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THE AECL RESEARCH AND DEVELOPMENT PROGRAM

1. INTRODUCTION

The mission of the AECL Research Company is to carry out

basic and applied research and development (R§D) in the field

of atomic energy for the benefit of Canada. The R§D programs

are designed to provide the science and technology which the

remainder of the industry requires in order to implement the

nuclear-energy option most effectively, and to enable assess-

ment of nuclear energy with respect to other energy options.

These programs must therefore be capable of changing direction

to respond to new challenges and the acquired technology must

be transferable to Canadian industry.

This report begins with a brief description of the matrix

organization which coordinates the R§D program, carried out

under the supervision of line management. The main body of

the report summarizes each of these programs, describes their

goals and, where appropriate, indicates their interplay with

each other. The final section describes the transfer of tech-

nology to industry and customers for the benefit of Canada.

2. PROGRAM ORGANIZATION

The research and development programs of AECL are coordi-

nated through an R§D program committee chaired by the Executive

Vice-President, Research Company. Its membership includes

the site heads of Chalk River Nuclear Laboratories (CRNL) and

Whiteshell Nuclear Research Establishment (WNRE), other key

technical staff in the Research Company and representatives

from the other AECL operating companies. It is not a decision-

making body; it is a body that recommends programs to the

President and Board of Directors of AECL and then coordinates

the programs once they are approved.
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The R§D work is subdivided into six major program areas:

(1) Power-Reactor Systems (2) Advanced Fuel Cycles (3) Environ-

mental Protection and Radioactive-Waste Management (4) Heavy-

Water Processes (5) Underlying and Advanced-Systems Research

(6) New Applications. Each of these programs is coordinated

through a steering committee chaired by a senior line manager

and is subdivided into more specific work areas, each of which

is also coordinated through a line manager. The R§D program

committee normally meets every second month and formally reviews

these programs. Informal input goes into all of the areas from

line management and the R§D staff on a continuing basis. The

programs are continually being updated to reflect changing cir-

cumstances and priorities.

3. PROGRAM DESCRIPTIONS

3.1 Power-Reactor Systems

Work in this area is currently concentrated on CANDU-PHW

support. The goal is to provide the other parts of the in-

dustry (e.g. designers, operators, manufacturers, regulatory

bodies) with the science and technology they need to do their

jobs properly, in a form they can easily use. Today the tech-

nology is often consolidated into computer programs which allow

the designer, operator, manufacturer or regulatory body to pre-

dict the behaviour of CANDU-PHW reactors and their components

over a wide range of normal-operating and postulated-accident

conditions. The programs must be theoretically sound, experi-

mentally verified and capable of withstanding rigorous peer

review. Improved predictive capability should lead to increased

reliability and reduced electricity cost to the consumer. Each

percent increase in capacity factor in currently committed

Canadian nuclear power stations is worth about $12 million/

year.
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The work is subdivided into seven main areas: fuel

channels, out-reactor components, systems chemistry, thermal-

hydraulics, reactor physics, control and instrumentation, and

fuel performance.

Fuel Channels

The goal of the fuel-channel work is to be able to pre-

dict the behaviour of the fuel channels in power reactors over

the operating life of the reactor. Under the combined effects

of heat, gravity, pressure and irradiation, the physical charac-

teristics of pressure tubes will undergo slow changes during

their lifetime. These changes must be accurately predicted

and allowed for in the design, and AECL has developed, and

continues to improve, computer codes which permit such pre-

dictions. These codes are based on fundamental information

which has been developed via an intensive R§D program extending

over a period of more than 20 years, and they are regularly

checked against fuel-channel behaviour in the power stations.

Current emphasis in the R§D program is on

- improved understanding of the effect of irradiation

on dimensional changes

- the development of a new pressure-tube material with

greater dimensional stability under irradiation

- improved end-fitting/pressure-tube joints

- the behaviour of pressure tubes under postulated-

accident conditions

- the effects of deuterium on the mechanical properties

of pressure tubes.

Out-reaetor Components

The overall reliability of any nuclear power plant depends

upon the reliability and maintainability of various out-reactor

components, such as valves, pumps, seals, boilers and heat
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exchangers, as well as the reactor itself. AECL has an active

development program in this area, and the unexcelled perfor-

mance of the boilers, pumps, valves, seals, etc. in CANDU

power stations attests to the value of this program.

Emphasis is currently on the evaluation and development

of nondestructive (e.g. eddy-current and ultrasonic) methods

of inspection. Some applications of these methods include

the

- in-reactor gauging of pressure tubes

- in-situ inspection of steam-generator tubes

- quality control of pressure tubes, calandria

tubes, rolled joints and steam-generator tubing.

Another major activity is the development of verified codes

for the prediction of the thermal and vibration behaviour of

steam-generator designs and the vibration analysis of heat

exchangers.

While development work on valves and pump seals is essen-

tially complete, monitoring of past developments at the power

stations is continuing, to ensure that predicted performance

is being met.

Systems Chemistry

The program in systems chemistry involves the

- development of methods for predicting the corrosion

and activity transport behaviour of CANDU heat-

transport systems for a range of chemistry condi-

tions

- definition of appropriate chemistry conditions to

minimize corrosion and activity-transport problems



-5-

- development of methods for removing radioactivity

from the system, if the need arises.

The excellent performance to date of CANDU heat-transport

systems is evidence that the system chemistry is well under-

stood and that chemistry conditions can be well controlled.

A model that predicts the radiation fields on major system

components due to activated corrosion products has recently

been developed and is in good agreement with plant measurements.

Work is continuing on the development of a similar model for

predicting fission-product activity transport.

An effective heat-transport-system decontamination tech-

nique, CAN-DECON, has been developed for the CANDU system.

The technique is superior to other methods since it requires

a much shorter reactor shutdown and leaves a much smaller

amount of waste material to be disposed of. The CAN-DECON

technology is now being exploited commercially, under a

licensing agreement, and has successfully been applied to an

American boiling-light-water reactor system. Recent develop-

ments show that a modified form of the CAN-DECON treatment

gives much larger decontamination factors for austenitic steels

than those obtained with other viable methods.

Thermalhydraulies

The goal of the thermalhydraulics work is to understand

the thermal behaviour of the system under both operating and

postulated-accident conditions. The work is concentrated in

three main areas:

- determination of the critical heat flux in an

operating fuel channel (this is one of the major

power-limiting criteria for the reactor)
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- determination of the behaviour of the system during

a loss-of-coolant accident (a wide range of break

sizes and locations must be handled)

- determination of the behaviour of the system during

a loss-of-coolant and loss-of-emergency-coolant

accident.

The correlations being developed will be more accurate than

those now in use and could reduce the degree of conservatism

in design while maintaining the required level of safety.

The critical-heat-flux work involves experimental measure-

ments on a full-size, electrically heated, water-cooled channel

and back-up work in Freon. At present there is little prospect

of a mathematical simulation of the critical-heat-flux problem

so it must be handled by full-scale experimentation. Future

plans include measurements on a channel with a cosine axial

heat distribution, and experiments to assess dryout and post-

dryout behaviour.

The loss-of-coolant work involves the development of an

improved code (RAMA) for predicting the complete sequence of

the accident from pipe break, through blowdown and emergency

coolant injection to equilibrium emergency-core cooling which

takes into account phase separation in the channel (steam and

water), unequal temperature of the two phases, and unequal

velocities.

The loss-of-coolant/loss-of-emergency-coolant work

involves the development of improved models for zirconium/

water reactions in the channel, ballooning of the pressure

tube to contact the calandria tube, transfer of heat from

the channel to the moderator, pressure transients in the con-

tainment (including hydrogen combustion) and rate of fission-

product deposition in the containment.
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Reaatop Physics

The goal of the reactor-physics subprogram is to

develop computer codes that accurately predict the perfor-

mance of CANDU reactors during equilibrium and transient

operation, and that allow assessment of the economics of

the CANDU options vis-a-vis other energy options.

Until recently the emphasis in reactor-physics code

development has been on the prediction of reactor perfor-

mance during steady-state operation, i.e. reactivity balance

and fuel burnup/management. Further, the codes have been

verified mainly against clean, cold (i.e. room-temperature)

experiments carried out in the ZED-2 lattice test facility.

The emphasis has now shifted to the prediction of behaviour

during transient conditions (e.g. load following) and to veri-

fication of the codes with experiments which more closely

approximate power-reactor conditions. The ZED-2 test faci-

lity has been modified so that it can operate with poisoned

moderator, and experiments can be done with heated coolant.

It is important to continue to assess, on an economic

basis, the relative position of the CANDU-PHW system vis-a-

vis alternative systems, both nuclear and non-nuclear.

Further development of the reactor economic and performance

assessment code (called BLEEPSYS) is planned to keep the

economic assessment up-to-date.

Control and Instrumentation

A nuclear power plant is a complex system, with many

subsystems, each with its own dynamic characteristics.

Present methods for controlling these plants tend to treat

the various subsystems in isolation, and to control each one
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independently. Modern multivariable control methods, which

are capable of allowing for subsystem interaction, are being

investigated, as these would provide a control system which

should be more tolerant to plant upsets and hence avoid

unnecessary shut-downs.

Present CANDU power stations use centralized computers

for control. Recent advances in electronics technology indicate

that distributed computer systems could be more efficient and

reliable, as they tend to locate the intelligence where it is

required. Another advantage of this approach would be a sig-

nificant reduction in cabling costs for the plant. The con-

cept is being evaluated at CRNL, via the REDNET and INTRAN

projects.

Other research and development is continuing in the

following areas:

- in-core flux detectors

- improved regional overpower protective systems

- improved methods of failed-fuel detection and

location

- heavy-water-leak-detection instrumentation

- computer-aided design techniques.

Fuel Performance

The goal of the fuel-performance work is to be able to

predict the behaviour of natural-uranium power-reactor fuel

under current-operating and postulated-accident conditions,

using theoretically sound and experimentally verified models.

While fuel-operating performance has been excellent, an

improved capability to predict power-cycling behaviour will
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be required when the stations have to load-follow. Further

work continues on modifications to the fuel which could improve

power-cycling performance. A major test of 1000 fuel bundles

with siloxane coating on the inside of the cladding is

scheduled to commence in 1980 at the Bruce Generating Station.

The work on fuel behaviour under postulated-accident

conditions is moving from the development of unidimensional

models to the development of multidimensional models. The

latter should be more accurate and thus their use could reduce

the degree of conservatism in design while maintaining the

required level of safety.

3.2 Advanced Fuel Cycles

The objectives of this program are to perform those

research activities and assessment studies necessary to

understand the technical and economic feasibility and the

implications of the development and introduction of fuel-

cycle alternatives. Using the natural-uranium cycle it is

possible to recover only about 11 of the energy potentially

available from uranium. However, advanced fuel cycles, using

thorium in conjunction with either the plutonium produced

in current CANDU reactors or enriched uranium, will allow that

energy recovery to be increased many-fold. These advanced

cycles make the cost of nuclear energy less sensitive to

variations in the price of uranium and thorium, hence making

feasible the use of low-grade ores and promising a secure

supply of low-cost energy for centuries. The Canadian approach

is extremely cost-effective since it only requires the develop-

ment of a new fuel cycle while the alternative approach, the

fast breeder, requires the development of a new fuel cycle

and a new reactor. Experimental work is being carried out at

the laboratory level and is concentrating on verification of

the feasibility of the self-sufficient thorium cycle. Assess-

ment work covers a broader spectrum, including slightly
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enriched once-through cycles and the non-proliferation aspects

of all cycles. The recent focus for this work has been sound

and effective Canadian input into INFCE, the International

Nuclear Fuel Cycle Evaluation, which is now nearing comple-

tion.

The work is subdivided into three main areas: fuel

development, separations technology, and reactor physics and

assessment.

Fuel Development

The goal of this work is to demonstrate on a laboratory

scale the feasibility of fabricating recycle fuels which meet

the performance requirements of the advanced fuel cycles.

The primary difference between these cycles and the natural-

uranium cycle is higher burnup O 700 MW.h/kg vs ^ 170 MW.h/kg).

Fabrication techniques differ because recycle plutonium is

toxic and only mildly gamma-active, whereas recycle uranium-233

is both toxic and sufficiently gamma-active that remote fabrica-

tion will probably be required. Both uranium-238 and thorium

are included as fertile materials, with the emphasis on thorium.

The reference fabrication method is standard pellet tech-

nology, in glove boxes for plutonium and in fully remote

facilities for uranium-233. Alternative approaches include

spherepac, extrusion and solution impregnation. Irradiation

testing is proceeding to accumulate long-term feasibility data.

Separations Technology

The goal of this work is to test the feasibility of

alternative flow sheets for reprocessing of thorium fuels,

to improve the accuracy of reprocessing cost estimates and to

produce, on a small scale, separated wastes for waste-

immobilization studies. The work is done in a small-scale

experimental facility in the WNRE hot cells.
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Reaetor Physios and Assessment

The goals of this work are to acquire the reactor-physics

data and methods required to assess the utilization of recycle

fuels in CANDU reactors and to make those assessments.

Most Canadian reactor-physics codes were developed for

the natural-uranium fuel cycle and they must now be upgraded

to handle other nuclides (e.g. Th-232, U-233, Pu-239, and

mixtures thereof) used in the advanced fuel cycles. This

upgrading involves the acquisition of the relevant nuclear

data, the development of new calculational methods and the

implementation of physics experiments to validate the codes.

The experimental program will involve lattice experiments with

unirradiated (Pu,U)O2, (Pu,Th)O2, and (U-233,Th)O, fuel bundles

and, at a later stage, irradiated fuel. Improved fuel-management

schemes also need to be developed to handle the larger power

peaking associated with enriched fuel. Other work includes

criticality studies required for the handling and storage of

enriched fuel, and nuclide production and shielding calculations

for fuel reprocessing, fabrication, and disposal activities.

Environmental Protection and Radioactive-Waste Management

Work in this area is concentrated on radioactive-waste

management and a quantification of the associated environmental

and health hazards. The goals are to prove that reactor wastes

and nuclear fuel wastes can be disposed of safely and to develop

methodology that can be used to assess the environmental and

health effects of nuclear and other waste products.

The key element is the development of a series of theore-

tically sound and experimentally verified computer programs

which can be used to predict the release of radioactive material

from a waste repository, its dilution (or concentration) in the

environment, and its uptake by and effect on man.
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The development of safeguards against nonpeaceful uses

of CANDU technology is also discussed in this section as it

is coordinated through this steering committee.

Reactor-Waste Management

The goal of the reactor-waste management program is to

demonstrate that radioactive wastes arising from reactor

operation (i.e. those not associated with used fuel) can be

converted to a stable leach-resistant form which will

immobilize the radionuclides in the waste repository. The

major facility for this development is the Waste Treatment

Centre (WTC), being built at CRNL, which will be used to inves-

tigate reverse osmosis, evaporation, incineration, and bitu-

menization processes.

Liquid wastes will be concentrated by reverse osmosis and

evaporation. The experience gained in laboratory-scale demon-

strations will be factored into the design of the reverse-

osmosis system for the WTC. The reverse-osmosis installation

will be a batch system with two stages of concentration. The

need for an evaporator to further concentrate the liquid wastes

before bituminization is still being assessed. Some evaporator

testing will also be carried out.

The incinerator program is aimed at identifying the

limitations of the current designs and the modifications

required to obtain reliable processing of all combustible

reactor wastes.

Several types of wastes are to be incorporated in bitu-

men with the main feeds being incinerator ash and the concentrated

aqueous wastes. Tests to bituminize these different feeds are

being carried out in a twin-screw extruder-evaporator and in

a wiped-film evaporator.
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Fuel-Cyole Waste Management

The goal of the fuel-cycle waste-management work is to

develop the technology for

- safely and economically storing the spent fuel

until it is either reprocessed or sent to disposal

- immobilizing the spent-fuel wastes, either as

unseparated spent fuel or as separated wastes, in

a leach-resistant matrix

- safely and economically isolating the immobilized

wastes from the biosphere for their hazardous life-

time.

Work on interim storage is now primarily concentrated on

dry-storage techniques which could, if necessary, be used in

place of water-filled bays. Fuel from the WR-1 reactor is,

after an initial decay period, stored in concrete canisters,

the performance of which is routinely monitored to check design

predictions. Some work is also being done on the corrosion

rate of zirconium in storage-bay water.

Work on immobilization of unseparated spent fuel is con-

centrated on the development of two alternative systems: a

simple containment system that would be expected to provide

immobilization for 300 to 500 years while most of the radio-

activity decays, and an advanced system that would provide

immobilization for a much longer period and would be available

as a back-up if analysis shows it is needed. One possibility

being investigated for the advanced system is encasement of

the fuel bundle in a lead matrix.

Work on immobilization of separated wastes is concentra-

ted on the fixation of nonvolatile high-level waste fission

products and actinides in glass and other ceramics. Of
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particular interest are the effects of temperature, water

and radiation on the properties of glasses into which wastes

may be encapsulated. Heat, water and radiation all contribute

to devitrification of glass and the conditions for devitri-

fication must be well understood if glass is going to be used.

Conceptual designs of fuel and waste-immobilization pilot

plants are being developed for costing purposes.

Work on disposal is concentrated on determining the geo-

physical, geochemical and hydrogeological properties of various

types of plutons (a type of rock formation found in abundance

in the Canadian shield) to determine their suitability for

waste disposal. Attempts are being made to correlate surface

features with underground features so that the properties of the

formation can be reasonably predicted from surface observations.

The program has involved, and will continue to involve, exten-

sive drilling at CRNL, WNRE and other sites. Information on

water chemistry, water flows, and radionuclide sorption on the

rock surfaces is essential input into "pathway analyses" which

will be used to assess the suitability of the formation for waste

disposal. Extensive work is also being done on conceptual reposi-

tory design and on the mechanical and thermal properties of the

rock, knowledge of which is a necessary input to the design.

Environmental Protection

The goal of this work is to develop and test methods for

predicting the migration of radioactive nuclides and other waste

materials from the waste repository, through the geosphere and

biosphere, to man, and the effects of any resulting exposure on

man and his environment. This work is directly relevant to the

disposal of other hazardous wastes, not associated with the nuclear

industry.

The "pathway analysis" must take into account ground-

water movement, container and waste-matrix corrosion,
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sorption and desorption of materials on rock surfaces, dilution

and concentration in the biosphere and irradiation effects in

plants, animals and man. It must consider potential disruptive

phenomena such as earthquakes or ice ages. The analysis and

the methodology will be refined as information becomes available

from the experimental program. The underlying research programs

on the effects of irradiation on plants, animals and man are

critical to such assessments.

Additional assessments must be made of the environmental

and health effects of the repository and its ancillary facili-

ties during the preclosure phase. This analysis will be

similar to those currently done for power reactors and must

include the impact of transportation, immobilization facilities

and mining. Much of this part of the work is being done by

Ontario Hydro.

Safeguards

The goal of the safeguards work is to develop instru-

ments and techniques that can detect the diversion of nuclear

materials from peaceful to weapons use.

The International Atomic Energy Agency (IAEA) Safeguards

System for 600 MW CANDU reactors combines inspection with

unattended surveillance, unit bundle accounting, and tamper-

proof seals to detect and deter used-fuel diversion. To

meet this requirement a used-fuel bundle counter is being

developed with the specific function of determining the total

number of irradiated bundles transported into the fuel bay

through normal entry ports. The design of the bundle counter

will incorporate features which could be applicable to other

unattended safeguards instruments. Prototype used-fuel bundle

counters have been constructed and these will be undergoing

IAEA acceptance tests.
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Development of a safeguards approach, for other power

reactors in Canada, such as Pickering and Bruce, is also in

progress. Further work on safeguards for the research

reactors and their fuel-storage facilities will follow.

3.4 Heavy-Water Processes

Work in this area is concentrated on support for the

operating Canadian heavy-water plants which use the GS process,

and the application of the recently developed Hydrogen-Water

Exchange (HWE) proc -sses to heavy-water upgrading and tritium

removal. The goal of the GS support work is to provide

others in the industry (i.e. designers, operators) with the

science and technology they need to do their jobs properly,

in a form they can easily use. As in the PHW reactor-support

area this technology is often consolidated into theoretically

sound and experimentally verified computer programs which allow

the designer or operator to predict the behaviour of GS plants

over a wide range of conditions. This improved predictive

capability has resulted in increased production and thus lower

product cost. The goal of the HWE work is to provide a demon-

stration of the use of this technology in both heavy-water

upgrading and tritium removal.

GS Process

To achieve the goal of the GS support work, effort is

concentrated on understanding mass and heat balances, materials

behaviour, process chemistry and mechanical-equipment per-

formance .

In process chemistry an early and important R§D finding

was the inherent foaminess of the hydrogen-sulfide-water

system at cold-tower conditions which lead to operating

instabilities and loss of efficiency. The continuing assess-

ment of various antifoams has led to the selection of a single

component agent which hasv been adopted by all plants and has
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reducsd the cost of antifoam chemicals by about one million

doll.irs per year while allowing increased production.

The exchange of deuterium between water and hydrogen

suifide depends on the efficient making and breaking of gas

bubbles in the water to form a froth on the deck of a sieve

tray. Improving our knowledge of sieve-tray performance is

continuing to lead to tray modifications which result in higher

plant capacities. The analysis of plant and laboratory data

has led to tray-design correlations that are specific to GS

conditions. Recent changes in tray design at Glace Bay, based

on these correlations, resulted in a series of production

gains totalling 15?.

Important production gains have also been achieved by

the application of process control and simulation models. The

simulation models took several years to develop but have now

reached the point where "steady-state" models are routinely

used for process analysis. Effort is now being focussed on

heat economy. Since the plants are often in a transient state,

future work will concentrate on the development of "dynamic"

models.

HWE Proaesses

The key to the HWE processes is a wet-proof catalyst,

developed by AECL, which promotes efficient hydrogen-isotope

exchange between liquid (H-0, D_0, etc.) and gaseous (H,, D~,

etc.) phases. A Canadian manufacturer for the catalyst has

been selected and is under licence to AECL. Laboratory studies

are currently directed toward improving catalyst performance

and demonstrating processes and equipment in pilot-plant studies,

A small pilot upgrading facility has recently been built for

installation in 1980 on ZED-2, a low-power test reactor at CRNL.

The first major application of the technology will pro-

bably be in removal of tritium from heavy water. Tritium is
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now responsible for about 401 of worker irradiation expo-

sure in Pickering. A tritium-removal facility will, in

addition, require cryogenic technology. The plan is to test

the process in a small pilot facility. Work has also

started on the technology for storage and disposal of tritium.

3.5 Underlying and Advanced-Systems Research

The objective of the underlying and advanced-systems

research program is to help maintain and revitalize all AECL's

activities. Its goals, which are necessarily more in the

nature of continuing challenges than clearly definable and

attainable end points, are

- to support AECL's mission as presently defined

- to be aware of and respond to developments else-

where, and

- to provide the basis for future progress.

In pursuit of these goals, AECRC carries out long-term

programs in basic science aimed at better fundamental under-

standing of the processes involved in current and future

nuclear-energy systems. These programs are in the areas of

Biology, Chemistry, Materials Science, Physics and Advanced

Systems. All of them address simultaneously the three basic

goals described above, though the emphasis in any given area

will shift to accommodate changing priorities in the com-

ponents of AECL's mission and to respond to progress made,

inside and outside AECL. Such progress, at the frontiers of

science, always includes unpredictable developments.

It is essential for basic research to achieve the

highest possible standards of excellence, not least because

the international reputation of AECL's scientists determine

the strength of the links that can be maintained with other
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institutions. These, in turn, make invaluable contributions

to the response capability needed for a continuous assessment

of future possibilities, particularly for the rapid and

reliable evaluation of plausible schemes that could otherwise

lead AECL into expensive blind alleys.

The excellence of the science programs is critically

dependent on the major facilities existing at the AECRC

laboratories, facilities whose size and scope are made possible

by the presence in the same laboratories of large programs in

applied research. These facilities - reactors, accelerators,

environmental research areas - are extensively used by scien-

tists from outside AECL and play an important part in the

scientific life of the country extending beyond AECL's own

mission. With this double contribution - scientific excellence

and advanced facilities - AECRC constitutes one of Canada's

largest national laboratories.

Biology

Research in the biology program is directed towards an

understanding of the effects of ionizing radiation on all

living organisms, with a particular interest in the assessment

of the genetic and carcinogenic hazards of low-level radiation

to human populations. Attention is given to the entire chain

of events by which the initial radiation-induced changes in

the living cell are translated into significant biological

effects. Experiments are carried out to understand the role

of free radicals, activated oxygen species and their scavengers,

and to characterize the initiating lesions in different bio-

chemical constituents of cells. An attempt is made to under-

stand the role and application of radio-protectors and radiation

sensitizers in modifying radiation damage.
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The most critical target for damage by radiation or

radiomimetic chemicals appears to be DNA, the carrier of

hereditary information in all living cells. The harmful

consequences of this initial damage to DNA can be diminished

1000-fold or more by repair processes in the living organism.

An improved understanding of the DNA repair mechanism would

thus seem to be crucial for a proper interpretation of the

shape and position of radiation dose-effect curves and con-

sequently for assessment of the hazards of low-level radiation

to humans and other living organisms.

The studies of irradiation effects on man, which include

work at both the cellular level and at the population levelt

are carried out on

- enzymes (some appear to provide radiation protection)

- viruses (some forms are rendered active by chemical

changes that could result from radiation)

- DNA (an understanding of the balance between damage

and repair is vital to an understanding of net effects

of radiation)

- patients with ataxia telangiectasia, an extremely

rare hereditary disease (these people are particularly

sensitive to radiation, also sunlight and chemical

carcinogens, and it is thought that their ability to

repair damage has been impaired)

- populations exposed to different levels of radiation

from natural causes (to attempt to obtain statis-

tically significant correlations between low levels

of radiation and the incidence of cancer and genetic

defects).
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The long-term objectives of underlying environmental

research are to determine the fate of the radionuclides in the

environment and the effects of radiation and low-grade heat

on organisms and ecosystems. These objectives are being

carried out through studies of

- ground-water geochemistry and studies of carbon and

uranium isotope ratios

- processes affecting the environmental behaviour of

important radionuclides such as strontium and iodine

- the hydrogeology of the Perch Lake area basin and

the applicability of nuclear methods (e.g. tracers)

to environmental research in this basin

- the effects of irradiation on plant communities through

the FIG (Field Irradiator Gamma) project, in which a

previously well characterized area of boreal forest,

one kilometre in diameter, has been exposed to

radiation from a cesium source since 1973 and which

is providing quantitative information on the effects

on plant life of different levels of irradiation

- the effects of radiation in wild populations attempting

to survive the rigours of their normal environment

through the ZEUS (Zoological Environment Under Stress)

project in which populations of meadow voles, in their

normal environment, are kept constrained by habitat

control (meadows surrounded by forest) and are exposed

to radiation from a central irradiator

- the effects of waste heat on aquatic organisms.

A subprogram on neutron dosimetry is concerned with low-

level and criticality accident conditions. There is a close con-

nection between this work and the problems of the detection,

dosimetry and control of radioactive effluents, particularly

tritium (in both HT and HTO), the noble gases and iodine.
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Chemistvy

The goal o£ the chemistry program is to understand

chemical processes of present and future interest to AECL

in its support of the Canadian nuclear-power program. The

work is divided into six general areas: radiation chemistry,

isotope separation, oxide properties, actinide and fission-

product chemistry, properties of fluid interfaces, and

analytical chemistry.

The radiation-chemistry subprogram is a study of kinetics

and mechanisms of chemical reactions initiated by gamma rays

and electrons during energy deposition in liquids and gases.

Final stable products are measured and insight into their for-

mation is obtained by monitoring microsecond-lived primary

species. Particular attention is devoted to the solvated elec-

tron and its behaviour in solvents such as liquid amines, ethers

and water. Computer modelling is an important aspect of the

work. Phenomena such as ion-molecule reactions, free-radical

reactions, and energy transfer are elucidated. The work provides

the necessary body of knowledge and predictive ability to under-

stand radiation chemistry in reactor moderator, coolant and

cover gas.

The isotope-separation subprogram involves research on

chemical kinetics and mechanisms, chemical equilibria, and

physical processes related to, or with potential for, the

separation of the isotopes of hydrogen, zirconium, uranium,

etc. Laser photochemical methods offer the potential for very

high separation factors and hence low energy costs. Conventional

methods of isotope separation by chemical exchange equilibria

involve both the mechanisms of homogeneous catalysis and the

surface properties of heterogeneous catalysts and how they

relate to chemical/physical interactions between the catalyst
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surface and reacting molecules. This work is fundamental to

the chemistry of the hydrogen-water exchange (HWE) processes

already mentioned.

The subprogram to study the properties of fission-

product and actinide oxides is directed towards obtaining a

basic understanding of the solubility and colloidal processes

important in the transport of corrosion products and radio-

activity in nuclear-power reactors, in the fabrication of

advanced and recycled fuels, and in the treatment of radio-

active wastes. Improved techniques for the measurement and

prediction of solubilities are being developed. Both solution

and colloid chemistry results will be used to provide aid in

the assessment, selection and development of waste-disposal

techniques and future fuel options.

The aims of the actinide and fission-product chemistry

subprogram are to provide a firm and broad foundation for the

development of fuel-reprocessing and waste-management tech-

nology to forecast chemical equilibria in reprocessing plant

solutions and in ground waters, to extrapolate laboratory or

pilot-plant data to plant conditions, to predict radionuclide

migration underground, and in the future, to provide scien-

tific support and the awareness functions for advanced fuel

cycles, generic waste-management research and spallation-

target design activities.

The aim of the subprogram on the properties of fluid

interfaces is to assess the variation of solute partition in

liquid-liquid contacting as a function of fuel-reprocessing

operating conditions, and the importance of surface and inter-

facial properties in liquid-droplet formation and stability as

it applies to an understanding of fuel reprocessing.
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The basic function of the analytical-chemistry research

subprogram is the discover/ and development of methods which

will permit identification of all elements and compounds, and

measurement of their amounts, in all substances oi' concern to

nuclear research. This analytical capability is basic to

virtually every research and development activity within AECL.

Materials Science

The long-term aim of the materials-science program is

to understand radiation damage and corrosion phenomena par-

ticularly as they relate to zirconium and the zirconium alloys

used in reactors. This understanding is being sought on a

fundamental level and is being used to help solve problems of

immediate concern. Three subprograms comprise the main pro-

gram:

- defects : radiation damage

- surface phenomena

- charged-particle penetration

The defects : radiation damage subprogram has as its goal the

development of theoretical as opposed to empirical models

which are able to predict growth and creep of zirconium alloys

under reactor conditions. The fundamental studies are carried

out at three levels: the macroscopic level, where phenomena

depend on grain size and structure; the microscopic level,

concerned with dislocations and collections of point defects;

and the atomistic level, involving the formation and mobility

of point defects. Experimental results are obtained with a

variety of techniques varying from positron annihilation which,

for example, attempts to measure the energy required to remove

an atom from its site in the crystal lattice, to measurements

of creep and growth in reactors and accelerator beams.
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The subprogram on surface phenomena is principally con-

cerned with basic oxidation studies of zirconium alloys, in

order to understand corrosion phenomena in high-temperature

water and to apply this knowledge to an understanding of

corrosion in reactor environments. Some surface studies are

also carried out within the charged-particle-penetration sub-

program.

The charged-particle-penetration subprogram is aimed at

obtaining a fundamental understanding of the interactions of

energetic O 10 keV to ten's of MeV) ions and atoms with

solids. It studies phenomena such as energy loss, ion scat-

tering and excitation, and radiation damage. Particular

emphasis has been given to studies of crystalline materials

and, more recently, to the crystal surface. This research is

relevant to the understanding of catalysts, e.g. those used in

HWE processes. These studies have involved the development of

techniques such as heavy-ion channeling, Rutherford backscattering,

nuclear microanalysis and ion-induced X rays, all of which are

valuable techniques for identification purposes. The technique

of ion implantation has recently found technological application

as a powerful tool for modifying electrical and mechanical

properties in the near-surface region.

Physics

The goal of the physics program is to carry out research

on the basic properties of matter while concentrating on the

aspects of such research which have a demonstrable relationship

to Canada's nuclear-power program. The two main areas of

research are studies of the structure of the nucleus (and

nuclear reactions) and studies of the properties of condensed

matter (solids and liquids). An understanding of basic nuclear

physics is essential to our understanding of nuclear systems,

and the study of condensed matter is important to our under-

standing of the behaviour of materials used in reactors and
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other systems. It is from basic physics studies that new

concepts, such as new methods of producing or storing energy,

are likely to arise. The major facilities used in this pro-

gram are the MP Tandem Accelerator and the NRU reactor.

The aim of the research at the MP Tandem is to carry

out experiments which provide stringent tests of the current

ideas on the structure of the nucleus and on nuclear reactions.

To carry out such experiments, beams of ions (e.g.

protons, carbon-12, sulphur-32, etc.), accelerated to high

energies, impinge on target nuclei (e.g. carbon-12, thallium-

205, etc.) and the reaction products (e.g. y-rays, neutrons,

protons, other nuclei, etc.) are studied to get information

on the energies, directions of travel and timing (i.e. what

is the time delay between two events?). From such information

it is possible to deduce nuclear properties which are then

compared with current theories and often used to suggest depar-

tures from accepted theories.

To maintain the competitive position of Canada in this

field and to provide the stimulus required to keep this program

at the forefront of nuclear-physics research, it is essential

to provide a new accelerator or upgrade the Tandem facility by

the addition of a device capable of increasing the nergies

of the particles accelerated through it. The addition of a

Superconducting Cyclotron as an "after burner" to the Tandem

is the most cost-effective and advantageous way of attaining

this goal.

Very recently experiments have been carried out at the

MP Tandem to test new methods of radioisotope dating. Studies

of this new technique are of vital interest to workers in the

waste-management program engaged in the determination of the

age of ground water.
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In recent nuclear-physics experiments at the NRU reactor,

it was discovered that the value of the neutron-capture cross

section of zirconium-90 reported in the literature was high

by a factor of seven. This measurement increases the incentive

for finding a method of separating zirconium-90 from the other

zirconium isotopes, particularly for use in the self-sufficient

thorium fuel cycle.

The basic nuclear-physics work includes a subprogram

under the heading Classical Radioactivity Research. In this

subprogram radioisotope standardization procedures are developed,

in order to provide sources and to perfect measurement techniques

for international intercomparisons and for radioactive-source

and detector calibrations needed within the laboratory.

The study of condensed matter has as its aim an under-

standing of the forces which bind atoms together in solids and

liquids. Information about these forces comes from a knowledge

of the atomic structure of the material (the way in which the

atoms are arranged spatially) and, even more importantly, the

way in which the atoms move (the way in which they vibrate

about their equilibrium positions in a solid, for example).

These properties are most effectively determined through studies

of the way in which thermal neutrons (those with energies cor-

responding to reactor-moderator temperatures) are scattered by

the material. Such studies are carried out with neutron beams

from the NRU reactor.

Theoretical physics activities provide support and

guidance to both the nuclear and condensed-matter experimental

physics programs and support and consultation to other programs

as required.

In addition to the basic physics programs described above

there is a small research program which has as its goal the
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development of solid-state nuclear-radiation detectors. The

present emphasis is on the development of a detector which

can be used at room temperature and above and which would

therefore be particularly useful in industrial (including

nuclear-power) and medical applications.

Advanced Systems

The goals of the advanced-systems program are to keep

open, for the long term, the electronuclear breeding option,

to assess long-term nuclear alternatives to fission, par-

ticularly fusion, and to reap short-term benefits from the

associated technology. Two approaches to electronuclear

breeding seem feasible with developments, the accelerator

breeder and the fusion breeder.

Like the fast-breeder reactor and the self-sufficient

thorium fuel cycle, the electronuclear breeder offers the pos-

sibility of a many-fold increase in the amount of energy

obtainable from the world's uranium and thorium resources.

In the accelerator-breeder concept, protons from an ion source

are accelerated in a linear accelerator and impact on a heavy-

element target (e.g. bismuth) to produce neutrons. These

neutrons are slowed down and absorbed in either a uranium or

thorium blanket to produce, respectively, plutonium or

uranium-233 and heat. The heat generated is recovered to pro-

duce electricity and the plutonium or uranium-233 can be

separated to produce fuel for nuclear power reactors. To be

practical, the system must produce beam powers of at least

300 MW (e.g. proton currents of 300 mA and energies of 1000 MeV)

In the fusion breeder a fusion device would provide neutrons

to the blanket of fertile material. At the present time the

accelerator breeder is considered the easier technology to

develop.
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Thus, work must be done on ion sources, accelerators,

spallation targets, thorium or uranium blankets and heat-

removal systems before a practical system is developed. Work

to date has concentrated on the development of ion sources

and accelerators to assess the practicality of reaching the

required current/energy levels. Current and energy levels are

now at 16 mA and 4 MeV, respectively, in an electron test

accelerator designed to simulate and solve problems of launching

high-current continuous proton beams in an accelerator breeder

and accelerating these beams with minimum loss to the required

energies. Development of the low-energy stages of a proton

accelerator is making good progress; the ion source, for example,

has achieved a current of 425 mA. Some of the technology is

common to certain areas of fusion technology and effects are

underway to strengthen such overlap. In the interim, spinoff

technology has produced a new accelerator (the turn-around

LINAC for cancer therapy) which is now at the prototype stage

in the Radiochemical Company.

3.6 New Applications

The goal of this work is to assess, on a continuing

basis, the economics and status of other energy options (nuclear

and non-nuclear) so that AECL remains up-to-date on the compe-

titive position of its current technology and is alert to new

applications for it. The most important current objective is

to identify areas where nuclear energy can substitute for oil

and to develop the appropriate technology. Among the areas

identified are:

- the use of CANDU-OCRs in the recovery of bitumen

from the tar sands

- the use of an up-rated SLOWPOKE reactor for

centralized district heating

- reactor heat for industrial process-heat

applications
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1

- reactor-supplied base-load electricity for

space heating with fossil fuels being used

for peaking purposes

- reactor waste heat, for agriculture and

aquaculture

- nuclear energy for the production of alternative

fuels, such as hydrogen

- nuclear-based electricity for transportation.

TECHNOLOGY TRANSFER

The foregoing sections outline the goals for technology

development within the Research Laboratories. But this tech-

nology is only of value to the country if it is put to use.

Therefore, a major goal of the Research Company has always

been, and remains, the transfer of technology to utilities,

design consultants, manufacturers, universities, and regulatory

bodies so that the technology can be applied safely and effec-

tively. To date this transfer of technology has resulted in a

Canadian industry which puts 1 billion dollars per year into the

economy. It employs 30,000 people directly and another 50,000

indirectly. It is one of the few industries in Canada where

the entire infrastructure is Canadian.

At present the industry is located primarily in Ontario

where nuclear energy produced "\< 35% of the electricity genera-

ted in 1978. In the same year it saved Ontario residents

about 300 million dollars in the cost of electricity and Canada

about 375 million dollars in balance of payments. It is ex-

pected to expand into other provinces in due course. Starts

have already been made in Quebec and New Brunswick. Current

forecasts for installed nuclear capacity are in the range 25

to 45 GWe by the year 2000.
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Technology will have to be transferred to each new

utility as it enters the nuclear field and to additional

consultant, manufacturing and university personnel in the

other provinces. This technology transfer requires a major

effort and expenditure which is not generally recognized, but

is vital to the objective of putting technology to use in the

building of our industry.

Technology transfer is also an important factor in export

sales. All countries importing nuclear technology wish to

develop an industrial structure of their own similar to that

being developed in Canada, thus technology transfer is usually

a significant aspect of sales agreements.

The opportunities for additional benefit to Canada from

further transfer of Research Company technology remain large.

Major opportunities exist in the application of organic-cooled-

reactor technology (potential tar-sands application), fuel-

storage and disposal technology, research-reactor and auxiliary

technology, uranium-enrichment technology (Research Company

would be involved even if the technology were imported), and

accelerator technology.
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