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SUMMARY

The National Research Council is establishing in collabora-
tion with provincial partners a coordinated National Program
of Fusion Research and Development which is planned to grow
from an insignificant level in 1980 to a total annual
operating level of about $20 Million in 1985. The long term
(20 year) objective of the program is to put Canadian
industry in a position to manufacture sub-systems and
components of fusion power reactors. In the more immediate
future, the program is designed to establish a minimum base
of scientific and technical expertise sufficient to make
recognized contributions, and thereby gain access, to the
international effort, and also sufficient to provide Canadian
industry with opportunities to participate in and benefit
from at least some of the technologies being developed to
harness fusion power. Total expenditures for the development
of fusion reactors in the USSR, USA, Japan and Europe are now
of the order of $2 Billion per year. It follows, that, if
the Canadian program is to meet its objectives, it must be
narrowly focussed on a few specializations where Canada has
special indigenous skills or capabilities. Fusion technology
can be divided into three broad areas: magnetic confinement
technology, inertial confinement technology and special
materials or engineering problems. The chosen specialization
in magnetic confinement is a Tokamak with a unique capability
of qua3i-steady state operation. This Tokamak is being
constructed on an equal, cost-shared basis with Hydro Quebec
at VArennes and will be operational as a national facility in
1984 at a total cost of about $37O4 Million. It will provide
data on high-duty-cycle operation of Tokamaks which is of
international interest for the design of the next generation
of engineering test reactors planned for operation in the
early 1990's. The chosen specialization in materials and
engineering is a Fusion Fuels Technology Project centred on
the management of the fusion fuel, tritium. This is a 5
year, $20.6 Million, contracted-out R/D program with the cost
shared 2:1:1 by N.R.C., Ontario Hydro and the Ontario
government. Foreign programs have shown particular interest
in this project because of Ontario Hydro's expected unique
position as the world's dominant, non-military producer of
tritium during the next two decades. The specialization in
inertial confinement is a laser fusion project focussed on
high-power, gas laser technology and sophisticated,
diagnostic instrumentation. Details of the scientific
program and of a national facility and its organization are
being developed. Meanwhile, a group at N.R.C. and several
smaller university groups continue to maintain international
reputations for their experimental work using modest
facilities. Finally, a fourth sector of the program consists
of the support of international collaborative arrangements
either on a bilateral basis or under the auspices of the
I.E.A. or I.A.E.A.
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INTRODUCTION

The intense international effort to harness

thermonuclear fusion as an energy source is largely based on

the widely-held perception that fusion offers the only

alternative to fission as a primary energy source for

industrial societies in the long-term. While this may be

true, the National Research Council, as the federal lead

agency for fusion R/D has taken a shorter-term, and what we

believe is a more pragmatic view. The construction of a

fusion reactor has proven to be a very difficult challenge

indeed and it is unlikely that even a commercial prototype

will be available until early in the next century. In the

meantime, our current CANDU nuclear power system must be

developed and improved to remain competitive. A major role

of fusion R/D on this time scale, which is still long term

is to provide support for the development of the Canadian

nuclear power capability by ensuring that we have the

technological expertise needed to exploit fusion as a neutron

source for advanced fuel cycles. The Canadian CANDU nuclear

reactor is of a type which might offer special advantages

for a hybrid fission/fusion power system. It appears that

such a hybrid could offer



Page two...

attractive flexibility to both systems and be commercially

attractive well before pure fusion power systems. If this

proves to be so, then Canada could have a competitive edge in

the introduction of fusion power systems. Before

describing the research strategy of the N.R.C. fusion

program in more detail, we briefly review the status of

fusion power development

REQUIREMENTS FOR FUSION

Fusion is the joining together of two nuclei of

light elements to form a heavier element. The reaction of

most interest because it is by far the easiest to initiate,

is the fusing of deuterium and tritium, the heavy isotopes of

hydrogen, to form a helium atom with a kinetic energy of 3.5

Mev and a neutron with a kinetic energy of 14.1 Mev. This

"nuclear burning" of a 50:50 mixture of deuterium and tritium

corresponds to an energy release of over 400 Megawatt hours

per gram. In order for the reaction to occur, the two nuclei

must approach each other very closely and in order to do

this, they must have sufficient kinetic energy to overcome

their mutual coulomb repulsion. In practice, this means that

the temperature of the fuel mixture must be of the order of

10 Kev (100,000,000 degrees Celsius). However, such a high

temperature is not by itself enough. The nuclei must be

confined in such a high temperature region for the time it
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takes to have enough nuclei fuse to release more energy than

it took to heat them up to the burning temperature in the

first place. It is this last confinement requirement which

has proven to be the most difficult to satisfy. Because the

energy released is proportional to the reaction rate time the

confinement time "f (the reaction rate is proportional to the

density, n , squared) and because the required heating energy

is proportional to the density n, the confinement condition

for the burning is that the density - confinement time

product, n f , exceed a threshold value which turns out to be

about lO1^ sec/cm-*. This is called the Lawson criterion.

Two very different methods are being pursued to

satisfy the temperature and confinement conditions for

fusion. They are magnetic confinement and inertial

confinement.

In magnetic confinement, the very hot and fully

ionized fuel mixture is confined and insulated from the walls

of the reaction chambre by a magnetic field. In order that

the pressures be reasonable, the hot fuel mixture is very

tenuous (typically 10"^ atmospheric density) and so by the

Lawson criteria it must be confined for more than a second.

There are many different possible magnetic field

configurations but the one that has achieved the best

confinement characteristics to date is that of the Tokaraak.

The Tokamak has a toroidally shaped magnetic field with the

plasma confined on the circular axis around the torus.
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The inertial confinement technique is very

different. The surface of a small fuel pellet, about a

millimeter in diameter and essentially at solid density, is

irradiated with extremely high-power laser or ion beams.

The pellet is imploded to a very high density at the ignition

temperature. The confinement time is determined by the time

that it takes a rarefaction wave to travel from the surface

to the centre of the imploded pellet. Thus the Lawson

confinement criterion can conveniently be rewritten as a

condition on the density-radius product for the pellet. This

product must exceed about 1 gm/cm .

Neither magnetic confinement nor inertial

confinement has a clear advantage over the other at this

time. The relative simplicity of the nuclear island in

inertial confinement fusion offsets the relative absence of

strong cyclic thermal stresses in the leading magnetic

confinement schemes.

NOTABLE FEATURES OF FUSION

Eventually fusion reactors will operate on pure

deuterium which constitutes about one part in 7000 in

ordinary hydrogen. Thus the fuel is inexhaustible and

universally available. However, this is not a significant

advantage over fission which is also inexhaustible on human

time scales even of thousands of years.
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A significant advantage of fusion over fission is

the absence of long lived fission product wastes. This

should lead to a greatly reduced long-term waste storage

problem. A second advantage of fusion over fission is the

impossibility of runaway conditions in the fusion reaction

region. Finally, fusion systems will have much lower short-

lived radioactivity than fission reactors so that emergency

core cooling does not present the same critical problem.

A disadvantage of fusion over fission is that it

presently appears that a pure fusion reactor will be more

complex and hence more costly than a fission ractor. This

would have to be balanced against the possible safety,

environmental and safeguards advantages.

From the Canadian point of view, it is important to

note that fusion is rich in neutrons compared to fission and

that the first commercial application of fusion power may

well be as a supplier, not of net energy, but of neutrons

which could be used to improve the utilization and expand the

supply of fuel for fission reactors. The Canadian CANDU

reactor is particularly well-suited to such a symbiotic

system. It produces the fusion fuel, tritium, as a by-

product, and use of this fuel source in a fusion system

would greatly simplify its design. The fusion reactor in

turn is rich in the production of neutrons which the CANDU

can use very effectively in an advanced fuel cycle. The net
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result could be an economic advantage for both systems and an

opportunity which Canada is in a unique position to exploit.

INTERNATIONAL STATUS OF FUSION POWER DEVELOPMENT

The USSR, USA, Euratom and Japan all have major

fusion power programs and all are constructing lavge, proof-

of-principle, scientific test reactors based on a decade of

experience in successfully operating large experimental

devices. Their program plans call for the start of design of

demonstration power reactors in the early 90's and initial

operation soon after the year 2000. However, actual commer-

cial introduction will depend on many factors Including the

relative availability and environmental impact that can be

realized and none of these factors can be predicted with

great confidence.

USA In FY 82, the US budget for fusion exceeds $750

million and covers a wide range of alternative fusion reactor

configurations. One major project, the world's first fusion

test reactor (TFTR), is scheduled to come on line by the end

of the year. Construction of this facility will have cost

over $300 million. The cost of most of the major projects in

the program is in the range $5-40 million per annum. The

goal of the magnetic confinement program is a demonstration

fusion power system by about the year 2000. US industry is

beginning to play a major role in the development effort

and, as expected, access to technical and engineering

information is becoming more restricted. For example, the
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last, large, open laboratory (PPPL) imposed controls on

technical and engineering documents in April 1979.

USSR - The USSR has consistently for 20 years led

the world scientific effort and has a program, which was

estimated a few years ago, to be about 50% larger than that

in the USA. A notable feature of their test reactor, T-15,

is its use of superconducting coils.

Euratom - The European effort consists of individual

national programs integrated into a joint effort under the

European Atomic Energy Commission (Euratom). The largest

programs are in France, Germany, Italy and the United

Kingdom, but Belgium, Denmark, the Netherlands, Sweden and

Switzerland are also participating in the joint European test

reactor (JET) , which is scheduled to come into operation in

about, two years. JET is expected to cost about $500 million.

The total Euratom effort in magnetic confinement fusion is

comparable to that in the United States.

Japan - The Japanese program is exceptionally

vigorous and, in fact, comparable in size to that in the USA

(twice as large on a per capita basis). They have a large

test reactor (JT-60), which will cost about $500 million,

under construction and scheduled for initial operation in 2

years. They have signed a bilateral agreement with the US

which is expected to result in an effective Japanese

contribution to the US effort of about $250 million in the

first half of the 1980's.
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The USSR, USA, Euratom and Japan are collaborating

under the auspices of the I.A.E.A. on the conceptual design

of a proposed joint engineering test reactor 1NT0R. Such a

reactor would be the next step after the current scientific

test reactors. Although each of the four also have their own

plans, the large cost ($2 Billion) of such a device is an

encouragement for collaboration.

CANADIAN RESEARCH STRATEGY

Because the international effort is so large ($2

Billion pec year) it is obvious that a country of Canada's

size must concentrate its effort on narrowly focussed areas

where it has some potential advantage if it is to have a

significant impact. It is also clear that, if Canada is to

have effective access to foreign fusion technology, then it

must be able to contribute something in each of the three

major areas of fusion technology. These are magnetic

confinement technology, inertial confinement technology and

the non-confinement technologies associated with materials

and engineering problems. Finally it should also be clear

that the primary commercial impact of fusion R/D lies so far

in the future that it is highly desirable that any Canadian

effort maximize interim industrial benefits as much as

possible. Because of these factors, the N.R.C. research

strategy for fusion R/D is to narrowly focus the research

effort on three specialties, one in each of the three broad
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areas of fusion technology. In addition, each of these

specialties must satisfy the following selection criteria:

• The probability of Interim industrial benefits

must be high.

• There must be an indigenous Canadian advantage

that will provide grounds for Canadian leadership in the

technology specialty.

• The interest to foreign programs must be

sufficiently high to make exchanges of technology in the

future attractive and a likely outcome.

Again because of the factors mentioned above the

NRC research strategy relies heavily on the development of

both national and International collaboration. The

participation of the provinces and particularly the utilities

has been pursued because the utilities are the eventual end

users, because the provinces have regional industrial

development interests, and because a sharing of the costs on

a 50:50 basis is financially advantageous.

Collaboration with the USA, Japan and Euratom is

being pursued not only to gain access to the technological

know-how they are developing, but also to decrease the risk

associated with such a narrow Canadian specialization.

The fusion program's strategic objective, which has

been approved by the federal cabinet, is to establish and

maintain In Canada the necessary expertise as a foundation
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from which the capability of providing fusion power systems

can be developed when engineering and economic feasibility

have been demonstrated. The immediate goal, which N.R.C. has

set, is to gain effective access within 5 years to

international knowledge and know-how in fusion technology by

making a recognized contribution in one narrow specialty in

each of the three general areas of fusion R/D: magnetic

confinement, inertial confinement and materials/engineering.

The level of effort in each of the specialties has

been determined by the size of the research team (about 30

professionals) that was needed to establish world leadership

even if only in a very narrow area. Thus each of the three

specialties required a funding level of about $5 to $7

Million per year.

The specialties that were chosen in each area after

a detailed analysis lasting several years are: in magnetic

confinement, a small experimental magnetic device with a

unique quasi-continuous operating capability (the Tokamak de

Varennes); in materials and engineering, a specialization in

the management of the fusion fuel tritium (Fusion Fuel

Technology Project); and in inertial confinement, a laser

fusion project involving the development of high power gas

lasers. An overview of the total program plan with

milestones and funding levels is given in Table One. The

funding is approximately one-half from the federal government

and one-half from the provincial governments or their

utilities.
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TOKAMAK DE VARENNES

The Tokamak de Varennes is an experimental device

for studying certain characteristics of fusion-grade plasmas

in a Tokamak magnetic field configuration. It is being

constructed at Varennes, Quebec in the high-power laboratory

of IREQ, the research institute of Hydro Guebec. The total

construction and commissioning costs of $37.4 Million are

being shared equally between NRC and IREQ under an agreement

which calls for the establishment of a Canadian Centre for

Magnetic Fusion at Varennes. IREQ is the operating agent for

the project aad the project manager is Dr. Richard Bolton. In

order to carry out the design, construction and research

program IREQ has formed a consortium of five organizations

from the Montreal area.

Institute de Recherches d'Hydro Quebec (IREQ)

Institute National de Recherche Scientifique(INRS)

Canatom Inc.

MPB Technologies Inc.

UniversitS de Montreal

Construction and commissioning are scheduled for completion

in the latter half of 1984.
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Although the Tokamak de Varennes has the same

magnetic field configuration; it is an order of magnitude

smaller (and less costly) than the scientific test reactors

being constructed in the major foreign programs. From the

point of view of international interest, this is offset by

the Tokamak de Varennes' unique capability to operate in a

quasi-continuous mode bescause of its sophisticated power

supply (which accounts for slightly more than one third the

capital cost of the machine). The Tokamak is a pulsed

device with the length of one current pulse determined

essentially by the size of the machine. All other Tokamaks

now operate in a single pulse mode. But the Tokamak de

Varennes will be capable of terminating a pulse very quickly

and in a controlled fashion, and immediately initiating

another. Even though the individual pulses are very short

(100 ms) the total pulse train will be sustainable for 30

seconds. This is of particular Interest to foreign programs

from two points of view which bear on the design of the next

generation of engineering test reactors. First, the physical

characteristics of fast pulse termination are unknown, but

they are obviously important for attaining high duty cycle

operation. Second, by being able to operate for 30 seconds,

the plasma and wall will start to approach thermal

equilibrium and the consequences are of obvious interest.

The scientific and technological goals of the Tokamak de
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Varennes are given in Table Two, the basic parameters of the

machine are given in Table Three and a cutaway view is given

in Figure One.

This project satisfies the criteria for selecting

a specialization in magnetic confinement in the following

ways. It has attracted widespread interest from foreign

fusion programs. It exploits a special Canadian capability

in high-power electrical engineering at the IREQ high-power

laboratory. And it has numerous potential interim industrial

benefits in the areas of high power switching technology and

sophisticated diagnostic instrumentation. (About 73Z of the

capital equipment will be supplied by Canadian industry and

virtually all of the design, engineering and administration).
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FUSION FUEL TECHNOLOGY

The chosen specialization in the general area of

materials and engineering for fusion is a Fusion Fuel

Technology Project whose goal is to establish Canada as a

world leader in the management of the fusion fuel, tritium.

Unlike the Tokamak de Varennes, this project does not involve

establishing a single major facility. It is a program of

contracted out R/D directed at establishing progressively

more extensive Canadian expertise in the various technologies

needed to safely and economically manage tritium as a fusion

fuel. The total cost of establishing the project over the

initial, five year expansion phase which started this year,

will be $20 Million. The constant operating level to be

reached in 1986 is $7 Million per year. The costs are being

shared equally between N.R.C. and Ontario. The Ontario costs

are being shared equally between Ontario Hydro and the

Ontario Ministry of Energy. Ontario Hydro is the operating

agent for the project. The project manager is DR. Tom

Drolet.

The Fusion Fuel Technology Project exploits a

unique opportunity for Canada and it has been quick to

attract international Interest from the USA, Euratom and

Japan.
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The heavy water In an operating CANDU reactor

slowly becomes contaminated with tritium over the years.

Although this is not a problem for the reactor operation

itself, it does represent a potential health and safety

problem and so it must ultimately be removed. Here we have a

unique opportunity. A waste product from the operation of a

CANDU reactor is worth many millions of dollars per kilogram

as a fusion fuel. Moreover the technological expertise

needed to manage tritium as a CANDD waste product and the

technological expertise needed to manage tritium as a fusion

fuel are mutually supportive and complementary.

Figure Two shows Ontario Hydro's cumulative

tritium reserve and production in the 1985 to 2000 time

frame. This is the same time frame when foreign fusion test

reactors will require an external source of tritium, and

depending on R/D progress, their requirement is expected to

approach 100 kilogra-ns. The dollar scales in Figure Two

represent the current US selling price for relatively small

amounts ($10K per gram) and the estimated actual total

production cost ($100K per gram).

Table Four gives a list of the specific

activities which are being initiated in the first year of the

project.
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LASER FUSION

The chosen specialization In inertial confinement

technology is a laser fusion project directed at developing

high-power pulsed gas laser technology and the associated

ultra-fas':, high resolution optical diagnostic instrumen-

tation. This choice was made for two reasons. First, even

though they are small, several Canadian research groups have

already established an international reputation based on

several research "firsts" in these technologies. Particu-

larly noteworthy are Canadian achievements in ultra-fast

(pica-second) streak cameras and laser diagnostics and in

high-power C02 gas laser technology. Second, there appears

to be substantial opportunities for industrial spin-offs from

such R/D, and the associated markets can be expected to

grow considerably over the next decade.

Detailed planning for this project will not be

completed until about a year from now. In the meantime, an

effort is being made to strengthen the existing reasearch

groups at N.R.C. and three universities. These groups

include about 15 professionals and account for a total

expenditure of about $2 Million per year.
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INTERNATIONAL COLLABORATION

Although the first project, the Tokamak de

Varennes, was only initiated one year ago, some concrete

achievements have been made in establishing international

collaboration.

Although Canada is not yet a member of the

I.A.E.A. International Fusion Research Council (since

membership is contingent on a major fusion research effort

being in place) preliminary discussions have taken place and

Canadian participation in certain I.A.E.A. internal

activities, such as the INTOR working groups, is being

pursued.

Canada is a member of the Fusion Power

Coordinating Committee of the International Energy Agency

(I.E.A.) and has signed two Implementing Agreements. The

first is on TEXTOR, a Tokamak device in Julich, Germany,

designed for the study of plasma-wall interactions. By

contributing five scientist-years to its construction, Canada

has obtained a right to 7Z of the machine time, has gained a

working familiarity with the German program, has sold some

high-vacuum research equipment, and has greatly improved its

prospects for future equipment and instrumentation sales.

The second Implementing Agreement is on "Radiation Damage in

Fusion Materials". Under this agreement, Canada, Japan,

Euratom and the USA are exchanging information and reference
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materials to correlate procedures and establish a common data

pool for fusion materials damage. Joint radiation

experiments and scientist exchanges are also being planned.

Canada has also initiated discussions with the

USA which are expected to lead to a bilateral agreement once

the Canadian program is better established. In the meantime,

an informal arrangement has been made with the largest US

fusion laboratory (Princeton Plasma Physics Laboratory). A

laser-fluorescence, diagnostic instrument which is being

developed for the Tokamak de Varennes Project and which

Princeton did not have, is being tested on their large PDX

machine. In the Fusion Fuel Technology Project, Ontario

Hydro is part of a consortium formed by McDonnell Douglas to

carry out a fusion fuel study for the Electric Power Research

Institute (EPRI). EPRI is the joint research institute for

US utilities.

Although the international effort is not yet very

extensive, it represents a significant accomplishment in view

of the fact that the first major Canadian researach project

only began a little over one year ago.

Fusion technology is on the cutting edge of modern

scientific developments. The National Research Council

believes that if Canada is to benefit from and be able to
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exploit the results from the large International effort, then

It must contribute. The strategy of specializing in highly

selective areas where we have some indigenous advantage is

already showing signs of being effective. Results to date

are encouraging that significant industrial opportunities

will be realized even within the program's first five years.

N.R.C.'s mandate is to see that the Canadian fusion program

realizes its potential.



CANADIAN FUSION PROGRAM PLAN

Sub-
Program

Title/Objective/fund ing 1983/84

TOKAMAK DE VARENNEti

1984/85 1985/86 1986/87 1987/88

Magnetic
Confinement

Inertial
Confinement

- To evaluatethe physics
and engineering feasibi-
lity of a reversible-
current Tokamak

- Funding ($ M Budget year)

LASER FUSION
- To evaluate the physics

and engineering feasibi-
lity of gas lasers as
drivers for microimplo-
sions

- Funding

12.6

($ M Budget year) 2.5

Materials/
Engineering

FUSION FUEL TECHNOLOGY
— To develop components

and consulting exper-
tise for the management
of tritium as a fusion
fuel.

- Funding ($ M Budget year)

TOTAL PROGRAM 3.4
- Total Funding ($ M Budget

year)

2.9

18.0

6.9

4.8

4.5

16.2

8.2 9.0

10.2 14.5

6.6

25.0

7.7

31.2

9.9

10.8

8.5

29.2

>
W
f
M

O
a
w

: 1. Del very of Tokamak componentscompleted
2. First Plasma
3 Decision on 5-year operating agreement with Hydro Quebec
4. Full operating capability reached
5. Complete measurements of principal characteristic of reversing current
6. Complete scientific and technicala plan including industrial benefits ana-

lysis
7. Decision on 5-year, facility-construction agreement with provincial

partner.
8. COCO II up-grade completed
9. Complete construction of laser

10. Decision on 4-year fusion fuel
Ministry of Energy.

11. Complete selection
12. Decision on

Ministry of Energy.

fusion facility
program Implementing agreement with Ontario

of sub-specialties for program
5-year operating agreement with Ontario Hydro and Ontario
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TABLE TWO

TOKAMAK DE VARENNES

SCIENTIFIC AND TECHNICAL GOALS

1. QUASI-CONTINUOUS OPERATION

- HIGH DUTY CYCLE
- PLASMA AND IMPURITY CONTROL

- DIRECTLY DRIVEN FROM ELECTRICAL GRID

- TOKAMAK/GRID INTERACTION STUDY

- MAGNETIC ENERGY RECOVERY

2. DEVELOPMENT OF SOPHISTICATED DIAGNOSTICS

- FIR/IR SCATTERING

- LASER FLUORESCENCE (HYDROGEN AND
IMPURITIES)

- FIR LASER INTERFEROMETRY

- FIR LASER POLARIMETRY
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TABLE THREE

TQKAMAK DE VARENNES

BASIC PARAMETERS

MACHINE

MAJOR RADIUS

MINOR RADIUS

TOROIDAL FIELD

DURATION OF PULSE TRAIN

PLASMA

CURRENT < Q * 2 )

ELECTRON DENSITY

ELECTRON TEMPERATURE

ION TEMPERATURE (PEAK)

ENERGY CONFINEMENT TIME

0.84 M

0-27 M

1.5 T

30 S

280 KA

3 x 1019M~3

450 EV(zEFF » 2)

500 EV

5 MS
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TABLE FOUR

FUSION FUEL TECHNOLOGY

INITIAL ACTIVITIES

FUEL PURIFICATION AND CLEAN UP

MATERIAL AND EQUIPMENT (BARRIERS, PUMPS)

REMOTE OPERATIONS

TESTING AND CERTIFICATION

MONITORING INSTRUMENTATION

BIOLOGY AND HEALTH PHYSICS


