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FOREWORD

The Australian Nuclear Association (ANA) inaugurated a series of biennial national conferences
in 1995 to be held in alternate years to the series of international Pacific Basin Nuclear
Conferences, of which the Ninth in the series was hosted by the ANA in Sydney in May 1994. The
main objective of these national conferences is to present information on all aspects of the
peaceful uses of nuclear science and engineering in Australia and to place this information in a
world context.

These conferences have the general title of "Nuclear Science and Engineering in Australia" and
consist mainly of papers invited from leading experts in areas of topical interest in nuclear science
and technology supported by contributed poster papers. This fourth conference in 2001 has the
theme "A New Nuclear Century" and again consists of invited papers supported by contributed
poster papers on the topics:

(1) Nuclear Research and the Replacement Research Reactor;
(2) Australian Uranium Resources;
(3) Radioactive Waste Management;
(4) Low Level Radiation / Radiation Protection and Nuclear Safety;
(5) The Environment and Sustainable Development;
(6) Applications - The Environment and Sustainable Development;
(7) Applications - Overview of Nuclear Medicine;
(8) Applications - Radiation and Non-Destructive Testing;
(9) Nuclear Science and Technology for the Future;
(10) Nuclear Education in the Secondary and Tertiary Sectors - Panel Discussion.

The ANA is very pleased that Senator The Hon. Nick Minchin, Minister for Industry, Science and
Resources, has agreed to open the conference on 24 October, and that Dr Robin Batterham, Chief
Scientist, has agreed to be the General Chairman and chair the technical sessions.

The texts of the majority of the papers presented orally and as posters are included in this
Handbook. The posters include one from the winner of the David Culley Award in 2001. This
Award was instituted by the ANA in 1993 to encourage work in nuclear science and technology
in schools and colleges in recognition of the interests in education of Mr David Culley, a former
Treasurer of the ANA, who died in 1992.

The ANA is pleased that the early registrations received for this conference as this Handbook
went to the printers have confirmed its expectations that a broad spectrum of persons would
attend from government, industry, the universities and the public. The assistance of the members
of the Conference Advisory Committee is gratefully acknowledged as also is the work of Mrs
Margaret Lanigan, Conference Manager, and MrsRobyn Shearwood of Conference Overload Pty
Ltd..

Dr Clarence J. Hardy
Executive Chairman and Editor
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FINAL TECHNICAL PROGRAM
Wednesday, 24 October 2001

10.00 Welcome Address
Dr Robin Batterham, Chief Scientist, General Chairman
Opening Address
Senator The Hon. Nick Minchin, Minister for Industry, Science & Resources

Session 1. Nuclear Research and the Replacement Research Reactor 10.30-12.00

10.30 "Research Achievements and Commercial Interactions at ANSTO"
Professor Helen Garnett, Executive Director, ANSTO; p.l.

11.00 "AINSE's Role in Tertiary Sector Applied Nuclear Research"
Professor Ron Cooper, President, AINSE; p.5.

11.30 "The Replacement Research Reactor"
Dr Ron Cameron and Mr Ken Horlock, ANSTO; p. 10.

Opening of Exhibition and Buffet Lunch 12.15-13.30

Session 2. Development of Australian Uranium Resources 13.30-15.00

13.30 "Australian Uranium Resources and Production in the World Context"
Mr Aden McKay, Dr Ian Lambert and Mr Yards Miezitis,
AGSO Geoscience Australia, Canberra; p. 23.

14.00 "Developments in Uranium Solution Mining in Australia"
Mr Tom Hunter, Southern Cross Resources Australia Pty Ltd; p.30.

14.30 "Environmental Compliance Requirements for Uranium Mining in
Northern Australia"
Mr Peter Waggitt, Mr Alex Zapantis and Mr M. Triggs,
Office of the Supervising Scientist, Darwin; p.35.

Tea/Coffee Break 15.00-15.30

Session 4. "Radioactive Waste Management" 15.30-17.00

15.30 "Progress on the National Low Level Radioactive Waste Repository
and Intermediate Level Waste Store"
Dr Caroline Perkins, Department of Industry, Science & Resources,
Mr S. Veitch and Mr J. Kellett, Bureau of Rural Science,
Agriculture, Forestry, Fisheries, Australia; p.41.

16.00 "Synroc - Progress and Future Prospects"
Dr Adam Jostsons, ANSTO; p.45.

16.30 "Progress Towards Developing an International Radioactive Waste Repository"
Dr Marcis Kurzeme, Pangea Resources Australia Pty Ltd; p.50.

Session 3. Radiation Protection, Nuclear Safety & Low Level Radiation 17.00-18.00

17.00 "Radiation Protection and Nuclear Safety -
Achievements and the Way Ahead for ARPANSA"
Dr John Loy, ARPANSA; p.51.

17.30 "Review of the Controversy on Risks from Low Level Radiation"
Dr Donald Higson, Consultant; p.55.

18.00 Close of Technical Sessions, Day 1.

Cocktail Reception and Viewing of Posters and Exhibition 18.15-20.15
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FINAL TECHNICAL PROGRAM
Thursday, 25 October 2001

Session 5. The Environment and Sustainable Development 9.00-10.00

09.00 "A Meteorologist's View of the Greenhouse Effect"
Dr John Zillman, Director, The Meteorology Bureau; p.61.

09.30 "Sustainability in Australia - Past, Present and Future"
Dr John Sligar, Sligar and Associates Pty Ltd; p.66.

Tea/Coffee Break 10.00-10.30

Session 6. Applications - Environment & Sustainable Development 10.30-11.30

10.30 "Isotopes as Validation Tools for Global Climate Models"
Professor Ann Henderson-Sellers, ANSTO; p.70.

11.00 "Water Resources and Water Pollution Studies"
Dr Peter Airey, ANSTO; p.75.

Session 7. Applications-Overview of Nuclear Medicine 11.30-12.30

11.30 "The State of the Art in Diagnostic Nuclear Medicine",
Dr Andrew Scott, Austin & Repatriation Medical Centre; p.81.

12.00 "The State of the Art in Therapeutic Nuclear Medicine"
Professor Barry Allen, St George Cancer Care Centre; p.85.

Buffet Lunch and Viewing of Exhibition 12.30-13.30

Session 8. Applications of Radiation and Non-Destructive Testing 13.30-14.30

13.30 "On-Line and Bulk Analysis for the Resource Industries"
Dr Cheryl Lim, I.C.Madsen, B.D.Sowerby & J.R.Tickner, CSIRO; p.92.

14.00 "Non-Destructive Testing and Radiation in Industry"
Mr Colin Woodford and Mr Paul Ashby,
Australian Institute of Non-Destructive Testing; p.98.

Session 9. Future Developments in Nuclear Science and Technology 14.30-15.30

14.30 "Developments in Fusion Energy in Australia and Overseas"
Dr John Howard, Plasma Research Laboratory, ANU; p. 101.

15.00 "Australian Synchrotron Light Source - (Boomerang)"
Professor John Boldeman, The University of Queensland; p. 102.

Session 10. Panel Discussion of Nuclear Education in the Secondary
and Tertiary Sectors 15.30-16.30

Panel Members include:
Associate Professor Ron Cooper, President, AINSE;
Ms Jill Tacon, President, NSW Science Teachers' Association;
Mr Jim Scott, Chief Education Officer, Science Curriculum,
Department of Education and Training, NSW; and
Mr Ian Hore-Lacy, General Manager, Uranium Information Centre.

16.30 Closing Remarks by Mr Roger Alsop, President, ANA

Friday, 26 October- Optional Visit to Nuclear Science & Technology Centre, Lucas Heights
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LIST OF POSTER PAPERS TO BE PRESENTED 18.15-20.15, 25 OCTOBER

1. "Nuclear Power Developments in the Asia-Pacific Region"
A.Irwin,ANSTO;p.l07.

2. "Meson Bonds and Radioactive Decay"
P. Norman, Monash University; p. 113.

3. "The Synthesis, Structure and Decay of Super-Heavy Nuclei"
P. Norman, Monash University; p. 116.

4. "Global Trends in Nuclear Education at the Tertiary Level"
L. Kemeny, Consultant; p. 120.

5. "Nuclear Energy and the Greenhouse Problem"
L. Kemeny, Consultant; p. 124.

6. "Correlation of Oxygen Content and Grain Size in Polycrystalline Gallium Nitride"
H. Timmers, B. Hecking, K. S. A Butcher, T. D. M. Weijers, R. G. Elliman,
Afifuddin and T. L. Tansley, ANU and Macquarie University; p. 131.

7. "Secondary Standards Dosimetry Laboratories"
J. Davies, H. Meriaty and D.Alexiev, ANSTO; p. 135.

8. "Australian Primary and Secondary Standard of Activity: Standardisation of F-18"
M. Reinhard, L. Mo and D. Alexiev, ANSTO; p. 138.

9. "Radiation Proceessing and High-Dose Dosimetry at ANSTO"
G. J. Gant, M. Saunders, C. Banos, L. Mo, J. Davies and 0. Evans, ANSTO; p. 143.

10. "Combining Analytical Techniques for Trace Elements in Uranium Oxide (U3O8)"
P. S. Gadd, K. M. Marshall andN. Blagojevic, ANSTO; p. 146.

11. "Computer Analysis of Thermal Hydraulics for Nuclear Reactor Safety"
J. Tu, G. Yeoh, G. Storr and D. Beattie, ANSTO; p. 150.

12. "A New Fuel for Research Reactors"
Mr M. R. Finlay and M. I. Ripley, ANSTO; p. 156.

13. "Stemming the Tide of Anti-Nuclear Activism"
C. Keay, Consultant; p. 162.

14. "A device to distinguish 220Rn and 222Rn activity flux using delayed alpha pair counting"
C. Lawrence and R. Akber, Queensland University of Technology (QUT); p. 166.

15. "Self-attenuation of gamma rays during radioactivity concentration analysis of environmental
samples"
D. Watson, P. Teansomprasong, J. Dharmasiri and R. Akber, QUT; p. 171.

16. "Depleted Uranium - The Silver Bullet"
Dr C. Munoz-Ferrada, Gammasonics Institute; p. 178.

17. "Analysis of the nanoscale structure of natural clayey soils using the small angle neutron
scattering method"
T. Itakura, W. K. Bertram, P. V. Hathaway and R. B. Knott, ANSTO; p. 182.

18. "Minimisation of noble gas discharge from Mo-99 production at ANSTO assisted by
network-based real time monitoring system"
N. Blagojevic, G. Peady, and M. Izard, ANSTO; p. 187.

19. "Background radiation measurement, etc"
R. Alsop, M. Bridson, P. Cross and B. Mukherjee, Applied Radiation Consultants et al; p. 188.

20. "Radiotracer Studies for Coastal Zone Management"
C. Hughes, T. Kluss and P. L. Airey, ANSTO; p. 189.

21. "Investigation of Groundwater-Streamflow Interactions in the Bega Alluvial Aquifer using
Tritium and Stable Isotope Ratios"
D. J. M. Stone, M. Thomas and G. Russell, ANSTO et al; p. 191.

22. Poster by David Culley Award Winner
"Why the concern about irradiation as a food preservation technique"
The French School of Sydney; p. 197.
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ENERGY RESOURCES OF AUSTRALIA LTD
ABN 71 008 550 865

ERA is proud to support the Fourth Conference on

Nuclear Science and Engineering in Australia

ERA is a publicly listed company exporting uranium oxide from its Northern

Territory operations to fuel nuclear electricity utilities in Asia, Europe and North

America. Providing seven percent of the western world's uranium needs, ERA'S

total sales of $3.8 billion have benefited Australia in much needed export trade.

In addition, the Company is recognised as having earned impressive, but not

perfect, credentials as one of the most environmentally regulated mining

operations in the world and continuing to protect the surrounding environment is

a major achievement for ERA.

Operating on Aboriginal land, ERA also respects that community outcomes

should be driven by Aboriginal people themselves, and that ERA, along with

other regional stakeholders, can provide assistance to achieve these outcomes

where required.

For further information regarding ERA, please visit our website at:

www.energyres.com.au



THE AUSTRALIAN NUCLEAR ASSOCIATION INC.

ANA

The Australian Nuclear Association Inc (ANA) is an independent voluntary
incorporated organisation of persons with an interest in nuclear topics drawn from
the professions, business, government and universities. The principal aim of the
ANA is to provide opportunities for members to meet on a regular basis. A second
aim is to publish a bi-monthly newsletter "Nuclear Australia" to report mainly on
events in the nuclear field in Australia, and this is sent to members and subscribers
worldwide. Other aims are to make awards to recognise outstanding contributions
to nuclear science and technology, and to support education and training.

Meetings are usually held bi-monthly at the Australian Museum, Sydney, on the
third Thursday in the month, and usually include a technical lecture by a leading
expert in the field. A joint program of meetings is arranged with the Nuclear Panel
of The Institution of Engineers, Australia, with the Panel hosting meetings on the
second Tuesday in each alternate month at Engineering House, Milson's Point,
Sydney. The ANA's website is at <nuclearaustralia@ozemail.com.au>

The ANA hosts international and national conferences, eg. the 9th Pacific Basin
Nuclear Conference in Sydney, 1994; the First Conference on Nuclear Science &
Engineering in Australia, Sydney, 1995; the Second International Conference on
Isotopes held in conjunction with the Second Conference on Nuclear Science &
Engineering in Australia, Sydney, October 1997; and the Third Conference on
Nuclear Science & Engineering in Australia, Canberra, October 1999. The ANA
is a Member of the International Nuclear Societies Council and the Pacific Nuclear
Council and has bilateral cooperation agreements with a number of overseas
Nuclear Societies.

Persons interested in obtaining further information on the ANA should contact:
The Honorary Secretary, Australian Nuclear Association Inc.

POBox85 Peakhurst NSW 2210 Australia.
Tel.61.2.9579.6193; Fax 61.2.9570.6473;

Email: cjhardy@ozemail.com.au
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AU0221602

Research Achievements and Commercial Interactions
at ANSTO

PROFESSOR HELEN M. GARNETT
Executive Director

Australia Nuclear Science and Technology Organisation,
Private Mail Bag 1, Menai 2234

SUMMARY. ANSTO, in partnership with Australian and overseas organisations, continues to make
significant contributions to selected fields of research and development. Major revenue for ANSTO is generated
through sales of radiopharmaceuticals and radioisotopes for medical, industrial, environmental and research
purposes and through neutron irradiation services. Further, ANSTO is actively trying to generate maximum
value from its knowledge and know-how through protection and exploitation of its intellectual property.
Strategic alliances have been developed to further the commercial utilisation of ANSTO know-how in, for
example, delivery systems for tumour treatments, commercial waste remediation and applications of plasma
implantation. The 2000-2001 financial year saw the establishment of an ANSTO business unit called Sulfide
Solutions targeted at better management of environmental issues arising from mining operations. Overall,
ANSTO's capacity to generate value from the application of its knowledge and know-how is being increasingly
acknowledged, the organisation attaining credibility as an international leader in the application of nuclear
science and technology in targeted areas.

1. INTRODUCTION

ANSTO aims to make significant contributions to
international research and development in selected
fields of nuclear science and technology and to be
recognised as an international leader in the
application of knowledge in these fields.
Consequently, ANSTO is committed to encouraging
its staff to undertake innovative, world-class research
and in support of this goal, facilities are developed
and improved to maintain them at the leading edge
and staff development programs are implemented,
interactions with Australian and overseas
collaborators are actively encouraged to ensure the
best team is available to tackle emerging
opportunities. Further, ANSTO is actively trying to
generate maximum value from its knowledge and
know-how through protection and exploitation of its
intellectual property and know-how, including
through the development of start-ups and strategic
commercial alliances. Recent outcomes have
demonstrated the ability of ANSTO to meet the
expectations of our major stakeholders.

2. RESEARCH

Over the last 1 to 2 years, ANSTO staff have made
significant research contributions to international
programs aimed at the understanding of
environmental processes such as global climate
change and amelioration of environmental impact as
well as to projects aimed at radioactive waste.
ANSTO and the Philippines Nuclear Research
Institute (PNRI) used radiotracer techniques to
validate a three dimensional water circulation model
of Manila Bay developed by the UNSW Water
Research Laboratory and carried out within the
framework of an IAEA/Regional Cooperative
Agreement project. The model will be used to
address harmful algal bloom concerns in a wider
program coordinated by the University of the
Philippines and PNRI.

Earth science, climate change and ice-core studies
have benefitedfrom access to the ANT ARES facility
as the measurement of cosmogenic isotopes
beryllium-10 and aluminium-26 and radiocarbon



have extended the range of dating available with an
almost 50% increase in Australian and international
demand for these types of analyses.

Hot isostatic pressing of synroc with surrogate
wastes was demonstrated in the fully remote hot
cells at Argonne National Laboratory-West in Idaho
in the United States under a joint Cooperative
Research and Development Agreement (CRADA).
The final demonstration with full radioactive waste
will take place in October 2001.

ANSTO's development of a novel gas detector for
nuclear particle detection and two-dimensional high-
resolution elemental mapping has provided
Australian materials and environmental scientists
with a new way of studying microstructures and
their composition. This is the first microanalytica!
tool of its type to be developed in Australia

Scientists also carried out mineral characterisation
work at the Argonne National Laboratory Advanced
Photon Source facility in the United States. The
focus was on the use of synchrotron radiation to
determine the location and chemical structure of
natural radionuclides in minerals and associated
radioactive products. The information obtained will
assist in improving processes to better manage the
contained radioactivity.

ANSTO has had a long-standing research and
development effort, in cooperation with the
Australian Safeguards and Non-Proliferation Office
(ASNO), to assist in developing technical measures
to strengthen international nuclear safeguards
programs by detecting undeclared nuclear activities.
Radionuclides with long half-lives, e.g. uranium-
236, are signature radionuclides for nuclear
activities such as uranium enrichment, reprocessing
of spent fuel, and recent military uses of depleted
uranium. Measurement of uranium-236 using
Accelerator Mass Spectrometry (AMS) in a wide
range of environmental samples has allowed better
understanding of the global distribution of this
element. ANSTO has been confirmed in inter-
laboratory comparisons as the leading laboratory for
measurement of uranium-236 at the very low levels
found in the environment.

ANSTO's neutron powder diffraction work
continued to attract international attention. A major
achievement was the pioneering use of joint
neutron/x-ray powder diffraction to determine
crystal and atomic structures, e.g. amino acids and
minerals. In related studies, collaborative research
with Australian industry was undertaken on
problems ranging from the ranking of coal for blast
furnace charcoal to the hydration of cellulose fibres

used in the manufacture of fibreboard. Small and
Ultra Small Angle Neutron Scattering and other
techniques have been used to probe the
nanostructure of materials in order to gain a better
understanding of their properties. One highlight of
this work was the correlation between the porosity
of charcoal and its efficiency in purifying metal in a
blast furnace.

Other neutron studies have focussed on
mesostructured materials. Such materials are
currently the subject of intense Australian and
international research efforts due to their potential
applications in areas such as waste remediation, ion
exchange and molecular separation,
biomedicine/biosensors and catalysis. A provisional
patent application embodying ANSTO's technology
has been filed.

The collaborative research agreement signed in 1998
with the US National Institute of Standards and
Technology (NIST) continued to provide access to
world-class neutron scattering facilities that
complement those at ANSTO. Studies initialed in
1997 with NIST on how shear forces can be used to
control the nanostructure of gels, continued. A
partnership with the Western Australian Petroleum
Research Centre was developed to study the
nanostructure of oil-bearing rocks to lead to a better
understanding of oil recovery. ANSTO is a core
participant in the Cooperative Research Centre for
Polymers and led studies using neutrons and
synchrotron radiation to determine how polymer
chains entangle during the complex manufacturing
processes and how this entanglement influences the
properties of the manufactured item.

An important outcome of ANSTO's collaboration
with the Commissariat a lTSnergie Atomique
(Saclay, France), which began in 1994, was the
further development of neutron scattering techniques
and associated mathematical models for
investigating the structure of porous materials.

Extensive collaboration with Australian University
researchers is also undertaken under the auspices of
AINSE (the Australian Institute of Nuclear Science
and Engineering) a consortium of 36 Australian
universities and the University of Auckland in
partnership with ANSTO. This organisation through
a competitive grant process allows university access
to conduct research in conjunction with ANSTO
scientists to ANSTO's facilities.



3. INDUSTRIAL CONNECTIONS AND SPIN-
OFFS

Sales of radiopharmaceuticals and radioisotopes for
medical, industrial and research purposes generated
revenue of $17.99 million in 2000-01, an increase of
$2 million over the previous year. Export sales grew
by 19%. New products are continually being
researched and developed to continue the growth in
earnings opportunities. ANSTO received general
marketing approval from the Therapeutic Goods
Association (TGA) for the commercial sale of FDG,
which was registered under the tradename FDGen ®
(pronounced efdgen). FDGen® is a very sensitive
metabolic tracer used in the diagnosis and staging of
cancer, in cardiac imaging and in imaging the effects
of certain neurological conditions. It has a half-life
of only 310 minutes so cannot be transported long
distances. FDGen® 's approval was a major
achievement for ANSTO as there are currently only
a few registered manufacturing sites in Europe. A
clinical trial comparing an existing product
previously tested only in Europe, with fiuorine-18
FDG for its specificity in malignant melanoma
detection is currently underway.

Other innovative concepts which are planned to
form the basis of further business development is a
targeted delivery system for tumour treatments
arising out of ANSTO's expertise in sol-gel science.
Preclinical validation studies are currently
underway. Another business development arising
from ANSTO's material science expertise is the PF
process. PI3 is a patented process developed at
ANSTO to produce wear-resistant surfaces in metal
components at low temperatures. PP systems have
been sold by ANSTO to research organisations in
Germany, the United Kingdom, Singapore and
Australia In order to establish the technology for
industrial applications, expressions of interest were
sought from Australian industry to license the
technology. Thirty companies responded and one
has now been selected to work with ANSTO in
commercialising the technology for the industrial
market.

Strategic alliances have been formed to facilitate
commercial waste remediation utilising titanate
ceramics and their derivatives. A tripartite ANSTO,
COGEMA, CEA collaboration is focused on
commercial waste remediation in the United States
based on tailored titanate ceramic/glass composite
waste forms that can be produced by cold-crucible
melting. Also, a further protocol with Russia was
signed to develop a proposal to immobilise Russian
high level radioactive wastes in synroc-based
matrices at a facility in the Russian Federation.

The 2000-2001 financial year saw the establishment
of an ANSTO business unit called Sulfide Solutions,
a spin-off from the Managing Mine Wastes Project
(MMWP) targeted at better management of
environmental issues arising from mining
operations. Sulfide Solutions is now the vehicle for
the delivery of tools and technologies developed
with the Sulfide Solutions Research Project
(formerly MMWP). In operation since July 2000,
the business unit has significantly broadened the
client base serviced by ANSTO and established
industry recognition for its professional delivery of
services and underpinning technologies.

A range of other commercial services are provided
to the mining sector, a current activity being the
installation of a demonstration plant on site at
Ranger to test potential improvements to the
environmental performance of the mine's water
system. The installation of this system follows
laboratory and continuous mini-plant investigations
at Lucas Heights to assess the performance of water
treatment processes for application at Ranger. An
ANSTO pilot plant has also been used to develop
processes for the extraction of rare earths from ore
from Mt Weld in Western Australia The focus was
on the production of high purity rare earth products.
The A.J. Parker CRC for Hydrometallurgy
collaborated with ANSTO on the development of a
solvent extraction flowsheet for the project.

Another Australian mining company, operating in
China, has determined to use ANSTO technology to
prevent arsenic or mercury being released to the
environment during processing of gold ore. The
technology is a product of ANSTO's extensive
research and development work on the stabilisation
of arsenic and other toxic inorganics in complex
waste mixtures.

Work has continued on developing and refining
inorganic ion exchanger technology for selective
removal of species from liquids. One approach is
applicable for removing caesium and strontium from
acidic, radioactive waste streams. This ion
exchanger offers advantages over competing
commercial ion exchanger technologies as it
provides the ability to remove both elements in a
single processing stage. A Patent Cooperation
Treaty application embodying this ANSTO
technology has been filed. In similar work, the first,
three stages of a collaborative research agreement
between ANSTO and Orica Pty Ltd to develop a
new Magnetic Resin-In-Pulp (RIP) process for
uranium and gold applications were successfully
completed.



During 2000/2001 there was a substantial increase in
the volume and value of the neutron irradiation
services for industrial irradiations using HIFAR over
the previous year. This was possible due was due to
a full year availability of the facilities,
improvements in the reliability of the irradiation
facilities, and strong demand for quality irradiation
services. The organisation's gamma irradiation
facilities were also well used to process materials
such as medical devices, human tissue grafts,
microbiological test kits, tropical fruit, and polymers
as well as for sterilising up to 14 million Queensland
fruit fly pupae per week for the agriculture industry.

4. CONCLUSIONS

ANSTO, in partnership with Australian and overseas
organisations, continues to make significant
contributions to selected fields of research and
development. Its capacity to generate value from the
application of its knowledge and know-how is being
increasingly acknowledged, the organisation
attaining credibility as an international leader in the
application of nuclear science and technology in
targeted areas.



AU0221603

AINSE's Role in Tertiary Sector
Applied Nuclear Research

ASSOCIATE PROFESSOR RON COOPER

President, Australian Institute of Nuclear Science and Engineering
Private Mail Bag 1 Menai NSW 2234

SUMMARY The Australian Institute of Nuclear Science and Engineering (AINSE) is a collaboration between
the Universities and the Australian Nuclear Science and Technology Organisation (ANSTO). Its aim is to foster
research and training in areas associated with the applications of Nuclear Science and allied techniques. AINSE
is now into the fifth decade of this unique association and in 2001 can claim the active membership of thirty-six
of the publicly funded Universities in Australia plus the University of Auckland and its NZ government partner
the Institute for Geological and Nuclear Sciences (IGNS). The widespread membership has brought with it a
breadth of research areas and the traditional domains of fundamental nuclear science and allied engineering have
found that they are now the stable platforms from which are launched environmental, archaeological, biomedical
and novel-materials science.

ANSTO's fifth decade will see the replacement of HIFAR with a state of the art research reactor that will bring
biological applications to a sharper focus. A new accelerator-mass spectrometer will be commissioned during 2002
and is funded, in part, by a $1 M R E F grant which itself recognises the quality and track record of all AINSE
members' research. It will significantly assist a wide range of dating applications and also provide support to ion
beam analysis (IBA) experiments.

AINSE will continue to aid community collaboration with its conferences, workshops and participation in national
conferences such as the AIP Congress, Vacuum Society, etc. On the international scene it is actively participating
in major conferences to be held in Australia. The winter school is a venture into the undergraduate sphere.

INTRODUCTION

Since its inception in 1958, AINSE has forged links
between the universities and the Australian Nuclear
Science and Technology Organisation (ANSTO), with
its unique national facilities for nuclear and applied
nuclear resrearch. The union has also provided the
focus for collaboration between ANSTO personnel and
University Researchers. Further, AINSE has organised
and supported workshops and specialist conferences
which have fostered a national collaboration and
brought internationally acknowledged researchers into
the Australian nuclear arena.

AINSE's mission is to advance research, education and
training in nuclear science and engineering and their
applications within Australia. It acts as the key link
between the tertiary sector, ANSTO and major nuclear
science, engineering, nuclear medicine and associated
facilities. It also looks outwards and is recognised as
the peak body representing the universities and
ANSTO to funding bodies such as the Australian
Research Council (ARC)

MEMBERSHIP

The initial membership of ten universities in 1959
has grown to the position now where 37 federally
funded Australian universities are members.

The dramatic growth in the late 1980s to the early
1990s is in no small part due to the evangelical
efforts of Professor Robert Breakspere - an ex-
President of AINSE. During this period the newly
created universities, especially those outside major
capital cities, saw AINSE as a means to achieve
access to major rresearch facilities which their
own budgets clearly precluded them from self
ownership. The latest addition to the membership
list is the Australian Catholic University. Looking
further afield, AINSE's membership included the
University of Aukland in New Zealand together
with its NZ government partner, the Institute for
Geological and Nuclear Sciences (IGNS). Now
that AINSE has all Australian universities as its
members it truly represents a unique national
collaborative research community "CRC"! with
goals common to all members.
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AINSE FINANCES

AINSE operates on a high-efficiency low-budget
structure. The main source is a subscription from
all members. Each dollar of university subscription
is supported by two dollars of matching funds from
ANSTO. The University annual subscription is
derived from a formula based upon each member's
uptake of awards. The expected benefit to members
is hence 3 for 1. Subscriptions range from around
$6,000 to in excess of $70,000. The subscriptions
have been increasing and for 2001 totalled over
$1.9M. In 2001, AINSE recognised the increasing
pressure on universities caused by reduced federal
funding and introduced a new minimum
membership level. This will help AINSE to give
support to universities with embryonic or
transiently low levels of research activity.

AINSE derives significant income from outside
resources. The combined strength and track record
of its members have enabled AINSE to manage
successful applications to gain a series of Research
Infrastructure and Equipment (RIEF) Grants from
the Australian Research Council. Areas such as
Secondary Ionisation Mass Spectrometry (SIMS),
Neutron Scattering and more recently Accelerator
Mass spectrometry have provided substantial input
to AINSE's mission to advance new techniques and
facilities to Australian researchers. The most recent
RIEF grant for example is for a new accelerator for
accelerator mass spectrometry and ion beam
analysis studies. This new facility will allow
archaeology, quaternary science, and ion beam
analysis projects to be significantly advanced. The
cost of the accelerator is of the order of S2.7M
with $1M coming from ARC and the residual from
ANSTO, AINSE and 28 interested member
universities.

Access for AINSE members to ISIS, the most
powerful pulsed neutron source in the world at the

Rutherford Laboratory in the U.K. has also been
supported by ongoing RIEF grants to the extent of
$255,000 per annum.

In these ways, the return on AINSE subscription to
members is significantly increased.

AINSE AWARDS

AINSE provides support for users in member
organisations to gain access to ANSTO's major
nuclear science and engineering facilities, and other
agreed sites, for the purposes of research and
training.

The research areas supported by AINSE are those
for which the opportunity exists for developing
collaboration with ANSTO and which also require
the use of the unique research facilities at ANSTO's
research laboratories.

The awards enable researchers from member
universities to gain access to facilities and also
support travel and accommodation to remain at the
ANSTO site during periods of experimentation.

Projects are peer reviewed by specialist committees
of AINSE. Each committee comprising a balance of
AINSE and ANSTO research personnel. These
committees assess the science and the ANSTO
facility compatibility in their respective areas and
allocate awards of facility time or numbers of
samples for study. There is a concession to AINSE
members, in recognition of the collaborative
aspects of this research.

Most facilities are over subscribed by applications
but nevertheless a large fraction of applications
receive some support.

Increasing membership has created a larger funding
pool by increasing subscription income. In addition,
increasing uptake of AINSE awards, together with
income from external grants, has also acted to
increase the total number of awards and funds
allocated to them. Over the period 1998 - 2001 the
funding to AINSE projects has increased by about
20%.

POST GRADUATE TRAINING AWARDS

To encourage closer collaboration between
ANSTO and member Universities, AINSE awards
supplement scholarships to higher degree students
whose project involved use of ANSTO facilities.
Competition for these awards is vigorous and only
first class honours students holding an APA or
equivalent are considered. The stipend for the
award is $7500 pa and the student also receives
facility access time to the equivalent of $5500.
Travel and accommodation are provided for
periods of attachment to ANSTO. Whilst at



ANSTO the student is closely supervised by a
member of the ANSTO research staff. In this way
the collaboration between ANSTO and the
university is enhanced and the student gains
experience in a non-university research
environment. Should the project stimulate further
collaboration between the university and ANSTO,
extra facility support is often forthcoming. Some
student projects are not directly in areas of active
interest within ANSTO but participation by
ANSTO personnel helps that organisation keep a
watching brief on areas which may have future
potential. In 2001 AINSE supported some 32
studentships.

UNDERGRADUATE TRAINING-
WINTERSCHOOL

In 2001 AINSE successfully ran the fifth
winterschool in which one senior undergraduate
from each of the member universities attended a
four and a half-day intensive course held at Lucas
Heights. The school gives the students lectures, and
hands-on experimental time on five major facilities
such accelerators, irradiation sources, radioassay,
natural radioactivity and neutron scattering.
Students work in small teams and are supervised by
ANSTO personnel, some university workers and a
few AINSE postgraduate scholars who are
excellent role models and a valuable interface
between the students and senior staff. The student
response is highly encouraging and most express
surprise that such a wide range of science is being
conducted at ANSTO especially in the non-nuclear
areas of research which nevertheless derive their
analytical procedures from nuclear techniques.

It is pleasing to note that several honours projects
have evolved from attendees at the winterschool
and one, at least, has carried through to a current
PhD program as an AINSE Postgraduate Scholar.

AINSE CONFERENCES

A crucial part of the AINSE activity is to bring
together the AINSE grantees and ANSTO
personnel as well as the outside research
communities including industry to regular
conferences and workshops. In this way researchers
can pool experience both with one another as well
as with the ANSTO facility providers. The
conferences usually reflect areas within the realm of
the Specialist Committees. Over a period of two
years all areas of AINSE's interests are covered.
The areas currently are

• Nuclear and Particle Physics

• Nuclear Techniques of Analysis

• Plasma Physics

• Neutron Diffraction/Scattering

• Radiation Chemistry/Biology

• Quaternary Science

• Nuclear Techniques in Environmental Science

• Radiopharmaceuticais

• Biological applications of SIMS.

AINSE also collaborates in co-hosting conferences
for external interests in the general area of applied
nuclear science For example, the 2002 South
Pacific Environmental Radioactivity Association's
(SPERA) conference on monitoring in the South
Pacific and the International Association for
Radiation Research (IARR) World Congress in
2003.

CURRENT RESEARCH AND FUTURE
PROSPECTS

The research focus of AINSE members is. as it
should be, not static. The traditional areas of pure
nuclear science are evolving into interdisciplinary
projects. Currently the areas gaining in momentum
are environmental science, archaeometry, bio-
medical and the science of novel materials. This
growth is emphasised by the fact that in 2000, of
the 201 awards 15% were to researchers who had
never previously held an AINSE award.

The AINSE membership enables teams of workers
to combine forces to gain access to major
international facilities eg the ISIS facility at the
Rutherford Laboratory in the U.K. This facility is
the worlds largest pulsed neutron source and in
2001 AINSE member users were awarded 43 days
of access time with a face value of S1.34M. The
projects are so highly rated by ISIS that value is
added to the subscription of $400,000. This
membership fee comes from an AINSE brokered
RIEF grant involving ANSTO and some AINSE
member universities. The capability at ISIS
compliments that at ANSTO.

In this way AINSE is helping members to reach out
to world facilities beyond the immediate confines of
Australia.

The immediate future for AINSE is strongly
influenced by the prospect of the replacement
research reactor. The higher performance of this
facility brings into play the local solution of more
complex molecular structural problems. The series
of workshops being held around the country reveal
that intricate biological systems may be successfully
studied by neutron diffraction/ neutron scattering
techniques. It is anticipated that this area and
material sciences will see significant developments
in the next decade.



Accelerator based projects have grown dramatically
with the increased usage of the 10MV tandem, the
3MV Van de Graaff, the ARPANSA and Auckland
University Linear Accelerators and medical
cyclotrons. These facilities have been applied to the
widest range of areas of study.

REVIEW OF AINSE RESEARCH AREAS

Accelerator Science

Ion beam analysis techniques probe surface and
sub-surface structures. The techniques, are non-
destructive, involve irradiation with protons, alpha
particles and heavier ions as appropriate. The
analysis comes from Proton Induced X-Ray
emission (PIXE), Proton Induced Gamma Ray
Emission (PIGE), Rutherford Back Scattering
(RBS), Recoil Analysis and Time of flight
spectroscopy.

These techniques combine with others in geological
studies, characterisation of ancient ceramics and
metal artefacts, zoological projects of lizard
physiology and in the production of new opto-
electronic materials. One environmental application
involves studying the surface of cement stabilised
waste containments to examine the potential for
leaching out of toxic materials.

Environmental Science

Analysis of environmentally significant materials is
achieved using Secondary Ion Mass Spectrometry
(SIMS), environmental radioactivity by lead-210
and caesium-137 dating methods, uranium/thorium
observations for Quaternary dating and neutron
activation analysis (NAA) using the reactor
HIFAR.

Isotopic analysis of sediments in marine areas in
Tasmania are showing the chronology of changes in
marine fauna. Similar projects are under way in
Sydney harbour. Monitoring of the metal
concentrations in Northern Territory rivers from
acid mine drainage in the vicinity of mining
operations has shown a reduction since remediation
commenced. Further, use of radioactive copper-64
has enabled the biokinetics of copper uptake in
river fish to be traced and the mechanism of
tolerance be examined. In other areas, vanishing
gold in mining industry extraction procedures was
examined by SIMS to see if losses occurred by
adsorption of gold on to carbon inclusions on ore
surfaces. An AINSE studentship is involved in
analysis of the effluent from a number of sources in
a river estuary in northern Darwin where unwanted
algae and plankton blooms are toxic to other, more
desirable, organisms.

Accelerator Mass Spectrometry

AMS is an extremely sensitive analytical tool to
identify and assay selected isotopes. Isotopic

concentrations as low as 1 part in 1 0 ^ can be
measured for isotopes such as carbon-14,
beryllium-10 aluminium-26, calcium-41, and iodine-
129. Carbon-14 analysis is most widely known and
used in various areas where "organic" dating is
required ie archaeology, quaternary science, global
climate change and nuclear safeguards. Dating of
the early history of the Australian continent as well
as deep-water oceanographic analysis is ongoing.

Continuous cosmic ray interactions with natural
isotopes such as oxygen and silicon build up the
cosmogenic isotopes such as beryllium-10 and

aluminium-26- These isotopes markers for the
dating of geological samples and are currently
being used to analyse the age of ares of Antarctica

The acquisition of a dedicated carbon-14 AMS
system will significantly increase the productivity of
this area of study following its commissioning in
2002.

Engineering and Materials

Novel materials and material treatment are highly
active areas. The treatment of surfaces by ion
implantation, for instance, can dramatically improve
corrosion and wear characteristics of metallic
components. Hard coatings such as a thin layer of
titanium nitride (TiN) on drills and machine tools
improve the lifetime many fold. Coatings on valves,
pumps and impellers used in chemical processing
industries reduce corrosion and alleviate friction-
related problems.

University of New South Wales workers are
working on the production artificial bone which is
not rejected by the body and can be used rather
than grafting. University of Auckland researchers
are investigating the electrode surfaces of lithium
ion batteries to improve the rechargeable lifetime of
cathodes. At the University of Technology in
Sydney the nanostructure of cement is being
analysed; nano sized bubbles in metals are
detectable by New Zealand workers and
monolayers of organic acceptors on gold surfaces
are new biosensors of metabolic entities such as
glucose.



Neutron Scattering

Powder and single crystal diffraction; small angle
neutron scattering and polarisation analysis are
techniques based upon the existing reactor HLFAR.
At the ISIS facility neutron reflectometry, vibration
spectroscopy and muon spin resonance facilities are
used by Australian researchers.

Small angle neutron scattering is used by Monash
workers to examine the structure of paper and
wood as they absorb water from the atmosphere
and change structure and properties. Melbourne
chemical engineers examine the role of
aluminosilicate binders in the structure of concrete.
A collaboration between Curtin University and
ALCOA in cooperation with ANSTO examines the
structure of • alumina - an important catalyst.

Radiation Science

In this area, radiation sources are used to initiate
novel chemical processes, modify existing
materials, probe radiotherapeutic mechanisms and
initiate environmental remediation processes.
Radiation sources comprise high intensity cobalt-60
(pond) gamma ray sources and high-energy
electron accelerators.

Curing of polymers such as hydrogels enables
biocompatible materials for used in contact lens
manufacture, wound dressings, and "patches for
slow release drugs. Electron transfer is a
fundamental chemical process. The irradiation of
water produces primary reactive species, which can
trigger specific chemical reactions. An AINSE
student at Melbourne is using the radiation-induced
decomposition of water to release - in situ -
cytotoxic components from a benign carrier
molecule. Oxidation-reduction processes in
irradiated water are being used by Queensland
workers to generate antiglare coatings for
windscreens of cars. Radiation and polymers has
been a long time forte of the chemistry schools at
the Universities of Sydney and Queensland.
Conducting polymers, radiation stable polymers,
surface coatings for space technology, grafted
polymers for biocompatibilty and insulators in
fusion reactors are just a few examples of this
widespread field. Controlled growth of latex
particles for paints and drug release is also a
radiation-induced process.

Radiopharmaceuticals

Radionuclides and radiopharmaceuticals are
essential diagnostic and therapeutic agents in
neurology, cardiology and oncology. The projects
span the range of isotope production, chemical
synthesis, dosage and subsequent diagnostics of
radiopharmacy. Isotope production comes from

reactor neutron irradiation as well as cyclotron
production.

Strategies for diagnostics/therapies involve
identifying essential biochemicals, labelling and
delivery to crucial sites. One example is the use of
rhenium-188 which is used to • -particleirradiate
the lining of an artery which has been subjected to
angioplasty. This procedure inhibits the overgrowth
of normal tissue during the healing process.

Labelled peptides can target tumours in the
intestine; fluorine-18 labelled fluorodeoxyglucose
(FDG) can target lung cancer and with emission
tomography the patient can be accurately
diagnosed.

Plasma Fusion

AINSE supports the National Plasma Fusion
Research Facility at ANU with the provision of
travel and accommodation assistance to the
Australian Fusion Research Group. The projects
are all related to the development of the facility's
plasma confinement and transport system.

CONCLUSION

AINSE is active on an increasing number of fronts.
The membership now includes the University of
Auckland, New Zealand and all of publicly funded
Australian Universities but one - the newly
established University of the Sunshine Coast.
AINSE looks forward to developing links with this
university in the near future.

The available funding is increasing in line with
increased university membership and facility usage.
The ability of AINSE to attract extra support in the
form of ARC grants adds to its research strength.

The advent of a new research reactor and a state of
the art accelerator for AMS and IBA analysis
means that we can confidently expect continuous
expansion of opportunities for research projects.
The range of applications of nuclear based research
is wide, expanding and uses both Australian
facilities as well as some high quality overseas ones.
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Summary : The contract for the design, construction and commissioning of the Replacement Research Reactor
was signed in July 2000. This was followed by the completion of the detailed design and an application for a
construction licence was made in May 2001. This paper will describe the main elements of the design and their
relation to the proposed applications of the reactor. The future stages in the project leading to full operation are
also described.

1. INTRODUCTION

On 3 September 1997 the then Minister for Science
and Technology announced the proposal to fund
ANSTO to construct a replacement research reactor
at Lucas Heights. This reactor is to replace the 40
year old, technologically obsolete HIFAR, which is
expected to reach the end of its operational life
around 2005.

Since that date the project has proceeded through a
number of stages, including:

> An Environmental Impact Statement. This
resulted in a number of recommendations
from the Minister for Environment and
Heritage, which were subsequently accepted
by the Minister for Industry, Science and
Resources. Six monthly reports against these
conditions are provided to the Minister for
Environment and Heritage.

> A Public Works Committee process.
> A site licensing process, with a licence

granted in August 1999. This permits ANSTO
to prepare the site for a replacement reactor.

> A request for tender and tender evaluation
process, which resulted in the award of the
contract to INVAP, an Argentine company,
working with an Australian joint venture
subcontractor comprising John Holland
Construction & Engineering Pty Ltd and
Evans Deakin Industries Limited.

> A preliminary engineering process that
resulted in the completion of a detailed
design.

> In August 2000 the Senate established a
Select Committee to inquire into a number of
issues relating to the need, and the contract,

for the replacement research reactor. ANSTO
provided the Committee with detailed
submissions and ANSTO officers gave
evidence to the Inquiry. Australia's peak
scientific, educational, medical and industry
bodies gave evidence strongly supporting the
construction of the replacement reactor. The
Committee reported on 23 May 2001. The
Government will provide a response to the
Report of the Committee addressing each of
the recommendations.

> An application to the Australian Radiation
Protection and Nuclear Safety Agency
(ARPANSA) for a Facility Licence,
Construction Authorisation.

These steps are part of the overall process set out in
Figure 1, which leads to the routine operation of the
replacement research reactor, scheduled for 2006.

Information on the steps leading up to the contract
award was covered in a previous paper to the
ANA99 conference (1). In the following sections,
information is provided on the design, safety
assessment and proposed applications of the
replacement research reactor.

2. DESIGN OF THE RRR

Between July 2000 and April 2001 INVAP
developed the detailed design of the reactor. As part
of this process it conducted a series of formal
design reviews. ANSTO worked closely with
INVAP throughout this period. The design reviews
were conducted in two stages, one when the design
was 70% complete and one at 100% completion.
These reviews covered all major systems for the
reactor and associated civil, mechanical and
electrical systems and buildings.
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Detailed engineering work began in February 2001
and will continue until all engineering details have
been completed to enable the construction, testing
and commissioning of the facility. ANSTO will be
undertaking a full verification and acceptance
program over the detailed engineering stages. This
will involve witnessing of nominated hold points
and verification of system performance using
alternative calculational procedures or specialist
consultants.

Figures 2 and 3 gave a diagrammatic representation
of the reactor building and reactor systems. Table 1
presents the main reactor and core parameters of
the Reactor Facility.

The reactor core thermal power is 20 MW and it is
designed to achieve high performance in the
production of neutrons and to underpin Australia's
nuclear expertise with modern technology. The
need for high neutron fluxes arises from the main
uses of the neutrons, for the production of
radioisotopes and other radiation services, and the
conduct of neutron research. The reactor is of open-
pool design, which means the core is contained
inside an open pool of demineralised water which
provides both cooling and protection against
radiation from the core.

The Reactor Facility design meets ANSTO's
requirements, including compliance with
demanding safety regulations. The fundamental
safety objective in the design of the Reactor
Facility is the protection of the public, the facility
personnel and the environment from exposure to
radiation due to the operation of the Reactor
Facility. A "defence-in-depth" approach is applied
throughout the facility, providing multiple levels of
protection against the accidental release of
radioactive materials. All systems and structures are
designed with adequate safety margins to ensure
they will behave in a known manner under
anticipated operational occurrences.

A notable feature of the reactor is its compact core,
which maximises the flux of neutrons available for
radioisotope production, irradiation services and
research. Heavy water is used as the reflector to
sustain the nuclear reaction. It is contained in a
Reflector Vessel surrounding the core. This vessel
also provides a large zone of high thermal neutron
flux in which to locate irradiation facilities and
supply neutron beams. The core consists of 16 Fuel
Assemblies of square shape having low-enriched
uranium silicide fuel plates with aluminium
cladding. Fission heat is removed by water
circulating through coolant channels between the
fuel plates. Reactivity is controlled by five control
rods, four of which have neutron-absorber plates
inserted into the core in a cross-shaped array and

the fifth has a central cruciform shaped absorber
plate. The core is thus divided into four portions of
four Fuel Assemblies each (figure 4).

The core and the Reflector Vessel are positioned
close to the bottom of the 12.8 m deep Reactor Pool
(see Figure 2). The Reactor Pool is connected to the
Service Pool by means of a Transfer Canal. The
Service Pool provides a working area and enough
space to store the spent fuel generated during ten
years of reactor operation.

The Primary Cooling System removes the heat
from the core by forced upward circulation of water
and transfers the heat to the Secondary Cooling
System. A Core Chimney above the Reflector
Vessel contains the core coolant before it enters the
pump suction line of the primary system piping,
and provides an additional enclosure for water that
protects the core in case of a loss of coolant
accident.

The Reactor Pool is cooled by the Reactor and
Service Pool Cooling System, whose main function
is cooling of irradiation rigs. This system also
provides long-term pool cooling to the Reactor and
Service Pools to extract decay heat.

Engineered Safety Features are provided which are
capable of maintaining the reactor in a safe
condition under all anticipated operational
conditions. They constitute the third level of
"defence-in-depth" and are designed to prevent
incidents from developing into accidents. They
comply with fail-safe and reliability safety criteria
and are qualified to withstand the environmental
conditions arising from all operational states and all
accident conditions for which they are required to
function.

Engineered Safety Features are:

a) Reactor Protection Systems
b) First Shutdown System
c) Second Shutdown System
d) Reactor Pool Coolant Boundary
e) Core Cooling by Natural Circulation
f) Rig Cooling by Natural Circulation
g) Reactor Containment System
h) Post Accident Monitoring System
i) Standby Power System
j) Emergency Control Centre Ventilation and

Pressurisation System

The function of the Reactor Protection Systems is
to monitor all safety variables so that protective
actions are triggered either when the trip set points
are reached, or under operator initiation. The
Reactor Protection Systems are designed to
function in the event of normal operational and
abnormal conditions.

The First Shutdown System inserts five control rods
into the core when requested by the First Reactor
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Protection System. During normal operation the
central control rod is used for reactivity regulation
and the other four are used for coarse reactivity
compensation, commanded by the Reactor Control
and Monitoring System.

The Second Shutdown System provides an alternate
means of fast reactor shutdown that is diverse and
independent from the First Shutdown System. The
Second Shutdown System partially empties the
heavy water from the Reflector Vessel into a
storage tank beneath the core on command from the
Second Reactor Protection System.

The Reactor Pool Coolant Boundary ensures
availability of the water inventory required for core
cooling during all foreseeable conditions.

If normal electric power is lost, the reactor core and
the irradiation rigs are cooled by transfer of heat to
the pool water by natural circulation. The pool has
a sufficiently large water inventory to provide long-
term cooling without reliance on external systems
or sources of power.

The Reactor Containment System encloses the
Reactor and Service Pools, Reactor Hall, and areas
below the Reactor Pool that house Reactor Pool
water systems and Reflector Vessel heavy water
systems as shown in Figure 2. The Reactor
Containment System is designed to prevent or
mitigate the uncontrolled release of radioactive
materials to the environment.

In the event of an accident, the Post Accident
Monitoring system provides information to the
operators in the Main Control Room or the
Emergency Control Centre, with monitoring of
reactor condition and Engineered Safety Feature
performance. It also monitors the status of the
barriers to fission product release.

A Standby Power System ensures that safety
systems are supplied with the required power to
enable them to perform their safety functions in the
case of loss of the normal electric supply.

The Emergency Control Centre Ventilation and
Pressurisation System ensures the continued
habitability of the emergency control centre in case
the Main Control Room requires evacuation.

2.1 Safety features of the design

The design incorporates many safety features and
inherent safety characteristics. These include:

• The ability to cool the reactor by use of natural
circulation cooling in the event of loss of
normal cooling.

• The lack of dependence on normal power
supplies to shutdown and cool the reactor.

• The two diverse and independent shutdown
systems.

• The fact that the reactor operates at low
temperatures and atmospheric pressure.

• An energy management system that ensures
that the pressure in the containment remains
negative during accident sequences.

• The large pool of water that provides a heat
sink in the event of loss of secondary cooling
and also cools the reactor in a loss of coolant
scenarios.

• The levels of protection against loss of coolant
accidents.

• The ability to withstand a 1 in 10,000 year
seismic event and beyond and the grillage
protection against aircraft crash.

• The very low emissions of tritium due to the
use of light water, not heavy water, as a
coolant.

• The much lower generation of other gaseous
radioactive emissions due to the use of water
cooling of rigs and nitrogen in the pneumatic
systems.

3. PSAR

The detailed design work was integrated with the
development of a Preliminary Safety Analysis
Report (PSAR), required as part of ANSTO's
Application for a Facility Licence, Construction
Authorisation for the Replacement Research
Reactor. The role of the PSAR is primarily to
describe and verify the safety of the design so that
ARPANSA can assess it as part of the licensing
process. The development of the PSAR involved a
broad range of ANSTO's multidisciplinary staff
resources to address such areas as the neutronic and
thermal hydraulic performance of the replacement
reactor, the performance of the neutron beam
facilities and cold neutron source, the safety
systems and the detailed engineering design.

The PSAR has been prepared in accordance with
the guidelines of the International Atomic Energy
Agency (IAEA) Safety Guide SS 35-G1 "Safety
Assessment of Research Reactors and Preparation
of the Safety Analysis Report" 1994.

The PSAR also demonstrates that the Reactor
Facility design complies with the requirements of
the ARPANSA Regulatory Assessment Principles
for Controlled Facilities, Draft version, December
2000.

The licence application evaluation process by
ARPANSA, which includes significant interaction
with and input from the public, is scheduled for
completion by February 2002.
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3.1 Safety analysis 3.2 International Peer Review

The PSAR included a preliminary safety analysis of
the Replacement Research Reactor based on the
detailed design. The objective of this analysis is to
demonstrate that the proposed design meets
ANSTO's safety and licensing requirements,
international best practice and the safety design
criteria set out in the ARPANSA Regulatory
Assessment Principles for Controlled Facilities.

The analysis used both deterministic assessment
and a level 1 probabilistic safety assessment,
appropriate at this early stage of the project. A
deterministic analysis of the behaviour of the
reactor and associated systems following a
comprehensive range of identified Design Basis
Initiating Events was performed. The quantitative
analyses have also been performed with computer
codes. Several parameters in the reactor core have
been studied, such as temperature of the fuel
cladding and the coolant, flow rate through the core
and the flap valves, temperature of the pool, reactor
power, etc. All cases analysed have been
conservatively assessed with an assumed single
failure of the protection system. The failure of one
safety system and the need for a reactor shutdown
by the second acting signal have also been assessed.
The numerical calculations show that the reactor
goes through a series of safe states following the
occurrence of a Design Basis Initiating Event. No
significant core or rig damage occurs in any of the
assessed transients.

Beyond design basis accidents with low
frequencies, where several systems are assumed to
fail, were considered in the PSA. These results
indicated that the core and rig damage frequencies
were several orders of magnitude lower than the
frequency-dose curves developed by ARPANSA.

For those sequences where some rig or fuel damage
was estimated, the off-site consequences were
modelled using the PC COSYMA code. This
showed very low doses at the site boundary, of the
order of tens of microsieverts, and well below the
point at which any countermeasures would be
required. The core damage frequency of 4 x 10'7 per
year fully complies with the ARPANSA principles
and the selected bounding sequences are well below
the frequency-dose curve. Note that for individual
sequences less than 10"7/y off-site consequence
assessment is not carried out. This is consistent
with overseas approaches (CSNI1990).

The safety case and the PSA will be updated as the
detailed engineering and commissioning results are
obtained.

In June 2001, following the submission of the
PSAR to ARPANSA and as part of ARPANSA's
evaluation process, the report was reviewed by an
international team of nuclear experts selected by
ARPANSA. The group included representatives
from the United States, Turkey, France, South
Africa and Denmark, and was led by the
International Atomic Energy Agency, which
subsequently reported its findings to ARPANSA in
July 2001. The group concluded that:

• In general, the design approach incorporates
safety as a very important and an integral part
of the process and provides the RRR with
safety features having passive characteristics
and high reliability. Potential radiological
exposures to the population and workers have
been kept at very low levels in line with good
international practice and the principle of
ALARA has been used effectively in the
design process.

• The PSAR reflects the present design of the
RRR accurately, effectively and in
considerable detail. It has been prepared using
IAEA safety standards and reflects good
current international practice. It provides an
adequate basis for licensing purposes.

A number of recommendations were made and
these are being addressed by ANSTO.

4. IRRADIATION FACILITIES

Radioisotopes are produced by introducing targets
into dedicated irradiation positions in the reflector
vessel.

The following irradiation facilities are provided:

a) General Purpose Irradiation Facilities

b) Bulk Production Irradiation Facilities

c) Large Volume Irradiation Facilities

d) Neutron Activation Analysis Laboratory

e) Neutron Transmutation Doped Silicon
Laboratory

f) Shielded Hot cells for target loading,
unloading and transfer to the radioisotope
production plant

a) The general purpose irradiation facilities
comprise 55 tubes that run from two pneumatic
transfer hots cells to locations in the reflector vessel
having neutron fluxes ranging from 2.4xlO12 to 1.0
xlO14

13



Target materials are loaded into aluminium or
titanium containers 25mm in diameter and 70 mm
long, and are transferred to the irradiation positions
in the reflector by nitrogen. There they can remain
for period ranging from seconds to weeks. The
nitrogen gas is used both for transport and cooling
and consequently targets are limited to those that
can be adequately cooled by the nitrogen gas.

b) The bulk production irradiation facilities
comprise 17 irradiation tubes running vertically
through the reflector vessel. They are 50mm in
diameter and are water-cooled. Irradiation rigs,
which can be removed with the reactor at power,
will accommodate up to five target cans and have a
cooling capacity of 125KW.
They will be used primarily for the irradiation of
low enriched uranium for the production of Mo99,
tellurium dioxide for the production of I 131 and
iridium metal for the production of Ir 192.
c) The large volume irradiation facilities will be

used to irradiate mineral and other samples
requiring irradiation times of typically 15
minutes, mainly for the minerals industry, and
for the neutron transmutation doping of single
crystal silicon ingots for the electronics
industry.

d) The Neutron Activation Laboratory has been
provided in the reactor building for the analysis
of samples that are irradiated in large
pneumatic conveyor irradiation tubes for only a
few minutes. They travel from the reactor to
the laboratory in 3 seconds for immediate
analysis of the very short activation products.

e) The neutron transmutation doped silicon
laboratory is provided for the post irradiation
scanning cleaning and packaging of the silicon
ingots.

f) Two pneumatic conveyor hot cells are
provided for the transfer of targets from the
irradiation tubes to the radioisotope production
buildings. This is achieved either via a further
pneumatic conveyor system or via the transfer
of the targets to the loading hot cell on level 4
and hence via on site transport containers.
An additional isotope transfer hot cell is
provided for the unloading of the bulk
irradiation rigs and for the transfer of the
targets removed to the loading hot cell.

The total system is designed for the minimum
involvement of staff, and for the minimum
exposure of those staff that are involved to
radiation from the targets being transferred. The
design is particularly successful in this latter regard.

The irradiation facilities have greater production
capability than HTFAR both in terms of the range of
fluxes available and particularly in the total

irradiation capacity of the reactor.

Additional benefits will also be derived from the
development of new radiopharmaceuticals
including the emerging therapeutics, and drug
delivery systems. New radiopharmaceuticals
designed to provide a greater understanding of, and
improvements to, the diagnosis of neurological
disease and cancers are being produced.

5. NEUTRON BEAM FACILITIES

Neutron super mirror guides are used to efficiently
transport neutrons from the high density neutron
areas located in the Reflector Vessel to the research
instruments located in the Reactor Beam Hall and
the Neutron Guide Hall.

Neutron beam facilities of the Reactor Facility
include:

• Cold and thermal neutron source systems.

• Neutron guides for thermal and cold neutrons.

• Neutron beam shutters.

• Auxiliary systems.

Arrangements are included for the possible future
installation of a hot neutron source - see Figure 4.

The buildings that support these facilities comprise:

• The Reactor Beam Hall - An area in the
reactor building that accommodates the
neutron beam instruments that need to be as
close to the reactor as practicable.

• The Neutron Guide Hall - An area adjacent to
the reactor building that accommodates the
majority of the neutron beam instruments.

• Workshops and laboratories, offices and a
viewing gallery.

These facilities are supported by the following
services:

• Cranes in the Reactor Beam Hall and the
Neutron Guide Hall.

• Air conditioning and ventilation.

• Other services that comprise: electrical supply,
communication systems (telephone and
computer), water supply and drainage, gas
supply (industrial and specialised).

Cold Neutron Source

The liquid Deuterium type Cold Neutron Source is
located close to the peak thermal flux in the
Reflector Vessel. It has a maximum neutron yield
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with energy less than 5 meV, an operating
temperature below 25 K, and serves two neutron
beam assemblies located on opposite sides of the
Reflector Vessel.

The cold neutron flux at the performance
measurement locations at the reactor face will be of
the order of 1.4xlO10 n cm"2 s"1 and at the
performance measurement locations in the neutron
guide hall will be of the order of 2.7xlO9 n cm"2 s"1.

The Cold Neutron Source cooling system is a
double-wall liquid helium design that promotes
reliable and safe operations. Both the Cold Neutron
Source cooling system and the reactor are capable
of operation if the other is shut down. All
instrumentation and control systems are equipped
with uninterruptible power supplies. Postulated
failures of the cold source do not affect reactor
safety. The cold source is automatically monitored
and controlled by the Cold Neutron Source Control
System and has a separate Cold Neutron Source
Protection System.

but with provision for two more to be added later.

The possible future hot neutron beam assembly
HNB-5 is able to hold two neutron guides in the
same horizontal plane, HG-1 and HG-2.

The Neutron Guides transport the neutrons from the
neutron sources to the research equipment.

6. FUTURE STAGES

As shown in figure 1, ANSTO is currently awaiting
the issue of the Facility Licence, Construction
Authorisation. The outcomes of the Detailed
Engineering will be presented in a draft Final
Safety Analysis Report, as part of the application
for an operational licence. This will include the full
results of the commissioning tests. Construction is
expected to take from February 2002 (subject to the
granting of a licence) until mid 2004. Following the
granting of an operational licence, the performance
acceptance tests will proceed up to the point where
full power is achieved and all systems are proven.

Thermal Neutron Source

The thermal neutron source comprises a heavy
water zone located close to the region of peak
thermal flux in the Reflector Vessel. The nominal
thermal neutron flux at the performance
measurement locations at the reactor face will be

7. CONCLUSIONS

higher than 1.6xlO10 n cm s and at the
performance measurement locations in the neutron
guide hall will be higher than 1.6xlO9 n cm'2 s"1.
The neutron spectrum has a temperature in the
range from 40°C to 60°C. Two neutron beams
originate at the thermal neutron source.

The Reactor Facility is provided with (Figure 5):

g) Two thermal neutron beam assemblies that
emerge from the Reflector Vessel in
opposite directions, TNB-1 and TNB-3,
respectively.

h) Two cold neutron beam assemblies, CNB-2
and CNB-4.

i) An additional beam assembly HNB-5 for a
possible future Hot Neutron Source.

The thermal neutron beam assembly TNB-1 can
hold three thermal guides TG-1, TG-2 and TG-3 in
the same horizontal plane. The thermal neutron
beam assembly TNB-3 holds one thermal guide
TG-4, but with provision for two more to be added
later.

The cold neutron beam assembly CNB-2 can hold
three cold neutron guides in the same horizontal
plane, CG-1, CG-2 and CG-3. The cold neutron
beam assembly CNB-4 holds one cold guide CG-4,

The RRR design, construction and commissioning
process has reached the completion of the detailed
design and is now in the detailed engineering phase.
The reactor will provide Australia with a world
class neutron source of great flexibility, high
productivity and very high availability. In addition
it will significantly enhance the ability to supply
industrial and medical radioisotopes to satisfy the
demand into the future.

This will be done with a reactor that has many
inherent safety features and very low levels of risk.

The public involvement in the process continues to
be high through the ARPANSA licensing process.
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Table 1 Main Reactor Characteristics and Core Parameters

GENERAL DATA

Type of reactor

Core thermal power

Power removed by primary circuit

Power removed by reflector circuit

Open pool

20 MW

18.8 MW (94%)

1.2 MW (6.0 %)

NUCLEONIC

CORE

Number of fuel assemblies in equilibrium core array

Core dimension

Net core volume

Grid array

Number of control rods

Absorbing material

Core fuel load (average Beginning of Cycle - BOC)

Average at power operation cycle length, reference core

Average cycle length, reference core

Maximum peaking factor, reference core

Maximum peaking factor design limit

16

35 x 35 x 61.5 cm

0.075 m3

4 x 4

5

Ag-ln-Cd

6.25 kg uranium-235

29 full power days

31 days

2.1

3.0

NEUTRONIC DATA

Average core thermal flux (BOC)

Average core fast flux (BOC)

Average core thermal flux (End of Cycle - EOC)

Average core fast flux (EOC)

1.05x1014ncm"2s1

1.27x1014ncm"2s1

1.15x1014ncm"2s"1

1.31 x1014ncnf2s'1

Prompt neutron life-time

BOC, hot/cold

EOC, hot/cold

176/180 usec

181/186 fxsec

Effective delayed neutron fraction (P effective)

BOC, hot/cold

EOC, hot/cold

Total reactivity worth (control rods), cold/hot

730/731 pern

718/719 pem

16990/17220 pem

NUCLEAR FUEL

Fuel type 19.70% enriched, U3Si2-AI
dispersion fuel
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OPERATIONAL DATA

Full assembly residence time

Maximum discharge burn-up per fuel assembly

Average discharge burn-up

Maximum cladding surface temperature

About 190 full power days

96500 MWd/Tn U (58%)

78700 MWd/Tn U (46.3%)

97°C (in the hot channel)

FUEL ASSEMBLY

Fuel element type

Number of fuel elements per fuel assembly

Active length

Active width

Plate thickness

Coolant channel dimensions

Plate

21

615 mm

65 mm

1.35 mm (inner thickness)

1.5 mm (outer thickness)

2.45 mm x 70.5 mm

THERMAL-HYDRAULICS

CORE THERMAL DATA

Inlet temperature

Outlet temperature (1900 m% through the core)

Core power density

Nominal value 38°C

Nominal value 47°C

280 kW/L

CORE HYDRAULIC DATA

Effective coolant flow, minimum

Coolant velocity in core coolant channel (internal channel)

Core pressure drop

1900m3/h

8.1 m/s

240 kPa

REACTOR POOL DATA

Internal pool diameter

Internal pool height

Internal pool water depth

Reactor pool water inventory

4.5 m

14.1 m

12.6 m

186 m3
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Figure 1 - Research Reactor Project Phases

00

PHASE 1 - PREPARATION

Submission of the Environmental Impact Statement

Environmental recommendation by the Minister for
the Environment & Heritage and Approval by the

Minister for Industry, Science and Resources

Application to ARPANSA for Licence to Prepare the
Site

Public Hearings by Parliamentary Public Works
Committee

Review by ARPANSA of Licence Application and
Submissions from the Public

Parliamentary approval of Public Works Committee
Report

Issue by ARPANSA of Licence to Prepare the Site

PHASE 2 - TENDER PROCESS

Tenders called

Recommendation of Preferred Tenderer approved
by Minister for Industry, Science and Resources

Contract placed

PHASE 3 - DESIGN, CONSTRUCTION AND
COMMISSIONING

Detailed Design and preparation of Preliminary Safety
Analysis Report

Application to ARPANSA for Licence to Construct the
Reactor Facility and submission of the PSAR

ARPANSA Safety Evaluation, Peer Review and Public
Consultation on the Licence Application

Issue by ARPANSA of Licence to Construct

Detailed Engineering, Construction and preparation of
a draft Final Safety Analysis Report

Application to ARPANSA for Licence to Operate the
Facility and submission of the draft FSAR

Review of Draft FSAR by ARPANSA and issue of
Licence to Operate with hold points

Commissioning

Submission to ARPANSA of FSAR with
Commissioning Results

Review of Commissioning Results and Confirmation
by ARPANSA of Licence to Operate at full power

Operation



Figure 2 East-West Section of the Reactor Building
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FIGURE 3 Reactor Pool and Service Pool
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Figure 4 Fuel and control rods
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Figure 5 Neutron Beam arrangement
(Future)

HOT NEUTRON
RC

22



AU0221605

Australia's Uranium Resources and Production in the
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SUMMARY. Australia has 654 000 tonnes uranium (U) in Reasonably Assured Resources (RAR) recoverable
at <US$40/kg U, which is the largest of all national resource estimates reported in this category. Australia also
has the world's largest resources in RAR recoverable at <US$80/kg U, with 29% of world resources in this
category. Other countries that have large resources in this category include Kazakhstan (19%), Canada (14%),
South Africa (10%), Brazil (7%), Namibia (6%), Russian Federation (6%), and United States (5%).

In 2000, the main developments in Australia's uranium mining industry were that production reached a record
level of 8937 t U3O8 (75791U), and commercial operations commenced at the new in situ leach operation at
Beverley during November. Australia's total production for 2000 was 27% higher than for 1999. Uranium oxide
was produced at the Olympic Dam (45001U3O8), Ranger (4437 t U3O8) and Beverley operations, although
production from Beverley for the year was not reported. Australia's share of the world's annual uranium
production has increased steadily from about 10.8% (3,712 tonnes U) in 1995 to 21.9% in 2000. Throughout this
period Australia has maintained its position as the world's second-largest producer of uranium, behind Canada.

Introduction

This paper reviews Australia's uranium resources
and production and considers these in a global
context. It also outlines the major styles of uranium
deposits in Australia and the world, and comments
on exploration trends.

These are all matters that AGSO - Geoscience
Australia is well able to comment on given that it:
• prepares annual estimates of Australia's uranium

resources within categories defined by the OECD
Nuclear Energy Agency (OECD/NEA) and the
International Atomic Energy Agency (IAEA).
These are incorporated in periodical updates
(usually every two years) of world uranium
resources. These updates are published in
Uranium Resources, Production and Demand,
commonly known as the 'Red Book'
(OECD/NEA & IAEA, 2000),

• provides advice to Government on uranium
exploration and discovery under the Atomic
Energy Act 1954, as amended; and

• provides technical advice to Government on
uranium mining proposals.

Australia's uranium resources

Under the NEA/IAEA resource classification
scheme, resource estimates are divided into the
following categories that reflect the level of
confidence in the quantities reported:

• Reasonable Assured Resources (RAR),
• Estimated Additional Resources — Category I

(EAR-I),

• Estimated Additional Resources — Category II,
• Speculative Resources.

The resources are further separated into categories
based on the cost of production: <US$40/kg U;
<USS80/kg U; and <US$130/kg U. The <US$40
category was introduced into the NEA/IAEA
scheme to reflect a production cost range that is
more relevant to uranium market prices which have
prevailed since the mid-1990s.

Table 1 shows the estimates for Australia's RAR of
uranium at December 2000. The majority of
Australia's total uranium resources in RAR
recoverable at <US$40/kg U are within six deposits
(Fig. 1):
• Olympic Dam (SA), which is the world's largest

uranium deposit,
• Ranger, Jabiluka, Koongarra in the Alligator

Rivers region (NT),
• Kintyre and Yeelirrie (WA).

World uranium resources

National agencies from each country provide
estimates of uranium resources in response to
questionnaires distributed by the NEA/IAEA
Uranium Group.

All the estimates of resources are expressed in terms
of tonnes (t) of uranium (U) recoverable from
mineable ore; i.e. the estimates include allowances
for ore dilution, mining and milling losses.
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Australia's uranium resources in RAR recoverable at
<US$40/kg U are the largest of all those countries,
which have reported resources in this category
(Table 1). Australia also has the largest resources in
RAR recoverable at <US$80/kg U, with 29% of
world resources in this category (Fig. 2). Other
countries that have large resources in this category
include Kazakhstan (19%), Canada (14%), South
Africa (10%), Brazil (7%), Namibia (6%), Russian
Federation (6%), and United States (5%).

Table 1. Reasonably Assured Resources, as at
December 2000 (t U).

Australia
Brazil (b)
Canada
France
Gabon
Kazakhstan (b)
Mongolia (b)
Namibia
Niger
Russian Fed.(b)
South Africa
Ukraine (b)
USA
Uzbekistan
Others (c)
Total
Total adjusted
for losses (d)

Cost Ranges (a)
<USS40/kgU

(<US$15/lb
U3O8)

654 000
56 100

284 560
NR

4 830
320 740

10 600
67 240
43 590
64 300

121000
-
NR

65 620
5 860

> 1 698 440
> 1570 000

<US$80/kgU
(<US$30/lb

UjO«)

667 000
162 000
326 420

12 460
4 830

436 620
61600

149 270
71120

140 900
232 900
42 600

106 000
65 620
95 970

2 575 310
2 334 000

<US$130/kg U
(<US$50/lb

U3O8)

697 000
162 000
326 420

14 240
4 830

598 660
61600

180 510
71 120

140 900
292 800

81000
355 000

83 090
117 830

3247 000
2 945 000

Sources: Data for Australia compiled by AGSO — Geoscience
Australia as at December 2000. Estimates for all other countries
are from OECD/NEA & IAEA (2000).
(a) Resources in <US$80 category include those resources in
<US$40 category. Resources in <US$130 category include those
resources in <US$80 category.
(b) In situ resources with no allowances for mining and milling
losses.
(c) Algeria, Argentina, Bulgaria, Central African Republic, Czech
Republic, Greece, Italy, Islamic Republic of Iran, Mexico,
Slovenia, Somalia, Spain, Sweden, Zaire, Zimbabwe.
(d) Totals have been adjusted by OECD/NEA and IAEA to
account for milling and/or mining losses not incorporated in the
estimates for Brazil, Kazakhstan, Mongolia, Russian Federation,
Ukraine and certain countries grouped under 'Other Countries'.
NR: not reported

Types of uranium deposits and their economic
significance in Australia and worldwide

The OECD/NEA and IAEA (2000) have classified
uranium deposits worldwide into fifteen deposit
types on the basis of their geological setting. They
are listed below in the order of their approximate
economic significance in Australia. The
approximate economic significance worldwide of
the seven most important types is shown in brackets.

• Depositor prospect
A Currtnt pmdtxar
A fomstpnxtuctr

Fig. 1 Australian uranium deposits and prospects

70OT

• RAR recover**; in rangs US$40 -

QRARrecovodfea <LS$40/kgU

Fig. 2 Distribution of reasonably assured
resources among countries with major resources.

Fig. 3 shows the proportion of Australia's resources
in each of these deposit types.
1. Breccia complex deposits; (3)
2. Unconformity-related deposits; (1)
3. Sandstone deposits; (2)
4. Surficial deposits; (6)
5. Metasomatite deposits; (7)
6. Metamorphic deposits;
7. Volcanic deposits;
8. Intrusive deposits; (5)
9. Vein deposits;
10. Quartz-pebble conglomerate deposits; (4)
11. Collapse breccia pipe deposits;
12. Phosphorite deposits;
13. Lignite;
14. Black shale deposits;
15. Other types of deposits.
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Breccia complex deposits
Breccia complex uranium deposits formed from
hydrothermal systems associated with high-level
felsic - mafic intrusions and coeval volcanics in
intra-continental environments. The main
representative of this type of deposit worldwide is
the Olympic Dam deposit in South Australia. Other
significant deposits and prospects of this type in the
same area include Wirrda Well, Acropolis and Oak
Dam, and there are breccia hosted uranium deposits
and mineralisation in the Mount Painter area to the
east.

The Olympic Dam copper-uranium-gold deposit
has the world's largest resource of low-cost
uranium. As at December 2000, the deposit
accounted for approximately 65% of Australia's
reserves plus resources (Fig. 3). Together with past
production of 22 022 t U3O8 to December 2000, the
total initial global uranium resources amounted to
about 2510 Mt containing an estimated 1 003 2801
U3O8 (850 780 t U). The deposit is also a major
copper and gold producer. Silver is another
important co-product and the deposit has significant
amounts of rare earth elements (lanthanum and
cerium), and has an iron content of about 26% Fe.
The overall grades of the resource are about 1.3%
copper, 0.4 g gold per tonne and 2.9 g silver per
tonne.

The Olympic Dam deposit occurs in a hematite-rich
granite breccia complex in the Gawler Craton. It is
overlain by approximately 300 m of flat-lying
sedimentary rocks of the Stuart Shelf geological
province. The breccia complex is associated with a
Mesoproterozoic plutonic intrusion and co-
magmatic continental felsic volcanics.

The breccia complex is entirely within the granite
intrusion, and consists of a variety of breccia types
ranging from granite-rich breccias, through
hematitic granite breccias, to hematite-rich breccias.

There is a broad zonal distribution of the major rock
types within the breccia complex. The central core
of the complex is barren hematite-quartz breccias,
with several localised diatreme structures. The
hematite-quartz core is flanked to the east and west
by zones of intermingled hematite-rich breccias and
altered granitic breccias. These zones are
approximately 1 km wide and extend almost 5 km in
a northwest-southeast direction. Virtually all the
economic copper-uranium mineralisation is hosted
by hematite-rich breccias (Reeve & others, 1990).
This broad zone is surrounded by granitic breccias
extending up to 3 km beyond the outer limits of the
hematite-rich breccias. The outer limits of the
breccia complex are gradational with the Roxby
Downs Granite.

Unconformity related
20.4%

Sandstone uranium
6.7%

Surficial (calcrete)
4.9%

Broccia complex
65.5%

Fig. 3 Distribution of Australia's uranium
resources within deposit types.

Unconformity-related deposits
Unconformity-related deposits occur immediately
below and above major unconformities that separate
crystalline basement from overlying clastic
sandstones of either Proterozoic or, less commonly,
Phanerozoic age. The overlying sandstones are
usually flat lying, but in some cases they have been
folded (McKay & Miezitis, in press).

Approximately 20% of Australia's uranium
resources are contained in unconformity-related
deposits, which occur in two main uranium
provinces that contain Proterozoic unconformity-
related deposits:
• Alligator Rivers uranium field (NT)

encompassing Ranger 1, Nabarlek, Jabiluka,
Koongarra and Ranger 68 deposits; and

• Rudall Complex (WA) which contains the
Kintyre deposit.

Worldwide, the distributions of the grades and sizes
of the deposits are related to their setting with
respect to the unconformity and type of host rocks.
Large high-grade uranium (1-14% U3Og) or
polymetallic deposits (U+Ni+Co+As) occur directly
at or slightly above the unconformity (e.g. Cigar
Lake, McArthur River (Canada)). Large but medium
to high-grade uranium (0.3-1.0% U3O8) deposits are
found below the unconformity (eg. Rabbit Lake
(Canada), Jabiluka 2) and small low-grade deposits
may be up to 200 m above the unconformity (eg.
Maurice Bay (Canada)). The style of high-grade
unconformity-related deposits at the unconformity,
as seen at Cigar Lake, have not been found in the
Pine Creek Inlier to date although such deposits
could be completely concealed by the cover
sandstones.
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Sandstone deposits
Sandstone uranium deposits are in fluvial or
marginal-marine sandstone. This type of deposit
contains a large proportion of the world's known
uranium resources, although they are commonly of
low to medium grade (0.05 to 0.4% U3O8). In each
province or basin there are usually many small to
medium-size deposits, some of which can contain up
to 50 0001 U3O8. The cumulative tonnage in the
province or basin is often very large — up to several
hundred thousand tonnes (Dahlkamp, 1993). Major
sandstone uranium provinces include the Powder
River Basin in Wyoming, Colorado Plateau, and
Gulf Coastal Plain of the USA, and the Tim Mersoi
Basin of Niger.

Sandstone deposits comprise approximately 7% of
Australia's total uranium resources. Deposits of this
type occur in the Frome Embayment (Beverley,
Honeymoon, East Kalkaroo, and Goulds Dam),
McArthur Basin (deposits in the Westmoreland
area), Gunbarrel Basin (Mulga Rock), Carnarvon
Basin (Manyingee), Canning Basin (Oobagooma),
Amadeus Basin (Angela, Pamela), and Ngalia Basin
(Bigrlyi and Walbiri).

Surficial deposits
Surficial uranium deposits are broadly defined as
young (Tertiary to Recent) near-surface uranium
concentrations in sediments or soils. Uranium
deposits in calcrete (calcium and magnesium
carbonates) are the largest of the surficial deposits.
Calcrete deposits form in regions where uranium-
rich granites were deeply weathered in a semi-arid to
arid climate.

Calcrete deposits represent approximately 5% of
Australia's total reserves and resources of uranium.
The Yeelirrie deposit (WA) is by far the world's
largest surficial deposit. It contains 52 5001 U3OS in
resources averaging 0.15% U3O8. Other significant
deposits in Western Australia include Lake Way,
Centipede, Thatcher Soak, and Lake Maitland.

Quartz-pebble conglomerate deposits
Quartz-pebble conglomerate uranium deposits occur
in conglomerates deposited in the age range 3070-
2200 Ma, ie. Archaean and Palaeoproterozoic age
(Roscoe, 1995). The quartz-pebble conglomerate
deposits make up a major proportion of the world's
uranium resources, eg. Witwatersrand gold-uranium
deposits in South Africa, where uranium is
recovered as a by-product of gold mining.

Quartz-pebble conglomerates containing very low
levels of uranium (and gold) are known to occur in
four provinces in Western Australia: Hamersley
Basin, Yerrida Basin, Halls Creek Province and the
Pilbara Craton. However, to date, uranium or gold

concentrations of commercial significance have not
been discovered.

Only a minor proportion of Australia's total uranium
resources are in Metasomatite type (eg. Valhalla and
Skal deposits, Mt Isa region), Metamorphic type (eg.
Mary Kathleen deposit), Volcanic type (eg. Ben
Lomond and Maureen deposits, Qld), Intrusive type
(eg. Radium Hill and Crocker Well deposits, Olary
region SA), and Vein type deposits.

Collapse breccia pipe, Lignite, and Black shale
deposit types - these types of deposit are of minor
economic significance, and there are no known
significant examples in Australia.

Australia's uranium production

In 2000, the main developments in Australia's
uranium mining industry were that production
reached a record level of 8937 t U3O8 (7579 t U),
and commercial operations commenced at the new
in situ leach operation at Beverley during
November. Australia's total production for 2000 was
27% higher than for 1999. Uranium oxide was
produced at the Olympic Dam (4500 t U3O8),
Ranger (4437 t U3O8) and Beverley operations. Nil
production was reported from Beverley for the year.

Olympic Dam
Production from Olympic Dam was 41% higher than
for 1999, and in terms of annual production, it is
now the world's second largest uranium mine. This
increase in production resulted from the major
expansion of the project, which was completed in
1999 at a final cost of A$ 1.94 billion. The expansion
has increased annual production capacity to 200 000
t of refined copper, 4600 t U3O8 and commensurate
increases in gold and silver output.

WMC Ltd announced plans to further increase
copper production to an annual rate of 235 000 t
refined copper by optimisation of operating
processes within the metallurgical plant. It is
proposed to complete this expansion by 2003.

Ranger
Mining of the Ranger No. 3 Orebody open pit
continued throughout the year with 2.4 Mt of ore
and 4.5 Mt of overburden being mined. Energy
Resources of Australia (ERA) Ltd reported that
mining of the No. 3 Orebody is expected to be
completed in 2007, which will meet the
requirements for this open pit to be utilised as a
tailings repository from 2008. It is anticipated that
processing of Ranger ore will be completed by 2010.

The company's performance at both Ranger and
Jabiluka continues to be closely scrutinised by the
Supervising Scientist and the Northern Territory
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Government. The Supervising Scientist reported in
the 1998/1999 Annual Report:
'Assessments showed that the environmental
management regime at Ranger continues to operate
in a way that poses no immediate nor long-term
substantial threat to the surrounding environment of
Kakadu National Park'.

In August 2000, Rio Tinto Ltd gained a majority
ownership of ERA Ltd through the takeover of
North Ltd.

Recent uranium developments in Australia

Jabiluka
Construction of the decline, interim water
management pond and surface facilities were
completed in 1999. As with Ranger, Jabiluka is
surrounded by, but is not part of, Kakadu National
Park (KNP). In view of World Heritage concerns
about the impact of Jabiluka's development on KNP,
ERA Ltd has agreed that Jabiluka and the nearby
Ranger operation would not be in full operation
simultaneously. In line with this approach, ERA
announced in April 2001 that it would consider
further development of the company's mining
operations on a progressive basis in consultation
with all key stakeholders, including Aboriginal
interests. In the meantime, Jabiluka will remain in a
stand-by and environmental maintenance phase as it
has since October 1999.

Beverley
Beverley is Australia's first in situ leach (ISL)
operation to mine uranium. Annual production is
approximately 1000 t U3O8, and ion exchange
technology is used in the uranium recovery plant.

Development of the project was approved by both
the Commonwealth and South Australian
Governments in March 1999 following a joint
assessment of the Environmental Impact Statement
(EIS). As part of the assessment process the
Commonwealth Environment Minister required the
company to carry out further work to confirm that
there is no hydraulic connection between the highly
saline Beverley aquifer and other surrounding
aquifers, including the Great Artesian Basin aquifer.
This was necessary in order for approvals to be
granted for the disposal of liquid wastes by re-
injection into the Beverley aquifer.

Honeymoon
The draft EIS for the proposed development of the
Honeymoon project (SA) was released in June 2000.
Southern Cross Resources proposes to develop a
commercial ISL uranium operation, based on the
Honeymoon and East Kalkaroo deposits. The
nominal production rate is planned to be 1000 t
U3O8 per year. Uranium will be recovered in the

processing plant using solvent extraction technology
mainly because of the very high salinity of
groundwaters in the Basal Sands aquifer.

The various options for disposal of liquid wastes
from the proposed operation were outlined in the
draft EIS. The company's preferred method for
disposal is to re-inject the liquid wastes into the
Basal Sands aquifer via disposal wells.

The draft EIS and the Response Supplement were
assessed jointly by South Australian Government
agencies and the Commonwealth Department of
Environment and Heritage (Environment Australia).
In February 2001, the Environment Minister
announced that before he could make a final
decision on the proposal, further detailed
information would be required on the hydrology of
the Honeymoon aquifers. With reference to the
disposal of waste liquids by re-injection into the
Basal Sands aquifer, the Minister stated that he must
be confident about the characteristics of any
migration of re-injected waste, and also that
detrimental environmental consequences would not
occur.

Following consultations between Geoscience
Australia, the Bureau of Rural Sciences and South
Australian Government agencies, the Minister
released the Terms of Reference for the additional
work in March 2001. It was recommended that the
company should:
• carry out pump tests and stratigraphic drilling to

assess the hydrogeological boundaries and
characteristics of the aquifer and confining beds,
including any leakage between the aquifers,

• characterise the chemical processes, which may
occur in any liquid waste plume, to determine the
chemical and physical changes and the probable
rate of return to values comparable to the natural
groundwaters in the aquifer,

• demonstrate the effectiveness of the monitoring
system to detect possible excursions as a result of
ISL operations, and liquid waste injection into
the Basal Sand aquifer, and groundwater
extraction from the Upper Sand aquifer.

The work required to collect the additional
information was carried out in three phases:
stratigraphic drilling, aquifer test pumping, and
groundwater flow and quality simulation. The
numerical modeling was generated using
commercial computer simulation packages and
project data accumulated over many years of testing.
Reports on the results of this additional work were
delivered to Environment Australia in July and are
currently being considered.
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Table 2. World natural uranium production by country, 1999-2001 (Sorted according to production in
2000).

Country

Canada
Australia
Niger
Namibia
Uzbekistan
Kazakhstan
Russia
United States
Ukraine
South Africa
China
Czech Republic
Subtotal
Others2'
TOTAL

1999
Tonnes U

7,896
5,984
2,918
2,689
2,130
1,367
1,500
1,871
1,200

981
500
313

29,349
1,460

30,809

Share of
Total (%)

25.6
19.4
9.5
8.7
6.9
4.4
4.9
6.1
3.9
3.2
1.6
1.0

95.3
4.7

100.0

2000
Tonnes U

10,682
7,579
2,898
2,715
2,010
1,771
1,500
1,493
1,200

817
500
323

33,488
1,198

34,686

Share of
Total (%)

30.8
21.9
8.4
7.8
5.8
5.1
4.3
4.3
3.5
2.4
1.4
0.9

96.5
3.5

100.0

2001"
Tonnes U

10,522
8,200
2,900
2,600
2,150
1,800
1,500
1,119
1,200
1,268

500
330

34,089
1,084

35,173

Share of
Total (%)

29.9
23.3

8.2
7.4
6.1
5.1
4.3
3.2
3.4
3.6
1.4
0.9

96.9
3.1

100.0
Source: Data for all countries other than Australia are from Nukem (2001).
]) Estimates
2) Others include: Argentina, Belgium, Brazil, France, Gabon, Germany, Hungary, India, Pakistan, Portugal,

Romania and Spain

World uranium production

Since 1998 the world uranium production has been
fluctuating between 30,809 tonnes U in 1999 and
34,686 tonnes in 2000. The production is projected
to increase to about 35,000 tonnes U in 2001 before
declining to about 32,000 tonnes U in 2002.
Australia's share of the world's uranium production
has increased steadily from about 10.8% (3,712
tonnes U) in 1995, 14.3% (4,894 tonnes U) in 1998,
to 21.9% (7,579 tonnes U) in 2000. Throughout this
period Australia has maintained its position as the
world's second-largest producer of uranium, behind
Canada. Australia's uranium production is projected
to surpass that of Canada in 2002, with an increase
to about 8,790 tonnes U or about 27% of world
production. In 2000, total production from Canada
(30.8% of world production) and Australia
accounted for more than 50% of the world's
uranium production. In 2000, uranium was produced
in 21 countries with Niger (8.3%), Namibia (7.8%),
Uzbekistan (5.8%) and Kazakhstan (5.1%) being
some of the more significant producers.

By end of 2001, uranium production is expected to
cease in France, Germany, Spain and Portugal. In
some of these countries and in Hungary, minor
quantities of uranium are extracted as part of
decommissioning processes involving clean-up
activities and water treatment, which may continue
for some years. Uranium production in Argentina

has also been placed on stand-by because of low
uranium prices.

The largest production centres in 2000 were Key
Lake/McArthur River (Canada), Olympic Dam and
Ranger. Canada's Cigar Lake project is projected to
start up in 2005.

World natural uranium production for 2000 was
derived from several general types of mining
operations: Conventional mining (underground and
open cut) 70.0%; in situ leach 14.3%; co-product of
copper mining 11.0%; by-product 2.1%; and
others/unknown 2.6%.

World uranium production in 2000 was sufficient to
meet about 56% of the annual demand for fuel for
electricity generation by nuclear reactors. The
balance of the fuel requirements are met from other
sources and include stockpiles, reprocessing of
weapons grade material, and by uranium and
plutonium recovered from reprocessing of spent
nuclear reactor fuel. Such secondary sources of
uranium are likely to continue to supplement the
demand for nuclear reactor fuel for the next few
years.
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Uranium exploration in Australia

AGSO — Geoscience Australia undertakes an annual
survey of uranium exploration in Australia. Total
expenditure on uranium exploration in Australia for
2000 was $7.59 million, 21% lower than for 1999.
The main areas for exploration during 2000, and
deposit types being targeted were:
• Arnhem Land (NT) - exploration for

unconformity-related deposits in
Palaeoproterozoic metasediments below a thick
cover of Kombolgie Sandstone,

• Frome Embayment (SA) - exploration for
sandstone type deposits in Tertiary sediments,

• Mount Painter region (SA) - exploration for
uranium and gold mineralisation in hematite-rich
granitic breccias.

Virtually all of Australia's significant deposits were
discovered during the period of elevated exploration
expenditures between 1969 and 1980 (Fig. 4). This
was followed by a long period of low exploration
expenditures from 1982 onwards, and during this
period only one deposit (Kintyre) was discovered.
Although Australia's low-cost resources continued
to increase after 1982, this was only due to the
delineation of resources at the known deposits.

'— Uranium exploration expenditure
— — - Reasonably Assured Resources recoverable at less than

US$80/kg U

Fig. 4 Comparison between annual expenditures
on uranium exploration, the discovery of deposits
and growth in Australia's uranium resources
(McKay & Miezitis, in press).
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SUMMARY

The last five years have seen rapid developments in uranium solution mining in Australia, with one deposit
brought into production (Beverley, 1,000 tpa U3O8) and another close to receiving development approval
(Honeymoon, 500 expanding to 1,000 tpa U3O8 proposed). The deposits were discovered during extensive
exploration of the Frome Basin in South Australia in the early 1970s and were mothballed from 1983 to 1996
due to Government policies. Uranium mineralisation at Beverley, Honeymoon and other related prospects is
hosted in unconsolidated coarse grained quartz sands which are sealed in buried palaeovalleys. Both projects
have successfully trialled acid leaching methods and have confirmed high permeability and confinement of the
target sands. At Beverley an ion exchange process has been adopted, whereas at Honeymoon solvent extraction
has been trialled and is proposed for future productioa Australian production economics compare favourably
with US counterparts and are likely to be within the lower quartile of world costs.

1. INTRODUCTION

From the late 1960s until earlyl983, there was
intensive activity in the Frome Embayment Region
of South Australia aimed at identifying economic
sedimentary uranium deposits (Figure 1) (Curtis et
al. 1990). The philosophy and geological model was
based on the extensive deposits of the inward
draining Powder River Basin in Wyoming. It was
considered mat erosion of uranium rich granites at
the margins may have resulted in economic
sedimentary deposits between the margins and Lake
Frome (Brunt, 1978). By the early 1980s, a number
of economic prospects had been identified and two
in particular, at Honeymoon and Beverley, were well
advanced. Coincident with this exploration success
was the development, predominantly in the USA, of
solution mining or insitu leach (ISL) techniques for
uranium recovery. The size, geology and hydrology
of these Australian deposits seemed well suited to
the ISL technique and pilot testing was carried out at
Honeymoon. This in turn led to the decision to
install a nominal 250,000 lbs \J3O»/yeai
demonstration plant at Honeymoon. Although built,
the plant was never operated due to a change in
Government at that time.

In 1996, following a change in Government in
Australia there was renewed activity. The Beverley
project was by then owned by Heathgate Resources
Pty Ltd, a subsidiary of the privately owned US
corporation, General Atomics. The Honeymoon
project, with associated prospects at Yarramba and
Goulds Dam was acquired by Canadian public
company, Southern Cross Resources Inc (SXR) in
1997.

Figure 1 Location of South Australian sedimentary
uranium deposits
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Both companies committed substantial resources to
development plans and approvals including
demonstration operations and Environmental Impact
Statements (EIS).

Considerable technical expertise and personnel were
committed from the US, although it was recognised
that extensive modifications would be necessary due
to Australian conditions.

2. WHAT IS ISL?

The basic parameters and characteristics of ISL are
well known in the mining industry. ISL involves
pumping liquids through an ore zone to recover the
valuable mineral component without physically
moving the rock or sand in which it occurs. This
avoids many aspects of conventional mining
including surface disturbance, tailings dams and
stock piles, rehabilitation on a large scale and the
safety concerns of underground operations or heavy
mobile equipment.

For the technique to be used, however, there are
basic geological and hydrological parameters that
must be in place. The orebody must be permeable to
the liquid, preferably bounded (horizontally and
vertically) by impermeable rock and must be located
below the natural water table. Control of the liquid
and the groundwater are vital to ensure that there is
no contamination away from the orebody. ISL is a
closed loop system which produces a small bleed
stream (1-2% of the volume being circulated).

For uranium, the technique is used on deposits of the
"Roll Front" type (Figure 2) which are found in sand
and sandstone areas in continental Asia, the USA
and Australia Depending on the chemistry of the ore
and its surrounding sandstone, oxygen is used in a
carbonate (alkaline) or sulphate (acid) medium and
the uranium is dissolved from the ore by successive
leaching passes on a continuous basis. ISL has been
called "water well mining" and this reflects the
screened and cased water wells set up in alternate
patterns of "injectors", "extractors" and "monitors"
that are used in the technique. Submersible electric
pumps are used to lift loaded solution from the .
extraction wells and pump it through the extractive
metallurgicai plant where the uranium is removed.
Spent solution is then recharged with oxidant as
needed and pumped down the injector wells in a
continuous manner. It is essential that the leachate
solution is limited to the orebody and this is
achieved by careful wellfield planning, with an
excess of volume pumped out of the zone compared
to the circulation input. Extensive horizontal and
vertical monitoring bore patterns are used.

It should be stressed that the orebody is the primary
determinant of whether ISL can be used and the
characteristics of that ISL operation. Besides the
needs listed earlier, with respect to water table and

permeable rocks substantially surrounded by those
that are impermeable, the orebody must meet ore
grade, thickness, amenable mineralogy and recovery
criteria to allow economic extraction. ISL is capable
of up to 80% extraction of uranium from an ore zone
which contains coffinite or uraninite as the uranium
mineral type. It is essential therefore that these
characteristics are proven, understood and trialled
before commercial operation is undertaken.

ISL has a number of inherent advantages over
conventional open cut operations. These include the
ability to extract from smaller orebodies
economically, the low labour requirements and
inherent lower worker radiation exposures, the lack
of ore exposure and extensive rehabilitation, and as
previously stated, the avoidance of tailings and
extensive surface disturbance and infrastructure.

ROLL-FROHT URAMUM

Figure 2 Schematic section through Roll Front
uranium mineralisation

3. IMPORTANT FACTORS IN ISL

There are two distinct types of chemical regimes
used for ISL mining and two extraction techniques
used in the plants to which the ISL solution is fed.
Being a closed loop continuous system it is vital that
these process routes are compatible and meet the
process requirements. Normal practice in the US,
where the sandstone deposits usually contain
limestone, is to use alkaline (or carbonate) leaching
in which sodium carbonate is added (with oxygen)
to the solution being injected. Operated at alkaline
(high pH) conditions, this technique avoids gypsum
formation and consequent blinding of the orebody.
Alkaline (carbonate) leaching is inherently slower
than alternative acid techniques.

Where such limestone considerations are not
present, as in Australia, the alternative acid (or
sulphate) leaching technique is used. Sulphuric acid
(with oxygen and or an oxidant) is used to achieve a
pH of 2.5-2.8 and leaching rates are appreciably
higher than for alkaline conditions. Acid leaching is
particularly suited to the saline conditions
experienced in Australia but solution chemistry must
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be tempered by the need to avoid possible gypsum
formation (Bush, 1999).

The technique for uranium extraction in the plant is
largely a question of the level of chloride ion in the
solution. In order to extract uranium from the
circulating solution either ion exchange (IX) resins
or solvent extraction (SX) must be used. Present
technology and commercially proven ion exchange
resins have an extraction performance and longevity
which is very dependent on the salt level in the
liquid. It is probable that IX can only be
economically used in solutions of about 3,000 ppm
chloride or below. This was the primary reason for
the selection, trialling and subsequently successful
use of DC for the Beverley project levels (Heathgate
Resources Pty Ltd, 2001).

Above this level, SX must be used as at Honeymoon
where typical TDS is 20,000 ppm. There are also no
commercially proven resins that will work in
alkaline conditions at such TDS.

Plant
Extraction

Method

IX

SX

ISL Operating Method
Acid (sulphate)

Leach

Effective to
3,000 ppm CI.

Operable at high
chlorides.

Alkaline
(carbonate)

Leach
Effective to

3,000 ppm Cl.
Solvents

unavailable.

Figure 3 ISL Uranium Production and Recovery
(below)

As can be seen from the table, the process decisions
at Honeymoon and Beverley are determined by the
chloride groundwater levels and the orebody
characteristics. Honeymoon must use SX whilst
Beverley has been able to start up on LX.

4. ISL IN AUSTRALIA

Beverley
Heathgate Resources Pty Ltd, founded in 1990 as a
subsidiary of General Atomics of the US, obtained
the mothballed Beverley project in that year.
Following a change in Federal Government policy in
1996, an active assessment, permitting, trials and
negotiation programme was put in place with the
aim of establishing a commercial mining operation.
Approval of the EIS environmental and mining
proposals was achieved in March 1999 and
development began. After the expenditure of at least
A$50m for capital and development, the project, at a
nominal production rate of 1,000 tonnes annually of
U3O8 yellowcake, was officially opened in February
2001. The project, with over 60 employees, is
positively contributing to the local, Aboriginal and
State economies and is performing to expectations in
production and environmental standards.

Honeymoon
The Honeymoon project involves development of
the Honeymoon and East Kalkaroo ore bodies which
occur in the Yarramba palaeovalley (Bampton et al.
2001). SXR was established in 1997 as a public
Canadian company specifically formed to acquire
the uranium infrastructure and geological assets of
Mt Isa Mines Ltd and Sedimentary Holdings in the

Recovery of Uranium by Solvent Extraction
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Lake Frome region of South Australia A
programme was developed to progress the project to
commercial status. This programme included
refurbishment of existing facilities; operation of a
demonstration plant; extensive investigations
involved in the environmental approval process;
marketing and Government measures; and expansion
of the geological knowledge base and ground
position. Operation of the field leach trial was
carried out successfully between April 1998 and
August 2000. The EIS public document was released
for review in June 2000 with the resulting Response
Document released in November 2000. In February
2001 the Federal Minister for the Environment &
Heritage gave conditional approval to the project,
whilst requiring some additional work be undertaken
before full approval would be forthcoming. This
field, modelling and office work was in the areas of
geological stratigraphy, pump test hydrology,
hydrological and geological modelling and bleed
stream chemical modelling. The work was
completed in July 2001 and at the time of writing,
the company is awaiting a decision by the Minister.

A schematic of the planned Honeymoon project is
shown as Figure 3. The operation, using solvent
extraction in groundwater of considerably higher
salinity than at Beverley, would have approval for an

annual projection of about 1,000 tpa of U30g. The
actual initial production rate will depend upon
market and capital considerations following
Government approval (Bush, 2000 and Bampton et
al. 2001).

5. ECONOMICS AND COMPARISON WITH
US ISL OPERATIONS

Both South Australian projects have been developed
on the basis of being low operating cost uranium
producers, whose costs are in the lowest quartile of
their competitive counterparts on a global basis. This
is most important in the market context of the 1990s
and 2000s, when uranium prices are at historically
low levels and there are some continuing questions
as to future demand by the nuclear power industry.
A comparison is made therefore between the two
South Australian projects and the latest (and largest)
US ISL operation at Rio Algom's Smith Ranch
project in Wyoming (Stout et al. 1997, Freeman et al
1999 and Norris et al 2000). The Honeymoon data is
for the 1,000 tpa planned operation, whilst the
Beverley and Smith Ranch information is from their
publications and technical talks. This is not a
comprehensive comparison but concentrates upon
those parameters which illustrate the differences in
the operations.

FACTOR

Orebody Character
Average Grade (% U3O8)

Total Resource (mt U3OS)

Depth typical (m)
Permeability
Aquifer Water Quality (g/1 TDS)
Area Size km2

Orebody Contents: CaC03 %
Pyrite %

Ore Zone Type
Wellfield Operations
Production Rate/Injector Well (1/s)
Pregnant Liquor U (ppm)
Extractors for 1,000 tpa U3OS

Leach Method Used
Oxidant Added
Modifying Agent Added
Groundwater Restoration
Groundwater Usage
Bleed Stream Disposal
Solution pH
Typical Well Life
Reserve (lbs U3O8 per pattern)
Infrastructure
Operational Mode
Housing
Power Supply
Airstrip
Access Roads
Water Supply
Crewing Needs for 1,000 tpa U3OS

Trialling/Pennitting Time
Plant Characteristics
Recovery Method

SMITH RANCH

USA

0.10
23,000

150-300
Moderate

500
5+

upto20
1-2

Sandstone

1.25
50-80

170
Alkaline

o2
CO2gas

Required
Potable

Deep Wells
6.5-6.8

5-8 years
11,500

Near Town
Not Needed
Local Grid

Not Needed
Sealed

Potable Aquifer
75

8 years

IX

BEVERLEY

AUSTRALIA

0.18
21,000

100
Very High

3,000-13,000
1.4
<1

<0.5
Sand

6
150-200

42
Acid
H2O2

H2SO4

Not Needed
Marginal - grazing

Re-injected
2.5-3.0

About 18 months
>30,000

Remote Fly In/Out
Camp

Gas Generated
Necessary
Unsealed

Great Aust Basin
About 60
3.5 years

IX, SX later (?)

HONEYMOON

AUSTRALIA

0.16
6,000
110

High-Very High
17,000-20,000

0.3
<1
<1

Sand

5
75 Planned

88
Acid

O,/NaCIO3

H2SO4

Not Needed
Unusable for grazing

Re-injected
2.5-2.8

9-18 months
30,000

Remote Drive In/Out
Camp

Diesel Generated (?)
In Place
Unsealed
RO Plant
About 50

4 years anticipated

SX
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6. CONCLUSION

The rate of development of techniques and projects
in South Australia has been rapid over the last five
years. Uranium solution mining (ISL) appears
destined to be an economic, significant and growing
supplier of uranium yellowcake product. There is a
distinct Australian knowledge base growing up in
the technical and approval methods and policies
needed to sustain that growth.
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SUMMARY

The current phase of uranium mining in the Alligator Rivers Region of the Northern Territory of Australia began

in the late 70's and is governed by a large number of legislative and administrative requirements. The primary

responsibility for environmental regulation rests with the Northern Territory Government but the legislative

framework is complex and involves agencies of the Commonwealth Government as well as the Aboriginal

traditional owners.

Two of the current uranium mining projects, Ranger and Jabiluka, are surrounded by the World Heritage listed
Kakadu National Park. Thirteen former mines are located within the Park and one former mine, Nabarlek, is in
the same catchment as part of the Park, in West Arnhem Land. For these reasons, environmental management at
the operating mines has to be of the highest standard and environmental requirements are attached to all laws and
agreements controlling the operating facilities. The paper describes the spirit and rationale behind the regulations
as well as the operating details and methodology of the regulatory system in place for the operating mines.

An integral part of the overall environmental protection regime is a bi-annual program of Environmental Audits
and Environmental Performance Reviews and regular reporting to a stakeholder committee. Other elements
include internal and external environmental auditing at the minesites as well as programs of routine monitoring,
check monitoring and reporting on a scale and frequency rarely seen elsewhere. Public concern and perception is
considered to be a valid issue requiring attention.

1. INTRODUCTION

Located in northern Australia is the area known as
the Alligator Rivers Region after its three main
drainage systems (Figure 1). Uranium mining has
taken place in the Alligator Rivers Region of
Australia since the early 1960's. Whilst the early
operations were small and concentrated in the
southern part of the region, in the valley of the South
Alligator River, more recent operations at Nabarlek,
Ranger and the developing mine at Jabiluka are
significant on a world scale. However, the region is
not only famous for uranium mining, it also contains
the World Heritage listed Kakadu National Park.
This area has been listed for both cultural as well as
natural heritage values and covers some 19 804 km^,
and surrounds the mineral leases for uranium
deposits at Ranger, Jabiluka and Koongarra
(Environment Australia, 1999). The land on which
the deposits are found is owned by Aboriginal
people and the mix of interests has required a unique

system of environmental management to ensure that
the natural and cultural integrity of the area is
protected, whilst still permitting economic
development to proceed. This paper will focus on the
modem operations that commenced in the late
1970s.

2. MODERN OPERATIONS

Exploration in the region in the mid 1960's
identified the five major deposits of Ranger (1969),
Nabarlek and Koongarra (1970), Jabiluka-1 (1971)
and Jabiluka-2 (1972). Whilst work to develop all
four sites began soon after discovery, only Ranger
and Nabarlek have been successfully developed to
date. Initial development has begun at Jabiluka and
negotiations over the Koongarra project are ongoing.

In 1974 the Commonwealth Government established
the Ranger Uranium Environmental Inquiry, chaired
by Mr. Justice Fox. As environmental impact
assessment legislation was still being developed at
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the time, this inquiry was effectively the first
comprehensive environmental impact assessment in
Australia. The first report (Fox, 1976) determined
that it was appropriate for the uranium resources to
be developed; the second report (Fox, 1977)
determined that the Ranger mine could go ahead
without impacting severely on the environment,
provided that a suitably stringent set of rules and
regulations relating to environmental management
were imposed on the project. One of the outcomes of
the inquiry was the granting of land to Aboriginals
under the Aboriginal Land Rights (NT) Act

including; the Ranger Project Area and the Jabiluka
Project Area, and land that was to become Kakadu
National Park. It was also recommended that an
independent Supervising Scientist be appointed and
given staff and resources, including a research
institute. The Supervising Scientist, on behalf of the
Commonwealth Government, would be responsible
for checking that the appropriate level of
environmental management was in place and being
implemented successfully in the uranium mines of
the region.
3. REGULATION AND SUPERVISION

The mining of uranium in the Alligator Rivers
Region is controlled by some 50 Acts of the
Commonwealth and Northern Territory parliaments,
including instruments such as the Commonwealth's
Environmental Requirements for Ranger, Jabiluka
and Nabarlek. This makes the operations the most
closely supervised in Australia, and possibly in the
world. The day-to-day operations of the mines are
regulated by the Northern Territory Department of
Mines and Energy (NTDME). The Supervising
Scientist participates in the regulatory processes of
NTDME according to Working Arrangements
agreed between the Commonwealth and the
Northern Territory. The Supervising Scientist also
undertakes research into environmental issues and
potential impacts arising from mining in the region.

The Mining Management Act was passed in the
Northern Territory Legislative Assembly in July
2001 and is expected to commence later this year. It
replaces, amongst others, the Uranium Mining

(Environment Control) Act (UMEC). The philosophy
of the new Act is to set the principles and objectives
for operators to meet safety, health and
environmental performance requirements with
prescription kept to a minimum, requiring industry

to take greater responsibility and accountability for
its conduct. Negotiations between the NT and
Commonwealth Governments ensured that the
powers of the Commonwealth with respect to
uranium mining activities were strengthened in the
new legislation. The Territory Minister effectively
must now 'act in accordance with' any advice
provided by the Commonwealth Minister for
Industry, Science and Resources before exercising a
power or function that relates to uranium. Under
UMEC the Territory Minister was only required to
have regard to such advice. This change was brought
about by the signing of an Agreement between the
Commonwealth and Northern Territory governments
in November 2000 to clarify the existing
arrangements and recognise the Commonwealth's
final accountability for uranium mining in the
Territory.

In addition to this recent change, the Commonwealth
government amended the Customs (Prohibited

Exports) Regulations to strengthen the control over
the export of uranium by the Commonwealth.

The Customs (Prohibited Exports) Amendment

Regulations 2000 provides for the application of
conditions to export licenses which must be met
before or after (as applicable) the export occurs. This
provides the Commonwealth with a clear and
administratively efficient mechanism by which it can
place legally binding environmental conditions
directly on uranium mining companies.

The General Authorisation, issued by NTDME on
behalf of its Minister, sets out specific conditions
and procedures for the company to follow in the
environmental management of the mine. The
General Authorisation includes the details of
comprehensive environmental monitoring programs
for air, water, vegetation and soil and their reporting
schedules. Alterations to the program are brought
about by a process of application and authorisation.
The company may, at any time, put forward an
application to the NTDME (regulating authority) to
modify a process or procedure under the General
Authorisation. The application is copied to the
Supervising Scientist (SS) and the Northern Land
Council (NLC), the organisation that acts on behalf
of the Aboriginal traditional landowners. The SS
provides comment to the NTDME which the NT
Minister is required by law to take into account
when arriving at his decision on the outcome of the
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application. Similarly the NLC provides comment to
the NTDME. If there is a need for discussion then
this is done in the forum of a Minesite Technical
Committee (MTC). The MTC membership consists
of the Office of the Supervising Scientist (OSS), the
NLC and the appropriate mining company under the
chairmanship of the NTDME.

The company's environmental monitoring program
is backed up by a check monitoring program carried
out by the NTDME's own staff on a regular basis.
These monitoring programs are now supplemented
by the establishment of a routine environmental
monitoring program by the Supervising Scientist late
last year (2000). Another source of environmental
data comes from scrutiny of the results of
environmental research carried out in the region,
particularly the work of the Environmental Research
Institute of the Supervising Scientist (eriss).

From 1995 until 2000 staff from the Office of the
Supervising Scientist (OSS) were responsible for
managing a bi-annual Environmental Performance
Review (EPR) which was carried out jointly with the
NTDME in July and December of each year.

The EPR took the form of an environmental audit
carried out using methodologies developed in
accordance with the standards described in the ISO
14000 series. EPRs were carried out twice per year
at Ranger and Jabiluka and once at Nabarlek.
However, in 2001 the EPR was replaced by a more
comprehensive program of audits at the Ranger and
Jabiluka sites. The EPR program at Nabarlek will
remain unchanged for the time being.

Ranger and Jabiluka are now subject to an Annual
Environmental Audit involving (from 2002) an
external consultant auditor. The Annual
Environmental Audit is undertaken by accredited
environmental auditors from the OSS, NLC and
NTDME. The role of the external consultant is to
participate in the audit to the extent necessary to
comment on the rigour of the audit process and the
objectivity of the audit findings. The Annual
Environmental Audit is based upon ISO 14000
Series criteria, and takes the form of an enhanced
Environmental Management System Audit, although
the entire EMS would only be audited once every
three years. In addition to the Annual Environmental
Audit, the same audit team, excluding the external
consultant auditor, undertakes a Mid Term Review
each year. The main purpose of the Mid Term

Review is to follow up on actions arising from the

previous Annual Environmental Audit.

The long-term aim is to move sites towards
compliance with ISO 14000 series requirements.
This would facilitate the sites' certification to an ISO
standard should the mining company so wish, as
well as providing manifest evidence that appropriate
standards of environmental protection were being
established and maintained on the sites in question.

4. PUBLIC CONSULTATION AND
STAKEHOLDER PARTICIPATION

In recent years increasing emphasis has been placed
on improving communication with stakeholders to
ensure that there is transparency in the reporting of
environmental management at the region's uranium
mines (Waggitt & Needham 1998) and stakeholder
participation in decision-making. This is why in
1994 the Environment Protection (Alligator Rivers

Region) Act of the Commonwealth was amended to
create two stakeholder committees under an
independent Chairperson. The two committees differ
in their composition and function.

The Alligator Rivers Region Advisory Committee
(ARRAC) was created as a means of exchanging
information and to provide a forum for the
discussion of issues of concern amongst the wider
stakeholder group. Membership of the Committee
comprises: the Supervising Scientist; the Director of
National Parks (as the manager of Kakadu National
Park); the NTDME (as the regulating authority); the
health and environment departments from both
Commonwealth and Northern Territory
Governments; local Aboriginal groups with direct
interests and traditional ownership of the land on
which the mines are located; the Northern Land
Council on behalf of other Aboriginal persons who
might possibly be affected by any impacts arising
from the mining; the companies mining and
exploring for uranium in the region; the mine
workforce; the local town council; and local
environmental groups. ARRAC meets twice per
year, in the past following the EPR process. The
discussion of the EPR results was a major focus of
the meetings. This has been replaced by discussion
of the outcomes of the environmental audits. The
annual environmental reports provided by the mining
companies are also tabled at ARRAC. These reports
are required to be interpretive and not simply
repetition of monitoring data. Thus there are no
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secrets in relation to environmental monitoring and
the discussion of trends revealed by the data.

The second committee is the Alligator Rivers Region
Technical Committee (ARRTC) which was
originally made up of those local organisations with
a research capability relevant to the region and
technical representatives of the key stakeholders.
ARRTC is responsible for determining research
priorities in relation to environmental protection
from the effects of mining in the region. The
committee also recommends how that research may
best be carried out and coordinated and who is best
placed to carry out the research. ARRTC normally
meets only once per year, usually immediately prior
to an ARRAC meeting so that the outcomes and
recommendations may be passed to the wider
stakeholder group as soon as possible. Following
discussions between various parties in 1999 and
2000 it was decided that the composition of ARRTC
would be revised to provide greater scrutiny of
research activities by independent scientists. When
the revised committee meets in November 2001 the
new members present will include eminent
Australian scientists, regarded by their peers as
experts in their fields. The fields of excellence are all
related to specific issues of environmental protection
in the context of uranium mining adjacent to the
Kakadu World Heritage National Park, and include
ecotoxicology, ecology, hydrology, health physics,
environmental chemistry, vegetation ecology and
geomorphology.

The consultative meetings, the EPRs, the
environmental audits and the day-to-day and
supervision processes combine to provide a
mechanism that works in an effective cycle of
continuous improvement. The mechanism may
sound ponderous but in reality the components
function well and communication between
stakeholders is open and transparent.

5. WORLD HERITAGE COMMITTEE

A number of changes to the supervisory system
applied to the mines in the Alligator Rivers Region
were described earlier in this paper. In summary,
they include

• Replacement of the Environmental Performance
Review system with a more rigorous
Environmental Audit regime.

• Establishment of a routine environmental
monitoring program by the Supervising Scientist

• Reconstitution of the Alligator Rivers Region

Technical Committee with a new membership

and a greater role in supervisory issues

• Clarification of the Commonwealth's powers
regarding mining of uranium in the Northern
Territory through a new Agreement between the
Commonwealth and the Northern Territory and
the reflection of the principles of that
Agreement in new NT legislation

• Increased Commonwealth powers to place

conditions directly on any export licenses for

uranium.

These changes, and others not mentioned here,
all go towards strengthening the rigour of the
regulatory/supervisory system, and emphasising
the capacity of the Commonwealth Government
to control uranium mining activities. These
changes were made despite the already high
level of scrutiny applied to uranium mines in
the region, and despite the twenty years of
experience during which the Ranger mine
operated without any significant environmental
impact on the surrounding Kakadu National
Park. Why? The Commonwealth Government
responded to domestic and international
concerns focussed on the potential for the
Jabiluka uranium mine to damage the World
Heritage listed Kakadu National Park.

Some may conclude that the response was not
warranted as there was significant scientifically
credible data that demonstrated that the risk posed
by Jabiluka was very small, a conclusion eventually
supported by the World Heritage Committee.
However, had the Government chosen to rely solely
upon the science without recognising, considering
and addressing perceptions, there is a fair probability
that Kakadu National Park would have been placed
on the list of World Heritage Properties in Danger.

The take home message is that public perception,
whilst not always coincident with "the facts" is just
as valid as "the facts" in a public policy context and
must be managed accordingly.
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6. CONCLUSIONS

The uranium mining operations carried out in the
Alligator Rivers Region of northern Australia are
subject to what is possibly the most comprehensive
regulatory and supervisory regime in the world.
Over fifty pieces of legislation from the
Commonwealth and Northern Territory governments
are, have been, or will be applied to the operations of
the mines at Ranger, Jabiluka and Nabarlek. There
have been many claims over the years from
opponents to the mining of uranium that the
operations in the Alligator Rivers Region are
degrading the surrounding Kakadu National Park.
However, for the past 21 years, the Supervising
Scientist has consistently commented in his Annual
Report that this is not the case. The environmental
compliance regime is complex and resource
intensive but it is highly effective. Community
concerns about uranium mining adjacent to the
Kakadu National Park run at a high level. The
recognition of these community concerns as valid
issues requiring substantive response and
management is an essential part of the supervisory
system.

In summary, the recent and current uranium mines of
northern Australia are subject to what is probably the
most exacting regime of environmental surveillance
and regulation in the world. However, the results are
outstanding with no environmental detriment being
detected off site at any of the mines. The continuous
improvement ethic of the major stakeholders will
ensure that standards continue to improve and that
the environment will remain protected to the very
high standards demanded by Governments and
expected by the community in this area of
outstanding natural and cultural values.
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Figure 1. Location of the Alligator Rivers Region and major uranium mines.

40



AU0221608

Progress on the National Low Level Radioactive Waste
Repository and National Intermediate Level Waste Store

C PERKINS, Coal and Mineral Industries Division, Department of Industry, Science
and Resources

GPO Box 9839 Canberra ACT 2601
S VEITCH and J KELLETT, Bureau of Rural Sciences, Agriculture, Forestry Fisheries

Australia
GPO Box 858 Canberra, ACT 2601

SUMMARY Over the last few years, significant progress has been made towards siting national, purpose-built
facilities for Australian radioactive waste. In 2001, after an eight year search, a preferred site and two alternatives
were identified in central-north South Australia for a near-surface repository for Australian low level (low level
and short-lived intermediate level) radioactive waste. Site 52a at Evetts Field West on the Woomera Prohibited
Area was selected as the preferred site as it performs best against the selection criteria, particularly with respect
to geology, ground water, transport and security. Two alternative sites, Site 45a and Site 40a, east of the
Woomera-Roxby Downs Road, were also found to be highly suitable for the siting of the national repository.

A project has commenced to site a national store for intermediate (long-lived intermediate level) radioactive waste
on Commonwealth land for waste produced by Commonwealth agencies. Public input has been sought on relevant
selection criteria.

1. INTRODUCTION

Most Australians benefit either directly or indirectly
from the medical, industrial and scientific use of
radioactive materials, and a small amount of
radioactive waste is generated as a result. Much of
this material is currently stored in cities and in
regional Australia in places such as hospital or
university basements and industry and government
stores which were not designed for the long-term
management of such material, and where storage
space is limited.

In order to improve overall community safety and
confidence, the Commonwealth, through the
Department of Industry, Science and Resources, is
progressing two projects to establish national
facilities for the safe and responsible management of
Australian radioactive waste. In January 2001, a
preferred site and two alternatives in central-north
South Australia for the national radioactive waste
repository for Australian low level (low level and
short-lived intermediate level) waste were
announced. The sites are currentry undergoing
environmental assessment.

A separate process has commenced to identify a site
for a national store for Australian intermediate
(long-lived intermediate level) radioactive waste
generated by Commonwealth agencies.

This paper briefly summarises the background and
status of the two projects.

2. NATIONAL RADIOACTIVE WASTE
REPOSITORY

2.1 Background

In 1992, the Commonwealth Government
commenced an Australia-wide search for a suitable
site for the disposal of Australian low level
radioactive waste.

Australia currentry has about 3,500 cubic metres
(about the volume of eight average houses) of waste
which would be suitable for disposal in the national
repository. The material is generated at a rate of
less than 50 cubic metres per year (less than the
volume of one shipping container), and consists of
items such as lightly contaminated soils, plastics,
paper, laboratory equipment and clothing, smoke
detectors, gauges and exit signs.

Phase 1 of the national radioactive waste repository
project, commenced in 1992, involved the
development of the methodology for siting a national
repository. The method used computer-based
geographic information systems to apply
internationally accepted site selection criteria adapted
fqr Australia on an nation-wide basis. Thirteen
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relevant selection criteria were published in the
National Health and Medical Research Council's
Code of Practice for Near-surface Disposal of
Radioactive Waste in Australia (1992), based on
siting the repository in an arid or semi-arid
environment.

Phase 2 of the investigation, commenced in 1994,
involved the application of the site selection
methodology developed in Phase 1, taking into
consideration public comment on Phase 1, to identify
eight broad regions of Australia likely to contain
suitable sites.

Phase 3 of the study commenced in 1998, with the
announcement of the selection of the central-north
region of South Australia as the preferred area for
further detailed investigation. The region, which
covers approximately 67,000 square kilometres, was
chosen as it offered the largest area of potentially
suitable sites for the repository when compared to
the other regions identified in Phase 2 of the study.

An expert advisory committee, the National
Repository Advisory Committee, advised on the
siting process.

2.2 Site Selection Process

1.5 x 1.5 square kilometre sites in central-north
South Australia were identified for investigation
based on scientific assessment and community
consultation.

There has been extensive public consultation
throughout the site selection process from the
national release of public discussion papers, to
consultation with regional stakeholders through
information days, the establishment of an information
office, the distribution of a newsletter in the region,
and the formation of a Regional Consultative
Committee, with members from soil conservation
boards, Aboriginal groups, local industry, and local
and State Government.

The views of stakeholders have been taken into
consideration in selecting sites - as a result, new sites
have been selected for investigation, and work has
not proceeded on other sites. Extensive consultation
with pastoralists, and with Aboriginal groups on the
heritage value of potential sites was undertaken. The
preferred site and alternatives have been cleared of
heritage values by Aboriginal groups.

Stage 1 involved the drilling of 11 sites, and was
undertaken in 1999. Stage 2 involved more extensive
drilling of 5 sites, and three sites were further
investigated in Stage 3.. Stages 2 and 3 were
undertaken in 2000.

Sites located on raised, stony desert plateaus were
studied.

Scientific investigations involved description and
assessment of the rock types encountered and their
structures, determination of the level of the ground
water, its salinity, supply rate, age, and recharge and
discharge characteristics.

In January 2001, a preferred site and two alternatives
(Figure 1) for the repository were announced by the
Minister for Industry, Science and Resources,
Senator Nick Minchin.

Figure 1: Location of preferred site and alternatives
for the national radioactive waste repository.

Site 52a at Everts Field West was selected as the
preferred site as it performs best against the selection
criteria, particularly with respect to geology, ground
water, transport and security. Two alternative sites,
Site 45a and Site 40a, were also found to be highly
suitable for the siting of the national repository.

Site 52a is preferred because

• The surrounding landforms near the site indicate
that there is little run-on of water onto the site.
This provides a highly favourable environment
for the construction and maintenance of the
disposal trenches

• The rock type (the Bulldog Formation, which is
a shale) and ground water features mean that the
water drainage characteristics can be modelled
more easily for this site than for others

• The host rock for the trenches is preferred as it
consists of materials which are resistant to
ground water flow, and which will therefore
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provide a highly effective natural barrier to the
waste

• There is superior transport access, with a well-
formed road to the site

• There are excellent prospects for long-term
control or security, as the site is located on the
Woomera Prohibited Area where there is
restricted public access.

In addition, Site 52a and the two alternatives have
low volumes of highly saline underground water,
unsuitable for human, agricultural or industrial use.
There are no valuable minerals on the sites.

Isotopic studies of ground water at the three sites
indicate that it takes thousands of years for surface
water to move downwards to the water table, and
then thousands of years for the water at the water
table to move to an area of discharge, such as a salt
lake.

2.3 The Facility

The total area of the site is 1.5 x 1.5 kilometres, most
of which will be an extensive buffer zone.

The area required for the near-surface disposal
trenches would only be about the size of a football
field (100 x 100 metres), and would be located in the
centre of the site.

A number of trenches of a maximum depth of 15-20
metres would be constructed for disposal of the
waste, which would be disposed of in steel or
concrete drums. Support buildings, including a site
office and a building for the receipt and handing of
waste would be located near the centre of the site
adjacent to the trenches. The site would be under
appropriate security surveillance, and monitored, and
surrounded by a boundary fence.

The repository will be owned by the Commonwealth,
and the facility will be regulated by the Australian
Radiation Protection and Nuclear Safety Agency
(ARPANSA).

Radioactive waste will be transported infrequently to
the facility, in accordance with the guidelines in the
Code of Practice for the Safe Transport of
Radioactive Substances (1990), or the Code of
Practice for the Safe Transport of Radioactive
Materials, which is expected to be adopted in the
near future, and relevant state and territory
regulations.

The repository will operate for 50 years, after which
there will be a review to determine whether the
facility should continue to operate. Following closure
of the repository, the radioactivity of the waste will

decay to safe levels during a period of restricted
access and monitoring which would be about 200
years. At the end of this period no further control of
the site will be necessary.

2.4 Review and Assessment Process

In order for the national repository to be established,
it must satisfactorily comply with environmental
assessment and radiological licensing processes.

The preferred site and two alternatives are currently
undergoing environmental assessment under the
Commonwealth's environmental legislation, the
Environment Protection and Biodiversity
Conservation Act (1999). The Minister for the
Environment and Heritage, Senator Hill, has directed
that an Environmental Impact Statement (EIS) must
be prepared on the project.

After public consultation, the final guidelines for the
EIS were issued by Environment Australia in June
2001. The EIS must consider issues including the
need for the proposal, a description of the repository
facility, transport of waste to the repository, a
description of the existing environment, impacts and
risks to the natural and human environments from the
proposal, environmental safeguards to minimise
impacts and risks to the natural and human
environment, and the regulatory regime and operator
responsibility.

A draft EIS is currently being prepared, and is
expected to be completed and released for public
comment early in 2002. A supplementary EIS will
then be written, responding to issues raised during
the public consultation process.

Three licences must also be obtained from
ARPANSA for the siting, construction and operation
of the facility. The licensing process is expected to
commence in 2002.

3. NATIONAL STORE FOR INTERMEDIATE
LEVEL WASTE

In 1996, the Commonwealth Government made an
in-principle decision to establish a national store, and
the need for a national store was supported by the
Commonwealth State Consultative Committee on the
Management of Radioactive Waste.

In August 2000, the Minister for Industry, Science
and Resources, Senator Minchin, announced a
national search for a site for a national store for
Australian intermediate level (long-lived intermediate
level) waste, and sought cooperation of states and
territories.
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In February 2001, the Minister announced that the
Commonwealth would site a national store on
Commonwealth land for the storage of intermediate
level waste produced by Commonwealth agencies.
This decision resulted from a lack of support from
some states and territories for a national store for all
of Australia's intermediate level waste.

The Commonwealth is proceeding with the search
for a site for a national store for Commonwealth
waste, as it has a responsibility to manage this
material safely. The waste consists of about 400
cubic metres of operational waste from Lucas
Heights, residues from mineral sands processing, and
waste from the Department of Defence and
Department of Health, including radium needles,
electronic valves, luminescent watch and compass
faces, night markers, and disused sources, currently
held on the Woomera Prohibited Area The national
store will also eventually accommodate the small
volume of intermediate level waste to be returned to
Australia from the overseas processing of Australian
research reactor spent fuel.

In addition, states and territories hold about 100
cubic metres of intermediate level waste.

Senator Minchin has ruled out co-location of the
store for intermediate level waste with the repository
for low level waste in South Australia, in order to
avoid any suggestion that the two processes are not
completely separate.

An expert advisory committee, the National Store
Advisory Committee, has been appointed to advise
on the search for a site for the national store.

In July 2001, a public discussion paper which looks
at the criteria which could be used to decide a site
was released.

Relevant to the siting of the store are: the long-term
safety of radioactive waste in the facility, the
operational requirements for transport, safe handling,
storage and retrieval of the waste packages, the local
environment, the security of the facility and other
land uses.

The selection criteria for the national store, an above-
ground structure, will differ somewhat to the criteria
used for the national repository, which will consist of
below-ground trenches.

The following will be taken into account when siting
the store
• Geological hazards, such as earthquakes,

volcanic activity and landslides

• Local environmental hazards such as flooding
and fires

• Natural environmental features such as surface
drainage

• Access to transport, support facilities and
infrastructure

• Social impacts
• Sites or areas of special environmental, cultural

or historical significance
• Security
• Land ownership and compatibility with adjacent

land use.

The national store will be designed to operate for a
period of up to at least 50 years. Given the amount
of the Commonwealth's holdings of this type of
waste, the likely rate of generation in the foreseeable
future, and the fact that storage of waste is safe and
practical, a geological repository for disposal of this
waste cannot be justified at present.

4. NO INTERNATIONAL RADIOACTIVE
WASTE FOR AUSTRALIA

Unlike low level and intermediate level waste,
Australia does not generate high level radioactive
waste, and has no responsibility to store or dispose
of this waste in Australia.

The Commonwealth Government has indicated that it
has no intention of accepting the nuclear wastes of
other countries for storage or disposal in Australia.

5. CONCLUSIONS

Over the last few years, significant progress has been
made towards siting national, purpose-built facilities
for Australian radioactive waste. A preferred site
and two alternatives for a national low level
radioactive waste repository have been identified in
central-north South Australia, and are currently
undergoing environmental assessment.

A project has commenced to find a site for a national
store for intermediate level waste on Commonwealth
land for waste produced by Commonwealth agencies.
Public input has been sought on relevant selection
criteria.

Further information on the projects can be obtained
on the internet site http://www.isr. gov.au/radwaste.
by emailing . Repositorv@isr. gov. au or
Store@isr.gov.au. or by calling the toll-free
information line 1800 682 704.
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SUMMARY. Most of the early development of synroc focused on the synroc-C formulation for
immobilising liquid HLW from the reprocessing of commercial LWR spent fuel. Subsequently, ANSTO
has responded to developments in R&D on partitioning and transmutation, excess plutonium disposition and
the needs of global remediation programs by developing a variety of titanate ceramic waste forms for
specific applications. This paper reviews the progress in the development of titanate ceramics and
ceramic/glass composites and addresses the relevance of this work in future radioactive waste management
strategies.

1. INTRODUCTION

The synroc strategy aims to immobilise
radioactive wastes in durable multiphase
ceramics, with the phases chosen to be similar to
titanate minerals that exist in nature and have
immobilised U and Th for billions of years.
Most of the early development of synroc
wasteforms and process technologies focused on
the Synroc-C formulation for immobilising liquid
HLW from the reprocessing of commercial LWR
spent fuel. The actinides in Synroc-C partition
into zirconolite (CaZrTi2O7) and perovskite
(CaTiO3). Perovskite is mainly designed to
immobilise strontium and barium hollandite
(BaAl2Ti6016) is used to immobilise caesium
although it also accepts formulation is flexible
and a single precursor composition can be used
to immobilise HLW loadings in the range O to
30wt.% without significant effects on the
chemical durability in aqueous media. This
flexibility is due largely to the extended
solubility of the radionuclides in the titanate
phases and the excess of titanium oxide as
reduced rutile in the formulation. Even at 30wt.%
HLW, the principal host phases, zirconolite,
perovskite and hollandite, are undersaturated
with respect to the key radionuclides in HLW
from spent fuel reprocessing. A summary of the
early work on Synroc-C, including process
demonstration, has been published previously
(1).

Early alternatives to Synroc-C were developed
for defence wastes at the Savannah River Site
(Synroc-D) by Ringwood et al. (2). High
concentrations of inert contaminants such as
NajO, SiO2 and iron oxides, rendered hollandite
thermodynamically incompatible with zirconolite
and perovskite in Synroc-D where nepheline was
introduced as the host phase for Cs, Rb and Ba.

The pyrochlore-rich Synroc-F was developed for
disposal of non-reprocessed spent LWR fuel by
Kesson and Ringwood (3) and for CANDU fuel
by Solomah et al. (4).

2. WASTE PARTITIONING/
CONDITIONING

Radioactive waste partitioning is usually
considered in the context of partitioning and
transmutation (P/T) strategies aimed at reducing
the long-term potential hazard associated with
HLW destined for geological disposal. P/T
involves the separation of minor actinides and
long-lived fission products via advanced
reprocessing and their transmutation into
products of greatly reduced half-lives. Because
of practical difficulties in achieving high
separation factors and efficient transmutation,
P/T concept have increased interest in
conditioning certain partitioned waste streams in
special durable matrices such as synroc (5).

ANSTO has demonstrated (6, 7) that significant
reductions in waste volume for the
partitioning/conditioning strategy can be
achieved through immobilisation in Synroc-C of
the heat-generating radionuclides, i.e. 137Cs, ""Sr,
244Cm together with long-lived "Tc whilst the
remaining waste is immobilised in glass.
Extended near-surface storage of the Synroc
would be required for 100-200 years, while
immediate disposal of borosilicate glass
containing the remaining radionuclides could be
carried out. The combination of partitioned Cs
and Sr with 244Cm ensures that the effects of a-
decay processes on the wasteform durability are
minimised through self-annealing of a-decay
damage provided by radiogenic decay heat. The
present of 244Cm, which is not likely to be
recycled for transmutation, will become more
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important in the future with reprocessing of
MOX fuels. Vance et.al., (8) have shown that
under the reducing conditions employed in
Synroc-C fabrication, the Tc losses by
volatilisation can be as low as 1 x 10'5 of the
original inventory.

A zirconolite-rich Synroc can also be considered
for the conditioning of the Am/Cm/rare earth
stream from HLW partitioning. The very low
release rates from Synroc of Am, Cm and their
long-lived daughters suggest that there may be
little incentive on cost and radiological benefit
grounds for the transmutation of Am and Cm.
Separation of 24IAm, which is a major source of
M7Np, is essential in P/T strategies aimed at
significantly decreasing the long term
radiological risk from geological disposal.
Efficient separation from each other of these
minor actinides and the rare earths on an
industrial scale will require significant
technological improvements and could involve
additional costs to limit radiological exposures to
operators of subsequent fuel fabrication plants.

3. PU IMMOBILISATION IN TTTANATE
CERAMICS

In the aftermath of the cold war, the US and
Russia agreed to large reductions in their
stockpiles of nuclear weapons. The US initiated a
two-track strategy for the disposition of 50
metric tonnes of surplus plutonium:

• using the plutonium as mixed-oxide fuel in
existing commercial power reactors; and

• geologic disposal of plutonium immobilised
in a pyrochlore-rich titanate ceramic

ANSTO began work on Pu immobilisation in
1994 with Lawrence Livermore National
Laboratory, California, USA, the local laboratory
for US DOE on Pu disposition. The initial effort
was on zirconolite-rich formulations but with the
change in US DOE programmatic requirements
shifted to pyrochlore-rich titanate ceramics.

The avoidance of nuclear criticality is essential
during wasteform processing, during its storage,
and over the very long term in the repository
environment. Avoidance of nuclear criticality is
ensured in Pu-rich titanate wasteforms by having
high loadings of neutron absorbers such as Gd,
Sm and Hf in solid solution in the Pu host
phases. Such conditions can be met by the
zirconolite-rich and pyrochlore-rich titanates.
Long-term criticality issues in a repository
environment will be addressed later.

3.1 Zirconolite-Rich Titanate

Zirconolite is the most durable of the original
synroc phases and hence it is a natural host for
actinides in general and plutonium in particular.
Some of the earlier work at ANSTO on
zirconolite-rich actinide wasteforms was
summarised by Vance (9) in 1994.

As part of our collaborative program with LLNL,
ANSTO fabricated and characterised zirconolite-
rich ceramics containing about 10wt.% each of
hollandite and rutile 13.5wt.% PuO2 as well as
10wt.% HfO2, 4 wt.% G d A and 4wt.% Sm2O3.
The hollandite was included in the formulations
as a host phase for radioactive caesium to
provide the gamma radiation source for a
homogeneous immobilisation option in contrast
to the present reference can-in-canister approach.
The Gd and Sm oxides were each incorporated in
a 1:2 molar ratio with respect to Pu. The HfO2

content could have been increased to provide
additional neutron absorption since it only
replaced on third of the Zr in zirconolite in the
above case. Full substitution of Hf for Zr is
possible in zirconolites.

These zirconolite-rich, hollandite plus rutile
ceramics were produced by two methods, either
by sintering of blended high-fired oxides in air
for 4 hours at 1375°C or by hot isostatic pressing
(HIPing) at 1280°C/150 Mpa of calcined
alkoxide route powders in which the Pu was
introduced as a nitrate solution prior to
calcination at 750°C in argon. The HEPed
material was fully dense (~ 5.1 g/cm3) with all
the Pu incorporated in the zirconolite which had
t h e c o m p o s i t i o n
Ca0.54Pu0.3jGdo.,,Sm0.,,Zr0.2Hf0.4gTi,.73Al0.3407. The
sintered material had a grain size of ~ 4 \lm in
the HIPed material and a density of ~ 93% of
theoretical. Less than 2% of the Pu inventory
remained atomically unincorporated in the
sintered zirconolite - as a reacted oxide (Hf,
REE, Pu) O2.

3.2 Pyrochlore-Rich Titanates

After the preliminary compositions of actual
waste streams for immobilisation became
available, it was apparent (hat the feed streams
had on average about equal amounts of uranium
and plutonium. This uranium content could be
incorporated in a zirconolite-rich ceramic
together with the Pu but with a significant loss of
rare earth neutron absorbers because of total
solubility limits. Consequently, it was decided to
focus on a pyrochlore-rich wasteform in which:
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• uranium to plutonium ratio would be 2:1.
High 23SU loadings would ensure additional
criticality control through limitation of the
long term 235U23SU ratio with the decay of239

P u t o 2 3 ^ .

• gadolinium-to-plutonium mole ratio was 1:1.

• hafnium to plutonium mole ratio would be
1:1.

The baseline waste form was designed to consist
o f 9 5 w t . % p y r o c h l o r e
(Ca0.89Gd0.22Hf0.23U0.44Pu0.22Ti2O7) and 5wt.% of a
hafnium substitute rutile (Hf0 ,Ti09O2). The actual
product, formed after sintering for 4 hours at
1350°C, contains some brannerite (UTi2O6)
which also contains Pu, Gd and Hf. Similar to
the zirconolite-rich titanates mentioned above, a
small (<2%) amount of the Pu inventory
remained unincorporated in the sintered
pyrochlore made from high-fired oxides, as a
reacted oxide (Hf,REE,Pu,U)O2, whereas in
materials made from alkoxide powders the
actinides were fully dissolved in the titanate
phases. The theoretical density of the baseline
pyrochlore ceramic is about 6.0 gm/cm3 and the
observed density of ceramics sintered for 4 hours
at 135O°C is about 5.6 gm/cm3.

The mineralogy and partitioning of Pu, U and the
neutron absorbers among the phases in the
pyrochlore-rich ceramic have been studied
extensively. It is influenced by impurities in the
Pu feed stocks destined for immobilisation. The
plutonium assay in the candidate materials varies
from under 10wt.% to over 99wt.%. The
uranium content varies from trace depleted
uranium in plutonium to trace plutonium in fully
enriched (93% a5U) uranium. In general, the
impurities in the existing feed stock include:
aluminium, carbon, calcium, chlorine, iron,
fluorine, gallium, potassium, magnesium,
molybdenum, sodium, silicon, tantalum, tungsten
and zinc. The observed volume abundances of
pyrochlore (60-90%), brannerite (0-22%),
zirconolite (0-25%) and rutile (0-16%) depend on
impurities in the various sources of Pu.

The UOj/PuO2 ratios do show some variations
amongst the phases. Pyrochlore and brannerite
have UO2/PuO2 ratios close to 2:1 whereas it is
about 1:3 in zirconolite. All primary Pu-
containing phases have been found to
accommodate more neutron absorbers (Gd and
Hf) than plutonium on a molar basis as per the
original design.

4. SYNROC/GLASS COMPOSITES

ANSTO's interest in synroc/glass waste form
development initially derived from Hanford tank

waste remediation in USA. About 240,000
metric tonnes of process chemicals contaminated
with about 250 MCi of radioactive elements are
currently stored at Hanford in 177 steel tanks.
These wastes are dominated by sodium nitrate
and nitrites. Significant incentives exist to
minimise the volume of conditioned HLW
because repository space is limited. Waste
loadings in the currently accepted borosilicate
glass are about 20wt.%.

Our strategy is first to develop formulations that
will yield some of the well-known crystalline
synroc phases such as zirconolite and perovskite
in a glass matrix. These titanate phases are
designed to act as hosts for the long-lived
actinides in the waste. Secondly, the glass
matrix is designed so that the partitioning of the
long-lived actinides into the glass is rninimal.
We have demonstrated (10, 11) that waste
loadings in the range 50-70 wt.% are feasible in
such composite wasteforms and that they possess
good aqueous durability. Such high waste
loadings require melting temperatures of 1300-
1400°C that are not feasible in current joule
heated melters. Instead cold crucible melters
such as being developed in France (12) and
Russian (13) would be required to process
synroc/glass composites.

Current development of synroc/glass composites
and various synroc for production by melting is
directed at waste streams at INEEL, Idaho, US
and for wastes arising from partitioning.

5. PROCESS DEVELOPMENT

The feasibility of synroc fabrication was
demonstrated with non-radioactive HLW
surrogates at industrial scale in the Synroc
Demonstration Plant (SDP). In this plant a slurry
of simulated HLW and synroc precursor powders
was calcined under reducing atmosphere to
produce a free flowing powder. The powder was
then uniaxially hot-pressed in bellows containers
at around 1150°C. The synroc produced in the
plant was equal in quality to laboratory scale
specimens.

ANSTO has subsequently examined alternative
unit operations for applications to specific waste
streams. Dry feed blending and calcination,
including HLW impregnated sol-gel spheres
allows the front-end footprint to be reduced from
that in the SDP. Microwave and fluid bid
calcination has also been investigated. Synroc
powder consolidation has also been demonstrated
by hot isostatic pressing as well as cold press and
sinter routes. The latter was essential for the Pu
immobilisation program where a decision was

47



made by the US DOE to adapt existing MOX
fuel technologies to Pu immobilisation. This also
led to the development of appropriate dry
milling/blending technologies using high-speed
attritors.

Laboratory scale cold crucible melters have been
developed to test formulations of synroc/glass
composite waste forms.

6. DURABILITY

Extensive laboratory tests of polyphase synrocs
and single-phase materials have been carried out
over the previous 20 years at ANSTO and in
laboratories overseas. Most of these experiments
have been carried out at temperatures of 70-
150°C in deionised water, sodium chloride,
bicarbonate or silicate solutions. Extensive
investigations on zirconolite, the most durable of
the synroc phases, have been carried out by
Malmstrom (14) under hydrothermal conditions
150-700°C, at pressures of 50 and 200 MPa. In
general, pyrochlore is the next most durable
phase to zirconolite followed by perovskite and
brammerite. Titanates fabricated by ceramic
technologies (hot pressing or sintering) under
controlled redox conditions are more durable
than melted products at this point in their
development. These laboratory studies, involving
leaching tests beyond 3000 days, continue to be
supported by studies of natural minerals of the
relevant synroc phases from known geological
environments. A comprehensive review of the
durability of actinide host phases in natural
systems has been recently published by Lumpkin
(15).

7. CONCLUSIONS

The synroc strategy for the immobilisation of
radioactive wastes in durable polyphase
ceramics, similar to resistate titanate minerals,
provides flexible solutions adaptable to treatment
of a variety of radioactive waste streams. All
variants of synroc are underpinned by an
extensive database from laboratory studies and
an ever-increasing knowledge of the durability of
natural mineral analogs. The technologies for
synroc production can be varied depending on
the nature of the waste to be immobilised using
traditional ceramic process steps or melting.

The evolution of the directions of ANSTO's
synroc R&D programs reflects the developments
in waste management policies globally. The near
term opportunities for synroc-based wasteforms
are in the US defence waste remediation
including Pu disposition. Although the time
frames for construction of new facilities have

been defined by the DOE, slippages are still
occurring.

A subsidiary company, ANSTO Inc, was formed
in the United States to develop strategic alliances
with major nuclear engineering and technology
organisations active in radioactive waste
management projects. ANSTO Inc formed a
limited liability company with COGEMA Inc to
submit a proposal in July 2000 to the USDOE for
the design of a Pu immobilisation facility at
Savannah River Site, USA, with Burns and Roe
and Batelle. In April 2001 the USDOE
announced that because of budgetary pressures it
was suspending work on the immobilisation of
excess plutonium and procurement process for
the design of the PIP facility. The work will be
resumed when the construction of the Mixed
Oxide (MOX) Fuel Fabrication Facility and the
Conversion Facility in the United States are
further along.

ANSTO continues to build on the good linkages
established with the US DOE national
laboratories during the Pu immobilisation R&D
program. These laboratories provide the key
inputs for wasteform regulatory acceptance.
R&D linkages also continue with CEA, France
on comparison of cold-crucible melted titanates
with those produced by ceramic processes in the
context of partitioning/conditioning programs in
France. Other international collaborations are at
various stages addressing the feasibility of
immobilisation of specific waste streams using
either solid-state ceramic processes or melting
routes. Increasingly our niche is one of a
specialist waste form developer that can provide
solutions for specific waste stream
immobilisation in partnership with relevant
nuclear engineering companies.
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SUMMARY

Pangea Resources was established to develop and promote the concept of international repositories.
The concept was based on repositories located in geologically stable, flat, arid environments meeting
the "high isolation" criteria developed by Pangea Resources. The isolation and containment of
radioactive materials in a high isolation repository is provided primarily by the geology, that is the
natural barriers, and does not rely on heavily engineered barriers, as is the case with some national
disposal concepts. The high isolation criteria lead to repository sites with simple geology and
hydrogeology which not only provide high levels of safety, but also allows the safety to be readily
demonstrated.

International repositories can provide for the safe and permanent disposal of a range of radioactive
materials, including spent nuclear fuel, vitrified high level waste, and conditioned intermediate level
waste. Thus, they could enhance global environmental protection by providing a safe disposal route
for radioactive materials from countries which could have problems developing suitable national
solutions because they have unsuitable geology, limited potential siting areas, or small nuclear
programs that impose severe economic constraints. Very importantly, international repositories could
also contribute to global security by providing an internationally safeguarded destination for fissile
materials which might otherwise be misused by nations or terrorist groups to develop nuclear weapons.

The high isolation concept of Pangea Resources can be applied in various regions of the world, and
these have been made public. The pilot project chosen for exploring feasibility was for an international
repository in Australia. This study was in preparation for public release, when the existence of the
proposal was prematurely revealed to the media. The general media and public reaction to the concept
was understandably negative. However, there were also some opinion pieces reported suggesting that
the concept of an international repository should be thought about seriously, before it is accepted or
rejected. In addition, thoughtful reactions were received from the business and scientific communities.
In particular a group of very eminent scientists, the Scientific Review Group, undertook to review
independently the quality of the work done. Nevertheless, the reaction from the state and federal
governments, was also negative. The Western Australian government passed legislation implying that
the importation and disposal of nuclear waste in the State could be done only if approved by both
houses of parliament. The Australian Government stated its policy not to permit importation or
disposal of foreign nuclear waste.

During the last two years Pangea Resources has been developing the technical aspects of the concept
and has produced and published several scientific reports on transport, storage and disposal of
radioactive materials. All the scientific studies of Pangea Resources have been reviewed by the
Scientific Review Group. The work has also been presented in scientific conferences, to the media
(including a dedicated television documentary) and to the public. The organisation, through its
scientific efforts, and the individuals involved, is now held in high regard in the international waste
management community.

Currently, Pangea Resources is restructuring its work programme and its organisation. The technical
work is generic or is based on diverse potential siting areas around the world and the disposal and
storage technologies studied are being broadened beyond the specific high-isolation concept. Most
importantly, it has been recognised that the chances of success in developing an international repository
would be greatly enhanced by establishing a broadly based organisation and, consequently, a key goal
of Pangea Resources is to form a cooperative style organisation with an increased number of
participants from a range of countries.

*****
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SUMMARY

ARPANSA was announced in 1997, but formally came into existence in 1999. The first stage of its
development as a regulator was guiding Commonwealth users of radiation sources and nuclear facilities through
making licence applications. Assessing licences was complex, including because of the need to work with the
public submission process for nuclear facilities. The Commonwealth jurisdiction differs from the States -
ARPANSA's challenge is now to leam how to move to the surveillance and audit stage of licensing.

1. INTRODUCTION

The acronym ARPANSA was first made public on 3
September 1997 in a media release by the then
Parliamentary Secretary to the Minister of Health
and Family Services. She announced "'for the first
time, all of the Commonwealth radiation and
nuclear activities will come under the scrutiny of an
independent regulatory body".

Not coincidently, this was the same day as the
government announced that it would proceed to
construct a replacement research reactor at Lucas
Heights. At that time the government also decided
on the policy to send spent nuclear fuel from the
operations of the HBFAR reactor overseas for
reprocessing, with the wastes to be returned to
Australia

The lack of independent regulation of the
Commonwealth's radiation and nuclear activities -
with the exception of the work of the Nuclear Safety
Bureau - had long been recognised. Clearly a
decision that meant Australia would continue with
nuclear activities for decades to come was the
trigger to create a fully independent regulator.

It is one thing to make a decision to have an
independent regulatory body and announce it. It is
another to:
first, write and obtain parliamentary approval for the
necessary legislation; second, write the detailed
delegated legislation setting up the regulatory
arrangements; and third, actually implement the
regulatory scheme through the issuing of licences for

Commonwealth use of radiation sources and nuclear
facilities.

The ARPANS legislation was passed by the
Australian Parliament in December 1998 and the
subsequent regulations were made on St Patrick's
Day in 1999.

I will make a few short comments on the legislative
structure embodied in the Act and regulations and
then spend most of this paper in discussing the
implementation phase.

The two most important points about ARPANSA as
a legislative and regulatory agency are mat:

1. It is created in a fully independent and arms-
length way and the licensing scheme is
devised such mat it could readily be applied
to the private sector. That is, there is no
allowance for the fact that the
Commonwealth is regulating itself and
therefore might rely on administrative
mechanisms - rather the legislation sets out a
full-blooded licensing scheme with
mechanisms for compliance and
enforcement, appeals and reporting that you
would expect to see if we were regulating a
commercial industry. Certainly the thought
that the ARPANS legislation might be
adopted as uniform national legislation might
have been one of the factors behind this
approach to the Act and regulations.

2 . ARPANSA is created as more than simply a
regulator. It is there also- or rather the CEO
of ARPANSA is there - to give advice to the
community, undertake research and provide
services in support of radiation protection and
nuclear safety. Bringing these functions
together was seen as sensible in the fairly
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small pool of expertise mat exists in Australia
and allows the new regulator to call upon a
greater depth of scientific knowledge and
expertise than might have otherwise been the
case.

It is also worth mentioning that the scheme requires
that ARPANSA recover its regulatory costs through
licensing fees. The Act sets up a fee system that
allows for fees to be charged for licence applications
and for an annual fee on licensed holders. Again,
this is a model that clearly could be applied to the
regulation of the private sector, but it certainly was
an added implementation problem in that
ARPANSA needed to figure out a licensing structure
that sufficiently related the work to be done (in
assessing an application and then overseeing the
work of a licensee) to the total costs of regulation -
broadly, defined.

Finally, the legislation also provided a right for
public participation in the regulation of nuclear
installations and called for extensive and frequent
reporting.

2. ARPANSA's JURISDICTION

The ARPANS legislation created what seemed to be
a straightforward arrangement to allow the
introduction of licensing. A transition period of 6
months from the time of the Act coming into force
was allowed to give Commonwealth users of
radiation sources and nuclear facilities time to make
an application for a licence. Further, the provisions
of the Act that prohibited them from using radiation
sources and nuclear facilities without an ARPANSA
licence did not apply until a decision was made upon
their application. Given the Act came formally into
affect in February 1999, Commonwealth entities had
until August 1999 to apply for a licence and then
could continue to operate under their existing
arrangements until a decision was made upon that
licence. Life being what it is, we received very few
licence applications until August 1999.

It is worth briefly describing now the
Commonwealth use of radiation sources and nuclear
facilities. There is a diversity of licensed activities
ranging from trivial low-hazard radiation sources
through to nuclear installations, and including non
ionizing radiation. The ARPANSA jurisdiction is
over a moderate number of large Commonwealth
agencies with complex structures and diverse
cultures, operating on a number of sites throughout
Australia, who have never been regulated before.
Consider, for example:

• The Department of Defence, which combines,
under a centralised safety management
framework, three arms of the Defence Force, a

civilian workforce and a number of specialised
research facilities.

• CSIRO with largely autonomous 23 divisions
spread throughout Australia, working under a
centralised safety management framework

• ANSTO with five nuclear installations, a dozen
or so other radiation facilities and five divisions
using sealed and unsealed sources

This might be compared with the States/Territories,
with jurisdiction over a large number of relatively
small licensees, within an established regulatory
framework.

In addition there are some Commonwealth legacy
issues that also require to be fitted into a licensing
framework. These include:

The Maralinga atomic weapons testing
range

- The store operated by the CSIRO at
Rangehead in Woomera, which contains a
large amount of low level radioactive waste
Parks Australia North's administration of
old uranium mining sites within the Kakadu
National Park.

ARPANSA also has a further quasi-regulatory role
that flows from its mission to promote uniformity
between the Commonwealth and the States.
Therefore it is strongly involved in the development
of codes of practice and guidance that will be
applied largely by State regulators in the regulation
of the use of radioactivity industry and the
regulation of mining and so forth.

3. CREATING A REGULATOR

We needed to supplement the resources of the NSB
and this required recruiting, training and coaching a
team in regulatory assessment. We have now
available a wider range of disciplines and expertise -
health physics, chemistry, environmental transport,
engineering (electrical, mechanical, nuclear,
chemical), heat transfer/fluid flow, neutronics and
not least, legal expertise and data management.

It was necessary to guide Commonwealth entities
through the process of making applications for a
licence. There needed to be extensive advice about
the type of licence needed in various circumstances,
the legal person required to apply, who could
formally provide additional information, and
arrangements foT paper delegations of responsibility
and authority. There were many discussions about
the format and content of applications. We also
needed to address the security arrangements for
licence information so lhat they were acceptable to
defence and security agencies.
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A big issue that we grappled with was the
implementation of the legislated provisions that
required public submissions be sought for nuclear
installations and 'taken into account' in decision
making. The first and most obvious point was that in
order to make a public submission process
meaningful, there needs to be public information.
That seems obvious enough - but arranging for it to
happen was not at all straightforward when it came
to the existing ANSTO facilities. The ANSTO
application and material was based on extant
documents mat had not been prepared with public
release in mind and it did take some time to sort
through these issues.

It was also necessary for us to decide what was
meant by the term in the regulations that public
submissions must be "taken into account" by the
CEO in making a licensing decision. L gave this a
good deal of thought in connection with the
application for a licence to site 1he replacement
research reactor. It seemed to me, based partly on
applied common sense and also on what case law I
could find, mat "taking into account" was more than
simply receiving and acknowledging the public
submissions and passing them to the staff of
ARPANSA to incorporate in their reports to me in
whatever way they chose. Rather, I mink that the
regulation was enforcing a duty on me to read the
submissions personally and consider the issues they
raised and to demonstrate that I had done so.
Therefore our approach has been that we record the
issues raised by public submissions and make a
response to each of the issues raised, showing how it
has been taken into account - whether this be that
we have considered and do not agree with the
proposition put forward and why, or that the licence
or licence conditions have been structured so as to
respond to the matter raised.

We also needed to establish our own internal process
for managing the review of licence applications. It
was simple enough to make a technical assessment
of most applications - the trick was to structure that
assessment against the requirements of the
legislation and, just as importantly, document the
process in a transparent and consistent way. That
issue of the documentation of the process was one of
the hardest that we had to face in making our
approach systematic.

Our regulatory assessment principles which were
structured on defence in-depth and safety culture set
out the principles upon which ARPANSA places the
most importance, priority and focus when assessing
the safety of radiation facilities and nuclear
installations. Our expectations document provides a
check list of best practice attributes for licensing
plans and arrangements for managing safety of their

operations, including effective control, radiation
protection, waste management and emergency
arrangements. Finally we provided a guideline
setting out criteria for design and modification of
facilities and for decommissioning

So there was no shortage of guidance and creation of
process for the assessment of licences and what we
had to do next was actually to invent the licences
themselves. I use this term invent because what we
needed to do was develop licences to suit the type,
scale and processes of operation of the variety of
Commonwealth entities that fall under the
legislation.

What we wanted were licences that were practical,
comprehensive, consistent and (reasonably) uniform
but that tapped into the established safety
management processes of the licensed organisations.
That is, we did not want to overturn established and
effective safety management arrangements where
they existed, rather to strengthen them The licences
are based upon handbooks, which set out the
reasonably large number of standard licence
conditions, the particular licences men address
special issues for each source or facility. The
handbooks also include authorisation of routine
discharges of radioactive material to the
environment. This is of significance everywhere, but
of course, of particular interest in relation to ANSTO
and the nearby community.

4. WHAT HAVE WE ACHIEVED

I think we would like to say that the imposition of a
systematic regulatory framework through
ARPANSA has caused many licence applicants to
get their houses in better order. They have improved
effective control of radiation for sources and
facilities - often because we simply asked irritating
questions about who was actually in control of the
sources and who needed to be the nominee in a
licence. They've drawn up systematic inventories of
radiation sources, identifying nuclide, form, activity,
location, physical and chemical characteristics and
condition, and responsibility for control. They've
formalised the hierarchy for safety responsibilities,
authorities and resources identified through their
own delegations. Again because we often asked
irritating questions about the chain of command.
Plans and arrangements for ensuring safety through
directives, procedures and instructions within quality
systems have been formalised and more
systematically promulgated in the workplace.

Although they do not make exciting reading,
ARPANSA's Safety Evaluation Reports do provide
a systematic, documented external review of each
licensee's safety framework and processes, against
objective criteria and good practice.
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We have now issued licences for a number of
nuclear installations - the decommissioning of the
Moata research reactor, the production of
radiopharmaceuticals and industrial radioisotopes at
Lucas heights and the National Medical Cyclotron,
the operation of the HEFAR research reactor, the fuel
management facilities at ANSTO. We have also
licensed the siting of the proposed research reactor
and, as everyone here will know, are in the midst of
addressing the application for a construction licence.
We've licensed a number of radiation facilities - the
National Medical Cyclotron itself and gamma and
accelerator irradiators. With respect to radiation
sources, we have licensed research laboratories,
tracer studies with unsealed sources, and x-ray units
for inspection of containers, baggage and persons.
Many of our licences have also included non-
ionising radiation sources, especially laser
applications.

As I noted above the Commonwealth has some
legacy issues and so our licensing regime has now
incorporated the former atomic weapons test facility
at Maralinga and the historic uranium mines, mill
and exploration sites in the Kakadu National Park

5. WHAT LIES AHEAD

In this section I will ignore the big-ticket item of
considering the construction licence application for
the replacement research reactor. That is one of a
kind. For the rest of our regulatory activity we need
to move from the licence establishment phase into
establishing a system and program of systematic
surveillance of licensee operations, commensurate
with the hazard and licensee performance. That is,
we want to establish a risk informed, performance
based surveillance and audit system for the
Commonwealth use of radiation sources and nuclear
facilities. Again that will require changing some of
the mindsets that we adopted during the licence
application phase - it is something different and we
will be paying attention to how we best implement
this phase of our activities. We will also look to
establish assessment of enforcement suitable to
Commonwealth agencies. As I noted above, at the
end of the day, ARPANSA has powerful
enforcement capabilities through their legislation
and they would be our ultimate sledgehammer, but
very often we will be seeking to crack nuts through
enforcement activities. We need to determine how
best to do that in a way that achieves effective
results without creating angst and a negative
atmosphere.

We will keep our licences under review naturally
and see if they need amendment in the light of
experience to make Iheir administration more

convenient to the licensee and to ARPANSA,
without lessening in anyway their effectiveness.

We will want to give particular attention to our large
customers - we can't avoid ANSTO! But we do
need to work with and assist the Department of
Defence in looking at its own regulatory mechanism
to promote promulgation of the centrally developed
plans and arrangements for managing safety. These
need to be implemented at the working level in a
transparent and contestable way. Similarly we will
need to work with the CSIRO both at its central
management level and with those divisions that are
responsible for significant numbers of sources.

6. CONCLUSION

ARPANSA will continue to make the headlines for
our involvement in big public issues like the
replacement research reactor and matters like the
possible health effects of mobile phones and ELF
magnetic fields and so on. But our real achievements
in most cases won't receive this publicity. I believe
we have achieved a systematic comprehensive
modern efficient and effective licensing system for
radiation protection and nuclear safely in the
Commonwealth. It certainly will need refinement
over the coming years and we face the issues now of
working with the Commonwealth agencies to make
the licensing process work for them in achieving and
clearly demonstrating to the public that they are
working effectively and safely.
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SUMMARY: The need for regulation of low levels of radiation exposure, and the estimation of risks from such
exposures, are based on the assumption that risk is proportional to dose without a threshold, the "linear no-
threshold (LNT) hypothesis". This assumption is not supported by scientific data. There is no clear evidence of
harm from low levels of exposure, up to at least 20 mSv (acute dose) or total dose rates of at least 50 mSv per
year. Even allowing for reasonable extrapolation from radiation levels at which harmful effects have been
observed, the LNT assumption should not be used to estimate risks from doses less than 100 mSv. Laboratory
and epidemiological evidence, and evolutionary expectations of biological effects from low level radiation,
suggest that beneficial health effects (sometimes called "radiation hormesis") are at least as likely as harmful
effects from such exposures. Controversy on this matter strikes at the basis of radiation protection practice.

1. INTRODUCTION

It has been well established by the work of the
Radiation Effects Research Foundation (RERF) in
Hiroshima, Japan, that acute doses of ionising
radiation greater than about 200 mSv cause an
increase in the incidence of cancer in human
populations. An "acute dose", in this context, is a
dose that is incurred at a very high rate in a short
space of time, as in an atomic bomb explosion or in
some medical procedures. The controversy to be
addressed in this paper is whether there are risks
from lower levels of exposure and from low dose
rates.

Unfortunately, this has become a contentious issue
even among scientists, with opinions often tending
to be polarised. The author is simply an observer of
this controversy and he is not presenting any new
evidence in mis paper. However, he is attempting to
consider the evidence on both sides without
prejudice.

2. LABORATORY AND CLINICAL
EVIDENCE

Damage caused by ionising radiation to DNA in
living cells can lead to risks of cancer in exposed
persons and risks of hereditary effects in their
descendants. The UK National Radiological
Protection Board (NRPB) [1] and me United Nations
Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) [2] argue that even the
lowest possible dose and dose rate (a single
radiation track traversing a single living cell) might
result in incorrectly repaired DNA damage and
hence lead to cancer.

There is considerable evidence that low levels of
radiation exposure may induce or activate cellular
DNA repair capacity, additional to that which exists
normally [3]. This "adaptive response" to radiation
may reduce the effects of damage from subsequent
doses of radiation or from other causes. The effect of
single doses appears to be transitory. However, it

might be expected that any such effect from chronic
exposures would be on-going. Moreover, there are
other effects of low level radiation at the cellular and
molecular level, particularly apoptosis (see below).

There is also considerable evidence that a dose
incurred at a low dose rate, or from intermittent
exposures, is less likely to cause cancer than an acute
exposure to the same total dose. One reason for this is
that, me lower the rate of damage, the greater the
chance for cellular DNA repair to be effective.

Experiments reported last year at the IRPA-10
Congress by Mitchel and Boreham [4] showed that
human and rodent cells, exposed to low doses and/or
low dose rates, responded by increasing their ability
to correctly repair broken chromosomes. Cells unable
to adequately repair their chromosomes were
sensitised to die by apoptosis. These responses of
cells reduced their risk of being transformed into
cancer cells by exposure to radiation, and also
protected mem against their own inherent,
spontaneous risk of transforming into cancer cells.

Most human cancers arise from DNA damage due to
agents other than radiation. Hence, DNA repair
systems exist primarily for damage other man
radiation damage. If low doses of radiation enhance
repair of any such damage, the net effect could be a
reduction in overall risk, in spite of any risk
increment due to the radiation itself Such an effect,
sometimes called "radiation hormesis", has been
observed in cells from virtually all types of
organisms, in whole plants and animal species other
than humans, and in human cells.

One of the more striking illustrations of an adaptive
response to radiation has been reported by
Sakamoto and his co-workers in Japan [5].
Beneficial effects in the treatment of cancer have
been reported from repeated therapeutic whole-
body and half-body doses of the order of 100-150
mGy. It has been suggested that this effect may be
due to stimulation of the immune system and,
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hence, that stimulation of the immune system by
radiation might help in the treatment of diseases
other than cancer. The use of radiation to achieve
such effects is, of course, a matter for the medical
profession to pursue but it has implications for the
balance between benefit and harm in radiation
protection.

Clearly, there are bio-positive effects of low level
radiation, as well as any bio-negative effects that
occur. The net effect, if there is one, may be too small
to be of any practical significance. This is not simply
a matter of thresholds to carcinogenesis or
mutagenesis, although thresholds may exist. Any
significant net effect on health should be expected to
vary from person to person and it is unlikely that it
would be known in advance for any specific
individual. It is even conceivable that a specific
exposure to radiation could be harmful to one person
and beneficial to another. The net effect on an
exposed population might be measurable only by
epidemiology. One day, it may be possible to assess
the probability of such an effect individually.
Currently, epidemiology appears to be important in
the evaluation of this probability, viz: as an average
for members of the exposed population.

3. EPIDEMIOLOGICAL EVIDENCE

3.1 Exposures caused or enhanced by "man"

As mentioned earlier, it is well established that
"man-made" doses of ionising radiation greater
than about 200 mSv cause an increase in the
incidence of cancer. Studies of the atomic bomb
survivors and the consequences of some medical
exposures provide evidence that risks of increased
cancer may extend to doses less than 200 mSv
[6,7], but with lower levels of statistical
significance. Wakeford [8] believes there is
evidence that risks exist down to about 10 mSv but
this (like many other matters relating to the effects
of low doses) is controversial.

Acute radiation sickness and early fatalities of
workers who were at the Chernobyl reactor at the
time of the accident in 1986, and thyroid cancers
among children in the district around Chernobyl,
were associated with high doses of radiation. Risks
of thyroid cancer are still being evaluated.
UNSCEAR [2] has reported no evidence of any
other health effects attributable to radiation
exposures from Chernobyl. In particular, there has
been no increase in the incidence of cancer, apart
from the child thyroid cancers. The incidence of
leukaemia, one of the main concerns due to its short
latency period (5-10 years after radiation exposure
in adults), is not elevated in any of the exposed
groups, including the emergency response workers.

This is despite the fact that about 100,000 workers
involved in (he emergency responses and cleanup
of Chernobyl incurred doses in excess of 100 mSv,

the average being about 170 for those employed in
1986. Several thousand of them probably received
doses greater than 500 mSv. The average effective
doses (excluding the thyroid) to more than 100,000
people evacuated from the most contaminated areas
of Ukraine and Belarus were about 30 and 40 mSv
respectively. The maximum estimated total dose
commitment (due to the accident) for persons who
were not relocated was reported to be 250 mSv,
with the average for the 1,500 most highly exposed
members of this group being 160.

A study [9] of cancer mortality among workers with
protracted occupational exposures in the nuclear
industry in other parts of the world (US, UK and
Canada) has found that there is "no evidence of an
association between radiation dose and mortality
from all causes or from all cancers" for individual
doses up to 100 mSv. Significant dose-related
increases were found in mortality from multiple
myeloma and most types of leukaemia, but these
increases appeared to be balanced by dose-related
decreases for some other types of cancer. Tests of
statistical significance were applied to the increases
in mortality which were observed but apparently
not to the decreases.

Some other studies of this type, for example a
recent study of health records of the Lucas Heights
workforce [10], have shown that radiation workers
have lower mortality rates from all causes and from
all cancers than the general population (and
sometimes lower than other workers). This is
usually written-off as the "healthy worker" effect,
but prompts the question: "are radiation workers
more healthy because they are exposed to
radiation?"

A clear risk of lung cancer, due to high levels of
exposure to radon gas in poorly ventilated
underground mines, has been observed from
occupational exposures of uranium miners which
occurred before the potential for such a hazard was
recognised. Many studies have been conducted of
the possible risk of lung cancer due to
environmental radon in homes, which is usually at
much lower levels than in underground uranium
mines. The results range from positive to negative
correlations. For example, Cohen [11] observed that
the higher exposures to domestic radon correlated
with the lower incidences of cancer (a negative
correlation), whereas Lubin and Boice [12] have
reported a positive correlation.

3.2 Natural exposures

Natural background radiation is the main source of
exposure for most people, and it is therefore a major
potential source of information on the effects of
radiation exposure. As would be expected, chronic
exposure appears to cause less risk than acute
exposure to the same total dose. The dose rate from
background radiation ranges around the world from
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less than 1 to more than 100 inSv per year locally,
with lifetime doses up to several thousand mSv, but
there is no conclusive evidence of increased
incidences of cancer or other adverse health effects
at the higher levels of radiation. Populations
exposed to very high environmental dose rates for
long periods, and for many generations, may well
be too small for reliable statistically based
conclusions to be drawn. However, it can
reasonably be said that exposures to chronic dose
rates up to (say) 50 mSv per year are not doing any
demonstrable harm ("harm" as defined in paragraph
42 of reference [6]).

In fact, the reverse has been reported [11,13,14], viz:
comparatively low rates of cancer have been observed
where levels of radiation are comparatively high. For
example, Jagger [13] has compared radiation levels
and cancer mortality rates in three Gulf Coast states
and three Rocky Mountain states of the US, and
estimated that -

• the average natural background level of radiation
is 3.2 times higher in the Rocky Mountain states,
but the total cancer rate is 21% lower, than in the
Gulf Coast states; and

• the average radon level in air is 3.9 to 5.2 times
higher in the Rocky Mountain states, but the lung
cancer rate is 31% lower, than in the Gulf Coast
states.

A problem with epidemiological studies conducted in
the USA is said to be that the population is far too
mobile. This contrasts with the situation in much of
China, where populations have been stationery for
thousands of years and have moved little even
recently because of restrictions on movement
between regions. Of 150,000 Han peasants, living
near each other for six generations, about half
receive around three times the background radiation
exposure of the other half. Various studies of doses
and health effects have shown either that there are
no discernible differences in the health of these
populations OT that mortality rates for some cancers
and other adverse health effects are lower in the
more highly exposed population.

In 1999, there was a preliminary report of a 9-year
government funded study of 100,000 inhabitants of
a small coastal area in Kerala, southern India,
where background radiation (mainly due to thorium
in beach sands) is up to 30 times the global average.
Further information on this work has been filtering
through, to the effect that no excess incidence of
cancer had been found in the region and that cancer
rates may be lower than in other parts of India
where radiation levels are lower. The final report
has not yet come to hand and it will be interesting
to see whether biologically positive effects of
radiation were found (or sought).

3 3 Discussion of epidemiology

The lack of clear evidence of risks from low doses
of "man-made" or "man-enhanced" radiation may
be because there are no harmful effects of radiation
at such low levels or because the health effects,
whatever they may be, are too few to be statistically
significant. The "absence of evidence" of such
effects should not be confused with "evidence of
absence".

On the other hand, mere are many observations of
apparently bio-positive effects of radiation in human
populations, which are consistent with the laboratory
observations of an adaptive response (discussed
earlier) and the evolutionary expectation (discussed
below). Hence, it is reasonable to postulate that
radiation hormesis may occur in humans, although
the reasons for it and its overall significance are not
fully understood. Many scientists who have studied
this matter consider that evidence of radiation
hormesis in humans is conclusive. Luckey [14]
suggests that the dose rate for optimal health is about
10 mSv per year. Others reject the possibility of
hormesis out of hand, or ignore it.

It should be recognised that epidemiology tends to
be a rather "blunt instrumenf' at the best of times
and that some studies, which are said to be
epidemiological, tend to be very fuzzy. Other
studies are carefully case-controlled, with
allowances for confounding factors built in from
the beginning. It can be argued that none of the
claimed observations of radiation hormesis in
humans is the finding of a properly conducted
epidemiological study. Jagger [13] himself (see
findings above) states: "It is possible that
confounding factors, such as smoking, poverty, or
environmental pollution contribute to the
differences... (but) the factor of disproportion is so
great... that it strains credulity to assume that such
confounding factors could reverse ... (the) ...
correlation." Unfortunately, it appears that funds
and effort for major epidemiological studies tend to
be forthcoming only when harmful effects are to be
investigated, not for beneficial effects. It has also
been suggested mat studies have sometimes been
commissioned with the specific aim of
demonstrating that harmful effects occur.

4. HEREDITARY EFFECTS

Where there is a risk of cancer, there is a risk of
genetic damage, which might cause hereditary
effects. At high doses and high dose rates, radiation
certainly has discernible effects at the molecular and
cellular level that change genetic material in living
organisms, and there is substantial evidence of
hereditary effects in non-human species. There is no
direct evidence that radiation causes hereditary effects
in humans, although it must be assumed that it may
do so.
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At low doses and low dose rates, the position is
similar to that for cancers, as follows: Hereditary
effects have many causes not attributable to ionising
radiation, and no specific case could be identified
with certainty as being caused by exposure to
radiation. If there is a change in the total incidence of
hereditary effects in humans, due to low levels of
radiation exposure, it is too small a change to be
determined.

Genetic effects of radiation may have been an
important factor in the evolutionary process. The
human race (as it now exists) represents only the
small, successful part of all the trials and errors of
evolution. Parsons argues that radiation hormesis
must be expected because evolution has occurred in
the presence of ionising radiation [15]. During the
evolution of life on earth, natural background
radiation has previously been substantially higher
than it is today and it has ranged (in space and time)
from less than 2 to significantly more than 20 mSv
per year for the human race, during its evolution.

It is a fundamental tenet of evolutionary biology
that organisms adapt to their environment. Fitness
measures, including health, longevity and resistance
to diseases, should be maximal for organisms in the
habitats in which they normally occur. The
evolutionary expectation leads to what Parsons calls
"background radiation hormesis", viz: because
radiation is part of our normal environment on
earth, it follows that fitness should be at its highest
within the range of natural background radiation -
somewhere between (say) 2 and 20 mSv per year.
This effect has been well-documented in lower
organisms.

Parsons also postulates, on the basis of evolutionary
biology, that "stress-derived radiation hormesis"
should be expected from short bursts at 100-1000
times background levels.

5. THE LNT HYPOTHESIS

For radiation protection purposes, the International
Commission on Radiological Protection 0CRP)
recommends the assumption that the risk of radiation
induced cancer is proportional to dose without a
threshold [6]. The use of this assumption, the "linear
no-threshold (LNT) hypothesis", was reconfirmed in
June 2000 by UNSCEAR [2]. However, the words
"for radiation protection purposes" are essential. The
LNT hypothesis is not intended to be used, for
example, to estimate the number of casualties due
to an accidental release of radioactive material (viz:
multiplying very large numbers of people by the
very small doses to which they might be exposed).

In June 2001, the American Nuclear Society (ANS)
updated its own position statement on the health
effects of low level radiation [16] to include the
Position Statement "Radiation Risk in Perspective",
issued by the Health Physics Society (HPS) in

January 1996. It is now the position of the ANS that
there is insufficient scientific evidence to support
the use of the LNT hypothesis in the projection of
the health effects of low level radiation. The ANS
recommends that an independent, multidisciplinary
group of reputable scientists should be established
to conduct an open scientific review of all data and
analyses on this subject and that new,
interdisciplinary research should be initiated on the
health effects of low-level radiation. In the
meantime, the ANS agrees with the HPS that
quantitative estimation of health risks should not be
made for individual doses less than 50 mSv in one
year, or less than 100 mSv in a lifetime, in addition
to background radiation. The treatment of risks in
this dose range should be strictly qualitative,
accentuating a range of hypothetical health
outcomes with an emphasis on the likely possibility
of zero adverse health effects.

Mitchel and Boreham [4] have reported that no
actual scientific data support the LNT approach at
occupational and public exposure levels^. They
have tested the LNT hypothesis and found that it is
not consistent with laboratory observations of the
responses of plants and animals, and of human and
animal cells, to low or chronic doses of low LET
radiation. This does not, by itself, obviate the utility
of the LNT hypothesis in the practice of radiation
protection. The LNT hypothesis is simple to apply
and, in so far as it defines the upper boundary to the
range of uncertainty in radiological risk estimation,
it is usually considered to be conservative.
However, Mitchel and Boreham have also
concluded: "data indicate that the use of the LNT
hypothesis and ALARA* is not conservative, but
may actually increase the overall risk of cancer."
This is a possibility that the radiation protection
profession cannot afford to ignore.

Gonzelez [17] has pointed out that regulators can
only regulate radiation exposure that is attributable
to a particular source. Source-related exposures are
incurred in addition to the prevalent background
exposure, which is 2.4 mSv per year on average and
typically up to 10. However, background radiation
exceeds 100 mSv per year in some places. Given
the ubiquitous nature of radiation and the practical
feet that regulators cannot change standards from

5 The occupational dose limit recommended by the
ICRP is 20 mSv per year, averaged over a 5-year
period, with a maximum of 50 mSv in any one year.
The recommended dose limit for members of the
public is 1 mSv per year [6].

* ALARA is the acronym for the ICRP's
recommendation that radiation exposures from any
particular source should be "as low as reasonable
achievable", economic and social factors being
taken into account [6].
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place to place, Gonzalez argues that the relevant
exposure is the highest background level that exists.
At those levels, the biological effects of radiation
exposure can be observed under the microscope
even though harm may not be evident. (Paragraph
42 of ICRP-60 [6] clearly distinguishes between
change, damage and harm. Changes that can be
observed are not necessarily harmful.)

There may well be a better case for applying the
LNT hypothesis to dose increments above 100 mSv
per year than there is for dose increments above 2.4
mSv per year. However, the logical conclusion to
Gonzalez' argument is that Australian authorities,
who are planning the establishment of a radioactive
waste repository where the background radiation is
around (say) 2 mSv per year, should be constrained
to ensure that the increment of individual dose from
its operation is less than 0.1 mSv per year because
background dose rates in some parts of the world
(e.g. at Ramsar in Iran) are higher than 100 mSv per
year. It might also be claimed that Gonzalez'
argument justifies the expenditure of billions of
dollars to meet an environmental protection
standard of 0.15 mSv per year in the clean up of
contaminated sites in the US, regardless of whether
there are or are not risks from such exposures.
Perhaps it would be controversial to suggest that
national regulatory authorities could set standards
to suit conditions within their national boundaries.

6. CONCLUDING REMARKS

It is generally agreed that the lowest dose at which a
statistically significant increase in the incidence of
cancer has been shown to occur is about 100 mSv.
This risk has been observed from doses incurred at
very high dose rates, as in an atomic bomb explosion
or from some medical procedures. There is a wide
range of disagreement about the biological effects of
lower doses and low dose rates. In recent years, it
has become clear mat many scientists are concerned
that the practices of radiation protection and
regulation, applied to low levels of radiation, are not
consistent with the scientific evidence.

The main reason for the belief that there are risks
from low level radiation is mat the ICRP recommends
the use of the LNT hypothesis in the practice of
radiation protection. Unfortunately, many people are
now placing an entirely unwarranted level of
confidence in the accuracy and validity of risks that
are estimated using it The LNT assumption is almost
certainly not correct, but is claimed by its advocates
to be a reasonable and conservative approximation.
Others have criticised it as being seriously misleading
in some applications.

Controversy about the health effects of low levels
of ionising radiation, and the LNT hypothesis in
particular, has become polarised to an extent which
should be considered unacceptable in a rational

community. On the one hand, ICRP-adherents
promote the view that LNT can be extrapolated
reliably, over more than four orders of magnitude in
terms of dose and over an even greater range in
terms of dose rate, to estimate cancer fatality risks
from dose rates down to zero - or, at least, down to
0.02 mSv per year. Those who disagree are at risk
of being ostracised.

At the other extreme, there are claims that public
fears about low level radiation are being
deliberately exploited for a variety of improper
purposes. One critic of LNT in the US has stated
that the head of a national radiation protection
authority accused him, at an international
conference, of trying "to kill the golden goose".

The radiation protection profession is the meat in
this sandwich. For its members, the LNT
hypothesis is a convenient tool, without which their
work would be difficult to perform. Most of them
are not involved in research. Their job is to apply
nationally approved standards, not to question those
standards or evaluate the results of research or
develop independent ideas about radiological risks.

It does not seem possible to know for sure whether
there are risks from low level radiation, although
some people are obviously convinced that they do.
On the other hand, it may be possible to find out for
certain whether there can be health benefits from
exposure to low level radiation. There is a lot that
we might be able to find out about radiation
hormesis, if we chose to do so, for example:

• Does radiation hormesis really occur in
humans?

• If so, what are the relevant dose-response
relationships?

Mitchel and Boreham [4] appear to be making good
progress in laboratory investigations of the biological
mechanisms that might explain, and help to quantify,
hormesis in human populations. However, most (if
not all) significant epidemic-logical studies appear to
be directed toward the investigation of harm, not
hormesis. Funding and effort should be provided for
more objectively based studies, and opportunities for
such work do exist. Apart from those small areas of
the world (like Kerala and Ramsar) where
background radiation levels are extremely high, and
the different regions of the USA (which are the
subject of Jagger's paper [13]) with many millions of
population and good health records, there are
significant areas in the UK (for example) and
elsewhere in Europe where background radiation
levels are high.

I have been told mat Boulder, Colorado, where the
background dose rate is around three times the
national average for the US, is home to one of the
principle centres of the Green movement in that
country. This prompts me to leave you with the
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question: "Would any of you let an environmental
dose rate between 1 and 10 mSv per year determine
your choice of where to live?"
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SUMMARY The greenhouse effect is a natural process in the atmosphere which keeps the earth's surface warm
enough for human life. There are theoretical and observational reasons for believing that increasing atmospheric
concentrations of the trace gases responsible for this surface warmth are leading to enhanced warming and other
changes of global and regional climate. By modifying the meteorological models used for routine numerical weather
prediction to incorporate the influences that are believed to be of most importance on decade to century and longer
time scales, the climate research community are able to explore the possible impacts on global and regional climate
of a range of possible future greenhouse gas emissions and concentrations. Despite many uncertainties, these provide
the principal scientific basis for intergovernmental negotiation on the development of global strategies for averting
or minimising adverse human impacts on climate and assisting national communities in planning to live with natural
climate variability and possible future human-induced change.

1 INTRODUCTION

From the perspective of the meteorologist, the earths
climate is ultimately the product of the radiation
balance between the earth and the sun (Figure 1) with
the detailed patterns of climate determined, inter alia,
by the spherical shape of the earth (Figure 2), the
distribution of land and sea and a range of physical
chemical and biological processes in the atmosphere
and oceans (Figure 3).

Figure 1 The earth-atmosphere system in radiative balance with
space. The overall climate of the earth is determined by the
planetary temperature which resultsfrom the balance between the
incoming shortwave radiation from the sun (broken arrows) and
/he outgoing infrared radiation to space from the earth's surface
and atmosphere (solid arrows). Because the solar heating in low
latitudes greatly exceeds that at the poles, the atmosphere and
ocean carry heat polewards and, in the process, generate the
familiar patterns of weather and climate.

One of the most important of these physical processes
in the atmosphere is the greenhouse effect. It is a
well-understood natural process through which the
absorption and re-emission of infrared radiation by a
number of radiatively active trace gases (especially

water vapour and carbon dioxide), keeps the earths
surface some 70°C warmer than the atmosphere 10-
15km above and approximately 33°C warmer than it
would be if there were no such 'greenhouse' gases
present. The mechanism of the greenhouse effect is
shown schematically in Figure 4, including especially
its role in determining the vertical profile of
temperature with height in the atmosphere.
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30*N -
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Surface Radlaetive
Equilibrium Temp

at Solar Noon

Figure 2 The role of the spherical shape of the earth in
maintaining a temperature gradient between the equator and the
poles. Because the sun is directly overhead at the equator (at the
time of equinox), local radiation balance between the incoming
solar radiation and the outgoing infrared radiation would
produce radiative equilibrium temperatures of around 350K
(>75°C) much hotter than ike overall planetary radiative
temperature of255K (-18°C). The surface radiative equilibrium
temperature at the poles on the other hand would approach
absolute zero. In the real world, the very large equator-pole
temperature differences that would result from local radiative
equilibrium alone are greatly reduced by the poleward heat
transfer by the circulation systems which they generate in the
atmosphere and ocean.
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Figure 3 The earth-atmosphere-ocean climate system showing the
main physical processes which are involved in the determination
of climate. Of particular importance, are the atmospheric winds
and ocean currents which are driven ultimately by the differences
in solar heating between the equator and the poles; along with the
exchange of sensible heat, water vapour, momentum and carbon
dioxide and other trace gases between the atmosphere and ocean.
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Figure 4 The greenhouse effect. In the idealised vertical slice
through an atmosphere with no greenhouse gases (left panel) ,
there is no interaction between the radiation and the atmosphere.
The longwave infrared radiation (solid arrow) upward from the
earth s surface (proportional to the fourth power of the surface
temperature) just balances the incoming solar radiation (broken
arrow) and the temperature of the surface stabilises at the
planetar): radiative temperature To. In the real atmosphere which
contains radiatively active trace gases (second from left), the
solar radiation at the surface is supplemented by the downward
longwave radiationfrom the greenhouse gases in the atmosphere
and the earth's surface must heat up (to the temperature Ts) to
radiate enough infrared energy upward to restore balance -
leading to the vertical temperature profile through the atmosphere
shown as the solid curve in the right hand panel. If the
concentrations of greenhouse gases are increased so that the
downward longwave radiationfrom the atmosphere becomes
even greater (third panel from left-denser hatching) radiative
transfer theory suggests the likelihood oj'an enhanced greenhouse
effect (broken curve in the right panel).

Although other processes, such as sensible and latent
heat transfer, come into play, the greenhouse effect is
a major influence in determining the vertical
temperature structure of the atmosphere and thus in
generating the horizontal pressure gradients that drive
the winds of the daily weather systems and which
average out, over time, to give the well known
patterns of climate (which is usually characterised in
terms of long-term averages, variability and extremes)
over the globe.

2 AN ENHANCED GREENHOUSE
EFFECT?

Although the possibility of human enhancement of the
natural warming effect of the greenhouse effect had
been elaborated by the Swedish scientist Svante
Arrhenius (1) more than a century ago, it was not until
the 1950s that routine observations of the atmospheric
concentrations of carbon dioxide got underway and
revealed an upward trend, since shown to be
increasing rapidly from levels that had prevailed for
the last one thousand years (indeed, much longer) and
found also with other atmospheric greenhouse gases
including methane and nitrous oxide (Figure 5) as
well as a range of non-naturally occurring greenhouse
gases such as the chlorofluorocarbons.
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Figure 5 The observed increases of carbon dioxide, methane and
nitrous oxide over the past one thousand years in parts per
million (ppm) by volume for carbon dioxide andpartsper billion
for the others. The effect that the increased concentrations should
have in decreasing the longwave radiative heat loss to space
(which is linked to the stronger downward radiation to the
surface in the middle panel of Figure 4) is shown on the right of
the figure in watts per square metre.

The major scientific question that this posed for the
meteorological community world wide through the
1960s, 70s and early 80s was whether the expected
enhancement of the natural greenhouse effect was
actually leading to warmer surface temperatures
around the globe or whether some other factors were
coming into play to suppress the expected warming.
As it happened the fact that the best estimates of
global mean surface temperature (Figure 6) showed
no significant wanning trend from the 1940s to the
early 80s led some scientists to speculate on the
possibility that, after more than ten thousand years of
interglacial warmth and for other reasons, the earth
may be about to plunge into anew ice age (Figure 7).
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Figure 6 Annual and eleven-year average global mean
temperatures from 1860 to 2000 shown as departures CQfrom
the 1961-90 climatological normal. Note that from the 1940's to
the late 1970's a slight global cooling trend was evident in the
observed data.
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Figure 7 A schematic summary of the temperature history of the
earth showing also a selection of possible climate futures through
the twenty-first century. Note that, except for the twentieth and
twenty-first centuries, the time scales for all the preceding time
periods are shown collapsed by successive powers often.

A lthough the accelerated wanning trend evident in the
global mean surface temperatures since the early
1980s could be partly (or even completely) natural in
origin, a large number of detection and attribution
studies carried out over the past decade has lead to
the conclusion that most of the observed wanning
over the last 50 years is likely to have been due to the
increase in greenhouse gas concentrations.

3 MODELLING OF CLIMATE

The meteorologist's principal tool for determining
future weather and climate is the numerical model.
This involves formulating the equations governing the
physical behaviour of the atmosphere and ocean for
each of a vast number of grid points over the globe
and solving them numerically on powerful computers.
In the case of numerical forecasting of daily weather

patterns, the role of processes in the ocean is
relatively minor and, because of the influence of what
is popularly referred to as 'chaos', all predictability

runs out by around day 10. In the case of climate
simulation, the influence of the ocean becomes of
paramount importance and the governing equations
must be solved in coupled form for the complete
atmosphere-ocean system (Figure 8).
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Figure 8 Schematic representation of the structure of a general
circulation model for simulating (and potentially predicting) the
behaviour of the global climate system.

The great challenge presented to the meteorological
community by scientific and media speculation, in the
early 1980s, on the prospects of a future greenhouse-
warmed world was how to use the increasingly
powerful and sophisticated general circulation
models to provide governments with useful
information for decision making as to whether to try
to avert or minimise the potential greenhouse
wanning (and such other changes as it might bring to
global climate) or whether to begin to plan to adapt to
whatever changes might occur - recognising (and this
recognition has not extended far beyond the
meteorological community) that the enhanced
greenhouse signal would almost certainly, for many
decades, be quite small relative to the normal natural
variability of climate on seasonal to interannual and
longer time scales.

The basic difficulty centred not so much on the
inadequacies of the climate simulation models as on
the fact that the input to the models, the atmospheric
concentrations of the greenhouse gases through the
twenty-first century and beyond, will depend on
presently unknown future socio-economic influences
such as population growth, the development of new
energy technologies, and in fact, on national and
international policies for addressing the greenhouse
issue itself. The conclusion of most of the
meteorological/climate science community was that
their contribution to international public policy
development was best handled through the use of a
range of alternative scenarios of greenhouse gas
emissions so that policy makers could be informed of
the likely climate implications of the alternative
greenhouse gas emission futures. The basic
philosophy of this approach is shown in Figure 9.
Importantly, the meteorological community chose to
identify the output of their models for the range of
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greenhouse gas input scenarios as projections rather
than predictions of future climate.

Figure 9 The IPCC methodology for using greenhouse gas
emission scenarios as input to biogeoghemical and physical
climate models to produce projections of alternative climate

futures for use in impact sensitivity studies as an aid to decision
making on the optimum balance between the complementary
strategies of mitigation and adaptation.

4 THE IPCC

In 1987, the Congress of the World Meteorological
Organization (WMO) decided to invite the United
Nations Environment Programme (UNEP) to
cosponsor the establishment of an Intergovernmental
Panel on Climate change (IPCC) as a mechanism for
taking stock of all the scientific literature on climate
change and providing balanced objective scientific
advice to governments on the state of knowledge, at
any point in time. The IPCC process has generated a
series of comprehensive assessments of the science,
impacts and mitigation literature over the past decade
via an intergovernmental structure of three working
groups (WG) underpinned by a large contingent of
Lead Authors and Reviewers drawn from the active
research community (Figure 10).

The IPCC has just completed its Third Assessment
Report (TAR). A summary of the climate science
(Working Group I) component of the report is
provided by Zillman (2). The main findings of the
TAR (IPCC (3)) in respect of the state of the science
were, in summary :

• An increasing body of observations gives a
collective picture of a warming world and
other changes in the climate system;

• Emissions of greenhouse gases and aerosols
due to human activities continue to alter the
atmosphere in ways that are expected to
affect the climate;
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Figure 10. The Intergovernmental Panel on Climate Change
(IPCC) as an interface between the international climate research
effort under the World Meteorological Organization (WMO)
World Climate Programme and other international research
programs and the political processes of the United Nations (UN)
Conference of the Parties to the Framework Convention on
Climate Change (COP/FCCC).

• Confidence in the ability of models to
project future climate has increased;

• There is new and stronger evidence that
most of the warming observed over the last
50 years in attributable to human activities;

• Human influences will continue to change
atmospheric composition throughout the
twenty-first century;

• Global average temperature and sea level are
projected to rise under all IPCC SRES
(Special Report on Emissions Scenarios)
scenarios;

• Anthropogenic climate change will persist
for many centuries; and

• Further action is required to address
remaining gaps in information and
understanding.

By way of illustration of the findings of the IPCC
TAR regarding future climate to the end of the
twenty-first century, Figures 11 and 12 present a
range of emission scenarios for carbon dioxide
(Figure 11 (bottom)) leading to corresponding
concentrations (top) and projections of global mean
temperature and sea level rise (Figure 12). It is
important to note that the temperature and sea level
estimates are strongly scenario dependent (including
scenarios for the offsetting effect of various possible
aerosol concentrations through the twenty-first
century) but that the uncertainties of the climate
models also add significantly to the uncertainty of the
climate projections.
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Figure 11 A simplified representation of the range of carbon
dioxide emission scenarios (bottom) and the resulting atmospheric
concentrations (top) used by way of illustration in the IPCC TAR.
The A1F1 and Bl are the highest and lowest, respectively, of the
six 'illustrative' IPCC SRES (Special Report on Emissions
Scenarios) scenarios. The envelope of all 35 SRES scenarios is
also shown. JS92a refers to one of the most frequently quoted of
the scenarios used in the IPCCs Second Assessment Report 1995.

5 CONCLUSIONS

While the greenhouse effect is a well understood
meteorological process, the detailed implications of
its enhancement by human induced emissions of
greenhouse gases in terms of possible long term
changes in global and regional climate remain
uncertain and controversial. The meteorological
community sees its role, working in collaboration
with the various other disciplines involved in climate
science, impacts assessment and strategy
development, through the IPCC and other
mechanisms, as primarily one of providing the best
policy-relevant but value-neutral scientific advice that
it can based on its rapidly advancing scientific
understanding of the mechanisms of the global
climate system. The recently completed IPCC Third
Assessment Report provides the most up-to-date and
comprehensive information currently available on the
greenhouse effect and its implications. It also
identifies what are currently seen as the major
remaining areas of uncertainty.

Figure 12 The global mean temperature rise (top) and sea level
rise (bottom) projected by • climate models for the emission
scenarios illustrated (for carbon dioxide only) in Figure 11. The
A1FI projections are illustrated for a climate sensitivity
(equilibrium warming for doubled carbon dioxide) of2.8°C (solid
line) as well as for a range of climate sensitivities from 1.7° to
4.2°C. The Bl and lS92a estimates are shown for the mean
sensitivity of2.8°C. The envelope of the temperature and sea
levelprojectionsforallSRES model scenarios andall sensitivities
is also shown.
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SUMMARY

Over the last 50 years Australia has generally maintained adequate energy supplies to its population in an
increasingly efficient and sustainable manner. It has also been able to help sustain other economies in supplying
energy resources of coal, gas and uranium. This provides 20% of Australia's export income, contributing to the
quality of life experienced by Australians. Presently the reserve margin in the electricity power system is
adequate and, with the exception of oil, ample local energy resources are available.

Over the same period the doubling in energy generation efficiency has matched the population growth in NSW.
The same contributions by technology and population can be expected over the next 50 years.

The growth in demand has however increased by a factor of about five. Sensible demand management could
reduce this to a more acceptable figure over the next 50 years as shown in two possible scenarios. This, coupled
with ongoing energy exports will help sustain the quality of life in this economy.

1. INTRODUCTION

This paper is concerned with sustainable energy in
Australia. That is, the provision of adequate energy
now and in the future at an acceptable cost to
society.

Sustainable means to be maintained at a certain rate
or level. While the term sustainability has been
regularly redefined the actual process of transition
towards sustainability has been going on in
Australia for many years. In fact sustainability is an
integral part of engineering in that it incorporates
improvement to plant and efficient operation of
plant. This uses resources more efficiently leaving
more available for future generations.

Electricity generators in Australia have a long
history of improving plant efficiency ranging from
specifying highly efficient power station plant and
then operating it near full load and efficiency. The
competitive energy market emerging in Australia
has been a key driver in installing even more
efficient power stations and seeking end use energy
efficiency.

Australia has abundant energy resources to cover
the transition to a higher level of sustainability. It
also has sufficient to assist other economies less
fortunate with energy resources while contributing
to sustaining domestic quality of life from export
income generated.

Sustainability is seen as a process leading to a more
sustainable situation. Full sustainability is seen as a
useful unattainable goal.

2. HISTORICAL EFFORTS
SUSTAINABILITY

AT

While the term sustainability has recently become
popular Australia has been moving towards a
sustainable future for many years. An example is
given below of the initiatives in New South Wales,
beginning in 1950, continuing to the present 2001
and into the future to 2050.

If we look at the power system in New South Wales
in 1950's when the various organizations
generating power were brought together as the
Electricity Commission of NSW the system
capacity was about 800 MW for a population of
about 3m. The installed capacity per head was
about 0.3 kW. There were power supply
deficiencies that took some years to overcome.

The power system was essentially a distributed
energy system with many small generators located
close to their load in major population centres. The
sent out efficiencies of the larger coal-fired
generators ranged from 9.7% to 24.5%. The small
number of diesel units had efficiencies of 27 to
33%. The overall sent out efficiency in NSW was
16% with unit load factors of 18 to 72%. These
figures are shown in Table 2.
Power in NSW has depended on the availability of
cheap coal and the lack of local economic gas or oil
supplies. A policy of installing the largest proven
units was pursued over the last 50 years with major
improvements in efficiency. A nuclear initiative at
Jervis Bay was abandoned at a change in
government and could have resulted in less
dependence on fossil fuel from the 1970s onwards.
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By 2000, or after 50 years, New South Wales has
had mixed results from a transition towards
sustainability -viewpoint. With respect to electricity
generation the efficiency has doubled from 16% to
about 35.5%, which is a very creditable outcome. In
2000 a total of 21.4m. tonnes per annum of coal
were consumed. If there had not been such an
effective move towards sustainability the quantity
of coal required would have been more than double
this amount.

With respect to population there has been a
doubling from 3m to 6m. This has had an adverse
effect on sustainability. The effect is however
lessening with a rate of population growth of 1.3%,
comparable with the world average. The installed
capacity per head was about 2 kW. These figures
are shown in Table 2.

In addition to local energy use Australia has
become a world-class exporter of energy resources
and energy rich materials, such as aluminium.
These amount to about 20 % of Australia's exports
and therefore contribute heavily to the quality of
life experienced by all Australians and must be
taken into account as a contribution towards overall
sustainability.

3. PRESENT SUSTAINABILITY ACTIVITIES

Continuing to use NSW as an example the
population is about 6m. The installed capacity is
about 12,000 MW and the annual personal
consumption for residential is about 5,000 kWh. A
far greater interest in sustainability has focussed
attention on this aspect of Australia's future.

Table 1 shows the energy resources available now
for Australia. The latest energy survey by the
Australian Bureau of Statistics (ABS) for 1997-8
showed energy production at 12,000 PJ with energy
exported at 8,800 PJ and industrial domestic use
including electricity supply at 3,200 PJ.

Table 1. Australian energy resources in 1998

As part of a poEtical acceptance of the need for
sustainability there have been a number of
government initiatives.

Black coal
Brown coal
Crude oil
Natural gas
Condensate
LPG
Uranium

1.3m PJ
0.4m PJ
8.8k PJ
53k PJ

7.1kPJ
4.5k PJ
0.3m PJ

It can be seen that these are more than adequate to
sustain the energy needs of Australia and contribute
to sustaining the quality of life in Australia by
exporting to less energy wealthy economies.

3.1 Prime Ministers initiative
The Prime Minister Mr J Howard has provided for a
target additional 2% renewables by 2010. This will
utilize biomass in the main with lesser contributions
from solar and wind. All these initiatives will
increase the level of energy sustainability.

3.2 Water power resources
The Snowy River scheme was instituted as an
agricultural water supply system to be paid for from
electricity generation charges. This has a low
capacity factor of about 3%. Government has
reduced the overall capacity of the system by 10%
and the proposed redirection of the waters from the
system will reduce its potential output even further
in the coming years.

Similarly, the water reserves of Tasmania have
been utilized except for otherwise sensitive
environmental areas. If the government is serious
about sustainability it will need to exploit the
remaining water reserves to counteract the losses
from the Snowy system.

3.3 Distributed generation
As stated above Australia had been through one
cycle of distributed generation over the last 50
years, moving to larger more efficient units.
Improvement in the efficiency of smaller units has
made this technology more likely for expansion in a
competitive market. It will cater for the additional
load in many areas.

3.4 Large units ageing
Most units generating now are large and will need
replacement as large units. Small distributed
generators are not in a position to replace these.

3.5 Energy exports
Australia has been fortunate in that it has sufficient
energy reserves of coal, gas and uranium to be able
to assist other economies with energy without
jeopardising its own potential for sustainability.
This also has the added effect of contributing
heavily to the quality of life of Australians. The
export of energy related material (coal, petroleum,
gas and uranium) was worth about $15,700m in
1997-8 and represented 18% of all exports. This
was equivalent to about $780 per head of
population in that year. Adding aluminium to this at
$7,100m in 1999 provides about $1100 per head to
contribute to the quality of life of the population.
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4. FUTURE ENfTTIATTVES
SUSTAINABILITY

FOR

Future sustainability depends on population growth,
the increase in energy demand, the management of
demand and the technology for replacement of large
units.

If the population growth rate continues as at present
there will be about 12m in NSW in 2050. While
efficiency has doubled from 16 to 35% in the last
50 years it is reasonable to expect it will again
double to 70% by 2050. Per head consumption
could go to 7,000 kWh per person. This represents a
business as usual case.

If however the population can be limited by a
variety of actions to say 10m., the generation
efficiency improved from 35 to 80 % and demand
management reduces consumption to 30% a much
more sustainable condition can emerge. We are told
that we can get by on about 30% of electricity
consumption but this will require essentially new
infrastructure to allow this to be achieved. These
two cases are shown in Table 2.

4.1 Demand projections
For many years the demand for electricity in
Australia rose at about 6% per annum; more
recently it has changed to about 2% per annum.
However there are signs of a level above this in
recent NEMMCO Opportunity Statements. This
demand projection takes into account some
improvement in the efficiency of new and
replacement equipment but does not include a
major transition to demand management.

4.2 Demand management
Experts suggest that Australian society can retain its
quality of life using about one third to one half the
energy per head of population it uses now.
While this is probably true it would require
abandoning large sections of existing infrastructure
at a cost that is highly uneconomic.

It would be expected that new equipment and
replacement equipment would gradually eliminate
the existing less efficient equipment if there were
adequate incentive to do so. The present low prices
for energy in Australia provide competitive
advantage for the economy and do not also provide
adequate drivers for demand management.
Government must maintain its attitude to keeping
Australia competitive and accelerating demand
management by replacement with more efficient
equipment.

4.3 Distributed generation
A return to limited distributed generation is now
starting to emerge, wjth the competitive electricity

market needing smaller increments of power
commensurate with a 2% long-term growth rate.
This technology is seen to cover the increase in load
predicted for the foreseeable future.

4.4 Replacement generation
It must be remembered that the bulk of Australia's
power comes from a set of large units installed
between 1960 and 2000. While these units are well
built and represent reliable resources the earlier
units have undergone refurbishment and will need
replacement in the foreseeable future. The
remainder will follow these units with say the
Milmerran units needing to consider refurbishment
in 2030 for operation to 2050.

These units represent a large proportion of the
Australian interconnected system that will not be
satisfactorily replaced by distributed generation.
While rapid construction will be necessary new
large units will be needed. Large capacity units
using water or oil energy resources will not be
available for obvious reasons. There are a limited
number of energy resources available for these units
as set out below.

4.4.1 Units using fossil resources
The advent of coal gasification provides an
excellent boost to sustainability. These units are
much more efficient so that coal consumption is
reduced, increasing the life of existing reserves.
Units can be built much more quickly than
conventional units to feed gas turbines and also to
provide higher value products such as ammonia,
fertilizers and hydrogen. Designs are available now
to build plants of 250-400 MW capacity with 40%
efficiency including sequestration of 90% of the
carbon dioxide emitted.

4.4.2 Units using nuclear resources
While Australia did not proceed with its first
nuclear power station the drive to sustainability and
energy security will require reconsideration of the
nuclear option. This will become a necessity if
nuclear fusion makes the question of sustainability
virtually irrelevant.

4.4.3 Units using hybrid resources
A number of interesting hybrid units have been
proposed and will be considered as part of the
transition to sustainability. The first of these is
being developed by CSIRO in Australia now. This
is a solar / fossil hybrid unit using solar energy to
heat gases for use in a gas turbine. It is also used to
reform gas from coal or natural to make hydrogen.
This technology is appropriate for large units.
Recent work in Japan has developed the solar /
nuclear unit that uses solar power to boost the
nuclear unit.
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4.5 Resource security
Australia has a range of levels of security for its
energy resources. Those with low security are water
and oil, neither of which will provide significant
contribution to Australia's additional energy needs
in the future and will in fact decrease in the longer
term.

Medium term security is provided by black coal and
gas. However there is an excellent export market
for these resources and Australia needs significant
export income to sustain its quality of life.

From Table 1 long-term energy resources lie in
brown coal, black coal and uranium. The former is
not exportable in its present form and therefore
represents a resource that needs technology to
utilize it more effectively. Australia has about one
third of world reserves of uranium. This could
provide a long-term supply of energy when
developed.

4.6 Transition towards sustainability
Table 2 summarizes the transition towards
sustainability in NSW over 100 years. There are
two sets of values for 2050, representing business
as usual and an energy conservation possibility
depending on improved demand management.

Tabie 2. Transition towards sustainability

Factor

Population,m.
S.O.efficency,%
Consumption,

kWh/head

1951

3
16

400

2001

6
35

3000

2051
normal

12
70

6000

2051
conserve

10
80

2000
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SUMMARY -

Global Climate Models (GCMs) are the
predominant tool with which we predict the future
climate. In order that people can have confidence in
such predictions, GCMs require validation. As
almost every available item of meteorological data
has been exploited in the construction and tuning of
GCMs to date, independent validation is very
difficult. This paper explores the use of isotopes as
a novel and fully independent means of evaluating
GCMs. The focus is the Amazon Basin which has a
long history of isotope collection and analysis and
also of climate modelling: both having been
reported for over thirty years. Careful consideration
of the results of GCM simulations of Amazonian
deforestation and climate change suggests that the
recent stable isotope record is more consistent with
the predicted effects of greenhouse warming,
possibly combined with forest removal, than with
GCM predictions of the effects of deforestation
alone.

1. ISOTOPES AND GCMS IN THE
AMAZON

Global climate modelling and isotopic analysis in
the Amazon both have histories of over thirty years
(e.g. Salati et al., (1) and McGuffie and Henderson-
Sellers (2)) and these histories are not unconnected.
For example, an important review of Amazonian
isotopic and other data was published by Salati and
Vose in 1984 (3). This paper was influential
because its publication coincided with the first
reports of a simulation using a Global Climate
Model (GCM) to assess the possible impact of
deforestation of the Amazon. Indeed, Salati and
Vose (3) quote preliminary (1983) results from the
work of Henderson-Sellers and Gornitz (4).
Although the Salati and Vose (3) paper was
primarily a collection of their, and others', previous
work with isotopic analysis, it underlined to the
newly emerging global climate modelling
community that the Amazon recycles about half its
water within its basin.

Important papers were published in the early 1990s
on the subject of isotopic analysis of Amazonian

precipitation and its implications for regional
hydrology and climate. Gat and Matsui (5)
employed a simple box model of the central
Amazon Basin to demonstrate that some of the
water recycling is from fractionating sources. Using
data from the International Atomic Energy
Authority/World Meteorological Organization
(IAEA/WMO) global station network up to 1981,
they interpreted a +3%o deviation from the World
Meteoric Line as indicative of 20-40% of the
recycled moisture within the basin being derived
from fractionating sources such as lakes, the river
or standing water. The paper by Victoria et al. (6)
also used IAEA/WMO data; they analysed isotopic
results from Belem and Manaus over the fourteen
year period from 1972 to 1986. Using the
box/sector model of Dall'Olio (7) these researchers
were able to employ isotopic data to show that wet
season recycling is by means of transpiration while
dry season recycling in the Amazon is primarily by
re-evaporation of precipitation intercepted on the
canopy. Since the mid 1990s, there have been
relatively fewer papers on Amazonian isotopes,
although Gat (8) reviews some work and reports
that an updated model of the Amazon's water
balance, which uses isotopic input, improves earlier
predictions.

The first GCM simulation of the impact of
Amazonian deforestation was published by
Henderson-Sellers and Gornitz in 1984 (4). Since
then, there have been a large number of similar
GCM simulations. Some of the differences in the
outcomes of GCM predictions are due to the
imposed differences in surface albedo, surface
roughness, density and mix of original and
replacing vegetation, soil type and state and so on.
McGuffie et al. (9) review the problems associated
with correctly specifying climate model parameters
in both control (present day) and deforested
simulations and find that almost all models predict
increased surface temperatures following
deforestation. There is also general agreement that
both precipitation and evaporation decrease but less
consensus on the sign of the change in atmospheric
moisture convergence (e.g. Table 1, top line). A
detailed literature survey has not revealed any
GCM simulations of the impact of Amazonian
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deforestation tested against the available isotopic
data. This is partly the result of the relevant
research communities' ignorance of one another. It
may also be because very few GCMs have, as yet,

included isotopic composition as a computed
variable. Notable exceptions include work by
Jouzel et al. (10,11) but neither of these studies
include consideration of deforestation impacts.

Table 1. Stable isotopic and global climate model characterisation of climate change in the Amazon

Amazonian Deforestation
Simulations
(e.g. McGuffie et al. (9))

Recent Isotopic Record
(derived here)

Greenhouse Impacts
in Amazon
(e.g. Houghton et al. (12))

decrease in precipitation
decrease in evaporation
less water recycling
?decrease in atmospheric moisture convergence
more water recycling in the wet season
greater relative importance of transpiration and canopy
evaporation in the wet season
decrease in runoff ratio (equivalent to a decrease in atmospheric
moisture convergence)
increase in precipitation
increase in evaporation
intensification of hydrological recycling
?sign of atmospheric moisture convergence change unknown

The data used in this study were obtained from the
Global Network for Isotopes in Precipitation
database (13), jointly maintained by the World
Meteorological Organization (WMO) and the
International Atomic Energy Agency (IAEA) since
1961. From each Amazon station, monthly average
values of temperature, humidity, precipitation,
precipitation type, deuterium, oxygen-18 and
tritium are available (Table 2). As part of ANSTO's
ongoing research into the possible synergies
between isotopic and global climate modelling

studies of Amazonian deforestation, we have
examined these IAEA/WMO station records in the
Amazon Basin for temporal trends. We find
noticeable changes in the wet season, which
extends from about December to May. The
continental gradient of 5I8O, already the weakest in
the world, has been further weakened over the last
three decades in the wet months from December to
May.

Table 2. IAEAAVMO Amazon Basin isotope collection station location details and availability. The last column
is the percentage of the total months of observation for which both deuterium (D) and oxygen 18 (18O)
observations are available.

Station

Belem
Cayenne
Manaus
Porto Velho
Sao Gabriel
Izobamba

IAEA
ID#

8219100
8140500
8233100
8282500
8210600
8404400

Location

1.43°S, 48.48°W
4.83°N, 52.37°W
3.12°S,60.02°W
8.77°S, 63.92°W
13.0°S, 67.08°W
0.37°S, 78.55°W

Alt
(mASL)

24
8

72
105
87

3058

Operational

1965-1987
1962-1975
1965-1990
1965-1983
1961-1990
1968-1997

No. Months &
% of total

264
156
300
216
348
324

% time for D
and 18O
87.5%
38.5%
52.0%
33.3%

. 26.7%
93.1%

In the 1960s, when the collection of isotopic data
began in the Amazon Basin, monthly average
values of the deuterium excess at Manaus were
significantly greater than at Belem for both the wet
and dry seasons. Furthermore, there was no
significant difference between the mean monthly
deuterium excess values from the wet to the dry
season at either the coastal or interior sites. By the
1980s, the Belem mean monthly deuterium excess

for both the wet and dry seasons have increased
slightly compared to the values in the 1960s, but
the difference is not statistically significant. In
contrast, large changes are observed in the seasonal
deuterium excess inside the basin at Manaus.
Although the annual mean deuterium excess at
Manaus in the 1980s (11.83±0.44%o) is not
significantly different to that in the 1960s
(12.62+0.48%o), results now show a significant
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difference between the wet and dry season values.
In particular, the deuterium excess has decreased in
the wet season and increased in the dry season. The
difference in deuterium excess between Belem and
Manaus is also much reduced in the wet season and
Manaus' wet season value is significantly decreased
in the 1980s.

Plausible explanations of the wet season deuterium
excess decrease involve either more non-
fractionating (e.g. transpiration) or less
fractionating (e.g. lake) recycling, or both. Thus the
observed temporal shift in isotope data (1960s to
1980s) requires a change in the recycling behaviour
in the Amazon. These isotopic results are consistent
with the GCM deforestation predictions, which
show less overall transpiration only if there has
been a relative decrease in the evaporation of water
from lakes and other fractionating sources over this
period. Table 1 summarizes the divergence among
present day characterizations of Amazonian climate
change as derived from (i) deforestation studies
with GCMs; (ii) isotopic data; and (iii) greenhouse
simulations with GCMs.

2. ISOTOPIC EVALUATION OF GCMS'
SIMULATION OF THE AMAZON
REGION

There are at least two methods available for
isotopic evaluation of GCMs' simulation of the
Amazon climate. One is to utilize the results such
as those of Gat and Matsui (5) regarding the
relative amounts of water recycled in the Amazon
from fractionating and non-fractionating sources.
They deduced by comparing deuterium and oxygen
isotopic observations with results from their box
model of the central Amazon Basin that of the input
precipitation 10%-20% is re-evaporated from
fractionating sources (e.g. lakes and rivers), 30%-
40% from non-fractionating sources (e.g.
transpiring plants and complete re-evaporation of
canopy-intercepted water), with about half of the
total hydrological budget going to runoff. These
values ought to be able to can be used to evaluate
GCMs. Here, this method is tested using a series of
GCM experiments conducted with the USA's
National Center for Atmospheric Research's
Community Climate Model (CCMl-Oz) (McGuffie
etal. (9)).

The GCM results analyzed are found to be different
from those of Victoria et al. (6) who claimed on the
basis of isotope analysis that transpiration is the
major source of recycled water in the wet season.
We find that at least one GCM simulates
transpiration as being very much more significant
in the Amazon forest's dry season budget of
recycled water. Unfortunately, although the land
surface scheme (BATS - the Biosphere

Atmosphere Transfer Scheme) used in the CCMl-
Oz simulations does permit inclusion of lakes, this
option was not used in these GCM experiments. It
was therefore not possible to examine the Gat and
Matsui (5) conclusion regarding the fraction of
recycled moisture from lakes directly.

Although these results are somewhat inconclusive,
it appears that there are grounds for suspecting that
a more thorough examination of the components of
the Amazonian water cycle using isotopic data
could both reveal inadequacies in some current
climate model simulations and, hopefully, indicate
how simulations by GCMs could be improved to
more completely and correctly capture important
moisture exchanges. This is an interesting issue
because it has been shown that tropical
deforestation has the potential to excite large-scale
Rossby waves in the atmosphere. These waves can
propagate from the source of their initiating
disturbance into the middle and high latitudes of
both hemispheres and, hence, prompt impacts far
distant from deforestation in the Amazon (14).

This isotope-GCM "missing link" is a second
method of GCM evaluation using isotopes which
warrants further detailed study. One possibility is
that the temporal isotopic records are illustrative of
the impact of Amazonian deforestation. At present,
the available GCM studies are unable to
demonstrate or deny the validity of this conclusion.
Another possibility that deserves some
consideration is that the disturbances in the isotopic
record over time have not been caused solely by
forest removal. Although the regional extent of
deforestation in the Amazon is great, there are other
effects which may also be contributing to the
observed temporal shifts in the isotopic signatures.
These could include both the direct and indirect
effects of greenhouse gas increases.

There have been very few GCM studies so far
which have attempted to assess the impact of
deforestation and greenhouse gas increases in the
Amazon. The paper by Henderson-Sellers et al.
(15) was not focussed on deforestation but did
consider plant physiological responses to increased
atmospheric CO2 levels which includes stomatal
closure. Costa and Foley's (16) study is a much
more sophisticated evaluation of the independent
and combined effects of stomatal closure in
response to an enriched CO2 atmosphere,
deforestation and greenhouse warming. Zhang et al.
(17) consider the latter two effects but not the plant
physiological responses. The challenge for future
use of isotopic signatures for GCM evaluation is to
know which of these representations most closely
fit "present-day" isotopic measurements.
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An outstanding disagreement among GCM
representations of the impact of Amazonian
deforestation is the sign of the change in moisture
convergence (e.g. Table 1). The challenges
associated with predicting this are illustrated in (14)
which shows the changes in the vertically-
integrated water flux across the north, south, east
and west boundaries of the Amazon Basin as
derived from one set of GCM simulations of
deforestation. In this paper, the possibility of
determining at least the sign of this important
change is examined by reverting to the isotopically-
derived central basin box model of Gat and Matsui
(5). Since the total runoff equals the atmospheric
moisture convergence, changes in either indicate a
change in the other. We have employed values of
parameters derived by Gat and Matsui (5) and
investigated the effects of modelling runoff larger
and smaller than their values. Our results suggest
that it is necessary to decrease the runoff fraction
by 10% in order to match the changed isotopic
signature at Manaus between the periods 1965-75
and 1980-90. This result is consistent with the
majority of GCM simulations.

3. IMPORTANCE OF FUTURE USE OF
ISOTOPES IN EVALUATING
GLOBAL CLIMATE MODELS

In this paper, we show that results derived from
isotopic data from the IAEA/WMO network can be
compared with outputs from GCMs. We find that
water recycling in the central Amazon has changed
over the last thirty years, significantly so in the wet
season. While some GCM results may be consistent
with this conclusion, the selected GCM results
analyzed here fail to simulate the relative
components of transpiration and re-evaporated
canopy interception for the complementary dry
season correctly. The failure by the CCMl-Oz
simulations to represent the relative seasonal
importance of transpiration (non-fractionating) as
compared to the fractionating evaporation seems
likely to be traceable to the land-surface
parameterization scheme: BATS. This land-surface
scheme does have an option to incorporate open
water bodies but this was not employed.
Furthermore, a literature review indicates no other
GCM simulation of the Amazon involving open
lakes and river surfaces as a source of recycling
water in the basin. The isotopic data show this to be
an important omission and indicate the need to
include water surfaces in land-surface
parameterization, at least for the Amazon, in the
future.

Our results suggest that further detailed analysis
and extension to the very large number of GCMs
already claiming to predict the impacts of
Amazonian deforestation. At a minimum, it is

recommended that all future GCM predictions of
the climatic and hydrological impacts of
Amazonian deforestation be evaluated against all
the available isotopic data. Additionally, it might be
valuable for current assessments of the performance
of land-surface schemes in atmospheric models
include an evaluation of small land-locked water
bodies as sources of atmospheric moisture (e.g.
Irannejad et al. (18)). A new intercomparison of
climate model simulations of Amazonian hydrology
might also be possible, perhaps under the auspices
of the Atmospheric Model Intercomparison Project
II (e.g. Phillips et al. (19)). There is potential to
explore isotopic modification by Amazonian
deforestation by utilizing state of the art land
surface schemes combined with one of the current
'isotope' GCMs (e.g. Hoffman et al. (20)). Such an
examination would fit into the suite of land-surface
intercomparisons organized by the Project for
Intercomparison of Land-surface Parameterization
Schemes (PELPS) (e.g. Henderson-Sellers et al.
(21); Schlosser et al. (22)). Data from the isotopic
archive for Amazonia could be offered through the
GLASS (Global Land Atmosphere System Study)
of GEWEX to form the basis of a new stand-alone
and coupled (to an isotope-tracking GCM) pair of
intercomparison and validation experimental
simulations.

It can be concluded that the great need for new
validation data for GCMs, and the obvious and
beneficial synergy derivable from the use of
isotopes for this task suggest that new observational
programmes, such as the Large Scale Biosphere
Atmosphere Experiment in Amazonia (LBA),
embrace isotopic studies (e.g. Vorosmarty et al.
(23)). Simulation validation and model
improvement opportunities include: (a) regional to
basin-scale moisture convergence estimates; (b)
evaluation of model partitioning among
transpiration, free evaporation and canopy
evaporation; and (c) detection and attribution of the
impacts of forest change and greenhouse gas
increases. We strongly recommend joint
investigation of the Amazon by isotope experts and
climate modellers
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SUMMARY:

Nuclear techniques are widely used in the investigation of the dynamics of the water cycle. This paper
focusses on their contributions to the development of strategies for the sustainability of environmental
resources. Emphasis has been placed on the role of environmental isotopes and radiotracers in
evaluating models of complex environmental systems. Specific reference is made to 1) the construction
of a marine radioactivity database for Asia and the Pacific, 2) the sustainability of groundwater in
regions challenged by climate change, and 3) the applications of radiotracers to off-shore transport of
sediments and contaminants.

1. INTRODUCTION

The central theme of this paper is the
contribution that nuclear techniques are
making to understanding the dynamics of the
water cycle. Two underlying themes emerge:

• The role of tracer techniques in validating
numerical models of complex
environmental processes. Particular
reference will be made to contaminant
transport models in the coastal zone.

Q The role of isotope techniques in
assessing the sustainability of ecosystems
in a future challenged by competition for
environmental resources and changing
climate patterns.

It is appropriate to introduce the topic with
examples from the oceans which accommodate
97 per cent on the water on the planet. An
understanding of ocean dynamics contributes
to knowledge of coastal processes and of
global precipitation patterns. Radiotracer
techniques have been applied extensively to
studies of sediment and contaminant transport
in the coastal zone. Examples of sewage
dispersion and bed load transport studies will
be presented. The role of these studies in
validating predictive transport models which
can be used in the assessment of options for
sustainable development will be discussed.

The oceans are the primary source of global
precipitation. For almost 40 years, the IAEA

has been building up its Global Network of
Isotope Precipitation or GNIP database. Recent
work has significantly advanced applications
of the database to climate change studies at a
regional level.

Such studies are linked to groundwater
investigations since the isotopic composition
of intake water reflects that of the rainfall
feeding the intake beds. Since the age of
groundwater samples can vary from the very
recent, up to millions of years of longer,
systematic changes in the isotopic composition
of the groundwater reflects past climate
change. This has been known for many years.
However, the possibility is now emerging of
using these insights to evaluate global climate
change models, and hence enhance the
confidence with which they can be used for
prediction.

2. DISPERSION OF RADIONUCLIDES IN
THE OCEANS

Extensive surveys of the levels of
environmental isotopes in the oceans have
been made over the past three decades. These
data, together with much other information
have led to the 'conveyor belt' picture of
global circulation patterns. Cold water is
conveyed along the ocean floor from the North
Atlantic via the Antarctic region to the North
Pacific. The return water comprises warm
surface water from the Pacific, via the Indian
Ocean to the Atlantic. This pattern as modified
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by local conditions provides a fundamental
basis for understanding the distribution of
radionuclides in the seas as a consequence
inputs from the atmosphere and river systems
as well as ocean dumping.
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Figure 1: Spatial distribution of Cs-137
average activity (Bq/m3) in surface sea water
based on data from 1975 to 1999 (Duran(l))

The IAEA supports a Global Marine
Radioactivity Database (GLOMARD). Until
recently, there was very little systematic
information available form Asia and the
Pacific. This situation has been addressed
within the framework of the IAEA Regional
Cooperative Agreement Project Managing the
Marine Coastal Environment and its Pollution
which is being coordinated by ANSTO. As a
component of this project, the Philippines
Nuclear Research Institute (Duran (1)) has
compiled an Asia Pacific Marine Radioactivity
Database (ASPAMARD).

The database includes information on
seawater, sediments and marine biota. In all
cases particular attention was paid to Cs-137
and to Pu239+240 because of quantities
released or their potential radiological risk.
Lead-210 activity concentrations in sediments
and Po-210 in marine biota were also
collected. The latter is considered a major
contributor of dose from the ingestion of

seafood (Jeffree et al (2)). As an example, the
spatial distribution of Cs-137 in surface sea
water is shown on Figure 1.

3. ISOTOPES IN
PRECIPITATION

The IAEA and the
World Meteorol-
ogical Organization
(WMO) (3) have
been surveying the
content of hydrogen
and oxygen isotopes
in precipitation since
1961. A Global
Network of Isotopes
in Precipitation
(GNIP) stations has
been established.

The data were
originally collected
as part of the IAEA
program for
monitoring the
worldwide impacts
of atmospheric
nuclear testing. They
were soon applied to
hydrological studies

as noted in the following section.

Currently applications are being extended to
issues of global climate change, as it is
recognised that embedded in the database are
systematic changes due to ia:

Q El Nino (Southern Oscillation) events; and
Q The impact of large scale land use change

on rainfall patterns For example,
Henderson-Sellers et al (4) recently used
the database to demonstrate an impact of
deforestation on climate and hydrology
over the Amazon basin.

4. GROUNDWATER STUDIES

The isotopic composition of groundwater at
intake reflects that of the precipitation at the
time of recharge. Traditionally, environmental
isotopes have been used to date water over the
ranges 50 years or less (tritium), hundreds to
tens of thousands of years (carbon-14) and up
to 2 million years (chlorine-36). The residence
time of a groundwater sample reflects the time
which has elapsed since the water seeped
underground and is a good measure of the ease
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of replenishment of the extracted water.
'Young' groundwater is readily recharged and
is said to be farmed; 'old' groundwater is
essentially irreplaceable by natural recharge
and is said to be mined.

Water table

Figure 2: Schematic representation of ground-
water flow in a confined aquifer (after
Lowenthal and Airey (5))

The stable isotope ratios D/H and 18O/16O
characterise water at recharge and can be used
to quantify the extent of mixing of sub-surface
waters from different sources. This
information, combined with age dating of
samples over a basin is a powerful supplement
to conventional hydraulic observations.

Isotope hydrology has been applied to a large
number of groundwater basins throughout the
world. A major comprehensive review of
isotope hydrology and its applications
supported by the IAEA has recently been
posted at

http://www.iaea.org/proCTammes/ripc/ih/
volumes/ volumes.htm

It has long been recognised that systematic
variations in the chemical and isotopic
compositions of groundwater may be
interpreted in terms of past (or paleo) climatic
changes. Groundwater basins with recharge
areas in arid or semi-arid areas are particularly
sensitive. Examples include:

Q Studies of the stable isotopes in water
from the Mereenie Sandstone aquifer
supplying Alice Springs which showed
that only water form the much higher than
average rainfall events contributed to the
groundwater reserves (Airey et al (6));

Q WC isotope data from groundwater in this
aquifer suggest that there were three major

periods of recharge over the past few
thousand years This work confirms the
general conclusions of earlier studies by
Pearson et al (7) in the Northeastern
Province, Kenya that in arid zones,
recharge did not occur uniformly over
recent millenia.

• Extensive studies of the isotope hydrology
of the Great Artesian Basin have been
made. One such study indicated that
systematic variations in water quality from
the major aquifer within the Basin may
correlate with changing conditions in the
recharge area in Queensland over the past
few hundred thousand years (Airey et al
(8)).

These studies all confirm that the isotopic and
in some cases the chemical properties of
groundwater can reflect the variability of
ancient climates in the recharge areas. It is now
recognised that knowledge of past climate
from a range of sources including groundwater
can contribute to the evaluation of global
climate change models, and thereby increase
confidence in their use as tools for predicting
future trends. Details are beyond the scope of
this text.

5. RADIOTRACER STUDIES OF OFF-
SHORE CONTAMINANT TRANSPORT

The release of pollutants into the marine
environment presents a major challenge to the
sustainable development of the coastal zone.
Strategies for the management of the coastal
zone should therefore be based on a scientific
understanding of the immensely complex
environmental systems.

There are few fundamental approaches to the
study of such systems. One involves the
incorporation of field observations into large
scale numerical models. The second approach
uses tracer techniques to study in great detail
the individual component of the complex
system which has been labelled. Both
approaches have their limitations, but together
they form a uniquely powerful method for
studying the dynamics of environmental
systems.

Examples of studies in which ANSTO has
played a major role include:

• The release of sewage to the sea from
outfalls off Sydney, off Burwood Beach,
Newcastle NSW, off Penang, Malaysia
and off Hong Kong;
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Q The impact of major river systems on the
coastal zone within the framework of the
international TROPICS (Tropical River -
Ocean Processes in Coastal Settings)
program; and

• The study of effluent dispersion within
Manila Bay

The investigations may be classified as either
engineering investigations or projects with a
research component.

5.1 Engineering investigations:

Most of the Sydney and Hong Kong studies
involved the post commissioning trials of the
off-shore sewage outfalls.1 Local
investigations focussed on the Malabar and
North Head Outfalls. In one study, the tracers
gold-198 and tritium were used to track
sewage from Malabar, as far south as Stanwell
Park over a 24 hour period (Pritchard et al (9)).
Samples of the bacteria from within the plume
were collected and assayed. The observed
values were corrected for the dilution factors
obtained from the isotope data. The corrected
values showed that the 'die off rate of the
bacteria at the time (June 1992) was such that
the concentrations decreased by a factor of two
in about eight hours.

In Hong Kong, radiotracer investigations were
made of the Black Point, Pillar Point, and Sui
Ho Wan outfalls, as well as aspects of the Tolo
Effluent Export Scheme. This work was
recognised by the Hong Kong Australia
Business Association Award 2000 (Export of
Services category).

The methodologies used in most of these
studies as well as the Burwood Beach and
Manila Bay projects mentioned below were
similar. Field data from the tracer studies
coordinated by ANSTO (or, for Manila Bay,
by the Philippines Nuclear Research Institute)
were used to validate the outputs of 3D
hydrodynamic models developed by the Water
Research Laboratory. (King (10)).

The Sydney outfall studies were undertaken in
collaboration with the UNSW Water Research
Laboratory for the Sydney Water Corporation on
behalf of the NSW Environment Protection
Authority. The Hong Kong investigations were
commissioned by the HK Environment Protection
Department and implemented in association with
EGS (Asia) and the UNSW Water Research
Laboratory under the management of either
Montgomery Watson (HK) or Mouchel (Asia).

5.2 Projects with a research component:

Burwood Beach: The aim of this investigation
was to study the fate and behaviour of particles
released at a depth of 23 m at a distance of
about 1.5 km off-shore from the Newcastle
sewage treatment works.

Pacific Ocean
0.3 0.6 0.9 1.2

Distance from the
Diffuser (km)

Newcastle Sewage
Treatment Works

1 km

Location of the
Au-198 tracer

Figure 3: Dispersion of labelled sewage from
Newcastle Sewage Works Outfall, Burwood
Beach (28 May 1998). The location of the
radiotracer is shown in bold. The insert shows
the increase in the particle sizes (bounded by
the 10 and 90 percentile levels) with distance
from the outfall and the corresponding
decrease in fractal dimension which correlates
with increasing porosity

The principal aim of the work was to evaluate
the mathematical modelling using tracer
techniques to facilitate management of the
outfall. However, there is considerable
research interest in the behaviour of sewage
particles in the marine environment. Tracer
techniques were used to ensure that the
samples taken were of diluted sewage released
through the outfall during the time of the
injection.

Gold-198 and tritiated water HTO were
selected.. The gold was rapidly adsorbed to the
particles while the tritiated water was used to
monitor the aqueous component of the
effluent. Gold-198 is a gamma emitting isotope
and is monitored continuously by a radiation
detector deployed overboard. An example is
shown in Figure 3 where those segments of
theboat path intersecting the radiotracer are
shown in bold.

In this investigation samples from the effluent
plume were collected periodically and returned
to ANSTO for assay. Tritium was measured in
one aliquot to monitor the increasing dilution
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as the effluent disperses into the sea. The
remaining sample was used to measure
properties of the particles; namely the particle
size distributions and the fractal dimensions.

As shown in Figure 3 (insert) the particle sizes
are generally increasing with increasing
distance from the diffuser. At the same time
the fractal dimension which correlates
inversely with porosity is decreasing. It would
appear that the enhanced aggregation is
accompanied by enhanced porosity. The
entrapped water would be relatively less dense
than the surrounding sea water as the effluent
is transported for the diffuser to the sea and
diluted. The particles would be subject to
buoyancy which is consistent to their rising
through the water column to the surface.

Manila Bay:

A study has been undertaken of contaminant
transport within Manila Bay within the
framework of the IAEA/RCA Project:
Managing the Marine Coastal Environment
and its Pollution. The overall aim of the study
was to contribute to the much wider challenge
of minimising the frequency of occurrence of
harmful algal blooms which have a major
effect on the local fishing industry. A number
of approaches are being used including the
extension of tritium methods for the rapid and
accurate assay of saxotoxin and the use of
lead-210 techniques to study the frequency of
occurrence of past blooms by identifying cysts
in dated sediment cores collected from the
Bay.

Complementing these studies are the
investigations of the sources and transport of
nutrients in the Bay. A three dimensional
model of the Bay was developed by the Water
Research Laboratory which was validated by
radiotracer techniques coordinated by the
Philippines Nuclear Research Institute and
ANSTO. In this case, technetium-99m tracer
was used eluted from a 300 GBq Gentech®
medical generator.

Details are described in ref (11). It suffices to
say, that during the period studied, solute
transport was dominated by the effect of
winds. The tracer data greatly enhanced the
quality of the modelling by providing direct
measurements of dispersion both on the
surface and at depth under the influence of a
wind field.

6. RADIOTRACER STUDIES OF BED
LOAD TRANSPORT

Radiotracers are widely used to validate
models of bed load transport with a range of
applications in coastal engineering including:
optimisation of the alignment of dredging
channels and the location of dredge spoil
grounds; the development of ports and
harbours and the fate and behaviour of
contaminants associated with particulates.

Ebb tide current vectors

Land

Songkhla
Deep
Port

- Songkhlam
iM^ •••• m

to Songkhla Lake

Figure 4: Superimposed on the ebb tide
current vectors in the vicinity of the Port of
Songkhla are the locations of the two tracer
injections made on 25 November 1000 and the
approximate location of the tracer plume
approximately six weeks later.

The principal aim of the investigation was to
validate the model prediction of the bedload
transport in the vicinity of the Port of Songkhla
using tracer techniques.2 The tracer was 192Ir
incorporated within glass beads with the same
density and particle size distribution as the
sand. The points of injection and the location
of the plume after six weeks (7 January 2000)
are depicted in Figure 4. As shown in the table
below, very satisactory agreement between the
observed and predicted values was found
(Nielsen et al (12)). This enhanced the

The project was supported by the IAEA RCA and
undertaken by the following organisations: Office of
Atomic Energy for Peace (OAEP), ANSTO, the
Thai Harbour Authority, the Pronce of Songkhla
University, and the UNSW Water Research
Laboratory.
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confidence with which the model could be
used to plan on-going Port development.

Injection

Sitel
Site 2

Transport (kg/m)
Model
16,560
4,337

Tracer
22,400
1,470

Bearing
Model
321°
162°

Tracer
333°
168°

7. FUTURE DEVELOPMENTS

Isotope techniques will continue to be an
integral part of many investigations of the
water cycle. The demand will arise out of the
need for sustainable freshwater and other
quality environmental resources in a world
challenged by climate change and increasing
populations especially in the coastal zones.

Three major outcomes of isotopic studies can
be identified: The first is the improved
understanding of the changing properties of
existing fresh water resources as an aid to
better management.

The second outcome is an improved
understanding of the processes of
environmental degradation which can be
addressed by engineering intervention. These
include the fate and behaviour of contaminants
and the transport of sand and sediments. A
powerful approach is the use of radiotracers to
validate numerical models of the processes.

Thirdly, isotope techniques may be used to
assess the impact of climate change by
contributing to the evaluation of climate
models.
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SUMMARY Recent improvements in the understanding of the physiologic and biologic mechanisms
of health and disease have led to an expansion of nuclear medicine applications both in clinical studies
and research. Advances in radiopharmaceutical development, instrumentation and computer processing
have resulted in the implementation of Positron Emission Tomography for clinical studies, and
improved treatments with radiopharmaceuticals particularly in cancer patients. There has also been an
dramatic increase in the techniques available with nuclear medicine to detect and measure cellular
biologic events in-vivo, which have important implications in clinical and basic science research.
Nuclear medicine studies provide unique information on human physiology and remain an integral part
of clinical medicine practice.

1. INTRODUCTION

Nuclear Medicine is a medical specialty that
evaluates physiology and tissue metabolism in-
vivo with tracer techniques. The tracers used
for these studies are generally short-lived
isotopes, and are linked to chemical
compounds that permit specific physiologic
processes to be imaged and/or quantitated non-
invasively. Unlike more conventional imaging
techniques such as x-ray, CT, ultrasound or
MRI, nuclear medicine has as its basis the
analysis of function of tissue and organs, rather
than the anatomical structure of the area
studied.

Nuclear medicine can be used for both
diagnostic and therapeutic applications in
patient care. It has existed as a clinical
specialty in Australia for 30 years, and
approximately 430,000 nuclear medicine
procedures are performed in Australia each
year. Almost every person in Australia will
require a nuclear medicine procedure during
their lifetime.

The role of nuclear medicine has changed
dramatically in the last decade, due to
advances in radiopharmaceuticals and imaging
technology. Evolving areas of clinical utility
include the increased role of nuclear medicine
in therapy (particularly in oncology); the
introduction of Positron Emission Tomography
(PET) as a mainstream technology in
oncology, neurology and cardiology; and the
development of novel radiolabelled molecules
for the biologic characterisation of human
tissues, which has both clinical and research
applications.

2. TISSUE PHYSIOLOGY AND CELL
BIOLOGY

Recent advances in the understanding of
physiologic processes responsible for disease
have allowed a more fundamental
understanding of disease etiology. The
identification of unique tissue and cellular
changes associated with disease are required,
however, in order to implement effective
treatments. Specifically, advances in genetics
and cell biology have led to identification of
gene expression, intracellular signalling
pertubations and cell receptor expression
changes that can be linked to disease and
prognosis (1).

In-vivo detection, measurement and
quantitation of these tissue, cellular and sub-
cellular processes with nuclear medicine
techniques allows the characterisation of
normal and diseased body functions. This has
diagnostic relevance in a range of clinical
conditions. In heart disease, measurements of
myocardial perfusion and viability, combined
with left ventricular ejection fraction, is now
possible through ""Tc-MEBI single photon
emission tomography (SPECT) studies.
Measurements of cerebral perfusion, and
functional brain neuroreceptors, may also be
performed with SPECT and PET imaging (2).
Detection of tumours, and biological
characterisation of antigen or receptor
expression (eg EGF receptor, Her/2-neu
receptor), or metabolic processes (eg glucose
metabolism) is also possible with radiolabelled
ligands, peptides and antibodies (3).
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The therapeutic utility of this aproach relates to
the ability to target specific receptors
expressed on tumours (eg somatostatin
receptors), which can be used to deliver
radioisotopes for therapeutic effect, or to
determine the effects of therapy through
changes in metabolic parameters (eg
glycoh/sis, amino acid turnover and DNA
proliferation). The in-vivo imaging of gene
expression, and gene therapy approaches, can
also be achieved with nuclear medicine
techniques (4). The development of more
sophisticated therapies is ideally suited lo in-
vivo measurement of treatment efficacy with
nuclear medicine.

3. RADIOPHARMACEUTTCALS

The most common isotopes used in general
nuclear medicine diagnostic studies are listed
in Table 1. These isotopes are usually short
lived, produced by generator, cyclotron or
reactor, and are linked to specific ligands or
chemical compounds depending on the
physiologic or cellular process that is to be
evaluated.

Table 1.
Isotopes Commonly Used in

Nuclear Medicine

Diagnostic

201JJ

l u In
67Ga
123J

Therapeutic

I
Sr

131

89

153Sm
90y
32T,

Advances in diagnostic radiopharmaceuticals
include novel chemical compounds that permit
the study of neuroreceptors with SPECT (eg
bezodiazepine receptors), somatostatin
receptors in tumours, and acute clot detection
with peptides against gpIIb/IIIa receptors on
activated platalets. The use of a and 3
emitting isotopes for therapy applications is an
area of active development at present.

4. INSTRUMENTATION

4.1 Gamma Camera Design

Recent developments in gamma cameras
include improved resolution instruments, and
more advanced computers for image
reconstruction. New camera developments
also include the incorporation of attenuation
correction (for improved quantitation and
SPECT studies), and coincidence detection for

PET. This latter approach has been
complemented by the use of slightly thicker
detector crystals, which allow higher
sensitivity for 18F-FDG while retaining the
ability to image conventional nuclear medicine
isotopes.

Image analysis methods have been improved
by coregistration techniques for anatomic
studies (eg CT scan) with nuclear medicine
SPECT and PET. Modelling of image datasets
for statistical analysis or receptor binding
parameters is also performed. The use of
digital data storage is routine in most
Departments, and archiving and display
systems (PACS) are being implemented in
major Institutions.

4.2 PET Instrumentation

Modifications to scanner design have enabled
the production of lower cost PET scanners for
clinical PET studies (see Section 6). One new
camera design incorporates Nal crystals (of
one inch thickness) in the detector array with a
large field of view and operation in 3D mode.
This allows rapid image acquisition and
potentially lower doses of 18F-FDG to be used
for clinical studies. Another camera design
uses bismuth germanate ("BGO") or LSO
crystals (used in standard PET design cameras)
but installed over a 120° gantry that rotates
around the patient and also acquires images in
3D mode. Both of these designs reduce the
cost of the PET scanner, without sacrificing
image quality and patient throughput (5).

Current research into new crystal materials (for
example, GSO) for PET scanners has indicated
that higher resolution instruments will be
possible, commercial systems are becoming
available. Larger field of view PET cameras,
and cameras combining PET imaging and CT
scanning, are also entering commercial
production (6).

5. DIAGNOSTIC STUDIES

The most common nuclear medicine diagnostic
procedures are in cardiac, neurology, skeletal,
lung, liver and kidney disorders. The most
recent developments in diagnostic studies
relate to improved imaging and processing
methods, and new imaging agents based on
peptides and antibodies.

In cardiology, developments in image
processing now permit routine examination of
myocardial perfusion and contractility with
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calculation of ejection fraction in a single
study (either ^ T c - M B I or 201Tl-chloride).
The implementation of pharmacologic stress,
and newer agents eg
also occured.

99mTc-tetrofosmin, have

The development of new peptide and antibody
constructs has been translated into diagnostic
tests for somatostatin receptors (tumour
characterisation), acute clot detection (platelet
gpIIb/HIa receptor), and detection of colon,
ovarian and prostate cancer (1,2). Peptide
studies in infection, inflammation and other
cancers are also in Phase n/EQ trials at present.

6. POSITRON EMISSION
TOMOGRAPHY

Positron emission tomography (PET) is an
imaging technique that provides in vivo
measurements in absolute units of a
radioactive tracer. One of the attractive aspects
of PET is that the radioactive tracer can be
labelled with short-lived radioisotopes of the
natural elements of the biochemical
constituents of the body.

In clinical applications, a very small amount of
a biological compound labelled with a
positron-emitting radionuclide is introduced
into the patient, usually by intravenous
injection, and the concentration of that
compound in tissue is measured by a PET
scanner. During its decay process, the
radionuclide emits a positron (positively-
charged electron) which, after travelling a
short distance, encounters a negatively-charged
electron from the surrounding environment.
The two particles combine and "annihilate"
each other, converting their rest mass into
energy and resulting in the emission in
opposite directions of two gamma rays of 511
keV each (Figure 1).

II^III Region of coincidence detection

•^ Annihilation Event

-* »- y-rays accepted by coincidence

•* >• y-rays rejected by coincidence

Figure 1. Basic principal of PET: coincidence
detection

PET image acquisition is based on the external
detection in coincidence of the simultaneously

emitted 511 keV y-rays and therefore
localisation of the annihilation event inside the
patient.

The most commonly used positron emitting
radiopharmaceutical in clinical studies is 18F-
FDG (Table 2). This tracer utilises the
characteristic of malignant cells of an
enhanced rate of glycolysis in the presence of
oxygen, and FDG enters the cell and competes
for the enzyme hexokinase by the same
mechanism as glucose. i8F-FDG has been used
in clinical studies in neurology, cardiology and
in oncology. I3N-ammonia has been used for
measurement of blood flow, principally in
cardiac PET studies.

Table 2.
Positron-Emitting Radionuclides

used in Clinical Studies

Radionuclide Half-Life
15O 120 seconds

i3N 10 minutes
UC 20.4 minutes
I8F 110 minutes

Research studies in PET include the use of
oxygen-15 for measurement of oxygen
metabolism (15O-water, 15O-carbon dioxide).
n C has been used for labelling molecules that
allow the study of a range of neuroreceptor-
ligand interactions non-invasively, which has
research applications in neurology and
psychiatry. Labelling of a large array of other
compounds including hypoxic markers, amino
acids, DNA proliferation markers and
chemotherapy drugs have also been studied in
clinical trials (1,7).

The experience over the last decade is that the
most important clinical role of 18F-FDG PET is
in oncology. In many cancers, 18F-FDG PET
has been shown to be the most accurate non-
invasive method to detect and stage disease (7-
9). This has major implications in terms of
improving the planning of treatment and
avoiding unnecessary treatment and its
associated morbidity and cost.

The ability of 18F-FDG PET to monitor cancer
response to treatment (including radiotherapy
and chemotherapy) is an area where increasing
attention is now being directed and is
potentially one of the most important
applications of I8F-FDG PET in clinical
practice (10).

83



PET has also been used in coronary artery
disease patients to detect viable myocardium,
which has immediate relevance in the
evaluation of patients prior to cardiac surgery
or transplantation (11). 1SF-FDG PET has also
been studied in epilepsy and neurodegenerative
disorders, where it has been found to have an
important diagnostic and prognostic role
(2,12).

7. CONCLUSIONS

The last decade has seen dramatic changes in
nuclear medicine in both diagnostic and
therapy applications. The inherent ability of
this technology to provide insight into basic
physiologic events in the body, and cellular
processes in response to disease, through non-
invasive techniques, is a unique and powerful
tool for the clinician and researcher. The
future development of this field is limited only
by our understanding of the basic biologic
events that occur in health and disease.
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SUMMARY Radionuclide therapy can be curative or palliative in intent, and local or systemic in
administration. Current therapy relies of beta emitting radioisotopes and selective carriers for the treatment
of advanced tumours. The next generation of therapeutics may be alpha emitting radionuclides for
subclinical, micrometastatic disease. Targeted Alpha therapy (TAT) offers the potential to inhibit the
growth of micrometastases by selectively killing isolated and preangiogenic clusters of cancer cells. The
practicality and efficacy of TAT has been tested by in vitro and in vivo studies many cancers. The first
phase 1 clinical trial of TAT for leukaemia with Bi-213 has concluded at the Memorial Sloan Kettering
Cancer Center, a phase 1&2 trial of intra-lesional TAT is ongoing at Duke University with At-211 labeled
mab against cystic glioma, and a phase 1&2 clinical trial for intra-lesional TAT with Bi-213 of
subcutaneous secondary melanoma is underway at St George Hospital.

1 INTRODUCTION

Radionuclide imaging is an important part of
medical practice, with the "Mo-99mTc generator
been widely used around the world. However,
radionuclide therapy has been much slower in its
development and acceptance. Apart from I-I31
for thyroid cancer, radionuclide therapy is mostly
unsuccessful in eradicating cancer1. Many
applications of palliative intent, with the relief of
pain an important end-point. While most
applications relate to cancer, there are several
important applications in other diseases.

Most cancer mortality is attributable to
progressive metastatic disease rather than local
tumour invasion. In 1900, Erlich introduced the
concept of using the "exquisite selectivity of the
immune system" as a targeting mechanism for
cancer therapeutics. Fifty years later, Pressman et
al discussed radioimmunoconjugates (RIC) and
Mitchell in 1960 wrote that "the most promising
approach is to try to devise organic compounds
which are selectively concentrated in tumour
cells and carry radiative atoms".

Kohler and Milstein in 1975 transformed
immunotherapy into practicality when they
developed a method for the unlimited production
of monoclonal antibodies that share the same
antigen recognition specificity, ie the hybridoma
wherein B lymphocytes secreting monoclonal
antibody (mab) could be cloned by hybridization
to immortalised cells such as rodent myelomas.
Thus targeted radioimmunotherapy (RIT) could
become a reality.

With the development of monoclonal antibodies
(mab) and other molecular carriers such as
melanin precursors for melanoma, oestrogens for
breast cancer, meta-iodobenzylguanidine
(MIBG) for catecholamine precursors in
neuroblastoma, which are selectively but not
exclusively taken up by cancer cells, a new era of
cancer cell targeting has arrived. However, mabs
have not been effective against solid tumours,
with access possibly being restricted by higher
interstitial pressure in tumours than normal
tissues and lack of vascularity resulting from

The application of radionuclide therapy (RT) to
cancer needs an understanding of the cancer
process itself.

2 FOUR STAGES OF CANCER3

Cells in transit. Cancer cells escape from the
primary tumour, travel through the lymphatic
system and lodge in lymph nodes, or enter the
vasculature and pass through capillary
fenestrations into organs. These single, in transit
cells, may be in the Go cell cycle phase. This is a
dormant state, and these cells may not be
receptive to cytotoxic chemotherapy, which
requires high mitotic rates to enter cells and
damage DNA.

Preangiogenic lesions: Small nests of cells
develop in sites that stimulate cell division.
While there are insufficient cells to secrete
growth factors for angiogenesis, such nests could
grow to lesions with diameters of 1 -2 mm.
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Subclinical lesions: With sufficient cells to
stimulate capillary growth, there is rapid
development of the lesion as it becomes heavily
vascularised. Still subclinical, these tumours
have diameters of less than 3-5 mm. The patient
may be asymptomatic.

Clinical lesions: The tumour manifests itself
clinically with symptoms, and is readily observed
by various imaging methods. Solid tumours have
large necrotic fractions that harbour hypoxic
cells. For malignant cancers, metastatic disease is
widespread, and treatment is mostly palliative in
nature.

Targeted systemic therapy

Targeted systemic therapy is likely to reduce
risks associated with normal tissue damage,
while providing effective anu'cancer therapy. The
concepts and principles of targeted therapy have
developed over 40 years, after the remarkable
successes with 1-131 for thyroid carcinoma But
no other cancer was found to selectively
incorporate a specific radioisotope (RI) into its
metabolites. Radioimmunotherapy utilizes the
ability of proteins to target specific receptors
expressed on the membrane of cancer cells.
While unique neoplastic antigens have not been
found, there are many candidates where their
expression is very much greater on cancer cells
than on normal cells.

Radioisotope therapy depends on the:

• specificity of the carrier,
• type of radiation emitted and
• distribution of the RI within the target

tumour.

Best results for RIT have been obtained with the
more radiosensitive and non-bulky haematologic
malignances, ie leukaemia and lymphoma.
Limiting toxicity is myelosuppression, as for
Total Body Irradiation.

3 THREE CLASSES OF RI

The selection of the RI label is an important
consideration. Whereas 1-131, being a halide, can
be readily incorporated into targeting molecules,
it has limitations with respect to a high gamma
ray emission. While this is useful for imaging, I-
123 is much better as it is free of beta radiation.

Other RIs need to be chelated to the targeting
protein to achieve adequate stability. In-I l l is
also a good imaging agent, and is used in lieu of
Y-90 (all beta, no gamma) to obtain
biodistributions of Y-90 chelated targeting
compounds.

Certainly long lived beta emitters are indicated
for large tumours, where the positive internal
pressure of the tumour inhibits uptake over 24-48
h, and heterogeneity of delivery and targeting
requires cross fire from long range betas to
achieve a more uniform dose distribution in the
tumour. However, such advantages become
liabilities if isolated cancer cells, small cell
clusters and preangiogenic lesions are to be
eliminated.

Possible RIs for RIT are as follows.

alphas : require <5 nuclear hits to prevent
mitosis or cause apoptosis in some cell types.

Problems are carcinogenecity (high weighting
factor WR), normal tissue toxicity and difficult
radiochemistry. Cytotoxicty is well established.

Betas : require many hundreds or thousands of
nuclear hits, ranges are 0.4-10 mm, large
crossfire dose component and more
homogeneous dose distributions.

auger electrons : emitters give showers of low
energy electrons with high LET properties, range
<lum, and cytotoxicity limited to cellular
organelle in which the decay takes place. Thus
double strand (ds) breaks of DNA can be
achieved but the RI must be located at or on the
DNA.

The RI life time needs to be large (>30 h) for
solid tumours with uptake times in excess of 24
h, or short for intracavity administrations with
short clearance times.

The choice of RI depends on the type of cancer
to be addressed, and of course the availability of
the RI and TGA and FDA approval for the
particular application. Thus 1-131 is the most
explored RI for RTF, but mere is increasing
interest in Y-90 because of it higher energy,
longer ranged beta emission.

Carriers

Some metals do not require a carrier and are
incorporated into the tumour, eg **S>Sr for

osteoblastic metastases from prostate and breast
cancer, marketed under the trade name Metastron
byAmersham. Receptor based carriers are
monoclonal antibodies, pepndes and hormones.
An example of the latter is octreotide, which
targets somastatin receptors in neuroendocrine
tumours. Metabolites are selectively taken up by
cancer cells, eg iodine for thyroid carcinoma,
methylene blue for melanoma, amino acids,
porphyrins, low density liprotein and lipiodol.
The RI labeling uses by bifunctional chelators,
such as DTPA, DOT A, TETA.
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4 TARGETED ALPHA THERAPY

Alpha therapy is indicated for the control of
micrometastatic cancer. The short range of
several cell diameters means that a large fraction
of the radiative energy goes into the targeted
cancer cells, rather than into distant stem cells or
other critical tissues. Alpha emitting
radionuclides emit alpha particles with energies
up to an order of magnitude greater than most of
the betas, yet their ranges are two orders of
magnitude less3. Alpha particles have a LET
which is about 100 times greater than that for the
beta rays. This is manifested by a higher RBE
and much shorter range. As a result, a much
greater fraction of the total energy is deposited
in cells with alphas and very few nuclear hits are
required to kill a cell4.

In the killing of cancer cells in blood or normal
tissue, the therapeutic ratio is defined as the dose
to the cancer cells divided by the dose to normal
cells. This dose ratio is determined by the flux
weighted volume of interaction, assuming that
the radionuclide is located on or within the
cancer cell. This parameter is defined as a sphere
with radius equal to the effective particle range
per unit area of the sphere, and for betas is an
order of magnitude greater than that for alphas.
As a consequence, a factor of about 100
enhancement in radiation dose5 is delivered to
the nucleus of a cancer cell if a "smart" carrier is
employed to take the radionuclide to that cancer
cell. Targeted alpha therapy (TAT) therefore
holds considerable promise in controlling
micrometastases, as is evident from in vitro and
in vivo studies, but clinical efficacy has yet to be
tested5'7.

A small number of alpha emitting radionuclides
are currently under investigation. These are Tb-
149s'9, At-211, Bi-212 and Bi-213. Tb-149 and
At-211 both require accelerators in close
proximity to the place of application. The Bi
isotopes can be produced by long lived parents,
and as such, can be readily obtained from
generators. Ac-225 is obtained from the decay of
Th-229, which is a waste product in the
enrichment of fissile Th-233. The ready and low
cost availability of the Ac: Bi generator from the
USDOE is an important element in the
implementation of clinical trials for patients with
poor prognoses but without evidence of
metastatic disease.

Bi-213 is chelated to a cancer specific
monoclonal antibody (mab) or protein (eg
plasminogen activator inhibitor PAI2) to form
the alpha-conjugate (AC). Stable alpha-ACs have
been produced which have been tested for

specificity and cytotoxicity in vitro and in vivo10

against melanoma11 (9.2.27 mab), leukaemia12

(WM60 mab), colorectal9 (C30.6 mab), breast13

(PAI2) and prostate14 (PAI2, J591 mab) cancers.
Subcutaneous inoculation of 1-1.5 million human
cancer cells into the flanks of nude mice causes
tumours to grow in all mice. Tumour growth was
compared for untreated controls, nonspecific AC
and specific AC, for local (subcutaneous) and
systemic (tail vein or intraperitoneal) injection
models.

In vitro studies show that TAT is one to two
orders of magnitude more cytotoxic to targeted
cells than non-specific ACs, specific beta
emitting conjugates or free isotope.

In vivo local TAT at 2 days post-inoculation
completely prevents tumour formation for all
cancers tested so far. Intra-lesional TAT can also
completely regress advanced sc melanomas but
is less successful for breast and prostate cancers.
In vivo systemic TAT inhibits the growth of sc
melanoma xenografts and gives almost complete
control of breast and prostate cancer tumour
growth.
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Table 1 Comparative decay parameters of some alpha and beta emitting radioisotopes

Parameter

radiation

max energy MeV

max range um

<range> um+

LET keV/um

RBE

hits to km cell*

half life h

Flux weighted VOI*

I4*Tb

a

4

26

26

143

(3)

4

1

211At

a

6.78

65

65

104

(3)

(1.5,12

7.2

2.5

2I2Bi

a

8.79

87

87

101

(3)

12-20 )

1

2.7

2I3Bi

a

8.35

81

81

102

(3)

0.45

3.1

1 3 1I

P-

0.61

2400

500

0.3

(1)

8.05 d

19

153 Sm

P-

0.81

3000

600

0.3

0)

400

46.8

23

I 5 2Tb

P+

2.8

14900

5000

0.2

(1)

18

192

* Do value,+Assuming <Et,>= 0.33 Eb(max), VOI = Volume of interaction

The first Phase 1 clinical trial for TAT of
advanced acute myeloid leukaemia has
concluded at the Memorial Sloan Kettering
Cancer Center in New York. The maximum
tolerance dose was found to be ~1 mCi/kg, lower
than for 131I but higher than for "Y. The 440
keV gamma ray was used to observe kinematics,
showing rapid uptake into bulky leukaemia in 5-
10minutes j l.

5 RADIOISOTOPES FOR BETA THERAPY

is the most used RI for labeling large
molecules such as immunoglobulins. It is easy to
attach, has a low beta energy and intense gamma
emission requiring radiation protection. Other
frequently used RIs are given in Table 2. l a l I -
lipiodal is currently used for hepatic cancer at St
George Hospital.

Table 2
Radio-
nuclide
89Sr

32p

117mSn

186Re

1 5 3 S m

Half-life (d)

50.6

14.3

13.6

3.8

1.9

beta energy
(MeV)
1.46

1.71

0.16

1.07

0.84

gamma (keV)
%
0

0

159 87

137 9

103 29

Ligand

Chloride

Ortho-phosphate

DTPA

HEDP

EDTMP

Supplier

Amersham

Mallinckrodt

BNL

Mallinckrodt

Dow

A=acetic acid P=phosponic acid
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Radioinununotherapyfor metastatic cancer

Impressive results have been reported for RIT for
advanced hematological malignances15, but
success in solid tumours has been more limited.
In a therapeuetic trial of prostate cancer, m I n -
CYT-356 had detectable uptake in 58% of
patients, but no complete or partial responses
were achieved by treatment with a single dose of
90Y-CYT-35616. The dose limiting toxicity was
myelosuppression, and the maximum therapeutic
dose (MTD) was 9 mCi/m2.

ulI-chimeric L6 mab achieved objective
responses in 6 of 10 patients with metastatic
breast cancer that had failed chemotherapy17.

90Y-PA-DPTA-CC49 was used in a study of 12
patients with gastrointestinal rumours. The mean
tumour and liver doses were calculated to be 7.2
and 10.1 Gy/GBq18, and the mean tumour dose
was up to 30 Gy.

Anti-tumour responses were observed19 using
high dose 131I-MN-14, an anticarcinoembryonic
antigen F(ab)2, with peripheral blood stem cell
support for patients with metastatic medullary
thyroid cancer. High therapeutic indices were
achieved with mean tumour doses of 6.3
Gy/GBq, compared with liver, lung and kidney
doses of 0.6, 0.6 and 0.7 Gy/GBq respectively.

O'Donnell et al20 used ^ ^ I T - B A D - m H O mab
to treat patients with prostate cancer and obtained
an MTD of 0.74 GBQ/m2. Toxicity was almost
exclusively confined to reversible
myelosuppression.

Malignant ascites21'22 and CNS tumour cell
infiltrates23 have been treated with 131I or ^
RIT to achieve encouraging responses.

Pilot trials conducted in patients with
haematopoietic cancers have demonstrated
binding of mab to cancer cells, but there are
problems of antigen modulation and
heterogeneity, tumour burden and human
antimouse antibody (HAMA) response24. A

phase 1 trial of 131I-M195 against the CD33
antigen indicated that ablative doses of whole
bone marrow can be expected. However, because
of the rapid and specific uptake and
intemalisation of the Ml 95 into target cells,
alpha RICs were suggested as a feasible
approach25.

Thus RIT can be effective in achieving anti-
tumour responses, but these are a long way from
curing cancer. Many more examples can be
found in Goldenberg 26, and in DeNardo et al32.

Indications for RI palliative therapy of bone
metastases

There are some 550000 cases of breast, prostate
and lung cancer pa in the USA and some 70% of
breast and prostate and 40% of lung cancers
cause painful bone metastases. Radioisotopes
(Sr-89 and Sm-153) are used for bone pain
refractory to other treatments, to reduce
analgesics and improve quality of life. They are
applied when:

• hormonal therapy fails
• pain persists after previous focal external

beam radiotherapy
• failed hemibody irradiation
• disease too extensive for focal irradiation.

8^Sr is administered in 1-10 doses of 60 u,Ci, and
concentrates at the site of the osteoblastic
response, The range of betas is 3 mm, short
enough to prevent serious bone marrow
toxicity27.

1 5 3 Sm labeled ethylenediaminetetra-methylene
(EDTMP) is manufactured by Australian
Radiolsotopes as Quadramet for the treatment of
painful bone metastases. It is particularly
effective with 70% of patients obtaining pain
relief after a dose of 1 mCi/kg bodyweight28.
Tolerance dose to bone is 2.50 Gy
(myelotoxicity)

Radiation synovectomy

The treatment of rheumatoid and osteo-arthritis
requires the removal of the inflamed synovium of
the joint. This is achieved by ablation with a beta
emitting radioisotope, after injection into the
synovial sac. Major applications are the knee
joints to remove pain, arrest further degeneration,
and restore mobility.
RIs used for this purpose are Y-90 and Dy-165.

silicate colloid gives good response and 2-3
y symptom free.

165j)y pHMA (coprecipitate of Dy and Fe
hydroxides) is considered to be superior with its
much shorter half-life, much lower leakage as the
particles are larger, which reduces integrated
dose to other organs. Same day discharge is
possible cf 2-3 days hospitalization for Y-

90.1^Dy-HMA (hydroxide macro-aggregates)
is even more superior with lower leakage again
(ANSTO patent).
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Stenosis of coronary arteries with Re-188

Balloon angioplasty was introduced in 1977 and
is the standard method of treating the narrowing
or constriction of the coronary artery (stenosis).
However, some 30% of all angioplasty
procedures are subject to re-stenosis, and
ionising radiation is now gaining a place in its
management Radioactive stents are employed
used Ir (gamma emitter) or the beta emitters
32 ^ S 9 1 ^32P or ^Sr/91^ in the form of seeds or wires, or a
radioactive liquid in the angioplasty balloon. The
nuclide of choice is now considered to be 188Re
as both J 2 P and 90Y are relatively long lived
compared with the 17 hhalf life of 188Re. Re-188
can be obtained from its parent W-l 88 with half
life of 69 days29'30.

6 CONCLUSIONS

Radioisotopes have various and complementary
roles in therapy for cancer and other diseases.
Long range beta emitters are indicated for the
treatment of clinical tumours, whereas alpha
therapy is appropriate for micrometastases.
Subclinical lesions may need both approaches for
success. Beta emitters with shorter half lives are
preferred for local therapy, as in synovectomy
for palliation of bone cancer.
New clinical trials are in progress for testing
targeted therapies at St George Hospital. In
particular, a phase 1 study of 1 'i-sibrotuzumab
for patients with advanced or metastatic non-
small cell lung cancer; a phase 2 study of the
efficacy of ^ - S M T 487 for refractory small cell
or advanced metastaric breast cancer expressing
somatostatin receptors; and a phase 1&2 clinical
trial of intralesional TAT of sc, recurrent
melanoma This will be followed by phase 1
trials of TAT for breast and prostate cancer once
animal dose tolerance studies have been
completed and funding obtained.
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SUMMARY

Nuclear techniques are the basis of many CSIRO on-line and bulk analysis systems that are now widely used in
the mineral and energy industries. The continuous analysis and rapid response of these systems have led to
improved control of mining, processing and blending operations. This paper reviews recent developments in
neutron, gamma-ray and X-ray techniques for on-line and bulk analysis by CSIRO Minerals including neutron
techniques for the on-conveyor belt determination of the composition of cement raw meal, the on-line analysis of
composition in pyrometallurgical applications, the on-conveyor belt determination of ash in coal, and the rapid
and accurate determination of gold in bulk laboratory samples. The paper also discusses a new gamma-ray
technique for the on-line determination of ash in coal and the application of X-ray diffraction techniques for the
on-line determination of mineralogy in the cement industry.

1. INTRODUCTION

There is an increasing need in industry to reduce
costs and improve product quality through the
increased use of automation. The application of on-
line analysis techniques in the mineral and energy
industries opens up new possibilities for improved
process control. The practice of manual sampling
followed by laboratory analysis is slow, labour-
intensive and has the potential to significantly
increase sampling error. By contrast, on-line
analysis systems improve control by providing rapid
and accurate analyses in real time. As a result, there
has been a rapid increase in the industrial application
of on-line analysis instrumentation over the last 25
years, particularly in the mineral and coal industries.
CSIRO Minerals has been actively involved in this
field through the development, field testing and
commercialisation of on-line analysis systems based
on nuclear, microwave, ultrasonic and optical
techniques (1). A number of Australian and overseas
companies are marketing the systems worldwide.

The present paper reviews recent developments in
neutron, gamma-ray and X-ray techniques for on-
line and bulk analysis by CSIRO Minerals. The
paper discusses neutron/gamma techniques for the
on-conveyor belt determination of the composition
of cement raw meal, the on-line analysis of
composition in pyrometallurgical applications, the
on-conveyor belt determination of ash in coal and
the rapid and accurate determination of gold in bulk
laboratory samples. In addition the paper reviews the

development of a new gamma-ray method for on-
line determination of ash in coal and the
development and application of X-ray diffraction
techniques for the on-line determination of
mineralogy in dry powders.

2. NEUTRON TECHNIQUES

Elemental neutron/gamma analysers rely on
neutrons interacting with atoms present in the target
material and producing gamma rays with energies
characteristic of the emitting nuclei. Subsequent
detection of these gamma rays allows the elemental
composition of the material to be inferred. The two
most important nuclear interactions are thermal
neutron capture (TNC) and neutron inelastic
scattering (NIS). TNC occurs when a low energy
neutron is absorbed by a nucleus. NIS takes place
when a fast neutron collides with a nucleus.

Most commercial analysers use 252Cf neutron
sources together with sodium iodide (NaI(Tl))
detectors and are mainly sensitive to TNC reactions.
The analysers developed by CSIRO Minerals use
241Am-Be sources and bismuth germanate (BGO)
detectors. The higher energy neutrons produced by
the 241Am-Be source allow both TNC and NIS
reactions to be used for elemental detection. NIS
reactions are particularly useful for elements such as
C, 0 , Al and Si, which have a small neutron capture
cross-section. BGO detectors, whilst having a lower
resolution at room temperature than Nal, have a
higher photopeak efficiency, particularly for high-
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energy gamma rays. Tests have shown that cooling
can significantly improve the resolution of BGO
detectors. For example, the FWHM resolution at 662
keV of one BGO detector improved from 10.3% at
+15°C to 8.2% at -20°C (2).

2.1 On-Belt Elemental Analyser for the Cement
Industry

In a cement plant, the various components in cement
raw mill feed (limestone, shale, iron ore, etc.) are
typically fed onto a conveyor belt in sequence prior
to milling and subsequent firing in a klbi. The on-
belt elemental analysis of this raw mill feed would
enable improved control of raw mix chemistry in
cement plants. Compared to sampling and
subsequent laboratory analysis, plant control is
improved as timely on-belt measurements allow real
time control action. In the cement industry, plant
control is based on parameters that are calculated
from the proportions of calcium, silicon, aluminium
and iron in the raw mill feed. Elements of secondary
importance are magnesium, sulphur, chlorine,
sodium, titanium and potassium.

In 1997 Fuel & Combustion Technology (FCT)1

commenced work on Mastermind, a cement plant
control system integrating a series of novel on-line
analysers with sophisticated control software. As
part of Mastermind, CSIRO Minerals developed a
new and improved neutron/gamma on-belt elemental
analyser XENA (X-belt Elemental Neutron
Analyser) for cement raw mill feed, capable of
accurately measuring key elements independently of
both horizontal and vertical segregation and
independently of changes in belt loading.

Prior to finalising the gauge design for plant testing,
laboratory tests were performed to test design
concepts and to compare results with Monte Carlo
predictions. The laboratory tests were performed
using 100 synthetic samples and 25 plant samples
from the Adelaide Brighton Cement plant at
Birkenhead, South Australia. The samples were
measured over a range of depths between 80 and 200
mm The results of the laboratory tests showed that
the gauge was capable of accurately measuring the
proportions of CaO, SiO2, A12O3, Fe2O3, MgO, Cl,
K2O and TiO2 in both the synthetic and plant
samples (2).

XENA is in two halves, each containing a 370 GBq
(10 Ci) 241Am-Be neutron source and two 76 mm
diameter x 76 mm long (BGO) detectors in a
transmission configuration (Figure 1). The use of
multiple detectors and sources provides much
reduced sensitivity to non-uniformity of composition
both vertically and across the conveyor belt An
additional BGO detector was positioned to estimate
the material thickness by measuring the attenuation

of the 4.43 MeV gamma rays produced by the
source as they pass through the material on the belt
A Teflon slider plate supports the belt within the
gauge. The detectors are mounted in two sealed
cavities that are cooled using recirculating
refrigerant systems to about -20°C to improve the
detector resolution and thus signal-to-noise ratio.

Figure 1. Photograph of XENA at CSIRO Minerals
prior to being installed at Adelaide Brighton's
Birkenhead cement plant in South Australia.

XENA was successfully installed on the cement raw
mill feed belt at the Adelaide Brighton Cement plant
at Birkenhead in March 1999. Material on the belt at
the XENA location is segregated both horizontally
and vertically. Dynamic tests in the plant on highly
segregated material having depths in the range 100
to 200 mm have shown analyser total RMS (root
mean square) errors of 0.49, 0.52, 0.38 and 0.23
wt% (on a loss free basis) for CaO, SiO2, A12O3 and
Fe2O3 respectively, when 10-mimite counting
periods are used (0). Since installation, the analyser
has performed well during on-line tests. Stability has
been excellent and the measurements from XENA
have closely tracked the post-mill sampler XRF
results.

In summary, XENA has the following features:
• The choice of both NIS and TNC gamma rays.

Compared to instruments that use only TNC
gamma rays, improved performance can be
obtained for those elements such as Al, Si and
Mg where NIS gives better results.

• Good spatial uniformity
• Calibration demonstrated over a wide depth

range (at least 80-200 mm)
• Relatively low source costs and more stable

neutron output over long periods due to the use
of long life radioisotope sources.

' FCT-ACTech, 20 Stirling St, Thebarton, SA 5031 Australia
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2.2 Bulk Elemental On-Line Analysers for
Pyrometallurgy

On-line monitoring of pyrometallurgical processes is
often difficult because measurements need to be
made on hot materials (at 1000°C or higher) in
circumstances where representative sample streams
are not readily accessible. Most conventional
monitoring techniques are based on the insertion of a
probe into an environment so hostile that the probe
can only be used once or twice. CSIRO Minerals has
developed a non-intrusive nuclear analyser METRA
(METallurgical Real-time Analyser) for continuous
real-time measurement of elemental composition
(3). METRA is based on the MS technique, which
allows many elements to be measured
simultaneously and quantitatively, is independent of
sample temperature and is capable of measurements
through the walls of hot vessels.

There are three choices of location for METRA. The
first is on the side of a hopper or large process
vessel; the key requirement in this case is to ensure
that the flow of ore adjacent to the gauge is
representative of the total flow. A second option is
to locate the analyser around a pipe. The third
alternative is to automatically extract a bulk sample
from the process, analyse the sample in METRA and
then return the sample to the process stream. This
approach has the advantage that the analyser can be
located anywhere in the plant where there is a
suitable exit point for the sample but the
disadvantages of sample handling issues and the
need for representative sampling from the process
stream.

Pre-rednction
Vessel

Radiation
Shield

METRA

Figure 2. Schematic diagram of the NIS gauge
METRA installed on a plant in Western Australia.

New technologies such as direct reduction and
smelting reduction processes are increasingly being
used in iron-and steel-making in addition to
conventional blast furnace technology. Critical
parameters for control of these processes include the
degree of metallisation, degree of pre-reduction, and
carbon and silica levels. The first plant prototype of
METRA was tested on a new iron-making direct

reduction and smelting process. A bulk sample of
hot (~1000°C) pre-reduced feed to the smelting
vessel was automatically extracted from the process
and analysed in METRA (Figure 2). Accuracies of
1% relative, 0.5 wt.% and 1.0 wL% were obtained
for the degree of pre-reduction (a key parameter
related to the ratio of Fe to O), carbon and silica
respectively (4).

2 3 On-Belt Analysis of Coal

The accurate on-belt determination of ash in coal is
required in a wide range of applications in the coal
industry, including mine grade control, raw coal
monitoring, coal sorting, coal preparation plant
control, product blending, stockpile management,
power station feed, monitoring and blending, and
monitoring at coal shipping ports (1). A number of
independent studies have estimated the benefits of
on-line ash analysis to average more than $500,000
per year per installed gauge. Commercial analysers
currently available include those based on dual
energy gamma-ray transmission (DUET), pan-
production (PP) and Prompt Gamma-ray Neutron
Activation Analysis (PGNAA) analysers. However,
all these analysers have limitations. The DUET
gauges are sensitive to changes in ash composition
and only measure a relatively small proportion of the
coal on the belt The PGNAA and PP gauges
primarily operate on sample by-lines and are
therefore expensive and subject to sampling error.

CSIRO is developing a new and relatively simple
neutron-and-gamma-ray analysis system for the
direct on-conveyor belt bulk analysis of ash in coal
(5). The analyser simultaneously measures NIS and
TNC gamma rays from bulk coal samples on
conveyor belts and incorporates a method for ash
measurement that is independent of changes in
segregation or belt loading. As a result, the new
system provides greater accuracy than on-belt
DUET gauges at a much lower cost than by-line
PGNAA analysers.

A laboratory prototype gauge has been developed
comprising an 241Am-Be neutron source and
multiple BGO detectors. Measurements on 25 bulk
(about 70 kg each) coal samples of ash content from
8 to 31 wt% and thickness from 100 to 300 mm
have shown that the gauge can achieve calibration
and cross-validation RMS errors of between 0.46
and 0.55 wt% ash using spectral window count rates
and either multiple linear regression or artificial
neural net techniques. However, the standard
deviation of the chemically measured ash values
from which the gauge is calibrated has been
estimated to be 0.5 wt%; application of the Grubbs
Estimator method (6) indicates that the gauge errors
are actually about 0.40 wL% ash (5). For
comparison, the calculated accuracy of the DUET
technique for the same 25 samples is 1.8 wL%. A
full scale industrial prototype based on this work has
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been designed and is currently being tested under
industrial conditions in the laboratory using 50 bulk
coal samples with ash ranging from 6% to 55%.
In summary, the new neutron/gamma ash analysers
have the following characteristics:
• reduced analysis errors due to new and

improved analysis techniques,
• reduced sampling errors compared to DUET

gauges because of the much larger sample
volume measured by the neutron/gamma gauge,

• improved accuracy of analysis compared to by-
line PGNAA gauges due to significant sampling
errors in taking a side stream from a moving
belt,

• a relatively low installation cost compared to
by-line PGNAA gauges, primarily because of
the deletion of the by-line sampling equipment
to supply coal to the analyser.

• improved availability, as a sample by-line is not
required.

2.4 Fast Neutron Activation Analysis of Gold in
Ore Samples

Conventional laboratory methods for gold analysis
involve performing a pre-concentration procedure
(fire assay) on an approximately 50 g sample of gold
ore before measurement The sample of gold ore is
mixed with flux materials and a nickel or lead
sulphide blank, then heated to extract the gold. The
gold-containing material is then treated and analysed
using atomic absorption spectroscopy, inductively
coupled plasma mass spectroscopy or, for higher
gold content samples, direct weighing of the
extracted gold. The main drawbacks of this
procedure are: (a) the small sample size means that
careful sample preparation is necessary, and
sampling errors are often considerable, (b) the pre-
concentration and analysis procedures are very
complex, involving several steps; and (c) the take up
of gold by the metal bead depends on the mineralogy
of the sample and particle size.

There is therefore an opportunity to develop a rapid
(>100 samples per hour) and automated laboratory
analysis system for the routine accurate analysis of
gold down to O.lppm in bulk ore samples. CSIRO
Minerals is developing a novel method of gold
analysis using fast neutron activation (FNA). In the
FNA technique, neutrons of energy above about 0.5
MeV can scatter from 197Au nuclei, pushing them
into an excited meta-state. This state decays with a
half-life of 7.7 seconds, producing characteristic 279
keV gamma rays. The short-half life of the meta-
state means that neutron fluxes 104-105 times lower
than those used for the thermal neutron activation
can be used. The measurement procedure then
consists of irradiating the sample for about 15
seconds, followed by a 15-sec measurement period
when the gamma rays are detected. Repeated

irradiation/measurement cycles can be used to
improve the accuracy of the method.

The energy of the neutrons used to excite the gold
nuclei must be chosen to minimise interferences
from excitation of other elements in the sample; this
can now be achieved in conjunction with the
required neutron fluxes using recently developed
compact linear accelerators. After a suitable
irradiation period, the sample is transferred to the
measurement station, where gamma rays are
detected using semiconductor (germanium) or
scintillation detectors. Modelling of the gauge
indicates that with a source producing 4-5xlO9

neutrons per second, a gold concentration of 1 ppm
can be determined with an accuracy (standard error)
of 0.10-0.15 ppm in two irradiation/measurement
cycles (approximately 1 minute). As the irradiation
and measurement processes take place at different
locations, two samples can be processed
simultaneously, leading to a sample throughput in
excess of 100 samples per hour. Currently the
technique is being evaluated using as a neutron
source a deuteron beam, from the ANSTO 3 MV
Van de Graaff accelerator, incident on a deuterium
gas target (7).

In summary, the fast neutron activation technique
being developed by CSIRO has the following
characteristics:
• large samples (up to 300-500 g) can be

measured;
• sample preparation is straightforward and the

analysis involves a two step procedure
performed automatically by the analyser;

• analysis times of about 1 minute; and
• the method is independent of the chemical form

of the gold and the composition and form of the
sample.

3. GAMMA-RAY & X-RAY TECHNIQUES

3.1 Compton Profile Technique

CSIRO has recently patented a new method for the
on-line measurement of ash in coal (8). This method,
termed Compton profile analysis (CPA), relies on
measuring lie energy spectrum of gamma-ray
photons that have been inelastically or Compton
scattered from the coal under study (9). The shape of
this spectrum carries information about the
momentum distribution of atomic electrons in the
sample, which in turn can be used to infer the ash
content of the coal. CPA uses a low energy X-ray or
gamma-ray source such as 241Am together with a
high-resolution gamma-ray detector in a backscatter
geometry. The method offers good discrimination
between light elements (H, C and O) and heavy
elements (Al, Si, Ca and Fe), but is relatively
insensitive to which of the heavy elements are
present. CPA is typically 7-8 times less sensitive
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than DUET and 2-4 times less sensitive than PP to
changes in ash composition.

The CPA technique has been tested in the laboratory
on a series of 50 synthetic coal samples with "ash"
contents in the range 5-15% and widely varying
"ash" and organic compositions. Scattered gamma-
ray spectra were collected using a low energy 241Am
source and a high-resolution detector. For these
samples, the RMS error for ash determination was
found to be 0.58 wt% for a 20-minute measurement
time. Inclusion of on-line coal moisture
measurements and the use of faster detection
electronics should reduce this error to below 0.4
wt.%. For comparison, the theoretical DUET error
for these samples was calculated to be 1.4 wt.%. A
new round of experimental measurements using real
coal samples and an optimised analyser design is
planned.

Potential applications of the CPA coal analyser
include:
• The accurate determination of ash and coal

matter in coal slurries. One particular
application is for the on-line determination of
coal losses in tailings from a coal preparation
plant

• The accurate on-belt determination of ash in
product coal from coal preparation plants.
Because of the 50-mm penetration depth of the
CPA method, the coal would need to be well
mixed on the belt.

• The accurate on-belt determination of ash for
the control of blending.

• The accurate on-line determination of ash in
coal from samplers.

Compared to existing on-line ash analysers on the
market, the CPA technique offers higher accuracy
than DUET and PP analysers when measuring coal
streams from different sources with variable ash
composition. However, the restrictions imposed by
the CPA backscatter geometry and a depth
penetration of around 50 mm mean that careful
attention will need to be taken in presenting a
representative sample stream to the analyser.
Compared to the neutron/gamma gauges, the CPA
technique offers considerably lower cost and
reduced shielding; however CPA measures a much
smaller sample volume and it does not have the
ability to perform a full elemental analysis. The
recent commercial availability of low-cost, room
temperature, high-resolution gamma-ray detectors
should enable a CPA gauge to be produced at similar
cost to a conventional DUET instrument

3.2 On-Line XRD of Dry Powders

In conjunction with FCT, CSIRO Minerals has
developed an on-line, X-ray Diffraction (XRD)
instrument capable of continuously monitoring

mineral phase abundances in dry powders (10). As
with XENA, this development was carried out as
part of the Mastermind project. The on-line XRD
analyser uses a position-sensitive detector to
simultaneously collect data over a wide angular
range (120° 29) and whole pattern analysis
techniques using the Rietveld method. The analyser
incorporates a continuous feed mechanism for
sample presentation. The analyser (Figure 3) has
been installed and commissioned in the Birkenhead
cement plant in Adelaide, South Australia. This
analyser has shown that XRD is a viable, robust
technology for plant control. The new technology
has enabled XRD to be taken from the laboratory
into the plant where it can now be used to control the
plant parameters 'on-line'. In its current
configuration, the instrument is capable of returning
the abundances of some 13 phases every minute.
The accuracy of determination of the major phases
in cement appears to vary from about 1 to 4%
relative depending on the phase (10,11). FCT has
recently received orders for the manufacture, supply
and installation of two commercial instruments
based on the CSIRO design.

Figure 3. The upper cabinet of the on-line XRD
instrument showing the position sensitive detector,
continuous feed sample presenter and X-ray source.

The continuous nature of the sample feed
significantly reduces the problems associated with
obtaining a representative sample by more
traditional methods of sampling. The sample feeder
and presentation system is capable of handling up to
36 kg of sample per hour, compared with the 5 kg of
material sampled over 2 to 4 hours for conventional
XRF based methods. An additional benefit of the use
of a moving sample is the increase in the total
number of particles examined during the data
collection. This leads to increased accuracy in the
peak intensities and hence the quantitative phase
analyses.

In its current configuration, this instrument can be
used to analyse any multiphase system that is
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amenable to analysis by powder X-ray diffraction.
The instrument can be rapidly reconfigured to allow
a 'single sample' mode of operation for the periodic
investigation of smaller samples for research
purposes. Currently, the sample feed system is
limited to dry feed materials but CSIRO work is in
progress to allow for the continuous analysis of
slurry samples.

4. DISCUSSION

Nuclear techniques are the basis of many on-line
analysis systems that are now widely used in the
mineral and energy industries. Some of the systems
developed by the CSIRO depend entirely on nuclear
techniques; others use a combination of nuclear
techniques and microwave or ultrasonic techniques.
The continuous analysis and rapid response of these
systems has led to improved control of mining,
processing and blending operations, with increased
productivity valued at tens of millions of dollars per
year.

The recently developed techniques for on-line and
bulk analysis in the cement, pyrometallurgy, coal
and gold industries have high potential for
widespread applications with consequent significant
savings in these industries.

5. ACKNOWLEDGEMENTS

The authors gratefully acknowledge the financial
support for some of these developments by
Australian Coal Research Ltd (through the
Australian Coal Association Research Program
(ACARP)), Adelaide Brighton Management Ltd and
Australian Mineral Industries Research Association
(AMKA). The authors wish to thank the staff of the
On-Line Analysis and Control Program and the
Lucas Heights Electronics Group of CSIRO
Minerals for their contribution to the projects
discussed in this review. In addition, the authors
wish to thank the staff of Fuel Combustion
Technology, Adelaide Brighton Cement and G.J.
Hardie for their assistance and advice during the
plant installation and testing of the various
analysers.

6. REFERENCES

1. Cutmore, N.G., Howarth, W.J., Sowerby, B.D.
and Watt, J.S., Proc. AusMM Centenary
Conference, Adelaide, 30 March-4 April 1993,
189.

2. Lim, C.S., Tickner, J.R., Sowerby, B.D.,
Abemethy, D.A., McEwan, A.J., Rainey, S.,
Stevens, R., Manias, C. and Retallack, D.,
Applied Radiation and Isotopes 54,11 (2000).

3. Lim, C.S., Sowerby, B.D. and Rainey, S., EPD
Congress 2001, TMSAnnual Meeting, New
Orleans, USA, 11-15 February 2001 (ed. P.R.
Taylor), 413.

4. Lim, C.S., Sowerby, B.D., Rainey, S. and
Hardie, G.J., Proc. Int. Conf. Neutrons in
Research & Industry ed. G. Vourvopoulos and
T. Paradellis (SPIE, 1997) 2867,211(1997).

5. Sowerby, B.D., Lim, C.S., Abernethy, D.A.,
Liu, Y. and Maguire, P.A., Second International
Conference on Isotopes, Sydney, 12-16 October
1997.

6. Grubbs, F.E. J. Am. Statistical Assoc, 43, 243
(1948)

7. Dytlewski, N., Croal, A. and Cohen, D., Nucl.
Instr. Method A288, 641(1990)

8. Tickner, J.R., Australian Provisional Patent
Application #PR4853 (2001)

9. Williams, B.G. (ed.), Compton Scattering,
(McGrawHilL London, 1977)

10. Scarlett, N.V.Y., Madsen, I.C., Manias, C. and
Retallack, D., Powder Diffraction 16,71(2001)

11. Manias, C , Retallack, D. and Madsen, I., ZKG
International 53,138 (2001)

97



AU0221620

Non-Destructive Testing and Radiation in Industry

MR COLIN WOODFORD AND MR PAUL ASHB Y

On behalf of the Australian Institute for Non-Destructive Testing

SUMMARY Non-destructive testing (NDT) is a little known discipline which uses non-invasive and passive
techniques to investigate the condition of materials and structures. Some of these techniques employ the use of
radioisotopes. The penetrating radiations produced by these materials are applied in various ways to obtain the
required information. This presentation is an overview of the application of radioisotopes within the scope of NDT.
Notwithstanding the well established use of traditional materials, new forms of radioisotopes are being developed
which will extend their capabilities.

1. INTRODUCTION

The application of radioisotopes in Non-Destructive
Testing (NDT) can generally be characterised by the
underlying premise that the process for which they
are used gathers information without adversely
affecting the material under test. Furthermore, it
usually causes minimal disruption to the plant or
equipment undergoing the test. NDT in a broader
sense uses other methods as well, such as ultrasound,
electromagnetism, x-radiation and infrared radiation
to perform in principle the same type of tasks.

Clear benefits of NDT to its users are that it can
reveal information about the condition of a material
or process without causing adverse damage or
disruption to the material or process. The best
analogy for people not familiar with NDT is to
compare it to a medical clinic where a person may
present for examination by radiography, MRI,
ultrasound and the like. The information about the
body is obtained (hopefully) without injury or
damage.

2. HISTORICAL USES

One significant early use of radioisotopes in NDT in
Australia was the use of radium for radiography of
turbine blades in the early 1950s.This was
undertaken by the then Electricity Commission of
New South Wales under the direction of an
innovative chief metallurgist, Alex Wilson. Early
work such as this provided information hitherto
unavailable, other than by disassembly and
inspection. At this formative stage the isotope was
handled at the end of a "fishing pole", with obvious
risks to the operators.

The use of medical sources such as radon capsules
normally applied to treatment of cancer, was also
employed until dedicated industrial material became
available and useable in convenient transport and
exposure containers. Leo Gallagher who also

worked for the Electricity Commission around this
time designed and built early isotope "cameras" for
use with cobalt and other isotopes.

Contemporary uses: It was from somewhat risky
beginnings where the application was proven in the
field rather than in the laboratory, that the use of
radioisotopes in non-destructive testing grew rapidly
once radiographers and plant managers appreciated
the convenience of a small, simple, "self-powered"
source of radiation, which was suitable for the
examination of fabrications, castings and forgings,
and of both ferrous and non-ferrous materials.

The types of radiation sources commonly used in
industry are:

Am-241: Backscatter gauges - Smoke
detectors; Fill height detectors;
Ash content

Sr-90: Thickness gauging - Thicker
materials up to 3mm

Kr-85: Thickness gauging - Thinner
materials like paper, plastics etc

Cs-137: Density and fill height level
switches

Co-60: Density and fill height level
switches

Ra-226: Ash content
Cf-255: Ash content
Ir-1 92: Industrial radiography
Yb-169: Industrial radiography
Co-60: Industrial radiography

Radiography is dealt with in more detail later but it
is appropriate here to note other uses such as soil
density and water content. In this application an
Americium/ Beryllium combination generates
gamma rays and neutrons which are permitted to
pass through a sample of soil to a detector to
effectively quantify density and moisture
concentration. Such gauges are essential for road
construction and other earth moving projects.
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Fixed and mobile gauging is also common
throughout industry. Where the density of material
flowing through piping or the level of product, in
hoppers is to be monitored and controlled, it can be
done with instruments containing radioisotopes.
Sugar, petroleum, plastics, coal, raining, paper and
cardboard manufacturing and many other process
industries utilise fixed gauges for this purpose.
Isotopes employed in these applications may be
Krypton 85, Caesium 137, Thallium 204, Strontium
90 and Cobalt 60, depending on the type of material
to be monitored.

Some modern portable "C" arm gauges now connect
directly to computer programs, which analyse the
amount of radiation detected to produce data and
graphical displays. The display may represent cross
sections through pipes for wall thinning, through
telegraph poles or trees for termite damage, mooring
posts for internal rot or the checking of product
density in pipes or on conveyor belts. These
determinations are carried out in real time, with
digital storage of images and other data. Reports
generated on site and direct comparison to previous
inspection results can be used in trend analysis
techniques.

Wear indicators in refractory linings are usually
small sources of Cobalt 60, which are embedded at
different depths from the outer surface of a furnace.
Cobalt 60 is chosen because it continues to emit a
detectable amount of radiation effective over the life
of the furnace, which is four to five years. As the
lining of the furnace deteriorates and collapses
inwards, which is normal, so the radioactive sources
are lost to the furnace product. By monitoring the
position of the embedded sources and those sources
which are lost, the remaining thickness of refractory
lining can be indicated, around the circumference of
the furnace. Accordingly a maintenance program
can be implemented which ensures that the wear, of
the lining is monitored and repaired before the safety
and integrity of the furnace is compromised.

Industrial radiography does in many instances us
x-ray generators but, as was noted above may employ
radioisotopes as simple compact devices independent
of external power. This facilitates the examination
of pipelines, pressure vessels and even jet engines
where access to the interior is difficult, or remote
plant locations where availability of electrical power
is not practicable.

The uses of radiography are many and varied. Crack
and corrosion detection, foreign object detection and
correct assembly checks being the major ones.
Radiography has the advantage of producing a
permanent record and has the ability to 'see through'

things, which means there is usually no need to
disassemble structures to inspect an individual
component.

Radiography has two major disadvantages, the most
important being the potential harmful effects of
ionising radiation on living tissue. Industrial
radiography, with high power settings and relatively
long exposure times requires a strict adherence to
safety procedures by all involved and periodic check
on personnel exposure. Good safety practice is
required for both the operational personnel and the
public. The second disadvantage is that radiography
requires a comprehensive facility for exposure, film
processing, viewing and storage. These facilities can
be expensive.

While x-ray generators emit a broad band of
wavelengths, gamma -ray sources emit only one or
at most a few discrete wavelengths. Gamma-rays are
often specified in energy terms (keV and MeV) and
not wavelength. Cobalt 60 for example has principal
energies of 1. 17 and 1.33 MeV. Such energies
permit the economic radiographic examination of
steels up to 20 cm thick. If x-ray examination was
used in these instances the equipment would be very
high energy and very expensive. In combination
with the correct type of radiographic film or
recording device, good quality images can be
produced repeatedly.

The purpose of much industrial radiography is to
produce an image of joints in structures such as
pressure vessels, plant and equipment, fabricated
building structure, theme park equipment and
amusement rides, elevated work platforms,
transportation equipment, pipelines and many other
devices which are welded, cast and extruded. The
NDT can be part of the manufacturing quality
assurance process or be applied in the field as part of
preventative maintenance programs. In both
instances it is cost effective in improving safety and
reliability.

Petrochemical and power generation industries are
major uses of this technology. The safety
considerations of such large operations, which else-
where in the world include nuclear power
generation, are self-evident. Radiography using
radioisotopes is a major contributor to the
maintenance of safe plant.

There are many industry codes and standards, both
international and domestic, industry specific and
generic, which apply to the various items inspected
by radiography, and to the methods of radiography
itself. Compliance to these codes and standards
ensures a degree of workmanship and product
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quality commensurate with acceptable safety
requirements.

One recent development in gamma radiography is
the improvement in Selenium 75 material as a viable
alternative to Indium 192. Earlier Selenium 75
products were too large for common projector
devices and there were some safety concerns because
of its high volatility and chemical reactivity. A
thermally stable metal-selenide isotope with a longer
half life (172 days) than Iridium 192 (74 days) has
been developed. It has been particularly successful
in replacing x-ray devices in some pipeline crawler
applications.

The following is a brief summary of common uses of
radiography using Cobalt-60 and Iridium-192, and
the advantages and limitations:

Measures or detects:
Internal defects and variations; porosity;

inclusions; cracks; lack of weld fusion;
geometry variations; corrosion thinning.

Thickness, gap and position.
Incorrect assembly and misalignment.

Advantages:
Low initial cost.
Permanent records; film.
Small sources can be placed in parts with

small openings.
Portable.
Low contrast.
No disassembly.
Self powered
Acceptable image quality
Variety of energy isotopes available

Disadvantages:
One energy level per source.
Source decay.
Radiation hazard.
Trained operators needed.
Lower image resolution.
Cost related to source size.
Cannot be turned off.

Safety Precautions The use of radioisotopes in any
setting has attendant risks and hazards, and their
use must be justified on net benefit grounds.
Industrial applications are no different.
Occupationally and non-occupationally exposed

persons are considered. Practical, operational
codes of practice form the basis of work procedures
using these potentially dangerous materials. In
Australia, the National Health and Medical
Research Council has provided a number of these
codes of practice covering fixed gauges, industrial
radiography and others. NSW radiation licences
issued under the Radiation Control Act 1990 by the
Environmental Protection Authority, typically note
these codes, as conditions of licence. Other States
follow similar guidelines. Licence holders are

directly responsible for their safety, the safety of
their fellow workers and those of the public, which
may be affected by the use of radiation devices.

Additionally, the careful control of inventory
of radiation sources is fundamental to their safe use;
Loss of radioactive material does occur from time
to time in industrial environments and the
underlying cause, is in most cases traceable to lack
of inventor y control. One activity which has a
history of this problem is metal recycling where the
demolition of plant may inadvertently contain
derelict fixed radiation gauges. Other sources of
radioactive materials are less frequent. Many scrap
metal processing facilities now acknowledge this
problem and the potential financial impost and
disruption it may cause, by installing radiation
detecting equipment at the reception point of the
facility. These devices are capable of detecting
small amounts of radiation coming from deep in
loads of scrap in trucks and railway carriages. On
detection of any radioactive materials, the load is
immediately rejected and returned to its originator
to identify the source.

Conclusion: The use of existing and newly
developed radioisotope materials in traditional and
innovative applications will continue in non-
destructive testing. The benefits which they bring
about, by additional plant and system safety,
process control and productivity, genuinely
contribute to the advancement of our modern
society. The major costs of their use are in their
regulation and management. NDT in all its forms
permeates every aspect of our lives, often hidden or
simply not acknowledged. The use of radioactive
materials is an important segment of NDT and
deserves to be recognised for the contribution it
makes.
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Developments in Fusion Energy in Australia and Overseas

Dr JOHN HOWARD and the H-1NF team

Plasma Research Laboratory
Research School of Physical Sciences and Engineering

ANU Canberra ACT 0200

Summary The quest for controlled high-temperature fusion of hydrogen isotopes confined by strong magnetic
fields has galvanized the worldwide plasma physics community for the past fifty years. Fusion energy is being
developed globally as a means of generating bulk-load electricity without the pollution of greenhouse gases. Over
the last three decades, the increase in fusion triple product (an important figure-of-merit for the performance of
magnetic containment devices) has increased by four orders of magnitude, and the controlled release of fusion
power has been demonstrated. According to current scalings, the next generation of tokamaks, toroidal current-
carrying magnetic confinement devices, should produce burning plasmas capable of producing nett fusion power.

Despite the successes, technical problems pertaining to first-wall heat loads remain formidable. In large part, this
is due to anomalously high energy loss caused principally by plasma turbulence. According to current energy
confinement scaling, these losses imply large, high power, machines in order to produce and sustain the burning
plasma. If losses across the magnetic field can be controlled, reactor size can be reduced and wall heat loads
relaxed.

High confinement is not the only important criterion. A viable working reactor based on the tokamak concept
requires nonlinear optimization of plasma cross-sectional shape, current density, pressure and electric potential
profiles to simultaneously maintain stability and the plasma current flow (necessary for continuous operation) as
well as controlled access to operational regimes of high confinement. The daunting nature of this ''grand
challenge" has sparked a resurgence of interest in alternative magnetic confinement schemes, including the
compact torus, the rotamak and stellarator concepts. In particular, for stellarators, the confining magnetic field
does not require the internal flow of plasma current. These devices are therefore inherently more stable than
tokamaks and can be operated continuously. To explore this alternative route to fusion, there are a number of large
scale superconducting stellarator devices around the world either under construction or operational.

The H-l toroidal heliac at the H-1NF Major National Plasma Fusion Research Facility located in the Plasma
Research Laboratory at the Australian National University is a flexible three-period helical axis stellarator of
modest parameters (major radius lm, minor radius 0.2m, field strength B<1T). In spite of its small size, the
flexible coil design allows access to a wide range of confining magnetic topologies, allowing the program to
contribute valuable information to the international stellarator confinement scaling database. A significant
component of the Australian effort has also been the development of novel and interesting remote sensing tools
with potential application in industry and medicine.

In this paper we report on the current status of the global fusion effort with particular emphasis on recent
results obtained at H-1NF and flow-on benefits to the Australian community.
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Australian Synchrotron Light Source - (Boomerang)

PROFESSOR JOHN BOLDEMAN,
Centre for Synchrotron Science, University of Queensland, Queensland 4072,

Australia, (Senior Advisor to the Victorian Government)

SUMMARY The Australian National Synchrotron Light Source - (Boomerang) is to be installed at
the Monash University in Victoria. This report provides some background to the proposed facility and
discusses aspects of a prospective design. This design is a refinement of the design concept presented
to the SRI -2000, Berlin (Boldeman, Einfeld et al), to the meeting of the 4th Asian Forum and the
Preliminary Design Study presented to the Australian Synchrotron Research Program.

1 INTRODUCTION

A Feasibility Study (AUGUST 1997)" has
recommended that the most appropriate
synchrotron light facility for Australia would
have
• an energy of 3 GeV,
• that it should be competitive in

performance with other third generation
compact facilities currently under
construction and

• that it should have adequate beam line and
experimental stations to satisfy 95% of the
research requirements of an expected
Australian community of 1200 different
researchers

• and provide internationally competitive
performance for essentially all Australian
industry requirements.

Thus the minimum parameters of the
recommended facility can be extended to
include
• an emittance of better than 18 nmrad,

• a beam current of at least 200 mA,
• at least 8 useable straight sections for

insertion devices and
• a management policy which encouraged

front line research and a strong industrial
focus.

With such a facility, competitive synchrotron
radiation could be delivered to the various
experimental stations to almost 100 keV via
appropriate insertion devices.

A proposal was submitted to the Federal
Government in December 1999 to construct
such a facility - the Boomerang Proposal Parts
I - VII2). The Boomerang Proposal Parts II
and III described an in-principle storage ring
design which was based on an extended
version of the ANKA facility at the
Forchungszentrum Karlsruhe in Germany3'. It

was always intended that this in principle
design would be refined.

More recently, significant effort was devoted
to refining this in principle design and a lattice
providing an emittance of 18 nm rad was
obtained with a distributed dispersion (nj in
the straight sections of 0.29m. However it is
now apparent that if some aspects of the design
of the Canadian Light Source4 ' are
incorporated an even higher performance can
be obtained with no additional cost.

The design goal of the desired storage ring has
now been extended and the target parameters
are listed below.
Beam Energy 3 GeV
Beam Current at least 200 mA in
Phase I
Emittance better than 12 nm
rad for a dispersion of less than 0.3 m
Long Straights more than 9
Life Time greater than 20 hrs
Circumference less than 200m
Instrument Stations 9 in Phase I

Exhaustive studies have been made of the
economic benefits that would accrue to
Australia following the installation of a facility
with the design parameters listed above. In
addition to the studies within the ASRP, the
Victorian Industrial Synchrotron RoundTable
evaluated economic opportunities from 1996
and funded several Workshops dealing with
potential opportunities within areas such as the
biotechnology industries and mining and
mineral extraction. Three independent bodies
were funded to evaluate the economic benefit.
These comprised

• Centre for International Economics
• Centre for Strategic and Economic

Studies
• PricewaterhouseCoopers.
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Recently, the three Eastern Australian States
submitted proposals to the Federal
Government seeking funding to build a third
generation light source in Australia.
Subsequently the Victorian Government
committed $100M towards the construction of
the facility and has underwritten the balance.
A site at Monash University has been selected.
This report details the proposed design of the
facility.

2. Lattice

A Double Bend Achromat (DBA) has been
adopted, similar to the designs of the CLS and
ANKA facilities and is a refinement of the
design presented to SRI-2000 and the 2nd
Asian Forum5). Each cell comprises two
dipoles, six quadrupoles (Q), and six
sextupoles (S) separated by appropriate drift
spaces (D). The chosen lattice differs from the
ANKA facility in that all straight sections are
of equal length. In addition, the dipoles have a
gradient magnet field as in the CLS and thus
function as quadrupole elements as well as
bending the electron beam. The chosen facility
differs from the Canadian lattice in that the
gradient field of the dipole is more modest.
Additional vertical focussing is provided by
two small vertically focussing dipoles in each

cell. The lattice also incorporates additional
sextupoles to allow the lattice to operate at a
higher distributed dispersion. The sextupoles
can also be double function elements as they
incorporate correctors thereby minimising
space requirements.

The Boomerang lattice is shown in Figure 1.
To calculate the performance of the selected
storage ring, three different codes have been
used. These are
1. Beta Code developed at the ESRF
2. WinAgile from CERN
3. Beam Optics from Stanford.

AH three codes provided similar performance
(i.e. optical functions and emittance) for very
similar design parameters and unchanged
lattice dimensions if account is taken of the
different units for the specified parameters.
This was important as each of the codes has
some aspects which makes their use more
convenient that that of others. For example the
dynamic aperture is more conveniently
calculated in the Beta Code while for tune
variations the WinAgile Code is more
appropriate. The WinAgile Code is
particularly useful for orbit correction
schemes.

Straight Secfai
/BeamPbrt

7.697m Radius 7.697m Radius

Figure 1. Proposed lattice

3. Distributed Dispersion

The minimum value for the emittance and
maximum brightness is achieved with
distributed dispersion. The performance and
parameters associated with the lattice have
been calculated allowing a maximum of
approximately 0.29m dispersion in the straight
sections.

Beta Code - Distributed Dispersion

The optical functions calculated using the Beta
code are shown for one cell for distributed
dispersion in Figure 2. The emittance under
these conditions is 11.7 nm rad.

The lattice functions calculated with the Beta
Code for distributed dispersion are shown in
Figure 2.

Table 1 presents a comparison of the settings
of the various magnets as derived in the three
programs.
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Figure 2. Lattice functions - Beta Code

Table 1. Comparison of the Magnet Settings

Parameter
01

02
03
SI
S2

sv
SH

Beta Code
1.724

-0.9083
1.5726
24.5
-25.0
-5.27
6.28

WinAgile Code
-1.7240
0.9083
-1.5726
-51.70
51.7
12.53
-9.03

Beam Optics
1.724

-0.9083
1.5726
24.00
-25.02
-10.18
7.10

The values for the three quadrupole families
are exactly identical as expected. The values
for the sextupoles are similar after allowance is
made for the difference in the units. For
example the values for the Beta Code need to
be multiplied by a factor of 2 for comparison
with the values for the WinAgile code. The
optimisation of the sextupole settings
proceeded as follows. Within the Beta Code,
an iterative scan was made of the SI and S2
sextupoles settings to maximise the dynamic

aperture while maintaining a slightly positive
value for the chromaticity. (These calculations
were performed by M.Abo-Bakr using a
routine developed at BESSY II). Within the
WinAgile Code particles were followed for
4000 revolutions of the Ml lattice to determine
the best values for the Dynamic aperture. As
before the chromaticities were maintained
slightly positive. The dynamic aperture
calculated with the Beta Code is shown in
Figure 3.
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Fig.3 Dynamic Aperture calculated with the Beta Code for an ideal lattice

Table 2 presents a comparison of synchrotron data calculated with the three codes. Data from the CLS
are presented for comparison.
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Table 2. Comparison of the Calculated Synchrotron Data

Parameter

Energy
Circumference
Periodicity
Emittance
Current
Horizontal Tune
Vertical Tune
Hor Nat Chrom
Vert Nat Chrom
Corrected Chrom H
Corrected Chrom V
Momentum Com
Length Straight
Betax
Betay
Dispersion
Dipole Field
Damping Time x
Damping Time y
Damping Time E
Energy Loss/turn
Total Rad Power
Energy Spread %
Energy Acceptance
Full Bunch Length
Dynamic Aperture H
Dynamic Aperture V

Beta Code

3GeV
184.07 m
12
11.7 nmrad
200 mA
11.11
4.18

0.072
0.160
0.0034
4.57 m
7.5 m
2.85 m
0.285 m
1.3 T
2.84 ms
3.85 ms
2.35 ms
931keV
186 kW
0.103 %
+ 6 %

±50 mm
27 mm

WinAgile

3GeV
184.07 m
12
11.5 nmrad
200 mA
11.11
4.18
-23.3
-17.7
0.1
0.1
0.0034
4.57 m
7.43 m
2.84 m
0.285 m
1.3 T
2.84 ms
3.95 ms
2.46 ms
931keV
186 kW
0.103%
±5%

+ 36 nun
14 mm

Beam Optics

3GeV
184.07 m
12
11.5 nmrad
200 mA
11.11
4.18
-23.6
-15.8
0.1
0.1
0.0034
4.57 m
7.50 m
2.84 m
0.285 m
1.3 T
2.85 ms
3.95 ms
2.45 ms
931 keV
186 kW
0.103%
±5%
9.84 mm
+ 33 mm
18 nun

CLS

2.9 GeV
170.88 m
12
18.1 nmrad
500 mA
10.22
3.26
-13.9
-17.7

0.0038
5.2 m
8.5 m
4.6 m
0.15 m
1.354 T
2.4 ms
3.8 ms
2.7 ms
876 keV
438 kW
0.111%
1.54%
54 ps
±29 mm
21mm

4 Zero Dispersion

The parameters of the lattice for each of the
three codes have been calculated for zero
dispersion in the straight sections. This can be
accomplished simply by increasing the value

of the central quadrupoles from 1.5726 to
1.5938. The optical functions calculated with
the BeamOptics Codes are shown in Figure 4.
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Fig 4. Lattice parameters - zero dispersion - Beam Optics Code
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5. Other Details

A comprehensive study has been made of
magnet alignment errors etc and a preliminary
diagnostic and beam orbit correction scheme
has been derived. This is not shown here. It is
intended to operate with full energy injection.
Since the proposed facility has many
similarities to the CLS it is intended to use a
full energy booster synchrotron not too
different from that employed there. A decision

on the injector whether a microtron or a linac
has yet to be made. The choice for the RF
system between a conventional and super
conducting system has also not been made.
The control system is likely to be EPICS. A
final decision is also not expected on the initial
complement of Beamline and instrument
stations. Table 3 lists the preliminary package
of instrument stations from the Boomerang
Proposal that was used to evaluate facility
costs.

Table 3. Preliminary Beamline and Instrument Stations

Beamline*

Beamline 1

Beamline 2

Beamline 3

Beamline4

Beamline 5

Beamline 6

Beamline 7

Beamline 8

Beamline 9

Source

Bending Magnet

Undulator

Wiggler

Bending Magnet

Undulator

Undulator

Bending Magnet

Bending Magnet

Bending Magnet

Capabilities

Powder Diffraction, SAXS, WAXS

Protein Crystallography

Surface Scattering/Dilute XAS

General X-ray Absorption Spectroscopy

Fluorescence Microprobe/Coherence

Soft X-ray I

Micro-machining & Lithography

Soft X-ray II

Infra-red
* There is no priority attached to the beamline number.

6. Status

The present schedule for the construction of
the facility has a completion date of December
2005. At this time a preliminary management
structure has been put in place and several
international and national advisory groups are
being formed. The site has been selected -

Monash University in Victoria. Recruitment
of the senior personnel to manage the project
has begun. The selection of the Project
Management team is under consideration. A
preliminary design for the buildings is
presented on the poster at this meeting.
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Nuclear Power Developments in the Asia-Pacific Region

TONY IRWIN
Government and Public Affairs Division

Australian Nuclear Science and Technology Organisation
Lucas Heights, NSW 2234

SUMMARY. There are 438 nuclear power reactors operating in the world. Of these, 95 are in the Asia-Pacific
region. Of the 36 reactors currently under construction in the world, 19 are in the Asia-Pacific region. Of the 44
planned reactors in the world, 36 are in this region.
At the start of the "New Nuclear Century" the Asia-Pacific region has become the main area for growth and
innovation in nuclear power.
This paper describes the nuclear power developments in each country and examines the status of the construction
programme and the planned projects. Countries included are China, India, Japan, Democratic People's Republic
of Korea (DPRK), Republic of Korea, Pakistan and Taiwan. New projects include the HTR in China, ABWRs in
Japan, KEDO in the DPRK and the APR in the Republic of Korea.

1. INTRODUCTION
During the last and current decades, the Asia-
Pacific region has become the main area for growth
in nuclear power, both for current construction and
for firm planned projects.
This paper examines:
• The development of the nuclear power

programme and the operating power stations.
• The status of the construction programme.
• The planned projects.
The region covered by this paper extends from
Pakistan in the west to Japan in the east.

2. CHINA

Year

1999
2000

Nuclear electricity
Production TWh
14.1
16

Nuclear
Proportion
1.15%
1.18%

OPERATIONAL POWER STATIONS
China has 3 operating nuclear power reactors with a
total electrical output of 2167MWeN:
Qinshan 1
China's first nuclear power plant was built at
Qinshan, Zejiang province. The 300 MWeN PWR
was indigenously designed, based on submarine
technology, with a reactor pressure vessel supplied
by Mitsubishi (Japan). The plant first generated
electricity in Decemberl991. The reactor was
shutdown from July 1998 to September 1999 for
repairs to the lower reactor internals carried out
with Westinghouse assistance.
Daya Bay 1 & 2
For the second power station, located 50 km from
Hong Kong, China bought a standard 3 loop 900
MWeN French PWR from Framatome, with

turbines supplied by GEC Alsthom. Construction
started in 1987, and the plants began producing
electricity in 1993 (unit 1) and 1994 (unit 2).

CURRENT CONSTRUCTION PROGRAMME
China's ninth 5 year national development plan
(1996-2000) specified four 2-unit nuclear power
stations with a total capacity of 6,370 MWe and
these are all currently under construction. To
accumulate experience in different types of reactor
construction, a CANDU type reactor has been
ordered from Canada, a PWR from France and a
W E R from Russia. There is also one indigenous
design PWR. Foreign contracts during the current
construction programme included more technology
transfer and more components built in China.
Qinshan Phase 2, units 1 & 2
Construction started in 1996 on these 600 MWeN,
indigenous design PWRs — larger versions of the
300MWeN Qinshan 1. Mitsubishi supplied the
pressure vessel for the first unit, but the second will
be made in China. The turbines are from the
Framatome subsidiary Thermodyn. The plant is due
to commence operating in 2002/3.
Qinshan Phase 3, units 1 & 2
In 1996, a turnkey contract was signed with Atomic
Energy of Canada (AECL) for the sale of two 700
MWeN CANDU 6 PHWRs. This is the first time
China has chosen heavy water technology. Hanjung
(Korea) is the subcontractor for the steam
generators and the secondary plant is supplied by
Hitachi (Japan). Construction started in 1998 and
the plant is due on-line in 2003/4.
Lingao 1 & 2
This plant is essentially a replica of the existing
Daya Bay French PWR which is sited just lkm to
the east. Framatome again will supply the nuclear
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island and Alstom the secondary plant. The
contracts include specific technology transfer
agreements between EdF and the operator.
Construction started in 1997, and initial operation is
due in 2002/3.
Tianwan 1 & 2
Russia is supplying two WER-91, 950 MWeN
PWRs for this new station located at Tianjin,
Jiangsu province. Finland's Fortum participated in
the design work and the reactor includes a number
of safety features to meet the latest Russian and
Finnish safety standards and IAEA
recommendations. Siemens Power Generation
Group (KWU) is contracted to supply the control
and instrumentation equipment. Construction
started in 1999 and the reactors are due on-line in
2004/5.

OTHER CONSTRUCTION PROJECTS
The Institute of Nuclear Energy Technology
(INET) at Tsinghua University, Beijing has
designed and built a 10 MWTh gas cooled High
Temperature Reactor (HTR). This is a helium
cooled, modular pebble bed reactor similar to the
ESKOM project in South Africa. The reactor
operates at an outlet temperature of 700°-950°c and
of particular interest is its suitability as a source of
high temperature process heat for heavy oil
recovery and coal gasification. The reactor can also
be directly coupled to a gas turbine allowing
electricity generation at far higher efficiency (50%)
than the 33% typically achieved by a PWR.
Construction started in 1995 and the reactor was
taken critical in December 2000.

FUTURE DIRECTIONS
In the 1990's, China built reactors of various types
to gain experience, now they are moving to
localisation and standardisation. Construction cost
and unit price have, to be optimised to make nuclear
power more competitive.
The Shanghai Nuclear Engineering Research and
Design Institute (SNERDI), the designer of
Qinshan 1, and the East China Electric Power
Design Institute (ECEPDI) are collaborating on the
design of a standard lOOOMWe PWR with the
Spanish SEPI nuclear group. The reference plant is
the Westinghouse 3 loop Vandellos 2 reactor in
Spain.
From the experience with the Daya Bay and Lingao
stations, further French designs are also likely to be
considered.
Addressing the ninth National Peoples Conference
in 2001, the Chinese Prime Minister, Zhu Rongji
spoke of plans for "moderate development" of
nuclear power over the next 5 years.

Projects that may be included in the tenth 5 year
plan (2001-5):
• Lingao

Two more 900 MWeN PWRs on this existing
site in Guandong Province. Further Framatome
technology transfer may be negotiated.

• Sanmen
The original plan to build more reactors on the
Qinshan site was rejected by local planners and
a new site at Sanmen, just south of Qinshan in
Zhejiang province was chosen. CNNC is
proposing to build the first Westinghouse based
1000 MWe Chinese standard PWR here.

• Haiyang
This PWR project is backed by China's State
Power Corporation (SPC).

3. INDIA

Year

1999
2000

Nuclear electricity
Production TWh
11.448
14.21

Nuclear
Proportion
2.65%
3.14%

OPERATIONAL POWER STATIONS
India has 14 operating nuclear power reactors with
a total installed electrical output of 2548 MWeN:
Tarapur 1 & 2
India's first nuclear power plant was a twin BWR
supplied by the USA in 1969.
R a j a s t h a n 1 - 4
The first units at this she are PHWRs based on the
CANDU design with equipment imported from
Canada and they began operating in 1972 and 1980.
The last two units were completed in 2000 and
these are the latest 202 MWeN indigenous design.
Kalpakkam 1 & 2
Unit 1 at the Madras Atomic Power Station, which
began commercial operation in January 1984, was
the first indigenously designed and built reactor.
The second unit followed two years later.
The Narora, Kakrapar, and Kaiga sites each have
two Indian standard PHWRs commissioned
between 1989 and 2000.

CURRENT CONSTRUCTION PROGRAMME

Tarapur 3 & 4
Construction started on the twin PHWR Tarapur
Atomic Power Plant (TAPP) in March 2000. These
reactors are scheduled to achieve criticality in 2005
and 2006. The reactors are a scaled up version of
the standard 220 MWe PHWRs and will each have
a gross electrical output of 500 MWe.
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PLANNED PROJECTS

Kudankuiam
In 1988, India signed an agreement with the USSR
for Soviet industry to construct two lOOOMWe
WER-1000 units (PWRs) in India on a site at
Kudankuiam, in southern Tamil Nadu. After a lapse
often years, the project was restarted in 1998 and a
contract signed between the Nuclear Power
Corporation of India (NPCJL) and Atomstroyexport
(Russia) to commission the detailed project report.
The report is expected to be completed in 2001.
Construction is planned to start in 2002 with
connection to the grid in 2005/6.
Kaiga 3 - 6
Four more 220 MWe PHWRs will be built on the
existing site at Kaiga.
Rajasthan 5 - 8
Four 500 MWe PHWRs are planned for this
existing site.

Fast Breeder Reactor
The design for the next stage of the fast breeder
reactor programme, the 500MWe Prototype Fast
Breeder Reactor (PFBR), is being carried out at the
Indira Gandhi Centre for Atomic Research.
Technology development is in progress in
collaboration with Indian industry.

4. JAPAN

Year

1999
2000

Nuclear
Electricity
Production TWh
303.255
304.866

Nuclear
Proportion

34.6%
33.8%

OPERATIONAL NUCLEAR POWER
STATIONS
Japan has 54 operating nuclear power reactors with
a total net electrical output of 44,301 MWeN.

Nuclear electricity generation is based on light
water reactors of which there are 29 BWRs and 23
PWRs. The last reactor to be connected to the grid
was Onagawa 3 BWR on 30 May 2001.
A 148MWeN prototype Advanced Thermal Reactor
(ATR) has been operating at Fugen since 1979.
This is a heavy water moderated light water cooled
reactor designed for both uranium and plutonium
fuel. Construction of a 600MWe demonstration
ATR was planned for Ohma, but this was dropped
in 1995.
Construction of the 250MWe prototype fast reactor
Monju began in 1985 and the plant eventually
began generating electricity in 1994. Near to the
end of the commissioning tests in 1995, the reactor
was shutdown due to a sodium leak in the
secondary cooling loop when a thermocouple
pocket failed. The reactor has not yet been

restarted. In December 2000, the Japan Nuclear
Cycle Development Institute (JNC) applied for
preliminary consent for a full safety examination of
Monju as a step towards a restart. JNC want to
restart Monju to verify the technology, improve the
economics and confirm the practical use of a Fast
Breeder Reactor (FBR) for the future. The
application for the safety licence and approval of
the plant modification to guard against further
sodium leakage was submitted by JNC in June
2001.

CURRENT CONSTRUCTION PROGRAMME
There are 3 reactors under construction in Japan
with a total installed net capacity of 3,696 MWeN:
• Hamaoka 5 (Chubu)

1325 MWeN ABWR in Shizuoka Prefecture.
Construction began in March 1999 and
operations should start in 2005.

• Shika 2 (Hokuriku)
1304 MWeN ABWR in Ishikawa Prefecture.
Construction began in August 1999 and
operations should start in 2006.

• Higashidori 1 (Tohoku)
1067 MWeN BWR. Construction began in
December 1998 and operations should start in
2005.

PLANNED NUCLEAR POWER STATIONS
There are firm plans for twelve reactors to be
constructed with a total installed net electrical
output of 15,858 MWeN:

Station

Fukushima7
Fukushima 8
Tomari3
Ohma
Tsuruga3
Tsuruga 4
Shimane3
Higashidori 1
(TEPCO)
Higashidori 2
(TEPCO)
Higashidori 2
(TOHOKU)
Kaminoseki 1
Kaminoseki 2

MWeN

1325
1325
900
1350
1500
1500
1375
1330

1330

1320

1320
1320

Type

ABWR
ABWR
PWR
ABWR
APWR
APWR
ABWR
ABWR

ABWR

ABWR

ABWR
ABWR

Grid
date
2006
2007
2008
2008
2010
2010
2010
2010

2010

2011

2012
2015

5. DEMOCRATIC PEOPLE'S REPUBLIC OF
KOREA (DPRK)

The DPRK has no operating nuclear power
reactors.
In 1994, the DPRK agreed to halt their nuclear
development programme in return for the supply of
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two US designed LWRs under international
safeguards. To assist in meeting energy needs,
500,000 Te of heavy fuel oil a year is supplied for
electricity and heating until the first reactor is
completed. The first reactor was due to begin
producing power in 2003, but due to political and
economic delays this is unlikely to be before 2007.
The governments of Japan, the Republic of Korea
and the USA signed the agreement on the
establishment of the Korean Peninsular Energy
Development Organisation (KEDO) on 9 March
1995. Further governments have subsequently
joined the organisation, including Australia in
September 1995.

The site for the nuclear power plant is at Sinpo,
South Hamgyong province, 160 kilometres north of
the demilitarised zone. The reference plant is the
Ulchin 3 &4 1000MW Korean Standard Nuclear
Plant (KSNP), an advanced version of the ABB-CE
System 80 PWR.
In 1996, the Korea Electric Power Corporation
(KEPCO) was designated the prime contractor for
the turnkey project. Site preparation started in 1997.

On 15 December 1999 KEPCO and KEDO signed
the contract for the design, construction and
commissioning of the two power reactors. The
value of the turnkey contract is US$4.6 billion.
South Korea has agreed to pay S3.22 billion (70%
of the cost). This has to be reimbursed by North
Korea in instalments over 17 years after a three-
year grace period upon completion of the project.
Japan is contributing $1 billion, with the remainder
being provided by other KEDO members. The
project delays have been due to the complex
financing and the difficulty in agreeing protocols
for contact between North and South Korea.
Another major issue which delayed the contract
signing was project liability. The matter was
shelved by agreement to enable the contract to be
signed, but has to be resolved before nuclear fuel is
delivered on site.
KEPCO signed a contract with HANJUNG in
December 1999 for the supply of the nuclear steam
system including the reactor vessels and steam
generators.
The preliminary works contract was completed and
preconstruction site work started in February 2000.
On 22 December 2000, a contact to build the two
reactors was signed by KEPCO and a consortium of
four South Korean companies. The companies and
their share in the project are Hyundai Engineering
and Construction (50%), Dong Ah Construction
(20%), Daewoo (15%) and Korea Heavy Industries
(15%).

In February 2001, KEDO applied to the North
Korean Regulators for a construction certificate.

KEDO submitted the preliminary safety analysis
report and an environmental report.

6. REPUBLIC OF KOREA

Year

1999
2000

Nuclear
Electricity
Production
TWh
97.817
103.501

Nuclear
Proportion

42.8%
40.7%

The Republic of Korea has 16 operating nuclear
power reactors with a total electrical output of
12,970 MWeN.
Nuclear electricity generation is based on water
reactors of which there are 4 PHWRs and 12
PWRs.

The first Canadian CANDU reactor was
constructed by Atomic Energy of Canada (AECL)
on the Wolsong site in 1982. Since then, a further
three CANDU reactors have been built on this site,
with the last one connected to the grid in 1999.
There was an increasing Korean involvement in the
projects. For Wolsong 2, KEPCO led the
commissioning programme and Wolsong 3 & 4 had
50% of the plant manufactured in Korea. Hanjung
manufactured the calandria for Wolsong 4.

Two PWRs were supplied by Framatome for the
Ulchin site and connected to the grid in 1988/9.
There have been no further major projects with
French companies.
Six PWRs were purchased from Westinghouse.
Kori 1-4 went into service over the period of 1977-
85 followed by Yonggwang 1 & 2 in 1986.
After this initial period gaining PWR experience,
Korea looked for technology transfer on the next
projects. A contract was signed with Combustion
Engineering (CE) USA in 1987 and Yonggwang 2
& 3 were based on the CE system 80 PWR design.
Yonggwang 3, commissioned in 1994, was the first
"Made in Korea" power reactor. These reactors
became the reference plants for the Korean
Standard Nuclear Power Plant (KSNP) series of
lOOOMWeG (950MWeN) units.

Ulchin 3 & 4 were the first two KSNP PWRs.
Construction started in 1992 and they were
connected to the grid in January 1998 and
December 1998.

Over a period of 21 years, Korea had moved from
turnkey contracts, through component manufacture
to self-sufficiency and a standard reactor.
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CURRENT CONSTRUCTION PROGRAMME
There are four reactors under construction in Korea
with a total capacity of 3800 MWeN All the
reactors are of the KSNP design in this phase:

4. Two more APRs were included in the plans with
the site yet to be decided.

Planned Reactors

Reactor Type

Yonggwang 5 j KSNP
Yonggwang 6
Ulchin5
Ulchin6

KSNP
KSNP
KSNP

MweN

950
950
950
950

Grid
date
2002
2002
2004
2005

LONG TERM PROGRAMME
According to the "5 th Long-term Plan for Electric
Power Demand and Supply" which was finalised in
January 2000, eight more nuclear reactors will be
constructed by 2015. Kori 1 (2008) and Wolsong 1
(2013) are due to be decommissioned during this
period making a total of 26 operating reactors in
2015.

The KSNP is based on the 1000 MWe Combustion
Engineering system 80 unit. In 1992, a four-phase
programme commenced to design an evolutionary
reactor based on the KSNP but of larger capacity.
This was known as the Korean Next Generation
Reactor (KNGR) and was originally 1300 MWe.
General requirements included a plant lifetime of
60 years, a construction period of 48 months and a
20% electricity cost advantage over competitive
energy sources. During phase one 1992-4,
Advanced Light Water Reactor (ALWR) designs
were examined and the reactor type selected. In
Phase two, the basic design was developed and
completed in 1999. During the current phase three,
the design will be optimised and finalised. Phase
four will see the construction of the first KNGR. In
1997, Combustion Engineering (now Westinghouse
and part of the BNFL group) signed three 10 year
contracts with KEPCO for technical co-operation,
Hanjung licensing and support for the KNGR
project.

In August 2000, KEPCO announced plans for two
more 950 MWeN KSNPs. The reactors will be
located near to the existing Kori site and the units
will be named Sbin-Kori 1 & 2 (New- Kori).

In April 2001, plans for a further six reactors were
finalised. Two more 950 MWeN KSNPs will be
built at a site previously known as Bonggil. As this
is close to Wolsong, the site is now to be known as
Shin-Wolsong. Wolsong is the site of all the PHWR
CANDU reactors, but there are no plans at present
to build further reactors of this type.

The KNGR is now called the Advanced Pressurised
Water Reactor (APR) and the capacity is uprated to
1400 MWeG. The first APRs will be New-Kori 3 &

Reactor

Shin-Kori 1
Shin-Kori 2
Shin-Wolsong 1
Shin-Wolsong 2
Shin-Kori 3
Shin-Kori 4
APR 3
APR 4

Type

KSNP
KSNP
KSNP
KSNP
APR
APR
APR
APR

MWeN

950
950
950
950
1350
1350
1350
1350

Grid
Date
2010
2011
2009
2010

7. PAKISTAN

Year

1999
2000

Nuclear
Electricity
Production
TWh
0.69
1.081

Nuclear
proportion

1.1%
1.65%

Pakistan has 2 operating nuclear power reactors
with a total electrical output of 425 MWeN.

Kanupp
Pakistan's first power reactor, Karachi Nuclear
Power Plant (Kanupp), a small 125MWeN natural
uranium fuelled PHWR located 30km west of
Karachi, began operating in 1971. Canadian
General Electric supplied the Candu type reactor on
a turnkey basis.
Following India's 1974 nuclear explosion, Canada
imposed a ban on spare parts, fuel and technical
services. The operation of this plant has since been
based on indigenously produced fuel and mostly
locally manufactured parts.

Chasnupp 1
In 1989 it was announced that China had agreed to
supply a 300 MWeN PWR to Pakistan. The
contract for an improved version of China's
indigenously designed Qinshan 1 was signed in
1991 and construction of the Chasma Nuclear
power plant (Chasnupp) by the China National
Nuclear Corporation began in 1993. The reactor
was taken critical on 3 May 2000, synchronised to
the grid on 13 June and handed over to the Pakistan
Atomic Energy Commission (PAEC) on 25
September. The plant is located 32 km south of the
city of Mianwali in Punjab. Chasnupp was formally
inaugurated in March 2001 at a ceremony attended
by Liu Jibin, Minister for COSTIND, the leading
Chinese nuclear decision making body.
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CONSTRUCTION PROGRAMME
There are no reactors at present under construction
in Pakistan.

FUTURE DIRECTIONS
Chasma was modelled on the 300 MWeN Qinshan
1 reactor. (For Qinshan phase two, China is
building a larger 600 MWeN version that is due to
start operations in 2002). At the Chasma
inauguration ceremony, outgoing PAEC chairman
Dr Ishfaq Ahmad said Pakistan would proceed as
early as possible with another unit and would again
look to China for assistance. The key factor will be
the financial arrangements.

8. TAIWAN

Year

1999
2000

Nuclear
Electricity
Production
TWh
37
37

Nuclear
proportion

25%
23.64%

Taiwan has 6 operating nuclear power reactors with
a total electrical output of 4884 MWeN. Four
General Electric BWRs and two Westinghouse
PWRs are in operation at three sites - Chinshan,
Kuosheng and Maanshan.
Construction work on the first station, Chinshan,
began in 1972. The last reactor to begin commercial
operation was Maanshan in 1985. Taiwan
involvement in all these projects was limited to
local manufacture of small components and civil
construction.

CONSTRUCTION PROGRAMME
Plans for the Lungmen nuclear power station on the
Yenliao peninsula, in northeast Taiwan were first
announced in 1980. These plans were deferred due
to a slow down in the growth of electricity demand.
The plans were deferred again during the late 1980s
because of the Chernobyl accident in 1986 and a
turbine fire at Maanshan 1 in 1985 that shutdown
the plant for over a year.

Lungmen was included in the 1990 Six Year
Development Plan, and although a strong
antinuclear lobby had developed, government
permission to go ahead was received in 1991, partly
due to predicted power shortages. The
preconstruction funds were released in 1992. Initial
bids on a turnkey nuclear island basis were rejected,
and rebidding on a components basis invited.
Eventually in May 1996 General Electric won the
contract to construct two Advanced Boiling Water
Reactors (ABWR). The turbine contract was later
awarded to Mitsubishi Heavy Industries (MHI).

The Atomic Energy Council (AEC) issued the
construction permit in 1999 after a two-year safety
review and the first concrete was poured in March
1999.

After 55 years of rule by the Nationalist
Kuomintang (KMT) party, the Democratic
Progressive Party (DPP) leader, Chen Shui-bian
won the presidential election in March 2000 and
pledged to scrap the project. A government
committee set up in August to review the project
could not reach consensus. In October, the cabinet
decided to cancel the project citing concerns about
the welfare of future generations. Construction was
30% complete when Taipower issued a notice to
formally suspend the work.

The Taiwan Court of Grand Justices in January
2001 ruled that the premier's action was flawed
stressing the necessity for legislative approval. The
KMT majority Legislative Yuan passed a resolution
calling for work to be resumed and in February the
Executive Yuan reinstated the budget. The order to
restart construction was given after 3 months
suspension.

CONCLUSIONS
Several countries in the Asia-Pacific region have
major nuclear power construction programmes.
China has an indigenous construction programme
and is also buying different types of reactor for
experience. India has an established PHWR
programme. Japan continues to build large,
advanced design water reactors and the Republic of
Korea has a well-established standard reactor
programme. Pakistan and Taiwan have no
indigenous build programmes but have bought
reactors from China and the US (General Electric)
respectively.
The Asia-Pacific region now and in the current
reactor planning period which extends up to -2010
is the main area in the world for new nuclear power
plant projects.
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SUMMARY. The Bernal liquid drop alpha particle model of a heavy nucleus shows that the fifth layer of alpha
particles is not closed and is inherently unstable so that the nucleus gradually decays by radiating alpha and beta
particles until most of the fifth layer has been shed. It will be shown how alpha decay may be construed as the
release of repulsive Coulomb energy that breaks six meson bonds and imparts kinetic energy to the alpha particle. In
this way the alpha particle 'tunnels' through ttie Coulomb barrier. By contrast, in beta decay energy is released when
a neutron decays into a proton and electron at the same time as four new meson bonds are formed. Together these
two sources of energy balance the additional repulsive Coulomb energy generated by the new proton in the daughter
nucleus and impart kinetic energy to the beta particle and anti-neutrino

1. Introduction

The underlying nuclear structure of heavy elements
may be visualized as 5 concentric layers of alpha
particles. This structure is an extension of layered
alpha particle models of common nuclei based on
Bemal's (1) model of a drop of a monatomic liquid in
which hard spheres representing atoms are densely
packed. This model successfully explained many
properties of such liquids as well as those of metallic
glasses. Norman (2) showed how Bemal's model may
be used to account for the size, density, quadrupole
moment and binding energy levels of many nuclei if
the hard spheres are alpha particles. Accordingly an
oxygen 16 nucleus i& modeled as a single tetrahedral
layer of 4 alpha particles. A second layer of 10 alpha
particles models nickel 56; a third closed layer of 12
alphas forms the core of all nuclei containing at least
52 protons, and a fourth layer of 12 additional alphas
forms a basis for those nuclei with 76 or more protons.
Norman (3),(4) has also shown that mis latter structure
of 38 alphas constitutes the stable end point of the
radioactive decay of heavy nuclei such as uranium.
Furthermore, when a uranium nucleus undergoes
fission induced by thermal neutrons it forms a light
fragment with a core of no less than 2 alpha layers and
a heavier daughter with a core of rarely less than 3
alpha layers.

2. Meson Bonds

If the inter-nucleon bond between two adjacent
nucleons in a nucleus is mediated by the exchange of

virtual mesons then lhe meson bond (MB) energy may
be calculated in the following way. Assume that 6
equal meson bonds strongly bind the 2 protons and 2
neutrons of a He4 nucleus (alpha particle) into a
tetrahedral structure. The total meson bond energy,
Em, of the He4 nucleus is defined as the empirically
determined binding energy, Eb, of this nucleus
corrected for the Coulomb repulsive energy, Ec, so
mat: Em = 6 MB = Eb + Ec where Eb = 28.3 MeV
and Ec = 0.8 MeV. Therefore 1 MB = 4.84 MeV. The
total number of meson bonds in any nucleus is equal to
the value of Em for that nucleus divided by 4.84 MeV.
A table of the values of Eb, Ec, Em and the number of
MB for the decay products of U238 is provided in the
Appendix.

3. Alpha Decay

The net energy balance of an alpha decay may be
written as follows:

AEb = Ek (1)
where AEb is the difference between the sum of the
binding energies of the two daughter nuclei and the
binding energy of the mother nucleus. Ek is the
kinetic energy of the alpha particle. This is
exemplified by the alpha decay of U238 where

AEb = 4.27(MeV) and Ek = 4.19(MeV).
However, equation (1) takes no account of the
difference AEc between the powerful repulsive
Coulomb energy of the mother nucleus and the sum of
the Coulomb energies of the daughter nuclei. Adding
AEc to both sides of (1) gives:
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AEb + AEc = AEc + Ek (2)
Subtracting AEb from both sides of (2) gives:

AEc = AEc - AEb + Ek (3)
In all alpha decays AEc - AEb = AEm
where AEm is the difference between the meson
energy of the mother nucleus and the sum of the
meson energies of the two daughters. It can be seen in
Table 1 that this difference is approximately
equivalent to 6 meson bonds (namely 29.1MeV).
Equation (3) may be rewritten as:

AEc = AEm + Ek (4)
This equation describes an alpha decay as the
Coulombic breaking of the 6 meson bonds between the
two daughter nuclei. In this way an alpha particle
'tunnels' through the so-called Coulomb barrier. This
total energy balance is indicated in Figs, land 2 for the
initial decay of U238 and in Tablel for all 8 alpha
decays in the decay chain of U238 as illustrated in
Fig.5.

U238
Ec = 905.1

0

Eb =-1801.6

Em = -2706.7

-»

iAEc = -33.4

0

I AEb = -4.3

tAEm=29.1
tEk=4.2

Th234 + a

Ec = 871.7

0

Eb =-1805.9

Em = -2677.6

Fig. 1 Schematic energy balance of U238 alpha decay

_= 33.4 MeV=Coulomb barrier

t*E*r=M.2MeV4 AEb

TAEm
R

= -29.1 MeV= 6 broken bonds

AEc = AEm + Ek
(Note: AEb is included in AEm)

Fig.2 The Coulomb barrier to a decay of U238

Alpha Decay

U238-»Th234+a
U234-»Th230+a
Th230-^Ra226 + tt
Ra226->Kn222+a
Kn222->Po218 + a
Po218-»Pb214 + a
A121S-»Bi214 + a
Po214->Pb210 + a

AEc (MeV)
Released
33.4
33.6
33.0
32.4
31.9
31.4
31.7
31.5

AEm + Ek (MeV)
Absorbed

29.1+4.2 = 33.3
28.8 + 4.8 = 33.6
28.2 + 4.6 = 32.8
26.9 + 4.8 = 31.7
26.3 + 5.5 = 31.8
25.7 + 6.0= 31.7
24.8 + 6.7 = 31.5
22.7+7.7 = 30.4

Tablel. Energy balances for U238 alpha decay chain

4.Beta Decay
The net energy balance of a beta decay is:

En - AEb= Ek (5)
where AEb is the difference between the binding
energies of the mother and daughter nuclei, and Ek is
the maximum kinetic energy of the radiated p particle.
En is equal to 0.78 MeV being the difference between
the rest mass energies of the decaying neutron and the
sum of those of the new proton and radiated p particle.
Equation (5) is exemplified by the beta decay of
Th234 to Pa234 as follows: 0 . 7 8 - 0 . 5 - 0 . 1 9 MeV

Adding AEc to both sides of (5) gives:
En + AEc - AEb = AEc + Ek (6)

By replacing AEc - AEb wtth AEm (6) becomes:
En + AEm = AEc + Ek (7)

It can be seen in Table2 that AEm represents the
energy released as approximately 4 new meson bonds
are formed (19.4 MeV). Equation (7) effectively says
that p decay occurs when a neutron in the mother
nucleus decays and 4 new meson bonds form in order
to counteract the increased Coulomb repulsion
generated by the newly formed proton. This total
energy balance is graphically indicated in Figs 3 and 4
for the beta decay of Th234. Table 2 gives the
relevant data for 5 beta decays in the U238 series.

Th234

E c - 870.9

0

Eb = -1777.6

Em = -2648.5

-»

TAEc=19.6

0

t AEb= 0.5

iAEm=-19.1
4- En = -0.78
TEk= 0.19

Pa234 + P
Ec = 890.5

0

Eb = -1777.1

Em = -2667.6

Fig.3 Schematic energy balance of Th234 beta decay
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fAEc

tAEb

fEk

4-En

= 19.6 MeV

= 0.5 MeV

= 0.19 MeV

= -0.78 MeV

iAEm = -19.1 MeV = 4 new bonds
AEm + En = AEc + Ek

(Note: AEb is included in AEm)
Figure 4. Energy balance for p decay of Th234

Beta Dec ay

Th234-»Pa234 +J5

Pa234-4U234 + p

Po218 ->At218+ (5

Pb214->Bi2i4+P

Bi214->Po214+p

AEm + En
Released

19.1+ 0.78
= 19.88

20.9+ 0.78
= 21.68

18.2+0.78
= 18.98

19.1+0.78
= 19.88

20.1+0.78
= 20.88

AEc + Ek
Absorbed
19.6+ 0.19

= 19.79
19.7+ 0.5

= 20.2
18.7+0.3

= 19.0
18.4 + 0.7

= 19.1
18.6+ 0.4

= 19.0

Table2. Energy balances for U238 beta decay.

P:N 138 139 140 141 142 143 144 145 146

92 . U . U
91 AT ^
90 T h ^ Th
89
88 Ra

P.N 129 130 131 132 133 134 135 135 137

87
86
85
84

81

Po_
At

Rn

Fig. 5 "The radioactive decay chain of U238
In each a decay ( g ^ ) the energy released
by the decrease in the total Coulomb repulsion
energy breaks 6 meson bonds and imparts
kinetic energy to the a particle.

In each f$ decay (^t ) the increased Coulomb
repulsion energy is counteracted by the
formation of 4 additional meson bonds and
the energy released by the decaying neutron.

5. Conclusion

The Bernal liquid drop alpha particle model of a heavy
nucleus shows that the fifth layer of alpha particles is
not closed and is inherently unstable so that the
nucleus gradually decays by radiating alpha and beta
particles until most of the fifth layer has been shed. It
has been shown how alpha decay may be construed as
the release of repulsive Coulomb energy that breaks
six meson bonds and imparts kinetic energy to the
alpha particle. In this way the alpha particle 'tunnels'
through the Coulomb barrier. By contrast in beta
decay energy is released when a neutron decays into a
proton and electron at the same time as four new
meson bonds are formed. Together these two sources
of energy balance the additional repulsive Coulomb
energy generated by the new proton in the daughter
nucleus and impart kinetic energy to the beta particle
and anti-neutrino

6. Appendix.
Binding, Coulomb and Meson Bond
Energies of Decay Products of U238

A

U238
U234
Pa234
Th234
Th230
Ra226
Rn222
Po218
At218
Po214
Bi214
Pb214
Pb210

P

92
92
91
90
90
88
86
84
85
84
83
82
82

N

146
142
143
144
140
138
136
134
133
130
131
132
128

Eh

1802
1779
1777
1778
1755
1731
1708
1685
1685
1666
1664
1663
1646

Ee

905
910
891
871
876
842
809
776
795
781
762
744
749

Em

2707
2689
2668
2649

2631
2574
2517

2462
2480
2446
2426
2407
2394

MB

559
555
551
547
544
532
520

508
512
506
501
497
495
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SUMMARY. Super-heavy nuclei are those transuranic nuclei with more than 106 protons . The underlying
nuclear structure of super-heavy elements may be visualized as 5 concentric closed layers of alpha particles. This
structure is an extension of layered alpha particle models of common nuclei based on Bernal's model of a drop
of a monatomic liquid. It will be shown that all super-heavy nuclei with atomic numbers in excess of 107 may
be thought of as having a fifth closed layer of 16 alpha particles which decays because of its inherent instability.

1 .Introduction

The lighter transuranic nuclei were first artificially
synthesized during the 1940s and 50s by using
cyclotrons to fuse either fast neutrons, hydrogen or
helium nuclei wife heavy target nuclei. The heavier
transuranic nuclei were first produced in the 50s, 60s
and 70s by accelerating boron, carbon, nitrogen or
oxygen nuclei with linear accelerators to fuse with
curium or californium targets. Since 1981 super-
heavy nuclei containing up to 112 protons have been
created by fusing chromium, iron, nickel or zinc
with lead or bismuth. Recently nuclei with 118
protons have been fused from krypton and lead.by
Ninovetal(l)

2. Synthesis

The specific nuclear reactions used to synthesise the
lighter, heavier and super-heavy transuranic nuclei
are listed below in Tables 1,2 and 3 respectively

z

93
24d

94
864y

95
433y

96
163d

NAME
(Date)

Neptunium
1940

Plutonium
1941

Americium
1945

Curium
1944

SYNTHESIS

n + U238

H2+U238
->2n+|3+Pu238

2n + Pu239
->Y+P+Am241

He4+Pu239
-Mi+Cm242

97
4.5h

Berkelium
1949

He4+Am241
->2n+Bk243

98 Californium He4+Cm242
44ms 1950 ->n+C£245

99
20d

100
20h

101
76m

Einsteinium
1952

Fermium
1953

Mendelium
1955

Thermonuclear
-* Es253

Thermonuclear
-> Fm255

He4+Es253
-»n+Md256

TableL.ightertrans-uranic elements

Z
(TV,)

102
2.3s

103
4.3s
104
3.4s

105
1.5s

106
0.9s

NAME
(Date)

Nobelium
1958

Lawrencium
1961

Rutherfordium
1969

Dubnium
1970

Seaborgium
1974 ,

SYNTHESIS

C12+Cm244
->4n+No252

B10+C£251
-»3n+Lr258
C12+Cf249
->4n+R£257

N15+Cf249
->4n+Db260

O18+Cf249
->4n+Sg263

Table 2. Heavier trans-uranic elements
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Z NAME SYNTHESIS
(TVi) (Date)

107 Bohrium Cr54+Bi209
102ms 1981 ->n+Bh262

108
1.8ms

109
3.4ms

110
0.2ms

111

112
0.2m,s

114
39ms

118

Hassium
1984

Meitneri
u m
1982

110
1994

111
1994

112
1996

114
1999

118
1999

Fe58+Pb208
-=• n+Hs265

Fe58+Bi209
->n+Mt266

Ni62+Pb208
->n+l 10.269

Ni64+Bi209
-MH-i 11.272

Zn70+Pb208
-»n+l 12.277

Ca48+Pu244
-»3n+l 14.289

Kr86+Pb208
->n+l 18.293

Table3. Super- heavy elements

3. Nuclear Structure

The underlying nuclear structure of heavy elements
may be visualized as 5 concentric layers of alpha
particles. This structure is an extension of layered
alpha particle models of common nuclei based on
BernaPs (2) model of a drop of a monatomic liquid
in which hard spheres representing atoms are
densely packed. This model successfully explained
many properties of such liquids as well as Ihose of
metallic glasses. Norman (3) showed how Bemal's
model may be used to account for the size, density,
quadrupole moment and binding energy levels of
many nuclei if the hard spheres are alpha parades.
Accordingly an oxygen 16 nucleus is modeled as a
single tetrahedral layer of 4 alpha particles. A
second layer of 10 alpha particles models nickel 56;
a third closed layer of 12 alphas forms the core of all
nuclei containing at least 52 protons, and a fourth

layer of 12 additional alphas forms a basis for those
nuclei with 76 or more protons. Norman (4),(5) has
also shown that this latter structure of 38 alphas
constitutes the stable end point of the radioactive
decay of heavy nuclei such as uranium.
Furthermore, when a uranium nucleus undergoes
fission induced by thermal neutrons it forms a light
fragment with a core of no less than 2 alpha layers
and a heavier daughter with a core of rarely less than
3 alpha layers.
The alpha particle models of super-heavy nuclei
with 108 or more protons indicate that they have a
core consisting of a closed fifth layer of 16 alpha
particles surrounding the inner 4 closed alpha layers.
This structure is indicated in Figure 1. On the basis
of this modeling it would appear that the synthesis of
all transuranic elements involves the closure of the
fifth layer of alpha particles.
If the inter-nucleon bond between two adjacent
nucleons in a nucleus is mediated by the exchange of
virtual mesons men the meson bond (MB) energy
may be calculated in the following way. Assume that
6 equal meson bonds strongly bind the 2 protons and
2 neutrons of a He4 nucleus (alpha particle) into a
tetrahedral structure. The total meson bond energy,
Em, of the He4 nucleus is defined as the empirically
determined binding energy, Eb, of this nucleus
corrected for the Coulomb repulsive energy, Ec, so
that Em = 6 MB = Eb + Ec where Eb = 28.3 MeV
and Ec = 0.8 MeV. Therefore 1 MB = 4.84 MeV.
The total number of meson bonds in any nucleus is
equal to the value of Em for that nucleus divided by
4.84 MeV. The values of Eb, Ec, Em and the
number of MB for some transuranic nuclei are
provided in Table 4.. The details of the meson bond
structure of Hassium (z=108) are given in Table 5.

A

U235

U236

U237

U238

U239

Np239

Pu240

Pu241

Am242

Am243

Cm244

Cm245

Bk246

Eb

1784

1790

1796

1802

1806

1807

1813

1819

1823

1830

1836

1841

1845

Ec

909

908

907

905

904

924

943

941

960

959

978

976

996

E»

2693

2698

2703

2707

2710

2731

2756

2760

2783

2789

2814

2817

2841

MB

553

554

555

556

557

561

566

567

572

573

578

579

584

Bk247 1852 994 2846 585
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CS248

Cf249

Es250

Es251

Fm252

Fm253

Md254

Md255

No256
No257

Lw258

Lw259

Rf260

Rf261

1858

1863

1867

1874

1879

1884

1888

1894

1899
1904

1907

1914

1918

1924

1014

1013

1032

1030

1050

1049

1069

1067

1087
1086

1107

1104

1125

1123

2872

2876

2899

2904

292

2933

2956

2961

2986
2990

3014

3018

3043

3047

590

591

595

596

601

602

607

608

613
614

619

620

625

626

Table 4. Binding, Coulomb and meson bond
energies of transuranic nuclei. Note that 1 more
meson bond for each additional neutron and.5 more
meson bonds for each extra proton.

Energy
Level
lSl/2

1P3/2

lPl/2
ld5/2

2 s l c

l d ^
lf7/2

2p3C

lfs/2

2PU2

lg»/2

lg7/2
2d^
2d3/2

3s ] /2

lhn/2

lhs/2
2f7/2
2f5/2

3 p ^
3P1/2
l i ] 3 / 2

2g9/2

line
3d»2
7

Bonds
/ Nucleon

6
8
8
7
6
6
6
6
5
5
5
5
5
5
5
5
5
5
2
5
2
4
1
1
1
1

P

2
4
2
6
2
4
8
4
6
2
10
8
6
4
2
12
10
8

4

4

N

2
4
2
6
2
4
8
4
6
2
10
8
6
4
2
12
10
8
6
4
2
14
10
12
6
3

Layer

1

2

3

4

5

Table 5. The 5 alpha layers in 108 Hs 157
Note that in Table 5 the number of meson bonds per
nucleon is the number of bonds binding that nucleon
to separate contiguous nucleons. For this reason the
total number of meson bonds in a single energy level

is equal to the sum of the products of half the listed
number of bonds with the number of protons and
neutrons respectively. For example, in the ls5/2 level
the total number of bonds is = 3x2+3x2=12 bonds.

(b)

(c)

Figure 1. (a) The 38 alphas of Os densely packed as
4 layers, (b) The 54 alphas of Hs consisting of a
closed fifth layer of 16 alphas shown in elevation as
numbered darker spheres, (c) A plan view of these
16 alphas indicating their cylindrical hexadecapole
structure about 3 equivalent orthogonal axes This
model conforms with hexadecapole moment data
according to V.Ninov (private communication).
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4. Radioactive Decay

The decay of super-heavy nuclei usually involves
the removal of the fifth layer of alpha particles in a
delayed series of alpha and beta emissions as
illustrated in Table 6 for element 112 (A=277). By
contrast element 114(A=289) undergoes
spontaneous fission after losing only 3 alphas.

P:N 155 156 157 158 159 160 161162 163 164 165
112
111
110
109
108
107
106
105
104
103 */
102 No

P:N 145 146
102
101
100
99
98
97
96
95
94

Rf

147 148

Pu

Sg

149 150

Cm

j

Hs

151

i
Cf

110

152 153 154 155
No

/ ^
Fm

U

P;N 134 135 136 137 138 139 140 141 142 143 144
93
92
91
90
89
88
87 Fr

Th
Pa

Np

Ac,.
Ru

P:N 124 125 126 127 128 129 130 131 132 133 134
87
86
85
84
83
82
81

Fr

At
Po

Table 6. The decay chain of elent 112(A=277)
In each a decay ( A ^ ' ) the energy released by the
decrease in the total Coulomb repulsion energy
breaks 6 meson bonds and imparts kinetic energy to
the a particle.

In each B decay ( ^ ) the increased Coulomb
repulsion energy is counteracted by tiie
formation of 4 additional meson bonds and
the energy released by the decaying neutron.

5. Conclusion

Super-heavy nuclei are those transuranic nuclei with
more than 106 protons . The underlying nuclear
structure of super-heavy elements may be visualized
as 5 concentric closed layers of alpha particles. This
structure is an extension of layered alpha particle
models of common nuclei based on Bernal's model
of a drop of a monatomic liquid. It has been shown
that all super-heavy nuclei with atomic numbers in
excess of 107 may be thought of as having a fifth
closed layer of 16 alpha particles which decays
because of its inherent instability.
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7. Appendix

The bond structure of the layered models of nuclei
with closed layers compared with the total number
of bonds based on calculations of Em.:

Layer
Alphas/
Layer
MB in
Layer
MB ex
Layer
MB

in + ex
Closed

Nucleus
MB
N-Z
MB
Core
MB
Total
(Model)
MB

Total
(Data)

1
4

4x6=
24

4x3/2=
6

24+6=
30

-

30

30

29.1

2
10

10x6=
60

4x3+6x4
= 36

60+36=
%

30+96=
126
126

127.1

3
12

12x6=
72

12x4=
48

72+48=
120

sTeaj

24x2=
48

126+120
=246
48+246
=294

296

4
12

12x6=
72

12x5=
60

72+60=
132

TSOSUS

40x2=
80

246+132
=378
80+378
=458

456

5
16

16x6=
96

16x6=
96

96+96=
192

IOSHS157

49x1=
49

378+192
=570
49+570
=619

646
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Global Trends in Nuclear Education at the Tertiary Level

LESLIE G. KEMENY

L & M Kemeny and Associates
283 Main St Lithgow NSW 2790

SUMMARY The public perception of nuclear science and engineering and the nuclear industry is today,
primarily shaped by radical greens, nuclear-opponents, the media and sociopolitical opportunists. Only countries
with a well diversified tertiary education system embracing all aspects of nuclear science and engineering can
counter efficiently the pseudo-science and sociopolitical manipulation which has severely restricted nuclear energy
development over the past three decades. National laboratories alone find this task extremely difficult, if not
impossible.

1. INTRODUCTION

The content of this paper is a greatly abridged but
up-dated version of the Author's submission to the
recent (1997) West Inquiry into Higher Education in
Australia (see Appendix).

The focus of this paper is to stress the importance of
applied nuclear science and nuclear engineering as
tertiary education disciplines. These subjects
embrace an interdisciplinary field with boundaries
overlapping physics, mathematics and engineering
but possessing a syllabus which is unique; offering
intellectual challenges to the best and brightest
undergraduate and postgraduate students.

A central task for nuclear engineers is to choose
materials, design machinery, assemble components
and operate devices which are subjected to testing
levels of temperature, pressure and radiation fields.
At the same time they must ensure the physical
health and safety of all who control and maintain
such plant and machinery or the instrumentation
associated with it.

At an undergraduate level, the syllabus required to
achieve the above objectives would include

The physics of neutrons, gammas, alphas and
beta particles.
The fission and fusion reactions and their
physical attainment.
Time constants associated with the fission
process and simple point model reactor
dynamics.
The nature and role of moderating and
shielding materials.
The attainment of criticality for fissile
materials.

The design of various reactor types - their
advantages and disadvantages.
Simple dynamics and control of chain
reacting systems.
Comparison of nuclear energy sources with
hydrocarbon combustion and alternative
energy technologies.
Problems associated with the public
acceptance of nuclear energy.

At the post-graduate level and for doctoral
dissertations the many inter-disciplinary
contributions made by nuclear engineers become
evident.

Analytical and numerical solutions of multigroup
diffusion and transport equations for particle
distribution, criticality and shielding studies.

Investigations of multi-phase flow, burnout
phenomena and hydro-elastic vibrations.

The role of stochastic processes in system
identification, malfunction detection and
artificial intelligence in reactor system
control.
The design of emerging nuclear systems

from pebble bed reactors to muon catalysed
fusion.
The use of radiation technology in
medicine, metallurgy, industrial,
instrumentation, environmental
assessments, agriculture and archaeology.

For some two decades the progress in nuclear
energy technology in developed countries has been
slowed or stopped by public perceptions, of "nuclear
risk". This situation has been exacerbated by the
activities of politically motivated "green" activists
and a media which feeds on pseudo-science and the
emotional psyche. This is an added reason why the
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sound, diversified teaching of nuclear science and
engineering in well equipped university schools and
tertiary institutes is so vital for a balanced
assessment of energy technologies and related issues.

The public does not relate well to centralised
monolithic research laboratories surrounded by
barbed-wire. Both fission and fusion physics were
born in universities and every effort should now be
made to repay this initiative through strong facilities
and well equipped laboratories.

For example in the United States of America some
forty-six Schools of Nuclear Engineering operate
around twenty-eight research reactors and handle
large contracts from the Department of Energy and
other sources.

2. Review of Selected Countries

According to the OECD's Nuclear Energy Agency
trends in nuclear education and training vary from
country to country and are closely tied to overall
patterns in fields of science and technology. The
degrees awarded in nuclear subjects, for instance,
over the past eight year in 154 institutes in sixteen
countries are shown in Figure 1 below.

2000

i 1500

o
S 500

1S61

1163
•

331

Undergraduate

Graduate-Master

— *

1821
• .

1287

399

1679
~ — •

1189

• 417

Graduate-Doctor

1990 19981995

Year
Notes: Oatacover 1S4 institutes in I6countries.
Source: O€CO/N£A. Nuclear Educozion onetTroining: Couit tor Concern? (2000)

Figure 1. Degrees Awarded in Nuclear Subjects

2.1 The United States

University research reactors in the United States
form a fundamental key component of the national
research and education infrastructure. Research
conducted using these reactors is critical to many
national priorities such as health care materials
science, and energy technology. Currently, there are
28 operating university research reactors at 27
campuses in 20 states.

University reactors are the source of neutrons for
research on such diverse areas as medical isotopes,
human health, life sciences, environmental
protection, advanced materials, lasers, energy
conversion, andfood irradiation. University research
reactors directly support the development of highly
qualified, technically knowledgeable personnel

needed by national laboratories, private industry, the
federal government and academia, for basic and
applied research critical to US technological
competitiveness. In addition, with the help of the
Reactor Sharing program, these reactors serve as
centres for education programs offered to other
colleges and universities and high school students
and teachers who visit the reactor for instructional
programs, research and training.

70 2000

60
Undergraduate
Student
Enrollment

10

1980 1982 1984 1986 1988 1990 1992 1994 1996 1998

Figure 2. Trends in Nuclear
Engineering at USA Universities

Other steps include the University Reactor Fuel
Assistance program, which funds the supply of
continue their important research and education
activities. Funding also is supplied through the
Reactor Upgrade program for equipment upgrades at
the reactors, increasing their value as research tools.
Another program, targeted on science, which
supports the US nuclear energy infrastructure.

Started in 2000, the program addresses the
knowledge gap of pre-college science teachers and
students, and incoming college freshmen in areas of
nuclear science and engineering.

2.2 China

Demand for nuclear talent is "huge" because of the
development of nuclear power and nuclear
technologies in industry, health, and other fields. At
the same time, more students are studying computer
science, economics and other disciplines rather than
nuclear sciences. No "instantaneous effective way to
attract brilliant students to nuclear engineering" is
seen. But major universities have introduced
changes in nuclear engineering programs, as part of
educational reforms, to attract more students, and
identified where more efforts are needed. These
include greater on-the-job training opportunities for
students in areas of research and development. Of
interest is more extensive interaction with foreign
universities and institutions associated with nuclear
engineering and technology, through professional
and information exchange programs:
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"Nuclear Engineering Education at Tsinghua
University in Beijing ", Kan Wang andBaoshan Jia,
July 2000, and "Nuclear Engineering Education in
China" Xu Yuanhui, Institute of Nuclear Energy
Technology, Tsinghua University, March 1998,
International Symposium of Energy Future in the
Asia/Pacific Region, co-sponsored by Tokai
University Education System, Japan, and University
of California-Berkeley, Department of Nuclear
Engineering. Results of the symposia are accessible
on the Internet at http://tauon.nuc.berkeley.
edu/asia/index/html).

2.3 United Kingdom

Nuclear education is not yet at a crisis point in the
country but is certainly under stress. While there are
no longer any nuclear specific undergraduate
courses, the number of undergraduates reported as
having a nuclear content in their university
education stayed constant during 1990-98, and even
may have increased slightly. At the same time, the
needs of the industry, both in terms of recruitment
and research, have declined as it has reached
maturity and as it seeks to be more competitive in a
deregulated energy sector. The concern is that
nuclear education remains sufficiently robust and
flexible to support the nuclear industry as it evolves.
Some companies are working more closely with
universities, including British Nuclear Fuels Ltd
which has worked with universities to set up a centre
of excellence in nuclear chemistry. Regarding
recruitment, the nuclear industry historically
commanded the best brains because it offered the
best resources and facilities and stood on the cutting
edge of technical development. The industry
perception of many potential graduates, however has

turned negative. The public relations activities
companies use to raise their profile have not been
specifically geared to recruitment but certainly have
helped it:
OECD Nuclear Energy Study, "Nuclear Education
and Training.. Cause for Concern? ", 2000.
Accessible on the Internet at http://www. nea. fr.

2.4 Hungary

Nuclear education and training have been closely
linked to the construction, operation and future of
t h e
country's nuclear power plant, which meets about
40% of electricity needs. Programs specialising in
nuclear power, radiochemistry, and nuclear
measurement techniques, for example, have been
offered over the years within the framework of
technical and scientific university programs.' With
the IAEA's assistance, a nuclear maintenance centre
was built and a new generation of instructors were
trained, as part of a project to improve the nuclear
plant's professional training system and conditions.
Future training needs are tied to the future nuclear
developments, including decommissioning, life
extension, and construction of new plants OECD
Nuclear Energy Study, "Nuclear Education and
Traning.. Causefor Concern? 2000. Accessible on
the Internet at http:llwww. neafr. (For a report on
the training centre, see the IAEA's WorldAtom pages
at htlp: l l w w w . i a e a . o r g /
worldatom/PressIBooklets/TcDeve lop/five.
htmBhungary).

Space restrictions limit the survey of nuclear
education trend to the above four countries.
However, the Australian situation is reviewed in the
Appendix below.

3. APPENDIX

The West Enquiry into Higher Education in Australia 1997
(Department of Education, Employment, Training and Youth Affairs)

A SUBMISSION ON TEACHING AND RESEARCH
IN NUCLEAR ENGINEERING AND NUCLEAR SCIENCE AND
TECHNOLOGY IN AUSTRALIAN TERTIARY INSTITUTIONS

By Leslie G Kemeny
Director -L & MKenieny and Associates - Consulting Engineers and Physicists

Scientific & Technical Editor - International Nuclear Energy Academy
(Submission Quoted in Part)

1. Introduction

As at September 1997, the Commonwealth of
Australia is without a single School of Nuclear
Engineering operating at a University level. Such a

situation is believed to be unprecedented amongst
the developed countries of the world. It is viewed
with a measure of incredulity by the academic
diplomatic and political communities of the
"developing" countries of East Asia and the Pacific
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Basin. Many of these have a massive investment in
the growth of peaceful nuclear energy and nuclear
science and technology within their borders. For a
country like Australia - about to displace Canada as
the world's premier uranium exporter - to ignore the
study of the uranium fuel cycle and its value added
technologies and industries indicates a pattern of
intellectual and economic neglect possibly
unparalleled in higher education policy and
academic history.

2. Nuclear Engineering

Together with Bioengineering and Aerospace
Engineering this discipline is at the leading edge of
modern science and technology. Apart from major
contributions to the field of energy supply and
research, Nuclear Engineers have made fundamental
contributions to society in many diverse areas such
as medicine, agriculture, food technology,
metallurgy, industrial control technology,
nondestructive testing and in many basic research
fields including fluid-flow, heat transfer, materials
science, neural network theory, radiation health and
safety and artificial intelligence.

3. Historical Perspectives

The vision for Australia's first - and only - School of
Nuclear Engineering was that of Sir Philip Baxter,
former Vice-Chancellor of the University of New
South Wales and Former Chairman of the Australian
Atomic Energy Commission (AAEQ. In 1954, an
Institute of Nuclear Engineering was established at
the University of New South Wales - the first of a
number of research institutes. It was this Institute
which in 1961 helped to set up the University's
School of Nuclear Engineering. The Institute was
also the vehicle through which the University
together with other Australian Universities helped to
set up the Australian Institute for Nuclear Science
and Engineering (AINSE). Financed by the
Universities and the Australian Atomic Energy
Commission, this body helped to facilitate the use of
the facilities of the Australian Atomic Energy
Commission by the Universities. In 1964, the
Australian School of Nuclear Technology (ASNT)
was established outside the AAEC establishment at
Lucas Heights to offer short courses in Nuclear
Technology to graduates and professionals. This
School was governed by the University of New South
Wales, AAEC and AINSE. The first Chairman of
the Board was Sir Rupert Myers, the second Vice-
Chancellor of the University of New South Wales.
The staffing of the School was largely from the
School of Nuclear Engineering UNSW and the
AAEC.

4. End of an Era?

Between 1961 and 1986 the School of Nuclear
Engineering together with the Australian School of
Nuclear Technology helped to train hundreds of
students from the level of undergraduate diplomas
through Doctoral studies to post-Doctoral research.

The two Schools attained an international reputation
and drew students from all parts of the world and
Australia, from 1986 onwards "political
correctness", funding attrition and a measure of
academic and administrative vandalism forced both
Schools into decline. The undersigned lost his
University Laboratory in 1987 and a major research
laboratory at Lucas Heights in 1990. By this time
both Schools had lost their identity and the Staff had
been dispersed.

5. Supplementary Material and Conclusions

The undersigned was involved in the life of the
School of Nuclear Engineering from 1966 onwards,
in active teaching and research and the
establishment of its laboratories. He gained an
international reputation in issues of nuclear safety,
the environmental impact of the uranium fuel cycle
and some areas of nuclear plant surveillance and
control. As representative of the School of the
Faculty of Engineering Executive Committee he
actively sought the preservation of the School and
the maintenance of Australia's only Chair of Nuclear
Engineering. He failed.

The Supplementary Material indicated the substance
of some of these activities. A decade after these
Memoranda were written, some 20% of the world's
electrical energy is supplied by the uranium fuel
cycle. The developing countries of the world are
embracing nuclear energy and Australia is facing
international criticism over her attitude to the
Greenhouse Gas Climate Change problem and a
potentially flawed Sustainable Energy Policy now in
the process of being drafted.

This brief submission is made to point out that at the
dawn of the new millennium and at a time when an
authoritative academic voices in the area of nuclear
science and technology are greatly needed by the
Australian community, none is available. For the
record, the undersigned is drafting a Mission
Statement for the establishment of a new School of
Nuclear Engineering at an appropriate Australian
University. The author apologies for the brevity of
this submission due to overseas commitments.
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Nuclear Energy and the Greenhouse Problem

LESLIE G. KEMENY
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SUMMARY Last November - almost in parallel with the Hague Meeting on Climate Change - more than
1,500 of the world's top nuclear scientists and energy technologists met in Washington DC, at the Joint
Conference of the American Nuclear Society, the European Nuclear Society, the Nuclear Energy Institute
and the International Nuclear Energy Academy. Unlike the United Nations follow up to the Kyoto protocol,
which ended in disarray, a note of high optimism and informed realism pervaded the nuclear conference
which, among its multiple streams of subject material and papers by international experts, carried the two
main themes of Long Term Globally Sustainable Energy Options and Nuclear Energy and the Greenhouse
Problem.

This paper considers the immense contribution to Greenhouse gas emission minimisation made by nuclear
energy in 1999. In that year the global electricity production by the world's 435 nuclear power stations was
2,398 TWh or 16% of total electricity generation or 5% of total primary energy production. The amount of
avoided carbon dioxide emission because of the use of nuclear energy in 1999 was 2.4 billion tonnes. This is
10% of total emissions. Japan's 54 nuclear power stations alone save the equivalent of Australia's total
Greenhouse emissions. The secret of this success is Australia's uranium fuel.

1. INTRODUCTION

Kyoto, the ancient capital of Japan, is an elegant
city blending in a pristine environment with hills,
streams, pine forests and manicured gardens and
parklands. Here the buildings, shrines, rocks and
paths exhibit the responsible environmental
stewardship of human beings over many
centuries. Light and air-conditioning for the
modem International Convention Centre is
obtained from an electricity grid supplied partly
from a network of fifty-four nuclear power
stations. The greenhouse gas emissions saved by
the use of this network and the uranium fuel cycle
is around 287,000,000 tonnes of carbon dioxide
per annum. This is about the same as Australia's
total emission.

Delegates from the developed countries attending
Kyoto understood that behind the alarming growth
of carbon dioxide in the atmosphere is the
mechanism of population growth and energy
usage in the developing countries. The United
Nations anticipates that the present world
population of 5.5 billion will rise to 8.5 billion by
the year 2025. Of this 3 billion increase some 2.8
billion will be in developing countries which
already account for 75% of the world's population.
About this time it is estimated that China's
greenhouse emission will be around four times
greater than that of all industrialised countries
together in 1990! It is likely that even with a
modest growth in her economy, by the year 2000
China's annual demand on primary energy will be
equivalent to 1.5 billion tonnes of standard coal
and 1,400 billion kilowatt hours of electricity.

Her present carbon dioxide emission per unit
gross national product is around 6,000 tonnes per
US dollar - one of the worst in the world.

A significant amount of the uranium fuel used in
Japan comes from Australia, in fact, for every
twenty-five tonnes of uranium exported from
South Australian and Northern Territory mines,
Japan averts around one million tonnes of carbon
dioxide emission.

Australia is certainly not in the same league as
China as global polluter. One wonders how a
United Nations conference such as Kyoto can
have any real impact on greenhouse emission and
climate change without first involving and setting
binding emission targets for the developing
nations? Or how can another major polluter, the
United States - consuming around 33% of the
world's resources and producing some 24% of the
world's carbon dioxide emission - exercise her
massive eco-political lobby at such a conference
without first settling her domestic industrial and
environmental issues in Washington.

Unlike Japan, where 35% of the electrical energy
now comes from nuclear power stations, Australia
has never, ever, made any major changes in
energy technology., Throughout her industrial
history she has relied primarily on fossil fuels.
Thirty years ago she rejected nuclear energy
ostensibly on the basis of cost. This is ironic
when we consider that today, especially if a
"carbon tax" is to be imposed on fossil fuel users,
nuclear energy in many parts of Australia will
prove to be highly competitive. Even more
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bizarre is the somewhat sinister attempt by some
Australian State governments to saddle electricity
consumers with subsidised high cost "renewable"
energy sources. The promotion and advertising of
such schemes by "sustainable energy development
authorities" and segments of
the energy industry is so contrived as to make
honest academic researchers blush with
embarrassment. This form of cross subsidisation
of national energy resources could drive
Australian energy costs to such a level as to make

Australia's flolindering manufacturing industries
completely non competitive on world markets.

2. THE GLOBAL ENERGY SCENARIO

Availability of air, water and energy are
absolutely essential for human life. As far as
energy is concerned the past evolution and
projections up to 2050 made by the World Energy
Council, indicate the following trends in energy
consumption, taking 1960 as a reference.

Year

Population

Total energy
demand (heat,
electricity and
transport)

Electricity only

1960

3 billion
1 (reference)

100%
(-3 Gtoe*)

100%
(-2000 Twh**)

*Gtoe = one Gigatoe

1980

4.5 billion
x l .5

210%

400%

2000

6 billion
x 2

320%
(=10 Gtoe)

700%
(15,000 Twh)

2020

7.5 billion
x2.5

450%

1000%

: the equivalent of one billion tonnes of oil

2050

8-10 billion
x 2.7 to 3

600%
(= 1 8 Gtoe)

2000%
(42,000 TWh)

According to this realistic estimate, the demand
for electricity will probably triple from now to
2050 for the following five reasons:

• the general increase in the world's
population the increase in the fraction of
the population living in cities (there are
already 10 cities with over 20 million
inhabitants)

• the improvement of general well-being:
today some 2 billion people have no
access to a commercial supply of energy

• the easiness to use, reliability, comfort
and cleanliness of electrical energy as
compared to other sources of energy

• the "explosive" increase in the demand
for energy in the heavily populated
developing countries.

From these figures it is clear that energy demand,
especially the demand for electricity, will
increase substantially in developing countries;
and that all sources of energy will be called upon
to meet that demand: fossil fuels, hydropower,
nuclear power and renewable sources of energy
such as biomass, wind, solar, etc.

In 1999 oil, coal and gas together supplied some
87% of the energy consumed in the world,

hydropower 6.5% and nuclear power 5.5%.
Although new gas fields are being discovered and
the efficiency of extracting oil are increasing
continuously, it is expected that these resources
will begin to run out be 2050. Hence, other
sources of energy including renewable energy
(hydropower, solar, wind and biomass), and
especially nuclear energy will have to play a
major role.

A probable evolution of total energy supply is
given on the following page, showing the
important share of nuclear power.

3. COAL AND NUCLEAR COMPARED

Nuclear power does not produce C02 or other
greenhouse gases, and also does not produce any
S02, NOx or other gases which contribute to acid
rain. These characteristics of nuclear power are
especially important in comparison to coal fired
generation of electricity which contributes 40% of
all electricity generation in the world. Also part of
the waste resulting from the burning of coal,
namely the toxic metals such as arsenic, cadmium,
lead, mercury, remains dangerous forever,
contrary to the wastes of nuclear power
generation.
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Year

Fossil fuel (oil, gas and coal)

Renewables including hydropower

Nuclear power

2000

86%

7.5%

6.5%

2020

87%

6.5%

6.5%

2050

70%

8%

22%

Source: P.R.Bauquis (TOTAL-FINA-ELF), Revue de I'Energie, Sept. 1999.

NUCLEAR POWER PLANT-PWR
1300 MW

(negligible radioactive effluents)

r
COAL POWER PLANT

2 * 650 MW
2,300 t 14,000 t SO2 7,0001 NOx 10 million t CO2

particulars (400 mg/m' ) (200 mg/m )
(50 mg/m)

3.3 million t
of hard coal
(1.8% deS)

Wastes: I I
high active medium active low active

waste* wastes wastes 250,0001
Ashes

150,0001
gypsum from FGD

With fuel <-s ms

reprocessing:
R »1,3 nSv

47 m3 531m3

M: MeUls(470t)
R: Radioactivty (9jiSv)

Figure 1 Annual fuel and waste disposal requirements
of a 1,300 MW plant(Annual production: 10.000 GWh)

As an example (Figure 1), in comparison with a
modem coal-fired power plant of the same size
and with advanced abatement techniques, a 1300
MW(e) nuclear power plant eliminates annually
emissions to the air of about: 2,300t on
particulates; 10 million t of C02; 14,000t of S02,
and 7,000t NOx the precise quantities being
dependent on coal quality, power plant design,
thermal efficiency, the effectiveness of the
abatement systems and the operational
performance of the plants. Table 1 gives an idea
about the concentrations of toxic constituents in
coal and quantities resulting annually from the
operation of a coal power station similar to the
one described in Figure 1. It must be emphasised
that there are large differences between coals of
different origins, and the data here refer to a
"clean" coal.

It can be seen that a nuclear power plant can
avoid the emission of some 10 million t C02 per
year, the main greenhouse gas. Usually the
opponents of nuclear power concede these facts
but argue that nuclear power is such a small part
of the world energy balance that it is insignificant
to the big issue of climate change. This is hardly
correct. Today, 16% of the world electricity is
generated using nuclear power. If this electricity
were to have been generated using coal, it would
have resulted in abut 2.4 billion t of CO2

annually. It means that nuclear power is already
avoiding 10% of present CO2 emissions by all
sources and more than 35% by the power sector
(see Conclusions). Nuclear power is a proven,
safe and reliable source of electricity. It is,
therefore, vital that it receives the credit it
deserves for this contribution to the reduction of
greenhouse gas emissions.

126



Table 1 Toxic constituents in coal and annual emissions from a coal power plant

Constituent

Arsenic
Cadmium

Copper
Lead
Mercury
Radium
Thorium
Uranium
Zinc

Total

content in coal
(g/t)

30
1

12
12

0.1
2.7x10-7

1.7
0.78

86

144

emissions
(t/year)

99
3

40
40
0.5
-
6
3

284

475

NUCLEAR POWER PLANT-PWR
1300 MW

(negligible radioactive effluents )

GAS COMBINED CYCLE PLANT
1300 MW

3M 12.700t *10t &0MJMM

1701
natural
uranium

32 t
enriched
uranium

Wattes:

r t t t t t
SO, NO, CH, CO CO,

* I
Gas consumption

1.9 billion m'/year,

high active medium active low active
wastes wastes wastes

(5.2 million m'lday]

With fuel
reprocessing: 4.8 m3 47 m3 531 m3

1,3ySv

Figure 2. Annual fuel and waste disposal requirements of a 1,300 MW plant

4. GAS PLANT AND NUCLEAR
COMPARED

It is often said that nuclear power should not be
compared with coal power plants, responsible for
40% of the world electricity production, from the
environmental point of view. It is claimed that a
fair comparison should be made with natural gas,
considered to be, by definition, a "clean" source
of electricity production and the fuel of the
future. Not discussing the availability of gas and
the usual assumption made by decision makers

that the price of gas will stay low for the next 30
years, the lifetime of a power plant, some points
will be put forward from the environmental point
of view which in our view are being disregarded
when stating gas as a "clean" technology. To
start with Figure 2 compares a nuclear power
plant with a gas combined cycle power plant as
far as generation is concerned only.

Table 2 on the following page summarises some
of the more important consequences of switching
from hydrocarbon to nuclear fuels.
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Table 2. CO, Emissions in the World

Emissions by the combustion of fossil fuels: 24 billion tons of C02 annually

World electricity production by nuclear power: 2.398 TWh in 1999
16% of the total electricity generation
5%of total primary energy production

Amount of avoided C02 emissions due to the use of nuclear power in 1999
2.4 billion tons of C02

(10 % of total C02 emissions)

Recommendation from the TORONTO CONFERENCE (1988):
Cut total present annual emissions by 20% (4.5 billion tons of C02) up to 2005

Power Sector:
C02 Emissions: 6.5 billion tons of C02(27% of total emissions)
Avoided emissions due to the use of nuclear power: 35% of total emissions of the power sector

Table 3 gives a detailed analysis of the Carbon
Dioxide emissions averted by the thirty-two
nations within the global community which
already use nuclear energy.

Finally, the fuel, land and transport requirements of
typical coal and nuclear electricity generating plant
are compared in Table 4..

As it can be seen from the figure above the
combustion of gas emits several air pollutants
such as S02, NOx CH4,CO and C02.
Particularly the emissions of nitrogen oxides, one
of the responsible for acid deposition, and carbon
dioxide (C02), the main greenhouse gas, are
substantial. If one considers the full-energy-
chain, there are emissions of methane (CH4)
during the process of extraction and
transportation of gas. As methane to a much
stronger greenhouse gas than C02, transforming
the amount of methane in C02 equivalent, the
emissions of greenhouse gases from the use of
gas in electricity production might be of the same

order as those of the coal cycle. From these
considerations it can be said that use of gas cannot
be claimed as the solution to the climate change
problem. There are many objections to
considering gas as a "clean" fuel.

5. CONCLUSIONS

The desirable environmental impacts of nuclear
energy in respect of the greenhouse gas problem is
so great that it is difficult to envisage the eventual
binding observance of the Kyoto Protocol without
a global acceptance of nuclear technology in
national energy policies.
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Table 3. Carbon dioxide emissions avoided by nuclear energy

Country

Argentina

Armenia

Belgium

Brazil

Bulgaria

Canada

China

Czech Republic

Finland

France

Germany

Hungary

India

Japan

Korea RO (South)

Lithuania

Mexico

Netherlands

Pakistan

Romania

Russia

Slovakia

Slovenia

South Africa

Spain

Sweden

Switzerland

Taiwan

Ukraine

United Kingdom

USA

WORLD

Nuclear electricity
generation 2000

%

7.3

33

57

1.5

45

12

1.2

19

32

76

31

42

3.1

34

41

74

3.9

4

1.1

5.1

15

53

37

6.7

28

39

36

24

47

22

20

16

TWh

5.7

1.8

45

5.6

18

69

16

13.6

21

395

160

15

14

305

104

8.4

7.9

3.7

1.1

5.1

120

16

4.5

13

59

55

24

37

72

78

754

2447

Reactors operating
Sept. 2001

No.

2

1

7

2

6

14

3

5

4

59

19

4

14

54

16

2

2

1

2

1

30

6

1

2

9

11

5

6

13

78

104

438

MWe

935

376

5728

1855

3538

9998

2167

2560

2656

63203

21141

1755

2548

44301

12970

2370

1364

452

425

655

20793

2472

679

1842

7345

9460

3170

4884

11195

12528

98060

353,425

Carbon dioxide
emissions avoided

2000

million tonnes

6

2

45

6

18

69

16

14

21

395

160

15

14

305

104

8

8

4

1

5

120

16

5

13

59

55

24

37

72

78

754

2449

Sources: the nuclear power reactor data files of ANSTO, based on information to I Sept 2001.
IAEA - for electricity production
Basis: 1 TWh would require 409,000 tonnes black coal @ 67% carbon.
World carbon dioxide emissions from electricity generation are about 7500 million tonnes per year (5300 Mt
from coal). Electricity contributes about one third of the world CO2 emissions.

129



Table 4. 1300 MW(e) power plants with annual production of 10,000 GWh

Installed capacity
Fuel
Fuel annual consumption

Land use for plant site,
mining and waste disposal

Area requirements
for fuel storage

Fuel transport requirements

C02 emissions

S02 emissions W/FGD

NOx emissions
w/denitrification

particulates emissions
w/control

Wastes

Coal

2 x 650 MW(e)
hard coal

3.3 million tons

415 ha

25 ha (2 months reserve)

82.500 wagons
of 40 teach
every year'

10,000,000 tCO^ear

14,000 tSO2/year

7,0001 NOx/year

2,300 t/year

250,0001 ashes
140,0001 fly ashes
85,0001 sulphur

150,0001 gypsum

Nuclear

1300 MW(e)
enriched uranium

321 enriched U
(1701 natural U)

60 ha

few ha only

5 lorries each year

0

0

0

0

A cube of 1.5 m
side with high

radioactive wastes
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SUMMARY
Heavy ion elastic recoil detection has been applied to the compositional analysis of polycrystalline GaN films
developed for potential, cost-effective use in optoelectronics. Film stoichiometries could be determined to high
precision. The films contain significant amounts of oxygen, carbon and hydrogen. AFM microscopy and XRD
measurements show that the oxygen content correlates with crystal size. The results are consistent with the
preferential incorporation of oxygen at the grain boundaries.

1. Utilization of Polycrystalline GaN

Present gallium nitride device technology is based
on single crystal material, grown at temperatures
generally above 1000° C, on sapphire or SiC
substrates. However, single crystal material tends to
be expensive entailing large expenditures in
equipment and ancillaries. Cost-effective
application to device manufacturing will thus be
limited.

Considerable savings may be achieved by lower
temperature growth (< 650° C) permitting the use of
less expensive, heat-sensitive substrates, such as
glass or silicon. At present, this results in
polycrystalline material of lower quality. In some
applications, such as large area illumination devices,
this may, however, be sufficient. A wider utilization
of polycrystalline GaN will depend on the improved
understanding of its properties and the growth
process.

2. Film Growth

In this work polycrystalline GaN films were grown
using Remote Plasma Enhanced Laser Induced
Chemical Vapour Deposition (RPE-LICVD) on
silicon substrates [1].

From among those films three sets, labelled A, B
and C, respectively, were found to be particularly
interesting. With the exception of the base pressure
prior to deposition, these films were grown at 540°C
under similar conditions. The base pressure was
adjusted at the three levels given in the table, each

resulting in a different rate of oxygen incorporation
into the film. This allowed a study of the relation
between oxygen content and the crystal size in the
material.

For one sample from each of the three sets, the film
stoichiometry was measured with heavy ion Elastic
Recoil Detection (ERD). The film morphology was
studied with Atomic Force Microscopy.

3. Heavy Ion Elastic Recoil Detection Analysis

The heavy ion ERD analysis was performed with the
facility at the 14UD Pelletron accelerator of the
Australian National University using a 200 MeV Au
beam [2]. The facility includes a position-sensitive
gas ionization detector developed for the specific
demands of heavy ion ERD [3]. Figure 1 shows a
two-dimensional spectrum of energy loss and energy
information from the detector for a polycrystalline
GaN film. Hydrogen is identified separately in the
spectrum, shown as an inset [4].

It is apparent that all elements in the film can be
distinguished and are separated from the substrate
signal. This particular film is similar to sample A,
however, it contains in addition to Ga, N, O, C and H
also Mg.

For uniform films thinner than the probing depth,
which is ~1019 at/cm2 for this material, the
stoichiometry can be obtained directly by dividing
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Figure 1. A two dimensional spectrum of the energy loss AEi and the energy measured for recoil ions
from a typical GaNfilm deposited on Si. Hydrogen is detected simultaneously with the heavier elements
(see inset).

Base Pressure
prior to Growth

Ga atomic %

N atomic %

O atomic %

C atomic %

H atomic %

Average
Crystal Size

Sample A

1x10'4Torr

41.3 ±0.4

25.8 ±0.3

22.0 ± 0.4

2.6 ±0.2

8.3 ±0.1

-30 nm

Sample B

5x10"6Torr

40.6 ±2.0

42.1 ±2.0

9.5 ± 1.0

4.8 ±1.0

3.0 ±0.5

-180 nm

Sample C

2x10"6Torr

47.5 ±2.0

43.0 ±2.0

2.4 ±0.5

3.9 ±0.5

3.2 ±0.5

-300 nm

Table. The base pressures prior to deposition, the stoichiometries measured with heavy ion ERD
analysis, and the average crystal sizes.
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the individual yields by the recoil cross sections.
The experimental precision is excellent, being
limited only by counting statistics. Sample A was
found to be in this category.

The film-substrate interface was not resolved for
samples B and C. A direct comparison of the yields
was thus not possible. The stoichiometries were
determined by adapting theoretical simulations to
the energy spectra extracted from the data.

While it was found that all three samples are
uniform with depth, they suffered, as all other films
analysed, a significant loss of nitrogen and
hydrogen during ERD analysis. Figure 3 shows that
this changes the stoichiometry gradually with
increasing projectile fluence. The linearity of this
change enables extrapolations to zero fluence which
largely retain the precision of the measurement.

The table gives the measured stoichiometries for
samples A, B, and C. Energy dispersive x-ray
spectroscopy showed that the composition of the
other samples in each set is consistent with the ERD
results. Films grown with RPE-LICVD below
~750°C films are usually Ga-rich. This is clearly
confirmed for samples A and C, and may also just
be the case for B.

4. Atomic Force Microscopy

Atomic Force Microscopy, see Figure 2, reveals that
the average crystal size at the surface increases
dramatically with decreasing oxygen content. This
trend is consistent with results from X-ray
diffraction (XRD) which is sensitive to the bulk
properties of the material. The XRD results also
suggest changes of crystal orientation depending on
oxygen content.

5. Summary and Conclusions

Polycrystalline GaN films with different levels of
oxygen incorporation have been grown at 540°C
using RPE-LICVD. The growth process resulted in
gallium-rich films.

Heavy ion ERD allowed the precise determination
of the film stoichiometry and confirmation of film
uniformity. In addition to Ga, N, and O, the films
contain significant amounts of C and H.

With AFM and XRD measurements the oxygen
content has been shown to be correlated to the

Sample A
22 % Oxygen
Crystal Size ~30 nm

Sample B
9.5 % Oxygen
Crystal Size ~180 nm

08
Sample C
2.4% Oxygen 0 4
Crystal Size -300 nm

Figure 2. Images of the film surfaces from
Atomic Force Microscopy.

average crystal size. Larger crystal sizes are achieved
with reduced oxygen incorporation.

A comparison of the measured oxygen content with
the available surface area of the crystal, calculated
using the AFM results, indicates that all of the
oxygen may be accommodated at the grain
boundaries between crystals, indicating oxygen
segregation at the crystal boundaries.

133



50

40

O 30

£
••s 2 0

a
(0

10 •

Gallium

0 !
* t

Nitrogen

Oxygen

Carbon
Magnesium
Hydrogen

25 50 75 100 125 150
10 2

fluence (10 Au ions/cm )

Figure 3. The measured stoichiometries as a Junction incident Jluence.

References

[1] Bing Zhou et al., Appl. Surf. Sci. 100/101
(1996) 643.

[2] H. Timmers et al., The development of a facility
for heavy-ion elastic recoil detection analysis at the
Australian National University, Nuclear Instruments
and Methods B 136-138, 611-615 (1998).

[3] H. Timmers et al., Simplifying position-sensitive
gas-ionization detectors for heavy ion elastic recoil
detection, Nuclear Instruments and Methods B 161-
163,19-28 (2000).

[4] R.G. Elliman et al., Simultaneous hydrogen
detection with an ERD gas ionization detector,
Nuclear Instruments and Methods B 161-163, 231-
234 (2000).

134



AU0221629

Secondary Standards Dosimetry Laboratories
J. DAVIES1, H. MERIATY2, D. ALEXIEV1

(1) Radiation Technology and Standards Group, Physics Division
(2) Radiation Protection Services, Safety Division

Australian Nuclear Science and Technology Organisation (ANSTO)
PMBlMenai NSW 2234

SUMMARY. The Secondary Standards Dosimetry Laboratory (SSDL) is part of an international network of
dosimetry laboratories established by the IAEA and WHO. The network services maintain the consistency and
accuracy of the therapeutic dose by exercising a national and international intercomparison program as well as
providing calibration services to the end users, mainly radiotherapy departments in hospitals. The SSDL's are
designated by national laboratories (such as Primary Standards Dosimetry Laboratories, PSDL's) to provide
national and international absorbed dose traceability for users in that country. The advantage of the SSDL is that
the absorbed dose measurements are consistent among the stakeholder countries. The Physics and Safety divisions
have recently re-established an SSDL at ANSTO. The SSDL utilises a collimated cobalt-60 source of activity
170 TBq and dose rate of 8mGy/sec at 1 metre (within ±2%), and provides a service to calibrate therapy level
thimble ionisation chambers and electrometers.

1. INTRODUCTION
In Australia, the traceability of ionising radiation
measurements is required under the National
Measurement Act, 1960. ANSTO is authorised to
maintain the secondary standard of exposure/air
kerma and absorbed dose, by delegation from the
Commonwealth Scientific & Industrial Research
Organisation (CSIRO), under the Act. Australia's
national primary standard for absorbed dose is held
at the PSDL of the Australian Radiation Protection
And Nuclear Safety Agency (ARPANSA) in
Yallambie, Victoria. The SSDL has measurement
traceability to the PSDL, thus an Australian SSDL
facility will provide an interface between the
primary standard and Australian hospitals.

2. THE AUSTRALIAN DOSIMETRY
STANDARDS
Both ARPANSA (PSDL) and ANSTO (SSDL)
have international obligations as participants in the
IAEA / WHO worldwide network of radiotherapy
dosimetry laboratories. ANSTO secondary
standards are regularly calibrated against the
primary standards provided by ARPANSA for
exposure/air kerma and absorbed dose at cobalt-60
gamma energies.

It is desirable that:
• Calibrations of secondary standards for

dosimetry should exist at more than one
authorised laboratory.

• These standards should be available for the
calibration of reference standard
dosemeters.

• Several ionisation chambers should be used
at each laboratory to maintain these
standards.

• The secondary chambers should be
regularly compared with the two primary
standards at ARPANSA.

ANSTO-SSDL follows the International Code of
Practice: IAEA Technical Report 277 [1] for
secondary standard measurement of absorbed dose.

3. THE ANSTO ELDORADO FACILITY
ANSTO has rebuilt its dosimetry facility so that it
complies with the NH&MRC Code [2] for radiation
facilities. Furthermore, the building complies with
stringent safety standards set up at the ANSTO site.
The building was commissioned in July 1998. Only
minor changes needed to be made so that any
credible risk of exposure within and outside the
building has been minimised to levels below those
prescribed in the NH&MRC Code [2].

The facility is comprised of a therapy level (170
TBq) cobalt-60 source mounted within a
Theratronics-Eldorado-6 teletherapy unit, a series
of standardised ionisation chambers, and calibrated
electrometers. A rotating recalibration cycle of two
secondary standard chambers per year ensures
traceability and reliability to ARPANSA. In its
obligation to IAEA, ANSTO will start participating
in the IAEA TLD postal dose survey in November
2001. This facilitates uniformity between all
standards laboratories within the IAEA SSDL
network.
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Figure 1. (clockwise from top left) ANSTO-SSDL
Keithley electrometer, thimble ion chamber, power

supply and chamber interface.

This cobalt-60 radiation is used to calibrate thimble
ionisation chambers against calibrated secondary
standard chambers in both the absorbed dose to
water and exposure / air kerma geometries.

All radiation measurements require corrections so
that the response of ion chambers can be compared.
During measurement temperature, pressure and
humidity sensor data is collected digitally.
Immediately prior to any measurement set, these
sensors are calibrated using mercury thermometers,
a mercury barometer and reference hygrometers,
each of which has measurement traceability to an
Australian primary standard. The cobalt-60 source
is controlled by software interfaced with safety
interlocks. The software has been designed so that
measurement readings may be taken only whilst the
source is fully exposed, thus eliminating the need
for corrections of source transit.

.[ s. y- - k * • ,'"• •

The ANSTO-SSDL provides a calibration service,
at cobalt-60, to Australian hospital departments for
therapy level dosimeters and type NE 2561, NE
2571, NE 2581 and NE 2611A thimble chambers.
Hence the ANSTO-SSDL is an essential part of the
infrastructure for a credible and effective national
healthcare.

P T ' - . i ••-

Figure 2. ANSTO-SSDL absorbed dose to water
geometry

Figure 3. Examples of thimble chamber types NE
2571 (top) and NE 2561 with their build-up caps.

In the calibration process, therapy ionisation
chambers are placed in a fixed geometry, in either
air or water. The response of these chambers to the
beam is compared with those of the standardised
ionisation chambers. The traceable calibration of
the test chamber is determined from the response
ratio.

Recent secondary standard measurements have
resulted in dose rates of 8.55 ± 0.17mGy/sec in air
(kerma) and 7.91 ± 0.16mGy/sec in water (absorbed
dose) at 1 metre.

The typical combined uncertainty is less than ±2%
and is calculated in accordance with the guidelines
contained in the ISO Guide to the Expression of
Uncertainty in Measurement, 1993 [3].

Other services the ANSTO-SSDL provides are
linearity tests of the chamber and/or electrometer.
Three methods of linearity are available;
measurements of dose versus exposure time,
measurements of dose rate versus distance and
charge sensitivity of the electrometer. The
laboratory allows for movement of the
measurement setup along the beam axis up to six
metres from the source.

The facility also has the capability to provide a
reference value for the customer's strontium-90
stability check source. This is done by measurement
of the ratio of an ion chamber response to an SSDL
reference source of the same type.
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90cFigure 4. Typical Sr sources used to ensure
reliable operation of thimble ion chambers.

These sources are used throughout radiotherapy
centres to routinely check the response stability of
dosimetry equipment to ensure reliable operation as
part of the user's quality assurance program. These
sources exist as off-the-shelf items consisting of a
cylindrical lead filled housing, weighing
approximately 10kg. The actual source contained
within is a solid cylindrical foil of strontium-90.
The top of the unit has an axial port for insertion of
a thimble ion chamber (see Figure 4). This provides
for a reproducible positioning of the chamber so
that the response is not dependent upon distance
corrections.

The facility is undergoing a quality program with
the rest of ANSTO. This will result in a facility that
is managed under a system that is ISO 9001: 2000
compliant.
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SUMMARY. The Radiation Standards Project of the Australian Nuclear Science and Technology Organisation
(ANSTO) maintains and disseminates the Australian primary and secondary standard for radioactivity
measurements. Recently the Activity Standards Laboratories (ASL) participated in an international inter-
comparison of the activity of F-18 coordinated by the National Physical Laboratory (NPL) in the UK. At the
national level this involved the development of both a primary and secondary standard of activity measurement.
The technique employed to standardise this pure beta emitter by the ASL was "4nfl-y Efficiency Tracing
Method", using Co-60 as the tracer. A result within 0.1 % of the NPL comparison bench mark was obtained. In
this paper details of the technique employed are described.

1. INTRODUCTION

Cyclotron produced fluorine F-18 in the form of the
radiolabeled sugar fluorodeoxyglucose (F-18 FDG)
is used in a variety of diagnostic modalities. The
premier use is in conjunction with positron emission
tomography (PET) for the study of neurological
function and the detection of neurological
abnormalities and malignancies of the cranium.

From the perspective of radiation dosimetry, the
quantity of radioactivity administered intravenously
to a patient must be known. In nuclear medicine
departments radionuclide dose calibrators are used
routinely for this purpose. The calibration of such
instruments should be traceable to the national
primary standard of measurement.

The Radiation Standards Project of the Australian
Nuclear Science and Technology Organisation
(ANSTO) maintains and disseminates the Australian
primary and secondary standard for radioactivity
measurements. The maintenance of standards refers
in this instance to the establishment of a
measurement procedure for determining activity.
There is no single technique or apparatus which can
be used to determine the activity of all radioactive
species. Rather, methods are developed which
depend on the decay process of the particular isotope
of interest.

In Australian hospitals, activity measurements can
be compared indirectly to the primary standard by
accepting the value of standardised sources issued
by Australian Radioisotopes (ARI) which is a

verifying authority. The calibration of the ionisation
chambers of the ARI Quality Control laboratories
are traceable to the Australian primary standard of
measurement for activity for a variety of
radionuclides.

Recently, the ANSTO ASL participated in an
international inter-comparison of the activity of F-18
coordinated by the National Physical Laboratory
(NPL) in the UK. The development and subsequent
validation of this standard was used to develop a
working (secondary) standard in the form of a
calibration of the ionisation chambers. This forms
the Australian secondary standard of measurement
of F-18 activity. This standard is to be made
available to manufactures and users of
radiopharmaceuticals in Australia.

2. EXPERIMENTAL

2.1 Decay Scheme of F-18

F-18 decays predominantly by positron emission
direct to the ground state of 0-18 with an intensity
of 96.90 %. The beta particle has a maximum energy
of 633.2 keV and an average energy of 249.7 keV
NCRP (1). The remaining disintegrations occur via
electron capture (ec) with an intensity of 3.1 %.

The half-life of F-18 radioactive decay is 1.828 hrs.

No gamma radiation is emitted in the decay. As a
result, conventional Attp-y coincidence counting
cannot be used to standardise this radionuclide.
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Figure 1. Decay scheme of F-18.

2.2 Primary Standardisation of F-18 by the
Efficiency Tracing Technique

The technique employed to standardise this pure
beta emitter, "Efficiency Tracing Method" was
similar to that used by Smith et al. (2). In this
technique the pure beta emitter and a tracer
radionuclide are added to the same counting source.
The efficiency of the beta detector is than traced
back to unity using the tracer radionuclide for which
conventional Anfi-y coincidence counting can be
used to standardise the absolute beta emission rate.
The combined beta count rate at unitary detection
efficiency and the known beta emission rate from
the tracer radionuclide permits determination of the
beta count rate due to the pure beta emitter.

The main requirements of this technique, Campion
et al. (3) and Steyn (4), are that;

1) The tracer radionuclide is not a positron
emitter. This is due to the inevitable non
linearity introduced by an unknown
annihilation rate of the positrons within the
source, and;

2) The tracers beta end point energy, Emax, and
average energy, Emax, are equal to, or less than,
the corresponding energies of the analyte
nuclide.

Co-60 was selected as the tracer radionuclide. Co-60
is a fi-y emitter and can be standardised by the
conventional 4n/3-y coincidence counting technique.
The beta particle emission has an intensity of 99.92
%, Enn = 317.92 keV and Em = 95.80 keV NCRP
(1). Thus the requirements 1) and 2) are satisfied.

Due to the short half-life associated with the decay
of F-18, a large number of counting sources cannot
be produced and counted for a single solution. To
permit adequate statistics to be generated, two
solutions were standardised on different days. The
inter-comparison of results was made using a Ge-
68/Ga-68 check source.

A variation of the above technique was developed to
permit the incorporation of efficiency tracing data
from two sets of experiments without the need for a

check source van der Gaast (5). This technique was
not used here.

2.3 Counting Source Preparation

Previously it was maintained that in the efficiency
tracer technique it was necessary that the tracer and
analyte nuclide should be in the same compound
Campion et al. (3). It has since been documented,
Steyn (4), Bowes et al. (5) and Baerg et al. (7), that
it is sufficient that the sources are prepared using a
good wetting agent to permit adequately thin and
homogeneous sources to be produced from a mixed
solution.

A solution of Co-60 was standardised using
conventional 4nfi-y coincidence counting.

A solution of F-18 in the form of FDG was obtained
from the National Medical Cyclotron (NMC) in
Sydney. Both solutions were suitably diluted and
dispensed to form the mixed counting solution. The
mixing ratio was carefully measured.

This solution was then dispensed onto a set of
metallised plastic film source mounts. The plastic
film; vcar sol vinyl resin (VYNS) was used. The
upper surface was coated with an alloy of gold and
palladium by evaporation. A spreading agent was
used to disperse the solution over a wide area in
order to achieve a thin source with minimal self
absorption effects. The drop of radioactive solution
was dried in an oven at 50°C.

2.4 Counting

The beta emission rate was measured in an
atmospheric pressure ionisation chamber with
4;t geometry. The chamber was continuously purged
with P10 counting gas (10% methane in argon).
Gamma radiation emitted in the decays of Co-60
were detected in a Nal(Tl) scintillation detector
mounted close to the ionisation chamber. The 1.17
and 1.33 MeV photo peaks were gated to prevent the
accumulation of false counts associated with the 511
keV photons due to ft annihilation and
bremsstrahlung radiation produced in the beta
detector.

The source counting efficiency was systematically
altered by the addition of metallised VYNS layers,
aluminium foil layers and mylar layers to both the
upper and lower source surfaces.

It is important to note that following the removal of
a source from the counting chamber and its
subsequent replacement, the beta chamber was
sufficiently flushed with counting gas to maintain a
consistent counting environment.
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For each counting period the total beta, gamma and
coincidence counts were recorded in addition to the
counting start time. The gamma and beta channel
dead-times, system resolving time and background
counting rates were measured.

2.5 Calculations

A summary of the calculations employed is given
here. An explanation of the symbols used is given at
the end of this section.

The beta count rate was corrected for nonextendable
dead-time using equation 1. The dead-time was
imposed using a paralysis unit.

-Bn 0 )
\-NpT

The beta count rate per unit mass was determined for
each source (see equation 2).

(2)
mass

The beta count rate per unit mass due to the Co-60
component was determined from the known activity
concentration of the tracer nuclide and the beta
detection efficiency, sp (see equation 3).

[na \P)\co-60(mixed) ~ lao ico--60(mhted)

The beta efficiency was determined using equation
4.

(\-N'rT)(N'c-2NpNrzR)
(4)

The beta count rate per unit mass at time t\ was
determined using equation 5.

(5)

ni(Jf) was plotted as a function of (l-sp)/Sp. A
degree 1 polynomial was fitted to the data to allow
extrapolation to the y-intercept. This gives the
corresponding beta count rate for 100 % counting
efficiency (at Zp= 1). Such a plot is shown in figure
2.

The beta count rate per unit mass due to the F-18
contribution is determined using [«iO )̂]E>s=i obtained
from the j-intercept and equation 6.
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Figure 2. Extrapolation of «,(/?) to 100 % beta
counting efficiency (sg= 1).

~" ia\ \co-60(mixed)

The F-18 activity per unit mass was then determined
in the mixed solution based on the beta count rate
attributed to F-18 and the intensity of beta particle
emission in F-18 decay (see equation 7).

fok -Wmaed)
M(mixed) (7)

Lp{F-\%)

Using the known mixing ratio of F-18 to Co-60, the
activity concentration in the F-18 solution was
ascertained (see equation 8).

m(mixed)
F-\S(,Master)

mF-\Z(Master)

The activity concentration was corrected for
radioactive decay to the reference time tr using the
standard equation (9).

exp ln(2)x (9)

Using this process the activity of a solution of F-18
was determined. The combined uncertainty of the
measurement was 1.4 % with 13.5 degrees of
freedom.

Symbols used

NJJ3) - beta count rate (at time ta), corrected for
dead-time and background beta count rate,

Np - measured beta count rate (uncorrected for
background beta count rate),

T = resolving time,
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Bp = beta background count rate,
mass = mass of mixed radioactive solution

deposited on source mount,
[flJco-«o(mixed) = activity concentration of Co-60

in mixed solution at time t0,
/̂ cô o = radioactive decay constant for Co-60,
zip-is = radioactive decay constant for F-18,
N/ = gamma count rate corrected for

background count rate,
Nc' = coincident count rate corrected for

background count rate,
Np' = beta count rate corrected for background

count rate,
Nr = gamma count rate uncorrected for

background count rate,
Nc = coincident count rate uncorrected for

background count rate,
TR = resolving time,
[«aO?)]co-60{mixed) = beta count rate per unit mass due

to Co-60 component in mixed
solution,

^i = beta count rate per unit mass at
100% beta detection efficiency,

= intensity of beta particle emission in the
decay of F-l8,

mF-i8(Master) ~ mass of F-18 solution in the
mixed solution.

ni(mixed) = total mass of F-I8/C0-6O mixed
solution.

2.6 Secondary Standardisation of F-18

Primary standards of activity measurement are not
usually suitable for the routine calibration of hospital
type radionuclide dose calibrators. It is therefore
appropriate to use a "working" standard as an
immediate step between the primary standard and
dissemination of the standard throughout the
community. The "working" standard provides a
simple measurement of activity by comparison with
a calibration factor derived from the primary
standard of activity measurement. The working
standard is a secondary standard.

The Australian secondary standard of activity
measurement is a TPA ionisation chamber of the
type described by Sharpe et al. (8). The re-entrant
chamber provides almost 4% geometry and is filled
with argon to a pressure of ~ 2030 kPa. Such an
instrument provides a secondary method which is
both precise and rapid.

The primary standardised F-18 solution was
dispensed into standard ampoules used in the
secondary standard laboratory. Ampoules were filled
with 3.6 ml of the standardised F-18 solution. The
ampoules were inserted into the secondary standard
ion chamber and the ionisation current measured. A
calibration factor in the form of pA-MBq'1 was
ascertained.

2.7 International Inter-comparison of F-18
Activity Measurement

The results of the primary standardisation were used
for an international inter-comparison of the activity
measurement of F-18.

As a result of the short half-life of F-18 it is not
possible that solutions can be disseminated between
different national laboratories. Inter-comparison was
thus achieved by comparing the measured activity of
the F-18 solution to that of a Ge-68/Ga-68 check
source solution. The check source was supplied by
NPL to laboratories participating in the comparison.
Details regarding the Ge-68/Ga-68 activity were not
disclosed.

The comparison was done by measuring the
response of the F-18 solution and Ge-68/Ga-68
solution in a Vinten ion chamber. Both solutions
were contained in standard ampoules supplied by
NPL.

Results were reported to NPL in April 2001.

2.8 Verification of results

The F-18 international inter-comparison results were
assessed by NPL in mid 2001. A preliminary
finding was reported at the Consultative Committee
for Ionising Radiation (CCIR) Section II:
Measurement of Radionuclides, May 2001. Here it
was reported that the results submitted by ANSTO
were within 0.1 % of the comparison bench mark
Alexiev (9).

3. CONCLUSIONS AND DISCUSSION

A primary standard was developed for the
measurement of the activity of F-18. Additionally, a
secondary standard was established in the form of a
calibration factor for the working standard ionisation
chamber. The results were submitted to an
international inter-comparison on the activity of F-
18 coordinated by the National Physical Laboratory
(NPL). Preliminary results of this comparison have
indicated the primary standard result to be within 0.1
% of the comparison bench mark.
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SUMMARY

The Radiation Technology group at ANSTO is part of the Physics Division and provides services and advice in
the areas of gamma irradiation and high-dose dosimetry. ANSTO's irradiation facilities are designed for
maximum dose uniformity and provide a precision irradiation service unique in Australia. Radiation Technology
makes and sells reference and transfer standard dosimeters which are purchased by users and suppliers of
commercial irradiation services in Australia and the Asia-Pacific region. A calibration service is also provided
for dosimeters purchased from other suppliers.

1. Facilities

ANSTO maintains and operates a number of
irradiation facilities. The pond facility consists of
seven cobalt-60 sources configured in annular arrays
with a range of activities and dose rates, stored
under 5 m of deionised shielding water. Water-tight
stainless steel canisters with capacities of up to 30
litres are lowered into the centre of the rigs for
processing of goods.

The main irradiation facility is GATRI - the Gamma
Technology Research Irradiator - a research and
small scale batch irradiator commissioned in 1970.
This facility consists of a concrete block-house with
1.5m thick walls over a 5m deep pond in which the
cobalt-60 source is stored when not in use. The
material for irradiation is sited manually in
predetermined locations in the irradiation room or
cell, the 12 tonne door is closed and the source is
raised into the cell by means of an electric motor.
The source is a cobalt-60 plaque approximately lm2

with a maximum capacity of 3.7 PBq (100 kCi).

Radiation Technology is licensed by Australia's
Therapeutic Goods Administration (TGA), the
Australian Quarantine and Inspection Service
(AQIS), and the Australian Radiation Protection and
Nuclear Safety Agency (ARPANSA). These
licences require maintenance of a Quality System
complying with the ISO 9000 series of standards, to
which Physics Division is certified. The GATRI
facility is also required to comply with the National
Health and Medical Research Council's
(NH&MRC) Code of Practice for the Design and
Safe Operation of Non-medical Irradiation Facilities
(1988).

2. Irradiation Services

Materials commonly irradiated at ANSTO include
medical and other products requiring processing at
sub-sterilising doses for manufacturers to comply
with dose verification and other regulatory
requirements, items requiring decontamination and
disinfestation for quarantine purposes, frozen bone
and tissue samples for transplant surgery, monomers
and polymers for modification of properties, plant
material and fruit, virus samples, and Queensland
fruit fly pupae used in the Sterile Insect Technique.
The GATRI facility has been loaded with cobalt-60
to provide the largest possible uniform radiation
field, rather than for efficiency, so that the required
doses can be provided as precisely as possible.
Irradiations can be carried out at a range of dose
rates and at frozen and elevated temperatures.
During the recent past, client demand for target
doses ranged from 10 Gy to 2 MGy, at temperatures
from-196oCto300°C.

It is generally the responsibility of the client to
specify the minimum and maximum doses
acceptable for the product to be irradiated. Before
any materials can be submitted for routine
irradiation, the parameters required to ensure the
irradiation process produces acceptable results must
be determined. This is known as process
qualification. The outcome of process qualification
is the loading pattern (the manner in which the
materials will be loaded and handled within the
irradiation facility) and processing parameters for
the goods. The loading pattern and processing
parameters are unique to a particular irradiation
facility.
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Once it has been determined how the goods will be
loaded into the facility, dose mapping is carried out
to determine the zones of maximum and minimum
dose within the product and to assess the
reproducibility of the process. Often, dummy
material of equivalent bulk density is used to
simulate the actual product. Dosimeters are located
throughout the package in a 3-dimensional array and
the set-up is irradiated in the pre-determined loading
pattern. The dosimeters are then measured and a
map of the dose distribution in the package is
obtained. In particular, the maximum and minimum
dose zones and the respective dose rates are
determined.

During the dose map, positions on the external
surface of the boxes are identified as locations to be
used for reference dosimeters to be sited during
routine processing. Dosimeter measurements made
in these locations allow a mathematical relationship
to be derived between the reference dosimeter
reading and the maximum and minimum doses to
the product. This procedure is normally repeated at
least three times to demonstrate reproducibility and
to allow statistical calculations to be made regarding
the process. Reference standard dosimeters are used
to establish all critical processing parameters.

3. Dosimetry Services

Dosimeters are usually divided into four basic
classes according to their relative metrological
quality and areas of application.

Primary standard dosimeters are usually established
and maintained by national standards laboratories.
The two most commonly used are calorimeters and
ionisation chambers. The Australian Primary
Standard for Absorbed Dose is held at the
laboratories of ARPANSA in Melbourne.

Reference and transfer standard dosimeters are used
to calibrate radiation sources and routine dosimeters,
and in validation programs. Transfer standard
dosimeters are used in establishing traceability
chains. Routine dosimeters are used for process
monitoring and for quality assurance in radiation
processing facilities.

3.1 Dosimeters Used at ANSTO

ANSTO's dosimetry practices are based on the
standards published by the American Society for
Testing and Materials (ASTM), which have now
been adopted as ISO standards. Dosimetry systems
in use are Fricke, ceric-cerous sulfate, Harwell Red
and Amber Perspex and alanine/ESR.

The Fricke dosimeter is used as a transfer standard
to calibrate ANSTO's Underwater Calibration

Facility with reference to the Secondary Standard
Dosimetry Laboratory; for dose-mapping and
calibration checks of self-shielded laboratory
irradiators, such as blood irradiators; and to monitor
irradiations for the Sterile Insect Technique and
other low dose applications. The Fricke dosimeter as
used by ANSTO is not suitable for mailing and is
therefore not used for contract dosimetry, ie sold on
a supply and measurement basis.

The ceric-cerous dosimeter is used by ANSTO
during product dose mapping studies for critical
process parameter determination; during sterilisation
dose determination for product qualification studies;
and for routine process control where a high degree
of accuracy is required. These dosimeters are sold on
a supply and measurement basis to users and
suppliers of commercial irradiation services in
Australia and the Asia-Pacific region wishing to
verify the response of their routine dosimetry
systems or confirm the dose delivered to their
products. The dosimeters are also used as a transfer
standard during the in-plant calibration of the routine
dosimetry system used by Australia's only
commercial irradiation company. ANSTO produces
ceric-cerous dosimeters for use in two dose ranges, 1
to 12 kGy and 10 to 35 kGy.

Harwell Red 4034 and Amber 3042 dyed perspex
dosimeters, manufactured in the UK, are used by
ANSTO during dose mapping studies for relative
dose determinations and for process control for
routine irradiations.

ANSTO has a Bruker EMS 104 ESR analyser and is
in the process of developing protocols for the use
and calibration of alanine dosimeters using this
instrument for inclusion in our Quality System. The
alanine/ESR system is not yet ready for use as a
contract dosimeter by ANSTO, but it is anticipated
that it will be used as a transfer and reference
standard, hopefully at doses from 10 Gy to 100 kGy.

3.2 Calibration

All dosimetry calibrations performed at ANSTO
either for internal use or for external clients are
carried out in the known radiation field of the
Underwater Calibration Facility (UCF). The UCF
consists of 12 cobalt-60 pencils in an annular
arrangement, stored in ANSTO's pond facility.

All items for irradiation are loaded into a water-tight
stainless steel canister which is in series with a
continuous stainless steel roller chain driven by an
electric motor which lowers it reproducibly into the
centre of the source. The dosimeters for calibration
are mounted onto a turntable fitted with a
polyethylene holder with locations for up to 12
dosimeters. The turntable is sited in a fixed position
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within the irradiation canister and the dosimeters are
continuously rotated to ensure an even dose. The
facility is controlled by a computer which provides
for independent confirmation of irradiation time,
irradiation temperature and rotation of the turntable.
Temperature is monitored using a thermocouple.

Each batch of dosimeters is calibrated by irradiating
several samples to known absorbed doses. A
calibration curve relating dosimeter response values
to absorbed dose is generated giving a dose response
equation for that batch. Doses are routinely
expressed in terms of the dose absorbed in water.

At ANSTO, measurement traceability to the national
standard is obtained by the following approach. The
Australian Standard for Absorbed Dose consists
basically of a cobalt gamma source whose dose rate
at a fixed point is measured using a graphite
calorimeter. This primary standard is then
disseminated by the Secondary Standard Dosimetry
Laboratory or SSDL. The SSDL ionisation chamber
is calibrated against the primary standard and this
chamber is then used to calibrate a collimated beam
from a teletherapy gamma source. ANSTO's Fricke
dosimeters are then irradiated in this calibrated beam
to a range of doses so that the response of this
solution is well characterised. This dosimeter
solution is then used to determine the dose rate in a
fixed geometry on the turntable in the Underwater
Calibration Facility. Routine and transfer standard
dosimeters are then calibrated as required in the
UCF, with the dose rate calculated according to the
decay of the cobalt-60 source.

In conjunction with this calibration process, ANSTO
has confirmed the dose rate in the UCF through
irradiation of dosimeters supplied and measured by
the National Physical Laboratories in the UK and via
the IAEA's International Dose Assurance Scheme
(IDAS).

The dose rate measured in these instances agrees
within 1% with ANSTO's calibrated dose rate.

In principle ANSTO follows the guidelines set out in
ISO's 1993 "Guide to the Expression of Uncertainty
in Measurement" and ISO/ASTM 51707.
Components of uncertainty are classified as Type A
or Type B and are given as the percent standard
deviation. Components of uncertainty are combined
in their simplest form, that is, they are assumed to be
uncorrelated and are added in quadrature by type
before a combined uncertainty is obtained. The
reported expanded uncertainties are based on
standard uncertainties multiplied by a coverage
factor of k = 2, providing a level of confidence of
approximately 95%. When adequate care is taken in
the calibration, analysis and use of ANSTO ceric-
cerous dosimeters, the overall uncertainty of
absorbed dose measurement by a single dosimeter is
calculated to be ± 3.5% at the 95% confidence level.

4. Conclusion

ANSTO's facilities are unique in Australia in then-
capacity to provide precision irradiation services.
Dose uniformity ratios, URs, (ratio of maximum
dose/minimum dose) required during dose
verification experiments for medical device
manufacturers are better than 1.22. In a typical
commercial irradiation plant, URs of 1.5 to 2 would
be expected. At ANSTO, we are able to meet the
stringent UR requirements of the Sterile Insect
Technique of better than 1.07, for quantities of live
pupae of up to 20 million per day.

In addition, ANSTO is the only body in Australasia
with dosimeters for radiation processing able to
cover dose ranges from 40 Gy to 50 kGy. Demand
for these services has been steadily increasing, with
GATRI now routinely booked up to 3 - 4 months in
advance.
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SUMMARY. Traditionally XRF is used to analyse the major elements in a solid high purity product and ICP to
analyse the trace elements in the dissolved solid; hence different sample preparation techniques are required.
Laser Ablation Inductively Coupled Plasma Mass Spectroscopy (LA-ICP-MS) as a technique can be used in
parallel with X-ray Fluorescence (XRF) with the same analytical methodology. Trace elements present in U3Og
are investigated using LA-ICP-MS as these are below detection limits of XRF instruments. A certified reference
material and an in-house processed yellow cake were investigated using the two techniques.

1. INTRODUCTION.

Trace impurity concentrations in uranium materials
are an important quality control parameter in the
production of high-purity uranium metals of
uranium oxides. Certain impurities can alter the
physical characteristics of the high purity material
and the neutron absorption characteristics of light
impurity elements can attenuate nuclear processes
in the material. This becomes very important when
fuel for nuclear reactor is produced. A fast and
accurate analytical method is essential for trace
impurities, as exposure to the analyst must be kept
to the minimum Crain et al (1).
LA-ICP-MS, is a vaporisation process in which a
laser is used as the primary energy source. When a
laser beam of sufficient power density strikes a
solid material, it generates particle aerosols into the
gas phase. This ablation process is caused by the
interaction of laser photons with the solid material.
Typically, a solid sample is placed inside an
ablation-sampling cell, and a laser beam with an aid
of a microscope is focused onto the surface of the
sample. When the laser is fired, a cloud of particles
are produced. These particles are removed from the
sampling cell by an argon or helium carrier gas, and
are swept into the ICP-MS for analysis. ICP-MS is
capable of providing a high throughput of samples
while analysing at levels as low as parts per trillion
(ppt). The elements in the sample are ionised in the
high temperature argon plasma and then separated
on the basis of their mass to charge ratio (m/z).
Various sample introduction systems can be linked
to the ICP-MS, including laser ablation, depending
on what the sample matrix and concentration
requires.

The development of LA-ICP-MS was as a result of
demands for high throughput and flexibility to
measure both liquids and solids. It was most

beneficial to combine lasers with emission or mass
spectrometer, as it was capable of measuring trace
levels in a solid. LA-ICP-MS was first used in 1985
and has found a niche as an important analytical
tool since the early 1990s. Most of developmental
work for LA-ICP-MS was driven by geologists and
mineralogists as a result of their desire for trace
analysis of materials such as calcite, glass, quartz
and fluorite. What makes LA-ICP-MS such a
powerful and flexible sample introduction tool?
There is no requirement for sample dissolution and
the technique can be used quantitatively if suitable
standards are available. The introduction of a dry
aerosol (from ablating the solids) as opposed to a
wet aerosol reduces the number of polyatomic
interferences produced by the sample interacting
with water and acid in the plasma. The system is
simple to use and is robust for routine operations.
LA-ICP-MS is generally used for the analysis of
solid samples and has also been very use&l for
measuring a large number of elements in many
minerals at very low levels.
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Figure 1 Schematic of a typical Laser Ablation
System
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XRF utilises the band of continuous radiation
produced by the X-ray tube. It is used to determine
the elements present in a sample by studying the
secondary fluorescent X-ray spectrum produced by
the irradiated sample. It provides a high throughput
of samples and is a non-destructive method. The
samples are unchanged by the testing. It can be
used to analyse all elements from atomic weight 5
(Boron) upwards with the exception of Nitrogen. At
ANSTO, our instrument is capable of analysing
from Fluorine (F) upwards. The measurement can
detect elements of concentrations down to 0.2 and
10 parts per million (ppm) with lighter elements
such as F being in the 100's of ppm. If the sample
for XRF is extracted from a bulk material, the
sample must be representative of the material as a
whole. As X-ray spectroscopy is a comparative
method of analysis, the instrument is first calibrated
using standard reference materials. The use of
Lithium metaborate and Lithium tetraborate flux
fusion was a major breakthrough for XRF sample
preparation. Most geological samples are
effectively digested by these fluxes to form
homogenous glass. This is where LA-ICP-MS and
XRF can be used in parallel as the same analytical
methodology can be used.

2. EXPERIMENTAL

Trace elements in U3O8 were examined using LA-
ICP-MS as these were below detection limit of
XRF. The major elements were analysed using
XRF. The technique was investigated using CUP-2,
which is a uranium ore concentrate certified
material produced as a joint effort between
Canadian Certified Reference Materials Project
(CCRMP) and the Analytical Subcommittee of the
Canadian Uranium Producers Metallurgical
Committee. The test sample used was yellow cake
processed by the Cleaner Technology for Uranium
Mining and Milling project within the Environment
Division. The LA-ICP-MS work was carried out at
Macquarie University's GEMOC Key Centre. The
laser used was a continuum Surelite 1-20 Q-
switched Nd: YAG laser with a fundamental
infrared (IR) wavelength of 1064 nm. Two
frequency doubling crystals provide second and
fourth harmonics in the visible at 532 nm and
ultraviolet at 266 nm. The 266-nm wavelength
provides better coupling and can be focused to a
smaller diameter spot for ablation. This is the
wavelength that was used for our analysis. As the
beam that emerges from the laser is a mixture of IR,
VIS and UV it is directed onto a pair of dichroic
mirror which reflect the UV and allow the VIS and
IR wavelengths to pass through to an beam trap.
The laser produced a maximum of about 25 mJ per
pulse. Our samples were carried out using 0.3 mJ
per pulse. Ablation was monitored in real time
using transmitted light and a video camera. The

sample is contained within a chamber that is placed
on the microscopic stage, and through which the
ICP-MS nebuliser gas flows during ablation. The
sample remains at atmospheric pressure and this is
an advantage over many other analytical techniques
where the sample must be under vacuum to permit
analysis. As air must not enter the ICP, an
arrangement for cell purging to atmosphere is part
of the laser ablation system. This is achieved by
using a three-way valve in the cell to ICP transport
line. The outlet from the sample chamber is
connected to a Perkin-Elmer Sciex ELAN 5100
ICP-MS torch by ~lm of 6.4 mm OD x 4.0 mm ID
tubing. A 30-mL chamber is installed between the
sample chamber and the ICP-MS torch to integrate
the ablated material and to suppress spikes that
occasionally occur in the signals of some elements
during initial stages of ablation. Higher nebuliser
flow rates and RF power settings are used for laser
ablation compared to solution work to increase
sensitivity.

3. RESULTS AND DISCUSSION

Scanning Electron Microscope images of the
ablation pits were taken. Absorption of the laser
energy in the surface layer is the key to controlled
ablation (Fig. 2). It can be seen that some material
was redeposited at the edge of the pit. Laser energy
and the coupling efficiency with the ablating
material will determine the pit created.
Optimisation of all conditions will enable clean and
regular pits to be acquired.

Figure 2 Scanning electron micrograph showing
controlled ablation

Catastrophic ablation is when there is uncontrolled
spalling of large mineral fragments or entire grains
(Fig. 3) Jackson (2). This micrograph shows poor
coupling between the laser photons and the glass. In
this study 13 elements were investigated and the
results showed that there was possibility of
elemental fractionation. The dynamic nature of
fractionation might be explained by changing
efficiency of ionisation of particles due to a

147



progressively changing particle size during a
multiple shot ablation Gunther et al (3). The entire
analysis carried out for this used depth profile. A
wide array of procedures has been developed to
combat laser-induced elemental fractionation.
These include '"raster" sampling, "active
focussing" ie raising the sample at the same rate as
the laser penetrates into the sample Hirata et al (4).
"Soft ablation" can also be looked at whereby the
incident energy is increased during ablation to
maintain constant signal Hirata (5). Bolshov et al
(6) used short pulse lasers and Norman et al (7)
suggested low repetition rate ablation. Various
mathematical correction procedures are also
available Horn et al (8). The use of a "jet cell" and
matrix matching has also been explored Jackson et
al (9), Gutierrez-Alonso et al (10) and Ketchum et
al (11).

was possible to obtain results for elements that were
undetectable by the XRF. Table 2 shows some of
the trace elements present in the test sample.

Figure 2 Scanning electron micrograph showing
catastrophic ablation

Element

U
Ca
Fe
K

Mg
Mo
Na
Ni
Si
Ti
V
Zr

Certified
Value
mg/kg
754200

6200
3110
1100
2290
690

4590
29

1700
190
660
440

LA-
ICP-MS

nig/kg

6480
3010
1020
2210
660

4480
30

2160
195
660
500

XRF

mg/kg
790000

8000
4000

2000

200
700'

As can be seen from the results, not all elements are
close to the certified values. This can be explained
in terms of elemental fractionation and poor
coupling. In future studies, rastering and active
focussing will be investigated.

The test sample used was a uranium concentrate
obtained from the Cleaner Technology Project. It

Element

U
Ca
Fe
K

Mg
Mo
Na
Ni
Si
Ti
V
Zr

LA-ICP-MS
mg/kg

27
45
NP
37
NP
14

NP
168
NP
NP
NP

XRF
mg/kg
827000

ND
ND
NP
ND
NP
ND
NP
200
NP
NP
NP

ND denotes that element wasn't below detection
limit.
NP denotes element not present.
More elements were detected using then LA-ICP-
MS, as these were below the detection limits of the
XRF.

4 CONCLUSION

Trace elements in U3OS can be measured accurately
using LA-ICP-MS. XRF was found to be the best
for the major component, which in this case was
uranium. However, to obtain isotopic ratio an MS
technique would be more useful. The lithium-borate
fusion glass used for XRF can be made rapidly with
a high degree of homogeneity. The advantage of
combining LA-ICP-MS and XRF is that there is no
additional sample preparation. Radioactive
materials are easier to handle as the hazards are
lower when they are dissolved in glass. It is easier
to handle waste as it is already in a solid form.
Further investigations are needed to perfect this
technique for trace element analysis. The work
carried out at ANSTO so far on LA-ICP-MS is at a
developmental stage. We are in the process of
gathering knowledge and expertise in this area and
see more opportunities arising in the future for high
quality analytical work.
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SUMMARY. This paper gives an overview of ANSTO's capability and recent R&D activities in thermal
hydraulic modelling for nuclear reactor safety analysis, particularly for our research reactor, HIFAR (High Flux
Australian Reactor) and its intended replacement, the Replacement Research Reactor (RRR).

1. Introduction.

Nuclear reactor safety continues to receive intensive
attention the world over and at ANSTO. This
includes research dealing with interrelated systems
behaviour, human factors and human-machine
interfacing, and research related to specific
technological questions. Of these, the various aspects
of the thermal hydraulics of cooling the reactor core
remain paramount. Since full-scale experiments of
hypothetical abnormal reactor events are not
practical, computer analyses of the thermal
hydraulics of such events play a unique role in
nuclear reactor safety.

Several tools contribute to ANSTO's capability in
thermal hydraulic modelling for nuclear reactor
safety analysis, particularly for our research reactor
HIFAR, and its intended replacement, the
Replacement Research Reactor (RRR). Computer
codes available at ANSTO include:
• RELAP (developed in US) — A code for reactor

system thermal-hydraulics analysis;
• CFX (UK) — A general computational fluid

dynamics code we have used for thermal-
hydraulic analysis in reactor fuel elements; and

• HIZAPP (ANSTO) - A code for coupling
neutronics with thermal-hydraulics for reactor
transient analysis.

In addition, since most of the model and code
developments have been devoted to power reactors
that operate at high-pressures, a number of R&D
activities have been undertaken at ANSTO covering
specific thermal-hydraulic behaviours that occur
under low-pressure conditions in research reactors.
Of these, the ANSTO's low-pressure subcooled
boiling models will be discussed here.

2. RELAP modelling of HIFAR reactor.

Heat flux and power densities in a research reactor
like HIFAR [1] are considerably higher than that for
power reactors and fuel element melting points are
comparatively lower. A consequence is a
requirement for the shutdown of research reactors
prior to events that would impair the core cooling
significantly, so as to avoid melting of the fuel.
Hence, the thermal-hydraulic response of any
research reactor to various hypothetical events need
to be carefully analysed. These analyses would
enhance the understanding of the behaviour of the
reactor and provide us the maximum time frame for
the initiation of remedial actions or alternate safety
measures, to maintain core integrity.

Thermal-hydraulic simulation of several events
without scram for HIFAR was performed using the
best-estimate RELAP5/MOD3.2 thermal-hydraulic
computer code [2], in collaboration with Department
of Nuclear Engineering at Texas A&M University
[3]. RELAP5/MOD3 is a best-estimate thermal-
hydraulic computer program for simulating
hypothetical transients and accidents in water reactor
coolant systems. The code models the coupled
behavior of the reactor coolant systems and the core
for hypothetical loss of coolant accidents (LOCAs)
and operational transients. The RELAP5/MOD3.2
equation set simulates a two-fluid system using a
non-equilibrium non-homogeneous six-equation
representation. RELAP5 computer program can be
applied to a wide range of reactor designs and
transient/accident conditions. Except for certain
reactivity-initiated events, the code is applicable to
LOCAs; loss of flow accidents (LOFAs); loss of heat
removal events and anticipated transients without
scram (ATWS).
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The RELAP nodalisation of the HIFAR primary
cooling circuit is presented in Fig. 1. The function of
the shutdown pumps in the primary circuit was
accounted for by imposing a constant mass flow rate
of 28 kg/s in the primary circuit nodalisation. The
primary coolant pumps were modelled as standard
Westinghouse pumps and their capacities were
specified as a function of the pump speed. The heat
exchangers were nodalised into three axial volumes
each and appropriate surface area factors were
assigned to account for the multiple tubes. The
reactor core was nodalised with an inlet plenum, the
fuel elements and an outlet plenum. The central fuel
element was divided into 12 axial nodes and 11
radial nodes, with five annular fluid regions and six
heat structures. The four fuel rings and the inner and
the outer clad cover form the six heat structures and
the flow area between these rings form the five fluid
regions. Being the hot channel, a power of 800 KW
was assigned to it which is conservative. The
remaining twenty-four fuel elements were lumped
into two groups of twelve elements each. The
lumped fuel elements were nodalised into three axial
nodes and ten radial nodes, with three heat structures
and two annular regions. The three heat structures
are the inner and outer aluminum clad and a
collapsed single fuel ring.
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Figure 1 REALP5/MOD3.2 nodalisation of the
reactor primary cooling system

Hypothetical events where the reactor protection
system failed simultaneously along with decreased
heat removal from the fuel elements were simulated.

One such significant event would be the transients
associated with the primary coolant circulation
pumps. Hence, two events associated with the
primary pumps were simulated. The first event
simulated the non-availability of one of the two
coolant pumps and the second event simulated the
non-availability of one pump and 50% operation of
the other pump. Another significant event would be
transients associated with reduced secondary circuit
flow in the heat exchangers. Under this category,
three events were simulated. The first event
simulated the removal capacity reduced by one-third,
the second event simulated the heat removal capacity
reduced by two-third, and the third event simulated
circumstances where no heat was removed. It should
be noted that these simulations neglected reactivity
feedback effects. As result, predicted temperatures
are conservatively high.

The summary of the results of the simulated
transients is presented in Table I. The results of the
simulated pump transients indicated that the mass
flow rate would decrease to 270 Kg/s in the first
transient (only one pump operating) and to 133 Kg/s
in transient 2 (only one pump operating- at 50%
capacity). With this assumptions, the maximum rise
in average coolant temperatures in the primary
circuit would be 5°C and the maximum rise in the
central fuel element temperature would be 23°C. In
the transients which simulated the reduced heat
removal, the maximum rise in average coolant
temperatures in the primary circuit would be 18.5X
and the maximum rise in the central fuel element
temperature would be 6°C.

3. Safety analysis of HIFAR fuel element

The prediction of the Onset of significant Net
Vapour Generation (ONVG) during the subcooled
flow boiling in reactor fuel elements is important,
because accurate knowledge of void fraction
distributions is vital for the prediction of two-phase
friction and momentum pressure losses, flow
stability limits, and reactivity effects in nuclear
reactors. ONVG is of particular importance for low-
pressure two-phase flows in channels of research
reactor core. Since the pressure drop of a channel
experiencing ONVG must remain the same as the
no-boiling channels in a reactor core with common
inlet and outlet headers, this will result in increased
boiling, higher resistance and accelerational pressure
drop, and hence a further flow reduction.

The final result is a reduction in flow - a "flow
excursion" — to a new steady level at which vapour
occupies most of the channel. This phenomenon is
often referred to as a two-phase flow excursion
instability, and it can lead to channel dryout and
possibly burnout of a reactor fuel element.
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TABLE I

Summary of the Results of the Simulated Transients

EVENT

ONEPUMP
TRIPPED

ONEPUMP
TRIPPED

OTHER PUMP 50 %
ONE HX NOT
AVAILABLE

TWO HX'S NOT
AVAILABLE

PRIMARY
COOLANT

FLOWRATE
(Kg/Sec)

270

133

398.2

398.2

PRIMARY LOOP
AVERAGE

TEMPERATURE (°K)

324.16

328.8

328.5

341.1

CENTRAL FUEL
ELEMENT MAX
TEMPERATURE

<°K)
394

404

383.8

392

CHF

NO

NO

NO

NO

With the progress in two-phase flow modelling using
an advanced computer code, CFX [4], it has become
possible to investigate such important phenomena
that may occur in HIFAR reactor fuel elements. A
HIFAR fuel element consists of 4 concentric fuel and
clad cylinders, 5 coolant channels, a central element
and the outer shell. The fourth coolant channel of the
HIFAR fuel element has been studied using the
present model as it removes more heat than the other
channels. This channel is 600 mm high with inner
and outer annular diameters of 41.71 mm and 45.09
mm respectively. A fraction of 13.75% of the
element power is removed from the inner annular
surface while a fraction of 15.85% is removed from
the outer surface. A cosine power distribution profile
is applied along the channel height. The inlet
temperature is 40 °C.

Figure 2 shows predicted void fractions at the
channel exit and pressure drop between the channel
inlet and outlet with the variation of fuel element
powers under nominal operating flow conditions.
On the basis of a common definition of ONVG - 5%
void fraction at the channel exit; we found that for
the ONVG, the fuel element power peaked at about
2300 kW. This was found to be very close to the
ONVG fuel element power of 2500 kW predicted by
Anne and Beattie [4] using their analytical method.
Boiling causes an increase in frictional drag due to
the presence of bubbles, and also influences pressure
drop through acceleration and buoyancy effects. As
shown in figure 2(b), the channel pressure drop
would increase with the increase of reactor power if
it were not fixed to be the same as in the other
channels, (see Fig.2b). Instead, the increase in
impedance in one channel would cause flow to be
diverted to other channels of the fuel element, so
initiating an excursive instability [6],
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Figure 2 Predicted (a) void fraction at the channel
exit and (b) pressure drop as a function of
reactor powers

4. CFX modelling of HIFAR fuel rigs

A computational fluid dynamics (CFD) code, CFX,
is used to simulate the thermal-hydraulics behaviour
within a HIFAR fuel element where sealed target
cans containing uranium oxide pellets are irradiated.
Modelling of this process is challenging because of,
the complicated geometry of the irradiation rig and
target cans, and the requirement to accurately model
the heat transfer which was coupled to the fluid flow
through solid multi-material regions.
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Figure 3(a) illustrates the computational mesh
generated for the target can residing in the pocket of
the irradiation rig. The mesh created for the
perforated liner and support tube nose cone regions
can be seen in Figure 4(b) respectively. Multi-block
construction approach resulted in a total of 1524
blocks and a mesh of 173493 control volumes for the
geometrical structure. Curvilinear Body-Fitted
Coordinates were used for the geometry generation.

Figure 3. Computational mesh generated for (a) the
target can residing in the pocket of the
irradiation rig and (b) the perforated liner
and support tube nose cones.

Figures 4 shows the velocity vectors around the liner
and support tube nose cones plotted on a plane of x
= 0. A clear distinction of the high velocity flow
outside of the liner and low velocity flow inside of
the liner could be readily observed. The design of
the perforated holes on the liner nose cone was seen
to significantly restrict the fluid flow that contributed
to the low velocity flow with majority of the flow
entering through the bottom hole rather than the
three side holes.
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Figure 4. Flow structures of the heavy water on the
outside of the liner and its entry into the
liner and support tube nose cones. Here a
length of 1 cm of the velocity vector
corresponds to a velocity of 3.23 ms"1.

5. HIZAPP and its application for HIFAR

At ANSTO, the ZAPP code [7] has been used to
carry out computer simulation of power transients in
HIFAR. The code has been extensively tested
against the SPERT benchmark experiments [8, 9]
and excellent agreement has been obtained. ZAPP
solves the point reactor kinetics equation coupled
with one-dimensional heat conduction equations that
describe heat transfer from fuel tube to coolant. The
original model included a method of modelling the
increased rate of heat transfer with the onset of
nucleate boiling.

The standard ZAPP code can be regarded as having
been extensively and successfully benchmarked
against SPERT data. The next step was to develop a
HIFAR-specific version of the code called HIZAPP.
This code uses traditional correlations to describe
heat transfer from fuel to coolant. Such an approach
has the advantage of employing heat transfer
coefficients that recognise the influence of flow rate
and thus more easily accommodate flow rate changes
during the transients of interest. Another advantage
is that such correlations are widely used in the
nuclear industry and enjoy a wide level of
acceptance.

In HIZAPP, heat transfer across interfaces other than
the aluminium-coolant ones continues to be treated
with the conduction model. However, at the
aluminium-coolant interfaces, heat transfer
correlations are used to calculate the heat flux at the
surfaces from predictions of the solid wall
temperatures and of the bulk coolant temperatures.
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The correlations currently used cover non-boiling
heat transfer at turbulent and laminar flows, and
boiling heat transfer as a function of coolant flow-
rate.

The HIZAPP code has been validated against steady-
state predictions of temperature in a HIFAR fuel
element, and for calculations of loss-of-flow
transients in the FRJ-2 reactor. The code has been
used to study a hypothetical beyond design basis
accident the Loss of Flow Anticipated Transient
Without Scram (ATWS) in HIFAR. A revised set of
boiling heat transfer correlations were incorporated
into the code for this study.

An example of the cases studied using HIZAPP is
given in Figure 5 showing the evolution of clad and
coolant temperature over the first 7 seconds of the
transient. The highest rated fuel element power is
taken as 640 kW which is typical for HIFAR full
power operation. The transient begins with failure of
the main circulators that run down to zero flow in a
little more than 3.2 seconds. The protection system is
assumed to fail so that neither the CCAs nor the
safety rods drop into the core.
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Figure 5. Temperatures of fuel tube #3 and
surrounding coolant channels in a 640 kW fuel
element in HIZAPP's HIFAR model.

For this transient, Fuel element temperatures remain
stable for long time periods, and the maximum
temperatures in the fuel tubes always occur in the
first few seconds of the transient. It is the
temperature and void coefficients of reactivity which
provide protection during the transient.

After the initiation of the transient and as the main
circulators run down the D2O temperatures in the
coolant channels increase causing the power to
decrease due to the insertion of negative reactivity.
The fuel and coolant temperatures continue to rise
and after about 2 seconds nucleate boiling starts in
the 640 kW elements. Flow is suspended in those
coolant channels and bulk boiling begins at about 2.7
seconds. At this time heat transfer begins to decrease
as the transition regime is crossed,, and fuel

temperatures in the adjacent tube show a rapid
increase. This temperature rise peaks at about 3.0
seconds and is suddenly reversed when heat transfer
rises rapidly as the coolant channel is re-flooded.

6. Analytic computations

ANSTO's code capabilities described above have
been supported by complementary and
supplementary analytic computations, typically
performed with a PC spreadsheet. In addition,
solutions obtained from analytic computations are on
occasions preferred to those obtained from the
application of larger computer codes.

Complementary analyses are those required to
provide input data to, or to complete subsections of,
larger codes. Analysis has also provided thermal
boundary conditions for HEATRAN computational
examination of cooling of radioisotope production
cans, and of stored used fuel elements undergoing a
hypothetical loss of coolant flow event.

Supplementary analytic calculations use simple
theoretical equations or accepted correlations to
confirm specific predictions from larger codes and
so validate these codes. Such validation checks
demonstrated that RELAP and CFX boiling models
were valid at high pressure, but not at the low
pressures of interest to ANSTO [10]. This stimulated
the analytic boiling work described in the next
section. Such supplementary calculations will be
performed to validate code predictions for the
replacement research reactor.

Analytic approaches have also provided alternative
solutions to those from larger computer codes if the
analytic approach is simpler and/or quicker and is
also adequate for the purposes. Simplified analyses
have provided adequate predictions of radioisotope
rig powers and heat fluxes for various hypothesised
circumstances (increasing the number of production
cans, etc). RISO fuel elements proposed for use in
HIFAR do not have the HIFAR emergency core
cooling influx holes. An analytic examination
provided and optimum means of adding such holes,
and also provided information on the extent that the
minor element design differences affected the
emergency cooling of the different element fuel
tubes [11]. A supplementary analysis also
demonstrated that radiation and conduction would
adequately remove heat from a fuel tube even in the
unrealistic event that required emergency cooling did
not reach one of the element fuel tubes [11].
Analytic solutions also provided an adequate
examination of the capacity of HLFAR's top shield
cooling circuit to remove decay heat in the event of a
hypothetical loss of coolant flow event together with
an absence of emergency core cooling [12].
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7. R&D in modelling subcooled flow boiling References:

Modelling of a subcooled boiling flow is important
because an accurate knowledge of the void fraction
distribution in reactor cores is required to properly
perform various safety analyses. Most available
boiling models were developed for and tested at the
high-pressure conditions of a power reactor. Many
reactor safety analysis codes such as RELAP5 [1]
and CATHARE [13], which use such models, cannot
satisfactorily predict void fraction distributions in
low pressure subcooled boiling flows [14]. This has
limited the use of the RELAP5 code for low-pressure
research reactor applications. The research and
model development activities being conducted at
ANSTO are primarily driven by the need for analysis
of a low-pressure research reactor, HIFAR (High
Flux Australian Reactor) and its eventual
replacement (RRR).
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Figure 6 Comparison of void fraction between
measurement and prediction using various models

Research has been undertaken to investigate the
subcooled flow boiling mechanisms under low-
pressure conditions. A general CFD code, CFX, is
used to test new ideas and models through a better
understanding of boiling mechanisms in relation to
turbulent flow and heat transfer. By comparison of
numerical prediction with experimental data, a new
boiling model is validated to be capable of
accurately predicting void fraction distribution in
low-pressure subcooled boiling flow [15]. When this
new model is introduced into the reactor safety
analysis code, RELAP5, the code capability for low-
pressure research reactor analysis has significantly
been improved [16]. Figure 6 demonstrates a
substantial improvement in prediction of void
fraction distribution using the new model developed
at ANSTO for a low pressure boiling experiment.
The improved CFD code, CFX and reactor safety
analysis code, RELAP5, are currently being used for
HIFAR analysis and independent thermal-hydraulic
calculations of replacement research reactor.
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SUMMARY

The Replacement Research Reactor (RRR) to be constructed at Lucas Heights will use fuel
containing low enriched uranium (LEU), <20%wt 235U, whereas its predecessor HBFAR
operates with fuel fabricated from high-enriched uranium (HEU). The fuel will be based on
uranium silicide (U3S12) with a density of 4.8 gU/cm3. This fuel has been qualified and in use
in 20 research reactors worldwide for over 12 years. A brief description is given of the
metallurgy, behaviour under irradiation, and fabrication methods, all of which are well-
understood. Progress on development of new, higher density LEU fuel based on uranium
molybdenum alloys is also described and the implications for the RRR discussed briefly.

1. INTRODUCTION

There has been a worldwide move from use of high
enriched uranium (HEU) to low enriched uranium
(LEU) fuels for research reactors, where LEU is
taken to be <20 wt% ^ U (natural uranium contains
0.7 wt% 235U). There have been a number of
initiatives to compensate for this reduction in
uranium enrichment and negate the associated 10-
15% penalty in neutron flux. Fabrication techniques
have been developed to their practical limits to
maximise the uranium density achievable. In 1988,
the US Nuclear Regulatory Commission (1)
approved the use of a new high-density LEU fuel
consisting of uranium silicide (U3Si2) dispersed in a
matrix of aluminium up to a density of 4.8 gU/cm3.
Numerous research reactors around the world have
made successful conversions to this fuel and
ANSTO's Replacement Research Reactor (RRR) is
planned to begin operation using this fuel.

There are, however, some research reactors that
require higher neutron fluxes and, hence, uranium
loadings greater than 4.8 gU/cm3. Also, silicide fuel
is not easily reprocessable using current
commercially available technologies. As a result, the
focus of fuel development is to develop a readily
reprocessable fuel with uranium density of 8-
9 gU/cm3. Uranium molybdenum dispersion fuels
have emerged as the primary candidates and a
coordinated international research program is under
way to evaluate and qualify them. In the longer term

still higher fuel densities may be achievable and
mention is made of work to this end.

2. RERTR PROGRAM

The change from HEU to LEU fuels for research
reactors has been driven by the US Department of
Energy (DOE) through its Reduced Enrichment for
Research and Test Reactors (RERTR) program.
This program was established in 1978 as part of the
US Federal Government's nuclear non-proliferation
policy. The RERTR mission is "to develop
technologies that could be used to minimise and
eventually eliminate the use of highly-enriched
uranium in civil applications worldwide". A major
goal of the program (2) is to eliminate the use of
HEU in research and test reactors without
unacceptable penalties in neutron flux performance
or economic or safety aspects of those reactors. To
facilitate this goal, an international program of LEU
fuel development and qualification has been led by
Argonne National Laboratory (ANL) for over
20 years. This program facilitated the qualification
and use of silicide fuels in many research reactors
worldwide. In 1996, the program focussed on the
development of new, higher density fuels because of
the realisation that some research reactors could not
successfully convert to silicide fuel without major
penalties. Uranium molybdenum alloy fuel (3) was
identified as being capable of providing increased
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neutron performance, and could also be reprocessed
using conventional reprocessing technology.

A related DOE program, the Foreign Research
Reactor Spent Nuclear Fuel Acceptance Program,
has also indirectly driven development of higher
density fuels. Under this program the US has agreed
to take back spent US-origin research reactor fuel,
including silicide fuel, generated up to 2006. After
that time many research reactor operators will be in
the difficult position of having no alternative but to
store their spent fuel indefinitely. Previously, an
alternative disposal route was available whereby
HEU aluminide fuels could be reprocessed by a
commercial reprocessor and returned as a stable
wasteform. This was originally the case for silicide
fuel also but with the closure of the UK Dounreay
facility in 1999 the reprocessing options for silicide
fuel are now very limited. UMo fuel will be able to
be reprocessed in conventional (nuclear power plant
fuel) reprocessing lines in the UK and France and so
research reactor operators who want to use the
reprocessing alternative will need to complete
conversion to UMo fuel before the 2006 deadline.
The need for a readily reprocessed fuel has been
recognised by both RERTR and research reactor
fuel manufacturers and has stimulated activity to
prove and qualify UMo fuel for use before 2006.

3. HIGH ENRICHED URANIUM FUEL

HIFAR and most research reactors of its generation
have fuel assemblies that consist of fuel plates
containing high enriched uranium (HEU). HEU fuels
are attractive to research reactor operators because
the increased percentage of the fissile isotope ^ U
facilitates the high neutron fluxes required for
research reactor applications. Importantly, with
increasing enrichment a concomitant reduction in
^ U occurs: ^^U not only contributes very little in
the fission process, but also acts as a neutron

Table 1 Density of different uranium alloys.

absorber.

Initially HIFAR used fuel containing 9 3 % enriched
uranium, although this was subsequently reduced to
60% as a result of the RERTR program.
Improvements in fuel plate design and fabrication,
and cost issues, have ameliorated this change.

In conventional HEU fuels the fuel meat is an alloy
of uranium and aluminium, known as uranium
aluminide (UA1X-A1). Pure uranium metal is not used
because its equilibrium phase, a-uranium (stable up
to 660°C), is known to exhibit an unacceptably high
rate of growth and swelling under irradiation.
Aluminium is used to stabilise the cubic y-phase
under irradiation at these temperatures. Aluminium
is an ideal alloying element because of its low
neutron capture cross-section, high thermal
conductivity, workability and high corrosion
resistance in water.

To fabricate fuel plates the uranium-aluminide is
pressed into flat plates less than lmm thick. Placing
the plate in an aluminium "picture frame" and
sandwiching the assembly between two aluminium
sheets provides further corrosion protection. The
layers are bonded together by hot rolling.

The requirement to shift from HEU to LEU
(<20 %wt) presented research reactor operators
with problems for the continued use of UAL.-A1 fuel.
The main limitation was the low density of uranium
in the UA1X-A1 fuel meat, ~1.7gU/cm3, as shown in
Table 1. The uranium density in the fuel meat is
lower than the phase density because the fuel meat
contains only 10-50% of the phase by volume, with
the balance being aluminium. Early work in the
RERTR program demonstrated increased uranium
density to a practical limit of - 2 . 4 gU/cm3 through
higher uranium loading and the use of powder
metallurgical fabrication routes rather than
traditional casting. At higher loadings fabrication

ALLOY

U metal

UA1X-A1

UA1X-AI

U3Si2-Al

UMo-Al

ALLOY TYPE

Cast

Dispersion

Dispersion

Dispersion

PHASE

a

UAL,

UAL,

UA13

UA12

U3Si2

U3Si

U-5Mo

U-8M0

U-9Mo

DENSITY OF URANIUM (g/cm3)

IN PHASE
19.0

6.1

6.1

6.8

8.1

12.2

15.2

17.9

17.3'

17.0

IN FUEL MEAT
19.0

1.7

2.4

4.8

6-9
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problems arise from the mismatch between the fuel
meat and aluminium cladding.

Hence, in. order to convert successfully to LEU in
existing research reactors without unacceptable
penalties in neutron flux, safety or economics it was
necessary to consider higher density uranium alloys
which were capable of maintaining a metastable y-
phase.

4. LOW ENRICHED URANIUM FUEL

The principal reason for changing from HEU to
LEU fuel has been the non-proliferation issue, ie.
HEU is more attractive to a potential proliferator as
it shortens the further technological steps required
to reach nuclear weapons grade material compared
with LEU. The use of LEU incurs a 10-15% penalty
in neutron fluxes due to there being an increased
number of 238U atoms which absorb neutrons.
Development of LEU fuels has focussed on
increasing the uranium content (density) to increase
the number of fissile 235U atoms per unit volume of
fuel meat.

Uranium Silicide

The development of a new dispersion-type fuel
containing uranium silicide in aluminium began in
the early 1980s under the RERTR program. The
international qualification program was led by
Argonne National Laboratory (ANL) and involved
several commercial fuel fabricators and several test
reactor operators. The qualification program
involved development and testing of uranium
silicide-aluminium dispersion fuels, including
fabrication, irradiation and post-irradiation
examination of miniature plates followed by full size
plates, and finally complete fuel assemblies.

The fuel provides a uranium concentration that is
considerably higher than is available with uranium-
aluminide type fuel (see Table 1), yet with
enrichment levels below 20 wt% 235U. In 1988, the
US NRC approved the use of a new high-density
LEU fuel consisting of uranium silicide (U3Si2)
dispersed in a matrix of aluminium up to a density of
4.8 gU/cm3 (1). Since that time silicide fuel has
become internationally accepted and is routinely
fabricated by four fuel fabricators for use in 20
research reactors worldwide.

The fabrication process for uranium-silicide is
similar to that used for uranium-aluminide, although
there are some differences. The uranium-silicide is
produced by melting uranium and silicon together
followed by comminution to produce a powder. The
silicide powder is mixed with aluminium powder and
pressed into a powder metallurgical compact. The
compact is then clad by a picture frame and two
cover sheets before hot and cold rolling to produce
a fuel plate.

The high volume loadings of U3Si2 (40 to 50% by
volume) in the fuel meat have the potential to cause
problems during fabrication. In particular, there are
three problems associated with dispersion type fuel
plates and high volume loadings. They are:

• Dogboning, which is the thickening of the fuel
meat at the ends of the plate that can lead to
localised increases in uranium density and
consequently high heat fluxes during irradiation.

• Minimum cladding thickness, which becomes a
concern as volume loading of fuel particles
increases, because the likelihood of two fuel
particles contacting each other during rolling
and becoming embedded in the cladding also
increases. Dogboning increases the likelihood of
such a breach, and hence strict control of
maximum fuel particle size is required.

• Stray fuel particles, which are found on the
surface of the compact in increasing numbers,
as volume loading increases. They can be
dislodged during rolling and transported to the
fuel plate surface. Since the fuel particles are
sources of heat and fission products it is
important that they do not come into contact
with the coolant.

As with uranium-aluminide, uranium silicide can
exist as a range of different intermetallic phases; the
composition and heat treatment tailored to produce
the desired phases. The phases of most interest are
U3Si2, U3Si and uranium solid solution (USs) (4). It
has been shown that U3Si-Al fuel meat is less
suitable than U3Si2-Al fuel meat for long term and
burn-up reliability because of gas bubble
morphology and the exothermic U3Si-Al reaction. It
should be stated that it is not possible to produce a
single phase in isolation. Therefore, the fuel is
predominantly U3Si2 with minor quantities of USi,
U s s and U3Si. It is standard practice to err on the
silicon-rich side and accept the slightly lower,
uranium density because of the presence of USL,
than to err on the uranium-rich side and cope with
the peritectoid reaction between U3Si2 and USs,
which produces U3Si (4).

An exothermic reaction occurs at elevated
temperatures between U3Si2 and aluminium to
produce U(Al,Si)3 (5). The reaction is insignificant
however, during irradiation at temperatures below
~300°C (6) ie. at standard operating conditions. The
reaction by itself does not promote any change to
the geometry of the fuel plate because it occurs
below the melting point of the aluminium alloys
used in both the fuel meat and cladding.

Uranium silicide fuel assemblies were irradiated
under a range of conditions under the qualification
program. This included, maximum practical fuel
loadings of ~50 vol% and burnups of up to 98% of
235U. No indications of fission product release,
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excessive fuel plate swelling, fuel plate warping,
blistering, or other unusual conditions were
observed.

The solid and gaseous fission products from the
fission process occupy a greater space than the fuel
particles from which they were generated. This
process causes the fuel meat to swell during
irradiation. U3S12 and USi fuel particles have been
demonstrated to swell La a predictable, linear manner
with increasing burnup. UsSi however, undergoes
breakaway swelling and is unstable. Fission of U3Si2
produces fine, independent gas bubbles (0.4 to
0.8 urn diameter), that do not agglomerate even at
high burnup. Conversely, bubble agglomeration is
the reason for unstable swelling behaviour in l^Si.

There is a widely held view that uranium-silicide
fuels are difficult to reprocess. The primary reason is
the precipitation of colloidal silica, which can
disrupt solvent extraction. It is possible to avoid
this, but involves uneconomic capital expenditure
for additional plant. Alternatively, dilution of silicide
fuels with non-silicide fuels so reducing the silicide
concentration can alleviate this problem to
manageable levels. Laboratory bench-scale studies
completed in the US (7) and full scale trials in the
UK (8) have demonstrated the feasibility of
reprocessing silicide fuels.

Uranium Molybdenum

In order to obtain higher density research reactor
fuels, developers have had to move away from the
use of intermetallic compounds (silicides,
aluminides, etc) to alloys with other metals. Alloying
of uranium with molybdenum or other metals can
stabilise the cubic y phase of uranium to enable it to
exist at low temperatures where normally only a
phase exists.

The RERTR program examined many alloys,
including UMo, and has shown (9) that alloys with
6, 8 and 10wt% Mo gave good results to high
burnup whereas U4.5Mo showed unacceptable
swelling behaviour. A lower Mo content is preferred
as there are fewer Mo atoms to absorb neutrons and
the possibility for higher density exists. Testing and
qualification of UMo is proceeding in a similar
manner to that described for silicide in the previous
section. Fabrication methods are also very similar to
those for silicide fuel as described above.

With the prospect of sales to many research reactors
around the world U.S. (BWXT), French (CERCA)
and Argentinean (CNEA) fuel manufacturers are
working rapidly to develop and qualify useable UMo
fuels as reported at the RERTR 2000 meeting:

• Pace reported (10) that BWXT has a program
focusing initially on U7Mo with a fuel loading
of 6 gU/cm3. They have demonstrated

successful manufacture of U7Mo fuel based on
their existing manufacturing processes for
aluminium dispersion fuels and plan to irradiate
two fuel elements during 2001. BWXT plans to
have 6 gU/cm3 fuel qualified by 2003, followed
by an 8 gU/cm3 version in 2005.

• At the same meeting Vacelet (3) reported that
CERCA have manufactured and were currently
irradiating 7 full-size fuel plates for irradiation
tests over a wide range of conditions. The
plates contained molybdenum percentages
ranging from 6.6 to 9.6 wt% a density of
about8 gU/cm3. Vacelet presented a timeline
and concluded that"... a high density UMo fuel
qualification is still possible for the year 2005".

• The Argentinean Atomic Energy Commission
(CNEA) also reported (11) plans to
manufacture full-size test plates using U8M0
and up to 9 gU/cm3 for irradiations
commencing March 2001.

BWXT are working closely with ANL in their UMo
fuel development and the intention of their lower
uranium loading (compared with CERCA) is to
produce a fuel that will have identical characteristics
to current 4.8 gU/cm3 silicide fuel. Such a fuel
needs a somewhat higher density than silicide fuel
due to the higher capture cross-section of
molybdenum compared with silicon. Manufacture of
such a fuel with an "equivalent" fissile loading will
ensure minimal problems for research reactor
operators when making the change from silicide to
UMo fuel.

5. FUTURE DEVELOPMENTS

The possibility of still-higher uranium loadings and
concomitant improvements in neutron flux is being
explored:

• The CERCA group has successfully fabricated
fuel with densities of 9 gU/cm3 (3)
corresponding to a loading of 60% UMo (and
40% aluminium).

• The most recent irradiation tests by ANL have
included UlOMo foil mini-plates with no
aluminium, ie. 100% fuel loading (12).

It seems likely that, considering the success of the
UMo development program, there will be continued
work under the RERTR program and demand from
operators for higher density fuels.

6. REPLACEMENT RESEARCH REACTOR

The Replacement Research Reactor (RRR) to be
constructed at Lucas Heights is contracted to start
up with 4.8 gU/cm3 silicide fuel using uranium
enriched to 19.75 wt% in 235U. The design of the
fuel is for a conventional plate-type geometry. The
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fuel assemblies are 80.5mm square and 104.5cm
long and there will be 16 of them in a 4 x 4 array in
the compact core of the RRR Each fuel assembly
contains 21 fuel plates with fuel meat length of
61.5 cm. The outer fuel plates have greater length
and clad thickness to assist structural integrity.
Cadmium wires are incorporated into the fuel
assemblies as burnable poison for reactivity control.
A transverse view of a fuel assembly is shown in
Figure 1.

The RRR is scheduled to start up in 2005, about the
same time as UMo fuels are expected to be qualified
for use. In view of the expected acceptability of
UMo fuels for reprocessing and the possibility of a
future development path for increased fuel density
and hence neutron performance, it is planned that
some time after startup the core will be converted to
use UMo fuel.

7. CONCLUSIONS

a) The US RERTR program has been successful in
its goal of reducing the proliferation risk of high
enriched uranium research reactor fuel by
encouraging a change worldwide to low
enriched fuel.

b) Despite the shift from HEU to LEU fuel,
developments in fuel technology have prevented
losses in neutron flux performance.

c) Readily-reprocessable UMo LEU fuels will
most likely be qualified in several countries for
use by 2005.

d) ANSTO's RRR is contracted to start up with
conventional 4.8 gU/cm3 silicide LEU fuel but
will be in a position to move towards
conversion to UMo fuel shortly afterwards.
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Figure 1: Cross-sectional view of RRR fuel assembly.
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SUMMARY. Having taught nuclear physics at senior university level I have long
been concerned by the gross misinformation dealt to the public on such matters.
Having no connection with the nuclear industry I am uniquely placed to counter the
ceaseless anti-nuclear propaganda in the media. Therefore I have embarked on a
personal project to publish factual booklets for informing readers of the real issues.
The first provides answers to forty widespread anti-nuclear claims, and a second one
treats nuclear radiation in a non-alarmist way. Two more, on the nuclear fuel cycle
and on the realities of alternative energy generation, are in preparation.

1. INTRODUCTION

Although a democracy is arguably the best form
of government yet devised, it is nonetheless
prone to manipulation of voters and politicians
by noisy minorities with impractical ideological
agendas. When such minorities subvert the
media with false information it becomes
impossible for a democratically elected
government to enact sane legislation let alone
pursue sound planning for the future. The
present-day situation in California is a case in
point. And Australia is showing every sign of
following suit.

It is hardly necessary to persuade members of
the Australian Nuclear Association that this
country is heading for economic ruin if fossil-
fueled electricity generation is forced to end
without any adequate substitute. It is absurd that
the two most populous States of the
Commonwealth have in place laws prohibiting
nuclear power generation and most other
nuclear-related activities. All because of scare
campaigns founded on fallacies being fed
relentlessly to a public that is generally ignorant
of science.

Clearly a massive re-education effort is needed
to create a better informed public, a less gullible
media, and more scientifically literate
politicians. If a start is not made soon, ANSTO
may not get a new research reactor at Lucas
Heights and any prospects of nuclear power
generation will recede into an electricity-
starved future.

2. THE WAY FORWARD

The Brazilian Nuclear association (1) has
grasped this nettle, realising that the credibility
of anti-nuclear activists must be challenged and
destroyed before public education on nuclear
matters could be effective. Influential media
editors and presenters needed to be persuaded
that they had for many years been duped by
activists. Better editorial content led to
improved public education on nuclear matters.
In this way, over a time-span of less than a
decade, the Brazilians succeeded in reversing
public opposition to the completion of the
Angra-2 nuclear power reactor and have won
approval for the construction of two more
reactors at the Angra site.

During talks given to service and other
community organisations it was clear that there
are more people in the community with positive
attitudes to nuclear energy than we are led to
believe. Often I have been asked why there is so
little pro-nuclear comment and content in the
media. Why indeed. Despite being a part-time
newspaper columnist for 33 years (on
astronomy) I have had very little success in
having stories on nuclear energy printed. For
example the Melbourne Age insisted on running
a two-column anti-nuclear contribution
"balancing" mine marking the fifteenth
anniversary of the Chernobyl disaster (2), and
for good measure placed an anti-nuclear cartoon
across the head of both contributions. And as if
that was not enough, they ran a two-page anti-
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nuclear scare feature elsewhere in the same
issue!

3. AN INDEPENDENT VOICE

These experiences galvanised me into action. I
have the advantage of being an independent
retired academic, having had no connection
with the nuclear industry to prejudice my
position. Hopefully this should enhance my
credibility, although recently an anti-nuclear
correspondent in the Sydney Morning Herald
asserted that pro-nuclear attitudes were only to
be expected from nuclear physicists. One
wonders to whom he would turn if he needed
brain surgery.

Fortunately I had been collecting examples of
misleading and wrong anti-nuclear statements
since the 1970s. With authoritative material
now available to rebut them (from UNSCEAR
(3) for example), my course of action became
clearer. I presented a paper at the Skeptics
World Convention in Sydney last year giving
several examples of public scaremongering,
particularly on nuclear issues. It was very well
received and I was urged to publish my
material, which appeared in several issues of an
Australian publication, The Skeptic.

Xticlear Energy fallacies

Forty Reasons
To Stop and Think

Odin Ki"iv

It was only a short step to decide on preparing
booklets aimed at enlightening decision-
makers, the media and the public on nuclear
issues. I am happy to present free copies at my

own expense to selected individuals involved in
policy making on future energy supplies. And I
am also aiming to place copies in the hands of
the media in an attempt to counter
misinformation and false fears about nuclear
power generation.

My motivation for doing so is because I want
my grandchildren to live in a prosperous
Australia with abundant energy to maintain a
high standard of living for all.

4. A PERSONAL PUBLISHING VENTURE

The problems of interesting a publisher in
material espousing unpopular causes are so
great, and negotiations likely to be very
protracted, that I took the decision to self-
publish. Following the example of the late Petr
Beckmann's Golem Press I created the imprint
Enlightenment Press as the vehicle for
publication after checking that the name was
not in use elsewhere in Australia. It is registered
for the allocation of ISBN numbers to ensure
cataloguing in National and other libraries.

The first booklet, of 36 pages, is titled "Nuclear
Energy Fallacies - Forty Reasons to Stop and
Think" ISBN. It provides answers to forty
widespread anti-nuclear statements that are
either false or deliberately misleading. In
refuting them I am merely following the lead of
the Brazilian Nuclear Association which, by
directly challenging activist propaganda, has
with great success completely turned around the
political and popular perception of nuclear
power production in that country. If my
booklets can play a small role in achieving that
goal in Australia I will be well pleased.

Convincing the media that they have been the
victims of an international confidence trick will
require a concerted effort by Australian
scientists and engineers whose organisations
must make their institutional voices heard more
frequently and more persuasively. False,
misleading and scaremongering reports must be
challenged promptly by experts in the subject.

One of the intentions in gathering together the
forty anti-nuclear fallacies in one small booklet
is to give commentators ready access to reliable
answers to many of the widely circulated anti-
nuclear myths and false claims. It is also
intended for distribution to those who wish to
be better informed on nuclear matters without
getting too technical.

Every effort has been made to ensure the
accuracy of the material presented. If errors are
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found and upheld, I will be grateful and will see
that they are corrected in further printings.

5. A SERIES OF PUBLICATIONS

Under the imprint of The Enlightenment Press
it is intended to publish at least four booklets
similar to the first. These will form a coherent
series focussing on nuclear electricity as the
only viable answer to Australia's long-term
energy needs.

Nuclear Radiation Exposed

A Guide to Better
Understanding

Colin Keay

A second booklet in the series has recently been
published. Titled "Nuclear Radiation Exposed -
A Guide to Better Understanding", it is aimed at
putting nuclear radiation into perspective and
allaying unjustified fears. Drawing on the
UNSCEAR-2000 Report, it shows that even a
disaster like Chernobyl has led to far fewer
lives lost than the media have irresponsibly
claimed.

"Nuclear Radiation Exposed" focuses on the
little appreciated fact mat human beings live
deep in an ocean of nuclear radiation and that
defence mechanisms were honed to cope with it
over eons of evolution. The booklet contains a
questionnaire that allows individuals to assess
their own radiation exposure. It shows that the
onset of radiation sickness is roughly one
thousand times the dose received by average
Australians and points out that there exist
populations, for example at Ramsar in Iran,

where annual doses fifty times as great are
received with no indications of harm (4).

Such evidence, and a comparison with similar
situations involving chemical elements, leads to
an explanation of radiation hormesis and the
growing acceptance that moderate doses of
nuclear radiation are in fact conducive to good
health. In other words most fears of nuclear
radiation in everyday life are quite groundless.

The third booklet, currently half written, aims
to show that Australia is in a unique position to
become completely involved in the nuclear fuel
cycle for non-military applications, in particular
nuclear electricity generation. The economic
advantages to Australia could be considerable,
while moral benefits would accrue from our
ability to control adherence to nuclear non-
proliferation principles.

A fourth booklet, also partly written awaiting
up-to-date data, will discuss alternative
energies. It will explain their shortcomings for
providing essential base-load electricity.

6. CONCLUSION

As members of the Australian Nuclear
Association know very well, the anti-nuclear
bias of the media and, through it, many
politicians and members of the public is deeply
entrenched. It will demand a concerted
campaign of enlightenment.

I hope the Enlightenment Press will assist that
process.
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SUMMARY

Environmental measurements of radon
flux are conducted for a number of
reasons such as radiological hazard
monitoring and control, radium isotope
activity measurements and earthquake
predictions. Rn and Rn are the
two main isotopes of concern, and the
measurement should distinguish their
relative contribution. Delayed
coincidence alpha pair counting is one
technique to make such distinction.

In this paper we report the design
parameters and experiments with an
equipment for activity flux
measurements using delayed alpha pair
coincidence counting. We describe the
theory and provide a set of basic
equations that relate the measured
count rate to the activity flux.

A selected set of measurements using
pure 220Rn and 222Rn sources are also
reported to test some features of the
equipment. Alpha detection efficiency
of our scintillation chamber is about
67%. We achieved higher detection
efficiency by selecting a suitable
chamber size (smaller, rather than
larger). The higher efficiency was
desirable particularly for 220Rn, where
it appears with a second order power in
the measurements.

INTRODUCTION

222

238'
Rn (radon, Tm 3.824 days,
Uprimordial series) and 220Rn

(thoron, Tm 55.6 seconds, 232Th
primordial series) are isotopes of the
gaseous element radon Rn.
Atmospheric Rn is due to exhalation
from the ground surface. Inhalation of
atmospheric Rn progeny is a major
source of radiation dose to humans.

Rn exhalation from the ground is a
two-step phenomenon. First, Rn atoms
detach from the solid soil grains and
reach the pore space in-between the
grains. The predominant mechanism
for this behaviour is recoil of 222Rn and
220Rn nuclei following alpha
disintegration of their parents Ra
(T1/2 = 1600 years) and 224Ra
(Ti/2=3.64 days). Second, the radon
atoms are exhaled from the ground
surface mainly through diffusion or
less likely through advection
processes.

Rn exhalation can be measured
through activity flux as Bq.m^.s"1 .
Such measurements can allow
identification and control of potentially
hazardous sites such as uranium and
mineral sand deposits and tailings, and
areas of naturally elevated radon
exhalation levels [Boas,l; Duport,2;
Mason and Elliot,3]. Other than hazard
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identification, measurements of radon
activity flux are also reported in
connection with geomorphologic
applications such as earthquake
prediction and analysis of radium
isotopes in soil and aqueous media
[Cherouati and Chalal,4; Ciotoli and
Etiope,5; Moore and Arnold,6;
Planinic and Radolic,7; Shapiro and
Melvin,8; Singh and Kumar,9].

Due to the scientific and safety
interests, a variety of techniques have
been developed for activity flux
measurements. Radon (22 Rn) and
thoron (220Rn) originate from two
different series disintegrations and
present different levels of radiological
hazards. Hence one important design
challenge is to enable distinction
between 222Rn and 220Rn activity
fluxes. In this paper, we report our
results for a relatively less investigated
and developing technique based on
delayed alpha coincidence counting.

METHODOLOGY

Delayed coincidence counting

The immediate decay product of 220Rn
is 2I6Po which is also an alpha emitter
with a half life of 0.145 seconds.
Hence when 220Rn disintegrates inside
an alpha counting chamber, it is likely
to be followed by another alpha
emission within a short time interval.
220T 216 220TRn - Po pair is unique in Rn
and

222'Rn decay series and,
historically, it is known for sometime
that registering a pair count within a
suitable time interval can be used as an
indicator of 220Rn activity [Hurley and
Shorey,10]. More recently Bigu and
Elliot developed an instrument based
on delayed coincidence counting [Bigu
and Elliot,! 1].

Theoretically, the probability of a
nuclear disintegration within a time
interval (ti,t2) is given by

P(tI,t2)=exp(-^t])-exp(-Xt2) (1)

Where X is the decay constant of the
radionuclide.

Electronics time gates can be used to
count delayed alpha coincidence pairs.
A pulse registered at time, t = 0 can
trigger a gate to open with a slight
delay, tj. The gate will remain open till
time t2. If a second pulse arrives within
that time interval, a pair count will be
registered. If not, the gate will close
waiting to be opened again following
the arrival of the next pulse. Initial
delay (from 0 to ti) of gate opening
time ensures that the tail of the first
pulse does not register as the second
pulse. Time t2 is selected such that the
probability of 216Po disintegration
within (ti, t2) is high.

Random coincidence correction term

There is a finite probability that two
un-related alpha emitting nuclear
disintegrations occur within (ti, t2)
time interval. The total pair count rate
registered during a measurement need
to be corrected for such random
coincidence. If Ca is the total alpha
count rate (#.s"1) then according to
Cherry (1962) [Cherry,12] the
probability of occurrence of a random
coincidence in the time interval (ti, t2)
is given by:

PRc(ti, t2)=CRCP/Ca
=Ca{t2exp(-Cat2)-t1exp(-Cat1)}exp(-Cati)

(2)

Where CRCP is the random coincidence
pair count rate (ft.s*1) and ti and t2 are
measured in seconds. The relationship
in Equation 2 is based on the
assumption that the probability of
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obtaining a third pulse during the time
interval (ti, t2) is negligible. Our
experience shows this assumption to
hold for most environmental
measurements.

EQUIPMENT

Our equipment is designed to sample
220Rn and 222Rn exhalation from the
ground through sweeping it with
ambient air at a low steady flow rate
into an alpha sensitive scintillation cell
(Figure 1). The air flow is balanced by
using two pumps and flow rate control
systems, one each in the input and the
output of the flow path. This
arrangement prevents any air pressure
changes underneath the collection
chamber that can effect exhalation
from the soil pores.

Collection chamber

Radon isotopes exhaled from the
ground mix with the air in the
collection chamber. Three different
stainless steel semi spherical collection
chambers can be connected to our
equipment. The large collection
chamber has a volume 8*10"3 m3 and
surface area 0.0625 m2. Volume and
surface area of the medium and small
collection chambers are 5*10"3 m3 and
0.0456 m2, and 2*10'3 m3 and 0.0206
m2, respectively. Chamber surface area

and size can effects the efficiency and
response of the measurement system.

We developed mathematical equations
that relate the activity flux from the
surface underneath the collection
chamber, and the activity concentration
of the air in the chamber volume. In
short, it can be shown that if, at time
t=0, the chamber is placed on a surface
exhaling radon at a constant activity
flux X (Bq.m^.s"1), then the activity of
the air in the chamber ACh(t) (Bq) at
time 't' seconds will be given by:

ACh(t)=[(Ca .f+S.X)/a+l/rch)].
[l-exp{-(A+l/rch).t}] (3)

Where
Ca : Activity concentration of the
ambient air, background , Bq.m"3

f: Sweeping air flow rate , m^s"1

S: Collection chamber surface area, m2

A.: Disintegration constant for the radon
isotope
rCh = VCh / f, the residence time of air
in the chamber, s
VCh : Chamber volume in m3

Counting chamber

The air, impregnated with radon
isotopes, enters the scintillation
chamber. We designed the scintillation
chamber with a translucent plastic
material cylinder and lined the interior
walls with an alpha sensitive ZnS(Ag)

Alpha
Counter

Flowrate Meter Emission Surface

,PM Tube
"f Light Tight Assembly

Flowrate Meter

Scintillation
Chamber

Figure 1: Schematic of the equipment.
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sheet. The chamber dimensions,
54mm diameter and height 42mm are
comparable with the range of radon
and radon progeny alpha particles.
Hence alpha particles could reach the
sensitive scintillation film, irrespective
of the location of their origin in the
counting chamber.

Radon activity in the scintillation
counting chamber Asc(t) in Bq at time t
seconds after pumping is given by

(4)[l-exp{-(A,+l/rsc).t}]

Where
Ci: radon concentration (Bq.m'3) in the
air reaching the scintillation chamber,
assumed to be constant with respect to
time.
rSc

 = Vsc / f, the residence time of air in
the chamber (seconds).
Vsc : Scintillation counting chamber
volume (m3).

If the time spent by air in the
connecting tube between the collection
and the counting chamber is much
smaller than the isotope half-life then

C —A A7 f\\
I r\cW V ch \->J

The scintillation chamber is coupled
with a photomultiplier tube and
enclosed in light tight housing. Light
pulses produced by alpha particles
reaching ZnS(Ag) sheets on the
chamber walls are counted through
associated electronics.

As d is assumed to be constant with
respect to time, Equation 4 is
applicable to special case situations
where the air from the collection
chamber has been allowed to flow for a
time significantly larger than the
isotope half-life. For 220Rn it can be
readily achieved by discarding counts
for the first few minutes. For Rn, we

are developing a separate set of
equations that will be reported
elsewhere.

Alpha counter

Alpha counter (Daybreak, Model 582)
records both total number of pulses
and number of pairs within the time
interval (23-400) milliseconds. The
pair count rate Cp (#.s4) is related to
Asc(

220Rn), 220Rn activity in the
chamber (Bq) as

Cp=rtRn220TlPo216P(tl,t2)Asc(
220Rn) (6)

Where
P(ti,t2) is defined by Equation 1, and
•nRn22o and riPo2i6 are the alpha particle
detection probabilities of 220Rn and
216Po following their disintegration in
the chamber. For our system TIR^O an<^
r]Po2i6 are likely to be equal. Times ti
and tz are experimentally determined as
23 ms and 400 ms respectively, leading
to P(ti,t2) = 0.748 (see Equation 1).

Similarly the total alpha count rate Ca

will relate to the radon isotope activity
in the scintillation chamber as

(7)

Where % is the number of radon
progeny nuclei likely to disintegrate in
the scintillation chamber. The value of
X will depend upon the flow rates,
presence of filters in the system and
attachment probability of radon
progeny to the walls of the scintillation
chamber. For our experimental set up,
for220Rn,X = 2.

EXPERIMENTAL
OBSERVATIONS

We have access to pure and mixed
220Rn and 222Rn sources. Selected
experimental observations are reported
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here to illustrate some aspects of the

performance of the equipment that

were studied using these sources-

Random coincidence

We tested the equipment behaviour for
random coincidence using a pure 222Rn
source (Pylon Rn-1025) where the
probability to obtain a true coincidence
was practically zero. Experiments were
carried out to adequately cover a range
of count rate values expected during
environmental application of the
equipment. Our results for all
collection cambers are given in Figure
2. The smooth curve is plotted using
Equation 2 and represents the expected
value. Overall, the expected values and
obtained values fit with an R2 = 0.63,
suggesting that, despite its inherent
assumptions, the relationship given in
Equation can be used as random
coincidence correction term for our
application. Overall random
coincidence term is expected to be
small compared to true coincidence
pairs. Hence large uncertainties can be
tolerated.

True coincidence pairs

A pure 220Rn source (Pylon Th-1025)
was used for this set of experiments.
The pair count rate Cp vs. Ca generates
a straight line (Figure 3) with R2 =
0.79, such that:

Cp-0.25CajRn.220 (8)

This result is important for successful
equipment application. As it allows
separate estimates of 220Rn and 222Rn
activity fluxes from a mixed source.

0.1

0.08

«0.06

£0.04 -
a.

O
0.02

• Small Chamber

+ Medium Chamber

X Large Chamber

— Expected Random+

Coincidence

0.00 0.20
Ca(#.s"1)

0.40

Figure 2: Random
correction, obtained
expected (line) values.

coincidence
(dots) and

Using the pair count rate Cp alone, a
relationship such as Equation 6 can be
used to determine the Rn activity in
the scintillation chamber that can be
then related to 220Rn activity flux
through Equations 3 - 5 .

222Rn and 220Rn contributions to the
total recorded alpha count rate Ca,Totai
can, therefore, be separated as:

(9)

222Thus enabling 222Rn activity flux
estimate using Equations 7, 3,4 and 5.

Detector Efficiency

Interestingly, simultaneous
measurement of the delayed
coincidence pairs and total alpha count
rates for a pure 220Rn source allow
estimating the scintillation chamber
efficiency r|. As mentioned previously,
for scintillation chamber with
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Figure 3: Alpha pair vs. total alpha
count rate for a pure 220Rn.

dimensions less than the range of alpha
particles involved, the detection
efficiency for different isotopes is
expected to be the same. Hence for our
system, Equations 6 and 7 lead to a
relationship

Cp=O.5TlP(ti,t2)CajRll.22O (10)

The detection efficiency TI can then be
calculated using the slope of the curve
in Figure 3 (= 0.25, see Equation 8)
and the value of P(ti,t2) = 0.748 . For
the system used in the present study r)
is calculated as 67%. We achieved the
higher efficiency in our chamber
design through efficient lining and size
selection. Yet, a scope of improvement
exists, particularly because the
efficiency appears with a square power
in coincidence pair counting.
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SUMMARY

Gamma spectroscopy using HPGe
detector systems is a readily used
technique for routine analysis of
radioactivity in environmental samples.
The systems are generally calibrated
using standards of known radioactivity
and composition.

Radioactivity in environmental samples is
generally distributed in the bulk of the
material. When a sample of finite
thickness is analysed through gamma
spectroscopy, a proportion of the gamma
rays emitted from the sample is either
stopped or scattered from the sample
material itself. These processes of self-
absorption and self-attenuation depend
upon the physical and elemental
composition of the sample and the energy
of the gamma radiation. Since
environmental samples vary in
composition, instrument calibration using
a fixed matrix composition may not be
valid for a diversity of samples.

We selected and analysed five sample
matrices to investigate the influence of
self-absorption and self-attenuation in
environmental samples. Our selection
consisted of bentonite and kaolin
representing clay, quartz representing

silica, ash representing prepared biota,
and analytical grade MnO2 representing a
co-precipitant used for extractive
radioactivity from aqueous samples.

Our findings show that within 5% of
uncertainty the silica based standards can
be used to cover the environmental
samples of varying clay (silica content).
The detection efficiency for ash and
MnO2 could be different particularly in
the 30 - 100 keV energy range. The
differences in sample behaviour can be
explained on the basis of atomic number,
mass number and density.

INTRODUCTION

During the detection process of gamma
radiation from environmental samples, a
proportion of the gamma rays emitted by
the sample is absorbed or attenuated by
the sample itself and thereby does not
register under the detection peak. The
extent of self-absorption and self-
attenuation depends upon the energy of
the gamma rays, physical characteristics
and composition of the material, and
sample geometry. Activity concentration
is generally calculated by comparison
with already prepared standards of known
composition. For example, the standards
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used for calibration in our laboratories
contain certified concentrations of
radionuclides in a SiC>2 matrix. The
differences in physical characteristics
(such as density) or composition
(effective atomic weight and effective
atomic number) can influence the
calibration.

The problem of self-absorption and self-
attenuation of gamma rays has been
addressed by a number of authors (Abbas
(1), Bolivar et al. (2), Boshkova et al. (3),
Sima et al. (4), Sima et al. (5), Korun (6),
Dovlete et al. (7)).

THE DETECTOR

The detector used in this study contained
a germanium low energy photon
spectrometer (GLP) with 25mm diameter
and 10mm depth. A thin <0.3 p P+

implantation provided the outer contact.
The crystal is housed 5 mm underneath a
250 urn thin beryllium window. Such
configuration is well suited for gamma
spectroscopy in the 30-300 keV energy
range. This is because, due to a small
active volume the Compton continuum of
higher energy gamma interactions is
reduced, thereby increasing the signal to
noise ratios for lower energy peaks.

A number of important radionuclides are
analysed through gamma ray
spectroscopy in this energy range
including 137Cs (32.1 keV), 210Pb (46.5
keV), 241Am (59.5 keV), 235U (185.7 keV)
and 226Ra (186.0 keV). At the time of the
measurement the detector was connected
to an Ortec model 919 Spectrum Master
Buffer System through a Tennellec TC-
241 amplifier.

THE SAMPLES

In this paper we report the behaviour of
five selected samples: bentonite, kaolin,
quartz, ash and manganese dioxide.
Bentonite and kaolin were selected from a
museum collection and represented clay.
The quartz sample was prepared by
grinding crystalline silica. To prepare the
ash sample a diverse variety of vegetation
was collected from a national park
maintained by ANWS, Queensland. It
was then soaked in demineralised water
for 24 hours, dried at room temperature
for 48 hours, then heated in an oven with
an increasing temperature at a rate of
lO^.h"1 to 450°C and held there for 10
hours. Following this the ash was
homogenized.

Elemental analysis of bentonite, quartz
and ash samples was carried out by XRF
(Table 1). Kaolin was expected to have
the composition Al2Si2Os(OH)4.

Table 1. A XRF analysis of bentonite, quartz and
ash samples used in this study. The results are
reported as weight % of the oxidised sample.

Oxide
TiO2

A12O3

MnO
Fe2O3

SiO2

CaO
MgO
Na2O
K2O
P2O5
Loss on
ignition

Bentonite
0.16
15.02
0.05
3.26
69.97
1.61
1.80
2.25
0.41
0.00

4.93

Quartz
0.00
0.03
0.00
0.33
99.60
0.01
0.01
0.02
0.00
0.00

0.05

Ash
0.00
0.36
0.76
0.21
10.20
21.26
5.07
2.19
18.19
4.84

33.13
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RADIOACTIVE SOURCES

!33Ba (T1/2 = 10.5 years) was the
radioisotope selected to study the self-
attenuation behaviour of samples. Several
gamma energy peaks of varying intensity
are associated with 133Ba disintegration
(Erdtmann et al. (8)). The spectral
analysis of a 133Ba bearing sample may
reveal a number of other (summation)
peaks attributed to the simultaneous
registration of two (or more) distinct
gamma ray energies. Such peaks were not
used due to possible sample-to-sample
differences in self-attenuation of gamma
rays of the various energies that constitute
them.

We used a sealed 133Ba source (160 kBq)
to study the attenuation coefficients of
samples and 133Ba in solution (certified to
be 102.9 Bq.g"1 on 23 December 86) to
study the self-attenuation.

SAMPLE PREPARATION

A portion of each sample material was
spiked with 133Ba solution using a dry-
bed technique. 2mL of 133Ba solution was
added to a weighed soil sample (about
20 g) in a plastic petri dish. The spiked
sample was weighed to calculate the
added 133Ba activity. The solution was
allowed to soak into the sample before it
was dried under an infrared lamp. The
sample was then thoroughly mixed to
create a homogenously spiked sample.
The 133Ba activity concentration (Bq.kg'1)
in the spiked sample was calculated for
the time when the counting of each
sample actually occurred.

Our standard analysis involves a 1.0 cm
deep, 3.0 cm diameter sample compressed

to 10 kPa by a hydraulic press. To retain
their shape, the samples were prepared in
an annular aluminium ring. All spiked
samples were prepared according to this
standard procedure.

To study the attenuation with a sealed
point source, un-spiked samples of
bentonite, ash and quartz were prepared
to the same compression. Replicated
samples of various thicknesses were
made. The thickness ranged from 3 to 15
mm for bentonite and ash, 3 to 25 mm for
quartz and 0.6 to 10 mm for MnO2- The
sample density was reproducible between
various thicknesses of the materials; the
values obtained in g.cm"3 were: Bentonite
1.88 (0.07), Ash 1.22 (0.03), Quartz 1.67
(0.04) and MnO2 2.72 (0.22). Kaolin was
not available for this section of the study.

COUNTING

To calculate the detection efficiency as a
function of energy, each spiked sample
was counted for 80,000 seconds live time.
Corresponding un-spiked samples were
counted to subtract the background.
Regions of interest were established to
determine the count rate corresponding to
the suitable energy peaks. The detector
efficiency r| (%) was calculated using the
relationship

= C / (AxI ) (1)

Where
C: Background corrected net count rate
(#.s"!) in the energy region of interest.
A: Activity (Bq) added to the sample.
I : Emission intensity (%) for gamma rays

To calculate the attenuation coefficients, a
133Ba point source was positioned at
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certain heights above the detector surface.
Prepared samples were then introduced
between the source and detector and
energy spectra were recorded.
Attenuation coefficients were determined
by the exponential fits to peak counts vs.
sample thickness curves.

RESULTS AND DISCUSSION

The transmission of gamma rays of
different energies varied with the sample
matrix. To illustrate this, in Figure 1,
relative counts under different energy
peaks are plotted as a function of silica
sample depth. The logarithmic nature of
the curves indicates that for a given
gamma ray energy emitted from the bulk
of a sample, the count rate Ct is expected
to increase with the sample thickness 't'
according to the relation:

Ct = C r o ( l - e " s t ) (2)

Where
C» : Count rate for an infinitely thick
sample, and
s : an attenuation coefficient.

Sample Depth (cm)

.a.
w

0)

73

8

i -
n
a>

0.4.

0.3.

0.2.

0 . 1 .

Figure 1: Gamma ray transmission
graphs for SiO2.

Using the analysis exemplified in Figure
1, the values of s have been calculated
and plotted in Figure 2. All curves have
the same general pattern; s decreases with
increasing energy and, above 100 keV,
level out to a nearly uniform value.
Sample to sample differences are present
and MnC>2 has the largest attenuation
coefficient. The attenuation coefficients
for bentonite and quartz are quite similar,
indicating that the standards prepared in
silica will perhaps adequately represent
soil matrices of variable silica and clay
proportions.

-Bentonite

• Quartz

-Ash

•Manganese
Dioxide

50 100 150 200 250

Energy (keV)

300 350 400

Figure 2: Attenuation coefficient vs. gamma energy for different sample. Note that the
results are plotted as s/p (cm2.g-1), where p is the prepared sample density in g.cm"3.
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The coefficient V can assist in
optimizing the sample thickness. For
example, the values of s are such that for
most routine matrices (silica, bentonite,
ash) and sample thickness ~ 1 cm, the
term st « 1. Consequently equation 2
simplifies to

(fort~lcm) (3)

The counts are therefore likely to vary
linearly with sample thickness (or sample
mass for a constant diameter). Hence
slight changes in sample thickness can be
tolerated for activity concentration
measurement. This statement may not be
valid for MnC>2 and gamma energies
below 80 keV.

Equation 2 is valid for situations where
the sample thickness is likely to be
greater than the sensitive surface area of
the detector (Mann et al. (9)). Alternative
relationships developed both
experimentally and theoretically,
including those based on numerical
analyses, have been reported in the
literature (Abbas (1), Boshkova et al. (3),
Sima et al. (4), Korun (6)). The solutions
may be complex and in a number of cases
specific to the counting situation for
which they are developed.

Figure 3 is the gamma detection
efficiency as a function of energy for the
spiked silica sample. The detector
efficiency peaks to a value between 4 -
5 % around 80 keV and then drops
steadily down to below 0.5 % beyond 300
keV.

Figure 4 enables comparison between the
detector efficiencies of different matrices
relative to silica. Here kaolin and
bentonite results are averaged for

S1
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Figure 3 : Detector efficiency for a SiO2 sample.

simplicity and reported as clay. Clay and
silica exhibit almost identical behaviour
of detection efficiency throughout the
energy range from about 30 to 400 keV,
assuring that silica based standards can be
used readily for calibration of most soils.
This similarity in silica and clay
behaviour can be expressed by the
relationship:

^Silica = 1.05 ±0.02
(30-400keV)

(4)

Within about 5% uncertainty, most
routine soil samples can therefore be
compared with silica based standards.

Similar trends were shown by ash and
MnO2 samples albeit at higher energies.
Our results indicate that

(5)a - 1-01 ±0.03

(80 - 400 keV)

and
rjMnOj / "Hsilica = 0.92 ± 0.03
(160-400keV)

(6)

At energies below 160 keV for MnC»2 and
below 80keV for Ash, the detection
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Figure 4: Detector efficiency for MnO2, ash and clay samples relative to silica.

efficiency decreases relative to that for
silica. This trend is similar to that shown
by the independent measurement of
attenuation coefficient s (Figure 2).

The interaction of gamma radiation with
the material media is a complex function
of gamma energy and material
composition, particularly in the energy
range of interest in this study. Therefore
quantitative interpretation of the results is
difficult. Generally, the photoelectric
effect is likely to dominate the interaction
with increasing contribution of the
Compton effect with increasing gamma
energy (Evans (10)). The photoelectric
effect will result in self-absorption of
gamma rays within the sample and is
likely to follow the relationship:

(s/p)photoelectric °C Z" / A (7)

Where p is the sample density. Z and A
are the atomic number and mass number
of the sample material and n is a number
between 4 and 4.6 increasing slowly with
the increasing gamma energy.

The Compton effect will result in self-
absorption and self-attenuation and the

Compton interaction in the sample should
be

(s/p)compton °C Z / A (8)

Small variations in elemental composition
of the sample are likely to be magnified
in detection efficiency at lower gamma
energies because self absorption
interactions will vary with higher power
and the atomic number Z.

In Figures 2 and 4, at lower gamma
energies, the attenuation coefficient is
markedly higher and detection efficiency
is markedly lower for M11O2 compared to
SiC>2. This can be attributed to the
differences in the atomic numbers 25 for
Mn and 14 for Si. A smaller difference
for the ash is probably because the higher
Z for Ca (20) and K (19) is partly
compensated by a lower Z for C (12).
Bentonite contains nearly 70% SiC>2. The
other major constituent Al has Z = 13,
which is close to that of Si. Hence quartz
and clay behaviours are similar.

Z/A varies only slightly over the range of
sample composition. Hence as the gamma
energy increases and the Compton effect
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begins contributing to the self-absorption
and self-attenuation, sample to sample
differences in the attenuation coefficients
and detection efficiencies become less
dramatic.

A limitation of our work is the lack of
data in 160 - 220 keV gamma energy
region. 133Ba did not have suitable energy
peaks in this area and was the only
radioisotope utilised.

The results warrant further investigation.
Particularly for the sample compositions
with greater perthitic (higher potassium Z
= 19) and anorthitic (higher calcium Z =
20) content.
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Depleted Uranium - "The Silver Bullet"

DR CARL MUNOZ-FERRADA
Gammasonics Institute for Medical Research Pty Ltd

Medical Radiation Research Group - Wollongong University
90 Queens Road Five Dock NSW 2046 Australia

SUMMARY. Article 35 of the Geneva protocols, signed by 150 countries in 1949 and
an additional protocol signed from 1977 onwards prohibited the use of weapons that
cause and inflict unnecessary injury and suffering. In the recent wars such as Bosnia,
Kosovo and the Gulf War, more than 31,000 missiles were launched against enemy lines
containing DU and more than 300 tonnes of DU during the Gulf War alone.
DU is a radioactive and toxic element. In humans it can cause lung cancer, damage to the
liver and kidney affecting the bone marrow and consequently destroying stem cells that
form the white cells resulting in mutations and the long lasting effect of genetic damage.

INTRODUCTION

I recently travelled to Far East India, Emirates
and Pakistan to give lectures and practical
demonstrations to the regional IAEA meeting on
lymphobiopsy and lymphoscintigraphy utilising
the gamma probe. From medical staff in the
Kashmir and Afghanistan area (Figure 1) I learnt
about the recent damage produced to genetic
system utilising DU. New born babies are being
born with genetic damage to the face, limbs and
atrophiated organs and in areas such as Iraq,
where the West maintain sanctions in
communication we are unaware that more than
100,000 individuals are currently reporting one
way or another a type of cancer or genetic
abnormality related to DU.

. . ' •
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Figure 1. Surgeons working in
Afghanistan.

THEORY

Depleted Uranium is 1.7 denser than lead. The
alloy prepared with Titanium forms a dense and
hard penetrator but on impact, DU burns when
piercing the

target releasing uranium-oxide UO2 or UO3. A
radioactive aerosol insoluble in water which
contains alpha particles is released. More than
60% of the alpha particles are less than 5
microns in diameter. Considering that our
respiratory system will permit particles to enter
up to 10 microns, they can be inhaled without
producing any abnormality or any reaction to
individuals. The ceramics of aerosol the form of
uranium-oxide takes twice as long or about two
year biological half-life in the lung, before
passing into the blood stream.
Because of the natural biological defence
mechanism of our body, large particles are
normally coughed out of our lungs and the others
excreted through the gastro-intestinal tract in
faeces. . Uranium is a heavy metal known to
cause uranium nephritis.

Uranium-oxide in soil is about 1 to 3 parts per
million, whereas in uranium ore it is about 1,000
times more concentrated, reaching about 0.05 to
0.2 percent of the total weight. Depleted uranium
concentrate is almost 100 percent uranium. More
than 99 percent of both natural and depleted
uranium consists of the isotope U-238. One gram
of pure U-238 has a specific activity of 12.4
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kBq, which means there are 12,400 atomic
transformations every second, each of which
releases an energetic alpha particle. Uranium 238
has a half life of 4.51 E*9, equivalent to
4,510,000,000 years).

Each atomic transformation produces another
radioactive chemical: first, uranium 238
produces thorium 234, (which has a half life of
24.1 days), then the thorium 234 decays to
protactinium 234 (which has a half life of 6.75
hours), and then protactinium decays to uranium
234 (which has a half life of 2.47E+5 or 247,000
years). The first two decay radioisotopes together
with the U 238 count for almost all of the
radioactivity in the depleted uranium. Even after
an industrial process which separates out the
uranium 238 has taken place, it will continue to
produce these other radionuclides. Within 3 to 6
months they will all be present in equilibrium
balance. Therefore one must consider the array
of radionuclides, not just uranium 238, when
trying to understand what happened when
veterans inhaled depleted uranium in the Gulf
War.

Leukaemia is the most common cancer related to
DU spreading through the body via functions of
other organs and disabling the immune system.
It leads to a lack of platelets, causing headaches,
gum bleeding and frequent bruising. DU because
of its slow absorption to the lungs and the long
retention in the body tissue, its primary damage
will be due to its radiological damage to internal
organs rather than chemical damage to the renal
system (Figure 2). But we must understand that
both type of damage occur simultaneously. The
question is to which one produces more damage
is yet to be investigated. DU also leads to a lack
of white and red blood cells which protect
against infection and anaemia.

IngasttercDUdust
enters lungs and passes
via Dioocl to Sidneys. Svsr
and bones. Sta*, «!>«,

Bone marrow: Red 1. Cancer theory:
and white btood cells are Alpha rays from DU ionise
formed from stem cells oxygen molecules in bone
which reside in marrow marrow, becoming "free radicals*

3 . Fr*« radicals j
break chemical
bonds between
DNA strands In
stem cells

5. Csne*n Mutffrt wtitte cells
"take over" body's marrow,
preventing production ot
normal blood celts

The aerosol produced on impact is able to travel
by air over long distance contaminating surface
water, air, flora and fauna and consequently the
food chain.

Ammunition made of DU, was developed in the
late 1970's as a response to the tanks developed
by the Soviet Union T-72 which were considered
impenetrable.
DU shells were considered the wonder weapon
to match the resistance of the adversary.
The Gulf war was the real test in the battlefield
and clearly DU fulfilled the job by turning Iraqi
armor units into "Swiss Cheese". Unfortunately
DU has left dangerous side effects, furthermore
it has left radioactive equipment and polluted the
surrounding environment. DU is considered
nuclear waste, a by-product of uranium
enrichment. The West has presently stockpiled
DU in excess of 550 million kilograms. In the
normal method of waste disposal, depleted
uranium has been given away to Western
Industry at no cost for the manufacture of both
arms and ammunition. It will come as no
surprise if in the future, Western armies become
subjects of attack by this type of weapon.

NATO

NATO countries attend depleted uranium
meeting at NATO headquarters on January 10,
2001.
Dr Harry Sharman, University of Waterloo who
has conducted studies in DU usage, says "
NATO is trying to save Kosovo but if they leave
Kosovo filled with DU it is not a happy situation.
They will be allowing the poisoning of the
environment for generations to come. If you are
going to use DU in warfare it will be better to
drop an atomic bomb and kill 30,000 people
instantaneously rather than killing them over 20-
30 years".

REPORTS RELATED TO DU

From personnel being engaged or working in
areas where ammunition containing DU has been
exploded or utilised (Figures 3 and 4).
1. Eight Italian soldiers died of leukaemia after

service in the Balkans.
2. Five Belgian soldiers die of cancer after

service in Kosovo.
3. Four French soldiers terminally ill wife

leukaemia after serving in the Balkans

Figure 2. Biological effects of DU.
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4. Several Dutch army personnel develop
mysterious Blood Disorders.
The Netherlands discover several cases of
lung cancer upon return from service in the
Balkans.
Three Spanish soldiers currently undergoing
treatment for lymphatic disorders.
Czech Republic report helicopter pilots
dying of leukaemia directly involved in the
firing of DU weapons.

The list of cases is growing every day.

5.

6.

7.

% • #

Figure 3. A-10 flight.

Figure 4. A-10 flight being loaded with DU
bullets.

Portugal is currently screening about 10,000
army personnel who have recently returned from
the Balkans trying to identify direct and indirect
illness resulting from DU.

FUTURE PROBLEMS

The world is yet to see the real problem created
by the implementation of a forbidden weapon.
As refugees and migrants will seek asylum and
refuge throughout Europe, USA, inclusive
Australia and New Zealand (Figure 5), a
considerable increase in unfamiliar illness will
be seen which to today's date, data has not been
collected. DU has a half life of 4.5 billion years,
just when the West is talking of curing

degenerative disease by repairing DNA which
will bring billions of dollars to pharmaceutical
companies and research organisations.

Figure 5. Effects of depleted uranium to
environment and human beings.

SCREENING OF MILITARY PERSONNEL
AND CIVILIANS OF THE PUBLIC

Testing of lymph nodes or bone on autopsy
would be helpful (see Figure 6). However,
invasive biopsies on live patients carry no
benefit for the patient and are usually not
recommended because of ethical considerations
about experimentation on humans.

k

Figure 6. CMunoz demonstrating lymphatic
scanning techniques.

Whole body counting for uranium, using the
sodium iodide or hyper pure germanium
detectors, is designed to detect the isotope
uranium 235, the isotope of uranium partially
removed from depleted uranium. For lung
counting, again it is the uranium 235 which is
detected, and the minimum detection limit is
about 7.4 Bq or 200 pCi. Since normally humans
take in only 5 Bq per year, this is not a very
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sensitive measure. Seven or eight years after the 12. Bertell R., 1999, Gulf War Veterans and
Gulf War exposure, this method of detection is Depleted Uranium, Hague Peace Conference
most likely useless for veterans. May 1999.

CONCLUSION

Alternative to DU, non radioactive armorment
can be developed utilising Tungsten but for that
we will need to forget the cost and the profits.
Not forgetting that any war no matter how large
or small will always be expensive to human life.
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Analysis of the nano-scale structure of a natural clayey soil
using the small angle neutron scattering method
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SUMMARY

The small angle neutron scattering method (SANS) was used to analyze the nano-structure of a natural clayey
soil used for containment of industrial liquid wastes. A Tertiary clay deposit called the Londonderry clay was
used to contain the wastes in a state-run landfill facility in NSW. A number of site assessments have been carried
out at the site and continual efforts have been made to characterize interactions between soil materials and
contaminants at the site. Hence, it is of research and practical interest to investigate the effects of deformation on
the nano-scale structure of the soil. Experiments have been conducted to analyze the structure of reconstituted
clayey soil samples that were subjected to uniaxial compression ranging from 200 kPa to 800 kPa. The small
angle neutron scattering instrument was used to measure the scattering intensity of these samples at a scattering
vector (q) range between 0.01 and 0.1 A"1. The sector integration technique was used to analyse elliptical
scattering patterns along the major and minor axes. A relation between stress, void ratio and nano-scale structure
properties was then briefly discussed for use in assessing the performance of clayey soils as in situ barriers.

INTRODUCTION

The Castlereagh site 50 km west of Sydney was
used as a landfill facility to dispose of industrial
liquid wastes from 1974 to 1998. A Tertiary clay
deposit called the Londonderry clay was used to
contain industrial liquid wastes. This clay layer is
interlaid between a Quaternary sand and a clayey
gravel layer. After vegetation and the sand layer
were removed, trenches approximately 5 m x 20 m
5 m deep were excavated into the clay layer, and
municipal solid and industrial liquid wastes were
placed. The trenches were then covered with the
excavated materials to a depth of approximately
2 m.

Because of public concerns about the fate and
transport of the wastes, site investigations have
been conducted. A series of experiments have also
been performed to develop a general understanding
of the interactions between the clay and the
contaminant (e.g. Itakura, 1999). To further develop
this understanding, preliminary studies have been
conducted to analyse the nano-scale structure of the
clay using the small angle neutron scattering
method (SANS).

MATERIAL AND METHODS

Soil description

The soil used in this study was freshly collected
from 5 m below the ground surface during waste
cell excavation work. The clay has a clay content of
40% with kaolinite and quartz being the

predominant minerals present in the soil. Figure 1
shows a scanning electron microscope (SEM)
photograph of the Londonderry clay. It was
apparent that the microstructure of the clay
consisted of multiple layers of clay particles.

" * * • - ~

Figure 1. A photo of the Londonderry clay by SEM.

Preparation of samples

The soil used for characterization was aii-dried and
size-selected with a 2 mm mesh sieve in the
laboratory. The soil fractions were mixed with
distilled water to a moisture content of 40%, then
placed in a mould of 100 mm length and 20 mm
diameter and cured under three different uniaxial
compression stresses: 200, 400 and 800 kPa for
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several days. After curing, the samples were
extruded from the mould and cut into slices of
discrete thicknesses between 4 mm and 7 mm in the
direction of compression. The slices were then
transferred to an aluminium canister. The moisture
content of the cured sample was determined using
the remaining sample, and was then used to
estimate the void ratio at each compression stress.
The void ratios were estimated to be 0.77, 0.66 and
0.52 for 200 kPa, 400 kPa and 800 kPa,
respectively.

The neutron transmission rate for each sample
relative to a blank sample was measured to check
the effects of absorption and multiple scattering on
the data measurement, significant when the
transmission rate becomes smaller than 0.63. Figure
2 shows that the samples have strong multiple
scattering. The transmission rates generally
decrease against an increase in sample thickness. It
was also observed that samples compressed at 800
kPa have a higher transmission rate than those at
lower stresses. These observations are consistent
with a general understanding that the more pore
water a sample contains the lower the transmission
rate would be.
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Figure 2 Relation between neutron transmission
rate and sample thickness.

Data acquisition

The small angle neutron scattering instrument at
HIFAR was used to measure the neutron scattering
intensity of a thermal neutron beam incident on the
soil slices. The neutron flux at the sample was
estimated to be about 104 n . c m V at a wavelength
of 3.5 A. The measurement was taken at a
scattering vector (q) range between 0.01 and 0.1 A'
'. The nano-scale range corresponding to this vector
range is approximately between 0.58 ran and 11.17
nm. The measurement was also taken for blank
samples to consider the effects of ambient neutrons
on measured data. The scattering intensity acquired
by the detection system was controlled and

collected by custom application software running
on a UNIX workstatation.

Concept of an analytical model

The differential cross section for SANS (do/dty
can be expressed in the form

da
dQ

= A F(qY (1)

The constant A depends on the contrast and the
number density of the scattering entities that make
up the scattering medium. F(q) is the scattering
amplitude or form factor associated with the
scattering entities, q is the scattering vector and
depends on the scattering angle 6 and the neutron
wavelength X as

q={47t/X)sin(G/2) (2)

To obtain information from SANS measurements it
is often necessary to assume a more or less general
model of the scattering medium involved. For
amorphous, porous materials such as clays, an
example is the model proposed by Debye et al.
(1957), the so-called "Swiss Cheese" model, which
represents a distribution of holes of random shape
and size in a solid. For this the form factor squared
is given by

F(qf =
1

(3)

where a is a correlation length which, in the words
of the authors, "measures the grain size in the
medium".

In recent years, fractal models have been developed
which assume self-similarity over a range of scale
lengths. The intensity distribution for a mass fractal
•was obtained by Sinha et al. (1984) as,

F(q)2 =
sin [(£> - 1) arctan

(4)

The quantity £ is the correlation length giving the
size of the fractal structure and D is the fractal
dimension. There is also a surface fractal the form
of which is very similar to the mass fractal. Both
these fractal forms have the property that for certain
integral values of D (ie D = 2 and D = 3 for the
mass fractal), they reduce to the simple form,

F(q)2 = CD-I)
(5)
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RESULTS AND DISCUSSION

Measured data obtained for the samples exhibited a
anisotropic scattering pattern as shown in Figure 3.

100 120

Figure 3. A typical anisotropic scattering pattern.

The intensity distribution depends on the azimuthal
angle <j>. Eq. (5) was then generalized with two size
parameters £i and £2 for two orthogonal directions,
corresponding to the directions of the major and
minor axes of the elliptical pattern.

(6)

Fitting the data involved determination of the four
parameters A, %ly %2 and D from which some
physical properties of the scattering medium could
be deduced.

Since, in our case, the data was confined to q values
over a limited range such that q^»\, it was not
possible to extract values for A, fy and S,t directly
from the data. Treatment of multiple scattering
effects also became very difficult.

To analyse the SANS measurement of the clay
samples, the intensity data was averaged as a
function of radius over a thirty degree sector along
both the major and minor axes of the elliptical
scattering pattern, and fitted for these two
orthogonal directions. When q%»l, eqs. (1) and
(6) reduce to the general form

-X-+B (7)

When the intensity data was plotted against q on
log-log scale as in fig.4, the value of p = 2(2>-l)

was determined from the slope of the curve, B was
the constant background contribution and

K = A £ ~ p

was the scaling factor.

(8)

The profiles along the major and minor axes of the
elliptical SANS pattern share the same value of A
since they had a common origin. Thus different
values for K obtained from fitting SANS profiles
along the major and minor axes give the relative
magnitudes of the size parameters ^ and 2̂ but not
their absolute values.

The data was least squares fitted using eq. (7). A
typical theoretical data fitting on the measured data
is shown in Figure 4.
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1 10 100
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Figure 4. A typical least squares fit pattern.

From the values of K; and Ks obtained by fits along
the major and minor axes respectively, the value of
the ratio a= £;/4s can be calculated as

a =

Up
(9)

The results are shown in Table 1 with
corresponding values of a calculated using eq. (9).
The values in parentheses are estimated errors on
the K and a values. It was observed that for the
200kPa and 400kPa pressures there was no
noticeable effect on the samples. The values for a
are a little higher when the pressure is increased to
800kPa. The sample thickness does not seem to
affect the value of a. This is as expected since
anisotropy in the scattering intensity data should
not be affected by multiple scattering.
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When we assumed that increasing the pressure did
not affect the basic absorption and scattering
characteristics of the medium, so that the total
scattering cross section remains unaltered, then

AF{q)2qdq =Ct (10)

where C, is constant, independent of the applied
pressure but different for different sample thickness
t. Using eq. (6) the integral is readily evaluated to
yield,

c,=- In A (11)

Using the definitions eqs.(8) and (9) for K and a ,
we obtained an expression for the size parameter <fj
along the major axis.

(12)

From the values in Table 1, we used eq. (12) to
calculate the values of f/C, (Table 2). The value of
of the ratio $/C, decreases with increasing
compression stress, viz. decreasing void ratio, but
remains almost unaltered for a given stress across
all the sample thicknesses. Differences in the ratios
values for each thickness may be attributed to the
effects of multiple scattering.

Because of the limited amount of data measured
and analysed, intensity measurement over a wider q

range is necessary for further data analysis and
interpretation. Nevertheless, Table 2 indicates that
as a result of increasing compression stress, not
only does the void ratio decrease but the nano-scale
structure of the soil changes. Previous studies (e.g.
Morgenstern and Tchalenko, 1967; Kirby and
Blunden, 1991) observed that when soils were
deformed by compression and/or shear, the soil
fabric and permeability, viz. exhibited changes in
the macro- and micro-structures. With reference to
these studies, and the assumption that kaolinitic
clay minerals are incompressible, it is believed that
this nano-structural change is attributed to a
decrease in nano-scale pores and realignment of the
clay particles. Because of this structural change, it
is likely that the movement of water and solutes
present between the clay layers is affected
accordingly.

PRACTICAL APPLICATION OF DATA
ANALYSIS

This preliminary work may be used as a starting
point to study the long-term performance of clay
barrier materials used for waste containment in a
non-destructive manner. These materials are often
used because of their impermeable nature.
However, even when advection is minimal,
contaminants generated from waste can migrate
because of the Fickian law. Therefore, it is
important to understand the interactions between
the materials and contaminants. It is expected that
an understanding of the nano-scale structure of
these materials can contribute to these studies.

Tablel. Results from least squares fitting of eq. (7).

Sample

200kPa 4mm

5mm

6mm

7mm

400 kPa 4mm

5mm

6mm

7mm

800 kPa 4mm

5mm

6mm

7mm

P

3.17

3.32

3.3

3.27

2.98

3.02

3.05

3.0

2.87

2.87

2.83

2.93

Major Axis
KxlO5

45.6 (7.0)

51.1 (4.9)

54.8 (5.8)

36.5 (3.8)

34.2 (2.0)

28.3 (2.8)

30.1 (2.9)

21.6(1.5)

25.1 (2.1)

17.2(1.5)

14.3(1.0)

15.8 (1.2)

B

4

5

4

5

4

4

4

4

2

2

2

2

Minor Axis
KxlO5

14.1 (3.2)

13.4 (2.5)

16.9 (2.1)

11.5(2.0)

10.2 (1.1)

11.3 (1.2)

8.7 (1.0)

6.8 (0.8)

10.6 (1.1)

7.6 (0.8)

6.8 (0.4)

5.8 (0.6)

B

4

4

4

4

4

4

4

4

2

2

2

2

a

0.69 (0.06)

0.67 (0.05)

0.70 (0.04)

0.70 (0.06)

0.67 (0.04)

0.74 (0.05)

0.67 (0.05)

0.68 (0.05)

0.74 (0.05)

0.75 (0.08)

0.77 (0.04)

0.71 (0.06)
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Table.2 Values of §/C, calculated from the parameters in Table. 1

Compression
Stress (kPa)

200

400

800

4mm

0.060

0.040

0.030

5 mm

0.085

0.052

0.045

6 mm

0.074

0.060

0.054

7mm

0.094

0.068

0.053

CONCLUSIONS

Small angle neutron scattering experiments on
reconstituted natural clay samples produced
anisotropic scattering patterns. Theoretical
parameters were fitted to radially averaged data
along orthogonal axes. A relationship constructed
between the fractal properties and applied stress
indicated that the nano-scale structure was affected
by the compression stress.
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Minimisation of Noble Gas Discharge From "Mo
Production at ANSTO Assisted by Network Based

Real-Time Monitoring System

N. BLAGOJEVIC, G. PEADY and M. IZARD

Australian Nuclear Science and Technology Organisation
Private Mail Bag 1 Menai NSW 2234

Molybdenum-99 is one of the most important radionuclides in modem medicine. When loaded on a
chromatograpbic column it forms a generator that produces high specific activity ""To, a radionuclide
widely used in nuclear medical imaging. ANSTO has been a main producer of "Mo in the Australasian
region since the late 1960's and currently ranks as one of the major suppliers of "Tc/^Mo generators.

At ANSTO, "Mo is produced from enriched
uranium oxide (2.2% 235U) after a nominal seven
day irradiation period in HIFAR, Australia's
high flux research reactor. Between four and
six targets are processed, four to five times each
week depending on the reactor operation
timetable. After irradiation the targets are
allowed to decay for approximately 6 hours
before the uranium dioxide pellets are removed
and dissolved in a fully enclosed heated vessel
equipped with a reflux column. The dissolver
off-gas, containing noble gases and iodine
isotopes released during this process, is vented
through a caustic scrubber, a number of iodine
traps and finally through a charcoal based Noble
Gas Trap (NGT). After the pure "Mo is eluted
the product recovery process consists of a
volume reduction procedure followed by a
recovery step designed to retrieve the product in
a minimum volume of dilute nitric acid.

The radioactive Xe and Kr discharge is
monitored using a NaI(Tl) detector based
gamma-ray spectrometer system that is
interfaced to the internal computer network. A
network server collects the data at I5-minute
intervals using locally written software that
processes and stores the information. The
discharge data is displayed in real time using a
web browser on a networked workstation. The
real-time collection of data permits an
immediate notification of readings above
defined levels.

By accumulating the data on a daily and weekly
basis, reports are generated using e-mail to
specific groups. Equipment malfunctions are
detected and reported by e-mail. A restart
facility is also included to ensure that a recovery
can be performed in the event of any
malfunctions -with the network server system
involved in data collection and transfer.

The web browser used to review historical data
provides the ability to interrogate the database to
provide the data graphically or in a spreadsheet
format for any contiguous time intervals. The
discharge patterns between process runs and
reactor periods can be compared as well as
yesterday-today comparison performed on-line.

The use of this software has enabled us to
quantify the discharges and identify the process
steps that were responsible. This information
was used to modify the process, which resulted
in a significant reduction in radioactive Xe
discharge. These modifications reduced the
discharge of short-lived Xe isotopes (B5Xe and
135mXe) by approximately 90% and the longer-
lived mXe discharge by 85%.

As the result of this investigation an inventory
of all radwaste generated during the separation
process was produced. This study enables
current and future processing options to be
assessed from the viewpoint of waste
minimisation and cleaner production.
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Background Radiation Measurements in the Vicinity of a
Major NSW Coal Fired Power Station in Conjunction with
GPS Location and Field Portable XRF Analysis for RCRA
Heavy Metal Ground Surface Contamination Identification

ROGER ALSOP, MICHAEL BRIDSON, PETER CROSS
and BHASKAR MUKHERJEE

Applied Radiation Consultants, PO Box 1304 Waterloo NSW 2017
Nuclear Safeguards Division ANSTO PMB 1 Menai NSW 2234

Department of Radiation Oncology St Vincents Hospital Darlinghurst NSW 2010
Safety Division ANSTO PMB 1 Menai NSW 2234

SUMMARY This project is intended to test for possible correlation of heavy metal contamination of
soil/sediment with "background radiation" on publicly accessible land in the vicinity of the major NSW
Central Coast Eraring coal fired power station. Field portable X-ray fluorescence analysis based on
USEPA Method 6200, using aNiton XL 700 hand held analyser, together with the co-positioning responses
of the BTI Microspec gamma spectroscopic survey instrument and GPS will form the basis of the results
presented. Although a large portion of the nominal 10 km square sampling grid (centred on the power
station main stack) is either power station property or part of Lake Macquarie itself (and therefore
inaccessible in this experiment) the region contains a steadily increasing number of holiday/retirement
homes.
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SUMMARY:

Coastal engineers and coastal zone managers increasingly rely on numerical models of fluid, sediment
and contaminant dynamics. These are used to underpin coastal structure design and to predict
environmental response to specific events such as storms or pollutant spills, and gradual changes such
as sea-level rise or changes in bathymetry. Radiotracer techniques can be used to provide dynamic data
on the movement of a specific patch of water, sediment or pollutant over time, which can be compared
with model predictions. Two case studies are presented where radiotracer studies were used to improve
confidence in numerical models of: (1) 2D hydrodynamics and sediment transport at the Port of
Songkhla, Thailand; and (2) 3D hydrodynamics and algal bloom transport in Manila Bay, Philippines.

1. RADIOTRACER STUDY OF
BEDLOAD TRANSPORT AT THE
PORT OF SONGKHLA, THAILAND

Radiotracers may be used to validate models
of bed load transport with a range of
applications in coastal engineering including:
optimisation of the alignment of dredging
channels and the location of dredge spoil
grounds; the development of ports and
harbours and the fate and behaviour of
contaminants associated with particulates.

Sedimentation of the dredged shipping channel
at the Port of Songkhla, Thailand, poses a
significant economic problem affecting Thai
shipping. To assist in addressing this problem
a numerical model of the port entrance was
developed and validated using radiotracer
studies of actual sand transport in the area.

The principal aim of the investigation was to
validate the model prediction of the bedload
transport in the vicinity of the Port of Songkhla
using tracer techniques.

Two dimensional hydrodynamic model RMA-
2 was used to model flow patterns around the
port entrance and used to select radiotracer
injection sites (Figure 1). Modelling showed
locations where ebb tide eddies result in net
flow towards the channel during most tides
(Nielsen et al, 2001). These sites were chosen
for tracer studies.

Figure 1: Superimposed on the ebb tide current
vectors in the vicinity of the Port of Songkhla are
the locations of the two tracer injections made on 25
November 1999.

The tracer was 192Ir incorporated within glass
beads with the same density and particle size
distribution as the sand. Dispersion of the 192Ir
glass tracer was monitored and compared with
the mass and direction of sediment transport
predicted by the model.

The tracer distribution following injection and
the location of the plume after six weeks (7
January 2000) are depicted in Figure 2. As
shown in Table 1, very satisactory agreement
between the observed and predicted values was
found (Nielsen et al, 2001). This enhanced the
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confidence with which the model could be
used to plan on-going Port development.

Sits 1: 2530 Nov 1999 Site 1:7 Jan 2000

Eastiog (m)

Figure 2: Decay and background corrected tracer
distribution immediately following injection and six
weeks later (from Nielsen et al, 2001)

Table 1:

Site 1

Site 2

Tracer and modelling results.

Transport (kg/m)

Model

16,560

4,337

Tracer

22,400

1,470

Bearing

Model

321°

162°

Tracer

333°

168°

2. HYDRODYNAMICS AND HARMFUL
ALGAL BLOOM TRANSPORT IN
MANILA BAY, PHILIPPINES.

Flow circulation within Manila Bay,
Philippines, has a significant impact upon the
water quality and sediment transport processes
occurring in the bay. Over the last decade, red
tides or toxic algal blooms have occurred
causing risk to human health and major
economic downturn to the fishing industry.

A study has been undertaken of contaminant
transport within Manila Bay within the
framework of the IAEA/RCA Project:
Managing the Marine Coastal Environment
and its Pollution. The overall aim of the study
was to contribute to the much wider challenge
of minimising the frequency of occurrence of

harmful algal blooms which have a major
effect on the local fishing industry.

As a contribution to this program, an
investigation was undertaken of the sources
and transport of nutrients in the Bay. A three
dimensional model of the Bay was developed
by the UNSW Water Research Laboratory.
This model was validated using radiotracer
techniques by the Philippines Nuclear
Research Institute and ANSTO. In this case,
technetium-99m tracer was used eluted from a
300 GBq Gentech® medical generator.

Details are described in Miller et al. (2001).
During the period studied in December 2000,
solute transport was dominated by the effect of
winds. The tracer data greatly enhanced the
quality of the modelling by providing direct
measurements of dispersion both on the
surface and at depth under the influence of a
wind field.

The importance of using a three dimensional
model as opposed to a two dimensional depth
averaged model was demonstrated by both
tracer and modelling results. Winds force
surface currents to move in one direction while
water flows in the opposite direction at depth
to replace it.
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SUMMARY

An isotope hydrology study of the Bega Valley groundwater system has been made. The investigation which
focussed on environmental tritium and stable isotope ratios confirms that that the resource is sustainable at
the current usage rate.

INTRODUCTION

The sustainability of Groundwater
extraction from the alluvial flats that extend along
the Bega and Brogo rivers on the far south coast
of NSW has been investigated using stable
isotopes of water and tritium. Extraction from
these aquifers industrial, agricultural and
domestic purposes is high and the aquifer is
regarded to be at moderate risk of depletion and
degradation. An improved understanding of how
the groundwater system interacts with surface
water will allow this resource to be managed and
sustainably utilised.

Of the two major rivers in the Bega
valley, a catchment of about 1955 km2, the
Bemboka River flows east to where it is joined by
the Brogo River flowing from the north (Fig 7).
From the confluence, where the town of Bega is
located, the Bega River flows east to the coast 20
km away. A small dam, with a capacity of 9900
megalitres in the upper Brogo catchment,
regulates the flow of the Brogo River.

METHODS

Groundwater and streamflow samples
were collected from sites, including transects
across the alluvium, in both valleys upstream of
the confluence and downstream to the tidal limit
in April and July, 2000. Streamflow was sampled
using a plastic bailer while groundwaters were
withdrawn with the use of a Grundfos MP1
environmental sampling pump. They were

analysed for stable isotopes (2H/H, I8O/I6O)
ratios, tritium ( 3H), and major and minor
chemical species. Rainwaters were collected and
analysed for stable isotopes only.

Ion Chromatography was used for the
analysis of the anions while either ICP-MS or
ICP-AES was used for cations. The tritium
analysis was carried out by standard procedures
of electrolytic concentration and liquid
scintillation counting (Calf, Seatonbury, and
Smith, 1975). Analysis of the water samples for
deuterium was conducted by CSIRO, Isotope
Analysis laboratory using the zinc reduction
method and a VG Isogas mass spectrometer
(error; ± 0.8 per mil). The determination of
oxygen-18 was conducted at the University of
Wollongong using the CO2 gas equilibration
method, purified using a Micromass Multiprep
Unit and measured on a Micromass Prism III (
error; ±0.1 per mil).

RESULTS

Nearly all samples had low Total
Dissolved Solids and EC, and analysis of major
ions revealed low concentrations in general, most
groundwaters only slightly more salty than the
streamflow samples. In addition Piper diagrams
(Fig 1) revealed that with the exception of a
groundwater samples approaching the tidal limit
(bores 75049, and 39012) and several
groundwaters at moderate distances from the
Brogo River (39003, 39004), all the samples
cluster in a tight group, typical of meteoric water.
These samples, and particularly those near the
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confluence of the rivers all show a linear
relationship between total ions TDI and each
major ion in composition diagrams (Fig 2),

indicating the aquifer and streams are a well
mixed system of two end members, possibly
rainfall and evaporated rainfall.

3t- Groundwater
• stream flow
•^ 39003
•w 39004
© 39012
• 75049

80 60 40 20 20 40 60 80
Ca Na+K HCO3 Ci

Figure 1: A piper plot of the analysis of water samples collected in April 2000
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Figure 2: Composition diagrams of the concentrations of the major ions plotted against Total
Dissolved Ions for samples in April 2000
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Stable isotope analysis for April, when
the aquifer waters averaged 18.5 C and
streamflow 21.1 C, indicated that the waters were
meteoric. All samples plot close to or above the
global meteoric water line derived from the
equation 52H = 8.13 51SO + 10.8 (Craig, 1961a),
with an O18 range from -4.5 to -6.0 per mil (Fig
3). The stream waters were more depleted than all
but a few groundwaters, notably those
downstream of the confluence. The isotopic
difference between streamwater and groundwater,
which can be taken as an indicator of temperature
of recharge, was greatest in the upstream parts of
the two rivers, while the difference was very
small below the confluence. The samples taken in
July, when the aquifer was 16.5 C and streamflow
was 12.5 C, were consistently more depleted than
those of April, (Fig 3). The strong correlation
between temperature and stable isotopes in
meteoric waters provides a seasonal signal that
can be used to date groundwaters. The amplitude
of seasonal variations in delta !SO and 2H is
attenuated during groundwater recharge and
preservation of seasonal variations implies short
mean residence times.

The average shift in O18 was -0.16 per
mil for groundwaters and -0.17 for stream
samples, with one or two values nearly double the
averages. Rainfall in this period was light and in
the range -5 to -8 per mil. The shift in O18 is
consistent with a temperature of recharge
difference of 0.6 C, a value comparable with the
difference in groundwater temperature. However

the 2.0 C difference in groundwater temperature
may be better explained by significant mixing of
the substantially colder seasonal streamwater.
This is supported by the trend toward
convergence of the stream and groundwater
isotopic values in samples taken progressively
downstream.

Tritium activity in the samples collected
in April range between 3.6 TU and 0.2 TU. These
values need to be interpreted in light of the
current long-term stability of tritium in
precipitation over Southern Australia where
rainfall in the period 1990 -2000 has been
consistently in the range 3.0-3.5 TU, (Fig 4).
Natural stratospheric input of tritium to the
atmosphere is affected by latitude and altitude,
and a considerable input of tritium into the
atmosphere via thermonuclear weapons testing
(Clark and Fritz, 1997) occurred between 1952
and 1963 resulting in dramatic increases in tritium
levels. The peak in the concentrations occurring
in 1963 (Fontes, 1980), when values of 10,000
tritium units were measured in North America.
The distribution of tritium levels in precipitation
averaged over the period from 1963 to 1968 for
Australia indicate that the highest levels were
found in the southeast over Victoria and reached
50 tritium units (Fontes, 1980), and had stabilised
at about 4 TU by 1980, (Fig 5). Whereas it is not
clear that tritium in Australian has ceased
declining, it has stabilised at levels useful for
the study of modern water age.

2H
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-34.0-
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1

-6.0 -S.0 -4.0

180
-3.0

Figure 3. Delta 2H v 18O analysis for samples collected in April (left) and July (right)
2000; (streamflow; blue diamonds), vs global meteoric water line.precipitation has ceased
declining, it has stabilised at levels useful for study of modern water age.
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Tritium in Groundwater reflects the
conditions of recharge, and the history of water
movement in the aquifer. The tritium activity of
streams make apparent whether the stream is
recharging groundwater or whether the
groundwater is recharging the stream (Ferronsky
and Polyakov, 1982). The stream samples varied
from 3.6 TU in the Brogo river, whilst having a
large dam on its upper reaches provides regulated
streamflow which contains a substantial amount
of surface water, to 2.7 TU in the unregulated
Bega river, with a composite value of 3.2 TU
found below the confluence. All the low EC
groundwaters noted to cluster tightly on the basis
of major ion composition had tritium activities in
the range 2.3 to 3.2 TU, which would indicate
mean residence times for the aquifer waters
between 1-5 years. The other groundwaters had
activity typically less than 1.0 TU indicating
much older waters consistent with their
exceptional major ion compositions. A plot of
tritium activity versus borehole location and
depth (Fig 6), indicates that the Brogo river is not
recharging the adjacent alluvium since the tritium
is much lower than in the streamwater. The Bega
river however is recharging the adjacent alluvium,
both above and below its confluence with the
Brogo river, since tritium values are similar in
stream and alluvium. This conclusion is supported
by hydraulic data for the various transects.

CONCLUSION

In conclusion the isotopic evidence suggests that
the groundwater in the alluvial aquifers of the
Bega valley is generally well mixed and of low
residence time. The groundwater is recharged
from upstream sources in some areas with
localised infiltration of surface runoff and stream
flow. The groundwater is largely modern
indicating a relatively constant and rapid recharge
regime for this, probably streamflow-
groundwater interaction. The current use of the
Bega Valley groundwater system will not put the
quantity of the groundwater at risk.
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Figure 7. A plan of the Bega area showing the town, rivers, alluvial deposits and borehole locations.
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Why the concern about irradiation
as a food preservation technique?
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SUMMARY Irradiation is a food preservation process that like the more traditional and alternative
methods is intended to keep food safe to eat by delaying the natural decomposition processes that result from
bacterial action. Preservation of foods by irradiation, although still not available in Australia, is readily
accepted in some 44 countries, including France.

This project is set up to examine if a sample of fresh fruits and vegetables, when irradiated to the recommended
'preservation' dose level, becomes 'radioactive'. By placing the 'irradiated' sample, together with an identical
'control' sample of the same fresh fruit and vegetables, in an x-radiography cassette in a shielded 'cave',
differences in film 'blackening' over the exposure period would indicate relative radioactivity from within the
respective samples. Also, using simultaneous daily photographs of both the 'irradiated' and non-irradiated
'control' samples, the delay of onset of visible decay of both can be determined.
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