject, Europe's NET project, and others.
Doing so will increase Canada's capabili-
ties in manufacturing systems and com-
ponents for power producing fusion
reactors. Canada will continue to con-
tribute its special expertise and tech-
nologies to international fusion projects,
and to seek commercial contracts for
exporting expertise and engineered
hardware. In the process, by exchange
and participation, Canada will improve
its knowledge in the aspects of fusion
power reactor design not covered by
active Canadian R&D programs.

These are some of the strategic prin-
ciples which will guide Canadian fusion
work in the next decade:

• Negotiate and maintain Canadian
participation in ITER, NET and other
next-step fusion machines.

• Keep Canadian R&D relevant to the
goal of commercial fusion energy
production.

• Upgrade Canadian R&D facilities.

• Strengthen the university base in
fusion.

• Strengthen the industrial capability
base in fusion.

• Improve Canadian access to fusion
machine technologies not yet estab-
lished in Canada.

Ontario Hydro's Darlington Tritium Removal Facility
ITRF), located at the Darlington Nuclear Generating
Station. Darlington TRF is the world's largest civilian
source of tritium, and can yield about 3 Kg [30 mil-
lion curies) of tritium per year.
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CENTRE CANADIEN DE FUSION MAGNETIQUE
TOKAMAK DE VARENNES

Centre canadien de fusion magnetique
(CCFM) is Canada's magnetic fusion
research centre. It operates Tokamak
de Varennes, Canada's largest fusion
research tokamak. CCFM is located in
Varennes, near Montreal, at Hydro-
Quebec's IREQ research site.

CCFM is a collaboration between
the National Fusion Program, Hydro-
Quebec and INRS-Energie. Tokamak de
Varennes was designed and constructed
during 1979-87 by Canadian scientists
and engineers; it cost $50 million to
build, of which 85% was spent in
Canada on equipment and design ser-

The first tokamak plasma was
achieved in March 1987.

Research at CCFM is based on
experimental work with Tokamak de
Varennes. CCFM's principal objectives

• To develop diagnostic instruments
for monitoring plasma behaviour and
conditions inside the tokamak.

• To investigate the interaction inside
the tokamak between plasmas and
materials on the surface of the
plasma chamber.

• To investigate an advanced tokamck
operating mode with long-pu'se
plasma sustained by non-inductive
current drive.

• To teach fusion science and train
fusion scientists so as to broaden the
base of fusion knowledge in Canada.

Tokamalc de Varennes, located at Centre canadien de fusion magnetique. The tokamak plasma chamber
the centre; diagnostic instruments for monitoring the plasma are arranged radially around the fokamafc.

CCFM relies on industry participa-
tion in its programs, and two of the
companies who helped build Tokamak de
Varennes — MPB Technologies Inc.
(Montreal) and Canatom Inc.
(Montreal) — continue to be closely
involved in machine operations and
experiments.

CCFM has a total staff of 90,
including 50 scientists and engineers and
25 technicians. The staff work closely
with scientists at INRS-Energie, the
energy research centre of Universite
du Quebec. Some INRS-Energie profes-
sors are CCFM staff members, and
INRS-Energie graduate students do
research on Tokamak de Varennes.

TOKAMAK DE VARENNES: MACHINE

Some of the parameters of the tokamak are:

Major radius
minor radius
Plasma current (typical)
Magnetic field
Plasma electron density (rypical)
Magnet power supply
Plasma chamber volume

CHARACTERISTICS.

0.85 m
0.27 m
200 kA
1.5 Tesla

5x)01 9 m3

100 MVA
4 m3
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Researchers at Centre Canadian de fusion magnetique making adjustments to Tokamak de Varennes and its
diagnostic instruments.

An inside view of the Tokamak de Varunr
chamber showing the curved coil*, ol ih di*.

TOKAMAK i)c vARLNNES

Tokamak de Varonnes is not designed to
achieve fusion conditjons in a plasma
Rather, Tokamak de Varennes was
designed to gain better understanding of
two particularly important issues in
fusion reactor development, namely
plasma-wail interactions and long-
pulse tokomak operation

Plasma-wall interactions.

Fusion plasmas tend to erode atoms
from the lining of (lie plasma chamber
The longer the plasma pulse, the more
this effect matters. Eroded atoms can
be swept back info the plasma and
degrade lokamak performance by, for
example, upsetting plasma stability and
reducing plasma temperature The con-
trol and minimization of these impurity
movements is an important CCFM

research topic. Advanced methods such
as electrically biasing the plasma are
being investigated with good results.
Tokamak cle Varennes is one of the few
tokamaks in the world fitted with diver
tors, to control plasma purity. A diver
tor (see photo) is a set of coils inside the
plasma chamber that use magnetic
fields to divert impurities such as metal
atoms out of the plasma into a side
chamber for removal. In effect, diver-
tors are a kind of vacuum cleaner for
the plasma.

Long-pulse operation.

Tokamak de Varennes has been built
with the capability of producing 30 sec
ond long magnetic confinement fields.
This lime is much longer than the
plasma duration of one second which is
typical of conventional tokamaks using
transformers (induction) to drive the

plasma current In order to expicv ''u.-
full 30-seconcl capability o! Tokarnak
de Varennes CCFM is designing t: ri(jr

inductive current cinve system bci^^J
upon high-power radiofioquency ti\'h
nology. This will peimit nivestigat'on ut
plasma undei steady state condition i
will extend ope1 citing experience
lowaid more attractive conditions '^'
commercial reactors

CCFM has established a reputation
in the world fusion community for l>n.ii-
quality fusion research in its selected
research areas CCFM staff membi'i-
collaborate with many colleagues a'
fusion sites around the world CCFV,
makes a significant contribution to 'lu-
ITER program through secondment of
personnel to file ITER design acfivrfn-
and through supply of specific lesearji
results requested by the ITER Jesigr
team.
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THE CANADIAN FUSION FUELS
TECHNOLOGY PROJECT CFFTP

Fusion Technologies and Engineering

The Canadian Fusion Fuels Technology
Project (CFFTP) supports and directs
technology-oriented fusion R&D, to
develop the fusion fuels technologies
and other engineered systems needed
for fusion reactors. CFFTP is also an
active supplier of Canadian fusion
expertise, technology and hardware to
fusion research centres in Europe and
the USA. CFFTP is located in
Mississauga, Ontario, near Toronto.

The technological foundations of
CFFTP are the extensive tritium and
nuclear technologies developed during
the CANDU nuclear program, and the
automated remote handling technologies
developed for refuelling CANDU reac-
tors and for the space program. These
technologies are extended and adapted
for fusion applications in CFFTP's R&D
programs.

CFFTP is a collaboration between the
National Fusion Program, the Province
of Ontario, and Ontario Hydro.
Cofunding from Canadian industry, and
revenues from technology and hard-
ware exports increases the total value
of CFFTP's programs.

CFFTP's main research and develop-
ment areas are:

o Tritium handling and processing hard-
ware, such as deuterium-tritium fuel
systems for research reactors.

« Breeder banket technology: the
design of the lithium-containing 'blan-
ket' that surrounds the fusion cham-
ber, which will 'breed' new tritium
fuel in a fusion power reactor.

• Robotics equipment for fusion reac-
tor maintenance.

<? Design of future fusion reactor facili-
ties, including input to the overall
ITER design.

» Safety and environmental studies in
fusion, and application of advanced
safely standards in fusion projects.

In all areas, CFFTP aims to meet the
technology needs of today's fusion
research laboratories and tomorrow's
fusion power reactors. For example,
under one CFFTP program, Ontario
Hydro is designing a Canadian
Integrated Fuel Cycle system for the
next generation of fusion reactor
experiments. In this effort, the best
Canadian technologies are being inte-
grated into a complete system for the
fuelling and tritium processing of a large
fusion test reactor like ITER.

Collaboration with fusion projects in
many other countries is central to
CFFTP's success. Among numerous
other fusion projects abroad, CFFTP col-
laborates with:

«• ITER - the International
Thermonuclear Experimental
Reactor.

<> JET - the Joint European Torus.

« TFTR - the Tokamak Fusion Test
Reactor.

Through CFFTP, Canadian industry is
exporting complete engineered hard-
ware systems, as well as design exper-
tise, to foreign fusion projects through
CFFTP contracts. CFFTP is recognized
as a valuable contributor to the world
fusion effort, and has taken part in
designing fusion reactors and their
many subsystems components, at
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fusion centres in Europe and the USA.
Canadian scientists and engineers have
been attached to a number of fusion
projects abroad.

CFFTP is an active participant in
ITER. CFFTP staff and Canadian indus-
try have participated in the ITER
Conceptual Design Activities (CDA),
and will take part in the ITER
Engineering Design Activities. During
1988-90, CFFTP arranged for many
engineers and scientists to work at the
ITER CDA site near Munich in
Germany, and has done much ITER-
related R&D in Canada. In assisting with
the design of ITER, CFFTP has made
recognized contributions in overall plant
layout, tritium and fuel systems design,
safety analysis and other areas.

nsibility is
iqe and

An important CFFTP respc
the transfer of fusion knowle<
technologies to Canadian industry, from
CFFTP-supported research activities at
universities, Ontario Hydro, AECL
Research and other R&D centres. The
transfer of technology to industry helps
broaden the industrial fusion capability
base, assisting Canada to maintain a
high international profile in fusion.

Prototype of a tritium isotope separation system purchased through CFFTP by Kernforschungszentrum Karlsruhe
in Germany. It was designed by Ontario Hydro Research Division.

This tritium handling and processing system was designed and built by CFFTP, and exported to the University of
Rochester, NY. It is used for filling ICF laser targets with deuterium-tritium gas.
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UNIVERSITY FUSION RESEARCH

Universities in Canada contribute to the
fundamental research that is necessary
for progress in fusion, and train the
skilled personnel needed for future
fusion R&D programs. In I 991, eleven
universities in Canada are doing fusion-
related research.

Their work includes:

Magnetic fusion • physics and tech-
nology research.

Inertial confinement fusion (ICF)
physics with lasers.

Testing of advanced materials for
fusion reactors.

The effects of tritium on materials.

Some of the university research in
fusion is funded by the Natural
Sciences and Engineering Research
Council. Some is supported by the key
fusion project centres, CCFM and
CFFTP. Most of these universities col-
laborate extensively with fusion
researchers abroad, notably in the
USA, Europe and Japan.

University of Alberta

Researchers at University of Alberta
study inertial confinement fusion (ICF)
physics and technology, and the design
of high power Krypton Fluoride (KrF)
lasers. KrF lasers generate short wave-
length (1/4 micron) ultra-violet light.
Modern ICF research recognizes that
short wavelength laser light like that
from the KrF laser lends itself to effi-
cient heating and compressing of ICF
fuel pellet targets, as would be required

The STOR-M research tokamak at University of Sasfcatchewan.

in future ICF power plants. This 'cou-
pling' efficiency, as well as the energy
efficiency of the KrF laser, and the fact
fhaf KrF lasers of very high power can
be constructed, indicate that the KrF
laser is a candidate for the 'driver' in a
future ICF power plants; the 'driver' is
the energy beam which will irradiate
the fusion fuel pellets to compress and
heat them, and 'drive' them into igni-
tion of the fusion reaction.

The University of Alberta group built
the world's first prototype high power
KrF laser system for laser/matter
interaction experiments. With this facil-
ity, they have pursued an experimental
and theoretical research program
studying laser production of high energy
density plasmas, and interaction of
intense KrF laser radiation with the hot

plasmas formed. Topics have included
laser energy absorption (coupling effi-
ciency), energy conversion (into X
rays) and transport of energy in the
target material.

University of British Columbia

Fusion studies at University of British
Columbia (UBC) concentrate on inertial
confinement fusion physics.

One part of UBC's fusion work is
laser beam interaction with the sparse
'corona' of plasma that is ablated
(ejected outward) when fvgh power
laser beams strike solid targets, such as
ICF fuel pellets. The corona forms an
outer shell around the irradiated target.
The nature of laser beam interaction
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with this corona is an important aspect
of efficiently using the laser beam's
energy to compress the ICF fuel pellet
target.

The other UBC fusion research sub-
ject is the shock waves and very high
density compressed-matter states gen-
erated inside a solid material irradiated
by a pulse of a high-power laser light.
Shock pressures inside laser targets can
instantaneously reach tens of megabar
(hundreds of millions of pounds per
square inch). In such dramatically com-
pressed matter, physical processes such
as energy flows are not fully under-
stood.

Experiments use a variety of short-
and long-wavelength lasers {0.25 to
about 10 microns) to irradiate test tar-
gets.

Universite du Quebec

Institut national de la recherche scien-
tifique {INRS-Energie)

INRS-Energie is the research centre
of Universite du Quebec devoted
entirely to energy research; it has an
extensive fusion studies program, and
a mandate to train fusion scientists.
INRS-Energie, located near Montreal,
is a founding partner of Centre cana-
dien de fusion magnetique (CCFM) and
is closely involved in experiments on
Tokamak de Varennes. Many INRS-
Energie researchers are members of %

the CCFM team. Masters and doctoral -|
students from INRS-Energie participate ^
fully in experimental work on Tokamak 1
de Varennes.

The three parts of fusion work at
INRS-Energie are:

• Magnetic confinement studies at
INRS-Energie.

• Experiments on Tokamak de
Varennes

• Inertial Confinement studies.

Magnetic Confinement Studies at
INRS-Energie chiefly consist of:

• Development and scientific exploita-
tion of plasma diagnostics — the
vital instruments used to observe
and measure plasma behaviour.

• Materials Research - how materials
behave in tokamaks.

• Theoretical studies

INRS-Energie is especially interested
in the behaviour of the fokamak plasma

Materials research at MacMaster University

edge and in the complex atomic plasma-
wall interactions near the edge, at the
surface of the plasma chamber lining.
These processes can profoundly affect
overall plasma behaviour as well as ero-
sion of surfaces inside the tokamak
chamber. Diagnostics designed by INRS-
Energie are very important in these
studies.

In inertial confinement, INRS-Energie
does theoretical studies of plasmas gen-
erated by intense laser beam irradiation
of solids, and the dynamics of laser
plasma behaviour. Turbulence and insta-
bility in such plasmas are studied
closely.

A Langmuir probe used by Acadia University/INRS-
Energie to investigate pfasma processes in the edge
regions of tokamak plasmas.
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McMaster University

Studies in the Department of Engineer-
ing Physics include the effects of
hydrogen — especially deuterium and
tritium — on materials that could be
used in fusion reactors.

Special interests are the permeation
and retention of hydrogen isotopes in
steels and other metals such as beryl-
lium. Beryllium may be useful as a 'first
wall' material for lining fusion reactor
plasma chambers, or as a neutron multi-
plier in fusion reactor's tritium breeder
blanket. The group collaborates in the
materials studies at UTIAS. McMaster
has prepared carbon samples doped
with boron atoms, for UTIAS tests of
their erosion behaviour.

degrade the ability of a heated plasma
to retain its energy. Density fluctua-
tions can be very rapid, with frequen-
cies up to about 1 MHz.

The group is recognized for its con-
tributions in magnetic confinement the-
ory, especially the theories concerning
the effects and underlying causes of
plasma turbulence.

University of Toronto

University of Toronto Institute for
Aerospace Studies IUTIAS}

The UTIAS fusion materials program
concentrates on studying the erosion
behaviour of 'first wall' materials —

those materials on the inside surface of
a fusion plasma chamber which directly
face the fusion plasma. Such materials
might reach temperatures near 2000
degrees Celsius in a fusion reactor, and
be exposed to erosion from intense
bombardment by particles from the
plasma. Erosion can be very severe
under certain conditions. The UTIAS
research will contribute to development
of the new erosion-resistant materials
which are needed for first wall service.

Most UTIAS experiments expose
relevant material samples to pure
streams of atomic particles (including
oxygen, hydrogen, anr! carbon), so as
to study the fundamental mechanisms
of materials erosion by a plasma. Much
research is done on erosion of various

University of Saskatchewan

The Plasma Physics Group at
University of Saskatchewan has its
own tokamak research program.
Present research builds on U of
Saskatchewan's long history of plasma
studies, which began in the 1960s.

The Group has designed and built
two research tokamaks, STOR-1M and
STOR-M, which are the centre of its
studies. The chief research topics are
magnetic plasma confinement in toka-
maks, and the physics of plasma heating
by a fast current pulse.

The Group studies the effect of tur-
bulence (rapid plasma density and mag-
netic fluctuations) on the confinement
of plasma by magnetic fields.
Turbulence, particularly in the outer
regions of a tokamak plasma, can

The tritium laboratory at University QF Toronto Institute for Aerospace Studies.
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forms of carbon, because special forms
of carbon may be useful for lining the
interior of future fusion reactors. A
dual-beam particle accelerator began
operation in UTIAS in 1991. This new
research tool allows the group to
explore the synergistic effects of dif-
ferent combinations of particles on
materials erosion.

UTIAS also directly studies plasma
impurity transport, behaviour of the
plasma edge and tokamak divertor
operation inside fusion research
machines such as the European JET
research tokamak. Computer codes
model complicated erosion processes
inside fusion reactors.

The five universities below have aided
the R&D programs of CFFTP and
CCFM.

Acadia University (Department of
Physics) works with researchers at
CCFM and INRS-Energie in studies of
the edge regions — the outer surface
layer of the plasma 'doughnut' — of
fokamak plasmas. In experiments on
Tokamak de Varennes, electrode probes
called Langmuir probes have been used
to measure temperature, density and
other conditions in the plasma edge.
These factors are closely related to the
overall plasma behaviour in a tokamak.

Universite de Montreal also collabo-
rates with CCFM, in developing diag-
nostic instruments to measure the
temperatures of fusion plasmas. In
1991, the focus of the Universite de
Montreal work is an instrument for
measuring the plasma electron tempera-

ture by measuring electron cyclotron
radiation, a radiation emitted by elec-
trons moving in magnetic and electric
fields. Universite de Montreal has long
been active in fusion, and was a found-
ing member of CCFM.

University of New Brunswick
(Mechanical Engineering Department)
has helped CFFTP to measure thermal
conductivity and specific heat of aque-
ous lithium salt solutions that might
potentially be usable as tritium breeder
materials for a practical fusion reactor.

University of Toronto (Chemical
Engineering Department) has also helped
CFFTP's study of aqueous lithium salt
solutions. The group has studied corro-
sion of metals exposed to the solutions,
as well as other properties of the salts
such as density, viscosity and electrical
conductivity. The group also assists
CFFTP with radiation safety studies.

Trent University (Physics
Department) has helped CFFTP's studies
of lithium ceramics for solid ceramic
breeder blanket designs. The thermal
conductivity of beds of lithium ceramic
spheres is measured. These data are
important in calculating the heat con-
duction and temperature profiles of
engineered lithium ceramic breeder
blanket designs.
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INDUSTRY IN FUSION

Encouraging the growth of industrial
capability in the fusion technologies is a
cornerstone of Canada's national fusion
strategy. Canadian industry has for
some years taken part in the programs
of CFFTP and CCFM. As a result,
Canadian companies are exporters of
fusion technology and manufactured
fusion equipment to a number of coun-
tries working in fusion.

CCFM and Tokamak de Varennes

CCFM's Tokamak de Varennes was
designed by Canadian scientists and
engineers, and built by Canadian indus-
try and Hydro-Quebec. Many
Canadian companies took part in the
Tokamak de Varennes project. The con-
struction cost of the facility was nearly
$50 million, of which 85% was spent in

Canada. Designing and building Tokamak
de Varennes in Canada did much to
establish fusion technology capabilities
in Canadian industry. For example, the
Tokamak proper was designed by
Canatom Inc. (Montreal), and Canatom
is now bidding on fusion reactor design
projects in the United States. The
sophisticated fibre-optic control system
for the Tokamak was developed by
MPB Technologies Inc. (Montreal). This
control system has won acclaim, and
similar systems are now being pur-
chased from MPB by fusion laborato-
ries in the USA and Europe. MPB and
Canatom continue to play a central role
in the CCFM experimental program and
in the continual upgrading of machine
capabilities.

Other companies participating in
building Tokamak de Varennes and its

These specialized electronics modules from MPB
Technologies Inc. (Montreal) ore used for timing and
controlling tokamak experiments on Tokamak de
Varennes. MPB as exported them to fusion projects in
Italy and the USA. Experiments and instrumentation
must be synchronized to within millionths of a second.

equipment included Canadian Aviation
Electronics (CAE), Versatile Vickers,
Marine Industries and Brown Boveri
Canada.

CFFTP

CFFTP has been very active in encour-
aging industry to participate in its R&D
programs and export contracts. The
CFFTP emphasis on technology transfer
continues to build industry's capability
in designing and building fusion systems
for export. Numerous private corpora-
tions participate, as well as Ontario
Hydro and AECL Research. Capabilities
resulting from CFFTP interaction with
Canadian industry now include:

* Design and construction of sophisti-
cated tritium and fusion fuels stor-
age and processing systems, and
their components, for fusion reac-
tors and fusion laboratories.

* Design of the remote handling sys-
tems necessary for maintenance of
fusion reactors.

* Tritium monitoring instrumentation.

Through CFFTP, Canadian companies
have supplied tritium systems to fusion
projects in the USA, Germany, Italy
and England.

Some of the companies engaged in
these activities are:

* SPAR Aerospace

* EG&GLabserco
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E.S. Fox

Scintrex

Wardrop Engineering

Industrial Ceramics

MPB Technologies Inc.

Canatom Inc.

In oil, more than 60 companies are
and have been participating in fusion
development in Canada. In industry lies
the key to sustained fusion capability in
Canada. Federally and provincially
funded R&D provides the focus, impe-
tus and support for Canada to build a
fusion industry and sustain the underly-
ing scientific and technical knowledge. It
is the scientific and engineering capabili-
ties of the industrial sector, sustained
and expanded through commercial
fusion export contracts and backed by
university research, which will provide
Canada with the fusion energy option in
years to come.

The Space Shuttle's Canadarm was designed and built in Canada by SPAR Aerospace (Weston, Ontario).
SPAR now uses its robotics technology to design remote maintenance system for fusion reactors.
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FURTHER INFORM ATION

NATIONAL FUSION PROGRAM

Dr. David P. Jackson
Director - National Fusion Program
AECL Research
Chalk River Laboratories
CHALK RIVER, Ontario
KOJ 1J0

Telephone: (613)584-3311
Fax: (613)584-4243

Manager - International Program
Dr. William J. Holtsiander

Manager - Magnetic Confinement
Dr. Charles C. Daughney

Manager - Fusion Fuels
Dr. Gilbert J.Phillips

CENTRE CANADIEN DE FUSION
MAGNETIQUE - CCFM

Dr. Richard Bolton
Director General
Centre canadien de Fusion magnetique
1804 montee St- Julie
VARENNES, Quebec
J3X 1S1

Telephone: (514)652-8700
Fax: (514)652-8625

Director - Experimental Program
Prof. Brian Gregory

Director - Tokamak Operations
Dr. Real Decoste

CANADIAN FUSION FUELS
TECHNOLOGY PROJECT

CFFTP
Dr. Donald P. Dautovich
Program Manager
Canadian Fusion Fuels Technology
Project
2700 Lakeshore Road West
MISSISSAUGA, Ontario
L5J 1K3

Telephone: (416)855-4700
Fax: (416)823-8020

Manager - Fuel Systems and Materials
Development
Dr. Kam Wong

Manager - Technology Applications
Allan Meikle

Manager - Safety, Analysis and
Facilities Engineering
Gary Vivian

Note: Teaching resource packages have
been developed for use by secondary
school physics and geography teachers
on the subject of fusion energy. These
are available free of charge.

For further information:

P. J. Spratt & Associates,
3495 Laird Road, Unit 12
MISSISSAUGA, Ontario
L5L 5S5
Telephone: (416)828-5675
Fax: (416)828-9205

FusionCanada Bulletin

FusionCanada is a quarterly bulletin
reporting on progress in Canadian
fusion research and development.
FusionCanada is intended for engi-
neers, scientists, managers and
other persons with an interest in
Canada's fusion programs. It is
available free of charge, in French
or English. To receive
FusionCanada, write or fax the
Director-National Fusion Program
at the address given on this page.

FusionCanada is written and pub-
lished for the National Fusion
Program by MACPHEE Technical
Corporation.

Information on
Energy R & D Programs

For additional information on the
energy research and development
programs of the Government of
Canada, funded by the interdepart-
mental Panel on Energy Research
and Development, contact:

Mr. Bryan Cook
Director General
Office of Energy Research and
Development
Energy, Mines and Resources
Canada
580 Booth Street
OTTAWA, Ontario
K1A0E4
Telephone: (613)995-8860
Fax: (613)995-6146
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