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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 and the Fifteenth
will be hosted in Sydney in 2006. 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 and in a readily understood form.

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 fifth conference in 2003 has the special
theme "Building on 100 Years of Nuclear Science and Technology". A list of the major milestones
in that 100 years is provided on page (iv).

The conference consists of 19 invited papers in the following six main sessions supported by 25
poster papers and a Technical Exhibition:

(1) Nuclear Research, including research at ANSTO, AINSE and Australian
universities;

(2) Progress on Major Facilities, including the Replacement Research Reactor,
the Australian Synchrotron and Irradiation Facilities;

(3) Uranium and Waste Management, including Uranium Resources and Production,
and National/International Radioactive Waste Management;

(4) Radiation Protection and Nuclear Safety;
(5) Safeguards and Security; and
(6) Nuclear Power in the Asia/Pacific Region and Prospects for Australia, including

Electricity Supply and Demand in Australia, and the Hydrogen Economy for
Sustainable Development.

The Opening Address will be given by Mr Peter McGauran, MP, Minister for Science, and an
introductory Address will be given by Dr Robin Batterham, Chief Scientist, who will also chair the
technical sessions. The opening technical presentation by Dr Ian Blackburne, Chairman of ANSTO,
will discuss ANSTO's future plans for nuclear science and technology, and additional papers from
ANSTO and INVAP will discuss the progress on the design and construction of the replacement
research reactor for HEFAR at Lucas Heights.

The texts of the majority of the papers presented orally and as posters are included in this
Handbook. These texts provide a valuable resource every two years summarising the progress on
all major nuclear issues and many examples of work in progress in Australia.

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 as Conference Manager.

Dr Clarence J. Hardy
Executive Chairman and Editor
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Background to the Theme
"Building on 100 Years of Nuclear Science & Technology"

Nuclear science and technology has a "modern" history of just over 100 years if we
exclude the ideas of the atom of Democritus (400BC). Some major milestones were:

1895 Roentgen discovers x-rays; technology quickly taken up by medical
profession.

1896 Becquerel discovers natural radioactivity from uranium. His student, Marie
Curie, soon discovers the new element radium quickly used to treat cancer.

1903 Rutherford and Soddy explain nuclear transformations in radioactive atoms.
1905 Einstein discovers E = MC2, the fundamental equation of energy and mass.
1910 Soddy discovers "isotopes", atoms with different mass and similar

properties.
1911 Rutherford proposes the nuclear model of the atom.
1912 Bohr proposes the theory of electrons orbiting atoms.
1919 Aston uses mass spectrometry to measure atomic weights accurately.
1932 Urey discovers deuterium, an isotope of hydrogen of mass 2.
1932 Cockroft and Walton make a proton cyclotron and split light atoms of

lithium.
1932 Chadwick discovers the neutron.
1935 Dempster identifies uranium-235 and uranium-238 in natural uranium.
1939 Hahn and Strassman discover nuclear fission in uranium.
1942 The huge Manhattan Project starts in the USA to make nuclear weapons.
1942 Fermi designs and builds the first man-made nuclear reactor in Chicago.
1945 First atomic device exploded, Alamagordo, USA (16 July); atomic bombs

dropped on Hiroshima (6 August) and Nagasaki (9 August).
1953 Australian Atomic Energy Commission established. President Eisenhower

announces "Atoms for Peace" initiative.
1955 First commercial nuclear power station connected to grid in UK.
1958 HIFAR reactor goes critical at Lucas Heights.
1960's onwards Increasing use worldwide of radioisotopes in medicine, industry

and research and of nuclear power in a large number of countries.
1987 AAEC replaced by the Australian Nuclear Science & Technology

Organisation (ANSTO).
2003 Fiftieth anniversary of the establishment of the AAEC.
2005/6 Expected criticality and then full power operation of Replacement Research

Reactor at Lucas Heights for research and isotope production.

There has therefore been a steady stream of discoveries and developments of nuclear
science and technology which the ANA is commemorating in the present conference.

* * * * *
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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 lunchtime at the Australian Institute of
Nuclear Science and Engineering, Lucas Heights, 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 at 6pm on the second
Wednesday in each alternate month at Engineering House, Milson's Point,
Sydney.

The ANA hosts international and national conferences, eg. the 9th Pacific Basin
Nuclear Conference in Sydney-1994, the 2nd International Conference on Isotopes
in Sydney-1997, and the 1st, 2nd, 3rd and 4th Conferences on Nuclear Science and
Engineering in Australia in Lucas Heights-1995, Sydney-1997, Canberra-1999
and Sydney-2001, respectively. The ANA is a Member of the International
Nuclear Societies Council and the Pacific Nuclear Council, is an Affiliate
Member of the World Nuclear Association, 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.corn.au
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FINAL TECHNICAL PROGRAM
Wednesday, 5 November 2003

10.00 Opening of Conference by Mr Peter McGaurin, MP, Minister for Science

10.20 Introduction by Dr Robin Batterham, Chief Scientist, General Chairman

Session 1. Nuclear Research 10.30 -11.50

10.55 "ANSTO's Future Plans for Nuclear Science and Technology"

Dr Ian Blackburne, Chairman, ANSTO Page 1.
11.20 "Nuclear Research in the Tertiary Sector: the Role of ATNSE"

Professor Hans Coster, UNSW, President, ATNSE p. 6.

Opening of Exhibition at 12.10 and Buffet Lunch 12.10 - 13.15
in Exhibition Room and Rear of Lecture Room

Session 2. Progress on Major Facilities 13.20 -15.30

13.20 "The Replacement Research Reactor. Description and Progress Report"
Mr Pablo Abbate and Mr Juan Pablo Ordonez, INVAP SA, Argentina p. 11.

13.55 "The Importance of Project Networking for the Replacement Research Reactor"
Mr Greg Whitbourn, Project Manager, ANSTO p. 18.

14.20 "The Australian Synchrotron - A Progress Report"
J. Boldeman, A. Jackson, G. Seabourne, R. Hobbs and R. Garrett p. 22.
Presented by Dr J. Boldeman, Science Adviser, Australian Synchrotron Project

14.55 "New Gamma Sterilisation and Decontamination Plant, Queensland"
Mr George West (Steritech Pty Ltd) and Mr Rob Robotham p. 32.
Presented by Mr Rob Robotham, F. J. P. Robotham Consulting

15.30-16.00 Tea/Coffee Break

Session 3. Uranium and Waste Management 16.00 -18.00

16.00 "Australian Uranium Resources and Production in a World Context"
Mr Robert Cleary, CEO, Energy Resources of Australia p. 36.

16.40 "Progress on the National Low Level Radioactive Waste Repository and
Intermediate Level Waste Store"
Dr Caroline Perkins, Department of Education, Science & Training p. 42.

17.20 "Review of International Radioactive Waste Management based on a Report
of the International Nuclear Societies Council (INSC)"
Dr Clarence Hardy, ANA; Member INSC Working Group p. 47.

18.00 Close of Technical Sessions, Day 1.

Reception and Viewing of Posters and Exhibition 18.00 - 20.00
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FINAL TECHNICAL PROGRAM
Thursday, 6 November 2003

Session 4. Radiation Protection and Nuclear Safety 9.00-10.50

09.00 "Developments in the Regulation of Research Reactors"
Dr John Loy, CEO, ARPANSA p. 56.

09.35 "Managing the Security of Radioactive Sources"
Dr Ron Cameron, ANSTO p. 60.

10.10 "The Nuclear Safety Case for the Replacement Research Reactor"
Dr Andrew Willers, ANSTO, and Ms Veronica Garea, INVAP SA, Argentina
Presented by Dr Andrew Willers, ANSTO. p. 66.

10.50-11.10 Tea/Coffee Break

Session 5. Safeguards and Security 11.10 -13.00

11.10 "Strengthening the Nuclear Non Proliferation Regime"
Mr John Carlson, Director-General, p. 72.
Australian Safeguards and Non Proliferation Office

11.50 "Ultra-Sensitive Detection of Nuclear Signatures in Support of IAEA Safeguards"
Dr Michael Hotchkis, Dr David Child, Dr Claudio Tuniz and Ms Megan Williams,
ANSTO (Presented by Dr Michael Hotchlds) p. 78.

12.25 "Scanning of Containers at Australian Ports"
Mr Peter Thomson, Australian Customs Service p. 82.

13.00-14.00 Buffet Lunch and Viewing of Posters and Exhibition

Session 6. Nuclear Power in the Asia/Pacific Region
and Prospects for Australia 14.00 - 16.40

14.00 "Nuclear Power Developments in the Asia/Pacific Region"
Dr Julian Kelly, ANSTO p. 86.

14.40 "The Demand for Electricity in Australia to 2020"
Mr Keith Orchison, MD, Electricity Supply Association of Australia
(Presented by Mr Terry Ryan, ESAA) p. 91.

15.20 "New Advanced Small and Medium Nuclear Power Reactors
- Possible Nuclear Power Plants for Australia" p. 94.
Mr Robert Dussol, Sofraco International, Consultant to Firamatome, France

16.00 "The Hydrogen Economy for a Sustainable Future and the Potential Contribution
of Nuclear Power"

Dr Clarence Hardy, ANA, Glen Haven Consulting p. 101.

Closing Remarks by Mr Roger Alsop, ANA President 16.40

End of ANA 2003 16.50

* * * * *
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LIST OF POSTER PAPER PRESENTATIONS
18.00 - 20.00, 5 NOVEMBER 2003

The Poster Papers are listed below in six groups and each group will be introduced briefly by a
reviewer. Participants can then discuss each paper in detail with one of the authors during the
cocktail reception.

General, nuclear power and research reactors (3 papers) - Introduced by Dr Peter Airey

1. "Fifty Years of Atoms for Peace",
P. L. Airey and C. Tuniz (ANSTO). p. 109.

2. "The Modular Pebble Bed Reactor - The Preferred Energy Source for Electricity,
Hydrogen and Potable Water Production",
L. G. Kemeny (L. and M. Kemeny and Associates). p. 111.

3. "Research Reactor Fuel - An Update",
M. R. Finlay and M. I. Ripley (Materials & Engineering Science, ANSTO). p. 117.

Materials and waste (5 papers) - Introduced by Dr Neil McDonald

4. "Current ANSTO Research on Wasteform Development",
E. R. Vance, B. D. Begg, M. W. Stewart, S. Moricca, K. L. Smith, P. A. Walls,
D. S. Perera, A. R. Day, M. L. Carter, P. J. McGlinn, Y. Zhang, and B. Thomas
(Materials & Engineering Science, ANSTO). p. 124.

5. "Geopolymers for Radioactive Waste Immobilisation made from New Zealand
Fly Ash",
D. S. Perera, M. G. Blackford, C. L. Dickson*, E. R. Vance, Z. Aly, and
R. L. Trautman (ANSTO) and * Industrial Research Ltd, Lower Hurt, New Zealand, p. 126.

6. "Ion-exchange Properties of Microporous Tungstates: Novel Adsorbents for
Nuclear Waste Management Applications",
C. S. Griffith, V. Luca, R. C. Eddowes, E. A. Keegan and N. Scales (Materials
& Engineering Science, ANSTO). p. 127.

7. "Utilisation of Heat and Pressure through the Whole Fuel Cycle",
T. Eddowes, S. Moricca and N. Webb (Materials & Engineering Sciences, ANSTO). p. 133.

8. "Cold Crucible Technology - Melting Ceramics by Induction Heating",
M. La Robina and S. Moricca (Materials & Engineering Science, ANSTO). p. 134.

Environmental applications (7) - Introduced by Dr John Harries

9. "Determination of Nal (Tl) and HPGe Detector Efficiency for Application in
Environmental Monitoring at ANSTO",
J. Crauford-Hill (Univ. of Wollongong), N. Blagojevic (ANSTO) and
A. Rosenfeld (Univ. of Wollongong). p. 135.

10. "Radon Detectors for Continuous Environmental Monitoring Applications", p. 139.
O. Sisoutham, S. Werczynski, S. Chambers and W. Zahorowski (Environment,
ANSTO).

11. "A Radioisotope Tracer Study of Estuarine Groundwater Movement on the
Eastern Australian Coast",
C. E. Hughes, D. J. M. Stone and R. I. Acworth (Environment, ANSTO). p 141.

12. "Radon Derived Air Mass Fetch Regions during the ACE-Asia Campaign",
Scott Chambers, Wlodek Zahorovski, Sylvester Werczynski et al. (Environment,
ANSTO), T. Wang and S. Poon (Hong Kong), J. Kim, C. H. Kang, S-N. Oh
(Korea), M. Uematsu and K. Matsumoto (Japan). p. 144.

13. "Environmental Monitoring at ANSTO",
J. Ferris, J. Harries, J. Harrison and E. Hoffmann (Environment, ANSTO). p. 148.
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LIST OF POSTER PAPER PRESENTATIONS - CONTINUED

14. Natural-Uranium Series Radionuclide Inventories in Coastal and Oceanic Waters
of the South-Western Pacific - Insights into Trace Metal Flux and Removal Pathway
Analysis",
R. Szymczak, R. A. Jeffree, G. A. Peck and B. Moreton. (Environment, ANSTO). p. 152.

15. "ANSTO Radon Monitoring within the WMO Global Atmosphere Watch
Programme"
W. Zahorowski, S. Chambers, O Sisoutham and S. Werczynsi (Environment,
ANSTO). p. 154.

General applications (4 papers) - Introduced by Mr Roger Alsop.

16. "New Nuclear Scanning and Surveillance Systems for Global Security and
Safeguards",
L. Kemeny (L. and M. Kemeny and Associates). p. 158.

17. "Atmospheric 7Be Radioactivity Measurement through Gamma Spectroscopy
using a Na(Tl) Detector",
C. Doering and R. A. Akber (QUT). p. 164.

18. "Trace Element Content of Vegetables Grown in the Victorian Goldfields:
Characterization of a Potential Backyard Hazard",
G. Harvey and K. Dowling (Univ. of Ballarat), D. Garnett and H. Waldron
(Becquerel Labs., Lucas Heights). p. 168.

19. "Radioisotope Implantation with a New Facility at the Australian Defence
Force Academy",
S. K. Shrestha', A. P. Byrneb, D. H. Chaplina, A. V. J. Edge a, W. D. Hutchison a

and H. Timmers a ( aUNSW at Australian Defence Force Academy; andb ANU). p. 173.

Basic research and accelerators (6 papers) - Introduced by Professor G. D. Dracoulis

20. "The Meson Bond Barrier to Nuclear Fission",
Mr P. Norman (Monash Univ.). P. 179.

21. "Diffuse Neutron Scattering: A Powerful Technique in the Study of Molecular
Crystals",
T. R. Welberry1, D. J. Goosens1, W. I. F. David2, M. J. Gutmann2, M. J. Bull2

and A. P. Heerdegen' (ANU ' and ISIS Ruthergford Lab, Oxford 2). p. 183.
22. "Characterising Nuclei far from Stability with a Novel Recoil Spectrometer", p. 187.

G. J. Lane, G. D. Dracoulis and T. Kibedl (Dept. of Nuclear Physics,
RSPhysSE, ANU).

23. "New Technology of Lead-Tin Plating of Superconducting RF Resonators
for the ANU LINAC",
N. R. Lobanov and D. C. Weisser (Nuclear Physics Dept, RSPhysS&E, ANU)
and E. Zaplatin (Juelich, FRG). p. 192.

24. "Multi-stub Superconducting RF Resonators for the ANU Heavy Ion Accelerator",
N. R. Lobanov and D. C. Weisser (Nuclear Physics Dept, RSPhysSE, ANU). p. 194.

25. "Measurement of Radium Isotopes with the ANU AMS Facility",
S. G. Tims and L. K. Fifield (ANU). p. 196.

(xi)
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Compagnie pour TEtude et la Realisation de Combustibles Atomiques

- Nuclear fuel
and services
for research

reactors

- Equipments for
nuclear industry,

high energy physics
and research

- Radioactive
reference sources

for industry,
medicine and

research

Industrial site: Romans
Zone Industrielle "Les Berauds"

261 O4 Romans
France

Phone: 33 4 75 O5 6O 3O
Telefax: 33 4 75 05 56 36

internet: www.cerca.fr

Nuclear Fuel
> Fuel elements for research,

test and hkyhflux
reactors.

> Uraniium targets for medical
applications.

> Associated services: uranium
supply, transport & logistics,
storage,...

Development and fabrication of
research reactor fuel
• 25 different types of fuel design
• UAlx and U3Si2 fuel types
• New high density reprocessable UMo fuel
• TRIGA fuel types
• Enrichments from LEU to HEU
• High production capacity:

1 0OO fuel elements per year.

Services
• Purchase and transport of fissile material

and fuel elements.
• MTR fuel transport casks
• Recycling of non irradiated fuel

Certifications
ISO 9OO2
ISO 9OO1-2OOO under progress
ISO 14OO1
LRQA (Uoyds Register Quality Assurance)
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ANSTO's Future Plans for Nuclear Science & Technology

DR IAN BLACKBURNE

Chairman, Australian Nuclear Science and Technology Organisation

SUMMARY. There are four key themes in ANSTO's future plans for nuclear science and technology (S&T):

1) How ANSTO plans for the future—within its established 'core business areas' (CBAs), following a rigorous process,
and incorporating extensive interaction with organisations around Australia and overseas.

2) The replacement research reactor (RRR)— a Major National Research Facility and the cornerstone of ANSTO's future
activities.

3) Business—A number of business development initiatives have been launched by ANSTO over the past year, under the
banner of "Good science is good business at ANSTO".

4) National Research Priorities—ANSTO is contributing to the national research priorities that the Prime Minister
announced last December. In particular, it is pursuing new plans in the security and forensics area within the ' Safeguarding
Australia' national research priority.

1. The Planning Process

ANSTO undertakes its activities within the framework of
its strategic plan, vision and mission and the organisation
is currently mid way through a strategic plan that began
in 2000 and goes to 2004-2005. To fulfil its vision and
mission, ANSTO has set a number of strategic goals
focussing on timely delivery of scientific advice to
government and other stakeholders; fulfilling Australia's
national and international nuclear obligations; advancing
Australia's interests through international nuclear science
and technology and its applications; enhancing and
improving core nuclear science and technology based
facilities to produce research, products and services at the
highest possible standard; and contributing to new
knowledge in relevant research areas and improving
business performance. Of course, in all ANSTO
operations, ANSTO's first c»re values are safety and
quality.

ANSTO's strategic goals are structured into six core
business areas (CBAs). The CBAs are:

• International strategic relevance of nuclear science
and technology

• Core nuclear facilities operation and development

• Nuclear science for environment and sustainability

• Treatment and management of man-made and
naturally occurring radioactive substances

• Sustainability and international competitiveness of
industry

• Organisational development and support.

All activities at ANSTO, including research, business or
support services, are carried out within one of these
CBAs, and therefore only those proposals that fit under
one of these areas are considered. The activities are
undertaken as projects and typically run for three years.
This length of time enables researchers to conduct well-
founded and well-structured research, and to disseminate
and where possible implement findings. For projects
where further woi"k would be of demonstrable value,
either scientificalry or through to commercial returns;
projects may be restructured to focus on new goals and
thus continue. As a number of new projects begin and
end each year, ANSTO is constantly evolving and
refocussing on current developments in the application of
nuclear S&T, as well as the expectations of government,
community and the market.

Ideas for new projects are initiated from a wide variety
of sources and are proposed by individual researchers,
research teams, ANSTO management and board, and
other stakeholders. As described, it can often build on, or
be a refocussing of, previous work. For example, the
work on synroc from 1979 has led to on-going research
and considerable know-how in the areas of ceramics and
nanotechnology - areas in which ANSTO is now
internationally recognised. New ideas may reflect new
priorities in government or the wider community. For
example, the national research priorities are driving
ANSTO's new, stronger focus on forensics and security.
Similarly, opportunities may be identified from using
ANSTO facilities and expertise to enter emerging science
areas and so on.



The proposer of a project, (the 'project champion') will
initially workshop the idea to produce a project
definition. Such workshopping will often involve people
and collaborators from within ANSTO, around
Australia and overseas. The project champion
documents what the project is about, its background,
objectives, expected outputs and outcomes, scope and
stakeholder drivers. He or she looks at the required
resources and related factors. He or she also has to show
how it relates to ANSTO's core business areas as well as
ANSTO's mandate and mission. This is an interative
process. It may be appropriate to hold off starting a
project until a later year, perhaps when resources become
available, the scientific argument is more persuasive or
the project is refocussed to better match ANSTO's
mandate.

2. Collaboration

A consistent element in all ANSTO projects is
collaboration. ANSTO's partners in collaboration span
industry and universities, as well as other R&D science
and technology organisations such as CSIRO, the
Defence Science and Technology Organisation (DSTO),
Geoscience Australia and Cooperative Research Centres
(CRCs). In order to appeal to collaborators across the
board from private industry to publicly funded agencies,
ANSTO believes that it is vital to have various models of
collaboration from which to choose the best match to the
requirements of all parties. Considerations in
collaborative research include not just the facilities,
expertise and resources to do the science but also issues
arising from IP ownership and potential commercial
return. When looking at future research opportunities,
ANSTO asks, "Who are the best three organisations in
this area in Australia, or in the world?" They are the ones
the Organisation wants to work with.

Such models include (but are not limited to) the
AINSE model of collaboration with universities; the
Bragg Institute; individual 'umbrella' agreements such as
memoranda of understanding; user groups (for example
those involving beamline facilities); external programs;
funding schemes (ranging from those run by the
Australian Research Council to International Atomic
Energy Agency programs); adjunct staff positions at
universities; and co-location, such as at the ANSTO
Technology Park.

The Bragg Institute was launched a year ago as a
specific vehicle for "ANSTO in partnership" with
universities, other R&D and science and technology
organisations and with industry. Through the Bragg
Institute ANSTO is establishing a joint Centre for
Structural Biology and Chemistry at the University of
Sydney. It will offer high-level fellowships and a joint
lectureship in chemistry, among other joint activities.
The Bragg Institute also has joint postdoctoral
arrangements with Curtin University of Technology and
the University of NSW, and staff-visit agreements with
Bio21 in Victoria. The Institute has a strong emphasis on
international relationships, to ensure Australia attracts the

world's leading scientists to use the repilacement research
reactor and perhaps join the ANSTO team. It aims to
bring together neutron scattering and x-ray scientists and
users, to maximise the benefits of the superb facilities that
Australia will have in this area in the next few years, with
the replacement reactor and the synchrotron. The work
undertaken at the Bragg Institute is relevant to diverse
areas, including plastics, minerals, welds,
pharmaceutical products, electronic materials, biology,
catalysts and magnets.

ANSTO also collaborates extensively internationally.
This keeps Australia involved and aware in international
thinking as to the future of nuclear science and
technology, and enables ANSTO to participate in that
future. ANSTO works multilaterally, especially with the
International Atomic Energy Agency, but also with
global programs, such as the Intergovernmental Panel on
Climate Change. Regionally, ANSTO works with the
IAEA Regional Cooperative Agreement and the Forum
for Nuclear Cooperation in Asia. Countries in the Asia
Pacific region are making great strides in the nuclear area,
and it is important to Australia's strategic interests that we
have an understanding of their values and goals in
nuclear science. The contacts, networks and colleagues
established by collaborative research in these areas is
invaluable in ensuring that understanding, as well as
allowing Australia an opportunity to be a champion in the
region for high standards of safety and environmental
protection and promoting the peaceful uses of nuclear
S&T.

ANSTO also works bilaterally. Relations with the
US, particularly with the Departments of Energy and
State, help keep Australia informed and involved in
developments. The following illustrates the diversity of
the Organisation's collaboration with the European
Union (EU):

• Last year ANSTO counted 30 research projects
involving organisations in the EU.

• ANSTO is actively involved in consortia seeking
funding from the EU's Sixth Framework Program
for research (FP6), which is funded to 17 and a half
billion euros over five years.

• ANSTO has strong relationships with EU Joint
Research Centres (JRCs), particularly the
transuranium JRC in Karlsruhe, and with the
French Atomic Energy Commission (CEA).

3. Facilities

ANSTO's future plans for nuclear science and
technology are very strongly influenced by its facilities,
and even more so now by the replacement research
reactor, which will be online in 2005/06. The
replacement reactor will be a world-class neutron source.

Eight neutron beam instruments are planned for the
replacement reactor: four diffractometers, two
spectrometers, a small-angle neutron scattering beamline
and a reflectometer. The selection of these instruments
followed an extensive consultation process. The Beam
Instruments Advisory Group determined the scope for



the instruments through a series of workshops that were
held for each instrument or area, (for example biological
sciences). The workshops were open to any organisation
in Australia and overseas, and ANSTO particularly
sought involvement of individuals from North America,
Europe and Japan, so it could capture developments
internationally. The Australian Neutron Beam Users
Group also provides input on future instrumentation, and
to the development of the new instruments. The aim in
this high level of consultation is to build a world-class
centre with a unique range of capabilities.

The replacement reactor is, in fact, capable of
supporting 17 instruments. The additional instruments
would be housed in a second beam hall. Some potential
additional instruments have iilready been identified. The
B r a g g I n s t i t u t e ' s w e b s i t e
http:/Avww.ansto.gov.au/ansto/bragg/index.html carries
more information about them. While these instruments
form part of ANSTO's future plans, they do not yet
feature in any ANSTO budget, and the Organisation
anticipates needing alternative funds to supplement
possible government funds to enable these instruments to
be developed, operated and maintained. As the
Australian Government recently established a taskforce
to examine research infrastructure in Australia, ANSTO
is using that opportunity to bring the issue of additional
beamlines to the attention of lhat taskforce.

ANSTO has already established projects to take
advantage of the capabilities of the replacement reactor.
Around the world, research is under way on a new
generation of radioisotopes. Because of its higher flux,
the replacement reactor has the potential to produce a
much wider range of therapeutic radioisotopes than
HIFAR can. Therefore ANSTO Radiopharmaceuticals
has launched a project to identify and develop a
methodology and commercial production processes for
new diagnostic and therapeutic radioisotopes.

The replacement reactor's cold neutron source will
open up completely new opportunities for research in
nanotechnology, biology and a wide range of material
science applications. Another new feature will be the
residual stress capability that will allow the study of
welds, engines, composite materials and so on.

As well as opening up new research areas, the
replacement reactor will also enable ANSTO to satisfy
ever-growing demand for its products and services. Last
year radiopharmaceutical sales rose by 7 per cent. The
replacement reactor will vastly increase ANSTO's
radioisotope production capacity by four times the
current capacity enabling us to meet growing domestic
needs and create export opportunities. Neutron
transmutation doped silicon sales rose by 22 per cent last
year. The replacement reactor will give us four times the
capacity to produce phosphorus-doped silicon for the
semiconductor industry.

4. Business development

To meet increases in demand for ANSTO's products and
services as well as the new opportunities that will be

provided by the RRR, ANSTO has been sharpening its
focus on business development. ANSTO's business
development team will play a key role in bringing
ANSTO's future nuclear science and technology to
market. ANSTO's new director of business
development, Rob Muir, has returned home after a 20-
year career in the US at the forefront of technology
commercialisation and venture capital. As well as the
"good science is good business at ANSTO" tagline, Rob
has launched the /VNSTO Business Lab, an environment
for learning and the evaluation, management and
commercialisation of intellectual property and
technologies.

ANSTO is also breaking new ground in providing a
new incentive environment for its scientists and
researchers, who are eligible to participate in potential
commercial returns from ventures. This is being
managed through the ANSTO Technology Innovation
Awards program, hi addition, a Technology Forum will
involve staff from across the Organisation and which will
help to further build the commercialisation culture in the
organisation.

ANSTO's future plans for business development
require:
1) Raising Australia's global scientific profile
2) Further development of the ANSTO Business Lab

• Changing the focus from 'C for
commercialisation', to 'C for customer',

• Pursuing 'Investment-Ready Opportunities'
built around ANSTO's three 'crown jewels'
(mining, materials and radiopharmaceuticals)
and partnerships, and

• Building Australian templates for the
successfijl transfer of technology from public-
sector organisations such as ANSTO to the
private sector

3) Creating additional sources of funding for research,
collaboration, and global technology transfer.

In order to plan for these goals, ANSTO recognises the
need to understand how the organisation is currently seen
by the stakeholders and potential customers. Therefore it
is undertaking a survey of its stakeholders, across staff,
the community, business and government. This survey
aims to identify stakeholder knowledge of ANSTO,
attitudes to the Organisation and the resulting behaviour,
as well as identifying stakeholder needs and issues, and
the best way of communicating ANSTO's solutions to
those needs and issues. Clearly, it is not only a matter of
how ANSTO communicates what it does - this research
may also influence ANSTO's decisions about what it
does.

5. National Research Priorities

The initiatives regarding business development are one
way in which ANSTO is seeking to maximise the value
of its research and capabilities. Another way is through
its involvement in the national research priorities. The
Prime Minister announced the following four national



research priorities last December:
• An environmentally sustainable Australia
• Promoting and maintaining good health;
• Frontier technologies for building and

transforming Australian industries
• Safeguarding Australia

While 'Safeguarding Australia' is suggestive of the
physical security of nuclear and radioactive materials,
the priority goals in this area address a broader range of
research themes including:

1. Critical infrastructure
2. Protecting Australia from invasive diseases and

pests
3. Protecting Australia from terrorism and crime
4. Transformational defence technologies

ANSTO has been looking for the past year at how it
might best increase its research activity in this area, and
where it might be able to provide nuclear-based services
and technologies to other organisations.

ANSTO's capabilities in materials and engineering
science are particularly relevant to other organisations.
ANSTO, CSIRO and DSTO have held a number of
workshops during the past year, and among items for
discussion has been the role that ANSTO's materials
testing capabilities, such as lifetime assessment services
and welding technologies, could play a role in the critical
infrastructure priority goal. ANSTO also has know-how
and services that might be applicable in the defence
technologies priority goal. The Organisation's
capabilities in computer aided design of new
components and for performing simulated testing on
existing structures is relevant, as is its extensive ceramics
processing facilities.

All of these capabilities have been built up over a
number of years, in some cases such as materials testing
services, they were built up to help keep MFAR
functioning effectively and safely.

ANSTO has a track record in research in recent years,
to support IAEA work on safeguards, that is applicable
to the "preventing terrorism and crime" priority goal.
Current research addresses:
1. detectors
2. environmental monitoring for the detection of

clandestine nuclear activities
3. nuclear forensics
4. the use of nuclear and technologically advanced

techniques for classical forensic science research.

Last year a working group of the Prime Minister's
Science, Engineering and Innovation Council
investigated the contribution that science, engineering
and technology could make to security. Further work
was then undertaken in the Department of Prime
Minister and Cabinet. ANSTO has been involved
throughout these processes and has made significant
contributions. The Organisation is currently working
with CSIRO, DSTO, Geosciences Australia and other
organisations and is participating in counter terrorism

forums to enable us to identify research opportunities.
ANSTO is also developing close ties with radiation
health services and HAZMAT divisions throughout
Australia. For example, it can advise emergency
response organisations on the detection, response and
clean-up of radioactive incidents. ANSTO's linkages in
this field also spread internationally. For instance, it has
also been in discussions through the year on a proposed
EU FP6 project on illicit trafficking detectioa

6. Conclusion

In conclusion, there are a number of exciting future plans
under way at ANSTO with a clear focus on the scientific
and commercial benefits the replacement reactor will
bring. The new infrastructure that is being developed will
make an enormous difference to the work that ANSTO
can undertake, and that others can undertake using the
Organisation's facilities. In its preparations, ANSTO is
concentrating on building client bases and on
strengthening its relations with users;, particularly with
leading research institutes from around the world. It is
also building linkages with other research performing
organisations around Australia. It has; in place a project
management system that enables it to adapt to change so
as the future unfolds, ANSTO will have the flexibility to
respond. It is putting a great effort into building business
linkages, to ensure the nation gains the maximum
economic benefit from ANSTO's work.

All in all, the future looks bright for nuclear science and
technology in Australia.

Table
The eight neutron beam instruments planned

for the replacement research reactor

• Difiractometers:

- High-resolution powder
- High-intensity powder
- Residual-stress

• Quasi-Laue

• Small-angle neutron scattering

• Spectrometers:

- Polarisation analysis
- 3-axis

• Reflectometer

Dhistration (see next page)
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SUMMARY. The Australian Institute of Nuclear Science and Engineering is a national organisation with a
45 year track record of collaboration and facilitation of the interaction of universities and one of the major
Publicly Funded Research Agencies, ANSTO. AJNSE supports research and training in fields that utilise the
techniques and instrumentation of nuclear physics.

ATNSE currently has 37 Australian university members as well as the University of Auckland and the New
Zealand Institute for Geological and Nuclear Sciences. Income is primarily obtained from members in the form
of membership fees, ANSTO and a Commonwealth government contribution (also paid through ANSTO). Each
university pays in proportion to the benefit received and the aggregate university augmented by equal
contributions from ANSTO and the Federal Government (through ANSTO). This is seen as an essential element
of this model which allows individual researchers to access the facilities irrespective of any funding from other
major funding bodies.

The replacement reactor for HTFAR will bring further impetus to AJNSE collaborations with ANSTO. The
new Tandetron accelerator that will come on-line this year is another collaborative AINSE initiative with
ANSTO. Its use as an accelerator mass-spectrometer will provide a state-of-the art facility for dating and general
ion-beam analysis experiments.

AJNSE supports research projects over a very wide range of disciplines, ranging from biomedical
science/biotechnology, environmental science, material properties and engineering, archaeology and
geosciences to material structure and dynamics.

AJNSE currently supports over 200 active projects.

INTRODUCTION
1.

ATNSE was founded in 1958 with an initial
membership of ten universities; the first President
of ATNSE was Professor D.O. Jordan of the
University of Adelaide. Thirty seven Australian
universities are now members of ATNSE in addition
to the University of Auckland and the New Zealand
Institute of Geological and Nuclear Sciences
(IGNS).

ATNSE's mission is to advance research,
education and training in nuclear science and
engineering and their applications within Australia
by being, in particular, the key link between
universities, ANSTO and major nuclear science and
engineering and associated facilities.

The objective is to:
• Provide a mechanism for users in member

organisations of AJNSE to have access to major
nuclear science and engineering and associated
facilities at ANSTO and other agreed sites for
research purposes.

• Facilitate graduate and undergraduate education
and training experience utilising major nuclear
science and technology facilities at ANSTO and
other agreed sites.

• Encourage collaboration and cooperation
between member organisations of ATNSE in
areas primarily related to nuclear science and
engineering and their applications.

• Sustain and support the development of major
nuclear science and technology facilities at
ANSTO and other agreed sites for shared use by
member organisations of AINSE.

The federal government has recently established a
review panel to look into collaborations between
universities and major publicly funded research
facilities, which, of course, includes ANSTO.
Through AINSE such collaboration between
ANSTO and the universities has been very
successful; the ATNSE model has stood the test of
time!

AINSE is also recognised by ARC as an
umbrella organisation representing the universities.
This recognition has also allowed us to utilise the
ARC LIEF program to develop and enhance
facilities located at ANSTO and acquire some
major new pieces of equipment for use of its
members. This requires an additional financial
commitment by a number of member universities
and AINSE, as well as a contribution from
ANSTO, in a joint application to the ARC from
AINSE. This funding mechanism was used by



AINSE recently for the purchase of the new
Tandetron accelerator (see also below). Ainse also
uses this funding avenue to support access of
AINSE researchers to the ISIS neutron spallation
source in Oxford (UK) for its members.

2. AINSE POSTGRADUATE
RESEARCH AWARDS

These are awarded to PhD students whose research
projects are associated with nuclear science, or its
applications and involve access to facilities at
ANSTO, ISIS or other AINSE supported facilities.
AINSE Postgraduate Research Awards are in the
nature of a top up scholarships and require the
applicant to hold an Australian Postgraduate
Research Award (APRA) (or university
equivalent). There are usually 3-4 times as many
applicants as awards available. The Postgraduate
wards cover a stipend, travel and accommodation
expenses for two trips and on average one month's
accommodation at the motel adjacent to the Lucas
Heights site. In addition, a nominal payment of
$5,500 is made to ANSTO for facility costs that the
students will use. AINSE postgraduate scholars
accessed ANSTO facilities for 776 days in 2002. In
2003 we have 39 postgraduate scholars with about
10 new awards made each year.

3. WINTER SCHOOL

Each year AINSE organises a Winter School for
senior undergraduates. The winter school runs over
five days with the students staying on site. The
program involves both members of ANSTO and
university staff as well as AINSE postgraduate
scholars who act as demonstrators and "role
models". Judging from the, often effusive,
responses of the students, this program is very
successful indeed. We are particularly indebted to
those ANSTO researchers that give up their
valuable time to make these winter school such a
success. In 2003 thirty seven students participated
in the Winter School. They were students
completing degrees with majors in biology (3),
biomedical Science (2), chemistry (12), engineering
(3), environmental science (3), geology (3), health
sciences (1), nuclear medicine technology (2) and
physics (8).

Background lectures and experimental sessions
were provided in the Neutron Scattering, Ion Beam
Experiments, Natural Radioactivity, Radioactivity
and the Living World and Radiation Chemistry.

4. CONFERENCES

One of the other functions of AINSE is to organise
conferences in fields related to the AINSE

supported research. IN 2003 AINSE organised the
following conferences:
• ICRR 2003, (12th International Congress

of Radiation Research) Brisbane 1 7 - 2 2
August 2003

• 15 t n International Symposium on
Radiopharmaceutical Chemistry 11-14
August 2003, Sydney

• NTA Nuclear Techniques of Analysis
Conference November 2003, ANSTO

• AINSE SANS/SAX/Reflectometry
Symposium June 2003, ANSTO

• AINSE Plasma Science and Technology
Conference to be held in collaboration
with the AJP Congress in 2004 in
Canberra

5. THE TANDETRON ACCELERATOR

A new accelerator (Tandetron) has been purchased
by AINSE with support of an ARC grant and
financial contributions from a number of
universities and ANSTO A Dutch company, High
Voltage Engineering Europa (HVEE) B.V., has
constructed the 2 MV Tandetron at a cost of about
$3 million. Commissioning is expected in
December 2003. The Tandetron will replace the old
Van de Graaff accelerator which is becoming
obsolete and requires a great deal of maintenance.
AINSE researchers, have used the old Van de
Graaff for Ion Beam Analysis since 1964. Since
1967, AINSE research on the accelerator facilities
has produced 35 PhD and 8 MSc theses through, as
well as training of numerous MSc and Honours
students from most universities throughout
Australia. Since 1976, over 700 journal and
conference research p u b l i c a t i o n s in
interdisciplinary studies based on Ion Beam
Analysis have been produced.

At present the ANT ARES accelerator is also
used for high-precision AMS (Accelerator Mass
Spectrometry) analysis in I4C dating. However, the
demand for this facility for other activities exceeds
time available on this facility. These other activities
are driven by the unique instruments associated
available, such as the Heavy Ion Microprobe,
general ion beam analysis (IBA) and the beam-lines
for the AMS analysis of heavy radioisotopes for
nuclear safeguards and environmental applications.

The main fields of research to be supported by
the new accelerator facility are:
Quaternary Science (AMS/'4C analysis)

The Quaternary period covers the most recent
2.4 million years of Earth history. It is significant
because within this time frame there were great
climatic upheavals and humankind spread across
the world.

High-resolution data series from tree-rings and



coral growth series are the best methods we have
for establishing climate changes on the annual (or
better) time scales. The new facility will enable
independent dating checks and hence greater access
to these kinds of records within Australia.

Oceans and climate (AMS/'4C analysis)
The accelerator analysis of radiocarbon in ocean

waters is a fundamental tool to understand the
influence of ocean circulation on the world's
climate. Australia has considerable responsibilities
in supporting international programs in ocean
circulation (e.g. the World Ocean Circulation
Experiment).

Environmental Studies (Ion Beam Analysis)
The effect of airborne particles on public health

is of increasing national and international concern.
Research projects are being undertaken to
determine a picture of air quality in Australian
cities, together with their concomitant elemental
signatures and emission sources.

Dating and characterising Aboriginal paintings
and engravings (AMS/14C analysis and Ion Beam
Analysis)

Several joint projects between ANSTO and
Australian universities involved in radiocarbon
dating of Aboriginal rock pictures, burial and
occupational sites, have been funded in the last
several years by the Australian Research Council,
AINSE and the Australian Institute of Aboriginal
and Torres Strait Islander Studies.

Biological studies (AMS/HC analysis and Ion Beam
Analysis)

Accelerator-based techniques have proven to be
a rapid and reliable method for determining trace
elements in biological samples. Assistance has been
provided over the years to occupational health
researchers through analysis of human hair, teeth
and blood to identify the intake of toxic elements
(eg. lead) by specific industry groups of workers.
Major studies have also been performed using
accelerator based methodologies on the metabolic
rates of soon-to-become-endangered Australian
marsupials in Western Australia (related to habitat
reduction due to human activities).

6. RESEARCH HIGHLIGHTS

The following small sample of interesting projects
taken from the AINSE 2002 Annual Report,
provides just a quick insight into the broad range of
fascinating and important projects carried out at
ANSTO with AINSE support.

Archaeology and Geosciences

Use of PIXE and SIMS in Economic Geology -

Study of the shape, chemistry and texture of
minerals is particularly useful in deciphering the
nature of fluid flow deep in the Earth's crust, and
has direct application to understanding the genesis
of hydrothermal ore deposits. A collaborative study
between Dr Geordie Mark (Monash University), Dr
Kathryn Prince (ANSTO), Dr Chris Ryan (CSIRO)
and Dr Patrick Williams (James Cook University)
has used Secondary Ion Mass Spectrometry (SIMS)
and Proton Induced X-ray Emission (PIXE) to
examine the correlation between mineral
composition and growth history to unravel the
hydrothermal processes associated with ore
formation together with constraining the origin of
the main ore-forming components.

A New Perspective on Hellenistic Trade and
Exchange in the Western Mediterranean -

Two archaeological projects conducted through
AINSE by researchers at the University of New
England have produced an unexpected insight into
long-distance trade during the Hellenistic and
Roman periods. Dr Pam Watson employed PIXE-
PIGE analysis on ceramics from an archaeological
survey in Jordan; Dr Peter Grave was also
conducting a similar analysis on ceramics from
Hellenistic/Roman Gordion, in Central Turkey.

Environmental Science

Macquarie Marshes- Geomorphic Model -
The Macquarie Marshes in north-west NSW is

one of several wet land areas in the Murray Darling
Basin. Marshes are an important habitat for
migratory birds and other species and a key aspect
of their management are the creek systems within
them. In order to understand the causes of avulsion
(the movement of channels) and the role of near-
channel sedimentation in an inland fluvial wetland
system, Dr Paul Hesse and his ATNSE Postgraduate
scholar Tim Ralph at Macquarie University in
collaboration with Dr Henk Heijnis at ANSTO use
lead-210 and AMS carbon-14 dating in conjunction
with sedimentological analysis to document the rate
and distribution of sedimentation adjacent to a
marsh feeder channel in the southern Macquarie
Marshes.

Differences between the contemporary and
long-term sedimentation rates, with historical
evidence, indicate a recent change in sedimentation
regime, which is related to channel avulsion at this
site 70 to 90 years ago rather than to catchment-
scale post-European influences.

Materials - Properties and Engineering

Diamond and Alchemy -
For centuries scientists have been fascinated by

the 'alchemy' of transforming carbon into diamond.
Under atmospheric pressure, graphite and not



diamond is the stable form of carbon. This project
aims to fabricate diamond nanocrystals embedded
in a glass matrix by direct ion implantation
followed by thermal annealing. Unlike other
methods of making diamond, the coalescence of
carbon into diamond occurs under heating in a
conventional furnace and does not require the
application of high external pressures or any pre-
existing diamond template. Professor Steven
Prawer and his team at The University of
Melbourne has developed a scheme to create arrays
of these nanocrystals for use in quantum devices.
Secondary Ion Mass Spectrometry (SIMS) was
used to provide depth profiles of C, O, Si and H in
the fused quartz matrix and in so doing elucidate
the mechanism of diamond formation.

Polymer research -
More and more applications are being developed

for plastics, which are formed when some sort of
radiation is applied to the monomers. Most people
who have been to the dentist in the last few years
will have experienced polymer fillings that are
hardened or cured using visible blue light. Plastic
lenses are hardened by thermally induced
polymerisation. Some coatings are hardened by
high energy ionising radiation. AINSE funded
gamma irradiation facilities at Lucas Heights are
being used by Stuart Prescott of the Key Centre for
Polymer Colloids (KCPC) at the University of
Sydney to give even more control to the eventual
properties of polymers. They have been studying
the chemical mechanisms of the Reversible
Addition Fragmentation chain Transfer
Polymerisation (RAFT) processes.which can be
initiated by gamma radiation.

Materials - Structures and Dynamics

Charge Densities, Hydrogen Bonding and Drug
Design -

The hydrogen bond is responsible for molecular
aggregation, protein folding and enzyme activity.
Conventionally strong hydrogen bonds such as O -
H ...O, N - H ...O and O - H ...N have been
extensively studied in the areas of supramolecular
chemistry, crystal engineering and have important
roles in nature. For example, the gross structure of
protein molecules, the structures of the genetically
important DNA and RNA molecules, as well as
drug-receptor binding involve hydrogen bonding.
Most pharmaceuticals act by interacting with
specific macromolecular receptors, located inside
or on the surfaces of cells. The drug-receptor
interaction is extremely specific in a stereochemical
sense (drugs having a particular shape), being
influenced by the distribution of functional groups
as well as the absolute configuration of the
molecule. The interaction is also specific in an
electronic sense, in that the charge distribution

must be entirely complementary to that of the
receptor binding site. Drs David Hibbs and Jacob
Overgaard of the University of Sydney, together
with Dr Ross Piltz from ANSTO, have determined
the experimental charge distribution in a number of
potential drug molecules using a combined high-
resolution neutron and x-ray single crystal
diffraction technique.

Ferroelectric device materials -
Layered bismuth oxides such as SrBi2Ta2O9

(SBT) are of considerable interest for use in the
next generation of ferroelectric devices. A major
stumbling block to their use is the degradation of
the performance of thin films of SBT when they are
annealed above the Curie Temperature (Tc), as
occurs during their manufacture. Changes in the
structure of SBT as it goes from the room
temperature ferroelectric state to the high
temperature para-electric phase are thought to be
important in this. A/Professor Brendan Kennedy
from Sydney University and Rene Macquart have
used high resolution powder neutron diffraction
methods to probe the structural changes in SBT as a
function of temperature. These measurements have
shown the presence of a hitherto unidentified
intermediate phase in SBT at elevated
temperatures, solving a fifty-year dilemma on the
relationship between the ferroelectric properties
and structure.

Biomedical Science and Biotechnology

Radiopharmaceuticals and Imaging -
The rapid advances in imaging technology and

the development of modern "physiological
radiotracers" has, for the first time, enabled
scientists and clinicians to make a noninvasive
study of the biochemical processes leading to
diseases in the body with unprecedented resolution
and sensitivity. This capability has largely been
possible through the development of the functional
imaging modalities of Single Photon Emission
tomography (SPECT) and Positron Emission
Tomography (PET). By employing a range of
medium to short lived radionuclides, various
metabolic tracers: have been used to study, image
and define diseases at the molecular level in
neuroscience, oncology and cardiology. For
example, tracers radiolabelled with carbon-11,
fluorine-18 or iodine-123 have allowed the study of
neurological disorders such as epilepsy,
Alzheimer's and Parkinson's disease using PET
and SPECT. During the past two decades receptor
ligands and drugs from the pharmaceutical industry
have been investigated as po ten t ia l
radiopharmaceuticals for detecting and monitoring
neurological and psychiatric disorders. One such
drug is the antipsychotic drug Dexetimide that,
after radiolabelling with the SPECT isotope iodine-



123, becomes a potent and selective receptor
marker for the muscarinic acetyl choline receptor
(mAChR) system. Diseases such as Alzheimer's
disease (AD), epilepsy and a wide range of related
disorders have been linked to abnormalities in these
mAChRs. AINSE is currently supporting four
clinical trials involved in cognitive impairment in
dementia patients and in AD, in epilepsy and in
post-traumatic stress disorder.

7. THE FUTURE

AINSE has embarked on formulating a strategic
plan to guide its future development in the light of
changes in the landscape of government funding of
the tertiary education sector, organisation and
funding of research infrastructure and exciting new
prospects such as the ANSTO replacement reactor
and the Australian Synchrotron in Victoria.

Consideration has been given to broadening
both the facilities that might come under the
AINSE umbrella as well as opening membership to

institutions other than universities. The question of
possible international membership is also of
interest. Mechanisms, and funding arrangements,
for realising such an enlarged membership would
need to be addressedt.

It is envisaged that the AINSE strategic plan will
be tabled for adoption at the next council meeting
of AINSE in December this year. The plan, which
has been discussed also with the Minister of
Science, the Hon. Peter McGauran, is seen as an
important blueprint for the future development of
AJNSE. It is clear that the Federal government
wants to enhance collaborative activities between
universities and publicly funded major research
facilities. AINSE has successfully provided a
mechanism for doing precisely that with ANSTO.
Whilst we are clearly on the right path, we must
embrace opportunities to develop this model
further.

Reference:
AJNSE 2002 Annual Report:

http://www.ainse.edu.au
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SUMMARY. A contract for the design, construction and commissioning of the Replacement Research Reactor
was signed in July 2000 between Australia authorities and INVAP from Argentina. Since then the detailed design
has been completed, an application for a construction license was made in May 2001 and granted in April 2002. The
construction and manufacturing phase is presently underway, with full operation of the facility being scheduled for
2006.

This paper explains the safety philosophy embedded into the design together with the approach taken for main
elements of the design and their relation to the proposed applications of the reactor. Also information is provided
on the suit of neutron beam facilities and irradiation facilities being constructed. Finally it is presented an outline
of the project management organisation, project planing, schedule, licensing and general project progress.

1. INTRODUCTION

The Australian Nuclear Science and Technology
Organisation (ANSTO) has contracted a new high
performance Research Reactor -RRR-. The reactor is
being designed and built by INVAP (Argentina) in
the Lucas Heights Science and Technology Centre,
near Sydney.

The RRR is a pool-type reactor featuring a total
fission power of 20 MW. It has a compact core of
low-enriched uranium fuel surrounded by a heavy
water reflector vessel. The reactor will be at the
bottom of a light-water filled pool that provides both
cooling and shielding to the core.

The RRR has been optimised with high priority
for beam tube experiments, and at the same time is
provided with a large amount of diverse facilities for
irradiation experiments and isotope production.

The design incorporates state of the art technology,
high neutron fluxes per unit of power, low fuel costs,
two independent shutdown systems, a passive pool
for decay heat removal, a containment system for
extreme events, and is sensible to operation and
maintenance needs.

The paper first presents a key to the core and plant
design, with details on the neutron beam facilities and
irradiation facilities as well as information on safety
features, safety assessment and licensing. Finally
some aspects of project organisation, planing,
delivery process and present project status are
presented.

2. DESIGN ASPECTS

The RRR has been designed to deliver a high thermal
neutron flux in a large volume outside the reactor
core where it is accessible for experimental use. The
concept has been to physically isolate the core from
the utilisation facilities; thus neither beams nor
irradiation facilities are located inside the core itself.
This feature permits a better optimisation of the
neutronic performance of the core as well as it
enhances the reactor safety by preventing that beam
or irradiation activities may jeopardise the conditions
in the core fuel or control elements.

Inside the heavy water reflector that surrounds the
core and coincident with the highest neutron flux
densities, there ;ire several neutron beam tubes, a
Cold Neutron Source and positions for material
irradiation.

Maximisation of the neutronic performance of the
utilisation facilities is in inverse proportion to the
core volume. The limit on how small the core is has
been mandated by a number of constraints, such as:
the use of plate type fuel assemblies, the use of low
enriched uranium fuel, the target cycle length
duration, the removal of decay heat by passive means
and the use of a non pressurised primary cooling
system.

The core. The core consists of sixteen fuel
assemblies of square shape having low-enriched
uranium silicide fuel plates with aluminium cladding.
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The fuel plates incorporate burnable poisons to help
minimise the core excess reactivity along the
operation cycle. The core is cooled and moderated by
light water and features a heavy water reflector.
Fission heat is removed by water circulating through
coolant channels between the fuel plates. The reactor
core volume is some seventy litres.

Five control rods are used to control core
reactivity. Four 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. In Table 1 are provided main reactor data and
Figure I shows the core and reflector arrangement.

Shutdown systems. The reactor has two
independent, redundant and diverse shutdown
systems. The sole action of any of them is capable of
shutting down the reactor and keeping it in a safe
shutdown condition during the range of accident
events and other events of interest considered in the
design.

The First Shutdown System inserts five control
rods into the core by the combined action of gravity
and compressed air when requested by the First
Reactor 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 partially empties
by gravity the heavy water from the Reflector Vessel

into a storage tank beneath the core when requested
by the Second Reactor Protection System.

Reactor Cooling. The reactor core is cooled by
forced circulation of light water in upwards direction,
thus no flow reversal occurs in the transition from
forced circulation to natural circulation cooling
regimes. In addition other cooling systems remove
heat from the reflector heavy water and from the
irradiation rig

TABLE 1. Main Reactor Data

Topic

Reactor type
Core thermal power
Av. Core power density
Core fuel load - BOC

Average cycle length

Fuel type

Fuel assembly residence
time
Number of plates per fuel
assembly

Coolant velocity in core

Value

Open pool
20 MW

280 kW/L
6.25KgU-235

29 full power days

19.7% enriched
U3Si2-Al

190 full power
days

21

8.1 m/s

Figure 1: Arrangement of Reactor Core and Reflector Vessel
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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 natural circulation of
the pool water. The pool has a sufficiently large water
inventory to provide long-term cooling without
reliance on external systems or sources of power.

Buildings. The facility occupies some 13,000 square
meters, which includes the Reactor Building built in
reinforced concrete housing the reactor and service
systems, the Neutron Guide Hall where the neutron
guide systems and the research equipment are
located, and some other Auxiliary buildings, Offices
and Cooling Towers.

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.
The Reactor Containment System is designed to
prevent the uncontrolled release of radioactive
materials to the environment.

The facility is divided in zones considering the
different tasks carried out within the plant, and taking
into account radiation protection, fire protection and
security issues. The layout aims at providing each of
the different groups acting in the facility, (beam
users, reactor operators, reactor maintenance
personnel, radioisotope operations and visitors), with
dedicated areas and appropriate circulation paths that
allow segregation of their activities. At the same time
some strategically placed zones favor "cross
breeding" between these groups to provide
integration.

3. SAFETY PHILOSOPHY

The overall safety objective for the RRR is to protect
individuals, society and the environment by
establishing and maintaining an effective defence
against radiological hazards.

Good design practice and construction, including
the use of appropriate codes and standards and a
quality assurance program, will ensure reactor safety
for normal operation and anticipated abnormal
events.

A thorough and comprehensive design together
with operating procedures for the reactor will ensure
that radioactive releases and the resultant radiation
doses are as low as reasonably achievable. The
defence in depth strategy has been followed in the
design of the RRR to compensate for potential human
and mechanical failure and unexpected occurrences.
Abnormal events are prevented, then mitigated, then
accommodated, in that order; and a series of barriers
will prevent, reduce or slow down releases of
radioactivity into the environment.
The facility meets the regulatory requirements of the
Australian Radiation Protection and Nuclear Safety

Agency (ARPANSA) and complies with applicable
International Atomic Energy Agency (IAEA)
guidelines and recommendations.

Safety Concept. The safety concept of the RRR is
based on the provisions for shutting down the reactor
under all circumstances and the prevention of fission
product releases by means of successive physical
barriers, namely fuel matrix and cladding, pool water
and reactor building. Even in the highly improbable
failure of the fuel, the reactor pool water will retain a
large portion of the fission products and the rest will
be retained by the containment system.

Engineered Safety Features are provided which
are capable of maintaining the reactor in a safe
condition under all anticipated 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.
The design incorporates many safety features and
inherent safety characteristics. These include:

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

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

c) The two diverse and independent shutdown
systems. Each employing its own triplicated
sensors, logic and actuators.

d) The large volume of low pressure and low
temperature water contained in the reactor pool
acts as a heat sink for every relevant accident
scenario, this together with the core enclosure and
its dedicated Emergency Make Up Water System
(EMWS) render negligible the risk of "fuel
meltdown" due to exposure to air.

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

f) The levels of protection against loss of coolant
accidents.

g) The ability to withstand a 1 in 10,000-year
seismic event and beyond and the grille protection
against aircnift crash.

h) The low generation of gaseous radioactive
emissions due to the use of water cooling of rigs,
nitrogen in the pneumatic systems, helium
systems in high dose beam areas and a hot water
layer at the reactor pool surface.

Safety Assessment. The analysis used both
deterministic methods and a level 1 probabilistic
safety assessment. A deterministic analysis of the
behavior of the reactor and associated systems
following a comprehensive range of identified Design
Basis Initiating Events was performed. All cases
analysed have been conservatively assessed with an
assumed single failure of the protection/shutdown
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systems. The failure of one shutdown 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.

The assessment of individual safety systems was
done by means of Failure Mode Effect Analyses.

The core damage frequency of 4x10'7 per year
fully complies with regulatory limits and the selected
bounding sequences are well below the frequency-
dose acceptance curve.

4. NEUTRON BEAM FACILITIES

Beams of neutrons, originated in a cold and a thermal
neutron source placed in the high-density neutron
areas of the Reflector Vessel, are guided to
experimental stations outside the reactor core, where
they are used as powerful probes of materials.
Neutron super mirror guides are used to transport in
efficient manner neutrons to the research instruments
located in the Reactor Beam Hall and the Neutron
Guide Hall.

ANSTO is looking forward to incorporate in the
RRR a suite of neutron instruments to provide
Australia with state of the art capabilities for research
in wide ranging fields of science and engineering.
The cold neutron source, which is a key element of
many facilities around the world, will open new fields
of research for Australian scientists.

The buildings that support these facilities
comprise:
a) The Reactor Beam Hall (RBH)-an area in the

reactor building that accommodates the neutron
beam instruments that need to be as close to the
reactor as practicable.

b) The Neutron Guide Hall (NGH) -An area
adjacent to the reactor building that
accommodates the majority of the neutron beam
instruments, workshops, laboratories, offices and
a viewing gallery.

Cranes in the RBH and the NGH, air conditioning
and ventilation systems and other services support
these facilities.

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 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 1.4x1010 n cm"2 s"1 and at
the performance measurement locations in the NGH
will be of the order of 2.7x10' n ernes'.

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. 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.

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 and serves two neutron beams located in
almost opposite directions and tangential to the core.
The nominal thermal neutron flux at the performance
measurement locations at the reactor face will be
higher than 1.6x 10'° n cm"2 s"1 and at the performance
measurement locations in the NGH will be higher
than 1.6xl09 n cm"2s"\ The neutron spectrum has a
temperature in the range from 40°C to 60°C.

Hot Neutron Source (future). On the centre of one
of the core faces a place has been reserved for the
future installation of a Hot Neutron Source (HNS).
The envisaged HNS design would be based on a
Graphite block heated by radiation coming from the
core. It is foreseen that the HNS will operate at a
temperature close to 1800 °C. One neutron beam,
tangential to the core, originates at the position
reserved for the HNS. While the HNS is not installed,
the beam will be used as an additional thermal beam.

Neutron Transport Systems. There are five neutron
beam assemblies leaving the reflector vessel in a
tangential arrangement with respect to the core. Two
neutron beams deliver neutrons towards the NGH
(one thermal and one cold beam) placed north with
respect to the Reactor Building. The neutron beam
serving the future HNS is directed into the RBH in
West direction. The remaining two neutron beams
(one thermal and one cold) leave the reactor in South
direction. The facility layout allows for the future
construction of a second Neutron Guide Hall on the
South of the Reactor Building. Except for the HNS
beam that caters for two neutron guides, all the other
beams have capacity for three neutron guides each of
them.

The neutron beams leave the reflector vessel,
traverse the reactor pool liner and the shutters
embedded in the reactor block. The shutters contain
sections of neutron guides that penetrate the block for
maximising the neutron transport from the core to the
experiments.

Neutron supermirror guides are built by sputtering
multiple successive layers of titanium and nickel on
glass slabs. The guides feature a critical angle of two
and three times that of nickel. Guides are contained
inside a vacuum housing to ensure optimum
transmission and alignment stability.
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5. IRRADIATION FACILITIES

Radioisotopes are produced by introducing targets
into dedicated irradiation positions in the reflector
vessel. Numerous irradiation positions are provided
in the reflector tank, some are water-cooled and other
are served by pneumatic transport systems. Facilities
for irradiation of Silicon ingots for NTD and several
hot cells are also provided.

General Purpose Irradiation Facilities. They
comprise fifty tubes that run from two pneumatic
transfer hot cells to locations in the reflector vessel
having neutron fluxes ranging from 2.4x10'2 to 1.0 x
1014ncnV2s-'

Target materials are loaded into aluminium or
titanium containers 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.

Bulk Production Irradiation Facilities. They
comprise seventeen irradiation tubes running
vertically through the reflector vessel. They 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 Mo-99, tellurium dioxide for the
production of 1-131 and indium metal for the
production of Ir-192.

Large Volume Irradiation Facilities. They
comprise several irradiation tubes in the reflector
vessel that will be used to irradiate mineral and other
samples mainly for the minerals industry, and for the
neutron transmutation doping of single crystal silicon
ingots for the electronics industry. To ensure
irradiation homogeneity within the Silicon ingots,
they are provided with neutron flux flatteners and are
rotated by means of a hydraulic system.

Neutron Activation Laboratory. A 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.

Neutron Transmutation Doped Silicon
Laboratory. This laboratory is provided for the
post irradiation scanning, cleaning and packaging of
the silicon ingots.

Shielded Hot Cells. The facility is provided with
four shielded hot cells to allow safe and efficient
handling of the radioisotope targets and their delivery
to the ANSTOs adjacent radioisotope processing
facilities. The iiTadiated targets are handled as sealed
sources within ihe RRR. 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.

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 in a lower level 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.

6. PROJECT MANAGEMENT AND
ORGANISATION

The construction of the RRR represents an important
undertaking for INVAP and Australian private
companies. Expertise is drawn from IN VAP seasoned
management and design teams and from strategic
associations with the PNPI (Russia) and
MIRROTRON (Hungary) for the Cold Neutron
Source and the Neutron Guides respectively. INVAP
is responsible for the overall delivery of the project
that involves the co-ordination of a team of some
twelve companies all around the world.

A Project Management Plan (PMP) establishes the
overall organisational grounds, responsibilities and
links between all the parties participating in the
project. The Ph/IP is the key to other general and
phase specific plans that are the basis of the project
management effort. The project is run under an ISO
9000 certified system, covering design as well as
construction activities.

Communication and reporting to the client is done
on a regular basis allowing a close control of the
project progress and status.

Planning and Schedule. The project schedule for
the RRR has a duration of 66 Months. The project is
organised through a Work Breakdown Structure
(WBS) with more than 200 work packages that cover
the different phases: Launching, Preliminary
Engineering, Detail Engineering, Construction,
Manufacturing and Procurement, Installation, Pre-
operational Testing and Commissioning.

The Project Master Schedule (PMS) shows the
time frame and precedence for the execution of the
different work packages and is an important tool in
the planning and control of the project.
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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 license was made in May 2001. In
Table 2 are indicated the main project milestones.

Risk Management. A Risk Analysis and
Management Plan is run to control, have early
warning and allow development of contingency plans
to address any technical, organisational or
commercial issue that may threaten the project
schedule, budget or quality of the final product to be
delivered. Relevant actions are taken as to provide
early detection of any significant change in the risk
levels, detect new risks and ensure that tasks and
measures are in place to keep risks under control.

TABLE 2. RRR Project Milestones

Milestone

Contract signature

Presentation of PS AR

Construction starts
Construction and
installation complete
Nuclear commissioning
complete

Time since project
start date
0 month

10th month
21 th month
55 th month

61 th month

Local Industry Participation. While INVAP has
the overall responsibility for the delivery of the
project more than fifty per cent of the RRR project
will be sourced from Australia. To this end INVAP
formed an alliance with John Holland and Downer
RML for the delivery of the project. These Australian
companies have participated in the project since the
tender and they are responsible for half of the project
work packages encompassing engineering,
construction, installation and preoperational testing
activities.

Client Participation. ANSTO is provided visibility
over all the project activities. During design it has
participated actively as part of the design teams and
in formal design review meetings, during
construction it will control the activities by mean of
witness and nominated hold points indicated in the
Construction Inspection Test Plans.

7. LICENSING

As usual with nuclear project, a careful planning and
preparation of the documentation for submitting to
the Regulator in order to obtain the required licences
is essential for ensuring the success of the project.

Supporting the request for a Licence to start the
construction of the facility, a comprehensive
Preliminary Safety Analysis Report (PSAR) was

prepared at the Preliminary Engineer stage.
The development of the PSAR involved INVAPs

multidisciplinary staff in addressing in a
comprehensive way the facility systems and their
safety analysis and evaluation. The PSAR was
prepared in accordance with the IAEA Safety Guide
SS 35-G 1 "Safety Assessment of Research Reactors
and Preparation of the Safety Analysis Report" 1994.
The PSAR was thoroughly reviewed by ANSTO,
before submitting it to the regulatory agency,
ARPANSA.

ARPANSA reviewed the document, using when
required the assistance of international experts, and
the Licence for Construction was granted in April
2002.

ARPANSA regulations, through Regulation 54,
also require the Detail Engineering of systems and
components significant for the safety of the
installation to be submitted to the Regulator before
starting the construction or manufacturing of such
items. This process has require a significant
dedication from all the parties involved, as it means
that ANSTO has had to submit more than eighty five
Request for Authorisation to ARPANSA. Each of
these requests involves a significant number of
documents, which have to be prepared and presented
to ANSTO by INVAP, while ANSTO has to review
and accept the documents and submit them to
ARPANSA with the documentation substantiating the
Request for Authorisation. ARPANSA has then to
review the presentation, and after making the relevant
comments and asking for clarifications, issue the
permit for manufacturing the corresponding item,
component or system once they have satisfied
themselves that the design complies with the safety
requirements.

The close co-operation between INVAP and
ANSTO has made it possible for this complex
process to work. The quality of the original
documentation and the completeness of the
presentation, addressing every issue, have been
fundamental for achieving until now more than eighty
approvals from ARPANSA.
Presently ANSTO and INVAP are delineating the
process for the submission of the presentation
supporting the request for a Licence for Operation for
the facility.

8. PROJECT STATUS

We are now in month 39 after the signature of the
contract. The project has achieved more than 50%
progress. There have been three causes of significant
delays:

• The programme allowed for nine month between
the presentation of the PSAR and the issue of the
Licence for Construction; eleven months passed
between these milestones.

• During the excavation, a fault was found that
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could not immediately be ruled as inactive; the
fault had to be dated, and it was shown to have
moved for the last time at least several millions
of years ago; dating the fault an proving the case
to the satisfaction of the Regulator cause a
further four months of delay.

• The Reg 54 process has caused some delay in
the start of the manufacturing of some
components in the critical path of the project.

Although these delays mean that the original
contracted date is probably not achievable, the project
is moving forward at a very good step, and several
significant milestones have already been achieved.
First concrete was achieved the first of November of
2002, and one year later the progress in the
construction of the buildings is 60%, while the
manufacturing and procurement is 55%. The
construction and manufacturing phase will be

finishing by mid next year, most of the installation
phase will be finished by early 2005, commissioning
the facility will take up most of 2005 and the reactor
will fully be operational in 2006.

9. CONCLUSIONS

The reactor being constructed is a world class
neutron source of great flexibility, high productivity
and very high availability. 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 project is on schedule and on budget, the
detail engineering of it is well underway and the
relevant information has been presented to the
Australian Regulator (ARPANSA) in an application
for a Construction permit.
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The Importance of Project Networking for the
Replacement Research Reactor

GREG WHITBOURN
Project Manager, ANSTO, PMB 1 MENAI NSW 2234

SUMMARY. When the HIFAR research reactor was commissioned in 1958 it was both constructed and
regulated by the then Australian Atomic Energy Commission. The situation now is much more complicated,
with an independent regulator, The Australian Radiation Protection and Nuclear Safety Agency (ARPANSA)
and oversight by national security agencies and the Australian Safeguards and Non proliferation Organisation
(ASNO).

In July 2000 ANSTO contracted INVAP SE a suitably qualified and experienced nuclear organisation based
in Argentina to provide the Replacement Research Reactor (RRR). INVAP subcontracted an Australian entity, a
joint venture between John Holland and Evans Deakin Industries (JHEDI) to provide resources in Australia.
There is an international network of over 100 subcontractors providing services, products and materials to
INVAP and JHEDI and a significant number of contractors providing project support services to ANSTO.

The interaction of all these entities to provide the RRR is a significant networking challenge, involving a
complex network of legal, contractual and functional relationships and communication processes.

Background

• The HIFAR reactor has been in service since
1958.

• The Australian Government decided to replace
HIFAR in 1997, with a total budget of (1997)
$286.4 million.

• User requirements and operating specifications
were determined.

• Exhaustive reviews were carried out to address
environmental, safety and Parliamentary
concerns.

• A Site Licence was issued by ARPANSA in
September 1999.

• Tender evaluation was carried out from January
to April 2000.

• ANSTO contracted INVAP SE and its Australian
alliance subcontractor JHEDI in July 2000 to
design, construct and commission the RRR.

Stakeholders and Interest Groups

The Australian
responsibility:

Government has ultimate

ANSTO is responsible for approvals,
construction and operation.

A R P A N S A has r e g u l a t o r y
responsibility for nuclear safety.

Australian agencies are responsible for
security.

— Federal Government interest
groups include Attorney General,
Defence, Education Science and
Training, Employment and
Workplace Relations, Environment
and Heritage, Finance and
Administration, Foreign Affairs
and Trade, Health and Ageing and
Prime Minister and Cabinet.

* Other Interest Groups:

— Various user and advisory groups
eg Beam Instruments Advisory
Group.

— S c i e n t i f i c o r g a n i s a t i o n s ,
un ivers i t i es , industry and
academia.

— NSW Government and various
departments and agencies such as
Health and EPA.

— Local Government for example
Sutherland Shire Council.

— Issues Motivated Groups with
environmental or other focus.

Project Delivery

When a contract is awarded for the design,
construction and commissioning of a facility, the
principal has limited control of the project and
must make any significant project changes via the
contract amendment process. This can be a
costly undertaking.

18



This is the situation with the RRR project and it
requires highly effective relationship management
and communication.

ANSTO could have maintained overall project
management responsibility for the project through the
subcontracting of various activities, taking on the
project management and coordination role. This
would have enabled ANSTO to take full control of
the project however ANSTO would also have taken
responsibility for most of the project risks.

There would also have been regulatory concerns
if an organisation with a history of operating a
reactor proposed to take project delivery
responsibility for the establishment of a new
facility. An experienced nuclear construction
organisation would be a more credible entity to
take on the overall responsibility.

ANSTO's decision to contract the complete
project of establishment of the new reactor
minimised the overall risk.

Project Delivery - Major Organisations

Major Contractors, Subcontractors, Suppliers and Providers:
The International and Australian Resources Require Careful Coordination

INVAP - Contractor (Argentina)

T

PNPI - Russia

MIRROTRON - Hungary

INVENSYS/FOXBORO - USA

— L'Air Liquide - France

CNEA - Argentina

Suppliers - USA, Europe

Consultants - US, France, FRG

JHEDI - Australian Subcontractor

Cox Richardson - Architects

Connel Wagner - Structural

Wormald - Fire / Security

Grateholt - Gases / Drainages

Doran - HVAC

_ Variety of Subcontractors
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High Level Project Structure
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Project Networking

!. The ANSTO/INFVA.P contract is for
design, constructio»j commiasioniDg and
performance demonstration of the RRR
ANSTO responsibility ;*n<i nsk are
rtiifiimised.

2. ANSTO needs lo combine contract
administration wifh project managesnent.

3. A network of contracts and legislative
requirements determines the interaction
between the parties.

4. Effective relationship management is
essertsiaL Influence is the most important
attribute to apply with this type of project
structure.

5. Project coordination is a significant
challenge, with RRR, Neutron Beam
Instruments Project <>JBIP), Principal
Furnished Materiel (PFM) and related
projects that will enable ANSTO to take
full advantage of the RRR, all requiring
both scope and schedule coordination.

6. Regular reporting is required to ANSTO
Board. Minister, Government departments,
advisory and user groups and olhers.
Presentations are often used to make the
reporting process more interactive and
personalised.

RRR Progress

: System design was completed and detailed
engineering commenced February 2001.

2. The Preliminary Safety Assessment
Report (PSAR) was prepared and
submitted as part of ANSTO's application
to ARPANSA for a Construction Licence.

3. The licence application was submitted on
schedule in May 2001.

4. A peer review of the PSAR was carried
out in June 2001 by a te;mi of international
nuclear experts as parl oflhe ARPANSA
evaluation process, with a satisfactory
outcome.

Recent History

!. The Construction Licence was issued in
early April 2002, following a 2 month
delay to examine the security implications
of the events of September 11 200 L

2. Greenpeace launched an action to
challenge the validity of the Construction
Licence in May 2002.

3. A geological fault was identified in the
excavated site and construction was
suspended to carry out an investigation on
21 June 2002.

4. The Greenpeace action was defeated in a
court judgment delivered in September
2002."

5. An appeal by Greenpeace was launched in
October 2002 and later withdrawn

6. The geological fault investigation and
reporting were resolved and ARPANSA
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approval to resume construction was
received on 22 October 2002.

7. Concrete pouring commenced in
November 2002.

8. The first major concrete pour was in mid
December, with almost 1,000 cubic metres
poured in one day.

9. Work has been proceeding as quickly as
possible using increased resourcing and
working hours.

Project Summary and Performance

1. Building work is being accelerated using
increased resourcing and working hours,
including some Sunday work to carry out
disruptive activities that could otherwise
interfere with productivity.

2. The productivity agreement in the Project
Award for the construction site can
accelerate completion of building
construction.

3. The approval process required by
Regulation 54 of the ARPANS Act
(requiring approval of each item of
importance to safety) requires extra
resources and time not allowed for in the
project plan.

4. The web of relationships is working
effectively

5. QA document control and ongoing audits
have been satisfactory

Neutron Beam Instruments Progress
Summary

1. ANSTO is on track to deliver 6-7
commissioned neutron beam instruments
by Early 2006.

2. 8th instrument soon after that.
3. At least 7 instruments will be "leading-

edge"
4. ANSTO has assembled a world-class team

of scientists.
5. ANSTO NBI facilities will be in the top 3

such facilities worldwide.
6. This project has the potential to be a

flagship for Australian science.
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Abstract. This paper summarises progress with the development of the Australian Synchrotron. The potential
suite of beamline and instrument stations is discussed and some examples are given.

1. The Australian Synchrotron Project
Synchrotron radiation is emitted when electrons,
for example, travelling with velocities close to the
speed of light are bent in a magnetic or electrostatic
field. The electromagnetic radiation so released,
tangential to the electron path, is enormously more
intense than that from laboratory X-ray sources, the
radiation is emitted in a broad energy spectrum and
specific energies or wavelengths can be selected for
experimental applications. The radiation is also
emitted with a very small divergence with respect
to the plane of the electron beam. Synchrotron
radiation has become a key analytical tool with
wide scale applications in the materials and
chemical sciences, molecular environmental
science, the geosciences, nascent technology and
defence related research among many fields. As a
consequence, more than 80 international
synchrotron facilities are either in operation or
planned. An evaluation in 1999 [1] indicated that
after several years of operation, an Australian based
facility would have an Australian user community
of approximately 1200 different researchers and a
possible international cliental of 350. In response
to this opportunity for outstanding wealth
generation, the Victorian Government has
committed $157 M towards the construction of a
national synchrotron facility. The total cost in
Phase I including beamlines and experimental
stations is $206M. The design objectives for the
Australian synchrotron were to satisfy the research
requirements of 95% of Australian user needs and
to satisfy all of those of Australian industry.
Naturally, the facility needed to be of world class
but had to fit within the budget that might be
expected for an Australian facility. A Feasibility
Study commissioned by the Federal Government

and completed in 1998 [2] recommended that a
compact mid energy facility similar to that
proposed for Canada [3] and one in the planning
stage for the Stanford Linear Accelerator
Laboratory [4] would be an ideal choice. Thus the
recommended energy for the facility was 3 GeV.
The facility would also need to be equipped with at
least 9 different beamlines in Phase I to satisfy the
design objectives.

2. The Boomerang Storage Ring
The Australian Synchrotron is being constructed by
the Victorian Government on a site adjacent to
Monash University in Melbourne. The facility is
based on the Boomerang Storage Ring which has a
DBA structure (Figure 1) with 14 superperiods.
Each cell comprises two dipoles (D), six
quadrupoles (Q) and seven sextupoles (S) separated
by appropriate drift spaces. The dipoles have
modest gradient fields to provide set horizontal
defocussing. Initially, the lattice was planned to
have 12 fold symmetry with a circumference of
approximately 184 - 189 m [5]. However
consideration started to be given to a larger lattice
and finally it was decided that the best performance
versus cost option for an Australian based facility
would be to have 14 periods for the lattice with a
circumference of 216 m [6]. This allowed two
additional straight sections for insertion device
based beamline facilities and also reduced the
emittance by approximately 35%. The key
parameters are listed in Table 1. The design
objective was to achieve a low emittance in a
relatively compact circumference that had an
excellent dynamic aperture and was robust with
respect to potential construction aberrations.

Table 1 Basic Properties of the Lattice

Energy
Circumference
Periodicity/ Usable straights
Betatron Tune - H,V
Current
Radiation Loss/turn
Nat.Emittance
Beam Magnet Field/ Critical Energy
Critical Energy
Hor. Beam Straight, Vertical Beam Size

n=o
3.0 GeV
216m
14,12
13.30,5.2
200 mA
932.2 keV
15.81 nm rad
1.301 T,7.8keV
7.8 keV
389 microns, 20.5 microns

r |= 0.24 m
3.0 GeV
216m
14, 12
13.30,5.2
200 mA
932.2 keV
6.98 nm rad
1.301 T,7.8keV
7.8 keV
340 microns, 12.7 microns
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A full energy injector based on a linear accelerator
feeding a booster synchrotron (130.2 m with an
emittance < 100 nmrad) will be installed.
Questions of stay clear and apertures have been

discussed in [7]. The straight sections from magnet
surface to magnet surface are quite long at almost
5.4 m allowing long insertion devices of up to 4.6
m in length.

FIGURE 1 One Superperiod of the Boomerang Lattice, D - light background dipoles, Q - dark
background quadrupoles and S - semi-dark background sextupoles.

3. Beamline Facilities
The strategy for the new Australian Synchrotron is
to cater for the requirements of 95% of the research
interests of the Australian community. The size of
the community has increased over the last 10 years
principally through the auspices of the Australian
Synchrotron Research Program and the current
community numbers more than 300. Demographic
projections based on international experience
suggest that the Australian based research
community in the mature period (after 5 years of
operation) should be approximately 1200. The
present activities of this community according to
research areas (based on ASRP data) is as follows:

• Microbeam Applications 14%
• Materials Research 21%
• Biotechnology 14%
• X-ray Physics 12%
• Minerals and Mining 12%
• Polymers /Soft X-rays 9%
• Chemical Sciences 9%
• IT Applications 6%
• Environmental Science 3%

Ultimately, the facility will attempt to cater for all
of these applications and prospective new
opportunities as they arrive. The Australian
community has been invited to propose a set of
beamline and instrument stations for Phase I of the
operation. These are listed in Table 2.

Table 2

Beamline Description
Protein Crystallography (MAD)
Protein Crystallography (MAD) and SmalMoleculesl
Microfocus
Powder X-ray Diffraction
X-ray Absorption Spectroscopy (XAS)
X-ray Imaging

Beamline Proposals

Source
bending magnet

22 mm undulator
22 mm undulator

bending magnet (wiggler)
wiggler
wiggler

Small and Wide Angle X-ray Scattering (SAXS, WAXS) 22 mm undulator

Visible Ultra Violet (VUV)
Soft X-ray
Vibrational and Optical Spectroscopy
General Purpose Microprobe
LIGA
Circular Dichroism

185 mm undulator
55 mm undulator
bending magnet
bending magnet
bending magnet

undulator

Energy Range
2 - 20 keV

5.5 - 20 keV
5.5-25keV
4 - 60 keV
4 - 65 keV
4 - 85 keV

5.5 - 35 keV
10-350eV

200 - 3000 eV
0.001 - 1 eV
4 - 35 keV
2 - 25 keV
2-100eV
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Funding is being sought for as many of these
proposals as possible. Design of these beamlines is
proceeding and it is hoped to have as many
operational on day 1 as possible. It is clear from the
Table that high brightness/flux on target is required
in the 1 0 - 2 0 keV range which of course was the
principal argument for the 3 GeV ring. To provide
competitive performance in this region a 22 mm in
vacuum undulator is under consideration. For the

soft X-rays a 55 mm period out of vacuum
undulator is an obvious candidate. Figure 2 and 3
presents the brightness that would be achieved from
the lattice operated in its minimum emittance mode
for both of these IDs respectively [4]. The
calculations presented in the figures include the
impact of the beam energy spread but not potential
magnet errors.

Boomerang 22 mm Unrtuhittir Koomcrang 55 mm Umlulatwr

1.0EJ8';

1.0F.I7 j-

I.DE1S i.

2 3
Fnci-gr (kcYi

FIGURE 2 Brightness plots for the 22 mm Undulator FIGURE 3 Brightness plots for 55 mm Undulator

Figure 2 showing harmonics to 9 indicates that
there is excellent brightness to at least 20 keV. The
brightness for harmonics 1 to 5 is shown in Figure
3. The photon flux that is achievable on the
Boomerang bending magnets is shown in Figure 4
and that for a high performance wiggler (61 mm
period, K= 10.8) is shown in Figure 5. hi recent
times, considerable advances have been made in

the performance of Insertion Devices and by the
time a decision is needed on appropriate IDs there
may be new opportunities.

Comments on the various beamline proposals are
presented below. The maximum beamline length
(to the target) that can be considered within the
confines of the synchrotron building is 40 m.
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FIGURE 4 Flux from Bending Magnet FIGURE 5 Flux from 61 mm Wiggler
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3.1 Protein Crystallography
Macromolecular or protein crystallography (PX) is a
method for determining the structures of large
biological molecules, specifically proteins and
Protein Crystallography is recognised internationally
as one of most important applications (if not the most
important) of synchrotron facilities. The Intellectual
Property generated in this science is the basis on
which many modem dnigs are developed. It also
provides critical information on life science
processes. As a consequence all major OECD
nations have invested heavily in synchrotron
facilities. At the 1st October this year, 22,700 protein
structures had been deposited in the Protein Data
Bank of which 19,285 had been determined by X-ray
Diffraction.

Two beamlines are planned for protein
crystallography as part of a comprehensive program
in this vital area of research. One of these will be a
conventional bcamline sited on a bending magnet that
will cater for high throughput studies, exploratory
studies and rapid response activities. The second will
be based on a 22 mm in vacuum undulator providing
microfocus beems probably to an instrument station
at 38.5 m. Without defining slits it is hoped to focus
the beam to 100 urn horizontally and 50 (im within a
total divergence of 0.2 mrad. For smaller crystals
slits will be required to reduce the beam size. This
beamline will also cater for the small molecule
community. Both beamlines will be multi-wave
anomalous dispersion (MAD) capable. It is also
planned to use robotics and to be capable for remote
operation. A possible design is shown in Figure 6.

FIGURE 6 High Resolution Protein Crystallography Bcamline

The micro-focus protein crystallography beamline
will deliver a competitive 1.6 * 10 ' photons per
second into a 100 x 50 micron spot size with a total
divergence of 0.2 millirads at the Se edge with a
bandwidth of 0.1%. For the bending magnet
beamline which would have a greater beam
divergence the flux is not greatly lower. The
experiments performed at the facilities for
macromolecular crystallography at third generation
sources include:
• Monochromatic crystallography: Utilising high

flux and brilliance, improved collimation, and
the fact that the experimenter can choose the
energy of the input photons. High brilliance is
important for measuring diffraction data of
extremely small and weakly diffracting crystals.
Micro-crystals of proteins and small molecules

(10-30 micron size, which are, in general,
difficult to grow and diffract weakly) can be
studied. Also, data from large protein complexes
and virus crystals, as well as ultra high (atomic)
resolution data can be collected.

• Multi-wavelength technique: Multiple
Anomalous Dispersion (MAD) is one of the
most rapid methods of determining the structure
of biological macromolecules. It requires highly
collimated, variable-wavelength X-rays. This
technique is expected to be performed on less
demanding, highly diffracting crystals.

Special Experiments: Some special experiments can
include the Lane diffraction or white-beam (or pink-
beam) method. In this case, the macromolecular
crystal is exposed to a wide range of X-ray energies,
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3.2 Microfocus Beamline

Australian use of international synchrotron facilities
has been characterised by an unusually high
proportion of use of microprobe facilities. At other
institutions in Australia there are two proton
microprobes and one heavy ion microprobe. This
focus on microprobes results from the importance of
mineral exploration and extraction to the Australian
Australian use of international synchrotron facilities
has been characterised by an unusually high
institutions in Australia there are two proton
microprobes and one heavy ion microprobe. This
focus on microprobes results from the importance of
mineral exploration and extraction to the Australian
economy. The requirements for this beamline
include the capability of focussing the X-ray beam at
the target to spot sizes as small as 0.2 urn, beam
energies to 20 keV and of course the highest flux that
can be obtained from the facility with these
specifications.

The microfocus beamline finds applications in an
extremely wide variety of scientific and technical
areas including
Biotechnology. Simultaneous elemental and
chemical mapping of tissues, cells etc provides

• A better understanding of diseases, immune
processes as well as toxin and heavy metal
uptake of tissues down to a sub-micron
cellular level as well as the functionality of a
large number of metalo-proteins.

• The mapping of the distribution and
biotransformations of anti-cancer and other
drugs in cultured cells and tissues for
improved drug design and delivery.

• Two-dimensional scanning of
chromatography gels in which all of the
proteins of an organism or an organ are
separated will enable all of the
metalloenzymes to be mapped, especially
those containing Se and S.

• A better understanding of the distribution,
uptake and metabolism of metal-containing
pharmaceutics in cells and tissue for the
development of better and safer drugs. XAS
on a sub-micron scale can provide structural
chemical information regarding the
intracellular biotransformation of the drugs.

• A range of different metal oxides can be
attached to different sequences of DNA or
RNA sequences and scanned by a nanoprobe
to obtain gene maps.

Environment. Increasingly the study of toxins in the
environment and their pathways requires submicron
resolution as well as the ability to determine their
oxidation state.

Geoscience. Micron resolution is essential in the
earth sciences in order to deal with typical natural
sample sizes. The major analytical techniques such as
electron probe, laser ablation ICPMS and ion probes
like PIXE and SHRIMP have micron-scale
resolution. The ability to produce an element map a
sample and to determine the oxidation state as well
on how a particular element is bound or coordinated
is the scientific 'quantum leap' offered by the
synchrotron microprobe over all other microprobe
techniques. It leads in particular to

• Increased efficiency of mineral processing
• More efficient management of mine wastes

and mining operations
• A better understanding of ore forming

processes can be used in predictive
exploration.

• Improve understanding of the geological
conditions leading to the release of S.

• Tiny inclusions of melt trapped in zircon
crystals > 4 billion years old can be analysed
for chemical indicators of the hydrosphere
and atmosphere at that time.

Materials. Ion microprobes are used in many areas
of Materials research, which can be enhanced by
synchrotron microprobes to take advantage of the
lower sample damage rate of x-rays compared to ions
and trie ability to obtain physical and chemical
information such as
• surface corrosion, micro-pitting and wear

mechanisms of materials
• a better understanding of the chemistry and

interaction processes of impurities and
contaminants in materials

• debonding and delamination processes,
particularly related to composite materials
on on a micro scale

• polymer crystallisation and seeding of polymers
for industry to produce consistent quality
and reduce refuse

• grain boundaries, impurities, charge transport
and collection efficiency, lifetime,
recombination, band gap in photovoltaic
materials to improve efficiency in photovoltaic
materials

• a better understanding of the structure, porosity,
composition of fuel cell electrodes as well as
their poisoning, impurity distribution and
oxidation to improve the performance and
durability of fuel cells.
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3.3 Powder Diffraction

Australian science has had a long history at the
forefront of powder diffraction studies with neutrons
as well as X-rays. Experiments performed on the
Powder X-ray diffraction beamline diflractometer
will be directed mainly towards determining the
atomic structures of powdered crystalline samples.
Such studies fall into the following broad classes:
• Structural properties relations in transition metal

oxides
• Accurate inorganic structures of materials for

technical applications like superconductors,
functional materials and porous materials

• In situ measursiments of reaction kinetics and
structural changes. For example, temperature

pressure dependent dehydration mechanisms,
porous materials (zeolite-like materials) and

temperature and pressure dependent phase
transitions (including changes of symmetry,
and superlattice reflections)

• Pair distribution function analysis of disordered
materials including superconducting cuprates,
semicrystalline polymers and nanocrystalline
particles

• DisoredereJ and defect structures.

A possible configuration of the beamline is shown in
Figure 7.

Figure 7 Powder Diffraction Beamline

3.4 X-ray Absorption Spectroscopy
Approximately 25 % of all use of synchrotron
facilities by Australian scientists involves application
of XAS techniques. Some applications include
Biochemical Sciences
• Carcinogens. XAS is being utilised for the first
time to characterise the structures of a range of
reactive Cr(VT), Cr(V) and Cr(lV) complexes with
biological reductants. Many Cr(III) complexes,
which are the ultimate products of the reductions
have also been characterised. This research will

provide important new insights into metal-based
toxicology.
• Anti Cancer Drugs. Extensive XAS investigations
of Co and Pt anti-cancer drugs are in progress with
the aim of developing new technologies that enable
the determination of the oxidation state in-situ in
different regions of tumours and in models of
hypoxic tumours. This will enable the rational tuning
of the reduction potentials to achieve on the
relationship between reduction potential and the
extent of activation in hypoxic environments.
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• Veterinary drugs. Co, Cu, Ni and Zn anti-
inflammatory drugs are potent veterinary drugs and
are likely to enter human clinical trials in the near
future. XAS has been used extensively in the
characterisation of new drugs in the solid state,
solution, pharmaceutical formulations and biological
fluids. This research has been essential in
determining the stability of the drugs in
pharmaceutical preparations and in understanding the
pharmacology.
Chemical Sciences
D-block elements. XAS studies are in progress to
better understand the influence of redox or charge
state on the electronic and molecular structure of
metal complexes or clusters so as to better anticipate
(and ultimately control) the reactions and reactivity
of transition metal catalysts. The metal clusters that
lie at the active site of the nitrogenase and
hydrogenase enzymes provide challenging, but
important, target molecules for this work. Techniques
have been developed to permit in-situ spectroscopic
examination of reactive electro-generated species
including the use of IR and UV-Vis spectroscopies
to complement direct structural characterisation with
XAS.
Earth Sciences
• XAS is being used to identify the metal
complexes involved in the transport of ore-metals
(Cu, Au, Ag) by supercritical hydrothermal solutions
to form economically important ore-deposits
• The oxidation state of elements in magmas
(silicate melts) is being determined with XAS. The
abundance of elements in the mantle relative to
meteorites that are thought to have condensed from
the primitive solar nebula can be used to help to
define better models for the differentiation and
evolution of the earth.
Materials Sciences
• Materials scientists are utilising XAS to
determine the nature of ion-implantation-induced
disorder in semiconductor substrates with application
to both electronic and photonic device fabrication.
• The geometry of impurity ions in doped crystal
systems can be determined with XAS. In many
systems the assumption that an impurity ion simply
replaces a host ion without any site distortion is
invalid. Whereas the host crystal can be accurately
structurally characterised by x-ray diffraction, XAS is
the only way to get direct structural information of an
impurity ion. Such information can be essential for a
full understanding of impurity-doped crystal systems.
These doped systems are often photonic devices that
show energy up-conversion and spectral hole-
burning. An example under study by Australian
scientists is the stabilization of Sm(H) ions in borate
crystals.

Physical Sciences and Engineering
• Experimental and theoretical investigations
have been combined to produce absolute XAS
measurements to enable new critical tests of
relativistic atomic, molecular and solid-state dogma.
This program has provided calibration on two new
axes previously unavailable for either experimental
or theoretical studies.
• Micro- and meso-porous materials, such as
zeolites and their analogues, are of major importance
as the substrates for catalysis - chiefly to prepare fine
chemicals, crack heavy hydrocarbons, adsorption-
separation and polymer synthesis. The micro/meso-
porous structure of such materials can be doped with
metals like Mn, Mg, Cu, Zn, Ni and Co to
incorporate metals in the framework and generate
microscopic centres for catalysis. XAS experiments
yield atom-specific information of the absorber
environment useful for designing and developing
efficient catalytic systems.

New Science Initiatives
• Nanoscience
• Ultra-Dilute Measurements

• Fast-Scanning/Time-Resolved Measurements

3.5 X-ray Imaging
Phase contrast imaging is an area of research that has
also had considerable activity in Australia. It is
proposed to combine this activity with more
conventional imaging in collaboration with a number
of medical institutions. Applications include
• Biomedical Imaging. Synchrotron based
imaging techniques can provide high resolution
images using differences in refraction and scattering
of X-rays as they pass through soft tissue providing
genuine soft tissue contract with micrometre scale
resolution. In mammography phase contrast imaging
provides an increase in contrast by as much as 25
over conventional techniques with enormous
consequential benefits for the community. Lung
Imaging. Recently, techniques have been developed
that allow the identification of local variations in lung
function caused by diseases such as asthma and
chronic obstructive pulmonary disease as well as
testing procedures for the efficacy of pharmaceuticals
on respiratory dysfunction.

• Advanced Materials and manufactured
Products. Applications include studies of
precipitation and voids in industrially important light
metal alloys, membranes in advanced fuel cells,
fracture in ceramics, investigation of micro-nano
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Structured devices by micro-Ct, study of porosity in
oil bearing rocks and study of stress in advanced
materials.

• Radiotherapy. This area is under development.
The specific advantages of synchrotron radiation is
the production of variable energy microbeams.

3.6 Small and Wide Angle Scattering

There is a growing community of scientists using
small angle scattering techniques. In addition to a
number of laboratory based X-ray facilities, the
ASRP has a major involvement in the development
of the SAS beamline at ChemMatCARS, APS, and a
growing community utilising the AUSANS facility
on the HTFAR reactor and proposed facilities on the
Replacement Research Reactor. The community has
expressed a desire to site the beamline on a 22m
undulator source. To minimise Q for the facility it is
planned to use the maximum beamline length that
can be accommodated within the synchrotron
building. Small angle and wide angle scattering has
applications in many areas od science including the
study of:

• Mesoporous materials
• Self assembly systems
• Food science
• Fibres
• Membranes and crystallization studies
• Colloids
• Proteins in solution
• Polymers
• Composite materials

3.7 VUV Beamline
The VUV beamline is presently modelled on the
proposed VUV beamline planned for the Canadian
Light Source. Applications include
• Angle Resolved Photoelectron Spectroscopy.
This is the pre-eminent technique for the elucidation
of the electronic structure of atoms molecules and
solids.
• Solid State Studies. These include understanding
the properties of shape memory alloys, of colossal-
magneto-resistance alloys and of strongly correlated
materials such as cobaltates and high temperature
superconductors. Photoemission from the valence
band is very attractive for studying chemisorption on
semiconductor surfaces e.g. chemisorption of
hydrogen. The study of low binding energy core
lines of vacuum fractured, conducting (or small band
gap) mineral single crystals, in conjunction with
detailed valence band studies can illuminate inter-

relationships between crystal and electronic structure,
bulk vs surface states and in the end reactivity of
materials.
Gas Phase Studies. Angle resolved photo-electron-
ion coincidence spectroscopy allows the study of
electron-ion momentum vector correlations and
reveal intermolecular scattering and associated
interference. Other techniques can be used to study
coherence in atomic physics, intrinsic width of
atomic states and rotational-vibrational, frag-
mentation modes of molecules as well as inner-shell
effects.
Adsorbate Studies. Specific areas of study here
include the identity and bonding of the successive
surface-intermediates in various CVD processes, the
characterisation of carbon nano-tubes, gallium nitride
nano-wires, and silicon quantum-wire arrays.

3.8 Soft X-raiys
There is a large Australian community principally
based on laboratory sources although the ASRP is
establishing an instrument station on the Taiwan
Light Source. The main activity is X-ray absorption
spectroscopy for the lighter elements, X-ray photo
spectroscopy (XPS) and X-ray excited Auger
electron spectroscopy (XAES). The proposed
undulator (55 mm period) covers the required energy
range for these studies. The beamline is needed
primarily for XAS and XPS, although there are other
significant research applications such as photo-
desorption. Threshold XAES can be undertaken in
any end-station equipped for XPS. Threshold XAES
is less generally applicable and less developed than
XAS or XPS, but is potentially able to provide
information on interfacial species that is difficult to
obtain by other spectroscopic techniques, and is
currently used by some Australian researchers. X-ray
emission spectroscopy (XES) also provides valuable
information, and is being used increasingly, but this
technique is best carried out in a purpose-built end-
station. It is not anticipated that a capability for XES
would be established on beamline 5 during the initial
operating period.

Soft X-ray absorption spectroscopy
The other main reason a soft X-ray beamline is
needed for XAS is to enable the investigation of
surfaces, near-surface interfacial layers and thin
films. In these cases, all elements of atomic number
greater than 3 are potentially of interest. For XAS in
the hard X-ray range, absorption is commonly
measured directly in transmission mode, but this
mode is rarely used with soft X-rays. Instead,
absorption is usually measured indirectly by
determining the total electron yield (TEY), partial
electron yield (PEY), Auger electron yield (AEY) or
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fluorescence yield (FY). Each of these yields is
associated with a different analysis depth, ranging
from the outermost few run to more than 100 run. It
is possible to measure these yields simultaneously,
and thereby obtain information towards the assembly
of a non-destructive chemical depth profile. Ion
beam sputtering in association with conventional
XPS, or dynamic secondary ion mass spectrometry,
are able to provide a destructive elemental depth
profile, but an ion beam can alter the chemical state
of an element in the sputtered surface layer. XAS for
surface and thin film studies may be carried out at a
fixed angle of incidence of the X-ray beam on the
specimen, or the angle of incidence may be varied
from perpendicular to glancing. Angle-dependent
XAS is a very important and widely-used technique
for the study of orientation effects in thin films, and
of the alignment of adsorbed monolayers or
multilayers.

X-ray photoelectron spectroscopy
Conventional XPS (including conventional XAES) is
the most important and versatile technique for the
chemical characterisation of the surface of a material.
In conventional XPS, mono-chromatised soft X-rays
of fixed energy are obtained from an aluminium
anode, and because this photon energy is near 1.5
keV, depending on the binding energies of the core
electrons of interest, the photoelectron kinetic
energies are such that the typical analysis depth is 2—
5 nm. Clearly only a small proportion of this analysis
depth can be considered to be the true surface layer,
and only for very smooth surfaces can the situation
be improved by adopting a low electron take-off
angle. In synchrotron XPS, the photon energy can be
tuned to vary the kinetic energy of the ejected
photoelectrons, thereby varying the analysis depth.
In particular, a photon energy can be selected to
result in the photoelectrons of interest having a
kinetic energy near 45 eV, the energy for which the
inelastic mean free path is a minimum. In this way,
the surface sensitivity of XPS can be maximised and
an analysis depth of the order of two atomic layers
can be achieved. By increasing the photon energy,
the analysis depth is increased and information
towards a non-destructive chemical depth profile can
be obtained. In synchrotron XPS, the photon energy
can also be tuned to alter the photo-ionisation cross-
section for the electrons of particular interest. In
practice, it is often highly desirable to optimise the
cross-section to enhance the sensitivity for a
particular element, or to change the relative cross-
section for a sub-shell in two elements, but of course
in both cases, a concomitant change in the depth
analysed would occur. Thus, in synchrotron XPS, it
is the tunability of the photon energy that is of

greatest importance, but of almost equal importance
is the high photon flux which allows high energy-
resolution to be selected in the monochromator
resolution us transmission trade-off. The high flux
also allows photoelectron diffraction measurements
to be made.

3.9 Vibrational and Optical Spectroscopy
The first beamline of this type will be based on a
bending magnet with the collection of as large an
angular spread as possible. In the configuration of
the vacuum system it is planned to make provision
for up to two addition beamlines. The scientific
research undertaken will be extremely varied, for
example:
• THz research
• Studies on the uptake of drugs in living cells in

real time
• Evaluation of pharmaceutical quality
• Sensitive forensic science studies
• Rapid turn-around evaluation of environmental

and mineralogical specimens
• In situ study of corrosion processes.

3.10 General purpose microprobe
This proposed beamline has a very strong industrial
emphasis. It is intended to be a high throughput,
rapid turn around facility that is available on a
commercial basis for Australian industry, especially
the mining industry. The resolution of the instrument
will be in the 4 - 20 um range. The instrument
station will combine X-ray fluorescence with X-ray
diffraction. Specific applications include
• Geochemical. The capacity for simultaneous
XRF and XRD will enable the relationship between
trace elements and host phases to be established.
• Environmental (Acid Mine Drainage). The
dual XRF-XRD mapping facility will enable the
identification of reaction and reprecipitation layering
on mineral surfaces as a function of weathering.
• Manufacturing. Examples include dual XRF-
XRD study of aging of both plastics and alloys to
form microcrystalline domains sometimes
accompanied by elemental diffusion. Measurement
of stress/strain as a function of diffusion processes
that occur on corrosion, welding and annealing is
another area of extensive application.

3.11 Lithography
In Phase I it is proposed to install at least one
lithography beamline. This beamline will be set up
for large scale production of micro-devices and will
complement the existing laser laboratory at the
nearby Minifab Facility. Lithography and DXRL are
often used as part of a process called LIGA, for the
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fabrication of micro parts. LIGA is trie German
acronym that stands for the individual components of
the process: Lithography, Galvanoformung
(Electroplating), Abformung (Replication). Unlike
other processes at the synchrotron, LIGA is a
"manufacturing tool" and not a diagnostic tool. LIGA
uses synchrotron radiation to expose photosensitive
resist with a defined pattern from a specialised mask,
to make 3D devices with high aspect ratio
(height/width), smooth sidewalls and wall angles
approaching 90 degrees. During synchrotron
exposure, the substrate and mask are: mounted
together on a scanner plate which is scanned in
directions x, y, 0 and C1 to expose the desired area.

The LIGA process runs complementary to other
microfabrication processes and the respective parts
are often put together to form a larger device.
Examples of devices containing LIGA fabricated
parts include:

Microspectrometer (UV to IR)
Spectro-pen (Dr Lange Company)
Bilirubin Gauge (SpectRx)
Micro-optical distance sensor
Micro-wave cavity devices
Micro-fiuidic reactors
Fibre optic couplers
Fibre splitters

4. Status of the Project

The schedule for completing the project is shown in
Table 3. The contract for the building has already
been let.

The current activities include
• Design and construct tender for the building

awarded
• Injection system preferred tenderers

shortlisted
• De velopment of beam! ine proposals in

conjunction with user community
• Interaction with research community to

define beamline requirements
• Ongoing design of the beamlines.
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Table 3 Construction Schedule

2003
Late 2004
Early 2005
Late 2005
Mid 2006
Early 2007
During 2007 & 2008

Construction works commence
Building complete
Injection system assembly commences
Injection system commissioned - Storage ring assembly underway
Storage ring commissioning and beamline installation commence
Machine commissioning complete
Progressive commissioning and tuning of the initial suite of beamlines
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SUMMARY: Steritech Pty Ltd operates the only three industrial gamma sterilisation and decontamination plants
in Australia. A plant in Dandenong Victoria has operated since 1971 and a second in Wetherill Park from 1985.
In August 2003, a third facility started commercial operation in Narangba, 40km north of Brisbane. Each plant
represents a generational change in operating features, although the basic design of the irradiation room, storage
pool and shielding remains substantially the same.

This paper discusses some of the key design features of the Queensland plant, the complex approval and licensing
process and some of the complications caused by perceived terrorist threats.

1. Introduction

Australia has a long history in radiation processing,
the world's first commercial sterilisation plant
started in 1959 in Dandenong, a south-western
suburb of Melbourne. It was used solely for
sterilising goat fibres for carpet manufacture.

Tasman Vaccine Laboratories opened a plant,
also in Dandenong for the irradiation of Medical
products such as rubber gloves. After having
several owners, Steritech Pty Ltd was formed as a
privately owned Australian company to take over
the facility as a contract sterilising service in 1991.

The Dandenong plant has operated successfully
since 1971 and the facility in NSW since 1985.

By 1999 it was apparent to the company that
there was a commercial need for a third plant in
Queensland. After advice from the Queensland
Department of State Development, a green-field
site, part of an existing 'Industrial Estate' was
settled upon.

The proposal was to build a 'State of the Art'
facility with a ^Co capacity of 5xl06 Ci (185PBq).

The design chosen was an MDS Nordion Two-
Pass Parallel Row Pallet Irradiator.

The two irradiators that were already operated by
Steritech Pty Ltd are both MDS Nordion (or its
predecessor) designed plants.

In mid 1999 the Application/Licensing/Approval
process was started.

The facility finally started commercial operation
in August 2003 with an initial loading of 3xl05 Ci
(UPBq).

2. The Narangba Design (MDS Nordion IR217)

The basic design of any gamma irradiation plant is:
An office block; a warehouse; plant room(s); an
irradiation cell and a storage system to shield the

radiation source when it is not in use; a maze (or
mazes), used for personnel/product access and
designed to eliminate any direct beams of radiation
emerging from the irradiation chamber.

Important features of the Narangba plant include:
• A product conveyor system that automatically

indexes the pallets around the ^Co source.
• A single spacious product/personnel access

maze.
• Photoelectric detectors at the personnel

entrance, the product entrance and the product
exit points.

• A programmable logic controller including a
data logger for ease of troubleshooting by plant
operators.

• A comprehensive function monitoring system
that provides immediate information, at the
control console, on the operational state of the
irradiator.

• A video screen that displays, as red warning,
any one of the 32 faults.

• A total of 21 safety interlocks and devices
installed for the protection of personnel.

3. The Australian Licensing Regime

The major Australian agencies with radiation safety
responsibilities are:

Commonwealth Government

1. Australian Radiation Protection and Nuclear
Safety Agency (ARPANSA) whose documents
include:
Radiation Protection Series Number 1:
(Radiation Exposure Limits)
Radiation Protection Series Number 2:
(Transport Code)
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Code of practice for the design and safe
operation of non-medical irradiation facilities
(1988).

2. The Department of Environment & Heritage
[DoEH]; responsible for administering the:
Commonwealth Environment Protection and
Biodiversity Act (1999).

This EPBC Act provides for control over various
radioactive materials and defines what Steritech
proposed as a 'Nuclear Action'.

Queensland Government

In Queensland, the responsible regulatory agency is
the Department of Health through its sub-branch
Queensland Radiation Health.

At various times both the Queensland
Environmental Protection Agency and Queensland
Emergency Services also took a keen interest in the
proposal.

4. The Approval/Licensing/Certification Process

In early 2000, after considerable debate, Caboolture
Shire Council gave planning approval for the
construction of the necessary buildings and
associated site works on an existing Industrial
Estate. The building approval carried several
conditions, not the least of which was that the
facility must comply with the relevant Queensland
Radiation Safety Legislation.

Almost before the ink was dry on the approval
document several local protest meetings were held.

The protestors made application to the
Queensland Planning and Environment Court to
have the Shire Council decision overturned. The
principal grounds were that:

• The proposal represented an unwanted and
unnecessary risk to the local populace [The
nearest house is 750m away and a primary
school is about a 2km distance].

• The transport of 6OCo is an especially hazardous
activity and the value of property along the
transport route would plummet.

• Caboolture Shire is a 'Nuclear Free Zone' and,
therefore, the operation of the Steritech Gamma
Sterilisation plant would be contrary to Council
Policy, if not illegal.

• The proposal is part of a long-term plan to start
a 'nuclear industry' in Queensland.

• The plant was being built to irradiate massive
amounts of food products that would be
harmful to consumers.

The court hearing took 6 1/2 days during which
every possible relevant and irrelevant issue was
canvassed from the biological effects of exposure to
ionising radiation, through lack of insurance cover
for radioactive contamination, to the use of depleted

uranium in Kosovo. The protestors had no qualified
legal representation and were represented by a 'bush
lawyer'. During the hearings the Judge exercised
considerable leniency but was finally condemnatory
of the actions of the opponents to the proposal and
in his judgment he upheld the Caboolture Shire
approval.

Department of Environment and Heritage:

To satisfy trie requirements of the EPBC Act,
Steritech had to make a detailed submission to the
Department specifying all the actions it proposed to
take to build and operate the plant. This was then
posted on the Company's website and public
comment invited. Copies were also placed, for
public scrutiny, in the Queensland State Library, the
Caboolture Shire Council and the local Library.

Of 156 submissions received, 155 objected to the
proposal, with one in favour.

The Department of Environment and Heritage
gave its approval on September 26 2001, subject to
five conditions. The most important of these was
that Steritech comply with the legislative
requirements of Queensland Health.

5. Queensland Legislation:

Queensland has an extremely comprehensive
Radiation Safety Act and associated Radiation
Safety Standards. Four of these had varying degrees
of relevance covering almost 50 individual
Compliance tests.

These documents, in turn, are the foundation of a
complex licensing regime.

Before being able to operate commercially, Steritech
had to:

1. Obtain a Licence to Possess Radioactive
Sources (an exceedingly tedious process
discussed later), then;

2. Obtain an Approval to Acquire Radioactive
Sources (which has to be referred to
ARPANSA for import purposes), then;

3. Obtain Licences to Use Radioactive Sources
(for both Steritech employees and MDS
Nordion engineers carrying out the installation),
then;

4. Obtain Radiation Safety Officer's Certificate
for the RSO, then;

5. Obtain a Certificate of Compliance that
confirms that the plant satisfies all the
compliance tests specified in the relevant
Radiation Safety Standards, then;

6. Submit the Certificate of Compliance with the
Licence to Possess to the Chief Executive,
Queensland Health to finally receive approval
to commercial operations.

The key document is the Licence to Possess
Radioactive Substances.
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To obtain this, Steritech was required to submit a
Radiation Safety and Protection Plan for the facility.
This document, which runs to 75 pages, had to
adhere to a very precise format. The document went
through something like 15 to 20 alterations, before it
satisfied the very specific content and language
requirements of the Queensland regulator. It is now
the de facto 'Condition of Licence'.

Some of the decisions made by Queensland
Radiation Health can at best be described as
unusual.

For Example:

Although Steritech successfully operates two other
plants in Australia, because they are outside
Queensland's jurisdiction any reference to them was
considered to be irrelevant. An early draft of the
application quoted personal radiation exposures
from the existing plants, as an indicator of the
company's excellent radiation safety practice. The
SPL was advised that the numbers were 'little more
than distracting'.

The Queensland radiation exposure limit for
members of the public is set at lOuSv per week or
50% of the recommended Annual Limit
recommended by ICRP (as included in the
Queensland Radiation Safety Regulations). It was
deemed by Queensland Radiation Health that this
limit would apply to any accessible point outside the
building, not at any site boundary fence, and it
would be based on 168 hours per week exposure.

Without providing any details of their
calculations, QRH notified Steritech that an
additional 280mm of concrete shielding would be
required on the north wall and 270mm on the west
wall to 'ensure that the requirements for radiation
doses set out in RSS PR009 will be met if the
completed facility is loaded with the maximum
inventory of60Co.

As one internationally experienced engineer
observed '40 countries are out of step with
Queensland'.

Steritech finally received approval to start
commercial operations in August 2003, over 4 years
after the initial approach was made to Caboolture
Shire Council.

5. Terrorist Threats

In March 2002, Dr Henry Kelly, President of the
Federation of American Scientists, presented a paper
to the US Senate Committee on Foreign Relations.
In it he discussed the threat posed by radiological
attacks' in which quantities of radioactive materials
are exploded in city centres, thus releasing 'nuclear
materials without using a nuclear explosive device'.

In his paper, which has been much quoted, and
often misunderstood, Kelly discussed the potential
impact of 'a single piece of cobalt from a food
irradiation plant being dispersed by an explosion at
the lower tip of Manhattan'. He admitted that

'acquisition of such material is less likely than'
getting hold of a medical caesium source or an oil
well americium survey source.

On these and other grounds the determined and
disruptive protest group, camped opposite the
construction site and vowed that the cobalt would
never be allowed to enter Steritech's facility.

The Queensland Emergency Services who
controlled the transport of the cobalt within
Queensland treated this threat very seriously.
Information on the actual transport was very tightly
controlled and over 60 police from various sections
participated. In the event the movement took place
without any difficulty, the cobalt arrived on site at
about 3am and was installed in the source racks by
midday.

6. Discussion:

At various times during the licensing process,
Steritech was faced with:

• A Commonwealth Department that did not
appear to distinguish clearly between radioactive
decay and nuclear fission.

• A State Department that believed that a
transport vehicle carrying 60Co would adversely
affect the value of the properties the vehicle passed.

• Another State Department that appeared to
be as much concerned with process as outcome (a
Radiation Safety and Protection Plan of 75 pages is
not a particularly useful document for a busy Plant
Operator, no matter how beautifully phrased).

• The same State Department that imposed
dose constraints at odds with their own legislated
radiation exposure limits and interpreted those
constraints in an interesting but costly manner.

• A local newspaper that delighted in
printing any shock/horror story linking the plant
with Chernobyl, nuclear weapons, terrorist threats
etc, etc, but was reluctant to print any considered
responses.

• A small but extremely vocal group of local
residents, assisted by hard core violent protestors,
prepared to attend meetings to shut down the
proposal but not prepared to allow informed debate
and discussion.

7. The Linear-No Threshold Theory

It is sometimes easy to overlook the fact that the
great edifice of radiation safety regulation is based
very largely on the Linear-No Threshold Theory of
radiation risk.

Since first advanced in the 1950's, the L-NT has
become the touchstone for radiation protection
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practice yet there is no evidence that the theory is
valid at doses less than 50mSv. Epidemiological
studies of populations living in areas of naturally
high background radiation have not detected adverse
genetic or carcinogenic effects.

However, if the LN-T is valid down to the
maximum allowable radiation dose imposed by the
Queensland Radiation Safety Standards and the
ICRP risk factor of SxlO'mSv"1 is correct then the
individual risk to a member of the public from
exposure to radiation based on continuous exposure
would be: O.5x5xlO"5, i.e. 1 in 40,000 per year

This in a country where a real risk, the road toll
is approximately 1 in 10,000 per year

8. Conclusion

This paper has outlined the difficult and at times
tedious process that Steritech has had to go through
to begin operating a gamma sterilisation and
decontamination plant in a new State in Australia.

This process has not been without cost in time,
effort and money. It has been estimated that
establishing the plant in Queensland has cost about
$250,000 more than a similar plant would have cost
in another jurisdiction]

There is an urgent need for national uniformity in,
not only legislation, but also interpretation and
implementation. Although a committee working
under the ARPANSA banner is developing a
uniform legislative approach, progress is slow.

Users of ionising radiations such as those gathered
at this ANA Conference have a role to play both in
promoting more widely the beneficial uses of
ionising radiation and ensuring that such uses are
not restricted by excessive regulation.

Failure to do so will inevitably lead to more and
more restrictions being placed on such inherently
safe activities as radiation processing.
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SUMMARY. The aim of the paper is to discuss Australian uranium resources and production from the
perspective of ERA, the world's third-largest uranium producer, and one of only three producing uranium
mining companies in Australia. ERA is a long-term supplier of uranium concentrates for the nuclear power
generation industry overseas, a key part of clean global energy supply. ERA's Ranger plant was designed to
produce 3,000t U3Og/yr, with expansion of the plant in the early 90s to a 5,700t U3O8/yr capacity. Australia
continues to have the worlds' largest reserves of uranium recoverable at costs of US$40 kg or less, but lags
behind Canada in primary production of uranium. This paper discusses some of the reasons for the gap between
resources and production, with examples from the company's own experience. Political, social and
environmental factors have played a big role in the development of the uranium industry - ERA has been in the
forefront of these issues as it pursues sustainable development practices.

Introduction

It is good to be with you today to speak to you
about uranium mining from my perspective as CEO
of one of only three producing uranium mining
companies in Australia.

The subject of my paper is Australian uranium
resources and production in a world context. As I
go through the paper I will attempt to differentiate
the situation for Australia versus other producers.
Today I want to bring you up to date with
developments in Australia with uranium resources
and production. Then I want to share my thoughts
about perception versus reality for an Australian
uranium producer.

But firstly, who are we at ERA?

Energy Resources of Australia Ltd

Energy Resources of Australia, with the Ranger
and Jabiluka leases (Fig. 1), is a long-term supplier
of uranium concentrates for the nuclear power
generation industry, supplying the industry for
more than 20 years.

We are proud to be associated with an industry that
is starting to get the recognition it deserves as a key
part of clean global energy supply.

It was most gratifying at the World Nuclear
Association (WNA) conference in London in
September to listen to presenters talking about the
hydrogen economy, and the undeniable role that
nuclear power will play in making all of this
possible in a clean and efficient way. It was a clear
signal that companies like ERA will have a vital
role to play for the generations to come.

ERA has successfully operated uranium mining and
production facilities in an area surrounded by the
World Heritage Kakadu National Park, without any
impact on the ecosystems within that park. Much
research and ongoing testing has been done for
more than 20 years to ensure that this is the case,
and achieving that outcome has been a top priority
for ERA since inception. And it has been achieved.
That is the consistent view of the Office for the
Supervising Scientist whose job it is to track our
environmental performance.

o jsc
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JABILUKA
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LEASE :
(73 s<]

KAKADU
NtATlOtslAL
FARK
(19,803 sq km
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Fig. 1: ERA's current leases
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ERA is the world's third-largest uranium producer.
Since 1980, the Company has mined uranium ore
to produce uranium oxide at the Ranger Mine
located 250 kilometres east of Darwin in the
Northern Territory. Our Jabiluka project remains
on environmental care and maintenance, with a
new Agreement covering the area soon to be
finalised, and 111 speak a bit more about Jabiluka
shortly.

We sell our products to power utilities in Japan,
South Korea, Europe and North America under
strict international safeguards. Initially the Ranger
plant was designed to produce 3,000t l^Og/yr, with
expansion of the plant in the early 90's to a 5,700t
U3(Vyr capacity.

Geoscience Australia Figures

Turning to our focus today on uranium resources
and production, our primary source is Geoscience
Australia's latest report; Australia's Identified
Mineral Resources.

Geoscience Australia monitors whether resources
are being discovered and developed for production
at rates sufficient to maintain Australia's position
as a major supplier.

The latest figures, as yet unpublished, show that
Australia continues to have the world's kirgest
reserves of uranium recoverable at costs of less
than US$40 kg. These resources add up to 689,000
tonnes, about 40,000 tonnes above the previous
year's estimate. The increase is due to increases in
proved and probable reserves at Western Mining's
Olympic Dam operations.

South Africa
8%

Fig. 2 U: Reasonably assured resources
recoverable at costs of less than $US40kg

Australia's total resources amount to 44 percent of
world resources in this category (Fig.2).

Australia also leads the world at the higher figure
of reserves recoverable at costs of less than US$80
a kilogram. Resources recoverable in this category
are now estimated at 702,000 tonnes in Australia.

These figures tell us that Australia has tremendous
uranium resources, in fact the lion's share in world
terms. But the fijpires do not tell us the whole story.

Large resource;; do not always translate into
primary production.

The first reality check is in recognising the gap
between resources and mineral reserves. For any
mine to go ahead, there must be a financial
attraction for investors, which means a profit from
efficiently mining and extracting the U3O8 from the
host rock. Once this financial "filter' is applied to
Ranger's stated, resources, for example, the
available U3O8 to the power industry decreases by
more than 50%.

So for the industry to be reviewing available
resources on the basis of costs of US$40/kg, when
the current price is a little over half of that number,
is quite misleading. To quote available resources at
costs of US$80/kg, when prices that high were only
achieved once over a 30-year period, denies the
reality of this very open market.

Russia
O'/o

Uzbekistan
5%

Kazakhstan
8% i

Fig. 3 World Uranium Primary Production by
Region 2003

On the last available figures, Canada has 32 percent
of primary production, followed by Australia at
about 19 percent, followed by African nations
which jointly have about 18 percent (Fig.3).

So for Australia the story is: 44 percent of the
world's resources, and yet only 19 percent of
primary production.

Why is this so?
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Australian Uranium Development ERA'S Sustainable Future

In Australia nowadays it typically takes around
seven years from the successful delineation of a
resource (that is after exploration) to initial
production for most types of mining commodity.
The Environmental Impact Statement, regulatory
approvals and a raft of community obligations not
only consume resources, but also consume long
periods of time.

When uranium is the commodity, there are
countless extra political hurdles based on concerns
within some political parties and some parts of the
community about the nuclear fuel cycle,
particularly waste management, and unfounded
fears about the possible diversion of nuclear reactor
fuel for use in weapons. With no nuclear power
generation in Australia to create flow-on personal
impacts locally from interrupting, complicating or
attempting to stop the nuclear fuel cycle, the
opposition to uranium mining is much more
strident.

At ERA's minesites at Ranger and Jabiluka there
are environmental perceptions stemming from the
simple fact that the minesites border a World
Heritage National Park. Equally importantly, the
leases are on Aboriginal Land proclaimed under the
Aboriginal Land Rights Act of 1976, with its many
regulatory and legal structures.

ERA has always taken its health, environmental
and community obligations seriously: in such a
highly-regulated industry we are bound to do so; it
simply makes good business sense. This
requirement of environmental excellence has also
been seen by groups opposed to the nuclear power
industry as fertile ground for raising community
concerns, and hence building significant delays into
approval processes. Hence 15 years or more is the
expectation in Australia for taking an economic
uranium discovery into production.

It is also important to note that ERA has been 68
per cent owned by Rio Tinto since August 2000.
Rio Tinto was an early champion of sustainable
development and building sustainable
communities.

The Rio Tinto philosophy is that in order to ensure
a long-term future in a region, we must build a
partnership with the communities in which we
operate, and have those communities supportive of
our proposed operations. They need to be
convinced that their lives will be enhanced, not
diminished, by our adjacent mining operations.

ERA agrees with this philosophy, and we have
been pro-active in these areas. We need to
demonstrate the Company's values in what we do,
rather than simply state our values and what we are
committed to doing. Hence, we have for example
recently brought forward by 12 months our plans to
be certified under the highest international
environmental management standard, ISO 14001.

We are also working on a Jabiru Region
Sustainability Project in partnership with local
stakeholders to identify possibilities for the future
of the town and the region.

We have also begun to change our approach to
building stronger links with the Mirrar people, who
are the Aboriginal Traditional Owners of the area
covering our Ranger and Jabiluka mines.

The Jabiluka ore has not been sent to the Ranger
mill, our preferred option for development, because
the local people have exercised a veto over milling
the ore at Ranger. Also the Commonwealth
Government has made a commitment to the World
Heritage Committee of the U.N. that Jabiluka
would not be mined until Ranger had commenced
winding down.

The Mirrar Traditional Owners have told us that
right now they want the Jabiluka decline backfilled,
as part of a broader discussion on the future of the
site. In August we reached an agreement with them
on the backfill, which also makes good economic,
social and environmental sense.

We are now working towards a formal Agreement
on Jabiluka's long term care ana maintenance. The
Agreement will halt current company payments in
respect of Jabiluka, as well as confirming that ERA
will not develop Jabiluka without the support of the
Mirrar.

I am telling you this story about Jabiluka to
illustrate the fact that developing a uranium mine
can be a long, slow business. It can demand
significant time and energy c ? the Company's
management, and can be very cc stly.

Our strategy in filling the Jabilu :a decline is to put
ourselves on firmer footing to dc better business for
ERA in the region in future.
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The Jabiluka deposit was discovered more than 30
years ago. This long arid drawn out process in
Australia brings with it significant risk for those
prepared to believe in and invest in the future of
nuclear power. This is because even though a
project may be well equipped to run the gaunt]et of
approvals, the uncertainty of timing means it may
well emerge from the process at a time that the
market is unfavourable, the politics may block it, or
the attitude of the community towards it may have
changed.

This experience shows that for new entrant;;, the
uranium industry has been a relatively high-risk
proposition. This could go a long way towards
explaining why Australia's contribution to nuclear
fuel supply lags what our share of world resources
would suggest.

For some years, in the primary production uranium
supply industry, the strongest market forces have
been the entry of new competitors (e.g. eastern bloc
production), entry of substitutes (e.g. inventory and
downblended material) and hence the decline in the
bargaining power of producers (due to excess
supply).

We could also put forward another force, a 6th force
to add to Porter's usual five forces, a political and
environmental force. The point was made recently
in the Australian Government's Mays Report on
Corporate Sustainability that this force might
actually benefit a company in the long-term. I
quote the report: '"The management of
sustainability issues through corporate
sustainability can bring about embedded and
innovative advantages which deliver: better risk
management; cost savings; management of
intangible assets; extended corporate governance;
performance culture; innovation; recognition and
management of key stakeholders."

Historical western uranium production vs
reactor requirements

Figure 4 shows ihe first peak in production aimed
at weapons manufacture in the fifties and sixties.

The second peak in the early 80s showed the world
gearing up for greater nuclear power production.
The demand, due to several international incidents,
turned out to build more slowly than expected. The
net result of all of this was oversupply - oversupply
of a commodity that could be effectively stored in
significant quantities for many years. And that is
exactly what many power utilities around the world
did.

The result of this oversupply has been that the
higher cost and generally smaller uranium
producers have shut down or have been
consolidated. The secondary uranium material,
such as down blended nuclear weapons material, is
now mostly part of main stream production.

In regard to primary production, there is a spread of
regional players in this market, with a number of
mines or extraction centres in most regions.
However, over 70% of primary supply comes from
just three locations, Australia, Canada and Africa.

Let's look at where the majority of the western
resources lie. While the huge Olympic Dam
deposit represent; the major portion of Australia's
uranium resources, those of Ranger and Jabiluka
are by all measures a significant part of the picture.
Of the estimated total tonnes of in-situ uranium
oxide in world resources, over half resides in just
six major deposit:;.

3

A ustra It3

N ige r

I C a n a d a

I S outh A f r i ca

F rance

U S A

I G a bo n

I O thers

N a m i b i a

U d e m a n d

R e p r o d u c e d w i t h p e r m i s s i o n o f W N A

Fig. 4 Historical Western Uranium Production vs Reactor Requirements
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1990 1995 2002

Fig. 5 Estimated number of active global
Uranium Production Centres

There are a number of ways that the primary
uranium supply industry has been consolidating.
The number of mines actively producing has
reduced, individual mines have become larger, the
number of companies owning these mines has
reduced, and interestingly the methods of mining
used are consolidating.

It is often insightful to review overarching trends in
an industry.

In 1999 - 44% of primary uranium production was
sourced from underground methods, including 11%
of this as by-product production. I include by-
product with underground because virtually all
uranium by-product production is in fact from
underground mines, be they primarily copper, gold,
etc.

Last year underground mining rose to 49 percent,
with open pit mining declining.

It is likely that, by 2015, the percentage of uranium
produced by underground means will increase to
around two-thirds of global primary supply, even
with increased ISL production.

What does this indicate for primary supply and the
nuclear fuel industry? It indicates that there will be
higher investment costs, longer time needed to
construct, extreme diligence in radiation and
underground environmental controls, requirement
for competent management of normal underground
mining parameters, and the ongoing costs of
ensuring best practicable operation.

These all mean that the returns to sustain a level of
required profitability in the business have to be
available. And these returns have to be reasonably
locked in, at least for some forward period of time,
at the commitment phase of a project.

The extraordinary delays experie iced for uranium
projects in Australia makes forec isting the timing
of first production extremely diff cult; in virtually
all areas of business, high risk i; expected to be
accompanied by high rewards, but some early
investors may have missed out on Jiiese.

I mentioned previously that
operations have been closed over
often smaller, higher-cost opei
where the economic ore reserve \
approximate number of operating
world has reduced during the k
more than 100 mines in 198
currently. Of these, only 25 o:
production onto the world mai
companies.

This industry consolidation has b
need for improved operating cost
the increased sources and vai
equivalent supply. If the pricing
were to continue at existing low ]
be further consolidation, as mine:
and shut down will not be i
production centres.

Conclusion:

many mining
ime. These were
itions, or those
as depleted. The
mines around the
;t 20 years from
) to around 40
so market their

kets through 13

:en driven by the
; to compete with
iety of uranium
svels for uranium
;vels there would
that are depleted

splaced by new

Although Australia is particulai y well endowed
with uranium resources, with an estimated 44% of
global reasonably assured resourc ;s by traditionally
assessed standards, our producer: face a number of
obstacles that overseas counterpt rts or competitors
do not.

The most significant of these add tional obstacles is
the uncertainty of time to prodii :tion, which adds
significant risk both to the poten ial investor in the
mine and extraction plant, as we I as for the power
company customer, who cannoi fully rely on the
U3O8 fuel being available when n eded.

All international producers deal with market risk
when producing a commodity. Being able to time
the bringing on of a new project with the
commodity price cycle is the best strategy for that
risk.

When we look at the international scene, there are
alternative approaches and models for the handling
of political and indigenous issues that could be
instructive for Australian Governments, companies
and indigenous organisations.

As I have said, we at ERA are looking at several
sustainable development initiatives that are
showing promise in this regard.
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When we look at issues like the establishment of
national parks, we have an obligation to consider
all the consequences fully. We want cultural and
natural heritage protected and conserved, and we
want sustainable economic growth as well. The
Kakadu region has a lot of cultural and
conservation values, important to indigenous and
non-indigenous peoples alike. We believe that we
are showing that these values can co-exist
successfully.

Australia has an important role to play in helping
meet the energy needs for a growing world
population with aspirations for the sort of living
standard that access to affordable energy has given
Australians. We have the uranium resources to
create clean power, an important part of the world's
energy mix.

The industry needs to continue to push new
initiatives such as those discussed in this paper, so
that there develops the political and community
will to have Australia prosper from fulfilling this
vital supply role.
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Repository and National Intermediate Level Waste Store
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SUMMARY The Australian Government is committed to establishing two purpose-built facilities for the
management of Australia's radioactive waste; the national repository for disposal of low level and short-lived
intermediate level ("low level") waste, and the national store for storage of long-lived intermediate level
("intermediate level") waste.

It is strongly in the interests of public security and safety to secure radioactive waste by disposal or storage in
facilities specially designed for this purpose. The current arrangements where waste is stored under ad hoc
arrangements at hundreds of sites around Australia does not represent international best practice in radioactive
waste management.

Environmental approval has been obtained for the national repository to be located at Site 40a, 20 km east of
Woomera in South Australia, and licences are currently being sought from the Australian Radiation Protection
and Nuclear Safety Agency (ARPANSA) to site, construct and operate the facility. The national repository may
be operating in 2004 subject to obtaining the required licences. The national store will be located on Australian
Government land and house intermediate level waste produced by Australian Government departments and
agencies. The national store will not be located in South Australia. Short-listing of potentially suitable sites is
expected to be completed soon.

1. INTRODUCTION

The Australian Government is committed to
establishing two purpose-built, national facilities for
the safe management of Australia's radioactive
waste; the national repository for disposal of low
level and short-lived intermediate level ("low level")
waste which will be located near Woomera in South
Australia, and the national store for storage of long-
lived intermediate level ("intermediate level") waste
for which a site is yet to be selected.

It is strongly in the interests of public security and
safety both in Australia and internationally to secure
radioactive materials by disposal or storage in
facilities specially designed for this purpose. In the
absence of purpose-built facilities, Australia's
radioactive waste, generated from the beneficial use
of radioactive materials in medicine, industry and
research, will continue to be stored under ad hoc
arrangements at hundreds of sites around Australia
which do not represent international best practice in
radioactive waste management.

Although the amount of waste which is held in
numerous locations in states and territories is small,
storage of waste in facilities that were not designed

for the long-term management of this material poses
greater potential health risks for people and the
environment than waste stored in purpose-built
facilities.

Governments have a responsibility to safely manage
radioactive waste and that is why the Australian
Government is committed to establishing national,
purpose-built facilities for the safe long-term
management of this material. Two facilities are in
the process of being established:

• the national repository for the near-surface
disposal of low level radioactive waste,
which will be located at Site 40a, 20 km
east of Woomera and 400 km north of
Adelaide in South Australia; and

• the national store for above-ground storage
of intermediate level waste generated by
Australian Government departments and
agencies, which will be located on
Australian Government land on a yet to be
selected site.

This paper briefly summarises the background and
status of the two projects.
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2. NATIONAL RADIOACTIVE WASTE
REPOSITORY

Background

A national repository represents the safest and most
cost effective option for Australia to manage its low
level waste, particularly as the ongoing generation of
this material is expected to be relatively small and
therefore technically and economically does not
justify the establishment of separate facilities on a
state-by-state basis.

In the 1980s, the Commonwealth, states and
territories agreed in principle to the establishment of
a national repository for Australia's low level
radioactive waste. In 1992, the Commonwealth
Government with the agreement of all jurisdictions,
commenced an Australia-wide search for a suitable
site for the national repository.

Australia currently has about 3,700 cubic metres
(about the volume of eight average houses) of waste
which would be suitable for disposal in the national
repository. The material is routinely generated at a
rate of about 40 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.

The Australian Nuclear Science and Technology
Organisation's (ANSTO's) preferred
decommissioning options for HIFAR, the research
reactor currently operating at Lucas Heights, would
either involve the generation of 500 cubic metres of
low level and short-lived intermediate level
radioactive waste in 2035, or the generation of 2000
cubic metres of low level and short-lived
intermediate level waste in 2125. The Government
has yet to decide on the decommissioning option
which will be used.

The first phase of the national repository project
commenced in 1992, and involved the development
of the methodology for siting a national repository
and applying internationally accepted site selection
criteria adapted for Australia on a nationwide basis.
Thirteen relevant selection criteria were published in
the National Health and Medical Research Council
(NHMRC) 1992 Code of Practice for the near-
surface disposal of radioactive waste in Australia,
based on siting the repository in an arid or semi-arid
environment.

In 1994, eight broad regions of Australia likely to
contain suitable sites were identified. In 1998, the
central-north region of South Australia was

identified for further siting work as it had the largest
area of potential suitability against the selection
criteria.

Review and Assessment Processes

Following an extensive process of scientific
assessment and community consultation, in 2001
three sites located on pastoral lease on raised, stony
desert plateaus near Woomera in South Australia
were selected for environmental assessment under
the Australian Government's Environment
Protection and Biodiversity Conservation Act 1999.

The natural environment including the geology,
ground water, fauna and flora, land use and cultural
heritage around the sites was examined in the
Environmental Impact Statement (EIS). The design,
operation, monitoring and safety of the national
repository and the transport of waste to the facility
were also described. Public submissions were invited
on the proposal and issues raised during public
consultation were responded to in the supplementary
report to the EIS.

In May 2003 the Australian Government Minister for
the Environment and Heritage, the Hon Dr David
Kemp, found that there were no environmental,
economic and social issues to prevent the national
repository from being sited in central-north South
Australia. He approved two sites near Woomera,
Sites 40a and 45a, for the facility.

On 9 May 2003 the Australian Government Minister
for Science, the Hon Peter McGauran, announced
that Site 40a, located about 20 km east of Woomera
in South Australia, would be the site for the national
repository. This site has a number of advantages
over the other site (Site 45a) including:

• better security
• a less environmentally sensitive access

route
• more saline water which has no pastoral

use.
In addition, proposed space activities at Woomera
may affect Site 45a but will not affect Site 40a.

Conditions imposed in the environmental approval
are to ensure ongoing monitoring of the site is
undertaken and any impacts are identified and
minimised. An Environmental Management and
Monitoring Plan must be prepared and approved by
the Minister for the Environment and Heritage prior
to works commencing at the site.

The Commonwealth has compulsorily acquired all
interests in relation to the site, together with the
necessary interests in relation to the access corridor
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into the site using the Australian Government's
Lands Acquisition Act 1989.

In August 2003, applications to site, construct and
operate the national repository were applied for from
the independent regulator, the Australian Radiation
Protection and Nuclear Safety Agency (ARPANSA).
The licence application describes the details of the
site location, the basis of the application, and
provides the management system and manuals,
including the safety, environment management and
monitoring and operations manuals. The application
also includes a review of world's best practice for
disposal of low level waste, the waste acceptance
plan, activity limits for the post-closure of the
national repository, a radiological risk assessment
for the facility, the safety analysis report, a security
management plan, emergency response plan,
disposal structure design concepts, and waste
transfer documentation etc. The application can be
downloaded from the ARPANSA website at
http://www.arpansa.gov.au/reposit/nrwr.htm or
obtained by contacting ARPANSA.

Public submissions on the application have been
invited by ARPANSA from 6 September to 8
November 2003 as part of the licensing process.

The national repository may be operating in 2004
subject to obtaining the required licences.

Figure 1: Location of Site 40a, the site selected
for the national repository, near Woomera in
central-north South Australia.

• • ',•'nooaira Prohibited utre*i>*-.

The Facility

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

The national repository will be a shallow burial
facility and waste will be isolated from water by a
multi-barrier approach including

• The conditioned waste packages
• The solid waste form
• The trench/borehole design
• The host rocks, arid environment, and

groundwater and surface water
characteristics of the site.

Conditioned, solid waste in steel drums will be
disposed of in trenches or boreholes. Disposal
structures will be located in the central part of the
site, and will have a maximum depth of 15-20
metres. The trenches will have a multi-layered cap,
including low permeability clay, a high density
polyethylene geomembrane, and soil, mounded to
facilitate water run off and designed to minimise
water infiltration. Trenches will also be lined with
crushed rock to serve as a drainage blanket and
direct any liquid that collects at the base of the
trench to a sampling point. A layer of sand at the
base of the trench will provide a smooth basal layer
for the placement of drums.

Located within the site will be support facilities,
such as an operations building for the receival of the
waste; a health physics building for monitoring
workers and for radiological surveillance of
groundwater and other environmental monitoring; a
decontamination and washdown area for plant and
equipment; and an administration building. A
communications building to support camera
surveillance will be a permanent structure, but
otherwise buildings will be established for each
disposal campaign and removed between campaigns,
leaving only sufficient infrastructure, including two
security fences, to secure the site until the next
disposal operation.

Disposal operations will occur every 2-5 years, and
surveillance and monitoring will be undertaken
between disposal operations.

An access road will connect the site with the national
road system.

The national repository will be owned by the
Australian Government, with the Department of
Education, Science and Training (DEST) or its
successors being the department with overall
responsibility for the safe and effective operation of
the facility. DEST will appoint a contractor to
operate the national repository on its behalf. The
facility will be regulated by the Australian Radiation
Protection and Nuclear Safety Agency (ARPANSA).

44



The preparation of waste for disposal will not be
undertaken at the facility.. The waste owner will be
responsible for conditioning the waste and placing it
in an appropriate container for burial in accordance
with the waste acceptance criteria, in readiness for
waste collection by an Australian Government
contractor for transport to the national repository and
disposal. Waste owners will need to demonstrate that
the waste meets the waste acceptance criteria before
the material is transported.

Transport of waste to the national repository will be
safe. The transport of radioactive materials,
including radioactive waste, is governed by strict
regulations and codes of practice (e.g. the Australian
Radiation Protection and Nuclear Safety Agency's
2001 Code of Practice for the safe transport of
radioactive materials) which are designed to ensure
that radioactive materials would be contained in the
unlikely event of an accident. Only solid waste will
be transported. The waste will be securely packaged
with concrete as required (e.g. items such as gauges
may warrant this type of packaging), in steel drums
and in steel shipping containers.

The transport of radioactive materials is not
unprecedented, and the number of packages and
vehicles transporting waste to the national repository
is small compared to the number of packages of
radioactive materials routinely transported in
Australia and around the world.

Over 30,000 packages of medical isotopes are
transported annually (about 2,500 per month) in
Australia from ANSTO alone. Over the past 40 years
there have been no accidents where there has been
any significant radiological release harmful to the
environment or public health.

Transport of radioactive waste to the national
repository will be infrequent as disposal campaigns
will only occur every 2-5 years. Over half the
existing inventory of 3,700 cubic meters of waste
which will be disposed of in the first campaign is
already at Woomera (2,010 cubic metres of soil was
transported from Sydney in 1994-95 in about 120
truck movements), and only about 171 trucks will be
required to transport radioactive waste from
elsewhere around Australia. Subsequent campaigns
will routinely involve a much smaller amount of
material than the initial campaign. The annually
generated volume of 40 cubic metres could be fitted
into 4-5 trucks.

The risk of an accident occurring during transport of
radioactive waste to the national repository was
outlined in the EIS. The document stated that there
was the probability of an accident occurring during
an average truck trip to the national repository of

0.14%, the number of accidents divided by the
number of shipments, a very low likelihood. The
consequences of an accident involving radioactive
waste travelling to the national repository, given its
solid form and rigorous packaging, would be far less
than the consequences of a comparable accident
involving liquid toxic or flammable hazardous
materials.

There are well established procedures in all states
and territories to manage an emergency involving
radioactive materials. The Australian Government
can provide assistance on request from jurisdictions
via Emergency Management Australia. ARPANSA
and ANSTO can also assist.

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.

3. NATIONAL STORE FOR INTERMEDIATE
LEVEL WASTE

Australia has a small amount of intermediate level
radioactive waste (about 500 cubic metres) which is
not suitable for near surface disposal in the national
repository. This waste consists of material arising
from past activities such as higher activity disused
radioactive sources, some radiation gauges used in
research, radiotherapy sources, radium needles and
mineral sands concentrates. From about 2015 waste
will be returned to Australia from the overseas
reprocessing of spent fuel rods from the research
reactors at Lucas Heights.

Intermediate level waste is not suitable for near-
surface burial and there is broad international
consensus that this sort of material should be stored
in purpose-built facilities and then disposed of in
geological repositories at depths of several hundred
metres.

The Australian Government made an in-principle
decision to have a national store for intermediate
level waste in 1996, following a Senate inquiry into
radioactive waste management.

In 1997, the need for a national store was supported
by the Commonwealth/State Consultative Committee
on the Management of Radioactive Waste, a body
with representatives responsible for the regulation of
radioactive materials in all states and territories and
the Australian Government.
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The national store project for the storage of
Australia's intermediate level radioactive waste was
announced in 2000, and cooperation of states and
territories was sought, given the benefits which all
Australians receive from radioisotopes used in
medicine, industry and research. Some jurisdictions
indicated that they would not support the national
search for a site for the facility, and, in 2001, the
Government announced that a national store for
Australian Government intermediate level waste
(about 400 cubic metres of existing waste) would be
established on Australian Government land.

The annual amount of intermediate level waste
produced by Commonwealth agencies on a routine
basis is a few cubic metres per year. In the longer
term, intermediate level waste arising from future
spent fuel management is about 26 cubic metres of
waste arising from the reprocessing of spent fuel
from HIFAR, and about 20 cubic metres of waste
arising from the reprocessing of spent fuel from the
Replacement Research Reactor.

The Australian Government has given an
undertaking that the waste arising from the overseas
reprocessing of HIFAR spent fuel will not be
returned to Lucas Heights.

In July 2001, a public discussion paper was released
on the proposed method for finding a site for the
national store. A paper responding to public
comment on the public discussion paper and
outlining the final site selection methodology was
released on 2 May 2002.

The selection criteria for the national repository and
national store are somewhat different. While ground
water and geology were extremely important in the
siting of a below ground disposal facility for low
level radioactive waste, they are not as important to
the siting of an above ground store for intermediate
level waste. Selection criteria for the national store
for intermediate level waste include the operational
requirements for transport, safe handling, storage
and retrieval of waste packages; the security of the
facility; social impacts; Australian Government land
ownership and compatibility with adjacent land use,
among others. Therefore, it cannot be assumed that
sites or regions suitable for the national repository
will necessarily be suitable for the national store.

On 9 May 2003, the Australian Government Minister
for Science, the Hon Peter McGauran, announced
the national store would not be located in South
Australia. His decision was based on advice from an
expert committee that no sites in South Australia had
been identified as being highly suitable for the
facility. He further indicated that no other state or
territory was being ruled in or out at this stage.

Short-listing of potentially suitable sites is expected
to be completed soon. More detailed consideration
of short-listed sites is expected to be undertaken
during 2003.

The national store will be designed to operate for a
period of 50-100 years until a suitable geological
repository for the disposal of the waste is
established. The selection criteria for a geological
repository would be different from those used to site
the national store, and finding a site for such a
disposal facility would be the product of a site
selection study separate to that undertaken for the
national store.

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

5. CONCLUSIONS

After an 11-year nationwide site selection study, Site
40a located 20km east of Woomera in South
Australia has been selected for the national
repository for disposal of low level waste.
Environmental approval has been obtained for
constructing the facility at the site, and licences have
been applied for from ARPANSA to site, construct
and operate the facility. The national repository may
be operating in 2004 subject to obtaining the
required licences.

A separate project is being undertaken to identify a
site for a national store for Australian Government
intermediate level waste not suitable for near-surface
disposal. A nationwide search of Australian
Government land is being undertaken to identify a
site for the national store. The store will not be sited
in South Australia. Short-listing of potentially
suitable sites is expected to be completed soon. The
national store will be designed to operate for a
period of 50-100 years until a suitable geological
repository for the disposal of the waste is
established.

Further information on the national repository and
national store can be obtained via the internet at
http://www.radioactivewaste.gov.au/, by emailing
Repository@dest.gov.au or Store@dest.gov.au, or
by calling the toll-free information line 1800 682
704.
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Member, INSC Working Group on Radioactive Waste Management

SUMMARY.The INSC is an international group of 42 nuclear societies with the aim of promoting the peaceful
uses of nuclear science and technology. It has a number of working groups addressing important issues and
publishes the reports of these groups. The latest report of the working group on radioactive waste management was
published in August 2002. The main aim of the report is to provide the latest information on radioactive waste
management among the member societies and particularly to provide access to internet resources on this topic
including access to the radioactive waste mamagement organisations in the several countries.The major topics
addressed in the report are: what is radioactive waste management?; where does radioactive waste come from?;
principles and objectives; management strategies - options and ethics; current worldwide status; international
cooperation; and international instruments, including treaties and legislation.

1. Introduction

The International Nuclear Societies Council (INSC)
is an international non-government organisation
made up of 42 nuclear societies with more than
80,000 nuclear professionals. Its main aim is to
promote the peaceful applications of nuclear science
and technology.

The INSC has a number of Working Groups to
address important nuclear issues and it publishes the
reports of these Groups. The latest report of the
working group on radioactive waste management
was published in August 2002. The main aim of the
report is to provide the latest information on
radioactive waste management among the member
societies and particularly to provide access to
internet resources on this topic including access to
the radioactive waste management organisations in
the several countries.

2. Contents of the Report

The major topics addressed in the report are:
• what is radioactive waste management?;
• where does radioactive waste come from?;
• principles and objectives;
• management strategies: options and ethics;
• current worldwide status;
• international cooperation; and
• international instruments, including treaties
and legislation.

3. What is Radioactive Waste Management?

The definition of radioactive waste of the
International Atomic Energy Agency (IAEA) has
been adopted for the purposes of the report:

Any material that contains or is contaminated by
radionuclides at concentrations or radio-activity
levels greater than the exempted quantities
established by the competent authorities and for
which no use is foreseen.

It is recognised that different countries may have
different interpretations; however, the important part
of the definition is "for which no use is foreseen".
Some countries, such as Japan, France and the UK,
may regard spent fuel as a resource for recycling.
Other countries, such as Finland, Sweden, the USA
and others, may regard it as a waste. The
interpretation can therefore depend as much on
national policy as well as any scientific or technical
description.

As to disposal, the report also adopts the IAEA
definition: The emplacement of waste in an
approved specified facility.... without the intention
of retrieval...

Again, the reality of the definition depends on
government policy and public perception on the
question of retrievability. Some countries require
retrievability to be an option post-disposal. For
example, even if spent fuel was regarded as a waste
in this generation, future ones may regard it as a
resource. Radioactive waste management is therefore
about addressing both technical and socio-political
aspects.

The present report is focussed on the management
of solid radioactive waste, but many of the principles
apply to the discharges of liquid and gaseous
radioactive effluents as well. It is also recognised
that discharges from repositories may take place over
many thousands of years and may not recognise
national boundaries. It is important that common
principles be applied around the world. The IAEA
wording is used for the main objective of radwaste
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management:
...to deal with radioactive waste in a manner

that protects human health and the environment
now and in the future without imposing undue
burdens on future generations.

This does not mean that radwaste disposal
solutions have to be found at any cost. We have a
responsibility also to the present generation which
has to pay for disposal to provide an environmental
solution that is economic but consistent with
providing adequate safety - an optimized solution.

2. Where does Radioactive Waste come from?

2.1 Activities producing waste - Regardless of
one's views on nuclear issues, radioactive waste
exists and is a consequence of a number of activities:
• Nuclear power plants during operation and

decommissioning;
• Nuclear propulsion, eg. ships, ice-breakers;
• Nuclear weapons manufacture;
• Spent fuel reprocessing;
• Contaminated waste from incidents, such as

Chernobyl and historic sites;
• Applications in medicine and industry;
• Enhancement of naturally occurring radio-
nuclides due to human activity, eg. drilling
mud in the oil industry.

2.2 Types of radioactive waste - Radioactive waste
consists of a variety of materials having different
chemical and physical properties containing
different levels of radioactivity. Each nation has
developed its own classification, although many have
adopted or adapted the recommendations of the
IAEA. However, the European Commission has also
proposed a classification system for use in the
European Union.

The report provides a general categorization of
waste types:
1. Exempt waste: Radioactive waste that can be

safely disposed of with ordinary refuse. Some
countries define this as very low level waste
(VLLW) and provide separate disposal facilities
(eg. Andra, France).

2. Transition radioactive waste: A type of radio-
active waste, mainly from medical use, that will
decay within the period of temporary storage
and may then be suitable for management
outside the regulatory control system, subject to
compliance with clearance levels).

3. Low-level waste (LLW): Consists of trash and
debris from routine operations and
decommissioning. It is mainly material emitting
low levels of beta/gamma radiation but may
include alpha-contaminated material.

4. Low- and intermediate-level waste (LILW):
(EC): In LILW the concentration of radio-
nuclides is such that generation of thermal

power during disposal is low and acceptable
values are site specific following safety
assessments.

5. Intermediate (medium)-level waste (ELW):
Waste containing higher levels of beta/
gamma contamination and sometimes alpha
emitters. There is little thermal output but this
waste usually requires remote handling. Such
waste originates from routine nuclear power
station maintenance, eg. used ion-exchange
resins and filters. Some countries do not use this
category, eg. Canada, Japan and the USA;
however, some types of ILW such as "greater
than Class C" in the USA, would equate to ILW
elsewhere.

6. Transuranic waste: Some countries chose to
categorize alpha-bearing waste separately, eg. in
the USA, transuranic waste (TRU) is defined as:
....waste containing more than 100 nanocuries
of alpha-emitting transuranic isotopes, with
half lives greater than 20 years, per gram pf
waste...

7. High-level waste (HLW): This is waste with
such a concentration of radionuclides that
generation of thermal power has to be
considered during its storage and disposal (the
heat generation level is site specific and arises
mainly from treatment/ conditioning of spent
nuclear fuel).

Safety assessments are usually carried out to
determine the acceptability of disposal by any
particular route. It is important to recognize that
while classifications are useful, they will not of
themselves constrain the choice of disposal route.

2.3 How much waste is there? - Nuclear power
generation worldwide produces each year a total of
about 200,000 m3 of LELW and 10,000 m3 of HLW
(including spent fuel designated as waste).

The generation of electricity from a typical
lOOOMWe nuclear power station produces about 300
m3 of LILW per year and 30 te of HLW. In
comparison, a 1000-MWe coal-fired power plant
produces 300,000 te of ash alone each year which
contains radioactive materials and toxic heavy metals
that end up in landfill sites and in the atmosphere. A
further comparison is that in the OECD countries
about 300 million tonnes of toxic waste is produced
each year.

The IAEA compiles figures on radioactive waste
from around the world every few years and produces
reports available through its website. See the IAEA's
Waste Management Database available on-line
following registration at:
http://www-newmdb.iaea.org/.

2.4 How is the waste transported? - It is necessary
to transport waste when the waste is produced at a
site other than the one where it is produced,
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conditioned, stored or disposed of. Radioactive
materials are routinely arid safely transported in and
between many countries by road, rail, sea and air.

The transport regulations in most countries are
consistent with the IAEA Regulations on the Safe
Transport of Radioactive Materials. These stipulate
the type of packaging that must be used, its labelling,
and permitted modes of transport. Before being
accepted, transport packages must withstand a
stringent set of tests including drop tests from
various heights, fire tests, leak tests, immersion tests,
without releasing their radio-active contents. These
requirements must prevent, even in a severe
accident, the release of radioactive material that
would give rise to an unacceptable dose to
individuals.

3. Principles and Objectives of Radioactive
Waste Management

3.1 High-Level Principles - The primary objective
of radwaste management is to protect humans and
the environment, both now and in the future, from
potential hazards arising from such wastes. Many
countries have signed and ratified the Joint
Convention on the Safety of Spent Fuel Management
and on the Safety of Radioactive Waste Management
(see www.iaea.org/ns/rasanet/programme/
wastesafety/Safety_Conventions). In summary, this
document states that radioactive waste shall be
managed in ways that:
1. Ensure that criticality and removal of residual

heat generated during spent fuel and radio-
active waste management are adequately
addressed.

2. Ensure that the generation of radioactive waste
is kept to the minimum practicable.

3. Take into account interdependencies among the
different steps in waste management;

4. Provide for effective protection of individuals,
society, and the environment by applying at the
national level suitable protective methods as
approved by the regulatory body within the
framework of its national legislation which has
due regard to internationally endorsed criteria
and standards;

5. Take into account the biological, chemical, and
other hazards that may be associated with
radioactive waste management;

6. Strive to avoid actions that impose reasonably
predictable impacts on future generations
greater than those permitted for the current
generation; and

7. Seek to avoid imposing undue burdens on future
generations.

3.2 Institutional Frameworks - The IAEA
provides guidance relating to the establishment of
appropriate radioactive waste management structures

within a country, highlighting the importance of
having well-defined responsibilities. In particular,
attention is paid to the relationships between:
1. The state, responsible for policy;
2. The regulator, responsible for regulation and

licensing;
3. Waste production by industry and the like; and
4. Waste disposal by a separate waste management

organisation.
Many examples of these arrangements exist around
the world. The arrangements are generally based on
the IAEA principles. They differ in their reflection of
national differences in economic, social, political,
legal, institutional and geographic structures.

The names of the radioactive waste management
organisations in a number of countries and links to
their websites and those of associated organisations
are provided in Table 1.

3.3 Financing Schemes - The polluter-pays
principle is intended to ensure that a waste producer
makes proper provision for dealing safely with its
waste and that costs are passed on to those who
benefit from its production. Generic solutions for
financing radioactive waste disposal address the
issues of who pays and how they should pay. The
options are:
1. Waste producers, directly through a tariff

mechanism to the waste disposal organisation;
2. Electricity producers, through payments into a

fund from levies on electricity generation and
then to the waste disposal organisation; and

3. Government or third parties through subsidies to
the waste disposal organisation.

There is a general international consensus that all
liabilities (decommissioning and waste disposal)
should be identified, reported and reviewed
periodically and that there should be mechanisms to
ensure funds are available to meet these liabilities
when they arise.

The long time scales associated with the design,
construction and operation of a radwaste repository
are particularly problematic in the context of changes
in technological knowledge. For further discussion of
this topic, refer to: "Future Financial Liabilities of
Nuclear Activities", OECD, 1996. The EC has also
carried out a study of financing schemes, see:

http://www.europa.eu.int/comm/energy/nuclear/
synopses. htm# I8185

3.4 Deep Geological Disposal - Deep disposal in
stable geological formations is a means of safe
containment of long-lived radioactive materials
(long-lived ILW, HLW, and spent nuclear fuel) for
many thousands of years. The main route by which
radionuclides in the waste could return to the
biosphere is movement in groundwater that may
eventually reach the surface and enter the
environment.
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Table 1. Radioactive Waste Management Organisations in Some Countries

Country

Australia

Belgium

Canada

Czech Republic

Germany

Finland

France

Korea

Hungary

Italy

Netherlands

Japan

Russia

Slovenia

Spain

Sweden

Switzerland

Taiwan

United Kingdom

USA

Agency

Dept. of Education, Science &
Training (DEST)

ONDRAF/NTRAS

None as yet, but law passed in 2001
enables one to be created

RAWRA

BfS (subcontracted to DBE)

Posiva Oy

ANDRA

None as yet

PURAM

ENEA undertakes some functions

COVRA

NUMO

RADON; MINATOM

Agency RAO

ENRESA

SKB

NAGRA

FCMA is the fuel cycle and materials
administration regulator; there are
plans to set up a waste management
organisation

UK Nirex Ltd

US Dept of Energy - Office of Civilian
Radioactive Waste Management for
Civil HLW; DOE Environmental
Management for TRU;
State compacts for LLW

Useful Websites

http://www.dest.gov.au/radwaste/

www.nirond.be;
http://hades.sckcen.be

www.aecl.ca; www.nrcan.gc.ca;
http://www.opg.com/ops/Nwasteina
n.asp

www.surao.ca/english/index-en.html

www.bfs.de; www.dbe.de

www.posiva.fi; www.tvo.fi;
www.fortum.com; www.stuk.fi

www.andra.fr; www.cogema.fr;
www.cea.fr

www.kaeri.re.kr

www.rhk.hu

http://www.casaccia.enea.it

http://www.vrom.nl/international/
http://www.nrg-nl.com

www.numo.org.jp; www.jnfl.co.jp;
www.miti.go.jp

www.radon.ru; www.minatom.ru

www.sigov.si/arao/aarao.html

www.enresa.es

www.skb.se

www.nagra.ch

www.fcma.aec.gov.tw;
www.taipower.co.tw

www.nirex.co.uk; www.bnfl.co.uk;
www.ukaea.org

www.rw.doe.gov
www. em. doe. gov/dnfsbrpt/
www.wipp.carlsbad.nm.us/
www.envirocareutah.com/
www.ymp.gov/
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Prior to the construction and operation of a
repository, all countries would require that the
proponent, usually the waste management
organisation, go through a licensing process with the
regulators. This process is to ensure that the
operations and post-closure safety aspects are based
on sound scientific knowledge. This process is often
referred to as a performance assessment and is
usually based on detailed site characterisation.

It is necessary that the long time scales involved
(eg. possibly 300 years for a near-surface repository
or tens of thousands of years for a deep repository)
are taken into account in the conditioning and
packaging of the radioactive waste before being
placed in interim storage or sent for final disposal.
The timescale is relevant to:
1. The longevity of the engineered barriers

intended to keep the radionuclides within the
repository - mostly steel and cement for ILW or
copper or clay for a spent fuel repository.

Evidence in this area can be obtained from
the study of the survival over thousands of years
of metal (copper and iron) and concrete articles
in a variety of situations.

2. The rate of migration of radionuclides through
the rocks surrounding a repository (primarily by
groundwater). Useful evidence in this area can
be obtained from natural analogues where water
has transported radionuclides through natural
geological formations for long periods.

3. The way that safety is assessed for human
generations living in the distant future. Work by
the IAEA and advice from the International
Commission on Radiological Protection (ICRP)
has done much to build an international
consensus in this area.

Time Frames in Perspective - Time frames of
thousands to millions of years may be required for
safe isolation of certain wastes. Typical time frames
and events are listed below:
1-100 years Institutional control is envisaged

for this period; greenhouse gases
may affect the climate.

100-10,000yr Institutional control is assumed to
have lapsed; end date comparable
to Middle Stone Age.

lO* - 106 yrs Glacial / interglacial cycling is
expected; sea level could fall by
140 m in glacial periods. Note -
Half-lives of 239Pu = 24,000 yr,
"lc = 200,000 yr.

> 106 yrs Major tectonic changes could occur,
equivalent to first appearance of
humans; 1!9I = 16 Myr.

Repository markers - The USEPA regulations
require that the Waste Isolation Pilot Plant (WIPP)
waste disposal site use markers and other passive
controls to indicate the location. The US DOE has
identified suitable controls and markers for a time

frame of 10,000 years, eg. granite monuments, 10 m
high; a large surface structure engraved with
messages; and archives stored at multiple US
locations.

4. Waste Management Strategies: Options
and Ethics

A number of options for radioactive waste
management have been proposed over the several
decades since planning started. The options for the
management of low- and intermediate-level waste
has been generally consistent among the many
countries which generate such waste. Differences
have arisen largely in the options to manage spent
fuel and high-level waste due to the two major
options of using a once-through fuel cycle or using
reprocessing of spent fuel. The latter option usually
involves the conversion of high level fission product
waste into a relatively insoluble form such as glass,
and recycle of the recovered plutonium. Options are:
1. Extended or indefinite storage.
2. Direct disposal (interim storage followed by

deep geological disposal with or without
retrievability).

3. Conventional closed-cycle (interim storage
followed by reprocessing and deep geological
disposal with or without retrievability); after
reprocessing, a geological disposal decision
could be deferred leading to extended or
indefinite storage of the high-level liquid waste
or conditioned vitrified HLW.

4. Advanced closed cycle (interim storage followed
by reprocessing, partition and transmutation of
minor actinides and long-lived fission products,
and deep geological disposal with or without
retrievability). After waste transmutation, a
geological disposal decision could be deferred,
leading to extended or indefinite storage of the
resulting partitioned and transmutation
residues.

Partition and transmutation (P&T) - The role of
P&T is to reduce or eliminate the quantity of long-
lived radionuclides requiring long-term management
by changing (transmuting) them into short-lived
radionuclides oir stable elements. This is achieved by
using nuclear reactions, such as neutron capture in
a reactor leading to fission or radioactive decay, or
bombardment with charged particles in an
accelerator. Further research is needed to realise
these processes, and if successful, the technology
may take years to be deployed.

Long-term Surface Storage - This technology exists
and would allow the waste to be monitored easily
and to be retrieved if required. However, it implies a
commitment to active long-term management and
offers little protection against long-term risks that
could arise from a loss of social stability and control.
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Phased Deep Geological Disposal - This option is
based on the principle that the generation that
benefited from the activities which produced the
waste should bear the cost of disposal. The safety of
a disposal facility should not depend on its long-term
maintenance (or even knowledge of its existence) by
future generations. There needs to be a degree of
flexibility not to foreclose all other options that
future generations might want to take up. A phased
approach is where the waste remains retrievable for
an extended period, provided that it does not lead to
reduced safety.

There is a consensus among experts that sites can
be identified and characterised and that deep
geological repositories can be designed so that no
short-term detriment to populations will result and
that an acceptable degree of safety can be provided
for future generations. Deep geological repositories
exist at the WIPP (Waste Isolation Pilot Plant) site in
Carlsbad, New Mexico, USA (www.wipp.ws);
Morsleben (now closed) and Konrad (licensed but
not operational) in Germany (www.dbe.de); and
several other sites are under investigation in various
countries (for websites see Table 1). One of the
major sites under investigation is at Yucca Mountain
in the USA (www.ymp.gov/).

Other options - The report briefly describes a
number of other options for waste disposal.
Examples are: deep borehole disposal; direct
injection of liquids into deep rocks; rock melting in
situ; ice sheet disposal; sea disposal (used for many
years in the 1950s and 1960s but now ruled out by
international agreements); disposal into space. Of
these, only deep borehole disposal is now being
considered seriously, and this option is broadly
similar to disposal in a deep geological repository.

Ethics - Interest in the options focuses on two ethical
concerns: inter-generational equity (fairness and
equity between generations) and intra-generational
equity (fairness and equity within contemporary
generations. The Radio-active Waste Management
Committee of the OECD's Nuclear Energy Agency
(NEA) has discussed these concerns in 1955 in its
"Opinion on the Environmental and Ethical Basis of
Geological Disposal" and given a set of principles
(see www.nea.fr).

6. International Cooperation

There are many similarities in the ways that different
countries undertake the management and disposal of
radioactive waste. There is, therefore, extensive
collaboration and exchange of information between
countries and this enables the benefits of ongoing
research to be maximised. Multi-national projects
include:
1. Studies on tunnel excavation in URLs

(Underground Research Laboratories).

2. Validation/verification of computer models.
3. Studies of movement of radionuclides in the

environment.
4. Studies of environments in which natural

radioactivity is high or where the hydrology is
similar to that expected in repositories.

5. Studies of gas generation and movement.
6. Studies of groundwater movement.
7. Studies on mineralisation of radionuclides in

cement.
Underground Research Laboratories (URLs) -
These enable geological, engineering and other
studies to be carried out at depth. They fall into two
categories: generic, where there is no intention of
using the site for an actual repository; and site
specific, in which research is focussed on the host
rock as a suitable repository. Most URLs involve
international cooperation to share the cost, eg.:
1. SKB's Aspo hard rock laboratory in Sweden.
2. Atomic Energy of Canada (AECL)'s URL at

Whiteshell, Manitoba.
3. NAGRA's URL at Grimsel and Mont Terri in

Switzerland.
4. ANDRA's URL under construction at Bure in

France.
5. Yucca Mt. Experimental Studies Facility in

Nevada, USA.
6. Facilities within the WIPP repository in

Carlsbad, New Mexico, USA.
7. Tono in Japan.
8. Mol facility in Belgium.
European Union 6'h R&D Framework Program -
The EU operates framework programs for shared
cost radioactive waste R&D. The 6th Program started
in 2002. See http://europa.eu.int/comm/research/
fp6/index_en. html.
EDRAM (acronym for Environmental Disposal of
Radioactive Materials) - Group established in
Switzerland with a membership of 11 countries to
meet annually to exchange information.
IAEA - The IAEA undertakes coordinated research
and assistance programs in radioactive waste
management. The IAEA produced a report in 1998
in the topical but controversial area of multi-national
and international radioactive waste facilities:
"Technical, Institutional and Economic Factors
Important for Developing a Multinational
Radioactive Waste Repository", TECDOC-1021.
The topic has also been debated in the NEA's
RWMC (see below).
OECD Nuclear Energy Agency (NEA) - The
membership includes all EU members and some
outside countries. The main aim is to coordinate
cooperation in the development of nuclear power as
a safe, environmentally acceptable and economical
energy source. Its Radioactive Waste Management
Committee (RWMC) coordinates work in this area.
Public Involvement - Past experience indicates that
establishing a radioactive waste repository is as
much a political as a technical undertaking. It is
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essential therefore to undertake public consultation
at all stages of management of waste and the siting,
design, construction and operation of repositories.

5. Current Worldwide Status of Disposal

Most countries using nuclear power and some

Table 2. Summary of Worldwide Status on Radioactive Waste Disposal

applying radionuclides in a variety of non-power
applications have well-developed strategies for
radioactive waste disposal. Rather than provide
details of the various programs and sites, the report
provides a list of sites in Table 2 (see also web sites
in Table 1 and the WasteLink Website:
(www. radwaste. org).

Country

Australia

Belgium

Canada

Czech Republic

Germany

Finland

France

Korea

Hungary

Italy

Netherlands

Japan

Russia

Slovenia

Spain

Sweden

Switzerland

Taiwan

United Kingdom

USA

Low-Level / Short-Lived
Intermediate-Level Facility

Site selection started.

Options being discussed with public.
Interested in an international option

Public discussion on options for historic
waste at Port Hope and Port Granby .

Repositories operating at Dukovany,
Richard and Bratrstvi.

LILW disposed of in Morsleben deep
repository (now closed).

LILW disposed of in mined facilities
under Olkiluotu and Loviisa NPPs

Centre de la Manch (now closed).
Centre de l'Aube operating since 1992.

In abeyance

Puspokszilagy operated since 1976. Site
selection for new facility started in 1993.

Siting for LILW facility being discussed

Storage of all waste at Vissingen.

Rokkasho-Mura facility in operation.

RADON facilities in operation.

Decisions not yet taken and await

El Cabril facility operating since 1992.

Forsmark mined facility in operation.

Wellenberg site chosen but abandoned
after Sept.2002 referendum.

Lan Yu island facility operating.

BNFL's national Drigg facility in use
since 1959. UKAEA local facility at
Dounreay. Both for LLW only.

Barnwell and Hanford in operation.
Several facilities for defence LLW.

Long-Lived ILW / HLW / Spent Nuclear
Fuel Deep Facility

Not applicable.

Investigations at Mol Underground
Research Laboratory; final site not chosen.

Siting program stalled.

Some siting studies underway

Test disposal at Asse salt mine. Konrad
facility for non-heat-generating waste
licensed in 2002. Gorleben work stopped.

Site chosen near Olkiluotu for
investigation by Posiva

URL investigations at Bure aimed at
Parliamentary decision on options in 2006

In abeyance

Siting study for deep facility in progress.

Siting for storage facility being discussed.

Disposal decision deferred for 100 years.

Siting study and URL studies started.

Studies underway in Novaya Zembla.

discussions with Croatia.

Site selection in abeyance.

Investigations underway at several sites.

Investigations underway but no site
chosen. Interested in international option.

Some siting studies done.

Government consultation in progress on
options following failure of ILW siting
program in 1997.

WIPP for TRU waste in operation. Yucca
Mountain Project under investigation.
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7. International Instruments
Four international organisations contribute

significantly to the development and statement of
principles for radioactive waste management: the
IAEA, ICRP, OECD/NEA and the EU.

While IAEA guidelines and regulations have no
legal jurisdiction, member countries usually comply
with their recommendations. The ICRP is an
independent body of medical and scientific experts
and has published recommendations on radiological
protection since 1928. For more information see

www.icrp.org. Recommendations made by the
IAEA, ICRP and the OECD/NEA form the basis of
specific European Community directives issued by
the EC (www.europa.eu.int). They are implemented
in accordance with several treaties, eg. the Single
European Act of 1987.

The Report provides examples of specific Treaties
and International Legislation, particularly those
which apply to trans-boundary movement of
materials and waste disposal.
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Illustrations of Major Radioactive Waste Management Facilities

Site at Centre dc PAube. France Schematic view of concrete packs
for Centre de 1'Aube, France

Yucca Mountain Site. Nevada, USA

Entrance to one of the tunnels at Yucca Mt.

Deep disposal of TRIJ waste in salt cavern
at WiPP. Carlsbad, NM USA

Schematic view of Forsmark repository
for LLW and short-lived JLW, Sweden

Surface storage facility for LLW, ILW
and I ILW in the Netherlands
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SUMMARY

The International Atomic Energy Agency (IAEA) has data on over 670 research reactors in the world. Fewer
than half of them are operational and a significant number are in a shutdown but not decommissioned state. The
International Nuclear Safety Advisory Group (INSAG) has expressed concerns about the safety of many
research reactors and this has resulted in a process to draw up an international Code of Conduct on the Safety of
Research Reactors. The IAEA is also reviewing its safety standards applying to research reactors.

On the home front, regulation of the construction of the Replacement Research Reactor continues. During the
construction phase, regulation has centred around the consideration of Requests for Approval (RFA) for the
manufacture and installation of systems, structures and components important for safety. Quality control of
construction of systems, structures and components is the central issue. The process for regulation of
commissioning is under consideration.

1. INTRODUCTION

The Research Reactor Database maintained by the
International Atomic Energy Agency (IAEA) has
records on a total of 674 civilian research reactors
that have ever been constructed in the world. It
reports that 272 of the research reactors are still
operational, 216 are shutdown and 168 are
decommissioned.

The term 'research reactor' in this database covers
essentially every reactor that is or was not being
used routinely for generation of electrical power. It
ranges from experimental fast breeders producing
several hundreds of MW through to 1 kW critical
assemblies.

2. CODE OF CONDUCT ON THE SAFETY OF
RESEARCH REACTORS

The International Nuclear Safety Advisory Group
(INSAG), which is a committee of the great and
good in nuclear safety, wrote to the Director General
of the IAEA in November 1998 about the safety of
research reactors. It noted that there were a
significant number of research reactors in a state of
shutdown (but without definitive plans for the
future); there were major issues related to the ageing
of research reactors; that they are not covered by the
present safety conventions and that participation by
member states in relevant Agency programs was
rather low; many have large stocks of spent fuel,
much of which contains HEU; there are issues of

operating safety of new high flux reactors, with
some developing countries building their first
research reactor whilst lacking nuclear
infrastructure; and that regulatory supervision has
been found to be inadequate or even non-existent in
some countries. INSAG recommended that the
Agency assess its projects affecting research
reactors, such as safety review missions, within a
structured approach with clear priorities
commensurate with safety relevance. In particular,
INSAG recommended that high priority be given to
reviewing the condition of shutdown reactors.

In April 2000, INSAG (now appointed for its fifth
term) wrote again to the Director General. It stated
that 'while fully endorsing the concerns expressed
by the previous INSAG, it must regretfully
recognise that the problem remains very
serious.' The November 2000 letter rehearsed the
issues raised in the earlier correspondence and,
while noting the efforts of the Secretariat, stated that
'the Member States may as yet have realized neither
the urgency of the issue nor the dimension of the
problem.' INSAG suggested the development of a
Protocol to the Convention on Nuclear Safety or
some similar legal instrument as a way of
establishing a better, international safety framework
for these reactors. It recognised that this would take
some time to develop and, in the meantime,
recommended urgent action in two areas: proper
decommissioning of the reactors that are shutdown,
but not decommissioned; and a thorough review of
the safety of the older research reactors not under the
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control of an independent national regulatory
authority.

Taking a step back, the creation of a framework of
international law dealing with nuclear safety had
begun following the Chernobyl accident in 1986.
That disaster had illustrated that the matter of
nuclear safety was not simply a national one. The
first Conventions that came into effect were those
relating to an obligation for countries to notify the
occurrence of a nuclear or radiological emergency
and for emergency assistance. These were followed
the Convention on Nuclear Safety, which deals with
nuclear power plant. This Convention broadly sets
out the 'golden rules' that a country should adopt for
the safety of nuclear pawer. Its most important
provisions are those that require countries to report
on their safety regime against the provisions of the
Convention and for these reports to be peer-
reviewed in a three yearly meeting.

A similar approach has been taken in regard to the
safety of radioactive waste facilities through the
clumsily titled Joint Convention on the Safety of
Spent Fuel Management and the Safety of
Radioactive Waste Management.

In considering the letters from INSAG, there was not
a great deal of support amongst countries for a new
Convention to cover research reactors, either a fully
new Convention or by some extension of the
Convention on Nuclear Safety (which, in any case
allows for countries with research reactors to ratify
the Convention and apply it to their research
reactors. Australia is a member of the Convention).
The Joint Convention also deals with facilities for
management of waste and spent fuel form research
reactors.

And so the notion emerged of creating a Code of
Conduct on the safety of research reactors. While
such a Code would be an international instrument, it
would be non-binding on countries.

A similar approach has been taken to the safety and
security of radioactive sources where a (newly
revised) Code of Conduct was adopted by the Board
of Governors of the IAEA in September this year.

Discussions on the drafting of a research reactor
Code of Conduct began in May 2002 and with luck
it may be adopted during 2004.

The draft Code of Conduct endeavours to set out the
golden rules for the safety of research reactors. In
doing so, it directs attention not only to the
responsibilities of the State, but to those of the
regulatory body and the operator - Conventions, by
their nature are limited to the State. It explicitly
deals with the safety approach to a state of extended

shutdown. Given the very broad range of research
reactors, it emphasises the need for a graded
approach to safety, based upon assessment of
hazard.

By and large, these matters are not controversial.
The difficulty has been in discerning what it means
to have a non-binding instrument and then calling
upon States to implement it. There are also issues
about the import and export of research reactors and
the linking of the Code to technical assistance
through the IAEA.

3. IAEA SAFETY STANDARDS

For research reactor regulation and safety, the IAEA
first published iri 1992 two standards on design and
operation and iri 1994 two safety guides on safety
assessment and SAR, and on utilisation and
modification. Since then a number of documents
have been prepared but they failed to be published
because of a variety of reasons best known to the
Agency itself, but probably involving limited
resources for this area and elements of international
bureaucratic inertia and its attendant international
consensus seeking processes.

In 1996 it was recommended that the Agency revise
and merge the two safety standards to produce a
single updated standard to ensure consistency and
compatibility with the other IAEA Safety Standards
and to incorporate new developments in the safety
philosophy such as management and verification of
safety. The resulting draft document, entitled
"Safety Requirements of Research Reactors" (DS
272) has been subject to a long gestation. It is now
reaching the final approval stages, together with
three safety guides on "commissioning",
"maintenance, periodic testing and inspection", and
"operational limits and conditions and operating
procedures" (DS 259, DS 260 and DS 261,
respectively). It is expected that the Agency will
move to formally publish these Standards next year.
Together with the Agency guidance on generic
safety issues, these Standards will form an effective
suite of higher level international guidance for the
regulation of research reactors.

Because of their utilisation and design, research
reactors tend to have fewer automatic controls than
power reactors and are dependent on personnel
actions. Many safety significant actions and
processes are carried out by facility personnel and
controlled by administrative processes and
procedures. Because of these factors, the topic of
the operating organisation and the recruitment,
training and qualification of personnel for research
reactors is being addressed in another safety guide
currently close to completion. Also a draft Guide on
Operational Rcidiation Protection at Research
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Reactors is at an advanced stage of development
with this document providing specific guidance for
research reactor operational radiation protection that
is not otherwise provided in other, more wide-
ranging, radiation protection guides. This
operational radiation protection Guide is intended to
put in proper context the considerations of
radiological hazard according to research reactor
type, power, radionuclide inventory, transient
characteristics, and irradiation and experimental
facilities.

Other recent or planned international activities under
the auspices of the IAEA include review and
preparation of material covering "Safety analysis of
research reactors", "Safety of new and existing
research reactors in relation to external events",
"Source term derivation and radiological
consequence analysis of research reactor accidents"
and workshops on thermal hydraulic validations for
research reactors, and on accident fission product
releases and dose estimates.

ARPANSA has used the IAEA research reactor
Standards in draft form, and will continue to use
them when formally published to guide its safety
assessment and regulation of both HIFAR and the
RRR, supplemented of course by any necessary
detailed or specific regulatory acceptance criteria or
requirements determined by our particular context.
This is the basis for ARPANSA's regulation of
Australia's research reactors and as such represents a
part of the application of international best practice
in the field of research reactor safety and regulation.

4. REGULATION OF THE REPLACEMENT
RESEARCH REACTOR

Regulation 54 of the ARPANS Regulations 1999
imposes a licence condition on facility licences to
the effect that the licence holder must not construct
an item that is important for safety and that is
identified in a safety analysis report unless the CEO
has given approval to construct the item.

In issuing the licence to ANSTO for the construction
of the RRR, I imposed licence condition 4.6, which
effectively expanded on the condition imposed by
Regulation 54 by setting out the process for
obtaining approvals for items important for safety.

In seeking my approval for the construction of items
important for safety, ANSTO puts forward a
Request for Approval (RFA) that sets out the
information sought in licence condition 4.6. Since I
issued the construction licence in April 2002,
ARPANSA staff have completed assessments of
more than 80 RFAs.

The information sought under licence condition 4.6
and provided in the relevant RFA is first:

That the detailed design of the items has been
completed in accordance with the design description
and intentions in the Application; and
reviewed, verified and accepted by the Licence
Holder.

This condition aims to ensure that the detailed
design of the item is consistent with the description
in the application to construct - that is, that it is
consistent with the basis on which the licence to
construct was issued. It also is a check as to whether
ANSTO has taken control of the design put forward
by INVAP. In assessing the RFA against these
criteria, ARPANSA staff overview drawings and
technical specifications and ANSTO's own review
of these, particularly to see if there are major
unresolved design issues. The RFA describes
whether the design fully meets the description of the
item set out in the PSAR. Where there are
differences and these are important for safety, there
needs to be a justification for the changed approach.

ARPANSA staff examine whether ANSTO has
reviewed, verified and accepted the design,
focussing on how matters raised by ANSTO with the
designer have been dealt with by the designers.

Turning to construction, the licence condition is as
follows:

That construction of the item will be:
in accordance with the detailed design;
under a certified quality assurance program;
in accordance with a program that has been
documented, reviewed and approved by the Licence
Holder; and
under a construction schedule that is made available
to the CEO of ARPANSA.

This condition first allows ARPANSA to be assured
that the detailed design is detailed, complete and
sufficient for manufacture and installation. In
assessing the RFA against these criteria, ARPANSA
staff direct attention to the inspection and test plans
that are proposed and to the existence and
certification of a quality system applying to the
manufacturer of the item.

In terms of control over the construction of the item,
this condition relies upon there being a certified
quality assurance program applying to the
manufacturer of the item.

In addition, ANSTO must demonstrate that it has
taken into account recommendations set out in the
Regulatory Assessment Report on the construction
licence application that apply to the item in question.
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An RFA will list the relevant recommendations and
provide a response, which is assessed by ARPANSA
staff.

Once I (or the authorised ARPANSA officer) have
considered an RFA, I then make a decision whether
or not to approve construction of a particular item.
The terms of the approval are very important as they
instruct the licence holder as to the parameter of that
approval and whether the approval is the subject of
conditions (either contained within the approval or
imposed as additional licence conditions). An
example of the former is an approval which
incorporates within it the requirement that ANSTO
observe certain "hold points" in a construction
process; an example of the latter is the requi rement
that in constructing a reactor vessel that ANSTO
undertake 100% radiography of certain types of
welds.

As most will be aware, three particular regulatory
issues have emerged during the construction - the
first being the discovery' of faulting on the reactor
site; the second being a breach of licence condition
by INVAP in authorising the construction of cut-
outs in the pool liner base that had been explicitly
excluded from my approval; the third being the
inside-out rolling of the pool liner plates resulting in
misplaced penetrations.

I will not repeat here the actions that ARPANSA
took - these are set out in detail on the ARPANSA
website and in my reports to Parliament. Suffice it to
say that ARPANSA's regulatory approach has been
to undertake a very public process of detailed
inquiry into these matters and to publish detailed
reports dealing with them.

On the horizon is the next set of regulatory
challenges as we think through how to deal with the
commissioning process and, all being well, the
transition to operating the Replacement Research
Reactor. The experience of INVAP's reactor in
Egypt and the AECL's MAPLE reactors in Canada
suggest that there is the potential for plenty of
possibilities that we may have to face up to.
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Summary : The issue of security of radioactive sources had arisen as a result of incidents where people were
unintentionally exposed in various parts of the world. However after 11 September 2001, the focus on security
was intensified by concerns over those who might wish to use radioactive sources for malevolent purposes. This
paper will discuss the questions of the type and nature of these concerns and outline a process for assessing the
threat and then assigning security measures for sources. This paper is based on work done by the author while at
the IAEA and published as part of Tecdoc 1355.

1. INTRODUCTION

There are some millions of sources in use around
the world delivering a wide range of benefits in
medicine, industry and research. For example, there
are estimated to be around 300 large industrial
irradiators (from 0.37 to 370 PBq) and many more
smaller irradiators. In the US alone, there are some
2 million industrial gauges. While these have many
benefits they also pose a hazard if not properly
controlled. The IAEA has published a number of
reports that describe the human health
consequences of unintended exposure to
uncontrolled sources [1-5]. In addition to these
considerations, the economic losses can be
considerable. It has been reported that "In total, the
direct and indirect costs in Mexico for the remedial
actions after the accident in 1983, when a
teletherapy source was accidentally melted, is
estimated to be about 34 million US dollars " [6].

The International Basic Safety Standards for
Protection against Ionizing Radiation and for the
Safety of Radiation Sources (BSS) [7] specifically
requires [para. 2.34] that:

"Sources shall be kept secure so as to
prevent theft or damage and to prevent any
unauthorized legal person from carrying out
any of the actions specified in the General
Obligations for practices of the Standards
(see paras 2.7-2.9), by ensuring that:

(a) control of a source not be relinquished
without compliance with all relevant
requirements specified in the registration
or licence and without immediate
communication to the Regulatory
Authority, and when applicable to the
relevant Sponsoring Organization, of

information regarding any decontrolled,
lost, stolen or missing source;

(b) a source not be transferred unless the
receiver possesses a valid authorization;
and

(c) a periodic inventory of movable sources
be conducted at appropriate intervals to
confirm that they are in their assigned
locations and are secure. "

However, before 11 September 2001, the security
of radioactive sources was largely addressed by
measures protecting the sources from unintentional
access by inappropriately qualified personnel or
attempts at theft for financial gain. This assumption
has now had to be modified to also include the need
to prevent access to certain sources by people
deliberately and malevolently seeking to cause
radiation exposure or dispersal of radioactive
materials. One known case of an attempt to
malevolently use radioactive material occurred in
1995 when Chechens placed a container with 137Cs
in a Moscow park [8]. Fortunately, the material was
not dispersed. In a news article [9] regarding a
difference case, it was reported that "six Lithuanian
nationals were arrested in the Lithuanian capital,
Vilnius, in a raid...during which a large amount of
radioactive metal, l37Cs, was confiscated. "

2. MOTIVATIONS FOR SECURITY

A number of serious incidents have occurred
around the world because of orphan sources. The
most significant was that in Goiania in Brazil [1]
but other have occurred in Georgia in 1997 [3] and
in Thailand in 1999 [5]. Many steps have been
taken to address these concerns. Among these is the
work by the IAEA in:
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• conducting major conferences in Dijon
(1998) and Buenos Aires (2000).
development of an Action Plan and
Revised Action Plan to improve regulatory
control, categorise the hazard, establish
international undertakings and provide
education and training.

• Setting up a working group to develop a
Code of Conduct on the Safety and
Security of Radioactive Sources
Developing a new warning sign for high
activity sources.

September II th caused a major rethink of these
activities to consider:

• What are the threats from terrorism?
Which are the most desirable sources?
How can terrorists obtain such sources?
What can be done to prevent this?

It is worthwhile putting the risk from radioactive
sources in context. The figure below shows source
impacts relative to other agents.

CBRN Threat Spectrum
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Figure 1 - WMD spectrum

This shows that the radiological threat has much
less consequence than other agents, but it could still
be a weapon of terror.

In tackling the security issue for sources, the
relationship between safety and security is often
debated. Source safety and security are intimately
linked - many actions that enhance safety also
enhance security and vica-versa. In addition, users
need coordinated guidance in using sources and do
not want to be confused by separate regulatory
bodies and separate, and possibly conflicting,
requirements.

The crucial question might seem to be "How do we
made sources secure?", but this is too nebulous. We
need, rather, a way of answering the question "How
do we made sources secure enough?". That

recognises the need for balance between allowing
sources to be available for their beneficial purposes,
while addressing the specific application
appropriately. In addition that question allows us to
consider the lifecycle, type and application of the
source which will determine the requirements. The
type of source varies greatly, from large
radioisotopic thermoelectric generators to small
moisture gauges, as shown in the Figures below.

Figure 2 - Sr90 source with an activity of 40,000
Curies

Figure 3 - Moisture density gauge

The question of security applies to the full range of
sources, with significant activity and means that we
need to ask:

Is a hospital teletherapy source secure?
Usually it is because the continual
operation and the type of fixed container
make removal difficult.
Is an industrial radiography gauge secure?
Probably much less so than a teletherapy
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gauge, but then it contains much less
activity.

• Is an orphan source secure? By its very
definition, no, but there are other sources,
while not yet orphaned, which are
sufficiently vulnerable to be a concern.

3. GAINING CONTROL OVER SOURCES

There are two major aspects to ensuring control
over sources. One is to have adequate licensing
systems from manufacturer to disposal, so that the
location and security of the source can be verified
at all times. The Code of Conduct on Safety and
Security of Sources [10] is an international
undertaking that sets put principles for achieving
this goal for higher category sources. It advocates
import/export controls and national inventories, as
well as enhanced regulatory requirements for
security assessments. However this is just part of a
general need to control sources at all points of their
lifecycle including:

• Manufacture
• Supply
• Transport
• Use
• Storage
• Return to supplier
• Disposal.

Such a process requires international cooperation
and cooperation between manufacturers, regulators
and users.

The other aspect is to have remedial action
programs that seek to identify and secure
vulnerable and orphan sources worldwide. This is
currently being done through the Tripartite
Initiative for the Newly Independent States of the
former Soviet Union. This is a joint
IAEA/US/Russia program to locate and secure
sources. However this needs to be globalised to
other countries where sources may be vulnerable to
unauthorised acquisition.

4. SECURITY DESIGN AND EVALUATION

There are several components of a complete overall
security strategy:
(1) Appropriate manufacture and design of

sources and devices to minimize the
feasibility of malicious actions and
maximize security.

(2) Management of sources only within an
authorized, regulated, legal framework.
Amongst other things, this includes efforts
to:
(a) provide a strong regulatory

infrastructure;
(b) prevent the unauthorized production

of radioactive material;

(c) validate legal purchases and ensure
adequate justification for possession
of sources;

(d) ensure the reliability of personnel
involved in managing sources.

(3) Prevention of acquisition of radioactive
sources by those with malevolent intent.
This includes measures to:

(a) deter unauthorized access to the
source, or source location, in order to
deter theft;

(b) detect any such attempts at
unauthorized access;

(c) delay unauthorized access or theft;
(d) provide rapid response to attempts at

unauthorized access or theft.
(4) Detection of actual theft or loss in order to

appropriately respond and allow recovery
efforts to start as soon as possible. This
includes:
(a) radiation, or other alarms;
(b) accounting and inventorying.

(5) Efforts to recover any stolen or lost sources
and bring them into secure regulatory
control.

(6) Prevention of use for unauthorized purposes
of any sources acquired improperly.

(7) Minimization of the accidental or
malevolent consequences of any use.

This next section discusses ways to cover items 3
and 4.

4.1 Threat Assessment

The use of a design basis threat assessment
methodology is recommended as the best method to
design the security measures for specific sources.
The design basis threat will vary quite widely
according to the country, facility and source.
Associated security measures should be
commensurate with the threat and the level of risk
acceptance. Threat assessments can range from
being very detailed to quite generic. Security
measures, likewise, can be very specific or based on
generic assessments performed at an organizational
or government level.

A detailed threat assessment provides the means of
adjusting security provisions in accordance with the
results of that analysis and more specifically
addressing the potential consequences associated
with loss of control over each specific source.

A detailed design basis threat assessment
methodology to define the appropriate level of
security consists of the following activities:
(1) Characterize the source, its type, nature and

application (identify the target).
(2) Perform an assessment of the potential threat

within the country as a whole, based on
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information from security and intelligence
experts.

(3) Evaluate the potential consequences of
successful actions to acquire the source. This
can range from theft with the intention to
threaten action in order to cause panic,
through to the deployment of a radiological
dispersal device and the attendant
consequences.

(4) Determine, based on the assessment of threat
and potential consequences, a design basis
threat against which the security should be
designed and evaluated. For example, the
threat may range from attempts by one
person to gain access but without any special
equipment through to a well-equipped and
possibly armed group.

(5) Perform a vulnerability analysis for the
specific source, or sources against this
design basis threat.

(6) If there is a requirement to reduce the risk
associated with unauthorized access and
acquisition, then first optimize existing
measures and then implement additional
measures.

As noted, many of these measures may just be
extensions or amplifications of the existing safety
measures.

4.2 Security performance measures

Based on the vulnerability analysis for a specific
source, an assessment of the risk can be made. The
level of this risk will determine the security
measures required to protect the source. The higher
the risk, the more capability will be required from
the security systems.

This level of capability can be expressed as
performance objectives on the security system.
While there is a wide range of possible security
measures, they can be described by their capability
to deter, to detect and to delay unauthorized access
or acquisition.

In TECDOC 1355 [13], four security groups are
defined based on these fundamental protection
capabilities. They provide a systematic way of
categorizing the graded performance objectives
required to cover the range of security measures
that might be needed, depending on the assessed
risk.

These security groups categorize the performance
objectives of a security system as follows:

Security Group A: Measures should be
established to deter unauthorized access, and
to detect unauthorized access and acquisition
of the source in a timely manner. These

measures should be such as to delay
acquisition until response is possible.

Security Group B: Measures should be
established to deter unauthorized access, and
to detect unauthorized access and acquisition
of the source in a timely manner.

Security Group C: Measures should be
established to deter unauthorized access and
verify the presence of the source at set
intervals.

Security Group D: Measures should be
established to ensure safe use of the source
and adequately protect it as an asset,
verifying its presence at set intervals.

Table 1 provides a summary of these requirements.

5. ASSIGNMENT OF SOURCES TO
GROUPS

The assignment of a radioactive source to a security
group is most effectively achieved by using the
outcomes of the threat assessment. This allows
most flexibility and specificity to account for the
variability in threat levels and security
environments within Member States. It also permits
different choices of security groups for sources in
the different stages of their life cycle.

An alternative approach would be to base the
security measures on the consequences of the
malevolent acquisition and use of the source(s), and
an assumed threat to the source. The IAEA has
developed a revised Categorization of Radioactive
Sources [11] that could be used for this first
purpose, since it uses as its basis the potential
human health impact of uncontrolled sources and
provides a measure of the inherent hazard
associated with the source. However, it should be
recognized that it contains no consideration of the
social or economic impacts of the loss of control of
the sources.

In the revised categorization, sources are divided
into five categories, with Category 1 being the most
significant and Category 5 the least. Sources in
Categories 1 to 3 generally have the possibility of
giving rise to exposure sufficient to cause severe
deterministic effects if they are uncontrolled. A
severe deterministic effect is one that is fatal or life
threatening or results in permanent injury that
decreases the quality of life.

The security grouping of sources, given in Table 2,
is based upon the revised categorization along with
the implicit assumption of a threat by a person or
group with serious intent to acquire the source. This
latter assumption is used as a generic design basis
threat. These assignments are put forward as default
assignments. Different circumstances or more
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detailed assessments may justify moving a source
up or down a security group. One reason for a
source being categorized in a higher security group
could be that the specific threat assessment may
reveal that some facilities with sources or some
mobile sources are more vulnerable to acquisition,
even though they may not be the highest activity
sources.

However the assignment is made, either by use of
threat assessment techniques or using the default
assignment in Table 2, then it is possible to decide
on some specific security measures that will meet
the performance objectives for that group.

Two examples of this approach are given below.

Group A: Sources in storage

To achieve the defined performance objective, the
following provisions could be implemented:

a locked and fixed container or a device
holding the source;

a locked storage room, separating the
container from unauthorized personnel;

access control to the storage room;

detection of unauthorized access or removal
of the source;

ability to respond in a timely manner to such
detection.

For instance, if a high activity mobile source were
in this group, the requirements could be:

stored in a shielded container, which is

locked;

kept in an enclosed, secured vehicle;

the vehicle parked inside a locked compound
or locked garage;
the vehicle subject to continuous detection
of unauthorized intrusion attempts and there
should be the capability to respond to
intrusion.

These measures should provide the delay against
the defined threat. Depending on the specifics of
any threat assessment, additional responses might
be required.

Group B: Sources in use

To achieve the defined objective, the following
provisions could be implemented:

use of the source in a locked room or

controlled area;

continuous surveillance of the source;

access control to the room or controlled area.

For a mobile source, it is recognized that it might
not always be possible to achieve the specified
measures. Therefore, the vigilance of an
administrative control such as personal surveillance
needs to be rigorously maintained. Compensatory
measures should also be considered to provide
other levels of protection. These could include, for
example, establishing a communication link to
allow response to incidents, or potential threats. In
addition, the required number of measures should
be re-established as soon as possible after use.

All security measures should be scalable if a direct
threat is received.

7. CONCLUSIONS

• Security of radioactive sources is a relatively
new requirement to be added to the traditional
focus on safety.

• Security measures need to balance with the need
for availability

• The quality of the security measures needs to be
commensurate with both the threat and the
vulnerability

• A whole of lifecycle approach is needed to
ensure security

• This is an international issue requiring efforts
globally and involving manufacturers,
regulators, users and governments
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Table 1. Summary of security group performance objectives

Security Group A Security Group B Security Group C Security Group D

Safe management and protect as an asset

Deter unauthorized access

Timely detection of unauthorized access

Timely detection of unauthorized acquisition of the
radioactive source

Delay acquisition until
response is possible

Verification of source presence at set intervals.

Table 2. Security groups based upon source categorization

Security
Group

A

B

C

D

Source
Category

1

2

3

4

5

Examples of practices

Radioisotope thermoelectric generators (RTGs)
Irradiators
Teletherapy
Fixed multi-beam teletherapy (gamma knife)

Industrial radiography
High/medium dose rate brachytherapy

Fixed industrial gauges (e.g. level, dredger,
conveyor)

Well logging gauges

Low dose rate brachytherapy (except those
below)

Thickness/fill-level gauges
Portable gauges (e.g. moisture/density)
Bone densitometers
Static eliminators
Low dose rate brachytherapy eye plaques and

permanent implant sources
X ray fluorescence devices
Electron capture devices
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SUMMARY
This paper presents a broad overview of the safety case being used in the licensing of Australia's
Replacement Research Reactor. The reactor is a 20 MW pool-type research reactor and is being
constructed at the Lucas Heights Science and Technology Centre in Sydney's south. It will be owned
and operated by the Australian Nuclear Science and Technology Organisation (ANSTO) and will take
over the duties currently performed by HIFAR, a DIDO-type reactor currently operating at the site.

1 INTRODUCTION

In order to site, construct and operate a
Commonwealth nuclear installation in
Australia, a case for demonstrated safe
operation needs to be made to the regulator,
ARPANSA. This demonstration of the safety
case is made primarily by way of the
installation's Safety Analysis Report (SAR) and
the subsidiary documentation referenced
therein1. The purpose of this paper is to
describe the safety case that has been, and is
being, prepared for Australia's Replacement
Research Reactor (RRR). The RRR is being
built at the Lucas Heights Science and
Technology Centre in Sydney's south by the
Argentinian company INVAP on behalf of
ANSTO, the future owner and operator of the
facility.

In addition to describing the aims of the safety
case for the RRR, we shall also consider its
content and fiiture use.

2 AIMS OF THE SAFETY CASE

In building and operating the Replacement
Research Reactor, the responsibility for
ensuring safety rests with the operator, ANSTO.

1 As the safety case being presented to the regulator for the
RRR is the collection of arguments and evidence necessary
to demonstrate the safety of the facility and its operations
and as this information is contained primarily in the SAR,
in this paper we shall consider the safety case for a nuclear
installation to be synonymous with its SAR.

Compliance with applicable regulatory criteria
does not relieve ANSTO of the fundamental
obligation to ensure the protection of site
personnel, the general public and the
environment. The mechanism by which
ANSTO demonstrates to the regulatory body
how this responsibility is discharged is the
safety case.

The regulatory body has primary responsibility
for determining that the RRR can be sited,
constructed, commissioned, operated, utilised,
modified and decommissioned without undue
radiological risk to the personnel on site, the
surrounding population and the environment.

The primary basis for the review and
assessment of the nuclear safety aspects of the
RRR is the information contained within the
Safety Analysis Report submitted by ANSTO.
One of the aims of the review and assessment is
to determine whether the RRR has met the
necessary regulatory acceptance criteria. These
criteria are set for both the operational states of
the reactor and the accident conditions
considered in the design of the facility.

The reguJatory body has set out the principles
and criteria that it will use to assess the RRR in
its document "Regulatory Assessment
Principles for Controlled Facilities" (1). These
are mainly qualitative in nature. The
quantitative criteria are primarily those
associated with dose limits for facility staff at
the site and the general public together with
accident frequency-dose limits. Quantitative
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criteria are also set for safety system reliability
and the likelihood of significant damage to the
reactor core.

3 SCOPE OF THE SAFETY ANALYSIS

In making a case of the safety for a proposed
activity, the question arises, 'How far is it
necessary to go to make the argument for
adequate safety?' It is perhaps this aspect of
nuclear safety cases that differs most markedly
from those of other hazardous, but non-nuclear,
facilities.

The safety case for the RRR considers all
aspects of normal operation and anticipated
operational occurrences (together termed
'operational states'). Wherever there is an
activity associated with the operational states of
the RRR that has the potential to impact nuclear
safety or radiological protection, then that
activity is proceduralised and training given to
the relevant operators. Even normal operational
activities with no nuclear safety or radiological
protection issues will tend to be proceduralised
as part of the smooth running an efficient
facility. In this respect, however, the RRR is no
different to any other hazardous facility.

It is in the area of accidents and their prevention
and mitigation, however, that the greatest
differences arise.

The design and operation of the RRR is
reviewed to determine what failures of
equipment and operators could occur that have
the potential to challenge the integrity of the
reactor core or irradiation rigs. The failures are
then grouped under the following headings;

• Loss of External Power Supply,
• Loss of Regulation
• Loss of Flow,
• Loss of Heal: Sink,
• Loss of Coolant,
• Loss of Heavy Water,
• Erroneous handling or failure of

equipment or components relating to
fuel assemblies,

• Special Internal Events,
• Reactor Utilisation Events,
• Spurious Triggering of Safety

Systems,
• External Events, and
• Human Errors.

Within each group the identified failures are
assessed to determine what safety systems are
required to operate to ensure integrity of the
core or irradiation rigs. This results in the
generation of fault sequences. The fault

sequences then undergo qualitative screening to
determine which are limiting in terms of
coming closest to challenging the safety of the
reactor. The limiting fault sequences are then
quantitatively analysed. Because a qualitative
approach is used to screen the fault sequences, a
number of fault sequences tend to be identified
within each group for quantification.

In postulating failures with the potential to
challenge the integrity of the core or rigs,
consideration is given to the likelihood of the
failures. As a general statement, any postulated
initiating event (PIE) with a likelihood of
greater than 1 in 1,000,000 per year will be
considered to lie within the design basis and be
included as part of the safety analysis. Events of
lesser likelihood, such as meteorite impact, are
considered to be so unlikely as to be incredible
and therefore beyond the design basis.

In setting such a low 'cut-off frequency for
events, fault sequences arising from relatively
frequent initiating events but including failure
of a safety system are also considered. The
likelihood of an initiating event coincident with
failure of two or more safety systems is
considered sufficiently remote as to be
incredible.

External events are always of particular interest
in nuclear safety cases as they have the
potential to act as initiating events and to fail
safety systems, i.e. common cause failures. For
the RRR the external event of greatest interest
is earthquake. For this event a 10,000 year
return period seismic event was chosen,
resulting in & Peak Horizontal Ground
Acceleration applied to the facility of over0.4g.

Even though the likelihood of aircraft impact is
considered to be so unlikely as to place it
beyond the design basis, the decision was taken
to ensure that the RRR would be capable of
withstanding the impact of a light aircraft. The
input parameters in this case were for a jet with
a 5.7 tonne takeoff mass and capable of a
maximum speed of 450 knots.

4 RESULTS OF THE SAFEY ANALYSIS

All limiting design basis fault sequences are
quantified in a conservative manner to ensure
that, in the highly unlikely event of their
occurrence, the actual consequences would be
less than those estimated.

The success criterion adopted for the analysis
was departure from nucleate boiling in any part
of the core or rigs. Regulatory interest centres
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around the potential for significant core damage
(i.e. melting of a large fraction of the core). The
success criterion adopted, being applicable at
any time and to any point of fuel assembly or
irradiation rig surface, is considered to be a
conservative surrogate for 'significant damage'.

The results for the RRR have shown that no
design basis fault sequence will lead to
significant damage to the core. A number of
fault sequences were identified, however, that
would lead to gross damage of irradiation rigs
at likelihoods in excess of 1 in 1,000,000 years.
The radiological consequences of these fault
sequences were determined. Assuming a person
were to be downwind of the RRR following the
occurrence of the worst fault sequence, then,
under conservative, non-dispersing weather
conditions, that person could expect to receive a
dose of some 70 uSv. This should be compared
with the average dose received annually by
adults resident in Australia of 2,000 uSv. The
likelihood of the particular fault sequence
resulting in this dose was approximately 3 in
1,000,000 per year. Overall, the RRR was
found to sit comfortably within the regulatory
risk limits.

5 CONTENT OF THE SAFETY CASE

The SAR has been prepared by INVAP and
ANSTO and justifies the design and basis for
safe operation of the RRR.

The SAR gives a detailed description of the
reactor site, the reactor itself, the experimental
facilities and all other facilities of safety
significance. It provides a detailed description
of the general safety principles and criteria
applied to the design and protection of the
reactor, the operating personnel, the general
public and the environment. It analyses the
potential hazards associated with the operation
of the reactor and its facilities. It contains the
safety analyses of accident sequences and of the
safety features incorporated in the design to
avoid and minimise the likelihood of accidents
or to mitigate their consequences through
design provisions and operating procedures.

The SAR also provides a set of operational
limits and conditions to be incorporated into the
licence for operation. It provides details of the
conduct of operations by ANSTO, including the
reactor management organisation and the QA
programme established for the design and
operation of the facility. Details of the
emergency plan are also provided.

Table 1 details the contents of each chapter of
the Preliminary Safety Analysis Report (PSAR)
submitted to the regulator as part of the
obtaining of a Construction Licence.

6 EVOLUTION OF THE SAFETY CASE

The safety case for the RRR has evolved as the
design and construction have progressed and as
the licensing requirements have changed.

At the time when a Site Licence was sought in
April 1999, the design of the RRR was known
only in a generic sense. Consequently, the
safety case made for the licence application
consisted of the proposed management plans to
be put in place, the results of an environmental
assessment, an assessment of the site
characteristics and a bounding assessment of
the likely radiological consequences of a worst-
case accident scenario. This latter scenario was
termed the 'Reference Accident' and was
assessed as part of demonstrating that the RRR
would be able to meet the regulator siting
criteria.

At the time a Construction Licence was sought
in May 2001, the basic engineering of the RRR
had been completed. This allowed a far more
detailed presentation of safety arguments to be
made. The document submitted to the
regulators was termed the Preliminary Safety
Analysis Report (PSAR), and served to;

• Aid the designer in confirming that
individual systems are integrated
correctly,

• Ensure that the safety analysis has
properly identified the safety issues
relevant to the design and that the
safety analysis and design are
consistent,

• Aid in the appreciation of the relevant
design criteria, their limitations and
requirements and in the evaluation of
hazards posed by the facility,

• Provide the basis for the development
of the Final Safety Analysis Report
(FSAR), and

• Aid in operator training and
familiarisation with the RRR during
the construction and commissioning
phase.

The application for an ongoing Operating
Licence is planned to be made to the regulator
in 2004 and will involve the production of a
Draft Final Safety Analysis Report. This is an
update of the PSAR to take into account the 'as
built' state of the plant, rather than its proposed
design. It will be submitted to the regulator in
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order to allow commissioning activities
involving nuclear fuel to go ahead. Following
satisfactory completion of the commissioning
phase, the results of the commissioning tests
will be incorporated resulting in the production
of the FSAR. It is this document that will then
form the basis for demonstration of safety of
continued operation.

The Safety Case of the RRR will be 'living' in
that it will be subject to periodic review and
regularly updated in line with evolving
methodologies and modifications to plant and
procedures.

7 CONCLUSIONS

The safety case being prepared for the RRR
ranks as one of the most detailed produced for
any research reactor in the world and is

comparable with those produced for nuclear
power plants.

Its scope and content and degree of detail
ensure that the risks posed to members of the
public, operators and the environment are all
adequately low and well within regulatory
limits.
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SUMMARY. Although the nuclear non-proliferation regime has enjoyed considerable success, today the
regime has never been under greater threat. Three states have challenged the objectives of the NPT, and there is a
technology challenge—the spread of centrifuge enrichment technology and know-how. A major issue
confronting the international community is, how to deal with a determined proliferator?

Despite this gloomy scenario, however, the non-proliferation regime has considerable strengths—many of which
can be developed further. The regime comprises complex interacting and mutually reinforcing elements. At its
centre is the NPT—with IAEA safeguards as the Treaty's verification mechanism. Important complementary
elements include: restraint in the supply and the acquisition of sensitive technologies; multilateral regimes such
as the CTBT and proposed FMCT; various regional and bilateral regimes; the range of security and arms control
arrangements outside the nuclear area (including other WMD regimes); and the development of proliferation-
resistant technologies. Especially important are political incentives and sanctions in support of non-
proliferation objectives. This paper outlines some of the key issues facing the non-proliferation regime.

1. INTRODUCTION

The Nuclear Non-Proliferation Treaty (NPT) is the
keystone of the international nuclear non-
proliferation regime. Despite current concerns, the
NPT has been an outstanding success. In the 1960s,
before the NPT was negotiated, it was widely
assumed that nuclear proliferation was inevitable
and there would be some 25 nuclear armed states by
the 1990s. This has not happened. Instead there
continue to be five recognised nuclear-weapon states
(US, Russia, UK, France, and China), and in
addition three "nuclear-capable" states which have
remained outside the non-proliferation regime (India,
Israel and Pakistan)—and now there is the DPRK
which has claimed to have nuclear weapons.

In spite of the overall success that it has enjoyed so
far, however, today the non-proliferation regime has
never been under greater threat. Three states within
the NPT—Iraq, DPRK and Iran—have presented
major challenges to the objectives of the Treaty. In
addition, there is a technology challenge—the spread
of centrifuge enrichment technology and know-how.

2. MAJOR CHALLENGES

Iraq exploited weaknesses inherent in the classical
safeguards system to conceal its proliferation efforts
prior to the first Gulf War. The response to this has
been the development of strengthened safeguards,
including the Model Additional Protocol. While the
threat from Iraq has now been resolved, many of the
weaknesses revealed by Iraq remain for those states

that have not concluded Additional Protocols—and
this includes all the states of current proliferation
concern.

DPRK has a clandestine enrichment program, has
announced withdrawal from the NPT, has claimed to
have nuclear weapons, and has threatened to supply
fissile material to others.

Iran There is widespread concern about Iran's
development of uranium enrichment and heavy
water production, with plans for a large heavy water-
moderated research reactor. These activities give
Iran an incipient nuclear weapon capability. During
the first half of 2003 the IAEA found a number of
breaches of Iran's safeguards agreement, and as at
the time of writing this paper (mid September 2003)
investigations were ongoing. Iran's persistent refusal
to conclude an Additional Protocol has only
reinforced suspicions about its intentions.

Centrifuge enrichment All three of these states
have (or in the case of Iraq, had) centrifuge
enrichment programs. A number of other states are
suspected of having an interest in clandestine
centrifuge enrichment programs. Because of the
inherent characteristics of centrifuge enrichment—
including relatively small physical size, relative
absence of physical indicators—centrifuge
enrichment presents major challenges: how to
effectively safeguard declared facilities, how to
detect undeclared facilities, and how to limit the
further spread of this technology.



Dealing with proliferators The greatest single
challenge currently facing the international
community is how to deal with determined
proliferators. In particular, how do we deal with
proliferators: (a) with undeclared centrifuge
enrichment; or (b) with declared enrichment
facilities operated under safeguards, but which
provide the capability for rapid break-out from non-
proliferation commitments.

3. EXPECTATIONS FROM SAFEGUARDS—
WHAT CAN SAFEGUARDS DELIVER?

In any critique of safeguards, it is essential to have a
realistic appreciation of what safeguards can achieve.
Many of the criticisms of safeguards are more
properly directed at failings in national intelligence,
and failings in the political incentives and sanctions
underlying the non-proliferation regime.

Safeguards serve a vital confidence-building role—
by assisting states which recognise it is in their own
interest to demonstrate to their neighbours and the
international community that they are honouring
their treaty commitments, and by enabling them to
gain assurance that others are doing likewise. Thus
safeguards operate in a political environment, giving
expression to political undertakings as well as legal
commitments.

Clearly safeguards must be credible. This requires
that they be technically sound, but credibility
ultimately involves political as much as technical
judgements. Maintaining and enhancing credibility
is a complex matter arid will be the underlying
theme of safeguards development for some time.

The task of safeguards is not prevention as such,
except in so far as risk of discovery may act as a
deterrent to a would-be proliferators—the IAEA is
not an international policeman. Rather, safeguards
serve an essential political objective by exercising a
positive influence on the behaviour of states.
Safeguards do this by:

• providing assurance to reinforce non-
proliferation commitments; and

• deterring non-compliance through the risk of
timely detection.

That being said, however, safeguards make a major
contribution towards prevention, by:

• raising the level of difficulty for the would-be
proliferator to proceed undetected—hopefully
dissuading the proliferator from the attempt; and

• providing the international community with
timely warning—and the opportunity to
intervene—through detection of proliferation
programs.

Detection of undeclared nuclear activities

The IAEA has over 40 years experience verifying
declared nuclear activities. The current safeguards
system provides a high degree of assurance about
declared activities—the principal issue here is how
to reduce routine safeguards operations while
maintaining the necessary detection capability. What
this means in practice—how to determine the
appropriate detection capability and the level of
safeguards effort to achieve this—is one of the
principal themes of current safeguards development.

The greatest single challenge—of critical importance
to the credibility of the safeguards system—is to
effectively address the issue of undeclared nuclear
activities. It is vital that the IAEA is able to present
authoritative conclusions about the absence of such
activities in a state. If the IAEA is not able to
provide clear conclusions, states may act on
unsupported suspicions about the perceived
proliferation activities of others. Such a situation
would be detrimental to the non-proliferation regime.

How realistic is it to expect the IAEA to be able to
detect undeclared nuclear activities? This is a much
less definitive goal than the verification of declared
material, and the level of assurance which can be
provided will be less certain. The difficulties
encountered in Iraq in the 1990s, where there was a
very intrusive verification regime following the Gulf
War, show this is not an easy task.

i

On the other hand, compared with individual states,
the IAEA has considerable advantages to build on in
pursuing this task. In addition to its expertise, the
IAEA will have comprehensive information bases,
extensive access rights (the ability to "get under the
roof), and increasingly sophisticated verification
methods. However, there are limits to what the
IAEA can achieve alone. States have more extensive
resources and specialised capabilities—effective
action to counter undeclared activities requires a
partnership between states and the IAEA, in which
states make available information obtained through
national means, including intelligence activities.

In contrast to the quantitative nature of "classical"
safeguards, dealing with declared nuclear material
and activities, efforts directed towards the detection
of undeclared activities will be largely qualitative.
New and improved verification techniques—
including environmental analysis and satellite
imagery—are important, but a major focus is the
collection and analysis of information. By definition
this is going beyond the categories of information
used in the "classical" system—a key issue is how
far this can be broadened, and how to ensure that
broadening the information base does not adversely
affect the integrity of safeguards operations and
conclusions.
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4. PROGRESS WITH THE STRENGTHENED
SAFEGUARDS SYSTEM

By far the most significant development in the
safeguards system is the increasing acceptance and
application of the Additional Protocol, under which
the IAEA is given the authority to fully implement
strengthened safeguards. Already, it can be seen that
routine safeguards implementation has substantially
moved beyond the basic comprehensive safeguards
agreement—m¥C\RCI\ 53—alone.

Additional Protocols (APs) have now been ratified
or signed by three-quarters of states with
comprehensive safeguards agreements (CSAs) that
have significant nuclear activities—clear recognition
that the combination of INFCIRC/153 and the AP
represents the contemporary standard for
comprehensive safeguards. At the time of writing
this paper, 23 CSA states with significant nuclear
activities have ratified APs—and this number will
increase by 13 when EU members bring their APs
into effect, expected before the end of 2003. When
this happens, 60% or more of CSA states with
significant nuclear activities will have APs in
force—and at least 70% of all nuclear facilities
subject to comprehensive safeguards will be in states
with APs in force.

Thus, while for some time the IAEA will be
implementing safeguards in some states based on
INFCIRC/153 alone, those states will be a steadily
reducing minority, both in terms of number of states
and number of facilities.

It is of concern that 17 CSA states have yet to sign
APs—while some of these are preparing to do so,
there are others that have no such intention, and
some of these are states whose non-proliferation
commitment is suspect.

As indicated above, currently three variations of
comprehensive safeguards are being implemented,
depending on whether the state has brought an AP
into force, and whether the state has qualified for
integrated safeguards:

• safeguards under INFCIRC/15 3 alone;

• safeguards under both INFCIRC/153 and the
AP;

• integrated safeguards (IS)—the optimum
combination of measures under INFCIRC/153
and the AP.

The numbers of CSA states with significant
nuclear activities in each group are indicated in the
following table. These figures show only those states
that have currently ratified or signed APs, it does not
take into account that by the end of 2003 others now
in the "no AP group" may also have signed, or that
further states additional to the EU may have

ratified—i.e. the change shown for end 2003
represents only the expected ratifications of the 13
EU CSA states.

153 alone — no AP

153 alone — AP signed

153 plus AP in force

integrated safeguards

currently

17

24

23

3

end 2003

17

11

33

3

Clearly the level of assurance from safeguards will
be highest in the case of states with IS. An
increasing level of assurance will also be possible in
the case of states where the AP is being
implemented satisfactorily, but where qualification
for IS is impending. As for those states that have not
signed APs (or sign but unreasonably delay
ratification), the question whether INFCIRC/153
alone can be accepted as providing adequate
assurance can be expected to receive increasing
attention.

Integrated safeguards

An essential aspect of strengthened safeguards is the
development of the concept of integrated safeguards,
that is, the optimum combination of safeguards
measures available under both INFCIRC/153 and
the AP which achieves maximum effectiveness and
efficiency within available resources.

The rationale behind IS is that implementation of
INFCIRC/153 and the AP together will result in a
substantial degree of redundancy, because certain
acquisition paths will be covered by measures under
both—or put another way, AP activities will
contribute to increased effectiveness of safeguards
overall. Accordingly, the intensity of some
safeguards activities under INFCIRC/153 can be
reduced while maintaining an appropriate level of
effectiveness.

5. FURTHER STRENGTHENING STEPS

Some ideas for further strengthening the safeguards
regime are outlined as follows.

Enhancing the IAEA's technical capabilities

The detection of undeclared nuclear activities
presents a considerable challenge. It is important for
all states in a position to do so to assist the IAEA in
developing the necessary capabilities and skills.
Because of the inherent characteristics of centrifuge
enrichment—including relatively small physical
size, relative absence of physical indicators—
detection presents major challenges: how to
effectively safeguard declared facilities, how to
detect undeclared facilities, and how to limit the
further spread of this technology.
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Increased sharing of information:

National information The preparedness of states
to share information with the IAEA is essential to an
effective safeguards system. There are limits to what
can be realistically expected of the IAEA, without
the assistance of states, in the detection of
undeclared nuclear activities. States need to
contribute through the sharing of unclassified
information and analyses, the sharing (under
appropriate protection) of information from national
intelligence sources, and assisting the I.AEA in
developing necessary information collection and
analysis skills. Much has been done in these areas,
but there is plenty of opportunity to do more.

Information-sharing with other verification
agencies and secretariats Information-sharing can
be improved, both within nuclear-related areas, such
as the NSG (Nuclear Suppliers Group), the Zangger
Committee, and the CTBT (Comprehensive Test-
Ban Treaty), and also with other WMD [1] areas,
such as the CWC (Chemical Weapons Convention)
and the MTCR (Missile Technology Control
Regime).

The NSG is a particularly important area to look at.
Patterns of acquisition of dual-use items would
serve as a useful indicator of possible proliferation
efforts. Yet currenUy there is little or no sharing
between NSG members of information on exports of
dual-use items (apart from denial notifications), and
there is no arrangement for the sharing of such
information with the IAEA. In the case of items
specially designed/prepared for nuclear use, the
Additional Protocol requires the reporting of
transfers to the IAEA—here, it might be asked
whether there is scope for suppliers to voluntarily
bring this into general application ahead of AP
ratifications.

As to the relevance of other WMD regimes,
experience shows that a state pursuing one form of
WMD is likely to be interested in others, as well as
in suitable delivery systems. Often these states have
used the same research institutions and front
companies across different WMD areas Thus
knowledge of procurement efforts in other areas may
be very useful for the IAEA, and vice versa.

Constraints on the spread of proliferation-
sensitive technology

The proliferation of nuclear weapons is in no-one's
interest. Governments must be persuaded that the
short-term commercial advantage of assisting
nuclear programs in states of proliferation concern
are more than offset by the long-term risks to
themselves as well as others.

There is a need not only to ensure that NSG
members' export controls are as effective as possible,
but to try to secure the cooperation of states outside
the NSG to apply similar controls. Iraq had been

able to obtain centrifuge components and other
sensitive nuclear items through illegal supply from
European sources. Since then European export
controls have been substantially improved, and
tougher laws introduced against complicity in WMD
programs. A worrying development is, according to
media reports, an apparent Pakistan link in the
centrifuge programs of the DPRK and Iran. Now,
there must be concerns about whether Iran's
enrichment technology will spread, illegally or
otherwise—and the DPRK has indicated a
willingness to trade in fissile material. Hence, a
number of governments have formed the
Proliferation Security Initiative to cooperate to
counter WMD-related transfers.

The conclusion of an Additional Protocol should be
seen as a basic condition for nuclear supply. But this
in itself is not sufficient—Australia for one urges
constraint in supply and acquisition of sensitive
technology in regions of tension. The confidence
that safeguards are intended to provide will be
undermined if there is concern that states, in the
guise of safeguarded "civil" programs, are
developing "virtual" nuclear weapons capabilities.
Here, an issue that needs to be addressed is the
assertion that the NPT gives states an unlimited right
to pursue any nuclear technology. This is discussed
further below.

Given the particular problems posed by centrifuge
enrichment technology—increasing availability,
ease of concealment (including through clandestine
replication of safeguarded facilities)—the time has
come for a careful look at a program of action in this
area in support of non-proliferation. This could
encompass not only enhanced export controls and
enhanced verification/detection capabilities, but also
development of political responses—such as
assurance of nuclear fuel supply as a means of
diminishing the incentive to develop indigenous
enrichment capabilities, maybe even the
establishment of multi-nation enrichment
arrangements.

Promotion of proliferation-resistant fuel cycle
technologies

This is forward-looking—there are obvious
advantages if it is possible to develop technologies
that minimize opportunities for production or
separation of weapons-usable materials. Such
concepts have been discussed in detail elsewhere,
e.g. ASNO's paper "Towards a Proliferation-
Resistant Nuclear Fuel Cycle"[2].

Complementary regimes

For a discussion of how other regimes—such as the
CTBT, the proposed FMCT [3], regional and
bilateral regimes, arrangements covering nuclear
weapons dismantlement and irreversibility—see
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ASNO's paper "Nuclear Non-Proliferation: the Role
of Complementary Regimes" [4].

6. NPT ISSUES

Current proliferation challenges raise important
questions for the NPT, which require further
analysis and reflection by governments, namely:

Limits to the pursuit of nuclear technology

The NPT refers to the "inalienable right ... to use
nuclear energy"[5]. However, this right is not
absolute. It should be recognised that all "rights"
carry corresponding duties—pursuit of this right
must be in conformity with the non-proliferation
commitments of the Treaty, and must not prejudice
the objectives of the Treaty. Australia firmly
believes that the spread of proliferation-sensitive
technologies—enrichment and reprocessing—should
be limited, and that such capabilities should not be
pursued in regions of tension, where there is the
danger of "virtual" arms races and break-out from
the NPT.

Can states evade their non-proliferation
commitments by withdrawing from the NPT?

The NPT, with 188 Parties, has become almost
universal: only three states, India, Israel and
Pakistan, remain outside it—and the DPRK has
announced withdrawal, though the validity of this
has not been determined.

The non-proliferation norm can be seen to represent
customary international law—it can be argued that
even the three non-Parties are obliged not to assist
any proliferation efforts by other states (and as
Parties, all other states are obligated not to seek such
assistance). It follows that there should be zero
tolerance of additional states attempting to develop
nuclear weapons — the non-proliferation
commitment of NPT Parties, even if they purport to
withdraw from the Treaty, must be inviolate.

7. CONCLUSIONS

The non-proliferation regime comprises complex
interacting and mutually reinforcing elements. Some
of these are multilateral, others are based on national
action. This was recognised in the G8 WMD
Declaration from the Evian Summit in June 2003,
which included:

"We have a range of tools available to tackle
this threat: international treaty regimes;
inspection mechanisms such as those of the
International Atomic Energy Agency (IAEA)
and Organization for the Prohibition of
Chemical Weapons; initiatives to eliminate
WMD stocks such as the G8 Global Partnership;
national and internationally-co-ordinated export
controls; international co-operation and
diplomatic efforts; and if necessary other
measures in accordance with international

law. ... While all of these instruments are
necessary, none is sufficient by itself."

Verification is essential to the effective operation of
the non-proliferation regime—safeguards reinforce
norms of behaviour, increase the difficulties
confronting the proliferator (by constraining the use
of declared facilities), and provide a mechanism for
identifying non-compliance.

Of course there is scope for further improvements in
the safeguards system—what is needed is a
partnership between states and the IAEA, building
on what is already in place. The strengths of IAEA
safeguards include regular access to the state (in
which measures such as environmental sampling can
be carried out, as well as general observation—the
inspector's "nose"), a strong body of expertise in
verification/investigation techniques, and
impartiality — important to international
confidence-building and to securing support for
enforcement action.

Detecting undeclared nuclear activities will always
be difficult—especially centrifuge enrichment, a
common factor in current problem cases. Safeguards
techniques are improving substantially, but national
intelligence will continue to have a major role.
Compared with national intelligence, however, the
IAEA has considerable advantages—specialised
detection skills, and especially the ability of
inspectors to get "under the roof at places of
interest. The best results will come from close
collaboration.

Clearly there is a need for greater focus on the areas
of highest proliferation potential. This may be
contentious—but it is important to promote a
positive appreciation by states that safeguards are
not an imposition, but a means of enhancing their
own national security. Universalisation of the
Additional Protocol is an essential part of
rationalising safeguards effort—this warrants full
support by all governments.

It should be a matter of the highest priority for the
international community to ensure there is no
increase in the number of nuclear-armed states.
Indeed, in 1992 the Security Council declared that:

"The proliferation of all weapons of mass
destruction constitutes a threat to international
peace and security"[6].

Ultimately, the effectiveness of safeguards, and the
non-proliferation regime as a whole, depends on the
preparedness of governments to take enforcement
action to uphold compliance.
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Summary

The International Atomic Energy Agency (IAEA) applies a range of ultra-sensitive detection techniques to
provide assurance that Member States are in compliance with their safeguards agreements. Environmental
samples are collected which can contain minute traces of nuclear material or other evidence. Careful analysis of
these samples reveals the nature of the activities undertaken in the vicinity of the sampling point. This paper
reviews the analytical techniques that are being applied.

To ensure that the IAEA has access to the best available methods, samples are distributed to a group of qualified
laboratories around the world for analysis. The Accelerator Mass Spectrometry facility at the Australian Nuclear
Science and Technology Organisation (ANSTO) is part of this select group of laboratories, and is the only AMS
facility currently accredited with the IAEA. AMS provides the highest sensitivity available for detection of
particularly useful signature radioisotopes, including ' I, ^ and plutonium isotopes.

Introduction

Traditional safeguards methods have been applied by
the IAEA using verification measures based on
nuclear material accountancy and containment and
surveillance. These methods verify the correctness
of the declaration of nuclear material inventories
made by Member States. The challenge for the
safeguards system is to be able to verify the
completeness of declarations made by States. In
particular, the system must be able to provide
assurance of the absence of undeclared nuclear
material and activities, and be able to provide that
assurance with a high level of confidence. Also, it
must be able to provide assurance of the absence of
undeclared facilities. The new strengthened
safeguards system, developed by the IAEA over the
past twelve years, shifts focus from safeguards
implementation at the facility level to the State as a
whole. Information is obtained from a variety of
sources: from States themselves, inspection
activities, open sources, satellite imagery and
environmental sampling. In the following we will
focus on the latter source of information.

Samples taken from within and around declared
facilities are analysed. Present and past activities
undertaken at a facility disperse and leave behind
minute traces of nuclear material and other evidence.
The elemental and isotopic composition of these
traces, or the presence of certain radioisotopes, act as
signatures of the particular activities undertaken. The
results are compared to the signatures that would be

expected to result from the declared activities of the
facility. Any anomalies found are subject to further
investigation and inquiries. To provide assurance of
the absence of undeclared facilities, the concept of
wide area environmental sampling (WAES) has been
studied [1] and is being further evaluated.

Environmental Sampling

Since 1996, environmental samples in the form of
cotton surface wipes (swipes) have been taken from
within a large number of enrichment plants and
facilities with hot cells [2]. A range of analytical
methods is engaged to study the material collected.
The isotopic ratios of uranium and plutonium are of
most interest, as this gives information on degree of
enrichment and/or fuel burn-up. The first step
involves screening by high resolution gamma
spectroscopy, performed at the IAEA's Safeguards
Analytical Laboratory at Seibersdorf near Vienna.
Detailed further analyses are then undertaken either
at Seibersdorf or through distribution of samples
among a group of expert laboratories around the
world. These laboratories must undergo a rigorous
accreditation procedure to qualify for membership of
the Safeguards Network of Analytical Laboratories
(NWAL).

Bulk analysis of swipes is undertaken using X-ray
fluorescence, isotope dilution thermal ionisation
mass spectrometry (TIMS) and other techniques.
Very high sensitivity can be achieved - with TIMS,
isotopic analysis of samples containing a total of less
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than Ipg of nuclear material can be performed.
However, the nuclear material often exists on (be
swipes as ars array of minute particles, and bulk
analysis provides only the average isotopic
composition. Iriforniatkm about the extremes of
isotopic composition, which is of particular interest
for nuclear safeguards, may be lost in live bulk
analysis.

The. most powerful technique available to elucidate
the present and past activities of a facility is particle
analysis: the isoiopie analysis of individual particles
picked up OH a swipe. The particles are typically a
few microns diameter. First it is necessary to identify
the 'hot' particles- those containing a predominance
of nuclear material - then each hot particle is
analysed individually, to determine the U and Pu
isotopic ratios.

Figure 1: SIMS image of uranium-2.58
obtained by rastering a <10jim beam spot
across a 150fim field of view. Panicle sizes
range from 6-15um.

Two methods are used for particle analysis. In the
first, particles are removed from the swipe and
deposited on a track-etch polymer (Lexan), which is
then irradiated in a reactor. Particles containing a
high proportion of fissionable material are identified
visually by their high track density; these particles
are then transferred individually on to rhenium
filament;; for isotopic. analysis by TIMS, This
method has high sensitivity, high precision, and high
cost.

In the. second, less costly method, secondary ion
mass spectrometry (SIMS) is used both to find the
particles, in scanning mode, and then to perform the
isoiopic analysis on particles identified as containing
uranium or plutonium. ANSTO participated in an
inter-laboratory comparison of SIMS analysis
capabilities for uranium particles; Figure 1 shows a
scan of one of the test samples. A technique has also
beer) developed whereby scanning electron
microscopy (SEM) is used to locate the. hot particles
prior to transfer to and re-location in SIMS, where
!he isotopic analysis is performed [3].

Wide Area Environmental Sampling (WAES)

It is a considerable challenge for the IAEA to lie able
to provide assurance of the absence of undeclared
facilities. Such facilities may be located anywhere
where the necessary infrastructure exists. The first
obstacle is a political one: under standard safeguards
agreements, the IAEA is only permitted to inspect
and take samples at or around declared facilities.
Under the Additional Protocol to Safeguards
agreements, much more extensive inspections are
permitted. Parties to the non-proliferation treaty are
being encouraged to sign up to the Additional
Protocol; Australia was the first signatory back in
1997.

There is also a considerable technical challenge
posed by the problem of undeclared facilities. A
combination of theoretical studies and field trials has
been undertaken to evaluate the possibilities. A
report prepared for the IAEA in 1999 [1] concluded
that the most promising technical approach would
involve the use of networks of high volume air
samplers. Air filters can reveal signatures of nuclear
activities through high sensitivity bulk analysis. As
with swipe analysis, isotopic ratios of U and Pu are
of particular interest. Other signatures have also Iwen
considered. A »mall reprocessing operation, for
example, would release certain long-lived fission and
activation products including 8SKr. wSr. l34l?7Cs, !Z91
and Pu isotopes (I].

At ANSTO we have pursued the use of the 129I and
' U as particularly promising signatures for use in

WAES. I :T can be detected at extremely low levels
by Accelerator Mass Spectrometry (AMS - see
below), although this was not appreciated by the
authors of the IAEA report [!]. Field trials and other
studies [4] have demonstrated the potential of iJ'\ In
addition, we have, developed a unique capability for
detection of iJ6U in environmental media [5], and
demonstrated its usefulness as a signature of
reprocessing. Using AMS allows the detection of
minute traces of irradiated uranium, which contains
* U, against a background dominated by natural
uranium, which is virtually free of r36U [6].

Accelerator Mass Specfcrometry (AMS)

The AMS laboratory at ANSTO is currently the only
AMS facility which is accredited as a member of
NWAL. It qualified on the basis of its quality-
assured measurement capability for n9l and 2'6U.

AMS (see tef. [7]) differs From other kinds of mass
spectrometry in accelerating ions to energies in the
range 10-100 MeV. AMS measures isotopic ratios,
by counting the ions of the rate radioisotope while
measuring the beam current of the corresponding
stable isotope. With the use of a Tandem accelerator.
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the method has three key properties:

(i) negative ions are injected; this eliminates stable
isobars of elements which do not form negative ions;
for example, 129I is free from 129Xe interference;

(ii) interfering molecular ions are destroyed by
stripping ions to high charge states in the high
voltage terminal; for example 236U detection is free
of235UH;

(iii) at high energies, ions can be positively identified
through precise measurement of their energy, rate of
energy loss and time-of-flight; for example I29I can
be distinguished from multiply-scattered I27I ions.

As a result, AMS has a very high abundance
sensitivity: in some cases, isotopic ratios can be
measured with a detection limit as low as 10'15 (for
example, radiocarbon, where the 14C:' C ratio is
measured in samples containing lmg carbon or less).
In the case of uranium, where typical environmental
samples yield about ljj.g of uranium, the current
detection limit is 10"9 for the 236U:238U ratio. This
corresponds to a detection limit of around
1 femtogram for 235U.

To illustrate the high sensitivity of AMS, Figure 2
shows the results for a sample from a recent inter-
laboratory comparison exercise, NUSIMEP-2
(Nuclear Signatures Interlaboratory Measurement
Evaluation Programme), run by the Institute for
Reference Materials and Measurement [8]. The
sample contained 0.1 u.g of uranium and had a
236:238 ratio of 10"7. This ratio proved to be below
the detection limit of all other participating
laboratories, who were using a variety of mass
spectrometry (ICP-MS, TIMS) and radiometric
methods. While AMS can eliminate interference
from molecular species, ICP-MS and TIMS must
rely on background subtractions to correct for
molecules. The number of measurements with
inaccurate results for this sample indicates problems

NUSIMEP- 2 : 2MU/"*U isotopic ratio
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Figure 2: All results for Sample III in the
NUSIMEP intercomparison including our AMS
result.

with such corrections, or possibly problems with
cross-contamination between samples.

AMS has also been shown to have femtogram-level
sensitivity for Plutonium isotopes and 237Np [9]. We
are now extending our capabilities at ANSTO to
include Pu isotopes, with a view to providing the
IAEA network with higher sensitivity bulk analysis
of swipe samples. At present, there is sometimes
insufficient material picked up on swipes for analysis
by methods such as TIMS, leaving the IAEA unable
to draw conclusions from those samples.

Discussion

In recent times, the role of the IAEA in nuclear
safeguards has become a subject of high importance
in international affairs and a subject of intense public
interest. ANSTO's technical and scientific expertise
with a cutting-edge technique - AMS - has enabled
us to assist the IAEA in its most vital mission. We
have fulfilled this role by originating the ideas, such
as the use of *U in WAES, by doing the necessary
research and development, and now by providing a
unique analytical service as part of the IAEA's
network of analytical labs.

The effectiveness of environmental swipe sampling
is now well established. However, further
improvements are possible and we are developing
higher sensitivity Pu detection for this purpose. Wide
area environmental sampling continues to be
evaluated through field trials and other sampling. Air
sampling systems were deployed in Iraq [10] by the
IAEA Action Team.

The techniques discussed in this paper can also be
applied to other situations where the presence and
nature of minute traces of nuclear or radioactive
material may be evidence of unauthorised activities.
This area of "nuclear forensics" was the topic of a
recent IAEA conference [11] which brought together
scientists and other experts in these areas. Particle
analysis and isotopic ratio measurements have been
used in combination with a range of other techniques
in a number of cases of theft and illicit trafficking of
nuclear material.
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Scanning of Containers at Australian Ports

PETER THOMSON
Australian Customs

SUMMARY. X-ray of shipping containers is now a well-established technology, although the cycle of
improvement remains rapid. The main challenges are less technological than in choosing solutions
adapted to the wide variety of waterfront environments. Different border administrations have taken
different paths, from light mobile systems to large fixed installations. Australia has tailored off the
shelf technology to achieve a hybrid solution adapted to its peculiar needs. This incorporates a range of
other technologies, from x-ray through trace detection to dogs. Increases in the range of issues to be
dealt with at the border, as well as countermeasures, are forcing the pace of development of new
technology.

Introduction

X-ray technology capable of scanning whole
shipping containers has been on the market for
some time. The first systems went into
operation in the early 1990s, but large x-ray
systems had been in use many years prior to
this in applications such as security screening
at sensitive installations such as nuclear power
plants. And, of course, x-ray screening of
baggage has been routine for many years.

Container x-ray is now ordinary commercial
equipment - reliable, available more or less off
the shelf, and routinely operated both in
advanced ports such as Rotterdam or Long
Beach and in the less developed world.

I will discuss the technology and the choices to
be made at greater length below. My subject is
the introduction of this technology into
Australia, and the key issues were not the
technology as such, but the business processes
and environmental constraints that shaped the
technology choices.

Containers and Ports

Containers do, of course, conform to a small
number of universal standards - in shape, size,
numbering, maximum weight and so on. And
this standardisation affects all the gear that
goes with containerisation - ships, cranes,
packing arrangements, handling equipment,
trucks and much else. In effect, these standards
make container x-ray possible - scanning all
the different kinds of freight that made up a
cargo before containers would be a much
harder and more expensive proposition. The
standards have yet, however, to extend to the
physical design of ports. Moreover, there are
wide variations among ports in volumes of

cargo, speed of movement, mode of transport
in to and off the wharf, the division between
import, export and transit cargo, how cargo is
reported and so on. All these things affect
Customs processes and so the design of an
imaging system.

There is also the fact that the wharf is an
industrial environment, operating according to
normal business practices. Any change has to
adapt to the practices - or adapt them to the
change. Neither Customs nor any other single
agency or body is in a position to control the
whole of the wharf environment. The list of
stakeholders is long - among them port
authorities, shipping lines, terminal operators,
truck and rail operators, freight forwarders,
brokers, importers and exporters. The
environment is complex and the potential
effects of disruption on the wider economy
large. The normal lead times for change are
fairly long, if only because no single party has
complete access to information on waterfront
processes.

Roles at the border are interlocking. In general,
Customs has responsibility for

first-line screening of cargo and
people,
checking for prohibited imports
overall regulatory control

Quarantine threats are for AQIS, immigration
controls for DIMIA, operation and
management of the facilities with industry,
response with the appropriate Commonwealth
or State agency. Government and industry
work together on a daily basis to keep goods
and people moving.
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When the Australian Government decided in
late 1999 that Customs should acquire the
capacity to scan shipping containers, it was on
the basis of a scan of overseas practice, and as
an extension of existing container examination
processes. These were focussed very much on
high-level criminal activities such as drug-
smuggling, were therefore as covert as possible
and, because of their intensive nature, were
limited in number. It took a Customs search
team a minimum of 24 hours to search one
container.

In 1999 and 2000, Customs undertook a
detailed evaluation of container x-ray systems
available on the market, using its own in-house
expertise, consultant physicists and engineers,
and a test container constructed to resemble the
concealments typically faced by Customs. At
the same time, Customs also mapped
waterfront processes and the impacts of
different examination strategies. And,
typically, the environment changed as planning
proceeded - not only with the waterfront
reform agenda, but also with the degree and
nature of Government concern about border
protection. More threats appeared - foot and
mouth disease, illegal immigration, handguns
and - later - terrorism.

Scanning Solutions

The first problem for all border administrations
is to find higher-risk consignments or people in
the enormous volumes of both that cross the
border routinely - almost of them legitimate
trade or travel, and entitled to go about their
business with a minimum of interference.

In sea cargo, Customs relied on electronic
reporting of consignments, automated and
manual screening of this information flow, the
systematic collection and application of
intelligence, and a structured program of
industry collaboration. Together, these
provided effective control of risks to the
community at the border. Customs and its
partner agencies has, for instance, had a
considerable degree of success against major
illegal drug importers from 1998 to the present.

Container scanning is an addition to this
process, not a replacement for it. Its
introduction was intended to make the existing
strategies more effective, and also to ensure
against the inevitable development by
criminals of countermeasures. The aim was to
supplement essentially information/intelligence
based systems with a greater capacity to
physically examine cargo - something that had

been routine before of containerisation.
Volume, speed of movement and containers all
meant that it was simply impossible to
continue large-scale physical examination
without either intolerable disruption to trade or
the commitment of resources which were not
available. Affordable container x-ray had
changed this picture.

The solutions on offer ranged from lower
energy (450 KeV up to 2.5 MeV) truck-
mounted systems, using either conventional
LINACs or live gamma sources, to high energy
(9MeV) systems in large fixed installations.
There were equally wide differences in cost,
performance, ancillary requirements such as
land, throughput and ease of integration with
associated processes such as physical
examination or information flows.

Australia's major ports are

• mostly within their parent cities
(Sydney, Melbourne, Fremantle),

• small in area, and the foci of heavily
congested transport routes;

• gateway ports rather than transhipment
centres,

• by world standards, deal with small to
medium volumes of cargo. Melbourne,
for instance, handles around 1.5 million
containers each year. By contrast,
Singapore handles 17 million and
Rotterdam 7 million containers each
year.

Lack of terminal space, transport congestion
and limited throughput combine to make on-
wharf mobile sc arming unattractive to Customs
and to industry. The need for multiple facilities
and the limited volumes to be dealt with at
each facility made the very high power fixed
systems difficult to justify on cost grounds.
Yet, given the national priority accorded
waterfront efficiency, throughput had to be
high enough to avoid significant delays to
cargo.

An added complication is that drug
concealments shipped to Australia are
generally small relative to the covering cargo,
and often deeply hidden. This made good x-ray
performance critical. Only high power systems
could deliver the required penetration and
resolution to ensure a high probability of
detection.

83



Customs' solution to these requirements was to
find a system that combined the right
performance at an acceptable cost, and then
work with the supplier to adapt it to local
conditions and to integrate with all the other
processes that are part of examination.

The system chosen was a 6 MeV "relocatable"
design made by Tsinghua Tongfang (now
Nucech) — an offshoot of the nuclear sciences
department of Beijing's Tsinghua Technical
University. It was relocatable in the sense that
the x-ray, detector and control apparatus are
designed to be transportable, independently of
shielding and other fixed structures.

The x-ray operates within a purpose-designed
building, which incorporates the control room,
image examination stations and other ancillary
functions. A large physical examination hall is
part of the complex. This is equipped with a
pallet x-ray, cabinet x-ray and other detection
gear, as well as equipment for handling and
defumigation.

For planning purposes, it was assumed that
about 10 per cent of consignments x-rayed
would require further physical examination -
10 containers a day at the planned throughput
of 100 containers a day in Sydney and
Melbourne. In practice, the referral rate from
x-ray has fallen a little below ten per cent as
operator confidence in the capabilities of the
system has grown, but the ability to meet other
examination requirements has more than made
up for this.

The facilities bring together - as far as possible
- all Customs physical intervention activities
in sea cargo, as well as some AQIS and other
agency activities. The container x-ray is the
primary, but not the only tool used. Customs
was also conscious in designing the facilities
that criminal elements would soon become
aware of the general capabilities of x-ray, and
seek to avoid detection through
countermeasures - either by trying to reduce
the x-ray signature by, for instance, using
denser materials as cover loads, or by trying to
evade examination altogether. We have seen
both these strategies attempted. The physical
examination capacity, the availability of
smaller, high resolution x-rays and other
screening tools, more stringent controls of
cargo, and the high volume of examination are
all there to make reinforce x-ray scanning
against these kinds of evasion.

As mentioned above, the processes for the
facilities were designed against a backdrop of

changing threat. While x-ray is useful against
guns and, to a lesser extent, vectors for the
transmission of foot and mouth and other
quarantine threats, terrorist threats call for
different equipment.

The CBRE Challenge

Customs is now charged with the detection of
attempts to bring in chemical, biological and
radiological (CBR) hazards - either complete
weapons or components for assembly in
Australia. This is, of course, only one part of
the terrorist threat (and Customs and border
control are only part of the total Government
response). And to these must be added the
threat from explosive devices. Explosives
detection is a well-developed field, but often
presents similar challenges at the border. So I
will consider all these threats together - not
just CBR, but CBRE. The focus of my remarks
remains the scanning of shipping containers.

Technologies for CBRE detection are, like any
other technology, part of a wider system of
people, processes and infrastructure. CBRE
threats are additions to the existing problems
of border protection.

Existing technologies for detecting CBRE
threats are not well adapted to use in border
control. Most often, they were developed for
military use, and assume the ready availability
of shelters and protective gear, the absence of
civilians in the immediate environment, fairly
well-defined delivery mechanisms for the
threat and a reasonably high probability of the
actual occurrence. None of these can be taken
for granted at the border. A particular problem
is that almost all the current equipment is
designed either to check limited areas for the
presence of the threat, or to verify a suspected
threat. While these are useful - indeed -
essential - capabilities, a point made earlier in
this paper is that the first issue for border
control is to find the threat in a large volume of
"innocent" cargo.

This is an area where out present capabilities
are very limited. Several technologies are of
promise - but many are still in developmental
transition between specialised defence or
industrial use and wider application.

There is still a heavy reliance on x-ray. There
are, of course, specialised forms of x-ray that
use multi-spectral analysis, in ordinary
application for tasks such as airport baggage
screening. These are of limited use with large,
dense objects like containers. Customs is
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looking at supplementing x-ray with other
forms of radiographic imaging (gamma, fast
neutron), at complementary techniques such as
trace and vapour sampling (using techniques
such as ion mobility spectrometry and antibody
reaction), and at other emerging technologies.

There is effective technology for checking
radiological threats - radiation pagers, source
identifiers and radiation portal alarms. The
problem is less detection per se than the large
volumes to be checked.

An added complication - if one were needed -
is that not all CBRE threats will be imported,
or imported as threats. Large amounts of
chemicals, biological materials and explosives
are brought in for legitimate uses, and threats
can originate from domestic sources (as did,
for instance, the US anthrax and Japanese Aum
Shinrikyo nerve agent attacks). Moreover, a
wide range of chemical precursors for these
threats is imported in volume for legitimate
uses.

While many threats can be identified and
intercepted at the border, volume, speed of
movement and the low profile of CBRE as
compared to more traditional targets combine
to make perfect security impossible to achieve.

Sometimes cure is more efficient than
prevention, and some threats are best dealt
with "downstream". There are few biologicals,
for instance, whose effects cannot be treated
effectively, provided they are identified in
time.

Defence against CBRE is necessarily
collaborative, bringing together overseas
efforts, border controls and information with
domestic intelligence, law enforcement and
regulation and industry and community
awareness.

Examination and Information

Linking information and intelligence to
technological screening is critical to radical
long term improvements in effectiveness. The
container examination facilities are a good start
at this. Unique consignment numbers, track
and trace technologies such as RFID tags and
as computer systems move towards integration,
new opportunities will open up in this area.
Australian border control processes will have
to mesh with industry and overseas initiatives
in a number of for a - the World Customs
Organisation, the G8, APEC, and the standards
being laid down under the United States'

Container Security Initiative and the Customs
Trade - Partnership Against Terrorism
program.

Governments will have a key role in promoting
standards and ensuring inter-operability and
universality.

Conclusion

The theme of this paper is that technology is
not a stand-alone solution to border control
issues. A lot of work is needed to ensure that
the technological capabilities on offer work in
the Australian environment, conform to
legislation and community standards; and fit
with existing infrastructure and local
processes.
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Nuclear Power
Developments in the Asia-Pacific Region

DR JULIAN F. KELLY
Australian Nuclear Science and Technology Organisation

Private Mail Bag 1, Menai, NSW 2234

SUMMARY. Nuclear power will be a mainstay in the energy mix and the energy security for
several Asia-Pacific countries: China, Japan, Korea, Taiwan and Vietnam.

INTRODUCTION

Each Asia-Pacific country has a unique set of
energy needs and capabilities:

Some need large amounts of baseload
power and have the political will to
install nuclear capacity, but they have
no funds

Others have mature nuclear energy
programs to which extra capacity
needs to be planned-for.

So there is no common Asian drive to install
(or reject) nuclear power. However, the Asia-
Pacific countries do all seem to have a long
term view in regard to their future electricity
supply.

This paper will briefly discuss China, Japan,
Korea, Taiwan and Vietnam. Indonesia
remains an interesting prospect for the nuclear
power industry, however, there is little real
information about when a unit might be built.

CHINA

The Present Scene
The last two years have seen China reap the
rewards of earlier nuclear power investment
with five new units coming on line, bringing
the total from three, to eight units with a total
net generating capacity of 6 GWe. This
capacity, however, is only a small proportion
of China's total electricity production capacity
(it is -1.7% of-340 GWe). There are three
units under construction which will add
another 2.6 GWe by the end of 2005.

Nuclear power will steadily become more
prominent in China's energy mix over the next
decades but it is only one of several important
sources that need to be exploited in order to
meet China's future energy needs. It is

sobering to realise the enormous, dramatically
rising electricity demand in China:

• Electricity consumption in China is
projected as increasing by an astounding
4.3% annually on average, to 2025.

• This means about 56 - 60 TWh extra is
needed per year. This equates to the
output of 7 new 1 GWe nuclear power
units such as those brought on line this
year - every year.

• But already, in the first six months of
2003, electricity demand increased by
over 15%. Power shortages and
electricity rationing has been reported.
And there may be a shortage of 15 GWe
(-130 TWh) in 2004 (equivalent to the
output of fifteen 1 GW power stations or
nearly the output of the huge Three
Gorges hydro plant and more than the
entire generating capacity of NSW).

China's energy planning has been criticised for
underestimating this steep rise in demand. So
far, China has been meeting annual added
demand from coal-fired capacity that was
being built in the late 1990s. But these
projects are being completed. The huge hike
in demand has forced the government to
urgently adjust construction plans. Recently
(2002) it announced 30 new hydro and thermal
power projects to provide more than 22 GWe.
But the electricity shortage is expected to
continue for years.

Against this great hunger for electricity, it is no
surprise that new nuclear power plants will be
constructed in China:

• approval has been given in 2003 for two
new nuclear units at Sanmen near the
present Qinshan NPP site in Zhejiang
Province.
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• two new nuclear units are also newly
approved for Lingdong, near the Ling
Ao/Daya Bay NPP site in Guangdong
Province.

• Construction on both projects should start
by 2005 - but this may depend on the
tender process that is used.

• Another site at Yangjiang, 500 km west of
Hong Kong has been approved for six 1
GW units. Full construction should start
by 2006. The first two units at the plant
are scheduled to be completed by 2011
with all six in operation within 20 years.

• Recent talks between China and Russia
have discussed the feasibility of
constructing a further two W E R 1 GW
units at Tianwan site. No financing details
are known but this project can be
considered a fairly firm likelihood.

The outlook for nuclear power and its
expansion in China is assured, with the
country's nuclear capacity expected to grow
from some 6 GWe today to at least 20 GWe by
2020 and up to 120 GW by 2050. With up to
700 GWe total installed capacity in China in
2020, the nuclear share of electricity
generation will rise only modestly to ~3%.

Longer Term

China is committed to employing nuclear
power for the long term to ensure its; energy
security and is investing in a range of
advanced nuclear power technologies to realise
this goal:

• A 65 MWt prototype fast reactor is being
constructed outside Beijing as part of a
long program to gain FBR operating
experience and to develop materials for
larger FBR units. Russian assistance is
being drawn upon in this project.
Scheduled to start 2006 with construction
of a full scale FBR power unit envisaged
for around 2025.

• A 10 MWt high temperature gas-cooled
reactor operating since 2000 continues to
be improved. It is a lead reactor for other
HTR projects to provide energy for district
heating, hydrogen production, and
regional electricity generation.

China's growing nuclear power program is a
long term feature on the world nuclear power
stage. It will see greater participation by the
international community and little local
protest.

JAPAN

The Present Scene

The giant nuclear power industry in Japan has
had a poor year in 2002/2003 but its
fundamentals remain strong: there are 53
operating units with a net generating capacity
of over 44 GWe. This is about 30% of the
country's generating capacity from which
-38% of all Japanese electricity is produced.
There are three reactor units under
construction which will provide another 3.7
GWe by the end of 2006. Another 10 nuclear
units providing 12.2 GWe are planned to come
online next decade.

In March 2003, the 165 MWe Fugen unit was
permanently shutdown after 24 years
operation. While only of small capacity, this
steam-generating heavy water reactor played a
key role in Japan's NP development and
pioneered the development of the MOX cycle
in Japan. It burnt over 1.85t of plutonium over
its operating life.

TEPCO's Safzty Record Bungle

The industry's most significant development
has been the serious revelation in Aug 2002
that Japan's: largest electricity utility,
'TEPCO', concealed several minor safety
findings from the State regulator, 'N1SA'.
TEPCO did not report, nor properly document
minor cracking found at a number of its plants
during company inspections conducted from
the late 1980s until 1992. Later, the company
admitted that safety inspection records and
procedures had been manipulated.

This appalling management of safety
procedures has understandably damaged
TEPCO's reputation and credibility —
resulting in senior management resignations,
including the company President.

NISA has assessed that plant safety was never
compromised. And TEPCO's own
investigation into its safety procedures from
this time found there had been no fraudulent
activity despite the drastic errors.
Nevertheless, the revelations cast doubt on the
company's safety inspections over the last
decade.

Between August 2002 and April 2003, TEPCO
progressively shut-down all 17 of its power
reactors in order to conduct full safety checks
at each unit. The first unit was allowed to
restart in May 2003 and others have followed.
Electricity shortages were predicted over

87



summer but were averted, in part, because
summer temperatures were mild.

This serious blunder has revealed flaws in the
system of NPP safety regulation and reporting
in Japan. The scandal also reflects a lower
focus on safety culture at the time. One lesson
learnt from the scandal, is that the Japanese
regulatory structure needs to be streamlined so
that there is different reporting for various
levels of safety significance and that these
should all be the responsibility of the State
regulator. Japan's NISA is now looking
closely at the US NRC in order to implement a
more suitable model for reporting safety
inspection findings.

The whole affair has cost TEPCO about
US$1.1 billion to date, including fuel
replacement. The indications are that the
Japanese nuclear power industry has taken this
as a wake up call but that it will be some time
before new measures are properly in place.

Longer Term
Looking to the longer term, Japan continues to
invest strongly in nuclear energy technologies
to form the backbone of the country's long
term energy security. Higher fuel burn-ups are
continually being sought and power utilities
expect to be able to rely on the 'independent'
high energy content of recycled plutonium.

• Japan is close to finally incorporating
"mixed uranium-plutonium oxide"
(MOX) fuel into its power reactors.
MOX use has been planned for years and
is regarded as a key pillar in Japan's
energy strategy - despite the current low
cost of uranium. As well as saving on
uranium, the recycling of plutonium
reduces the volume of radioactive wastes,
thereby providing further cost savings.

Set-backs have included local
government vetos against MOX fuel
loading, and the discovery of data
anomalies for MOX fuel fabricated by a
UK company which resulted in the fuel
being returned. More recently, the
TEPCO scandal has further delayed
approval for MOX loading.

Japanese reactor units will start to load
MOX fuel in the near term. Up to one
third of all Japanese power reactors may
be using MOX by 2010. The huge
Rokkasho reprocessing plant is
approximately 94% complete (albeit well
over-budget) and is scheduled to enter
into service in 2005 with an operating life

of 40 years, recycling 800t/year of spent
LWR fuel. Some non active testing has
been performed. MOX fuel will be
fabricated in a separate facility at
Rokkasho due for completion in 2009.

• Japan has an active fast reactor (FBR)
development program. This plutonium-
generating technology is envisaged as
contributing to the country's power needs
from ~2030. This strategy will provide
energy independence for Japan in the
medium term, before fusion power
becomes readily deployable.

The 280 MWe Monju fast reactor is ready
to restart after over eight years shut-down
following the 1995 sodium leak and
during which extensive refitting has been
undertaken. Restart approval has been
given but legal rulings are delaying this -
perhaps partly due to the TEPCO scandal.

Meanwhile, the smaller Joyo fast reactor
has restarted after undergoing a major (3
year) core upgrade which will allow it to
operate at 140 MWt, up from lOOMWt.
Joyo has been run for ~23 years and
provided extensive experience in FBR
operation for Japanese nuclear engineers.
The reactor remains important in
developing fuel and materials for future
Japanese fast reactors by testing under
real flux and heat conditions.

• The 30 MWt High Temperature Test
Reactor 'HTTR' reached the milestone of
reaching full outlet temperature of 950°C
in March. Due to its high operating
temperature, this reactor will be able to
produce electric power more efficiently
(over 40% conversion) and will also
enable hydrogen production (reformation)
which is planned for 2008.

• Japan is a member of the International
Thermonuclear Experimental Reactor
'ITER' consortium and is a candidate for
siting the multimillion project to build the
prototype fusion reactor. This will lead
on from Japan's own Tokarnak research
over the years.

• Other novel power reactor designs are
being developed, including the 'reduced
moderation water reactor' which is
capable of high burn-up and some fuel
breeding.

Despite recent problems, Japan remains
strongly committed io nuclear power as a key
source for the country's ongoing energy needs.
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Japan has a very long term vision in regard to
its energy security - and nuclear power fits
well in this outlook.

KOREA

The Present Scene

Nuclear energy is trending upwards strongly
but quietly in Korea. The country is a mature
NPP operator, generating in 2003 over 38% of
its electricity from 18 nuclear units - the latest
of which came on line in late 2002
(Yonggwang-6). There is now 15 GWe of net
nuclear generating capacity in the country
(-30% of all installed capacity).

Korea has invested heavily for over 15 years in
developing its 1 GWe Korean Standard
Nuclear Plant (KSNP) from an earlier US
PWR model. Since 1998, Korea has been able
to build KSNP units entirely indigenously.
There are two 1 GWe KSNP units under
construction at the Ulchin NPP site and the
two units that were being built in North Korea
are KSNPs (construction is now suspended
there - probably indefinitely).

And Korea has continued its PWR
development work, extending the KSNP to a
much larger 1400 MWe design called the
Advanced Power Reactor (APR). The APR
will be highly cost-effective due to its large
output. Construction of the first of these APR
units is scheduled to commence at the Kori
NPP site in late 2004 and be complete by
2010.

Nuclear power plays a major part in Korea's
energy security and it is projected to increase
in importance with nuclear share rising to
- 4 5 % in 2015 with another 10 units (six KSNP
units and four 1400 MWe APRs) providing
another 12.3 GWe of nuclear capacity.

Longer Term

Looking further out, Korea is investing heavily
in a range of advanced nuclear energy
technologies to sen/e its energy needs in both
the medium and long term. These include:

1. increasing PWR fuel burn-up. Korea
diversified to operate heavy water
CANDU reactors as well as PWRs and
this feature of the reactor fleet can allow
'reburning' of spent PWR fuel in
CANDU power units - maximising
uranium fuel use. This so-called
"DUPIC" cycle also significantly reduces
waste.

2. mixed-oxide (MOX) fuel recycling
technology continues to be studied and is

probably being considered for
implementation in the 10+ year
timeframe, after the Japanese model has
been running for a while.

3. researchers have been developing a small,
modular fast reactor 'KALIMER' which
is liquid metal cooled and will produce
150 MWe. It is ultimately to be used for
'burning' of actinide waste and the use of
thorium fuel. It will also demonstrate
very high uranium burn-up. The fast
reactor is in advanced conceptual design
phase with a completed unit scheduled
for 2011 but more likely by 2020. There
could be 1 GWe FBR capacity by 2025.

4. Korea recently commenced a 5-year
program with the US to conduct R&D on
advanced fuel cycle technologies.

Korea has also finished developing a small,
modular PWR reactor design which can be
used for both power generation (100 MWe) as
well as for water desalination (-80000 I/day).
The 'SMART' reactor is suited for application
in isolated regions with poorly developed
grids. Korea plans to construct a lead SMART
unit - perhaps on Cheju Island, but a unit has
also been proposed for Madura Island in
Indonesia which suffers power and water
shortages.

TAIWAN

The Present Scene

TaiPower operates six nuclear units (4 BWRs,
2 PWRs) at three power plants and these
provide a net 4.9 GWe for the island - about
16% of Taiwan's electric generating capacity.
The units generated 38 TWh in 2002 which
was —23% of the total electricity generated.
Nearly 19 TWh was generated in the first half
of 2003.

Two large 1350 MWe BWR units are under
construction at a 4th site; Lungmen. This
project started in 1999 and is nearly 50%
complete but it is a highly politicised project.
Construction was halted in 2000 after the
government changed. It was eventually
restarted after several months of legal
challenge. The project has had to have an
extra US$1.5 billion added to its budget due to
construction delays and currency depreciation.
The plant's two-phase start-up has been
delayed until 2006 and 2007.

The government has promised to hold a
referendum on the future of nuclear power in
Taiwan but the issue is confused by many
factors, including that fact that Taiwan has
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never held a referendum and can not seem to
agree how to do so. There are strong anti-
nuclear forces in the ruling party who have
even suggested that two of Taiwan's power
reactors must close by the end of 2004. This is
unlikely, but an early shutdown date of 2011 is
still mooted.

The Taiwanese opposition party is pro-nuclear
and a general election is due in early 2004. So
the country's nuclear power future is in a
protracted state of flux.

Longer Term

Taiwan has an active nuclear research
program, however, little effort is being devoted
to extending existing nuclear power
technologies or on researching advanced
nuclear power systems. Unlike other countries
in the region, Taiwan is not undertaking
research into high-temperature or fast reactor
designs.

Taiwan is concerned about its energy security
and has some involvement with fusion energy
projects. For now though, the government will
keep its foot off the pedal of further nuclear
power installation. And it is difficult to see
any new nuclear units ordered, at least until the
Lungmen project is completed.

VIETNAM

Vietnam has long recognised that nuclear
power generation could serve its large
electricity needs - especially to provide
baseload capacity. Electricity demand is
growing rapidly in Vietnam - there is only 5
GWe capacity for 81 million people. An
energy plan out to 2020 includes construction
of a nuclear unit along with an increase in coal,
gas and hydro generation such that there could
be -20 GWe capacity in 2020.

The main difficulty facing nuclear power start-
up in Vietnam is the large capital cost.
Vietnam will need to negotiate a generous
financing deal with a vendor, though this is by
no means impossible. Russia may be the most
likely to agree to construct Vietnam's first
nuclear power unit, perhaps a W E R 440
MWe design. Vietnam also has rather poor
transnu'ssion infrastructure. There are
programs in place to improve the grid, albeit
slowly.

Vietnam has nuclear cooperation agreements
with India, Russia, Japan and has recently
arranged with South Korea to develop a
nuclear power outlook. Power reactor vendors
are apparently meeting in Vietnam in early
2004. A nuclear power construction project in
Vietnam seems inevitable once the funding
hurdle can be overcome.

ABBREVIATIONS

NPP: nuclear power plant
PWR/BWR: pressurised/boiling water reactor
FBR: fast breeder reactor
HTR: high temperature reactor
WER: a Russian PWR power reactor
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Pursuing a secure electricity supply future for
Australia is easily among the top ten priorities for
government at national and State levels.

The test of this assertion is simple: cut off power
to any major centre for one or two days. Such an
eventuality is unthinkable to the Australian
community.

Electricity is unique among commodities. Society
cannot function without it and it is the most
perishable of perishables - it must be used as it is
generated. It is virtually impossible to store power
efficiently. As a result demand must match supply
perfectly at every given moment - or else the lights
go out.

Since power cannot be stored, no centralised buffer
supply can be maintained - as developed countries
do for example with oil - and thus supply security
means that sufficient generating capacity must be
available to exceed peak load.

As an example of the difficulties encountered
when supply is inadequate, one need not turn to the
headline-making blackouts in recent months in
North America, London. Denmark and Italy - these
can all be tracked back to either human operating
errors or to sudden impacts on the system from
storms.

No, as an example of what occurs when the power
supply is inadequate, turn to China, which has just
ended a summer where its economic growth and
residential demand has well outstripped power
supply in 19 of its 31 provinces. Officials planned
for an increase in demand of the order of 8 percent
a year - it is running at 15 percent. As a result, in
Shanghai for example, 1,300 factories have been
forced to cut production to four days a week and
often to shift operations to weekends. In another
province 200 factories shut down. And this is not a
problem that is over - predictions for summer 2004
and summer 2005 for the imbalance between supply
and demand in China indicate that firms and
households will continue to endure difficulties as the
State-owned utilities struggle to build new plants.
In this situation, the issue is generation capacity -
but, as has been demonstrated in the north-east US
and Canada, a lack of transmission capacity can be

just as big a problem, even a bigger problem, and no
less difficult and expensive to remedy.

Pursuing a secure, reliable electricity supply,
therefore, is easily explained as a high national
priority here as elsewhere and the cost of doing so in
the next 12-20 years will be measured in billions of
dollars - according to ESAA calculations, some $30
billion by 2012 and probably more than $40 billion
by 2020, not including the billions likely to be
needed to ensure an adequate supply of natural gas
to generators.

In any scenario that makes sense to ESAA, natural
gas, black coal and brown coal will dominate as fuels
for electricity generation. Obviously, renewable
energy, driven by government subsidy through a
program that mandates retailer purchases, will grow
in use, but at 2020 it is not remotely likely that fossil
fuels will have less than 80 percent of the generation
mix.

A brief word here about the prospect for nuclear
power use in Australia in this time frame. ESAA
simply cannot see a nuclear development being
pursued - for political reasons if for no other.

Our brief for this conference is to comment on the
demand for electricity in Australia to 2020. Our
projections are based on modelling undertaken for
ESAA over several years by the National Institute of
Economic and Industry Research (NIEIR), trading as
National Economics.

The latest modelling undertaken for us by
National Economics was produced in July this and,
as with earlier modelling, is presented as three
scenarios:

1. a business as usual (or most likely) scenario;

2. a high growth scenario; and a

3. low growth scenario.

Under the base case, Australian GDP averages 3.1
percent growth between 2003 and 2020 while
population growth averages 1.1 percent. In the high
growth scenario, GDP rises by an average of 4.1
percent per year and population by 1.3 percent a
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year. Under the low growth scenario, GDP rises by
nly an average of 2.2 percent a year and population
growth averages 0.9 percent annually.

Of course a range of assumptions are built in to
these scenario models - for example assumptions
regarding the timing of major project developments
in the mining and mineral processing areas - and it
needs to be emphasized that these projections are not
forecasts.

An important point that needs to be highlighted is
that demand for electricity in this country is focussed
in a major way in three regions - Victoria, New
South Wales and the Australian Capital Territory,
and Queensland. They account for some 80 percent
of all electricity consumption and hence of
investment in supply infrastructure. The only
change our scenarios perceive in this situation is that
Queensland will overtake Victoria as the area of
second highest demand for power.

This geographic dimension is important in terms
of fuel supply. Victorian supply is dominated by
brown coal generation, while that of NSW and
Queensland is predominantly black coal. Coal-fired
power stations are continuing to be built in
Queensland; they are not proposed in actual
developments in train for NSW and Victoria at
present in any significant way. The rise of natural
gas as a supply source for Victoria and NSW, and
also for South Australia, is seen as highly likely,
raising questions about availability of reserves and
about the cost of gas. Apart from the Snowy
Mountains System and some smaller generation
plants, hydro-electric power plays a small role on the
eastern seaboard - unlike Tasmania where it is the
dominant power fuel source in a small market.
There are many opportunities for relatively small,
new renewable energy plants but in aggregate they
are not foreseen as accounting for more than 2 to 5
percent of demand, depending on political decisions.
The prospect of the introduction of geothermal
power, based on Cooper Basin hot rocks, is not to be
discounted, but again it will not greatly change the
fossil fuel dominance of the generation "fleet."

In order to look forward with understanding, it is
helpful to look back. ESAA can produce supply and
demand data for more than 50 years, nationally and
on a State-by-State basis.

For the purposes of this presentation, we point out
that:

1. 50 years ago total Australian demand was little
more than that of South Australia today at
12,450 GWh a year, with residential demand
accounting for more than 40 percent of total
consumption.

2. 30 years ago total Australian demand was four
times higher than in the 1950s, driven by
business and residential consumption increases,

and with householders accounting for about 35
percent of demand. It totalled 50,500 GWh a
year.

3. 10 years ago total Australian demand was 2.5
times what it had been in the 1970s, with
business demand almost treble its 1970s level
and residential consumption now less than 30
percent of the total. Consumption amounted to
132,400 GWh a year.

4. Last year, consumption totalled 176, 300 GWh
with 125,300 GWh used by business and
residential demand down to some 28 percent of
the total. Between 1993 and 2002 total demand
had risen by more than the consumption today
of Victoria.

We have become an energy-intensive economy with
growth in demand for electricity a function of a
number of factors, including:

1. rising economic activity;
2. rising population;
3. increased used of computers and other

technology developments;
4. increased use of air-conditioning in homes;
5. and low prices for power by world standards:

Australia has the fourth cheapest electricity for
factories in a basket of 24 nations studied by
the British Electricity Association and the fifth
cheapest residential power prices.

So where is power demand headed, according to the
National Economics modelling?

For the purposes of this presentation, we will use
only the base case (most likely) scenario. Under this
scenario, on a national basis, the outlook is for:

1. demand in 2010 to pass 218,000 GWh with
business consumption at 156,000 GWh;

2. demand in 2015 to pass 248,000 GWh with
business consumption at 180,00 GWh; and

3. demand in 2020 to pass 281,000 GWh, with
business consumption at almost 206,000 GWh.

As already indicated, the major areas of consumption
and of demand growth will be The National

Economics' "business as usual" modelling indicates
that:

1. NSW/ACT demand in 2020 will be 35,000
GWh higher than it was last year, reaching
98,000 GWh;

2. Queensland demand will have virtually doubled
to reach 70,500 GWh in 2020; and

3. Victoria's consumption in 2020 will be almost
20,000 GWh higher than in 2002, passing
59,500 GWh.
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This says that consumption in these three States will
have absorbed well over 85 percent of the total level
of growth - or to put it another way, in electricity
demand terms, another New South Wales will have
been added to Australia.

Under-estimating the power pressures arising from
population growth and use of power plus demand
from industrial and commercial customers, as
indicated earlier, has been the undoing of Chinese
planners in the past northern summer - and it was a
significant factor in the problems encountered by
California in 2001.

Under the National Economics scenarios, the
"high growth" version sees total consumption
nation-wide in 2020 exceed 325,000 GWh - that is
adding another Victoria to the additional New South
Wales represented by the base case predictions for
growth.

Demand rises under either scenario place
substantial pressure on governments to get the
environment for investment right and to do so in a
timely manner. The data we have presented here
relates to overall consumption - it does not dwell on
the issue of summer peak loads, where, particularly
in South Australia and Victoria, possibly in NSW
and possibly in southern Queensland the pressures
created by five or six extremely hot and humid days
a year are a constant challenge.

A Chinese-like supply problem would be an
economic disaster for Australia; a failure to meet
summer peaks would be a political disaster for
incumbent governments in affected States.

The policy challenges include the need to ensure
that the wholesale market operates efficiently while
providing incentives for new generation capacity,
both baseload and peak load; the need to get the
regulatory regime right to ensure that network
infrastructure upgrading and development keeps up
with customer requirements; and the need to get
environmental policy and regulation right to avoid

running in to the sort of problems that have plagued
California and Italy in recent crises.

As the old joke goes, "if it was easy, they would all
be doing it;" "it" - getting the supply/demand
balance right, keeping prices affordable, meeting the
need for appropriate greenhouse gas abatement,
maintaining quality of supply - is anything but easy.

The marketplace abounds in emotive four-letter
words - "risk" and "cost" and "time" chief among
them. The messages from a number of places around
the world is that it is only too easy to stumble and
that the challenge is continuous.

For Australia, the demand prospects, thanks to
the modelling undertaken for ESAA and others,
including the Federal Government, are relatively
clear. Policymakers cannot pretend they do not
know the dangers - but then policymakers in the US
have known for a decade that transmission
congestion posed major risks and that network
investment was very significantly below what is
needed. They still managed to set themselves up for
the blackout of 14 August.

In Australia, under pressure from ESAA and
others, governments launched the Parer review in
2002 and have, via the CoAG ministerial council
process, showed a considerable determination in
2003 to pursue a truly efficient market and to
provide certainty for investors. The testing time is
the next 6-12 months as process needs to give way to
implementation and discussion to development of a
new regulatory regime and new policy approaches
with respect to sensitive areas such as transmission
planning and greenhouse gas emissions
management.

The signs are moderately positive, but there is
much still to do and not a huge amount of time in
which to do it. The demand scenarios we have set
out today are not forecasts, but they are not guesses
either - the consumption ballpark is not imaginary,
nor are the marketplace risks.
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SUMMARY. In recent years interest has increased in small and medium sized nuclear power reactors for
generating electricity and process heat. This interest has been driven by a desire to reduce capital costs, construction
times and interest during construction, service remote sites and ease integration into small grids. The IAEA has
recommended that the term "small" be applied to reactors with a net electrical output less than 300 MWe and the term
"medium" to 300-700 MWe. A large amount of experience has been gained over 50 years in the design, construction
and operation of small and medium nuclear power reactors. Historically, 100% of commercial reactors were in these
categories in 1951-1960, reducing to 21% in 1991-2000.

The technologies involved include pressurised water reactors, boiling water reactors, high temperature gas-cooled
reactors, liquid metal reactors and molten salt reactors. Details will be provided of two of the most promising new
designs, the South African Pebble Bed Modular Reactor (PBMR) of about 110 MWe, and the IRIS (International
Reactor Innovative and Secure) reactor of about 335 MWe. Their construction costs are estimated to be about
US$l,000/kWe with a generating cost for the PBMR of about USl .6c/kWh. These costs are lower than estimated for
the latest designs of large reactors such as the European Pressurised Reactor (EPR) designed for 1,600 MWe for use
in Europe in the next decade.

It is concluded that a small or medium nuclear power reactor system built in modules to follow an increasing
demand could be attractive for generating low cost electricity in many Australian states and reduce problems arising
from air pollution and greenhouse gas emissions from burning fossil fuels.

1. Introduction

A total of 441 nuclear power plants were operating in
30 countries at the end of 2002 and producing 16% of
global electricity. These plants represent a mature
technology with over 10,000 reactor operating years of
experience. In addition, the construction of seven new
reactors started in 2002 bringing the total under
construction to 32.

The International Atomic Energy Agency (IAEA)
has recommended that the term "small" be applied to
reactors with a net electrical output of less than
300MWe and the term "medium" to 300-700MWe.
Historically, 100% of commercial reactors were in
these two categories in 1951-1960,55% in 1961-1970,
16% in 1971-1980, 25% in 1981-1990 and 21% in
1991-2000. In addition, a large number of nuclear-
powered ships were built with reactors of < 300MWe
and many research reactors of < lOOMWe.

Interest has increased in recent years in small and
medium reactors for generating electricity and process
heat. This interest has been driven by a desire to
reduce capital costs, construction times and interest
during construction, service remote sites and ease
integration into small grids. The present paper reviews
past work and recent work on new advanced designs
of small and medium power reactors and suggests that
one of these systems may be suitable for generating
low cost electricity in Australia.

2. Technology of Small and Medium Reactors

The technologies used in small and medium nuclear
reactors over the last 50 years have been diverse:
• Pressurised water reactors;
• Boiling water reactors;
• High temperature reactors;
• Liquid metal reactors; and
• Molten salt reactors.

Many of the early designs were improved and
increased in power output in an evolutionary way, and
a power output of l,300MWe became common in
many countries. The safety systems of these evolved
systems were largely "active" in the sense that they
involved electrical or mechanical operation on
command. Some engineered systems operated
passively, eg. pressure relief valves. A high level of
redundancy was built into all of these reactors.

In recent years and in new designs, inherent or
passive safety has been given greater attention, hi
these systems safety depends only on physical
phenomena such as convection, gravity or resistance
to high temperatures, not on the functioning of
engineered systems. It has been possible at the same
time to reduce the complexity of the many sub-systems
and thereby reduce capital costs and maintenance
costs. The evolution to larger sizes to reduce costs has
been replaced with simplification, modular
construction and passive or inherent safety concepts.
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3. Review of Small and Medium Reactors

A list of small and medium reactors with development
well advanced is given in Table 1. The list includes
four types: pressurised and boiling water reactors, high
temperature gas-cooled reactors, liquid metal cooled
reactors, and molten salt reactors.

Some countries have had a considerable experience
in the design, construction and operation of small
reactors for remote sites or for special purposes eg.
desalination. Examples of these are:
• The Russian KLT-40 reactor which is well

proven in ice breakers and now proposed for
remote areas on land or on barges to produce heat
and 35MWe and to operate for three years
without refuelling. After a 12-year cycle the
reactor would be taken to a central facility for
overhaul and storage of spent fuel.

Technicatome in France has developed the NP-
300 design from its submarine power plants and
is aiming it at export markets for power, heat and
desalination. It can be built with outputs of 100-
300MWe and up to 500,000 mVday desalination.
Four small reactors are operating at the Bilibino
co-generation plant in Siberia. These four
62MWt units are a graphite-moderated boiling
water design and produce steam for district
heating and 11 MWe each. They have operated
since 1976 and are claimed to be cheaper than
fossil fuel alternatives in the Arctic region.
The TR1GA power system is a PWR concept
developed by General Atomics based on its well-
proven TR1GA research reactors. The power
system is planned as a 64MWt, 16.4MWe pool
reactor operating at relatively low temperature.

Table 1. List of Small- and Medium-Reactors with Development Well Advanced

Name

CAREM

KLT-40

MRX

IRIS (See section 4.2)

SMART

NP-300 (See section 3)

Modular SBWR

PBMR (See section 4.1)

GT-MHR (See section 4.3)

BREST

FUJI

TRIGA (See section 3)

ACR-700 (See section 4.3)

Electrical Power Output & Type

27 MWe PWR

35 MWe PWR

30- 100 MWe PWR

335 MWe PWR

100 MWe PWR

100-300 MWe PWR

50 MWe BWR

114MWeHTGR

285 MWe HTGR

300 MWe LMR

lOOMWeMSR

16.4 MWe PWR

700 MWe PWR

Developers

CNEA & INVAP, Argentine

OKBM, Russia

JAERI, Japan

Westinghouse, USA, & others

KAERI, Korea

Technicatome, France

GE & Purdue University, USA

ESKOM, South Africa, & others

GA, USA, & others

RDIPE, Russia

ITHMSO, Japan, Russia, USA

GA,USA

AECL. Canada

4. Promising New Modular Designs

In this short review paper, and in the short time
available for presentation in the conference, it is not
possible to provide the details and the relative merits
of all of the designs listed in Table 1. The following
sections will therefore provide outlines of two
promising designs which have attracted considerable
interest worldwide. These are the South African
Pebble Bed Modular Reactor (PBMR) of about 110
MWe, and the IRIS (International Reactor Innovative

and Secure) reactor of about 335 MWe.
These designs will then be compared with two other

new designs of medium-sized reactors:
The Advanced C ANDU Reactor, ACR-700, from
Atomic Energy of Canada Ltd (700MWe) based
on evolutionally development of its successful
CANDU i500MWe design built in recent years in
China and Korea; and
The Gas-Turbine-Modular Helium Reactor, GT-
MHR (285MWe modules) developed by General
Atomics, USA, and optimised to burn plutonium.
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4.1 The Pebble Bed Modular Reactor (PBMR)

The PBMR illustrates the application of advanced
high temperature gas-cooled technology based on
considerable experience in the building of innovative
designs in the 1960s and 1970s, particularly in the
USA and Germany.

The South African Electricity Utility, ESKOM,
currently operates two Framatome-designed 900MWe
PWRs at its Koeberg Nuclear Power Station near
Capetown. ESKOM has been studying the feasibility
of introducing high temperature gas-cooled reactors
into the South African network since 1993 as well as
for export. The initial project was to design a Pebble
Bed Modular Reactor with a lOOMWe module to
operate at a 900°C outlet temperature with helium
cooling coupled to a direct helium cycle turbine. The
fuel was based on a proven German design of coated
uranium particles contained in moulded graphite
spheres of 60 mm diameter (slightly smaller than
tennis balls).

Further design optimisation occurred such that by
1998 the revised design was for a module of 114MWe
(285MWt) output capable of load-following with on-
load fuel management and a 40 year lifetime. The
capital cost was estimated to be less than US$100M
per module and the target generating cost was about
US$1.6c/kWh. These costs were remarkably low and
were competitive with electricity production costs in
coal-fired stations close to South African coal mines
and probably anywhere in the world.

The concept involved building the modules in a
centralised factory in 2, 4 and 8-pack layouts (see
Figure 1) and these would allow the modules to be
brought on line successively as they are completed on
site. Four modules are claimed to fit on a site the size
of a football field.

The PBMR reactor consists of a vertical steel
pressure vessel lined with graphite bricks. The vessel
is connected to two turbo compressor units which are
connected to the generator, power turbine and
recuperator (see Figure 2). The fuel balls contain
uranium dioxide particles triple-coated with silicon
carbide and pyrolytic carbon in 60 mm diameter
moulded graphite spheres (see Figure 3). The helium
turbine development has been undertaken with
industry and the University of Potchefstroom where a
test rig was operated successfully to demonstrate a
closed cycle multi-shaft turbine on a recuperated
Bray ton cycle (see test rig in Figure 4).

The Environmental Impact Assessment process has
been completed and final reports sent to the South
African Dept of Environmental Affairs and Tourism.
It is expected that construction of the demonstration
module and associated fuel plant at Koeburg will be
approved shortly. The estimated low capital cost of
about US$l,000/kWe and low generating cost are
expected to make the project attractive for export.

Figure 1. Schematic of 8-pack layout

The paver conversion unit of the Pebble
Bed Modular Reactor. The reactor unU ts on
the left, the turbo compressor units are in the
centre and the generator, power turbine and
re-ctipemtor on the right

Figure2. Layout of Main Components

Figure 3. PMBR Fuel Balls

Figure 4. Test Rig for Helium Turbine
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4-2 The iBteraatiottaJ! Reactor Innovative and
Secure (IRIS)

The IRIS concept is based on well established PWR
technology Ixit with an integral primary coolant
system and circulation by convection, ft is being
offered in single or multiple modules of 3,000MWt
(about 335MWe>.

The IRIS program was started in late 1999 by
Westinghouse and was one of the winning proposals
in the first Nuclear Energy Research Initiative of the
US Dept of Energy. It then moved through the
preliminary' design stage and the start of the licensing
process and is being considered as one of several
designs for an early site permit by three US utilities.

The IRIS project in based on proven PWR
technology but has a number of innovative features,
one of which is development by an international
partnership of industry (8), academia (12), research
organisations (?) and power producers (2). The project
was conceived to meet four objectives: enhanced
safety, improved economics, reduced waste, and
improved proliferation resistance.

Some distinguishing characteristics are: an integral
configuration which addresses all four aims: use of
high burn-up fuel and long core life, eg. lour years
without .shutdown, thus reducing maintenance costs
and improving proliferation resistance; containment
designpra<1ictil!yelimin:rtingsfnaH-k»-mediumlossof
coolant accidents; a 'Safety by Design' approach to
eliminate or minimise potential accidents.

All of the main primary coolant components - core,
coolant pumps, steam generators, pressurise^ control
rod drive mechanisms - are within the reactor pressure
vessel (Figure 5). Coolant water flow is upward
through the core. Although the reactor vessel is larger
than a traditional reactor vessel, the overall
containment is much smaller.

A unique aspect of the steam generators (SGs) is
that the high pressure coolant Hows on the outside of
the tubes. Thus tbe SG tubes are in compression and
tensile stress corrosion cracking (which is claimed to
be responsible for 70% of SG failures) is eliminated.
The proponents of IRIS believe that its defence in
depth and safety-by-design approach is so strong that
some of the current licensing requirements can safely
be relaxed.

The present planning is k> proceed to design
certification by 2008-2010 and to deploy a fijrst-of-a-
ktnd module by 201.2-2015, The economic analysis
was stated to be favourable with the capital cost of
multiple modules of :B5MWe being in the range
US$l,O0O-5,2OO/kWe. It was also believed that the
reactor could compete with other nuclear and non-
nuclear plants in world markets.

A schematic layout of a plant with two twin
modules totalling 1,340'MWe is shown in Figure 6.

Figure 5. Layout of Main IRIS Components

Figure 6. Schematic Layout of Two Twin Module
IRIS Plants of 1,340 Mwe Total Capacity

4.3 Comparisons with Other New Designs

The AdvancedCANDV.Reactor, ACR-700

This system was designed by Atomic Energy of
Canada Ltd (AECL) as a new 700M We version of the
most recent CANDU 6 (700MWe) design with
features from the CANDU 9 (900MWe) design. ft uses
light water coolant instead of heavy water and 2%
enriched uranium fuel in an advanced fuel bundle
design instead of natural uranium.

These changes have reduced the size of ihe core
considerably from a diameter of 6.3 to 4.35 m. Heavy
water is still used as a moderator but not as a coolant,
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thus saving 75% of the costs of the heavy water
inventory of the original CANDU 6 design. A simpler
heat transport system also reduces costs. Another
major change is to move to a negative void reactivity
design instead of a positive void reactivity design and
this is expected to strengthen its licensability in
overseas markets more familiar with the negative void
characteristics of PWR reactors. The operating
temperature and pressure of the design have been
increased over the previous CANDU 6 design leading
to increased efficiency. Some passive safety features
have also been used.

Overall, the cost reductions are expected to lead to
a capital cost in the region of US$l,000/kWe for
multiple units. The recent experience in constructing
CANDU 6 plants in China and Korea has led to
confidence in the claim that the ACR-700 can be
constructed in 48 months from contract signing to
commercial operation and 36 months from first
concrete pour to fuel loading.

A schematic diagram of the layout of the main
containment building and turbine hall for ACR-700 is
shown in Figure 7.

Figure 7. Containment Building and Turbine Hall

The Gas-Turbine-Modular Helium Reactor, GT-MHR

This design is from an international project in which
the main participants are from the USA, Russia,
France and Japan. General Atomics, USA, developed
a modular design of a helium-cooled high temperature
reactor as part of a US DOE program. It initially used
steam turbines but later moved to gas turbines. The
DOE then stopped funding for new reactor designs in
the late 1970s.

GA then proposed that the GT-MHR design should
be optimised to burn plutonium derived from military
decommissioning programs and signed a MOU with
the Russian Minatom in 1995 for this purpose.
Framatome, France, joined the project in 1996 and
Japan's Fuji Electric joined in 1997. The project was
then planned in four stages. The conceptual design
stage was completed in 1997. The detailed design
stage was completed in 2002. The third stage was to
build a prototype in Russia at Seversk but this has
been delayed. The fourth stage would be to develop a

commercial version for world marketing.
The basic design is for a modular plant of 600MWt

(285MWe). Each module consists of two pressure
vessels mounted side by side in a concrete containment
35m below ground level. One vessel contains the
reactor and the other the power conversion equipment
connected to the reactor by a dual concentric duct. A
cross section of the main components is given in
Figure 8.

Figure 8. Main Components in GT-MHR

The helium coolant outlet temperature is 850°C and 70
bar (7Mpa) pressure with the exit gas from the turbine
at 510°C and 26 bar (2.6 Mpa). The helium then goes
through a regenerative heat exchanger and a water
cooled heat exchanger before entering a two-stage
compressor with intercooler. The system is expected to
give an overall efficiency of nearly 50%.

The core uses a prismatic design based on standard
GA technology. It has 61 columns of replaceable
graphite reflector blocks containing no fuel arranged
in a hexagon. This is surrounded by 102 columns of
fuel-bearing blocks, ten blocks high, forming an
annular core of 48m outside diameter and 8m height.
This is surrounded by a ring of replaceable graphite
blocks (see Figure 9). The core contains pure
plutonium oxide kernels coated in a triple layer of
porous carbon, silicon carbide and pyrolytic carbon.
These are formed into compacts and the compacts into
hexagonal-shaped fuel elements (see Figure 10).

No uranium is used to dilute the plutonium so that
no secondary plutonium is produced. The GT-MHR
can therefore consume 90% of the plutonium fuel in a
single pass in a period of 840 equivalent full power
days. This is much higher than any other type of
reactor. The core is designed to be recharged in layers
after about 280 equivalent full power days. The result
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Figure 9. Core Layout in GT-MHR

PARTICLES COMPACTS FUEL ELEMENTS

Figure 10. Structure of Fuel Balls in GT-MHR

is that if three four-module plants were built (each
plant producing l,140MWe), they could dispose of
50te of weapons grade plutonium in a 25 year period
as well as producing 75,000MW-years of electricity.
The reactor is claimed to have very good passive safety
features and can withstand loss of coolant circulation
and loss of coolant inventory without operator
intervention or the use of active safety systems.

The cost was estimated in 1996 to be US$3billion,
equivalent to less than US$ 1,000/kWe, which was less
than an equivalent light water reactor.

4.4 Comparative Electricity Costs

The relative costs of generating electricity from coal,
gas, nuclear and renewables varies considerably
depending upon location and a number of economic
assessment factors, eg. discount rates. Coal is, and will
remain, economically attractive in many countries
which have abundant domestic resources, especially if
these are close to load centres. Gas is competitive in
many countries using combined cycle plants although
there is uncertainty on the future price of gas.

From the outset, the features of nuclear power have
been its relatively high capital costs and low fuel costs
compared with coal- and gas-fired plants. However,
nuclear power has been shown to be competitive with
fossil fuels in many countries, eg. France, Japan,
Korea. A study published by the OECD's Nuclear
Energy Agency in 1998 provided cost projections for

the period 2005-2010. The study showed that nuclear
costs were lower than coal and gas in France, Russia,
Korea, Spain, Canada and China.

A new French government study has assessed the
cost of electricity in 2003 euro c/kWh for a plant
starting up in 2015 as follows: 3.04 for nuclear, 3.2-
3.4 for coal and 3.5 for gas. If external costs were
taken into account these costs increased to: 3.30 for
nuclear, 4.24 for gas and 4.8-4.95 for coal. The
nuclear plant was assumed to be the new European
Pressurised Water Reactor (EPR) at a basic capital
cost of 1,043 euros/kWe, compared with 569 euros/
kWe for gas and 1276-1,400 euros/kWe for coal.

4.5 The Australian Electricity Situation

Australia relies very heavily (85%) on coal for its
supply of electrical energy for residential and industry
use and on petroleum products for transport. While
renewable sources are becoming used increasingly,
they are unlikely to contribute more than a few percent
over the next two decades.

The Electricity Supply Association of Australia
estimates that electricity demand will increase at 3%
per year to 2020. This represents a 70% increase on
current demand and a need to construct about
50,000MWe of new capacity. If this was to be based
on coal the environmental impact would be
considerable, while if based on gas it would require
the discovery of one or more major new gas resource
areas and still contribute to greenhouse gas emissions.

It is therefore suggested that nuclear power should
be evaluated as part of Australia's future energy needs,
taking into account cost competitiveness, including all
external costs, and environmental factors.

One of the small- or medium-reactor systems
described in this paper may be appropriate for the
Australian situation. A modular reactor system with
modules added to the grid system progressively every
two to three years could easily be integrated into the
grid systems of any of the Australian states, even those
currently with small grids, eg. Tasmania and the
Northern Territory. These modular plants would also
be suitable for remote towns and areas with large
mining or processing plants.

The estimated capital and generating costs of the
advanced modular plants of about US$1,000/k We and
US2c/kWh, are equivalent to AUS$l,500/kWe and
AUS3c/kWh. The capital cost is higher than those for
coal-fired or combined cycle gas plants in Australia
and many other parts of the world. However, the
generating cost could be competitive especially as the
future cost of gas over the next two decades is not
known with certainty. The cost would be even more
competitive if external costs were included for coal
and gas. Such plants would also have the advantage of
reducing problems arising from air pollution and
greenhouse gas emissions from burning fossil fuels.
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Summary. The Hydrogen Economy encompasses the production of hydrogen using a wide range of energy
sources, its storage and distribution as an economic and universal energy canier, and its end use by industry and
individuals with negligible emission of pollutants and greenhouse gases. Hydrogen is an energy carrier not a
primary energy source, just like electricity is an energy carrier. The advantages of hydrogen as a means of storage
and distribution of energy, and the methods of production of hydrogen, are reviewed. Energy sources for hydrogen
production include fossil fuels, renewables, hydropower and nuclear power. Hydrogen has many applications in
industry, for residential use and for transport by air, land and sea. Fuel cells are showing great promise for
conversion of hydrogen into electricity and their development and current status are discussed. Non-energy uses
of hydrogen and the safety aspects of hydrogen are also considered. It is concluded that the Hydrogen Economy,
especially if coupled to renewable and nuclear energy sources, is a technically viable and economic way of
achieving greater energy diversity and security and a sustainable future in this century.

1. Introduction

The use of hydrogen as an energy carrier is now
considered to be a technically viable and economic
solution to the challenge of ensuring a sustainable
future for earth's increasing population. It offers the
opportunity to set up local and national energy
networks able to distribute a clean fuel free from
carbon dioxide emissions and other pollutants.

Governments and industrial organisations in
many countries are providing increasing funds to
study and develop the various parts of a hydrogen
economy. The Australian government held a major
conference on The Hydrogen Economy in Broome
from 18-21 May 2003, with several key international
presentations, and has commissioned a National
Hydrogen Study, due to report in 2003. The major
Australian research organisation, the Common-
wealth Scientific and Industrial Research
Organisation (CSIRO), has included hydrogen as
one of its important new research areas.

The present paper reviews the important aspects
of the use of hydrogen as a new energy carrier,
including methods of production and sources of
energy, and hydrogen's many diverse applications.

2. The Nature of Hydrogen

Hydrogen is an invisible, tasteless, colourless gas
which is the most abundant element in the universe.
It is the source of energy in the universe by nuclear
reactions in the stars, and our sun supplies enormous
amounts of energy to the earth. Hydrogen exists on
earth in vast quantities combined with oxygen in the

form of water. It is also an essential element in
biological processes.

Hydrogen is already used in large quantities in the
petrochemical industries. It can be produced from a
variety of hydrogen-containing resources and it has
a great advantage in that it can easily be stored in
gaseous or liquified form and transported to its point
of use.

It is important to understand that hydrogen is not
a primary source of energy, it is carrier of energy. In
this respect it is like electricity but hydrogen has a
major advantage over electricity in that it can be
stored in large quantities.

3. Historical Background

The first recorded production of hydrogen by man-
kind, although unwittingly, was around the end of
the fifteenth century, when early European
experimenters, particularly Paracelsus (1493-1541)
dissolved metals in acids, but its classification and
description took another 200 years.

Many scientists were involved in understanding
the nature and reactions of both hydrogen and
oxygen and in abandoning the 'phlogiston theory" of
combustion. Among these were Joseph Priestley
(1733-1864) in the UK, Carl William Scheele(1742-
1786) in Sweden, and Antoine Lavoisier (1743-
1794) in France.

Henry Cavendish (1731-1810) in the UK was the
first to discover and describe some of hydrogen's
qualities, but did not name it hydrogen. That honour
went to Lavoisier in his major work "The Method of
Chemical Nomenclature ".
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Hydrogen's buoyancy was soon put to practical use
and a French physicist, Jacques Charles (1746-1823)
flew a hydrogen-filled balloon to an altitude of almost
two miles in 1783. In 1793, soon after the start of the
French Revolution, the use of captive hydrogen-filled
balloons as observation platforms was suggested.
Large scale production of hydrogen by heating steam
in a cast iron tube filled with heated iron filings
started in France soon after and a refined design soon
became the army's standard generator.

In the early nineteenth century, so-called hydrogen
gas was used to light and heat houses and street
lighting. Usually, this was not hydrogen but a mixture
of carbon-containing gases derived from wood and
coal, and the confusion arose from the fact that the
gases were lighter than air and used in balloons.

A fundamental discovery, breaking down water
into hydrogen and oxygen by electrolysis by passing
an electric current through it, was made in 1800 in
the UK by William Nicholson and Sir Anthony
Carlisle. At the same time Alessandro Volta in Italy
produced his first electric cell.

In 1820, the Rev. W. Cecil read a paper to the
Cambridge Philosophical Society entitled "On the
Application of Hydrogen Gas to Produce Moving
Power in Machinery". The engine was operated by
"the pressure of the atmosphere upon a vacuum
caused by explosions of Hydrogen Gas and Atmo-
spheric Air". He claimed that this machine solved the
problems of the lack of water for water engines and
the slowness to start up steam engines, then becoming
popular for fixed and moving machines. It is not clear
if he built the machine.

In the next 150 years, hydrogen's unique properties
were often discussed by scientists and by writers of
science fiction. The most remarkable example was
Jules Verne's description in 1874 in "The Mysterious
Island" of how hydrogen made from water would
replace coal and become the world's chief fuel.

Considerable interest was shown in the early years
of the 20th century in the practical use of hydrogen on
a large scale, and the suggestion that it could be
transported in pipelines was made in the 1930s. Its
most famous practical use was in the hydrogen-filled
Zeppelin balloons in Germany in the 1920s and
1930s. The disaster involving the airship Hindenberg
in 1937 gave hydrogen a bad name but research has
shown that this was not an explosion but a fire caused
by using highly inflammable materials in the
airship's skin (see later in section 11).

Professor John Bockris, an Australian physicist,
proposed a plan in 1962 to supply US cities with
hydrogen produced with solar energy. He published
"Energy: The Solar-Hydrogen Alternative" in 1975
and this is the first detailed overview of a future
hydrogen economy. He claimed that the term
"hydrogen economy" was coined in 1970 in a
discussion at the General Motors Technical Centre in
Michigan, USA. CesareMarchetti, an Italian, should

be given credit for describing in 1970 the potential
of hydrogen in lay terms, and describing the way in
which base-load electricity from nuclear reactors
could support this new approach.

4. The Production of Hydrogen

Hydrogen can be produced by a number of methods
from a variety of materials provided that a source of
energy is available. A list of these methods and
materials is given below, while energy sources are
discussed in section 5:
• Stripping from fossil fuels, eg. natural gas with

steam and a catalyst;
• Electrolysis of water;
• Thermal splitting of water (liquid or gaseous,

with or without a catalyst);
• Splitting of water with photosynthetic bacteria;
• Splitting of water by solar energy in photo-

voltaic and photo-electrochemical cells.
About 40 million tonnes of hydrogen are produced
commercially each year around the world. Of that,
about 10 M te is produced in the USA and used
internally in a refinery or chemical plant making
ammonia for fertiliser manufacture. This world
production is only equivalent to about 1% of the
world's energy demand. A report in 1998 in the
USA claimed that hydrogen production in the USA
had increased by 25% per year from 1993-1997.
This increase was driven by increased use in oil
refineries to remove sulphur, the use of hydrogen
peroxide to displace chlorine as a bleach in paper
manufacture, and a number of other applications in
the chemical industry.

Production from fossil fuels - The most common
method of production of hydrogen is to react natural
gas with steam at about 800-900°C in the presence
of a nickel catalyst. The result is a mixture of
hydrogen, carbon monoxide, carbon dioxide, steam
and unreacted methane. This mixture is cooled to
about 400°C and reacted with more steam over a
second catalyst to produce more hydrogen and
convert CO to CO2. The impurities are removed by
a third process to provide the hydrogen product.
One problem is that production of 1 kg of H2 also
produces about 12 kg of CO2, and this would have
to be captured and disposed of in some way to avoid
its release to the atmosphere (see below for cost).

A more recently developed process (the Kvaerner
Process) uses a plasma torch to convert natural gas
to hydrogen and carbon black at 1600°C at high
efficiency with few impurities and a saleable
byproduct, carbon black. Costs were claimed to be
6.6USc/m3 for the Kvaerner process versus 6.7
USc/m3 for the conventional process in a paper to
the 1996 World Hydrogen Energy Conference. An
estimate of the cost of sequestering the CO2

produced in the conventional process and disposing
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of it underground or in the deep ocean was an
additional 1.8 USc/m3 The capital cost of the
Kvaerner process was about double that of the
conventional process and the electricity cost was
higher, but there was a credit of 5.4 USc/m3 for the
carbon black plus a credit for steam produced.
Overall, the Kvaerner process was more economic.

It is also possible to produce hydrogen from coal
by coal gasification or coal liquefaction, which has
been studied since the 1970s, after the oil crisis, and
the US Dept of Energy has shown interest in these
processes more recently. However, it is more difficult
to handle a solid feedstock and to dispose of the large
amount of residual coal ash.

Production from water by electrolysis - Electrolysis
is a proven process for producing hydrogen and
oxygen on an industrial scale, especially if high purity
is required. It has largely been used in countries with
cheap electricity, eg Norway and Canada. The first
large industrial electrolyser was built in Norway by
Norsk Hydro in 1927, and the first in Canada by
Cominco in 1940. Large plants are now operating in
several countries mainly to produce fertilisers.

Thermal splitting of water - It is possible to split
liquid water or steam at high temperature with or
without a catalyst. The temperature required is
greater than l,000cC and it is generally considered
that a complex three-step process is required.
Research was carried out in the USA in the 1960s,
partly based on a concept of using a high temperature
nuclear reactor (H'I'R) to supply the energy, but few
practical results emerged. The concept is being
followed up again in a few countries, eg. Japan, using
an experimental HTR.

Splitting of water by solar energy in photovoltaic and
photo-electrochemical cells - Considerable research
has been carried out in recent years to use solar
energy coupled •with electrolysis to produce hydrogen.
The book "Tomorrow's Energy: Hydrogen, Fuel
Cells, and the Prospects for a Cleaner Planet" by
Peter Hoffman, MIT Press, 2001 (Ref.2), describes
the history and status of this and related concepts.

A complete facility to produce hydrogen from
solar energy to power three pick-up trucks in
California was developed by a group known as CAN
(Clear Air Now) in association with the Xerox
Corporation. This was tested from 1995-97 and used
a 48 kW array of fresnel-lens enhanced photo-voltaic
cells feeding an electrolyser, clean-up unit and
compressor to produce hydrogen at 5,000 psi (US
units). The hydrogen was used to fuel supercharged
Ford Ranger pick-up trucks with modified engines fed
from lightweight gas tanks each holding 2,600
standard cubic feet of hydrogen at 3,600 psi, equal in
energy content to 5 US gallons of petrol. Each truck
ran about 100 miles per week before refuelling.

Similar projects were undertaken in Germany even
earlier from 1986 by Solar Hydrogen Bavaria with
industrial backing and using 350 kW solar panels.
HYSOLAR, a joint venture by German and Saudi
Arabian companies, spent US$ 64M on R&D from
1986-1994, when hydrogen production commenced
and over 150 research publications were produced.
The German government stopped funding the joint
project in 1995 because "it was too long term" and
it was continued by commercial backers.

Splitting of water with photo-synthetic bacteria -
Research is underway in Japan, Europe and the
USA to split water using sunlight directly in
processes with catalysts or biological organisms,
such as blue algae. One of the first successful
experiments was by two Japanese university
scientists Fujishima and Honda in 1972. They
produced small amounts (1%) of hydrogen and
oxygen by shining visible light on an electrolysis
system that used electrodes of titanium dioxide and
platinum black (hydrogen electrode). Graetzel in
Switzerland claimed in 1996 that a cell using
titanium dioxide panels produced electricity and
hydrogen at remarkably high efficiencies of 7% in
direct sunlight and 11% in diffuse light. He stated
that several companies were working to
commercialise his concept.

5. Energy Sources for Hydrogen Production

A source of energy is essential for the production of
hydrogen. There are many sources available:

Fossil fuels, primarily coal, oil and gas;
Renewables, including hydro, solar, waves,
wind, biomass and geothermal sources; and

• Nuclear, including fission and fusion.
One of the potential advantages of hydrogen over
electricity as an energy carrier is that hydrogen can
be used to store energy produced by intermittent
and dispersed sources such as solar and wind. This
is in contrast to the direct storage of electricity as
research has nol: yet produced very large economical
batteries or other storage devices. Old technology
such the lead acid battery and more recent variants
are not economic for large scale storage.

Fossil fuels, particularly coal, supply the major
part of the world's energy for industrial and
residential needs and for transport. Large base-load
coal-fired and smaller combined cycle gas plants
supply most of the world's electricity. These are
likely to be the main source of energy for producing
hydrogen on a larger scale in the near future.

Renewable energy sources, including solar,
wind, waves and geothermal sources, are being
developed increasingly in an attempt to provide a
more sustainable future and a reduction in
greenhouse gas emissions and other pollutants.
However, they currently only supply a very small
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proportion of the world's energy needs. They are also
more costly than fossil fuels for small and large scale
production of electricity. Hydro power is a valuable
sustainable source of energy and has been used in
some countries, such as Canada and Norway, to
produce electricity and hydrogen. There has recently
been resistance in some countries to developing
additional potential sources ogf hydro power on
environmental grounds, so that this source is not
expected to increase to a large extent.

Nuclear energy currently produces about 16% of
the world's electricity and is an esential part of the
electricity supply in over 30 countries. It has been
advocated by the nuclear industry as a very suitable
source to replace fossil fuels for base-load electricity
production and to reduce greenhouse gas emissions
and other pollutants. Its main problem is public
perceptions of the risks of nuclear reactor accidents,
waste disposal and proliferation of nuclear weapons.

The economics of nuclear power vary considerably
between countries, with some countries (particularly
those without national supplies of coal and gas)
stating that nuclear is competitive. Other countries
with supplies of coal and gas close to load centres
claim that nuclear power is not competitive in their
situations. The main economic problem with nuclear
is that it has high capital costs and low costs for fuel,
maintenance and waste disposal. In contrast, fossil
fuel-fired power plants have low capital costs and
relatively high fuel costs and no account taken of
externalities, such as the cost and risk of emissions of
carbon dioxide and other pollutants.

Recent studies have shown that nuclear power is
competitive with fossil fuels and renewables for large
plants. Attention is now being paid to developing
advanced small and medium sized nuclear plants with
lower capital and generating costs. These are
expected to be even more competitive with fossil fuels
in the future.

The conclusion is that nuclear power would be
very suitable for coupling to hydrogen production in
large plants to supply increasing requirements for
national systems to supply hydrogen and electricity
with minimal emissions of greenhouse gases. The
only viable economic alternative for the near future is
to produce hydrogen by burning fossil fuels with the
consequent increase in greenhouse gases.

6. Fuel Cells: Development and Current Status

Fuel cells, in which hydrogen and oxygen are
combined to produce electricity and water, offer an
enormous potential for a revolutionary change from
a fossil fuel economy to a hydrogen economy. They
also offer a revolution in non-polluting transport for
the world's polluted cities. Fuel cells have undergone
an enormous development in recent years.

The invention of the fuel cell is credited to William
Grove (1811-1896), an English physicist and friend

of Michael Faraday who discovered electromagnetic
induction and experimented with electrolysis. Grove
reasoned that it should be possible to reverse
electrolysis and combine hydrogen and oxygen to
produce electricity. He built his first cell in 1839
and a bank of 50 cells in 1842. The idea was not
taken up again until 1886 when an American
engineer, J. J. Jacques, constructed a large system
using coal and air which produced 1.5 kW at 82%
efficiency. In 1889, Ludwig Mond and Charles
Langer, also repeated Grove's work and tried to
replace hydrogen with coal-gas made by the Mond
process and to replace oxygen with air. They are
believed to be the first to use the term "fuel cell".
However, they soon dropped the idea.

It was not until the 1930s that Francis Bacon in
England developed practical industrial fuel cells.
His developments included using hydrogen-oxygen
mixtures in an alkaline electrolyte at various
temperatures and pressures and a relatively cheap
nickel catalyst. He produced by 1959 a 40-cell unit
to provide 6 kW at 200°C and 38 bars pressure. The
company Allis-Chalmers demonstrated the first
fuel-cell-powered vehicle in the 1960s, a famous
20-horsepower tractor, based on Bacon's cells. Not
long after, NASA found that fuel cells were very
suitable power sources for short space flights as
they produced 8 times as much power per unit
weight, eg. 1.6 kWh/kg, as the best batteries then
available. NASA then awarded a large number of
research contracts for fuel cell development. Fuel
cells were then used on Gemini orbital, Apollo
lunar and later Space Shuttle flights.

In the late 1970s and early 1980s, the US
government spent about $3 50 M on development of
stationary fuel cells following the oil crisis. A
company United Technologies spearheaded the
effort with licenses from Bacon. They developed the
first mega-watt fuel cell facility in 1977. A 4.5 MW
plant was built for New York City but it never
operated due to a number of problems. The first
large plant to be operated successfully was a 4.5
MW plant in Goi, Japan, using United Technology
designs, and this operated at full power in 1984 and
ran on reformed methane. An 11 MW plant was
then built in Goi in 1991 and this ran at full power
for long periods until 1977. It was only considered
to be a development plant but it produced more than
77,000 MWh in over 23,000 hours of operation.

Meanwhile, development continued in several
countries to produce commercial fuel cells with a
range of sizes from watts (suitable to power even
cell phones and computers) to MW for large users.

One of the most sustained and successful
developments was by a Canadian, Geoffrey Ballard,
whose Ballard Fuel Cell has become famous.
Ballard and his small team developed a system
based on a proton exchange membrane (PEM), as
used by General Electric for the space craft. Ballard
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received support in the 1980s and 1990s from the
Canadian government and the US Dept of Energy and
private investors. After initial technical successes
with larger and larger cells, from hundreds of watts to
hundreds of kW, the company went public in 1993.
Several large automotive companies and venture
capital companies supported Ballard, and especially
General Motors, Daimler-Benz and Ford from the
late 1990s. A project to run buses with fuel cells to
reduce urban pollution gave the Ballard company
enormous publicity and support. The first small bus
used a 120 kW cell, had a range of about 160km with
20 passengers and was displayed over two years from
1993 in British Columbia and California. The
company then built large buses with Ballard cells
using compressed hydrogen to operate in Vancouver
and Chicago and three are also planned for Perth

All of the major car makers are carrying out
extensive R&D and expect to put fuel cell cars on the
commercial market within the next decade. These
will probably be based initially on methanol which is
converted to hydrogen on-board, rather than using
stored hydrogen directly. Although methanol is not
ideal it has the advantage of having an existing
production infrastructure and can use conventional
petrol distribution networks and it will reduce, not
remove, the problem of emissions of CO2 and other
gaseous pollutants in urban transport.

7. Hydrogen for Industrial and Residential Use

The concept of using hydrogen in industry and homes
to generate heat and electricity in place of natural gas
or electricity from a grid has been raised
intermittently over many decades. A few
experimental hydrogen-powered houses have been
built by individuals and institutions. One home
conversion of note was by Olof Tegerstrom in Sweden
in the mid-1980s. He used a 24 metre high windmill
with a 16 metre propellor to generate electricity at
about 40,000 kWh/year. He used about 1 kW to power
domestic appliances and 5 kW to generate hydrogen
by electrolysis. He used about 20,000 kWh/year in his
highly insulated home and sold some electricity back
to the grid. He also converted his car to run on
hydrogen. The capital cost was $139,000 in 1998 and
this was regarded as a down payment for 20 years of
electricity costs foregone.

The most ambitious hydrogen house was built in
Freiburg, Germany, by the Fraunhofer Institute for
Solar Energy Systems at a cost of $1.5M in 1987-
1990. Forty square metres of photo-voltaic cells with
thermal solar collectors supplied electricity and heat.
A 2 k W electrolyser produced hydrogen for long-term
energy storage and a bank of batteries were used for
short-term electricity storage. A fuel cell converted
hydrogen back to electricity. It only operated for 5
years and the project was apparently abandoned.

A large number of companies in many countries

are developing fuel cell systems for industrial and
residential use. Typical fuel cell units can be bought
to produce 200 kW, and the largest in 2001 was a 2
MW unit, using molten carbonate fuel cells.

Storage for large amounts of hydrogen is
essential if it is to be used industrially unless major
long-distance pipelines are built. Hydrogen can be
stored underground as well as in cryogenic surface
stores. The problem has been the cost of liquefying
hydrogen and storing it. The Kennedy Space Centre
in the USA has huge storage tanks for liquid
hydrogen and oxygen, but at a high cost. A
Japanese program is underway to develop large
underground storage tanks and large tankers as well
as a 500 MW liquid hydrogen burning gas turbine.

Storage of hydrogen in a solid metal (iron-
titanium) hydride and in carbon fibres or tubes has
received a lot of attention recently. These are
feasible concepts for hydrogen storage for vehicles.

8. Hydrogen for Transport: Land, Sea and Air

The early Ballard bus project and the increasing
interest by the large car manufacturers has been
referred to in section 6. The use of fuel cells is
expected to revolutionise urban transport in the next
two decades. Iceland has decided to replace its
entire fishing fleet with hydrogen-fuelled engines.
There have been several attempts to develop a
hydrogen fuelled aeroplane over many years.
Considerable research was carried out in the USA
and Russia. In 1957, an American modified B-57
twin jet plane had flown short experimental flights
with one engine operating with liquid hydrogen
fuel. In 1988, a modified Tupolev 154 airliner flew
from Moscow with the turbofan engine on the right
side modified to use liquid hydrogen. That same
year a US pilot, william Conrad, became the first
person to fly a single engine plane entirely on
hydrogen including take-off, flight and landing. He
financed this record privately.

The conclusion of aeronautical experts is that
hydrogen powered subsonic and supersonic aircraft
and spacecraft is technically and economically
feasible in the long term but requires considerable
further R&D.

9. Distribution of Hydrogen

One of the problems of using hydrogen in a future
sustainable energy economy, assuming that it can
be produced on a large scale economically, is its
distribution to the end users and that there is a
commitment by government and industry. The
options for distribution are as gaseous or liquid
hydrogen in pipelines or by tankers as used to
distribute gaseous and liquid hydrocarbons.

Hydrogen is not inherently expensive, eg.
production from natural gas is about US$8-10/GJ,

105



which is equivalent to petrol at about US$8/GJ (about
US$ 1. I/gallon). The problem is that current methods
of distribution are expensive, eg. truck delivery of
hydrogen is USS15-20/GJ for gas over 160 km and
US$60-70 over 900 km. In comparison truck
transport as liquid hydrogen costs US$1-2 over 160
km and US$6-7 over 900 km.

In a small country the problems of distribution are
easily overcome, but they remain an obstacle to be
overcome for a large country like the USA or
Australia. An ambitious US-wide plan has been
discussed in recent years in which a national network
of distribution pipelines carrying hydrogen and
electricity would be constructed with feeder lines to
important cities or regions. These pipelines would be
cryogenic, and in addition cryogenic supertankers
would be used to transport liquid hydrogen by sea and
road, particularly to hydrogen refuelling stations for
cars, trucks and buses.

This may appear to be in the realm of science
fiction of the Jules Verne variety, but it must be
realised that much of the current electricity
infrastructure in large countries will have to be
upgraded or replaced in the next two decades at
enormous cost. If this is not done many cities and
countries will experience the brown-outs or black-outs
of electricity that have been experienced recently.

Hydrogen pipelines have been used in Germany
for many years, the first being a 20 km pipeline in the
late 1930s which operated for over 50 years without
any major accident. A study in 1993 reported that a
total of 750 km of hydrogen pipelines were in use ain
several countries, with one line in France covering
340 km. These are gas pipelines operating at 3,400-
100,000 kPa.

Very few comparative studies of hydrogen versus
electricity transmission over long distances have been
published. A German study in 1989 compared the
transport of electricity and hydrogen from a solar
facility in Algeria to Germany, a distance of 4,000 km
across land and water. The conclusion was that a
combination of electricity and hydrogen was cheapest,
but the investment cost was enormous at US$144B.

A study by Joan Ogden at Princeton University in
1993 concluded that piped hydrogen would not be
needed to supply fuel for all vehicles in the USA if
they contained high efficiency fuel cells supplied with
hydrogen from photo-electric driven electrolysers
using only 1% of the available desert areas for the PV
cells. The break-even gasoline price was between
US$1.29 and 1.60, which is what American drivers
were paying in the 1990s. This poses a typical
chicken and egg situation as to whether the cars come
first or the fuel infrastructure.

A good example of a commitment by a government,
industry and business to revolutionise a country's
energy system by converting to a hydrogen economy
is that of Iceland, with a population of 265,000.
Iceland has considerable resources of hydro power

and geothermal energy. It has also made hydrogen
by electrolysis for fertiliser production for many
years.

A Joint Venture has been set up by the
government with participants from a local business
consortium and three multi-national corporations,
DaimlerChrysler, RoyalDutch/Shell Group and
Norsk Hydro. Eventually, all of Iceland's fishing
fleet, cars and buses will run on either hydrogen or
methanol, probably using fuel cells. The energy
sources for hydrogen production will be hydro and
geothermal.

Another example of a government commitment
is the recent announcement by President Bush that
the US will spend $1.2B on research on hydrogen
powered vehicles.

10. Non-energy Uses of Hydrogen

Hydrogen has been used for many years in the
chemical and petrochemical industries for a variety
of applications, eg. fertilisers, oil refining, reduction
of metal ores, oxy-hydrogen torches for cutting
metals and glass, cooling of electric generators, etc.
If hydrogen is produced in the future on a much
larger scale the number of non-energy applications
is likely to increase.

11. Safety Aspects of Hydrogen

The accident in 1937 of the zeppelin Hindenberg
which caught fire and killed 36 persons gave
hydrogen a bad name. Recent research has shown
that the main cause was static electricity and highly
inflammable materials used in the airship's skin.
Before the disaster, the Hindenberg made ten round
trips between the USA and Europe and its sister
ship Graf Zeppelin made regular transatlantic
crossings from 1928 to 1937.

Extensive experiments on the safety of hydrogen
have confirmed that it is safe for widespread use in
industry and in transport. For example, deliberate
fires and simulated lightning strikes on containers
of liquid hydrogen and containers of jet fuel showed
that the resulting fires were less severe and expired
more quickly with hydrogen than with jet fuel.
Long distance pipelines transporting hydrogen
under pressure between chemical plants have been
operated safely for many years. Hydrogen is
however, perceived as dangerous by the public and
this perception must be answered if the hydrogen
economy is to be accepted.

12. Conclusions

Hydrogen is an energy carrier not a primary energy
source, just like electricity is an energy carrier.
Hydrogen can be produced from hydrocarbon-
containing materials and from water by a number
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of processes. The two processes most often used
industrially are stripping from natural gas and
electrolysis of water. A wide range of sources can be
used to provide the energy required, eg. fossil fuels,
nuclear energy, renewables (solar, wind, waves, geo-
thermal). Hydrogen can be distributed as a gas or a
cryogenic liquid by pipelines or tankers. It can then
be used in a large number of applications in industry,
residential use and in transport to replace petroleum
products. Extensive studies have confirmed that it is
safe for widespread use in industry and in transport.

Fuel cells in which hydrogen and oxygen are
combined to produce electricity have reached a high
level of development and can be obtained in a range
of outputs from watts to megawatts. Cars and buses
are already operating in several countries and further
development on the vehicles and infrastructure for
hydrogen delivery is soon expected to make them
more readily available at an affordable cost.

A number of governments and major international
companies are committing large amounts of funds to
develop what has now been called the Hydrogen
Economy. It is concluded that this concept, especially
if the hydrogen is produced from renewable and
nuclear energy sources, is technically viable and an
economic way of achieving greater energy diversity
and security and a sustainable future with minimal
emission of pollutants and greenhouse gases.
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S of Developments in the Applications of Hydrogen

Aiiis Chalmers. Tracks, early 1960s;
Firs! Fuel Cell Powered Vehicle (Ref.2).

Europe's First Hydrogen Refuelling Station,
Hamburg, Germany, opened in 1999 (Ref. 2)

Oiof I'egstrom's Hydrogen House and Car.
Sweden. 1998 (Re. 2).

Fuel Ceil F.voBus .for Perth Trials, 2004
DaimlerChrysler bus. Ballard 250 kW fuel cells

with 44 kg H2 oil roof at 350 bar from BP Kwinana,
top speed SO kinh, range 200 km (Ref.2)

Plan for an Australian Hydrogen Economy
Proposed in Paper by Professor Veziroglu, Clean Energy Research Institute of Miami,

at Cortfecei)ce on Tlie Hydrogen Economy, Broome, May 2003 {Ref. 3).
The present paper proposes substituting large base-load nuclear power stations in remote

areas in place of coal-fired stations and carbon dioxide capture and sequestration.
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Fifty Years of Atoms for Peace

PETER AIREY and CLAUDIO TUNIZ
Australian Nuclear Science and Technology Organisation, PMB MENAI NSW 2234

Summary: The nuclear community around the world will be marking the 5001 anniversary of President
Eisenhower's Atoms for Peace Speech on 8 December 2003. The Lawrence Livermore National
Laboratory is organising a series of seminars in the US, Japan and France which will culminate in
consensus statement Atoms for Peace after 50 Years; New Challenges and Opportunities. A separate
initiative has seen the foundation of the World Nuclear University with the mission to strengthen
international institutions to guide the ongoing development of the peaceful nuclear technology. The
challenge for the nuclear community over the next 50 years is to redefine and recommit to the old vision in
a new world challenged by new dimensions in national secuirty, by environmental degradation and by the
impacts of population pressures coupled with predicted climate change.

Introduction years a number of developing countries have
contributed as donors to the regional programs in

In his historic address to the United Nations of 8 Asia and the Pacific.
December 1953', President Eisenhower sought to
"hasten the day when the fear of the atom will begin The nuclear community world wide is marking this
to disappear from the minds of people and anniversary in a number of ways,
governments" and expressed confidence that the
"greatest of destructive forces can be developed into Atoms for Peace after 50 years: New Challenges
a great boon, for the development of all mankind", and Opportunities
He proposed an agency under the aegis of the United
Nations undertaking a number of rolls associated The Center for Global Security Research of the US
with the control, administration and safeguarding of Lawrence Livermore National Laboratory (CGSR),
fissionable material is embarked on a project that aims to understand the

forces, changes, and choices that will shape the next
Eisenhower's vision for the civilian applications of 50 years3. The Project has been implemented through
nuclear technology over the past 50 years has been a series of Workshops in the US, Japan and France,
realised to a greater extent than could be realistically The frames of reference for the project were defined
predicted at the time. Ignoring any multiplier effect, by revisiting Eisenhower's vision and seeking added
peaceful applications accounted for 2.3 per cent and insights into the past 50 years of nuclear technology.
1.9 per cent respectively of the Japanese and US
GDP in 1995. In this year in the US, the economic The Workshops: identified a number of fundamental
impact of radioisotope applications exceeded that of forces which will underpin the development of
nuclear power by a factor of 3.6 (Walter 2003) nuclear technology over the next 50 years:

The International Atomic Energy Agency (IAEA) 1. the policies of various countries and sub-
was established in 1957 and now has 134 Member national groups towards acquiring nuclear
States supporting a major program of nuclear weapons capabilities; the extent of the
technical cooperation. The IAEA is presently availability of nuclear material and of the skills
cooperating as a Partner in Development with 111 and knowledge that can be used to manufacture
developing countries in the application of nuclear weapons;
techniques to major sustainable development 2. the recognition that fossil fuels will remain a
priorities.2 This is a practical realisation of dominant source of greenhouse gas, whereas
Eisenhower's vision that the industrialised countries nuclear power produces almost no greenhouse
will dedicate "some of their strength to serve the gases; and
needs rather than the fears of mankind." In recent 3. the widespread and growing medical,

agricultural, and industrial uses of nuclear
1 www.iaea.or.at/worldatom/About/atoms. html technology
2www-tc.iaea.oro/tcweb/tcprooramme/
recipients/default.asp 3https://cgsr.llnl.gov/
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A major outcome of the project will be the At the inaugural ceremony of 4 September 2003, Dr
publication of a consensus document: Atoms for John Rich, Director General WNA, predicted that
Peace after 50 Years; New Challenges and this "new institution will speak powerfully - and in
Opportunities in November in time for the many languages - that nuclear technology has a
commemoration of the 8 December 2003 large, promising future as an essential tool of
anniversary. sustainable development for all humankind." He

went on to say that our " aim today is wholly
congruent with the vision offered by President

World Nuclear University Eisenhower 50 years ago."

The foundation of World Nuclear University (WNU) ANSTO is one of the 26 WNU member institutions,
by the IAEA, the Nuclear Energy Agency, the World
Association of Nuclear Operators (WANO) and the Concluding comment
World Nuclear Association (WNA) also reflects the
lasting inspiration of the 'Atoms for Peace ' The challenge for the nuclear community over the
initiative.4 next 50 years is to redefine and recommit to the old

vision in a new world challenged by new dimensions
The mission of the WNU is to "strengthen the in national security, by environmental degradation
international community of people and institutions so and by the impacts of population pressures coupled
as to guide and further develop: with predicted climate change.

• The safe and increasing use of nuclear
power as the one proven technology able to
produce clean energy on a large global Reference
scale; and

• The many valuable applications of nuclear Walter, Alan (2003) Private communication; From
science and technology that contribute to information presented in CGSR Seminar Atoms for
sustainable agriculture, medicine, nutrition, Peace aper 50 years Workshop II: Civilian
industrial development, management of Applications May 26-29, 2003 Gotenba, Shizuoka-
fresh water resources and environmental j c e i l j j a p a n

protection."

4www.world-nuclear-university.org /index.htm
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The Modular Pebble Bed Nuclear Reactor -
The Preferred new Sustainable Energy Source for

Electricity, Hydrogen and Potable Water Production?

LESLIE G KEMENY

L. and M. Kemeny & Associates - Consulting Nuclear Engineers & Physicists
283 Main Street - Lithgow NSW 2790 - Australia

SUMMARY. High Temperature Gas Cooled (HTGC) nuclear power plant have the potential to become the
preferred base load sustainable energy source for the new millennium. The great attraction of these helium
cooled "Generation Four" nuclear plant can be summarised as follows:
• Factory assembly line production
• Modularity and ease of delivery to site
• High temperature Brayton Cycle ideally suited for cogenerarion of electricity, potable water and hydrogen
• Capital and operating costs competitive with hydrocarbon plant
• Design is inherently "meltdown proof and proliferation resistant.

This paper discusses, in part, work carried out for a Proposal Submitted in Response to the U.S.A. Department
of Energy, Office of Nucleare Energy, Science and Technology, Nuclear Energy Research Imitative Solicitation
Number DE-P503-2SF22467 (April 2002). This is a joint project of the Massachusetts Institute of Technology,
Nu-Tec Inc. and Proto Power. It incorporates Patents and Intellectual Property. The Author is grateful to his
colleagues in all three organisations for stimulating and critical comment and discussion.

Introduction

At the present time, some 438 nuclear power
stations operating in 31 countries deliver around
16% of the world's electrical energy. The vast
majority of these plants are Light Water moderated
and cooled. The High Temperature Gas Cooled
nuclear reactor concept was developed almost in
parallel with the water reactors and prototype plants
have operated successfully in many countries
notably Germany, the United States and the United
Kingdom. During the 1960s and 1970s, the
Australian Atomic Energy Commission adopted as
one of its major research projects, the development
of a High Temperature Gas Cooled Reactor - with
spherical "pebble bed" - type fuel elements.
Unfortunately, the choice of Berryllia as the
moderator proved to be an error and the project was
finally abandoned.

Nuclear engineers and physicists in many countries
all agree that the elegant simplicity of the graphite
moderated pebble bed reactor is the basis for a most
attractive design concept for a "Generation Four"
nuclear power plant. In fact some, including this
author, believe that such a design could well become
the preferred base load energy source of the twenty-
first century.

In order to develop and commercialise many areas
of leading edge nuclear science and technology, the

company Nu-Tec Inc. was established in the United
States in October 2001 by a group of Australians.
Nu-Tec is now involved in research, development,
licencing, joint ventures and commercialisation in
the fields of power generation, environmental
remediation, plant surveillance, mining of fissile and
precious metals, scanning systems for the detection
of illicit movement of dangerous materials, and the
medical agricultural and industrial uses of radiation.

Nu-Tec quickly established that for many
outstanding technical reasons the Massachusetts
Institute of Technology (MIT) design of the
Modular Pebble Bed Reactor (MPBR) represents the
pre-eminent technology in the field of all new power
plant on offer. Nu-Tec will be working with MIT in
the areas of MPBR dynamics, control and
surveillance, and also plans to invest financially in
the development of the prototype plant. The MIT
pebble bed reactor is normally a 250 Mwth-1 lOMwe
indirect cycle helium cooled and helium gas turbine
powered plant using pebble bed technology
developed in Germany. This project is similar to
that being proposed by ESKOM in South Africa in
its core design but radically different in the balance
of plant. The indirect cycle was chosen to allow for
more flexibility in process heat applications and
easier layout configurations, and it supports the
fundamental premise of modularity, factory
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fabrication and site assembly that will allow a plant
of this size to be competitive with larger custom
built plants.

The modular pebble bed reactor
A pebble bed reactor is illustrated in Figures 1&2.
The reactor core contains approximately 360,000
uranium fuelled pebbles about the size of tennis
balls. Each pebble contains 9 grams of low enriched
uranium in tiny grains of sand-like microsphere
coated particles within a hard silicon carbide shell.
These microspheres are embedded in a graphite
matrix material in the shape of spherical pebbles.
The unique feature of pebble bed reactors is the
online refuelling capability in which the pebbles are
recirculated with checks on integrity and burnup.
This system allows new fuel to be inserted during
the operation and used fuel to be discharged and
stored on site for the life of the plant.

It is projected that each pebble will pass through the
reactor 10 times before discharge in a three year
period on average. Due to the on-line refuelling
capability, plant maintenance outages are projected
to be required every 6 years. The conceptual layout
upon which the modularity principles are applied is
shown in Figure 1. The turbomachinery module and
the intermediate heat exchanger are capable of being
shipped in 21 modules for site assembly in a
horizontal layout.
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The plant key parameters are shown on Table 1.
The plant will be designed to emulate many of the
attractive features of the combined cycle natural gas
plants in its operation and automatic control.
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Fig. 2 Schematic of modularity

Table 1. Nuclear plant parameters
Thermal power
Core Height
Core Diameter
Pressure Vessel Height
Pressure Vessel Diameter
Number of Fuel Pebbles
Microspheres/Fuel Pebble
Fuel
Fuel Pebble Diameter
Fuel Pebble Enrichment
Uranium Maas/Fuel
Pebble
Coolant
Helium mass flow rate

Helium entry/exit
temperatures
Helium Pressure
Mean Power Density
Number of Control Rods
Number of Absorber Ball
Systems

250MW
10.0m
3.5m
16m
5.6m

360,000
11,000
UO2

60mm
8%
7g

Helium
120kg/s(100%
power)

450°C/850°C

80 bar
3.45 MW/m3

6
18

Reference plant design
The current reference plant design along with all of
the relevant design temperatures, flow rates and
losses and efficiencies is illustrated in Figure 3. The
reference plants is a 4-shaft, inter-cooled,
recuperated system. The power turbine consist of
two blade sets on the same shaft but operated in
parallel to comply with the 70,000 HP restriction.
The intermediate heat exchanger is of the compact

Fig. 1 MPBR cross section
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4M-2C
103.0 kQ%

Fig 3. Reference plant design

plate-fin design. The plant uses bypass control on
the compressor section as part of the control system
instead of on the turbine side to limit the
temperature of the control valves. The complete
control system includes the capability for inventory
control. The turbo compressor sets use 5 stage axial
configurations for the compressors. Vane control is
used to extend the high efficiency region of
operation. No blade or disk cooling is needed.
Turbine blades will be single crystal P & W 1498
alloy. The primary pressure boundary complies
with ASME Section III, subsection NB and makes
use of 316 stainless steel (S31603) or Iconel alloy
625 (NO6625). The overall efficiency of the plant
is 45% and includes allowances for station loads
and reactor vessel cooling. The design is currently
being reviewed and may evolve into a simpler
design prior to the start of this Nuclear Energy
Research Initiative project.

The 'heart' of the MPBR is illustrated in Figure 4.
In a pebble bed modular reactor, uranium fuel
contained inside graphite 'pebbles' slowly flows,
gumball-style, through a helium-cooled reactor
linked with graphite. The lining and plain graphite
pebbles moving through the centre reflect and slow
the uranium's neutrons to sustain the energy-
producing fission process. Helium heated by the
energetic fuel pebbles expands to spin a turbine
(not shown), which generates electricity. As
pebbles flow out of the reactor bottom, automated
systems discard broken pebbles and send plain
graphite balls back to the top, propelled by a
pressure differential. Intact fuel balls are checked

for power levels. Reusable fuel is sent back to the
reactor, a trip that is will make, on average, ten
times in three years. Spent fuel is discarded into a
container and replaced with fresh fuel.

In the reactor core. 330,000 billiard-ball sized graphite
fuel pebbles (top) each contain 15,000 sand-sized
(about one-millimeter) fuel kernels (bottom).

Fuel kernels
embedded in
graphite

Graphite shell

Uranium dioxide fuel
core (.5 millimeters)

Porous carbon layer

Silicon carbide barrier

Figure 4. The fuel pebble

The MPBR and water reactors
The Modular Pebble Bed Reactor has some
significant advantages over existing nuclear plant.
These are summarised in Table 2.
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Table 2. Technical advantages of the MPBR

ITEM
Moderator
Coolant
Core coolant
exit
Core Structural
material
Fuel clad

Fuel
Fuel damage
temperature
Power density,
w/cc
Linear heart
rate, KW/ft

MPBR
Graphite
Helium
850°C

Graphite

Graphite &
Silicom
UCO

>2000°C

6.6

1.6

LWR
Water
Water
310°C

Steel,
aluminium
Zircalloy

UO2
126°C

58-105
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These parameters indicate that the MPBR, unlike
the LWR is:

• Safe under all transient malfunction conditions.
• Proliferation resistant.
• Suitable for hydrogen production and

desalination, and
• Attractive economically, with an estimated

capital cost around US$1,000 per k/W, and
with a primary energy only generating
operational cost of around US2 cents per KWh
and typically, potable water production at under
SUS1 per cubic meter.

Furthermore, a factory produced MPBR module of
110 MW (e) can be delivered to site rapidly, and
the construction can be carried out with relative
ease. Plant can be scaled up to 1 GW(e) or beyond,
or if required, manufactured in a basic unit of 10
MW(e) as required.

The MPBR "expert" surveillance system and
"smart" sensors
The function of the centralised System Surveillance
Office will be to implement, by artificial
intelligence, control decision in cases of plant
malfunction or improper operation. Furthermore,
the computer stored database in the System
Surveillance Office will be used to initiate planned
maintenance and parts replacement strategies for
key components of the MPBR.

Space limitation must preclude a full discussion of
the hardware and software to be incorporated into
the MPBR expert surveillance system. However, a
simple example is given below indicating the use
of Harwell type, enriched boron, uncompensated
RC7EB ionisation chambers to monitor the core of
the reactor plant. The twelve chambers are located

in quadrature at three segments across the reactor
core but external to it.

A typical "smart' sensor
The autocorrelation power spectral density of this
fluctuating signal which can be directly associated
with the core physics and the transfer function of
say a Modular Pebble Bed Reactor is given in an
equation of the form

p=.1

Where
C

9
£
f
D

<

is average count rate of detector _
is average chamber current = 1-c

is charge produced by an absorbed neutron
is normalised frequency response of detector
is v/$' statistical factor of the ionisation chamber
is the detector efficiency = C/F
is the mean fission rate
is VrV- v/v'=0.795 ±0.007 tor W
is the reactor transfer function
with residues A» and poles - S>

The above equation was first derived in a
publication by Diven B.C. (1956).

With such an ion chamber placed in quadrature
around the reactor core, the analysis of signal
coherences by stochastic algorithms permits reactor
operating staff to assess the state of the plant and
gain insight into important plant parameters such as
relativity worth of control rods and - possibly -
covertly introduced neutron absorbers. The
theoretical background to such systems can be
found in books by Uhrig R.E. (1970) and Williams
M.M.R. (1974)

Non-neutronic instrumentation such as
thermocouples accelerometers, pressure and
velocity sensors can also give rise to fluctuating
signals. The frequency spectrum of such signals
also contains valuable physical information for
surveillance purposes as observed by Siefritz W.
and Stegeman D. (1967).
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The table below gives a typical list of stochastic
Measured Parameters which can be computed on-
line by a combination of hard-ware and soft-ware
and produce a diagnostic guide to optimal nuclear
plant operation and maintenance as observed in a
paper published by Kemeny L.G. (1978).

Table 3. Computation of stochastic variates

The user friendly multi-dimensional display of
such Measured Parameters in the reactor plant
control room and the telemetering of this data is a
basic function of the surveillance system. It
provides immense advantages in the potential for
automatic shut-down based on pre-set regulatory
parameters as observed by Kemeny L.G. (1984).

Statistical Techniques Measured Parameter
Analysis of variance
Autocorrelation of time series
Auto-spectra of time series
Cross-correlation of time series
Cross-spectra and quad-spectra of time
series
System phase lags
System coherence function

System power level and stability
System time constants
System gain and stability
System impulse responses, time delays and propagation velocities
Analysis of feedback effects and frequency relationship between
them
Transfer function and stability information
Signal transmission quality of reactor including information on noise
sources in core

To utilise this type of ion chamber as a smart sensor
for expert systems and stochastic modelling, it is
necessary to calibrate all instrumentation channels
for both mean current and fluctuating current
characteristics and its "filter" properties. This is
done with carefully chosen d.c. power supplies and
noise generators. Because of long neutron
generation times in graphite moderated systems,
accuracy necessitates long recording times for
parameter identification.

Operation of the "expert" system
The MPBR surveillance and the systematic
stochastic logging of the integrity of its key
components will be carried out by an Artificial
Intelligence algorithm operating within a dedicated
computer as proposed by Kemeny L.G. (1998)

The algorithms will consult key stochastic variates
at hourly intervals and compare them with pre-set
values contained in a stored data base. Typical
variates to be examined include:-

• Ion Chambers.. The zero crossing position of
Cross-correlation Functions to establish a reactor
core criticality and pebble flow reactivity
effects.

• Accelerometers... The variance and probability
distributions associated with the vibration of the
Helium Turbine will be used to protect the
coolant circuit.

• Thermocouples... The cross-power spectral
densities of inlet and outlet thermocouples will
monitor the integrity of single phase flow and
sensitivity establish air or water ingress regimes.

Conclusions
This introductory paper describes work carried out
for a Proposal Submitted in Response to the U.S.A.

Department of Energy, Office of Nuclear Energy,
Science and Technology, Nuclear Energy Research
Imitative Solicitation Number DE-P503-2SF22467
(April 17,2002).

The Author is greatly encouraged by the renaissance
of interest in nuclear power technology world wide
and in particular the renewed enthusiasm for High
Temperature Gas Cooled nuclear plant within the
United States of America. With many other
scientists and engineers, he believes that this design
and technology could well emerge as the preferred
energy source of the twenty-first century.
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Appendix

Simplified Comparison

Reactor type
Average temperature (°C)
Average pressure (MPa)
Coolant temperature rise AT" (°C)
Density p (g/cnr1)
Specific heat Cp (J/g-°C)
Row velocity V (m/s)
Heat transport per unit core

frontal area pu Cp A7" (W/cm2)
Rod surface heat transfer

coefficient h (W/cm2 °C)
Average film drop AT CO
Heat transfer per unit rod surface

area li\T <W/cm2)

Water
PWR
300

15
30
0.70
5.3
4.5

50 000

3
20

60

of Reactor Coolants

Coolant

Helium

HTGR GCFR
550 450

5 10
420 300

0.003 0.0068
5.2 5.2

50 80

33 000 84 000

0.25 1.5
120 100

30 150

Sodium

LMFBR
450

0.5
165

0.80
1.25
6

100 000

10
20

200

STEAM CYCLE
LOW EFFICIENCY (LIGHT WATER REACTOR)

DIRECT GAS CYCLE
HIGH EFFICIENCY (HTGR-GT PLANT)
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Abstract

In the two years since the last ANA conference there have been marked changes in the
research reactor fuel scene. A new low-enriched uranium (LEU) fuel, "monolithic" uranium
molybdenum, has shown such promise in initial trials that it may be suitable to meet the
objectives of the Joint Declaration signed by Presidents Bush and Putin to commit to
converting all US and Russian research reactors to LEU by 2012. Development of more
conventional aluminium dispersion UMo LEU fuel has continued in the meantime and is
entering the final qualification stage of multiple full sized element irradiations. Despite this
progress, the original 2005 timetable for UMo fuel qualification has slipped and research
reactors, including the RRR, may not convert from silicide to UMo fuel before 2007. The
operators of the Swedish R2 reactor have been forced to pursue the direct route of
qualifying a UMo lead test assembly (LTA) in order to meet spent fuel disposal
requirements of the Swedish law. The LTA has recently been fabricated and is expected to
be loaded shortly into the R2 reactor. We present an update of our previous ANA paper [1]
and details of the qualification process for UMo fuel.

1. INTRODUCTION

There has been a worldwide movement, largely
driven by the US Reduced Enrichment for Research
and Test Reactors (RERTR) program that was
introduced in 1978, to reduce the enrichment of
uranium used in research reactors to less than 20%
235U. However, a reduction in uranium enrichment
requires a concomitant increase in uranium density
to maintain an equivalent neutron flux. Uranium
density has been increased in response to the move
to low enriched uranium (LEU) by improvements in
fabrication technology and the development of new
dispersion type fuels. Dispersion type fuels contain
a homogeneous distribution of fuel particles in an
inert matrix, which has generally been aluminium,
because of its attractive thermal, neutronic,
mechanical and corrosion properties. In 1988, the
US Nuclear Regulatory Commission approved the
use of a dispersion of LEU uranium silicide (UjSi2)
in an aluminium matrix up to a density of
4.8 gU/cm3. ANSTO's Replacement Research
Reactor (RRR) will commence operation using this
fuel.

Some research reactors however, require a higher
uranium density of 8-9 gU/cm3 to enable them to

convert to LEU without an unacceptable reduction in
neutron flux. Given that fabrication techniques for
uranium silicide were almost fully optimised, the
only option was to pursue a different fuel with the
potential to offer higher uranium density. A number
of fuels were identified and evaluated by the RERTR
program. The only fuel to show serious promise is a
high density uranium molybdenum alloy.

A further restriction on research reactor operators
outside the US that needed to convert to LEU has
been the absence of a facility willing to reprocess or
otherwise dispose of their spent silicide fuel beyond
a strictly limited quantity. Many research reactor
operators have taken advantage of a US Department
of Energy (DOE) program, the Foreign Research
Reactor Spent Nuclear Fuel Acceptance (FRRSNFA)
Program, to take back and dispose of their spent fuel.
The scheduled limitation of this program to receive
only fuel irradiated prior to May 2006 will remove
this convenient disposal option. For these reactors to
continue operation, the alternatives are either to
dispose of their fuel in a country other than the US,
or convert to UMo fuel. UMo fuel is suitable for
reprocessing [2] and will be accepted by at least one
reprocessor (COGEMA). Therefore, the date of
May 2006 has been seen by some reactor operators
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as a deadline for the qualification of the uranium
molybdenum fuel.

2. CURRENT FUELS

HIFAR and most research reactors of its generation
have fuel assemblies that consist of fuel plates
containing highly enriched uranium (HEU). HEU
fuels are advantageous because the increased
percentage of the fissile isotope 235U permits more
compact cores and hence gives the high neutron
fluxes required for research reactor applications. In
addition, with increasing enrichment a concomitant
reduction in 238U occurs: 238U not only contributes
very little in the fission process, but also acts as a
neutron absorber.

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 it exhibits an unacceptably high rate of
growth and swelling under irradiation. Aluminium is
an ideal alloying element because of its low neutron
capture cross-section, high thermal conductivity,
workability and high corrosion resistance in water.

The requirement to shift from HEU to LEU
presented research reactor operators with problems
for the continued use of UAIX-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. An increased uranium density is required in
LEU fuels to increase the number of fissile 235U
atoms to compensate for the deleterious effects of
the 238U atoms. 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. The practical limit for
aluminide fuel was found to be -2.4 gU/cm3. In
order to convert existing research reactors
successfully to LEU without unacceptable penalties
in neutron flux, safety or economics, it was necessary
to develop higher density uranium alloys.

Uranium silicide alloys with a density of initially 3.8,
and then 4.8, gmU/cm3 were developed by the
RERTR program and qualified in 1988 [5]. These
fuels are now the norm for high power research
reactors. Most of these reactors use conventional
plate type fuel with fuel meat of UiSi2. ^ S i is less
suitable as a fuel than UiSi2, as under some
conditions it can exhibit breakaway swelling.
Nonetheless, its higher density is attractive and it is
used in pin-type fuels in the Canadian Maple design
reactors. Details of the metallurgy and fabrication
procedures for these alloys have been given
previously [1].

3. URANIUM MOLYBDENUM (UMO) FUEL

The limit on the maximum achievable uranium
density in U^Si2 triggered a search for other uranium

compounds that could offer even higher uranium
density. A number of other compounds were
evaluated including UeFe, U&Mn and additions of a
third element to UMo to form ternary compounds.
Although the ternary additions did provide slight
improvements, the benefit was not sufficient to
warrant further effort. In 1996, the RERTR program
selected UMo as the primary candidate to be further
evaluated in a thorough campaign to demonstrate its
irradiation performance as a dispersion fuel. The
properties of stable fuel compounds are shown in
Table 1.

In the early stages of the campaign, the RERTR
worked closely with the Korean Atomic Energy
Research Institute (KAERI) which had developed
and refined a technique to fabricate UMo
powder [4]. UMo is not a brittle intermetallic like
U3Si2 but, rather, is a ductile alloy. As a result, it is
difficult to produce an acceptable yield of particle
sizes in the desired range by mechanical means. The
KAERI process forms spherical particles by virtue of
a stream of a liquid melt of UMo hitting a spinning
disc, from which droplets spin off and solidify in a
vacuum. Work to characterise the powder and the
performance of plates fabricated with the powder
was adversely affected by a disputed patent gained
by KAERI in the US and other countries. The patent
not only covered the atomisation process but any
dispersion fuel containing spherical powder. The
patent has been largely responsible for the 2 year
delay currently experienced by the program.

The restrictions imposed by the patent and the
subsequent delays spawned efforts to produce UMo
powder by alternative means. The most promising
development has been achieved by the Argentine
Nuclear Comision Nacional de Energia Atomica
(CNEA). The process is referred to as hydride-
milling-dehydride (HMD) as a result of the
discovery that UMo will absorb large amounts of
hydrogen in the gamma phase to form brittle
hydrides at low temperatures and pressures [6].
Such is the promise of this fuel powder that it will be
trialled in the full-sized element irradiations to be
conducted in the HFR Petten (see Table 2)

4. QUALIFICATION OF UMo FUEL

The qualification of UMo fuel is an international
effort carried out under programs in the United
States (RERTR program - Argonne National
Laboratory), France - French UMo Group (CEA,
CERCA, COGEMA, Framatorne-ANP, and
Technicatome), and Argentina (CNEA).

A fuel is generally regarded as 'qualified' once the
information that is necessary to approve its use by a
regulatory authority has been documented in a
qualification report. The licensing stage is the more
specific process where an operator of a reactor
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applies to the regulator to use the fuel under defined
conditions. The US NRC previously reviewed a
generic report on UiSi2 and issued an approval -
NUREG 1313 [5] - for use in order to facilitate the
licensing of a number of reactors using the same fuel
within a window of defined operating conditions.
Each operator must still demonstrate to its regulator
that use of the fuel is within the defined conditions.

A similar approach to the qualification of U3Si2 will
be followed for UMo. The RERTR program will
submit a qualification report to the US NRC on UMo
fuel that will include contributions from each
member of the program. The process includes:

• Development of industrial processes to produce
UMo particles and fuel plates.

• Testing in-reactor and ex-reactor to provide basic
data on miniature and full-sized plates.

• Assessing reprocessibility.

• Developing an understanding of fuel behaviour
under operational conditions, including the use of
models to predict fuel behaviour.

• Fabrication and irradiation of full-sized fuel
elements. This test provides good statistics
because of the irradiation of many plates
fabricated under industrial scale conditions. It
also serves as a useful qualification process of
fabricators. Typically, one element is irradiated
to >70% average burn-up to provide assurance
that a margin of safety exists for the operators,
who usually limit burn-up to -55%.

The RERTR program has irradiated more than 120
mini-plates to assess the effect of molybdenum
composition, different powder production methods,
different fission rates, and different temperatures.
The French program has irradiated 13 full sized
plates in three different reactors with similar goals.

Table 3 summarises the five different irradiation
experiments conducted by the RERTR program.
The RERTR 1 and RERTR 2 experiments of low
uranium density were largely the same, the
difference being -40% burn-up and -70% burn-up
respectively. The RERTR 3 experiment was
performed with higher uranium density and higher
temperatures. The RERTR 4 and RERTR 5
experiments aimed to fully evaluate a range of
loadings and temperatures more likely to be
experienced in normal research reactor operation and
were taken to -80% and -50% average burn-up
respectively.

A less extensive, parallel program is being
conducted by the French using full sized plates. The
details of the program are presented in Table 4. It is
clear that the French program is more aggressive and
targets qualification of fuel with a density of
8 gU/cm . This effort is largely driven by the need
for a high density fuel for the proposed Jules

Horowitz Reactor. The failure of the 35% enriched
plates from the UMUS experiment however, means
that fuel performance may be limited by oxide
thickness on UMo plates. The attractiveness of the
monolithic fuel described below may replace the
need to pursue the qualification of dispersion fuel at
8 gU/cm3.

The final stage of the qualification tests, which
consists of full-size fuel element irradiations, is
scheduled to commence in early 2004. The details
and schedule of each test are shown in Table 2 and
Figure 1 respectively. As the tests are proceeding,
work will commence on a preliminary qualification
report with all the necessary information except the
results of the full-sized element irradiations that are
planned to be available by the end of 2005. The US
RERTR program has secured in-principle agreement
from the US NRC to issue generic approval for UMo
in the same manner as for U3Si2 (NUREG 1313).
The NRC will be asked to begin by reviewing the
preliminary report since it will contain almost all the
necessary information., It will take approximately
one year to complete the full review and issue a
license.

In Sweden, the law requires the operator of a nuclear
reactor to have a demonstrated spent fuel disposal
route in place in order to issue an operating license.
The fuel from the R2 reactor is currently returned to
the US under the FRRSNFA (takeback) program.
The projected delay in the qualification of UMo
beyond the May 2006 date could cause the reactor to
shut down. The operators of R2 have therefore been
forced to pursue a more direct path to qualification
and licensing of UMo fuel to ensure that it is
available for their reactor beyond this date. They
plan to irradiate a UMo lead test assembly (LTA)
and submit the results in conjunction with existing
knowledge about UMo fuel to their regulator for a
licence. The LTA was fabricated by CERCA and
was ready to be loaded into the reactor in March of
this year, but regulatory approval has not yet been
issued (as of September 2003).

5. "MONOLITHIC" UMO FUEL

Monolithic UMo fuel uses a thin foil of U-lOMo
instead of a dispersion of UMo fuel particles in a
matrix of aluminium. The idea that led to trials of a
thin foil came from knowledge that a significant
reaction occurs between each UMo fuel particle and
the surrounding aluminium matrix (see Figure 2).
While the phase is stable, with relatively low fission-
induced swelling, it does occupy a larger volume
than its UMo and aluminium constituents and
therefore contributes to overall swelling. The
formation of the interaction layer is temperature
dependent. Under conditions of high temperature or
high burn-up, the formation of the interaction layer
in dispersion fuel is sufficiently extensive to
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completely deplete the fuel meat of aluminium. In
contrast, the use of a thin foil minimises the surface
area and resultant swelling. The initial trials in the
RERTR 4 experiment were very promising [3].

In addition to a reduction in swelling, there are a
number of other potential benefits, including
expected reduction in fabrication costs. The most
appealing benefit arises from the removal of the
aluminium matrix, which permits much higher
uranium loadings in the same volume. Assuming
fabrication difficulties can be overcome; it may be
possible to achieve uranium densities in the fuel of
-16 gU/cm3. Such a development is of great
significance when considered in terms of the Joint
Declaration signed by Presidents Bush and Putin at
the May 2002 summit held in Moscow. The
declaration states that the two countries will
accelerate plans to reduce the use of weapons grade
fissile material declared to be in excess of defence
needs. In that declaration was a commitment by the
US to convert the five largest HEU-fuelled research
reactors used in civilian programs. These five
reactors could not be converted to LEU using any of
the dispersion fuels either currently available or
expected to be available in the coming few years.

The head of the US RERTR program, Travelli,
recently stated [8] that the development and
qualification program of such a fuel is considered a
high priority and that the current goal is to qualify
the fuel in a similar manner to already-qualified
fuels. He further stated that the intention was to
convert all US research reactors to monolithic fuel
by 2012.

6. REPLACEMENT RESEARCH REACTOR

The Preliminary Safety Analysis Report (PSAR) for
the Replacement Research Reactor (RRR) was
written and accepted by the regulator on the basis of
design and operation using LEU 4.8 gU/cnr U3Si2
fuel. INVAP, the suppliers of RRR, are contracted
to provide the first 2 cores (32 fuel assemblies) of
silicide fuel. These will be used for commissioning
and initial operation. A further two cores of silicide
fuel with be purchased by ANSTO to cover reactor
operation up to the availability of UMo fuel.
ANSTO has in place arrangements for the
reprocessing and disposal of this RRR spent silicide
fuel. It is therefore not restricted by the May 2006
deadline that is critical to the operators of the
Swedish R2 reactor.

To date, UMo fuel development has mainly
concentrated on U7Mo with a density of 6 gU/cm3.
This fuel is planned to have virtually identical
behaviour to 4.8 gm/cm3 silicide fuel, in order to
minimise licensing problems with the changeover.
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 still planned that the
RRR will change to using UMo fuel shortly after the
fuel is qualified.

7. CONCLUSIONS

a) The US RERTR program has continued its push
to minimise worldwide use of LEU and this is
now planned to extend to the high powered US
and Russian research reactors that were
previously considered unsuitable for LEU fuels.

b) There have been delays in the qualification of
dispersion UMo fuel, with qualification by the
US NRC now not expected before 2006.

c) "Monolithic" UMo with a density of up to
16.7 gU/cm3 has shown potential as a fuel and
research programs are in place to study it
further.

d) ANSTO's RRR will start up with conventional
4.8 gU/cm3 silicide LEU fuel and will operate
with silicide fuel beyond the initial two cores
due to the delay in UMo qualification.
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Table 1 Density of different uranium alloys.

ALLOY

U metal

UA1,-A1

UA1.-AI

U3Si2-Al

UMo-Al

ALLOY TYPE

Cast

Dispersion

Dispersion

Dispersion

PHASE

a

UA14

UAI4

UA1,

UA12

U,Si,

U,Si

U-6M0

U-8M0

U-lOMo

DENSITY OF URANIUM (g/cm1)

IN PHASE

19.0

6.1

6.1

6.8

8.1

12.2

15.2

16.7

16.0

15.3

IN FUEL MEAT

19.0

1.7

2.4

4.8

6-8

Tab le 2. Planned full-sized U M o element/assembly irradiations as part of the p rogram to qualify U M o fuel. [7]

Program

Fabricator

Reactor

Number of elements

Number of plates per element

U-Mo powder(j)

Enrichment (% " 5 U )

Fuel loading (g U/cm3)

Fuel loading (g 235U)

Max. heat flux at BOL (W/cm2)

Max. cladding temp, at BOL (°C)

Number of irradiation cycles

Total duration (full-power days)

Average bumup at EOL (% " 5 U )

French

CERCA

OSIRIS (Fr)

2

22

At

19.75

8.0

650

170

95

5 / 1 0

150/300

50/70

RERTR

BWXT

HFR (Neth)

2

20

At, Mach

19.75

6.0

625

140

<110

13/17

325/425

55/80

RERTR

CNEA

HFR (Neth)

2

20

At, HMD

19.75

7.0

625

140

<110

13/17

325/425

55/80

CNEA

CNEA

RA-3 (Arg)

2

21

HMD

19.75

7.0

425

70

<I05

64/90

320 / 450

55/70
(a)At = Atomized, Mach = Machined and Milled, HMD = hydriding/milling/dehydriding,

HD = hydriding/dehydriding.
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Figure 1. Proposed schedule for qualification and j

FUTURE

IRIS2

French Elements

RERTR Elements

CNEA Element

- Irradiation

-PIE

- Irradiation

-PIE

- Irradiation

-PIE

- Irradiation

-PIE

- Irradiation

-PIE

Qualification Report Preparation

Regulatory Review

Average
Burnup

50%

50%

50%
70%
50%
70%
50%
70%
50%
70%
55%
80%
55%
sn%

mtn

70%

»eneric approval of plate-type

2003

—

2004

—

fuels as of March 2003.

2005

—

-

m.
2006

-

- -

Table 3. RERTR program mini-plate irradiations [7].

Experiment

Reactor

Number of small plates<J>

U-Mo powder(b)

Enrichment (% 235U)

Fuel loading (g U/cm3)

Heat flux at BOL (W/cm2)

Cladding temperature (°C)

Coolant velocity (m/s)

Status of experiment

Number of irradiation cycles

Total duration (days)

Average burnup at EOL (% 235U)

RERTR-1

ATR (US)

20/32

Gr, At

19.5

4.0

55

65

7.6

Complete

2

94

40

RERTR-2

ATR (US)

22/32

Gr, At

19.5

4.0

55

65

7.6

Complete

8

232

70

RERTR-3

ATR (US)

43/47

At

19.5

8.5

390

150

6.0

Complete

2

48

40

RERTR-4

ATR (US)

25/32

Mach, At

19.5

6.0, 8.0

210

130

4.0

in PIE

7

230

80

r RERTR-5

ATR (US)

27/32

Mach, At

19.5

6.0, 8.0

320

175

4.0

in PIE

3

116

50
(a)

(b),

'Number of plates containing dispersions of U-Mo binary or ternary alloy powder / Total number of plates.

Gr = Ground, At = Atomized, Mach = Machined and Milled.
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Table 4. French program full-sized plate irradiations [7]

Experiment

Reactor

Number of full-sized plates

U-Mo powder

Enrichment (% 235U)

Fuel loading (g U/cnr)

Max. heat flux at BOL (W/cm2)

Max. cladding temperature at BOL (°C)

Coolant velocity (m/s)

Status of experiment

Number of irradiation cycles

Total duration (full-power days)

Average bumup at EOL (% 235U)

Max. local burnup at EOL (% 235U)

IRIS]

OSIRIS (Fr)

3

Ground

19.75

8.0

120

75

9

In PIE

10

240

50

67

UMUS

HFR (Neth)

2 / 2

Ground

19.75/35

8.0

170

90/110

8

Stopped

2

48

15

20

IRIS2

OSIRIS (Fr)

4

Atomized

19.75

8.0

230

105

9

Ready to start

0( j )/4(b)

0 w / 100(b)

0u)/70 (b )

0(,) /85(h)

FUTURE

BR2 (B)

2

Atomized

19.75

8.0

340

130

12

In progress

2(a)/4(b)

35(a)/70(b)

25(a)/50(b)

33<u,/65(b)

a)Value reached by January 2003. (b)Final goal.

Figure 2. Optical micrograph of atomised U-lOMo fuel irradiated at ~120°C (beginning of life temperature).
Note the extensive interaction between the fuel particles (<120|im diameter) and the surrounding
aluminium matrix [3].
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Current ANSTO Research on Wasteform Development

E. R. VANCE, B. D. BEGG, M. W. A. STEWART, S. MORICCA, K. L. SMITH, P. A.
WALLS, D. S. PERERA, R. A. DAY, M. L. CARTER, P. J. McGLINN, Y. ZHANG and B.

THOMAS, Materials & Engineering Science, ANSTO, Menai, NSW 2234

In 1978, Ringwood (1) suggested ceramic
assemblages of titanate minerals could be used to
incorporate high-level waste from nuclear fuel
reprocessing. In these assemblages waste ions are
dilutely incorporated into the crystalline mineral-
analogue phases. Synroc-C is one of the early
titanate assemblages and it has become the
archetype from which waste forms for various
applications have been derived. Table 1 shows the
phase constitution of synroc-C, containing 20 wt%
HLW, and the radionuclides which can be
incorporated in the various phases. This material
was consolidated into a dense ceramic by uniaxial
hot pressing at — 1150°C .

Table 1. Composition and mineralogy of synroc-C
Phase

Hollandite,
Ba(Al,Ti)2Ti60,6

Zirconolite,
CaZrTi2O7

Perovskite, CaTiO3

Ti oxides
Alloy phases

wt%

30

30

20
15
5

Radionuclides
in lattice
Cs.Rb

RE, An*

Sr, RE, An

Tc, Pd, Rh, Ru
etc.

* RE, An = rare earths and actinides respectively

In the 1980s, the inactive Synroc production
process was scaled-up via the Synroc
Demonstration Plant to produce ~ 50 kg. monoliths
containing 20 wt% of simulated HLW, with
properties as good as those of gram-sized
laboratory samples.

In the early 1990s, we recognised that Synroc
derivatives could be applied to a variety of high-
level radioactive wastes besides the Purex-type
waste for which it was mainly originally designed.
In addition, significant effort was put into the
development of alternative consolidation
techniques such as hot isostatic pressing, sintering,
and melting to expand the application of ANSTO's
titanate wasteforms. ANSTO has subsequently
undertaken both contract and collaborative work on
a variety of waste streams as described below.

A highlight of this latter work was a synroc
derivative developed by ANSTO and the US
Department of Energy for the immobilization of
surplus US weapons Pu. The waste form (2) was
primarily composed of a pyrochlore-structured
phase ((CaAn)2Ti2O7), that can incorporate 10 and
20 wt% respectively of Pu and U oxides as well as
-10 wt% of Hf and Gd oxides (neutron absorbers).
This wasteform was selected by a competitive
process over all other candidate wasteforms by the
US government in 1997.

ANSTO's contributions to this project included
assisting in the development of the baseline ceramic
and investigation of the crystal-chemical, leaching,
and radiation damage characteristics of the
individual constituent phases (eg. brannerite).
Although the immobilisation option has been
suspended in the US, ANSTO's interest in
immobilisation of Pu-bearing waste remains.

Glass-ceramics have been devised for Hanford tank
wastes and sludges (3). These have high waste
loadings, in the 50-70 wt% range, and consist of
titanate phases designed to incorporate the fission
products and actinides in an aluminosilicate glass
matrix. They are made by melting techniques to
facilitate a high throughput.

High-uranium wastes from radioisotope production
at nuclear reactors can be immobilised in several
kinds of titanate ceramics. These have waste
loadings of up to 40 wt% and excellent leaching
behaviour.

For Al-rich wastes arising from reprocessing of Al-
clad fuels, synroc-D devised by Ringwood (1)
should be useful. This wasteform was first directed
towards the Al- and Fe-rich waste streams at
Savannah River, SC, USA but after borosilicate
glass was chosen over synroc in 1982, no further
work on this wasteform was done until 2002, when
the other Al-rich wastes became a possible
application.

99Tc is a volatile element and because of its long
lifetime, it features heavily in performance
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assessments at around the 10 yr. mark. It can be
readily incorporated in titanate ceramics as a metal
under reducing conditions. The feasibility of
incorporating Tc as Tc4+ in a number of titanate
phases is being assessed, with the emphasis on hot
isostatic pressing to assure containment.

Mo-rich wastes would arise from reprocessing of
U-Mo fuels and present studies at ANSTO are
focussing on sintered ceramics containing powellite
(CaMoO4) and sodium zirconium phosphate (NZP)
as key immobilisation phases. Waste loadings in
these materials are typically 50 wt%.

Following detailed leach studies of Cs-bearing
barium hollandite (4), we have investigated a wide
range of barium hollandite-type solid solutions
which can be sintered in air to incorporate Cs and
which have excellent leaching behaviour. In
further applications, we have been able to melt in
air Cs-bearing hollandite-rich samples without any
Cs loss or detriment to its aqueous durability.

Cements and geopolymers which are formed by
polymerisation of aluminosilicates dissolved in an
alkaline aqueous solution have been widely
advanced for immobilisation of intermediate-level
waste. However studies have only rarely been
made on the speciation of radionuclides in these
materials and we are utilising solid state nuclear
magnetic resonance, leaching tests, and scanning
microscopy to gain speciation information on Cs
and alkalis as well as aluminium and silicon ions.

The incorporation of 129I into alumina or silica
beads is well known, but we are working on
encapsulation strategies using a variety of matrices
and processing options that avoid I volatilisation.

One of the strengths of ANSTO's wasteform
development program is its extensive range of
capabilities for wasteform characterisation. Crystal
chemistry studies are targeted towards solid
solution behaviour, valences of actinides and other
ions and wasteform design. Experimental
techniques include X-ray diffraction, electron
microscopy (including electron energy loss
spectroscopy), X-ray absorption, diffuse relectance
and X-ray photoelectron spectroscopies, and solid
state nuclear magnetic resonance. Computational
techniques to calculate defect energies and
thermodynamic quantities are also being developed.
Aqueous dissolution is directed at dissolution rates
of different actinide valences and the effect of
redox conditions, as well as the release of inactive
matrix elements. Radiation damage work involves
structural effects of heavy-ion irradiation and
doping with short-lived actinides such as 238Pu.
In conclusion, ANSTO wasteform research and
development has broadened considerably in recent

years in regard to both wasteforms and their
processing. A recent highlight is the agreement
with the Russian Ministry of Atomic Energy to
build a 20T/yr demonstration plant using real high-
level waste and some of ANSTO's waste
preconditioning technology and wasteform design
skills.
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Geopolymers for Radioactive Waste Immobilisation
made from New Zealand Fly Ash
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1 Australian Nuclear Science & Technology Organisation,
Private Mail Bag 1, Menai, NSW 2234

2 Industrial Research Ltd, PO Box 31-310, Lower Hutt, New Zealand

SUMMARY. Geopolymers are made by adding aluminosilicates to concentrated alkali solutions for
dissolution and subsequent polymerisation to form a solid to take place. They are amorphous to semi-
crystalline three dimensional aluminosilicate networks. Their physical handling is similar to that of Portland
cement, hence they have been considered for low and intermediate level (ILW) immobilisation (among other
applications) by various workers.

For ILW immobilisation, we investigated a geopolymer made from fly ash dissolved in sodium hydroxide
and sodium silicate solutions. We added Cs and Sr to simulate the corresponding radionuclides that are
amongst the worst difficult to immobilise. The effects of modest heating ( approx. 500°C) on the
incorporation of the Cs and Sr were also examined. X-ray diffraction (XRD) showed the geopolymers to
be mainly amorphous but with a small amount of crystalline phases such as calcite and quartz. The mullite
which was in the original fly ash was also present but to a smaller extent. The crystalline phases were
confirmed by transmission electron microscopy. Energy dispersive x-ray spectroscopic analysis of selected
regions of the amorphous and crystalline phases is discussed with reference to the fly ash and the
distribution of Cs and Sr in the microstructure. The leaching behaviour was considerably superior to that
of Portland cement.
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Ion-Exchange Properties of Microporous Tungstates:
Novel Adsorbents for Nuclear Waste Management

Applications
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SUMMARY. A hydrothermally prepared tungsten oxide-based phase, ATS-1 (ANSTO Tungstate Sorbent), of
nominal composition, Nao3Mo0.iW09O3»J:H2O, has been shown to display promising selectivity for both Cs+ and
Sr2+ cations from acidic simulant, indicative of the Intermediate Level Liquid Waste (ILLW) produced from
99Mo radioisotope production at the ANSTO site. The development of an inorganic ion-exchanger that displays
such selectivity for both Cs+ and Sr2+ in acidic solutions has previously eluded researchers in the field of
inorganic ion-exchangers. The ATS-1 adsorbent also displays exquisite selectivity for lead (and polonium) in
low to high acidity solutions, and as such is being further investigated as a method to reduce the radiological
hazard from 210Pb and 210Po during the processing of uranium ore bodies. The adsorption of Cs+, Sr2* and Pb2+

cations by ATS-1 has been extensively investigated with respect to the kinetics of adsorption, capacity and the
effect of competing cations viz. Na+, K+. The ATS-1 adsorbent has also been successfully granulated with an
inert, organic matrix, which has consequently allowed the study of cation adsorption using more application-
based, column separations. The results of these investigations suggest that these materials have potential
application in several nuclear waste management issues in Australia at the present.

INTRODUCTION

The nuclear industry as a whole is dogged by the
issue of disposing of radioactive waste streams. One
option for dealing with these waste streams is to
remove the problematic radionuclides with an ion-
exchanger. However, the viability of such an
approach is highly dependent on the stability of the
ion-exchanger in the relevant medium, the
radionuclide/s of interest, selectivity of the ion-
exchanger employed, complexity and volume of the
waste stream etc. Our research on such radioactive
waste management issues at ANSTO has principally
centered on developing novel tungsten oxide-based
inorganic adsorbents (Figure 1) which display
selectivity for radionuclides with ionic radii of ca.
1.2 (90Sr, 2!Vb) and 1.7 A (l37Cs, 210Po).[l]

The radionuclides 137Cs and 90Sr constitute the
majority of the radioactivity present in wastes
arising from spent fuel reprocessing, weapons
manufacture and 99Mo (235U irradiation) radioisotope
production after ca. 5 years.[2] This last source of
137Cs and 90Sr is where ANSTO's interest in this
issue lies. Through the use of a selective inorganic
ion-exchanger, the bulk of the radioactivity from
such sources can potentially be concentrated onto a
small volume of adsorbent, thus allowing the bulk of
the effluent to be disposed of as low level waste.
Although, a number of inorganic sorbents have
shown excellent selectivity for cesium in acidic

solutions most have little or no selectivity for
strontium.[3-14] However, a tungsten oxide-based
inorganic ion-exchanger, ATS-1 (ANSTO Tungstate
Sorbent), with a structure based on hexagonal
tungsten bronze, and of nominal composition,
Nao.3Moo.]Wo.903»xH20, developed at ANSTO
displays selectivity for both cesium and strontium
from acidic solutions (Figure 1).

Figure 1. ATS-1; Tungsten oxide-based,
inorganic adsorbent developed at ANSTO.

Aside from the obvious implications of elevated
levels of radionuclides in our natural environment,
2l0Pb (and 210Po) are radionuclides that attract
interest for their potential radiological hazard during
the processing of uranium ore bodies. The ATS-1
inorganic ion-exchanger also displays exquisite
selectivity for both lead and polonium in low to high
acidity solutions, and as such this technology could
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have application in a number of mineral processing
streams in Australia.

Any application of this adsorbent technology would
however require the engineering of a granulated
form of the microcrystalline ATS-1 material that
would be suitable for deployment in a fixed-bed
column separation.

This article will outline our studies of the sorption of
Cs+, Sr2* and Pb2+ by the tungsten oxide adsorbent,
ATS-1, and will be presented in two parts. The first
section will deal with the general performance of
ATS-1 in adsorbing Cs+, Sr2* and Pb2+, and the
second will deal with fixed bed column separations
of these cations.

RESULTS AND DISCUSSION
Cs+, Sr2+ and Pb2+ Ion Exchange Properties

A program of research concerned with developing
and assessing novel inorganic ion-exchangers for the
pretreatment of Intermediate Level Liquid Waste
(ILLW) produced from 99Mo radioisotope
production commenced at ANSTO in 1998. Initial
studies revealed that the molybdenum-doped,
hexagonal tungsten bronze phase,
Nao.3Moo.iW0903«xH20 (ATS-1), displays
appreciable selectivity (>2000 mL.g"1) for Cs+, Sr2"1^
and Pb2+ in 1M HNO3. Furthermore, preliminary
studies have indicated that the adsorbent displays
selectivity for 210Po, comparable with that of Pb2+

(21l>Pb).[15] In essence, the structural sites within the
ATS-1 structure involved in ion-exchange exhibit a
strong preference for cations with ionic radii of ca.
1.70 A (Cs+ - 1.67 A) and 1.20 A (Sr2* - 1.18 A;
Pb2+ - 1.19 A) over hydronium ions.

The ATS-1 adsorbent is easily prepared by pH
adjustment of sodium tungstate/molybdate solutions
followed by hydrothermal treatment^ 16-18] The
hexagonal phase produced by these methods differs
from the classical hexagonal tungsten bronze
produced by high temperature methods in that they
have a microcrystalline fibrous morphology and the
materials are in an oxidised rather than a reduced
state. It is well known that the sodium A cations
initially situated within the c-axis tunnels (Figure 1)
can be completely replaced by other alkali metal
cations such as Cs+, K+ and Rb+ by ion exchange
using concentrated solutions. [19] However, our
group is the first to explore in detail the ion-
exchange properties of these materials.

In addition to high selectivity for Cs+, Sr2+ and Pb2+,
the time dependence of the ion-exchange mechanism
is of prime importance for most practical
applications. Investigations conducted using batch
contact experiments revealed that for the ATS-1

adsorbent, maximum sorption of Cs+, Sr2* and Pb2+

occurred after 30 - 60 minutes of contact (Figure 2)
(ca. 100 ppm Cs+/Sr2+; 10 ppm Pb2+ in 1M HNO3).
These rapid exchange results demonstrate that the
kinetics of exchange are not affected by the
crystalline nature of the phase, as has been reported
for numerous antimony-based sorbents investigated
by Harjula and co-workers.[21-23]

1000 -
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Figure 2. Time dependent uptake of Cs+, Sr+ and
Pb2+ by ATS-1 (-•-, -•- and -A- respectively).

Another important property of any ion-exchange
material is the capacity for a given ionic species.
The ATS-1 adsorbent possesses a theoretical
capacity of 0.3 mmol.g"1 for a monovalent cation
such as Cs+, and 0.15 mmol.g"1 for a divalent cation
such as Sr2* (Pb2+), in the fully oxidised state.[16,18]
Compositional data obtained by electron dispersion
spectroscopy (either via TEM or SEM), indicates
that most of the Na+ present in the adsorbent is
exchanged under conditions sufficient to saturate the
adsorbent viz. in the presence of high levels of the
given cation. Monitoring the Na+ liberated during
batch contact experiments also confirms this
assertion. The Cs+, Sr2* and Pb2+ equilibrium
isotherm curves for ATS-1 are presented in Figure 3
and were obtained via multiple batch contact
experiments conducted with increasing
concentrations of Cs+, Sr2* or Pb'[+ in acidic (1M
HNO3) solutions. The dashed lines represent
regressed Langmuir fits to the experimental data and
allow the theoretical maximum capacity, or
asymptotic capacity (q0), for a given metal cation to
be calculated using the formulae;

KC,

qo {\+KCf)
(1)

where q0 is the maximum asymptotic capacity
('capacity'; mmol.g"1); q is the number of moles of
cation present in the sorbent (mmol.g"1); K is the
Langmuir coefficient; C/is the equilibrium Cs+, Sr2+

or Pb solution concentration (mg.L" ).

The asymptotic capacity for Cs+, Sr!+ and Pb2+ of the
ATS-1 adsorbent is 0.592 mmol.g"1 (78.7 g.kg"1),
0.255 mmol.g"1 (22.3 g.kg"1) and 0.252 mmol.g"1

(52.2 g-kg"1), respectively. The higher than
theoretical asymptotic capacities may be due to the
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reduction of some of the Mo6+ centres, and hence an
increase in the overall negative charge on the metal
oxide framework. Indeed the blue-green colouration
of the ATS-1 adsorbent supports this view, although
the extent of framework reduction that this
colouration represents is yet to be quantified.

Equilibrvim [Nf*] (mg/L)

Figure 3. Equilibrium Cs+, Sr2+ and Pb2+

adsorption isotherm curves (-•-, -•- and - • - ,
respectively) for the ATS-1 adsorbent.

Whether one is concerned with pretreatment of
radioactive waste streams or treating uranium
processing streams, the effect that varying levels of
competing cations, such as Na+, K+ etc, have upon
the selectivity of an adsorbent towards a given metal
cation/s is an extremely important aspect of
adsorbent performance. It should be noted that
preliminary investigations on the selectivity of ATS-
1 for 210Pb (and 210Po) in the presence of a range of
alkali metal, alkali earth and transition metal cations
has revealed little to no effect on the sorption of
these nuclides. Additionally, the ILLW stream at
ANSTO only contains ppm concentrations of Al and
Fe, and ppb concentrations of numerous
radioisotopes, and no appreciable quantities of alkali
metal cations. The effect that these cations have on
the selectivity of the ATS-1 adsorbent was
investigated to ascertain its suitability towards other
waste streams that might contain such cations.

In Figures 4 and 5 are presented Cs+ and Sr2+ (ca.
100 ppm in 1M HNO3) adsorption isotherms for the
ATS-1 adsorbent, in the presence of Na+ and K+,
respectively. It is apparent from Figure 4 that
extraction of Cs+ (-•-) by ATS-1 is moderately
efficient ca. 75% at the maximum concentration of
Na+. Conversely, the inclusion of Na+ has an
immediate negative impact on Sr2+ extraction (-•-),
decreasing to only ca. 10% at the highest Na+

concentration studied. Similar trends in Cs+ and Sr2*
uptake by ATS-1 are observed with increasing K+

concentration.

In Figure 6 is presented the Cs+, Sr2+ and Pb2+

adsorption isotherms for the ATS-1 adsorbent for
low to high acidity solutions. For both Cs+ (-•-) and

Pb2+ (- A -), the percentage of cation extracted does
not vary greatly across the [H+] range studied,
except for Pb2+ at extremely high [H+] (15.4M). This
is especially impressive in the case of Pb2+ given the
high [H+] solutions employed and wide range of
[H+] investigated. Few conventional inorganic
adsorbents can tolerate such acidity without
decomposition. The lower selectivity of the ATS-1
adsorbent for Sr2+ in medium acidity solutions is
particularly evident, with a ca. 100% increase in
percentage extraction when [H+] is decreased from
just 2M to 0.1 M.

Figure 4. Uptake of Cs+ and Sr2+ (-•- and -•-,
respectively) by ATS-1 adsorbent as a function of
[Na+]. Combined uptake of Cs+ and Sr+ is
represented by -D-.

Figure 5. Uptake of Cs+ and Sr2+ (-•- and -•-,
respectively) by ATS-1 adsorbent as a function of
[K+]. Combined uptake of Cs+ and Sr+ is
represented by -D-.

1E-04 0.001 0.01 0.1

Proton Concentration [M]

Figure 6. Uptake of Cs\ Sr2+ and Pb2+ (-•-, -•-
and -A-, respectively) by ATS-1 adsorbent as a
function of [H+].
Fixed-bed Column Separations of Cs+, Sr2+ and
Pb2+

The microcrystalline nature (powder) of the ATS-1
adsorbent makes its direct use in any column-based
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application impossible, and as such a suitable
'engineered form' of the adsorbent was pursued. In
conjunction with researchers at the Czech Technical
University in Prague, a granular form (60% w/w
ATS-1) of the adsorbent has been prepared using an
inert, organic matrix. An electron micrograph of a
cross section of the composite adsorbent material is
shown in Figure 7. The high degree of internal
macroporosity present in these composite materials
is the key to their success as a support. Furthermore,
the organic matrix has been shown to be extremely
robust to radiation fluxes of lxlO10 Gy, and as such
is very amenable to the nuclear applications
presented herein. [24] Efforts are continuing in
preparing materials with a higher weight loading of
the ATS-1 adsorbent, so as to increase the capacity
for Cs+ and Sr2+ per unit mass of composite
adsorbent.

Figure 7. Electron micrograph of a cross section
of the ATS-1 composite adsorbent.

Cs+ and Sr2' - ANSTOILLW
To evaluate the potential of the composite adsorbent
to remove Cs+ and Sr2* from ILLW simulant in a
fixed bed system, bench-scale (2 ml bed volume -
BV) column tests were undertaken to obtain kinetic
and loading capacity data. Figure 8 shows the
cesium and strontium breakthrough curves generated
for a flowrate of 20 BV.h1. This data allows the
calculation of Cs+ and Sr2* column capacity (q0) and
column exhaustion rate constants (kt) using theory
developed by Thomas and others.[25,26] Typical qo

and k, values for Cs+ obtained using ANSTO ILLW
simulant were 14.43 g.kg1 and 0.0252 L.h'.g1,
respectively.

Modeling the adsorption kinetics of Cs+ and Sr2+ to
the fixed bed of composite adsorbent was conducted
by application of Equation 2;

—
C -\+ep (2)

where C= cation effluent concentration (mg.L"1); Co

= cation feed concentration (mg.L"1); kt = column
exhaustion rate constant (L.h'.mg"1); F = flowrate
(L.h"'); qo = equilibrium adsorbent phase cation
concentration (mg.g"1); M = mass of adsorbent (g); V
= eluant volume (L). The validity of this modeling
approach has been confirmed at other flowrates ca.
15 BV.h1.
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Figure 8. Cesium and strontium breakthrough
curves using ANSTO ILLW simulant (2ppm Cs+

and 0.6ppm Sr2+ in 1M HNO3).

The theoretical breakthrough curve for Cs+ shows a
high degree of correlation with the experimentally
determined breakthrough curve; however, there is a
distinct deviation from the predicted behaviour for
Sr2*. The higher than 100% breakthrough observed
suggests that some of the adsorbed Sr2* 'bleeds'
from the column over the course of the elution with
ANSTO ILLW feed. Efforts are presently underway
to quantify this 'bleed' of Sr2+ and discern whether it
is due to a competitive desorption involving Cs+ or
continual elution with [H+].

The theory used to model column performance may
also be utilised to design large scale separations. If a
number of columns of defined bed volume, and
known column performance (qo and kj), are placed
in series, the breakthrough {CJC = 100000) and
exhaustion {CJC = 1.05) points for each column
may be calculated. Figure 9 shows a plot of these
breakthrough and exhaustion points for Cs+ and Sr2*
as a function of eluant volume for the ATS-1
composite adsorbent.
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Figure 9. Predicted breakthrough and exhaustion
volumes for treatment of 100L of ILLW
simulant.

As an example, this theoretical approach defines that
in order to treat 100L of ILLW simulant 8 and 13
columns (30 ml bed volume) would be required to
remove Cs+ and Sr2+, respectively, to a level of CJC
= 100000. The greater number of columns required
to remove Sr2+ from the 100L of simulant is a
reflection of the lower selectivity and capacity of the
ATS-1 composite adsorbent for the cation.
Furthermore, this approach can be extended to
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predict the amount of composite adsorbent needed to
treat the entire ca. 6000L of ILLW stored at the
ANSTO site, with a predicted total volume of 22L of
composite adsorbent sufficient to remove both 137Cs
and ^Sr radionuclides.

Pb2+ - preliminary studies
Similar studies to that with Cs+ and Sr2+ have been
undertaken with Pb2+ in 1M HNO3 with the
experimental and theoretical breakthrough curves
presented in Figure 10. Initial column evaluation
studies of the ATS-1 composite with Pb2+-containing
acidic solutions have shown behaviour which is
consistent with the theory proposed by Thomas.[25]
The q0 and k/ values for Pb2+ obtained were 13.66
g.kg"1 and 0.0526 L.h'.g"1, respectively, but assume
ideal behavior beyond the ca. 20% breakthrough
point. Efforts are currently underway to follow
column breakthrough through to exhaustion and
thereby confirm the validity of the Thomas model in
predicting column performance.

, J
60 i

, L . . . . > • • < :
10 15

Volume Eluted (L)

Figure 10. Lead breakthrough curves using lppm
Pb2+ in 1M HNO3 feed solution.

Studies have also commenced with 2l0Pb and 210Po-
containing solutions indicative of uranium ore
processing streams viz. 2M H2SO4 and containing
various metal cations. These results will be treated in
a manner similar to that of the Cs+ and Sr2+ results
with ANSTO ILLW lo design a larger scale
separation of 2l0Pb and 2l0Po.

Conclusions

The unique ability of the ATS-1 adsorbent to sorb
both Cs+ and Sr2+ from acidic radwaste simulant has
been demonstrated, and presents itself as a potential
technology for the pretreatment of ANSTO ILLW.
Other 137Cs and 90Sr-containing radioactive waste
streams with low to medium levels (<500ppm) of
alkali metal and alkali earth cations could be
treatable with the ATS-1 -based technology.

The exquisite selectivity of the ATS-1 adsorbent for
Pb2+ across a wide range of pH indicates that this
adsorbent could have application in removing 210Pb
(or Pb2 ) and 210Po from a number of areas, namely,
uranium ore processing, uranium ore tailings
leachates and groundwater treatment/testing.
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SUMMARY: The existence of the earth around us is a result of heat and pressure combined to form the
very crust we stand on. With such a good model, scientists working throughout the nuclear fuel cycle have
used these principles to optimise each particular step. From the fabrication of fuel rods and running of
reactors to the final storage of the waste generated; heat and pressure have proved to be vital resources.

At ANSTO the concepts of using heat and pressure to consolidate the v/aste produced for the nuclear fuel
cycle have been extensively investigated. Working with collaborators, it has been demonstrated that the
intermediate to high level waste can be incorporated into a ceramic or glass-ceramic matrix and
immobilised therein, using heat and pressure via the means of a Hot Isostatic Press.

This paper touches on how following the simple principles of heat and pressure utilised in the operation
of this planet every day, the nuclear fuel cycle can be most efficient. The main focus has been the
utilisation of Hot Isostaitic Pressing for the production of various durable wasteforms at ANSTO for both
Australian and international wastes.
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SUMMARY. As a result of collaboration with various organisations, we have developed over
the last few years, cold crucible technology that would allow us to melt ceramics. We had a need
to prove the capability of the process and the durability of ceramic wasteforms it produced for
immobilising nuclear waste. Typically in the laboratory, melting operations were carried out in
expensive platinum crucibles heated in conventional resistance furnaces. The process times were
long and laborious. The need for an induction melting process at the laboratory scale was soon
apparent. The results by conventional melting were excellent as was the durability of the product,
however, cold crucible vitrification was the path chosen by our many organisations to process the
large amounts of nuclear waste. The development of a laboratory scale cold crucible able to melt
ceramics, glasses and glass-ceramics was needed so that we could validate the wasteform
formulations in induction melting, here we present some results from our experiments to melt
various materials using cold crucibles.
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S U M M A R Y
A N S T O is implementing a standardised real-t ime stack monitoring system for monitor ing airborne emissions, using
identical Nal (TI) detectors, Multi-channel analyzers ( M C A ) and locally produced software.
This work focuses on garnma energies be low 250 keV, as the majority of noble gases discharged during " M o
production, emit in this region. It was necessary to extend the calculations beyond this region, to ensure they could
be used to quantify emiss ions from the National Medical Cyclotron ( N M C ) and also used for quantifying 41Ar,
produced and discharged by operations at the High Flux Australian Reactor (HIFAR) .
Determinat ion of Nal(TI) detector efficiency below 250 keV has always been considered a difficult task, one not made
easier by the lack of variety in calibrated low-energy emit t ing g a m m a sources or by the lack of specific internal Na l (Tl )
detector dimensions required for accurate computer modeling.
This project seeks to overcome these obstacles by combining experimental data with computed tomography (CT) imaging,
2D/3D image analysis and reconstruction software, Monte Carlo code (MCNP-4B) and comparison with high resolution
H P G e detectors.

1. I N T R O D U C T I O N

A new stack monitoring system is currently being
commiss ioned at the Austral ian Nuclear Science and
Technology Organisation (ANSTO) , replacing now
outdated and obsolete equipment that was installed
over a number of years, beginning with 5 initial
monitor ing stations.

This new site-wide system is designed to monitor the
radioactive component of emissions from stacks of
note at A N S T O . These stacks include those located at
the National Medical Cyclotron ( N M C ) at Royal
Prince Alfred Hospital , the Australian High Flux
Reactor (HIFAR) and stacks involved in " M o and
general isotope production.

The system will incorporate identical moni tor ing
stations, resulting in a need for only a single
calibration for the entire system and a capabili ty for
interchanging components within the sys t em. It was
decided the calibration of full energy peak efficiency
(FEPE) would be acquired using experimental
determination and a comparison with computer
model ing using the Monte Carlo method.

Each monitor ing station consists of a 5 0 m m x 50mm
(2" x 2") Nal(TI) detector with accompanying
photomult ipl ier (PM) tube, multi-channel analyser
( M C A ) and software produced at A N S T O . T h e
gamma-ray detectors are placed in a copper-l ined lead

castle, over a sample chamber of known volume and
with known flow rate.

The new system records peak data for emissions of
interest and then uploads them to a database where
flow, volume and detector efficiency factors are
applied. The resulting calculation of stack activity is
next placed on a server, where it can be accessed by
an Internet browser, in the form of a graph or
spreadsheet. The information is then stored in the
system and can be reviewed at any t ime. Isotopes and
energies currently being measured by the system, are
given below in Table 1.

Isotope
IJJXe
8 iKr
l i l m X e
58KJ-
m m X e
I J i Xe
"Kr
l 3 i m Xe
41Ar

Energy (keV)
81.0

151.2
163.9
196.3
233.2
249.8
402.6
526.6
1293.6

Table 1. Table of currently monitored isotopes and
energies, in order of ascending energy.

135



2. METHOD

2.1 Monte Carlo Method

The Monte Carlo method was developed during the
Second World War for the modeling of particle
interactions based on probabilities and use of a
random number generator.

Monte Carlo follows the path of a particle, sampling
angles, distance until further interaction and
interaction types. It stores the outcomes not followed
and the process continues, until either the particle
leaves the area of interest, is attenuated, or becomes
of no interest. The program then goes to the most
recently stored track and the process is repeated.

There are many variations of the Monte Carlo
Method, some of the more commonly used codes are
Monte Carlo Geant, EGS4 and Monte Carlo N—
Particle (MCNP). MCNP is a general code that can be
used for modeling electrons, neutrons and photons,
MCNP-4B was the code used for this work.

A nine-computer Linux farm was used to run the
MCNP inputs and to speed their calculation. The
input files are set by the user and consist of a series of
"cards" specifying dimensions, particle types and
energies, surfaces, materials and the number of
histories, that is, interactions they require calculated

The number of histories run in Monte Carlo isn't
always indicative of the accuracy of the result, but
this can usually be assessed by looking at the error
checks and data created by MCNP itself. Histories to
the order of 108 and greater were calculated to ensure
acceptable statistics.

2.2 Detector Construction and Internal Geometry
Problems

Very little data is available from the manufacturers on
the internal composition and geometry of detectors
they produce; what literature is available tends to be
contradictory, or at a minimum, not accurate enough.
Apart from previous work done as part of this project
(1) other studies have similarly concluded that the use
of MC in modeling FEPE is greatly limited by the
lack of accurate data available on the internal make-
up of Nal(TI) and HPGe detectors. (2-7)

The idea behind this work is that a combination of
industrial radiography and computed tomography
imaging with appropriate software, could yield
accurate internal detector dimensions and density
data. That is, if the cross-sectional data from this non-

destructive method can be obtained, it will allow us to
obtain the accuracy in describing internal detector
composition, that has historically impeded Monte
Carlo modeling of FEPE.

2.3 Computed Tomography

Computed Tomography is the process of creating
cross-sectional images of objects. The object is
scanned with gamma or x-ray beams and the data on
the amount of rays absorbed is then analysed to create
a 2D or 3D cross-section of the object.

There are a number of generations of CT scanners,
with each subsequent generation aimed at increasing
the speed of the scan, an important parameter in
clinical applications of CT. However, the trade-off for
speed of scanning also introduces problems, such as
losses in resolution and increasing difficulty in
reconstruction of their images. Virtually all available
CT, are medically orientated and thus, not ideally
suited for industrial applications with dense materials.

The most simple of CT scanners is the 1M generation,
which consists of a single scanner and detector with
the object rotated between them. Although, this is the
slowest form of CT, the image resolution is the best
of all the generations.

A 3rd generation uses a single source with a fan array
of detectors on the opposite side of the object, which
is rotated between them. This is much faster than the
traditional Is' generation, but the resolution is less, the
reconstruction process more difficult and the creation
of image artifacts common.

Spiral CT, also known as helical CT, uses a ring
containing the source and detectors, which rotate
around the object being scanned as it is moved
through the ring. This results in a spiral geometry of
scans, rather than straight cross-sections, but the
scans are reconstructed to give cross-sectional images
as if full 360-degree scans had been done for each
cross-section. This is the fastest method of CT and
faster reconstruction methods, such as Fast Fourier
Transformations, are often used in reconstructing the
image in areas between the real scans. The resolution
is not as good as 1st or 3rd generations, but the image
regeneration is very fast and so this generation of
scanner's predominate in medical applications of CT.

2.4 Radiography

Industrial X-rays were also taken at ANSTO for a
crosscheck of the CT image data. Images were
recorded on film plates, scanned and converted into
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JPEG image files. Its difficult to accurately
determine the actual distances between components
because of parallax distortion effects in the
radiographs, but the high resolution and clarity
allowed the images ' use in determining if C T artifacts
were present in our other work.

2.5 Experimental

Both the experimental and Monte Carlo analysis of
FEPE were carried out for the Nal (Tl ) detectors. The
count rate was corrected for activity and decay,
before being divided by the probability of each
isotope's specific emission. This was then plotted
against the emission energy for each isotope and
emission, see Table 2, to give the experimental FEPE
curve.

In each case the statistical uncertainty was kept to
< 0 . 1 % and all emissions were counted in at least
triplicate before being averaged.

Isotopes
" ' A m

I J J Ba
10VCd
l i 9 Ce
5 ' C o

""Co

1J'Cs

'"Eu

i0JHg
"Na

m S n
siSr
88Y

Activity (Bq)
1020
2012
1000
2619
1996
1222
1452
1009
3397
971
1173
1000

4493
972
506
155

2758
5277
7278

Source Type
Volumetric

Point
Volumetric

Point
Point

Volumetric:
Point

Volumetric
Point

Volumetric
Point

Volumetric
Point
Point

Volumetric
Volumetric
Volumetric

Point
Point
Point

Table 2: Isotopes obtained for experimental
determination of FEPE. Activities are given as at time
of initial calibration.

Figure 1: One of the Nal(Tl) detectors with an
example of the volumetric sources listed.

3. RESULTS and DISCUSSION

Data from the experimental determinations and the
Monte Carlo modeling could be plotted to reveal a
classic efficiency curve. This curve displayed a
turning point at the highest efficiency, which
corresponds to an energy of approximately 120 keV.
This is followed by a rapid decrease on the either side
of the turning point (Figure 2 and 3).

1 O 0 2 t n 3 0 0 « J 0 ! O 0 « » 7 O 0 B 0 0 S O D tCCO 1200 1300 1400

Figure 2: Linear plot of experimentally determined
FEPE, as a fund ion of energy in keV(squares), with
maximum FEPE was found to be at approximately
120 keV. Superimposed, is the MCNP calculated
efficiency (circles) using geometry derived from CT.
The third curve (triangles) is the MCNP calculation
for detector geometry derived from the
manufacturer's data.
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The low energy decrease below 200keV, is largely
due to the detector's internal geometry and material
composition. Variation in these parameters, leads to
variations in attenuation and scattering of photons
within the detector and its casing, which holds
particular significance for low energy photons.

Figure 3: Enlargement of Fig. 2, displaying turning
point of FEPE curve, corresponding approximately to
120keV. This clearly displays the agreement of FEPE
determination by experimental means and CT
derived MCNP. It also displays the disagreement of
these determinations with MCNP based on
manufacturer's specifications.

To gain this data, the detectors were scanned and
reconstructed, first in 2D, then in 3D. Geometry data
and density data in the form of CT numbers, was then
extrapolated for each detector.

4. CONCLUSION

The results obtained by the MCNP model and by the
experimental method compare favourably. At higher
energies the two agree, but at the lower end of the
energy spectra, there is a significant deviation
between the two models. The reason for this is almost
certainly relates to the construction geometry,
materials used and the density of components within
the detector housing.

Although the manufacturer's data and specifications
exist, we have shown that even a small deviation in
geometry or thickness of any component, can affect
the efficiency curves dramatically.

At this stage, more work is required to produce a
reliable MCNP model for this arrangement and for
the HPGe detectors.

We believe that the data shows that we can reliably
model detectors for 250 keV and above, but further
work will be required to accurately model the sub-250

keV region, critical for both fission product noble gas
monitoring and environment applications, such as
measurement of uranium, thorium and their daughter
products.

Other applications include security and waste
monitoring where most nuclides of interest emit in the
lower energy region.

We are confident that the technique of using MCNP
with CT scanning, preferably first generation
scanners, will solve the problems of producing
efficiency parameters for all geometries, without the
need for protracted isotope based practical
measurements.

The promise of the technique is clearly shown in
figure 3, where the FEPE curve generated by accurate
measurements obtained by CT, closely agreed with
the experimental FEPE. Conversely, the technique
also displays the errors that may be generated if
manufacturer's specifications of internal geometry are
assumed to be correct.
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Summary. The two-filter method is presently the best technique available for real-time low-fevel counting of
atmospheric 7J"Rn. The Australian Nuclear Science and Technology Organisation has developed and
deployed a range of dual How loop, two-filter radon detectors around the world for various applications. The
detectors have a response tune of 45 minutes, and can be custom built for specific purposes. The largest
dereeforx have a tower limit of detection of -10 mBq m \

Introduction
At present, the two-filter detection method [Thomas
and LeClare, J97O] is the best technique for low level
counting of radon in air. Other detection techniques,
which rely upon the use of radon progeny as a radon
proxy, necessitate concomitant assumptions regarding
equilibrium, or establishing the degree of
disequilibrium, of the progeny with respect lo the
ambient radon [Larson and Hoppcl, 1973; Lambert e.i
at., 1970],

The Australian Nuclear Science and Technology
Organisation (ANSTO) has developed and triakd a
siovei set of dual flow loop two filter detectors for
long term continuous monitoring of radon
concentration in air for a wide range of applications
including geophysical research, atmospheric research
\ Whin'.estone and Zahorowski, 1998] and compliance
monitoring. Geophysical research applications
include radon monitoring in coal mines as a precursor
of .imminent outbursts. Atmospheric research
applications include pollution studies, air mass
tracking and numerical model evaluation.
Compliance monitoring is conducted at plant
perimeters, as well as the evaluation of remission
strategies and estimation of efficacy of radon covers
for tailings; dams.

Principle of operation and performance
The radon detectors currently used by ANSTO are
dual i'low loop, fwu-fjiter. detectors {Figure 1). Air is
drawn shreugh the detector from the sampling poim
by ?he extern:)] flow loop. As air enters the detector it
passes through iiw- first filter, which removes aerosols
and ambient radon progeny. Once inside the defector,
the -Internal flow loop recireuiates the nir at a high
flow rate, through the second filter (:s fine wire mesh),
which collects recently jfoxmed radon progeny. Alpha
decays of the captured radon progeny axe counted

using a zinc sulphide scintillator - photomultiplier
combination, and subsequently related to a radon
concentration.

Trie detector volume and flow rate of the. external
flow loop control the sample residence time within
the defector. The sample residence time, flow rare of
the internal flow loop, and progeny collection
efficiency control the detector sensitivity and lower
limit of detection. Existing models vary in size from
32 to 5000L. The lower limit of detection of the
5000L model is 10 mBq m"-\ Detectors may be
custom built to suit specific requirements. Hie
detectors have a 45 minute response time and
typically a 30 -minute sampling frequency. They are
designed for continuous operation, have low
maintenance requirements, low power consumption
and can be motmored remotely.
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Figure 1: Schematic diagram of the
ANSTO dual flow loop, two-filter

radon detector.
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Monitoring network and collaboration
ANSTOs radon monitoring capabilities have led to
participation in prominent multi-disciplinary national
and international scientific programs involving the
Bureau of Meteorology, CSIRO, Australian National
Antarctic Research Expeditions, World
Meteorological Organisation's Global Atmospheric
Watch, National Oceanic and Atmospheric
Administration Climate Monitoring and Diagnostic
Laboratory, Pacific Marine Environment Laboratory
and the International Global Atmospheric Chemistry
Project.

ANSTO built radon detectors are presently operating
in Sydney (New South Wales), Cape Grim
(Tasmania), Melbourne (Victoria), Jabiruu (Northern
Territory), Rottnest Island (Western Australia), Cape
Point (South Africa), Mauna Loa Observatory
(Hawaii), Edinburgh (Scotland), Macquarie Island,
Seattle (Washington), Hok Tsui (China), Gosan
(South Korea), and Sado Island (Japan). Mobile
(ship-borne) detectors have also been employed on
the CSIRO research vessel Southern Surveyor, the
NOAA research vessel Discoverer and the research
vessel Ron Brown.
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SUMMARY: At Hat Head, NSW, on the eastern Australian coast, a radioisotope tracer study of groundwater
flow in response to tidal forcing was conducted adjacent to a tidal creek. Using radiotracer, 82Br, groundwater
movement was tracked in-situ over 5 days on two occasions encompassing both neap and spring tide conditions.
The tracer was injected into one borehole and gamma counts monitored from an adjacent borehole using Nal(Th)
detectors. This technique maps the path of the slow moving tracer without sampling and allows the net
groundwater movement to be distinguished from short term ridally driven fluxes. During the neap tide period net
groundwater movement of 0.1 m/d was observed with horizontal tidal fluctuations in the order of 0.04 m. This
contrasts with the tidally dominated spring tide period where net groundwater movement was negligible but
tidally driven fluctuations of up to 0.13 m were observed.

Introduction

Coastal sand dune aquifers in E Australia are under
increasing pressure from urban and rural
development through:
• Extraction for water supply and irrigation;

• Sewage effluent disposal into aquifers;
Contamination from septic tanks, pesticides
and nutrients.

Coastal aquifers also exchange water and
contaminants with tidal creeks, wetlands, coastal
lakes and recreational waters.

• Bore Hole
A Creek Instrumentation

Fig. 1 Location of Hat Head study site (A-C); well locations (D); Korogoro Creek (E).
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Groundwater discharge to coastal waters, and the
associated transport of nutrients and contaminants,
is believed to have a significant impact on coastal
ecosystems. However, complex boundary
conditions and rapidly changing short-term fluxes
make net flows resulting from local or regional
groundwater discharge difficult to quantify. Such
boundary conditions include beach face wave runup
and storm setup, sub-surface tidal forcing, frequent
surface inundation and tidally driven
surface/groundwater interactions in estuarine and
coastal areas.

Whilst short term changes in hydraulic head can be
measured, variations in salinity make it almost
impossible to translate head gradients into flow
rates in tidal environments. Tracer techniques can
complement hydrological and geochemical studies
of such systems and help distinguish longer-term
net fluxes from the highly variable short-term
fluxes.

Study site

At Hat Head, NSW, on the eastern Australian coast,
(Fig. 1A,B) a comprehensive study of
hydrogeology and hydrogeochemistry has been
conducted in an estuarine/coastal sand dune aquifer
(Acworth et al, 1998). A scheme currently under
construction will dispose of treated sewage effluent
from the small coastal community by injection into
the sand dune aquifer. Hat Head is characterised by
a 10m high sand dune separating freshwater and
estuarine wetlands from the Pacific Ocean (Fig.
1C,D). The wetlands are linked to the ocean via
Korogoro Creek (Fig. IE), which has a 1.5m
maximum tidal range. The underlying aquifer
extends to a depth of >30m below sea level. It
consists of well-sorted fine sands (K=20m/d) with a
zone of poorly cemented 'coffee rock' sands (K=<1
m/d) occurring at 10-1 lm depth. Geophysical and
geochemical data have shown that there is an
extensive mixing zone between fresh and saline
water near the creek as shown in Fig. 2 (Acworth
and Dacey, 2003). Saline intrusion is limited by the
coffee rock base and appears to vary over time.

WEST EAST
(300m to ocean)

VERY LOW SALINITY REGIONAL GROUNDWATER

Fig. 2 Conceptual model of groundwater
movement and salinity across Korogoro Creek
derived from borehole EC logs and cross-
borehole tomography data collected during
August 2001 {after Acworth & Dacev 2003^.

Fresh regional and local groundwater discharges to
the creek around the saline water at shallower
depths. Tritium data indicate that regional
groundwater is modem and stable isotope ratios
have been used to distinguish between salt flat and
sand dune dominated systems where evaporative
and seawater mixing processes are observed. Storm
wave setup and beach wave runup have been shown
to elevate the water table near the coast leading to
flow reversal and potential discharge of effluent to
the estuarine zone.

Method

A radioisotope tracer study of groundwater flow in
response to tidal forcing was conducted in the
variable salinity zone adjacent to Korogoro Creek at
Hat Head. Using the short lived conservative
radioisotope tracer 82Br (TV2=35h), groundwater
movement was tracked in-situ over a period of
~5 days on two occasions, first during a spring tide
(August 2001; 80 MBq 82Br) and then during neap
tides (July 2002; 200 MBq 82Br).

The tracer was injected into a borehole screened at
a depth of 5 m from the surface (Borehole HHC,
Fig. 3) and gross gamma counts monitored over
time from an adjacent borehole (Borehole HHB,
Fig. 3) using Nal(Tl) detectors.

HH10 HHA HHB HHD HH11

0 1 2 3 4 5 6 7 1
DISTANCE FROM CREEK BANK (m)

Fig. 3 Cross section of study site showing well
depth and location (refer to Figs ID & 2).

Vertical profiles were also measured from borehole
HHB to determine the tracer depth and directional
profiles taken using a collimated detector were used
to determine the direction of the plume.

A series of laboratory measurements of count rate
at various distances from a point source and at
various source activities were conducted in a
simulated sand aquifer using 82Br. An equation was
fitted to this data to enable us to estimate the
detector distance, r, from the tracer plume as a
function of count rate detected assuming a point
source of known activity.

r =-70.738-lnff )
\932S7AJ

0)
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Where r = point source distance (mm}
A = decay corrected source activity

(MBq)
CPS = background corrected counts per

second

Equation 1 incorporates the effects of attenuation
and buildup as well as the radionuclide and material
properties. However, it will underestimate the
distance to the plume because of dispersion.

The equation was applied to time series count rate
data from both experiments after background and
decay correction in order to estimate the distance of
the plume from the detector.

Results

From these data we were able to map the path of the
slow moving tracer by plotting distance against
direction on a radial plot (Fig. 4). In combination
with the fluctuations in the time series data, we
were then able to distinguish net groundwater
movement from short term tidally driven fluxes.

During the neap tide period net groundwater
movement of 0.15 m/d was observed with
horizontal tidal fluctuations in the order of 0.04 m
and no discernible vertical movement. This
contrasts with the tidally dominated spring tide
period where tidally driven fluctuations were up to
0.14 m, net horizontal groundwater movement was
negligible

" HOURS SINCE INJECTION
•Q SHOWN IN ITALICS

TO CREEK

INJECTION
iOREHOLE

10 20 30 40 rifSO 60 70 80 90cm

/ / I /so
MONITORING
BOREHOLE

DIRECTION OF TRACER MOVEMENT/

Fig. 3 Radial plot of plume path during the
tracer study.

Discussion and conclusions

During spring tides horizontal fluctuations are
driven by the tides but observed net movement is
upwards. This supports the hypothesis that saline
intrusion drives upward circulation in the mixing
zone.

During neap tides vertical movement is negligible
and the tidally driven fluctuations are small. A net

horizontal flow towards the creek is clearly
observed supporting the hypothesis that fresh local
and regional groundwater discharges to the creek
above the high salinity zone.

The frequency of directional data collection is not
sufficient to show fluctuations in direction due to
tides, however the reversing direction shown
between 40 and 54 hours in Fig. 4 provide an
indication that this may be occurring.

We are currently conducting Monte Carlo
modelling of trie experiment and the simulated
calibration aquifer to investigate plume dispersion
and correct distance estimates to allow for a non-
point source plume.
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Summary. Seasonal variations in fetch regions for air masses exhibiting the greatest and least terrestrial
influence at three sites in East Asia are discussed. Results are based on the first year of hourly atnnospheric radon
concentration observations made as part of the Asian Aerosol Characterisation Experiment (ACE-Asia). Fetch
regions for Asian continental outflow to the Pacific Basin within the boundary layer are shown to be distinct
from corresponding troposperic outflow events. Analysis of the hourly radon time series in conjunction with
back trajectory analysis indicates the presence of a large localised radon source in south eastern China.

Introduction
In conjunction with several international research
teams, the Australian Nuclear Science and
Technology Organisation (ANSTO) has been making
continuous, hourly radon observations, since early
2001, at three sites in East Asia (Hok Tsui, China;
Gosan, South Korea and Sado Island, Japan) as part
of the Asian Aerosol Characterisation Experiment
(ACE-Asia). Radon (222Rn) is a natural radioactive
gas with an almost exclusively terrestrial source
[Schery and Wasiolek, 1998]. It's relatively short
half-life, and physical characteristics, make it an ideal
tracer of terrestrial influence on air masses [Jacob et
al, 1997].

ACE-Asia is the latest in a series of initiatives of the
International Global Atmospheric Chemistry (ICAG)
project, which aim to reduce the uncertainty in
aerosol climatic forcing in atmospheric models
through the characterisation and sourcing of natural
and anthropogenic aerosols [Huebert et al., in press].
East Asia is a renowned source of natural aerosols
[Liu et al., 1985; Zhang, 1984] and a rapidly growing
source of anthropogenic pollutants [Perry et al.,
1999]. The site locations were chosen to span most of
the 20-50°N ACE-Asia study domain within which
continental outflow to the Pacific occurs [Gregory et
al., l991;Talbotetai, 1997].

There are two routes for Asian continental outflow to
the Pacific Basin: low-level (in the boundary layer)
and upper-level (in the tropospheric jet stream)

[Balkanski et al., 1992; Kritz, 1990]. The East Asian
stations are ideal for observing low-level transport,
the orientation of which is dictated by seasonal
variations in regional circulation systems (the
monsoons). The winter monsoon causes low-level
continental outflow to the Pacific, whereas the
summer monsoon is characterised by onshore flow.

Results

There was a pronounced seasonal cycle of radon
concentration observed at each site (Figure 1). The
amplitude of the seasonal cycle was observed to
decrease with latitude from Hok Tsui to Sado Island,
which was attributed primarily to (i) relative
proximity to the continental Asia radon source, (ii)
local strength of the monsoonal circulation, and (iii)
strength of the radon source within the predominant
fetch regions.

In order to source air masses corresponding to high or
low concentration radon events, event thresholds had
to be defined. The large seasonal variation in
background radon concentration (Figure 2)
complicated this process, so the seasonally varying
background was characterised and removed. High and
low radon events were defined on a monthly basis as
>90th and <10th percentile values respectively, of the
"net" radon concentration. This net concentration was
obtained by subtracting the weekly minimum value
from the recorded concentrations. The choice of a
weekly time frame for this process was based on the
time scale of synoptic events at the sites, which
varied from 4-10 days.
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Figure 3: Examples of 10-day back trajectories at 3 hourly resolution of high (90th percentile) radon events
during continental outflow conditions and low (10th percentile) radon events during onshore flow conditions at

each of the East Asian sites.

In winter, during conditions of continental outflow,
observed radon concentrations decreased with
increasingly northern fetch. Whether this is due to a
latitudinal gradient of 226Ra in the soils, or increasing
ice densities that would inhibit radon emission, is
unclear.

Whilst the primary fetch region for boundary layer
outflow events at each of the East Asian sites in
winter was north eastern China, Mongolia and
Siberia, the corresponding primary fetch region for
the more pervasive tropospheric outflow events
observed in the central Pacific (at the Mauna Loa
Observatory) was central and western China (Figure
4).

60 i

C. 40
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120E 150E 180
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Figure 4: 10-day back trajectories of high radon events at Mauna Loa in
spring 2001.

Little difference was observed between the fetch
regions of high winter radon events at Hok Tsui
(Figure 3a) and low winter radon events. Trajectories
for the low radon events originated in a similar
location, but their turning point (to the southwest)
was a little further eastward, resulting in a path along
the Chinese coast. This small difference in track over
the latter third of their path resulted in changes in the
hourly observed radon concentration occasionally in
excess of an order of magnitude. One explanation for
the observed behaviour is that there is a strong local
or regional source of radon in south eastern China.

Conclusions

Regional scale How patterns near the surface
associated with the Asian monsoon has a dominant

effect on the air mass fetch
regions of all three East Asian
sites. As a result a large seasonal
variation in background radon
concentration was observed, as
well as large seasonal variations
in fetch regions for air masses
exhibiting the greatest and least
terrestrial influence. Fetch
regions for air masses most likely
to bring pollution to regions
throughout south east Asia were
found to be distinct from those
that have the most pervasive
effect on the atmosphere of the
Pacific Basin. Results also
indicated the likely presence of a
large local source of radon in

150W

south east China.
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Figure 1: Daily and monthly mean atmospheric radon-222 concentrations at the East Asian sites. Bars
denote +1 standard deviation.
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Figure 2: Weekly 10th percentile radon concentration at the East Asia sites smoothed using a 5-week
running mean.

A representative background concentration was
assumed to between the weekly minimum and 10"1

percentile value. Due to the monsoonal influence,
only during conditions of onshore flow did
background radon concentrations resemble marine
baseline values (20-150 mBq m"3).

Wind direction alone was found to be unsuitable as a
reliable indicator of air mass origin for the high and
low radon events. Thus air mass sourcing was
performed with 10-day back trajectory analyses
generated by the National Oceanic and Atmospheric
Administration Air Resources Laboratory's (NOAA
ARL) HYSPLIT 4 package [Draxler and Hess,
1998]. Based on the 3.8 day half-life of radon, under
normal conditions, a 10-day trajectory is sufficient to

represent >80% of the fetch regions responsible for
the observed radon concentration.

Fetch regions for high and low radon events for all
seasons were examined. As an example, back
trajectories for high radon events in winter, and low
radon events in summer are provided in Figure 3. The
fetch regions identified in this example highlight the
strong monsoonal influence at each site. Irrespective
of season, radon derived fetch regions were most
consistent at Hok Tsui. Only under conditions of
onshore flow did air masses corresponding to low
radon events have extended oceanic fetch. Fetch
regions for low radon events in winter (not shown)
originated in Siberia, which would have been frozen
at that time of year, resulting in a reduced radon flux.
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Summary. The Australian Nuclear Science and Technology Organisation (ANSTO) operates several national
facilities, including Australia's only research reactor, HTFAR, produces radioisotopes and radiopharmaceuticals
and carries out research in nuclear science and technology. ANSTO monitors the amount of airborne emissions,
the radioactive and non-radioactive contaminants released to the sewer, the quality of storm water leaving the
site and the quality of ground water. The potential effective dose rates to the general public from airborne
discharges and effluent release from the Lucas Heights in 2002-03 were less than 0.006 mSv/year, well below
the imSv/year dose rate limit for long term exposure that is recommended by the Australian National
Occupational Health and Safety Commission.

1. INTRODUCTION

The Australian Nuclear Science and Technology
Organisation (ANSTO) operates several national
facilities, including Australia's only research reactor,
HIFAR (the High Flux Australian Reactor),
produces radioisotopes and radiopharmaceuticals
and carries out research in nuclear science and
technology. ANSTO is an agency of the
Commonwealth Government of Australia. Most
ANSTO facilities are at the Lucas Heights Science
and Technology Centre (LHSTC), about 40 km
southwest of the Sydney. The LHSTC is surrounded
by a 1.6 km buffer zone. ANSTO also operates the
National Medical Cyclotron, located in the grounds
of the Royal Prince Alfred Hospital in Camperdown,
Sydney, which produces short-lived radioisotopes
for medical investigations.

ANSTO activities are regulated by the Australian
Radiation Protection and Nuclear Safety Agency
(ARPANSA, 2002) under the Australian Radiation
Protection and Nuclear Safety Act (1998).

ANSTO is committed to undertaking its activities in
a manner that protects human health and the
environment and is consistent with national and
international standards. This paper summarises the
results from the environmental and effluent surveys
carried out at the LHSTC and the NMC from
January 2002 to June 2003.

ANSTO has a comprehensive monitoring program
for the main pathways for potential exposure from
routine and accidental releases of radioactivity.
Annually approximately 6000 samples are taken and
some 10,000 analyses are performed.

2. AIRBORNE EMISSIONS

Airborne emissions from 15 stacks at the LHSTC
and the single stack at the NMC are monitored. The
stacks are fitted with HEPA-filters to remove

particles and where relevant, banks of charcoal
filters are used to trap or delay short-lived
radioactive vapours.

The airborne emissions are sampled continuously by
drawing off a proportion of the airflow from the
stack. Charcoal filters accumulate weekly data for
specific radionuclides such as radioiodines and are
analysed via gamma spectrometry. Noble gases like
krypton, argon and xenon are measured in-situ by
sodium iodide gamma detectors, whilst tritiated
water vapour is trapped and measured using liquid
scintillation counting.

The airborne radioactive discharge authorisation
issued by ARPANSA incorporates a system of levels
for discharges that require notification to
ARPANSA. The annual notification levels are such
that the effective dose rate to the public would not
exceed the As Low As Reasonably Achievable (the
ALARA principle) objective of 0.02 mSv/year, even
if all releases were at the notification level.

ANSTO undertakes a program of meteorological
measurements to enable estimates to be made of the
downwind concentration of any airborne pollutants.
The data collected from this program are used as
input to the atmospheric dispersion and dose-
estimation model, PC-CREAM, which is used to
compute the effective dose to an individual due to
the routine airborne release of radionuclides.

3. LIQUID EFFLUENT

Treated, low-level liquid effluent from the LHSTC
and National Medical Cyclotron is routinely
discharged to the sewer under the terms of trade
wastewater agreements with Sydney Water
Corporation. The liquid effluent discharges from the
LHSTC are required to comply with (a) the World
Health Organisation's drinking water reference
levels for radioactivity at the Cronulla STP (WHO,
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1993) and (b) concentration limits for non-
radiological components of the effluent.

The different liquid waste streams at the LHSTC are
treated and combined in holding tanks prior to
discharge into the Sydney Water Corporation sewer.
Proportional samples of all liquid effluent discharges
were collected and analysed for gross alpha and
gross beta radioactivity, pH, biological oxygen
demand, grease, suspended solids, ammonia and
zinc. A volume-weighted composite sample is also
produced from all pipeline samples each month and
analysed for gToss alpha/beta, tritium and gamma
radioactivity. Prior to every discharge, the
radioactive content and specified non-radiological
water-quality parameters are measured.

The level of alpha emitters in the average monthly
activities in 2002-03 were all less than the minimum
detectable activity. The combined monthly activity
quotients for alpha, beta and tritium activity were
less than 12% of the allowed limit

Non-radioactive parameters of the liquid effluent
(suspended solids, pH, ammonia, biological oxygen
demand, grease and zinc) are also measured. The
levels of soluble species in discharged effluent were
at extremely low concentrations (< 1 (ig/L).

All organic-based residues in ANSTO effluent were
below the level of detection and reporting for
specific pesticide and herbicide residues.

Levels of radioactivity and non-radioactive
components of all liquid effluent discharges to the
sewer from January 2002 to June 2003 met the
standards for acceptance specified in the trade
wastewater agreement with Sydney Water
Corporation.

In 2002-03, the levels of tritium observed within the
Cronulla STP were an order of magnitude less than
those stipulated in the Sydney Water Corporation
trade wastewater agreement. ANSTO was in full
compliance with its obligations under the agreement.

Tertiary-treated sewage effluent from the Sutherland
Shire, including low-level effluent from the LHSTC,
passes through the Cronulla STP and is discharged
to the ocean at Potter Point. The radioactivity
measured in marine fish, algae and barnacles
sampled at Potter Point in 2002-03 was of natural
origin, apart from the low levels of iodine-131 found
in the algae.

Liquid effluent is discharged from the National
Medical Cyclotron to the Sydney Water Corporation
sewer under the terms of a trade wastewater
agreement that incorporates limits set by the NSW
EPA for specific radionuclides. The

radiopharmaceutical products made at the NMC are
relatively short-lived, with half-lives ranging from
minutes to hours in most cases. Consequently, a
system of delayed liquid effluent releases ensures
radionuclides have decayed significantly prior to
being released. The average levels of radionuclides
measured in discharges to sewer each month from
the NMC contained were well within the required
limits in the period from January 2002 to June 2003.

4. STORMWATER

Stormwater from the LHSTC flows into three small
streams (Bardens, Strassman and MDP Creeks) that
are classified as Class C waters under the regulations
associated with the NSW Protection of the
Environment Operations Act (1997). The Act sets
out relevant limits for gross alpha and beta
radioactivity in these waters.

Surface waters include stormwater runoff as well as
flows of near-surface groundwater. Concrete bunds
of about 2 m3 capacity on the three main stormwater
outlets at the LHSTC temporarily retain surface
water before its release off-site. These bunds are
inspected and emptied each week-day morning. The
bunds are also used as environmental monitoring
points. Local creeks and the Woronora River are
also regularly monitored for radiological water
quality.

All surface water results in 2002-03 were well below
the limits for tritium, gross alpha and gross beta
activity in the relevant regulations/guidelines

5. GROUNDWATER

A groundwater monitoring program at LHSTC was
established in 2000 with installation and
development of a groundwater piezometer network.
This groundwater monitoring network, consisting of
31 piezometers, has been designed to cover all areas
within and adjacent to the LHSTC, and to sample
representative groundwater flows.

Groundwater flow at the LHSTC is primarily
dependent on topographic features. LHSTC is
situated on top of a gently north-sloping ridge, with
several steep gullies draining into the Woronora
River on the eastern side, and shallow depressions
forming the headwaters of Bardens and Mill creeks
to the west.

After heavy rain, the stormwater system receives
surface flows from roads, buildings and surface
drainage lines, and the soil absorbs rain falling on
the vegetated portion of LHSTC. For several days
following heavy rain, water seeps from the soil into
the heads of the gullies surrounding the LHSTC.
Discharge via a deeper groundwater path, over a
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much longer time scale and further down the gullies,
ultimately forms the base-flow of the Woronora
River. The response of the LHSTC groundwater to
heavy rainfall has also been assessed.

Groundwater quality at LHSTC is typical of what
would be expected for a sandstone aquifer.
Groundwaters are acidic to slightly acidic, ranging
in pH from 3.88 to 6.30 and low in total dissolved
solids. The pH and electrical conductivity values
reflect fresh groundwater originating from local
rainfall, flowing through the system at a slow rate
(ranging from 0.01 to 4 m/year).

The field chemical data and major ion data confirms
that the rate of groundwater movement from rainfall
to discharge is small, as also reflected in the
generally low ionic concentrations of the
groundwater in the area.

Levels of alpha, beta and gamma radioactivity were
found to be negligible in groundwaters in the
LHSTC. The few small detections are attributed to
natural background, generally associated with
potassium-40, uranium-238 and thorium-232.
Tritium was detected in the LHSTC groundwaters
with a maximum of 600 Bq/L. These tritium
activities were higher than normal rainfall
background in Australian waters, but the maximum
activity was less than 10% of the Australian
Drinking Water Guidelines (NHMRC and
ARMCANZ 1996). The elevated levels of tritium
reflect rainout of tritiated water vapour airborne
emission associated with HTFAR operations.

Routine six-monthly groundwater level monitoring
and sampling from the Little Forest Burial Ground is
also undertaken. Tritium activities were below levels
considered safe for drinking water in Australia. The
gross alpha and gross beta activities in the
groundwater were below the levels prescribed for
surface waters in New South Wales. The majority of
gross alpha and gross beta results were below 0.5
Bq/L which is the level recommended in the
Australian Drinking Water Guideline (NHMRC and
ARMCANZ 1996). This comparison provides a
context as these guidelines are not applicable to
groundwaters that do not contribute to public water
supply.

6. SOIL AND SEDIMENT

Sediment that accumulates in stormwater bunds is
removed at least once each year. These sediments
are analysed, prior to their removal, for gross alpha,
gross beta and gamma radioactivity. Measured gross
alpha/beta activities correspond to background levels
for similar sandy soils of the Sydney region.
Gamma-emitters that were detected include
naturally-occurring potassium-40 and members of

the uranium-238 and thorium-232 decay series. Very
low levels of fission and activation products were
detected, far below the relevant ARPANSA
exemption levels for classification of radioactive
materials.

7. POTENTIAL DOSES TO THE PUBLIC AND
THE ENVIRONMENT

The principal sources of potential radiation exposure
to members of the public from routine ANSTO
operations at the LHSTC and National Medical
Cyclotron are from airborne emissions and low-level
liquid effluent discharges.

The effective dose to a hypothetical individual
potentially exposed to radiation in routine airborne
discharges from the LHSTC during the 2002-2003
financial year was less than 0.006 mSv/year, based
on stack discharge data and concurrent
meteorological information. This effective dose is
well below the ALARA objective of 0.02 mSv/year
and less than 1% of the public dose rate limit of
1 mSv/year. It is also less than 1% of the natural
background annual dose in Australia of about 1.5
mSv/year (Webb et al. 1999).

Thermoluminescent dosimeters placed around the
LHSTC and at some local residences also
demonstrate that the external gamma radiation levels
at residential locations in the vicinity of the LHSTC
were al normal background levels and not noticeably
affected by ANSTO's operations.

8. CONCLUSION

ANSTO's operations at the LHSTC and the NMC
make only a very small addition to the background
radiation dose, even for the comparatively few
members of the public identified as potentially
exposed to radionuclides entering the environment
from ANSTO sites.

The results of the monitoring program are published
annually in documents within the series
Environmental and Effluent Monitoring at ANSTO
Sites (Hoffmann et al 2003 and references therein),
copies of which are available from the Sutherland
Shire Central Library or on request from ANSTO's
Communication Manager.
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Summary

Participate scavenging of trace metals plays a major role in determining their ecosystem flux and incident
dissolved concentrations. Differences in the half-lives and biogeochemical behaviour of natural uranium series
radioisotope pairs (eg. 238U/234Th, 210Pb/210Po) allow their application as oceanic process tracers. Coincidental
measurements of dissolved and particulate trace element concentrations and inventories of radionuclides in the
Noumea coral lagoon and adjacent offshore waters were used to quantify water column flux rates and provide
insights on removal pathway analysis. Understanding prevailing pathways and respective flux rates of pollutants
in specific coastal and oceanic systems will assist to establish the fate and consequence of pollutants and allow
sustainable management strategies to be developed.

Introduction

The distribution, flux rates and pathways of trace
metals, radionuclides and other chemical species in
the marine environment are often extremely
complex. Factors such as differences in sources,
geochemistry and the influence of numerous in situ
processes (eg. biological productivity, upwellings,
resuspension) vary greatly and are important
determinants of incident concentrations.

Biogeochemical behaviour

Differences in geochemical behaviour (Table 1)
manifest as differences in environmental behaviour.

Geochemical
Behaviour

Conservative

Nutrients

Scavenged

Redox-
controlled

Trace Metals

gold, rubidium, tungsten

arsenic, cadmium, copper,
iron, silver, nickel

aluminium, arsenic, cobalt,
copper, iron, manganese

arsenic, chromium, iron,
manganese, selenium

Radionuclides

uranium

polonium

thorium

iodine

Table 1. Oceanic geochemical behaviour of some
trace metals and radionuclides.

Several elements may also fall into more than one
behavioural category (eg. iron) or oscillate between
categories as a result of changes in redox conditions

(eg. arsenic) and speciation (eg. copper), further
complicating their redistribution. Both natural and
pollutant chemical species introduced to the marine
environment may either remain benign in solution
or undergo physiological uptake by biota, but most
often associate with colloids and fine particles
which subsequently undergo aggregation,
sedimentation and removal to the sea floor. These
particles may be clay minerals, carbonates, quartz,
feldspar, ferromanganous oxyhydroxides or organic
solids formed by either chemical or biological
processes. Solution to particulate phase transitions,
by any mechanism significantly influence the
incident residence times and consequently the
environmental impact of many chemical species.

Tracing removal rates and mechanisms

An understanding of several oceanic processes has
been developed through studies using naturally
occurring uranium series radionuclides as tracers
(Cochran, 1982; Szymczak, 1997). Particularly
suited to studies of chemical scavenging in marine
systems is the observed disequilibrium in ""Th/238!)
activities, where 234Th is the daughter isotope of 238U
(Fig.l). Differences in the half-life and
biogeochemical behaviour of natural uranium series
radioisotopes 238U (conservative) and 234Th
(scavenged) allow their application as
oceanographic process tracers. This tracer pair
provides a mechanism to trace removal processes
with temporal ranges of days to months.

Assessments of the in situ inventories of 234Th/238U
have been previously applied to determine the
residence times and flux of particles in seawater
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(Cochran, 1982) and interpret the behaviour of
several dissolved trace elements (Szymc2r.ak, 1997;
Jeffree & Szymczak, 2000).

particles are very important in these processes
inshore, whereas further offshore biological
processes become increasingly significant,
dominating oligotrophic regions.

Suspended particles

~~ 2 3 8 U half-life
4.47 x 10 years

I decay "conservative"

2 3 4 T h half-life
24.1 days
"particle reactive'

removal to sea floor, via
aggregation 1 sedimentation

Figure 1. Physicochemical behaviour of 234Th and
238U radionuclides in seawater.

Other members of the 238U decay series, 210Po and
210Pb are also useful isotopes for gaining an
understanding of surface ocean particle transport
processes. Analyses cf 210Po/210Pb inventories are
well suited to these studies as their rates of input to
the euphotic zone are known and they vary
appreciably in relation to particle reactivity and
bioavailability (Fig. 2). Oceanic surface water
inventories of 210Po and 210Pb (Peck and Smith,
2000) identified depletion of 210Po (the daughter
nuclide) in the dissolved phase and consequent
relative enrichment in particulate phase. These
results have been used for the determination of
particle residence times longer than 234Th/'38U ratios
allow, and removal mechanism analysis.

Suspended particles

removal to sea floor, via
aggregation & sedimentation

balf-lile
22.3 years
•[jeochemicaLjptake1 Phytoi.lankton

decay

2 1 0 p Q ».

hatf-life
138 days
"biological uptake"

removal to sea floor, via
grazing & excretion

Figure 2. Physicochemical behaviour of 210Pb and
2l0Po radionuclides in seawater.

Conclusions

Scavenging and release of trace metals and other
pollutants by particles plays an important role in
determining their flux and incident concentrations in
marine systems. Riverine and resuspended seafloor

In the past many chemical oceanographic studies
have characterised marine systems based on
information gained on single observations.
However, transitional kinetics between dissolved
and particulate phases of heavy metals in the marine
environment span several orders of magnitude and
several mechanisms are involved depending on the
chemical species (Honeyman and Santschi, 1988).
Studies utilising a kinetic, or mechanistic approach
to environmental analysis will greatly assist in the
interpretation of several key issues associated with
the biogeochemical fate and behaviour, hence
environmental consequence, of pollutants in coastal
and oceanic systems and allow sustainable
management strategies to be developed.
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Summary A brief overview of results from the ANSTO radon programmes at the Cape Grim and Mauna Loa
Observatory World Meteorological Organisation Global Atmosphere Watch stations it presented. At Cape
Grim, a 100 mBq m3 threshold on radon concentration observations has proven to be a suitable criterion for
Baseline monitoring. Furthermore, analysis of the Cape Grim Baseline radon data has enabled the
characterisation of the oceanic radon flux over the Southern Ocean Cape Grim fetch region. Radon
observations at the Mauna Loa Observatory, in conjunction with back trajectory analysis, have helped to
identify the source regions of the most pervasive pollution events in the atmosphere of the Pacific Basin. The
seasonal variability in the strength of terrestrial influence on Pacific air masses has also been characterised.

Introduction

The World Meteorological Organization (WMO)
established the Global Atmosphere Watch (GAW)
Programme in 1989 to investigate the role of
atmospheric chemistry in global change. The GAW
program assists in the development of a predictive
capability for future atmospheric states and feeds into
future policy development. At present there are 22
stations situated in remote locations, representative of
large geographic areas that continuously measure a
broad range of atmospheric parameters over decades.
Data are typically applied to global issues such as
climate change and stratospheric ozone depletion as
well as regional issues.

Most pollution, irrespective of whether it is natural or
anthropogenic, has terrestrial sources. Radon (222Rn)
is an ideal passive tracer for atmospheric studies at
remote GAW stations since it is an unambiguous
indicator of terrestrial influence on an air mass
[Balkanski et ai, 1992]. The Australian Nuclear
Science and Technology Organisation (ANSTO) is
presently involved in atmospheric radon monitoring
at three GAW stations (Cape Grim, Tasmania; Mauna
Loa Observatory, Hawaii; Cape Point, South Africa).
ANSTO leads radon monitoring programmes at Cape
Grim and Mauna Loa Observatory.

Results

Cape Grim Baseline Air Pollution Station

Sector analysis of Cape Grim atmospheric radon data
(Figure la) indicates that wind direction is a
relatively reliable indicator of air mass origin at this
site. Consequently, observations at Cape Grim are

usually categorised as representing one of three
predominant fetch regions: mainland Australia,
Tasmania and Southern Ocean [Zahorowski and
Whittlestone, 1999], referred to as Mainland,
Tasmanian and Baseline, respectively. Each of these
sectors has a distinct radon signature. Between 1987-
2001, approximately 42% of data originated from the
Baseline sector (Figure lb).

Air masses within the Baseline sector with radon
concentrations below 100 mBq m3 are unlikely to
have had contact with land for more than two weeks
(a requirement for Baseline monitoring). 31% of the
1987-2001 data satisfied this criterion. The 90th

percentile radon concentration from the Mainland
sector (likely to represent air masses with an extended
terrestrial fetch) is approximately 3600 mBq m'3

(Figure lc).

The radon source function is 2-3 orders of magnitude
less over oceans than terrestrial surfaces [Wilkening
and Clements, 1975]. Consequently, the oceanic
source term is often ignored in global models.
However, efforts to evaluate transport and mixing
schemes of regional and global models would benefit
from a better constraint on the oceanic source term
[Mahowald et ai, 1997]. The median radon
concentration of baseline air masses was estimated to
be -50 mBq m3. Based on typical mixing depths over
the Southern Ocean fetch region, it was estimated that
the oceanic radon flux is within the range 0.0014 -
0.0035 atoms c m V .
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Figure 1: (a) Angular distribution of hourly radon observations, (b) angular distribution of number
of samples, and (c) distributions (10/50/901'' percentile values) of hourly radon data by sector,

recorded at Cape Grim from 1987-2001.

Wet or frozen soils inhibit radon emanation [Schery
and Wasiolek, 1998]. Thus the radon source function
of southern Australia exhibits a seasonal cycle,
characterised by a summer maximum and winter
minimum. However, the seasonal cycle in radon
concentration observed at Cape Grim indicates a
winter maximum and summer minimum (Figure 2).
One explanation for the mismatch between the
continental radon source function and Mainland
sector radon concentration is that there is a seasonal
variability in terrestrial fetch of Mainland sector air
masses. This hypothesis was confirmed using back
trajectory analyses. On average, land contact hours of
mainland events increased from approximately 10
hours in the summer months, to almost 40 hours in
the winter months [Matthew Tully and Author
Downey, personal communication].

Mauna Loa Observatory

Approximately 100 Tg of mineral aerosols from

15000

10000

o
•o

5000

1999 2000

Time (years)

Figure 2: Example of the seasonal cycle in observed hourly radon
concentrations at Cape Grim.

continental Asia enter the Pacific Basin annually
[Holmes and Zholler, 1996; Littman, 1991].
Furthermore, the southeast Asian region is

suspected of soon becoming the largest source of
anthropogenic pollution in the world [Perry el at,
1999]. There are two paths for Asian continental

outflow to the Pacific Basin: low level (within the
boundary layer), and upper level (within the
tropospheric jet stream) [Balkanski el ai, 1992; Kritz,
1990]. The Mauna Loa Observatory is ideally situated
to observe upper level outflow events.

Anabatic and katabatic winds on the face of the
Mauna Loa volcano have a pronounced effect on
observations at Mauna Loa Observatory [Mendonca,
1969]. The most representative free tropospheric air
mass samples are obtained at night, when down-slope
winds prevail. The nocturnal sampling window for
this study, based on diurnal composite radon data on
a seasonal basis, was 22:00 - 07:00.

Mauna Loa Observatory

Approximately 100 Tg of mineral aerosols from
continental Asia enter the Pacific Basin annually
[Holmes and Zholler, 1996; Littman, 1991].

Furthermore, the southeast Asian
region is suspected of soon
becoming the largest source of
anthropogenic pollution in the
world [Perry et ai, 1999]. There
are two paths for Asian
continental outflow to the Pacific
Basin: low level (within the
boundary layer), and upper level
(within the tropospheric jet
stream) [Balkanski et ai, 1992;
Kritz, 1990]. The Mauna Loa
Observatory is ideally situated to
observe upper level outflow
events.

2001
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Figure 3: (a) Daily mean radon concentration based on nocturnal sampling window, and (b) 10-day
back trajectories corresponding to high (90th percentile) radon events at Mauna Loa in spring 2001.

Anabatic and katabatic winds on the face of the
Mauna Loa volcano have a pronounced effect on
observations at Mauna Loa Observatory [Mendonca,
1969]. The most representative free tropospheric air
mass samples are obtained at night, when down-slope
winds prevail. The nocturnal sampling window for
this study, based on diurnal composite radon data on
a seasonal basis, was 22:00 - 07:00.

The greatest terrestrial influence on observed air
masses at the Mauna Loa Observatory is in the
Northern Hemisphere spring and late autumn (Figure
3a). At these times, many of the tropospheric outflow
events descend within the Pacific anticyclone en
route to the west coast of Amercia, and are turned
southwest, toward Hawaii [Merrill et ai, 1989]. 10-
day back trajectory analyses using the NOAA ARL
HYSPLIT 4 package [Draxler and Hess, 1998]
indicated that the fetch region for Asian continental
outflow events reaching Mauna Loa was primarily
between 20-40°N (Figure 3b).

It was found that air masses usually crossed the Asian
continent within ±5° latitude of where they cross the
Asian coastline. Trajectories corresponding to
terrestrially influenced air masses arriving at Mauna
Loa within the nocturnal sampling window were then
categorised according to latitude band (20-30°N or
30-40°N) and season. Distributions of the radon
concentrations (corrected for time over the ocean) of
the corresponding air masses were then computed
(Figure 4).

Spring was the time of greatest terrestrial influence
on observations at Mauna Loa Observatory, and a
latitudinal gradient was observed in the radon
concentration of terrestrially affected air masses. An

opposing gradient in the radon source function is
commonly assumed to exist [Conen and Robertson,
2002]. A concurrent latitudinal gradient in the
frequency or strength of events that inject boundary
layer air to the free troposphere over central China
would explain the observed gradient in radon
concentrations.
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Figure 4: Distributions (median ±10th and 90th
percentile values) of time-corrected radon
concentrations, by season and latitude, of
terrestrially effected air masses arriving at

Mauna Loa Observatory.

Conclusions

The Australian Nuclear Science and Technology
Organisation is leading radon programs at two World
Meteorological Organisation Global Atmosphere
Watch stations, Cape Grim (Tasmania), and Mauna
Loa Observatory (Hawaii). The relatively short half-
life of radon (3.8 days) has enabled the development
of a Baseline event threshold at Cape Grim (100 mBq
m3), below which an air mass is unlikely to have been
in contact with land for more than two weeks. The
extensive Cape Grim radon data set is suitable for a
variety of applications and has already been used to
estimate a regional oceanic radon flux from the Cape
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Grim Southern Ocean fetch region. Radon
observations at the Mauna Loa Observatory, in
conjunction with back trajectory analysis, have
helped to identify the source region of the most
pervasive pollution events in the atmosphere of the
Pacific Basin. Spring was found to be the season of
maximum terrestrial influence on air masses observed
at Mauna Loa. A mismatch between the observed
latitudinal gradient in radon concentration and
assumed source function was found. This was
attributed to a latitudinal gradient in the
frequency/strength of mechanisms that inject
boundary layer air into the free-troposphere (cold
fronts and convection).
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SUMMARY. This paper discusses new innovative techniques for both cargo and personnel scanning and plant
and infrastructure surveillance and protection. It contains Intellectual Property and some of the systems
described are covered by Patents. For example, a typical container inspection system is based on Pulsed Fast
Neutron Analysis operating on the following principles:

• An accelerator produced pulses of fast neutrons, which interact with the elemental composition of the cargo
under inspection. In a manner similar to radar scanning the timing and positioning of the pulsed neutrons
indicates where the interactions occurs. These interactions initiate the emission of gamma radiation which
characterises the elemental composition and which is collected by sensor arrays.

• The gamma ray signals are analysed in a high speed processor which identifies the presence and location of
the chemical element combinations in all types of contraband. These may be drugs, explosives or nuclear
material.

• High resolution images display the location and shape of all contraband in the cargo under inspection. An x-
ray like image of the cargo can also be provided. Because the scanning system software already contains
standard gamma ray material signatures, the need for time consuming and unreliable manual interpretation
of complicated images obtained in x-ray scanning systems is completely eliminated.

Introduction

The need for container, airport personnel, border and
public utility scanning to ensure the security of
human life and public and private property has a
history of some two decades.

The Lockerbie incident (1989) and the World Trade
Centre disaster (2001) served to focus attention on
the detection of illicit metallic arms and explosive
devices at airports.

hi parallel with airport security has come the global
concern over the increasing covert movement of
nuclear materials, drugs and other contraband. This
necessitates increased security at national borders,
shipping terminals and customs and quarantine
inspections. The use of "state of the art" automated
scanning systems at vehicle, container and personnel
inspections is now mandatory.

The physics and engineering of neutronic scanning
systems is based on four decades of experience and
development in the Nuclear Engineering Schools of
British, American and Australian Universities and
experience gained at some of the foremost nuclear

science and engineering National Laboratories in
these countries.

Most, but not all, of the scanning systems are based
on the physical principles of Neutron Activation
Analysis.

This is a significant advance on the historical
dependence on commercially available x-ray and y-
ray scanners for the following reasons:-

• X-ray and y-ray scanners are primarily for
the detection of metallic objects and
explosives. Detection of plastics and
narcotics is difficult it not impossible.

• Neutron Activation Analysis determines
elemental composition, not just density. It
has great penetration even through illegally
placed shielding material.

Neutronic scanning systems have been
developed from innovative techniques used in
nuclear power plant surveillance and
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diagnostics first pioneered nearly fifty years ago
- see References. The use of pulsed neutron
measurements and neutron noise analysis has
been cleverly adapted to scanned procedures
which through gamma activation identity
elemental composition of all targeted objects.
Computer based time and energy domain
analysis is used to display the characteristic
energy spectra and composition of all detected
elements and reconstitutes a photographic
image of the content of the cargo under
inspection.

Practical and logistical issues

International container terminals may handle
anything from 10,000 to 1,000,000 container
units per annum.

An automated neutronic system may be
programmed to scan from 5 to 15 containers per
hour. Typically, such systems will provide a
500% increase in throughput and a 300%
decrease in manpower.

It should be noted that manual inspections may
cost as much as $AUS600 per container. If a
Port or Customs Authority wishes to inspect
more than, say, 2000 containers per annum -
say 0.3% of the throughput - it can be shown
that automated scanning becomes mandatory.

All neutronic scanning systems are designed to
comply with the radiation health and safety
requirements of the International Commission
on Radiological Protection (I.C.R.P). The
operations of such systems does not harm any
component of a cargo under inspection, even if
it contains food - nor does it leave any residual
radioactivity after an inspection.

Large neutronic scanning installations are
designed for two or three personnel depending
on local requirements. A two man crew would
include a System Operator and a technician.

The operational detection thresh-hold for large
neutronic installations is estimated to be the
identification of around one kilogram of
contraband at the geometrical centre of a
standard sized container.

Range of techniques

The following neutronic techniques are being
developed for scanning purposes:

• Fast neutron analysis (FNA)

• Pulsed fast neutron analysis (PFNA)

• Coded aperature fast neutron analysis
(CAFNA)

• Pulsed fast neutron transmission
spectroscopy (PFNTS)

• Fast neutron resonance absorption
(FNRA)

• Nuclear resonance fluorescence (NRF)

• Gamma resonance absorption (GRA).-

These techniques may be categorised into two
groups.

• Use incoming radiation as a probe and
observe secondary emission of radiation

• -PFNA
-FNA
-CAFNA
-NRF

• Transmit radiation through object and
detect on other side
-PFNTS
-GRA
-FNRA

and further resolved into physically related
technologies in terms of nuclear sources and
detectors as follows:

• Broad band of incident energy in - narrow
out
-PFNA
-FNA
- CAFNA
-NRF
-PFNTS

• Narrow band of incident energy in - wide
out.
-GRA
-FNRA

Pulsed fast neutron analysis

In this introductory paper only Pulsed Fast Neutron
Analysis (PFNA) will be discussed in detail. This
system operates in the following manner:

• An accelerator (Appendix A) produces
pulses of fast neutrons which interact with
the elemental composition of the cargo
under inspection. In a manner similar to
radar scanning, the timing and positioning
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of the pulsed neutrons indicates where the
interactions occur. These interactions
initiate the emission of gamma radiation
which characterises the elemental
composition and which are collected by
sensor arrays.

• The gamma ray signals (Appendix B) are
analysed in a high speed processor which
identifies the presence and location of the
chemical element combinations in all types
of contraband. These may be drug,
explosives or nuclear material.

• High resolution images display the location
and shape of all contraband in the cargo
under inspection. An x-ray like image of

the cargo can also be provided by the
system. Because the scanning system soft-
ware already contains standard gamma ray
material signatures, the need for time
consuming and unreliable manual
interpretation of complicated images
obtained in x-ray scanning systems is
completely eliminated.
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for permission to publish.

Fig 1 Typical scanning geometry
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Appendix A

Neutron Sources

Accelerators produce fast neutrons as products of charged-particle reactions. The most
popular device is the so-called neutron generator, which operates on a reaction.

?H + ? H -> o n + 2 He + 17.586 MeV

The cross section for this exothermic reaction peaks at a deuteron kinetic energy of about 120
keV with a value of about 5m6. The neutrons produced have an energy of about 14 MeV.
(The neutron kinetic energy changes slightly with the direction of emission). The maximum
neutron flux provided by a neutron generator is of the order of 1 (I12 neutrons/cm2/sec, and the
pulse length scanning must be around five nano seconds!

Neutrons with an average energy of about 2.5 MeV are produced by the (d, d) reaction.

i H + ? H -> o n + i H + 3.266 MeV

The cross section for this reaction peaks at about 2 MeV bombarding deutron energy with a
value of about 100mb. At acceleration, voltages normally u sed in. neutron generators (~ 150
KeV), the cross section is about 30mb. The (d, d) reaction of neutron fluxes of the order of
109 neutrons/cm2/sec. It is important to note that but the (d, t) and the (d, d) reactions produce
essentially monoenergetic neutrons.

Isotopic neutron sources are based on a (a, n) and (y, n) reactions,, and on spontaneous fission
(252Cf). They all produce fast neutrons. The (a, n) and (y, n) sources produce the neutrons
through the reactions.

lHe+ | Be-> I n + 1f C

y + ' Be -> o n + 5 Be

The isotope 252Cf is the only spontaneous fission (SF) sources of neutrons easily available. It
provides fission spectrum neutrons with an average of 2.3 MeV.
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Appendix B

Neutron activation reactions
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Atmospheric 7Be Radioactivity Measurement Through Gamma
Spectroscopy Using a Nal(Tl) Detector
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SUMMARY. The potential of 7Be as a tracer of mixing between atmospheric layers has recently been
realised. Concentration of 7Be radioactivity in air at the ground level is the basic parameter measured for this
purpose.

Gamma spectroscopy using high purity germanium (HPGe) detectors is by far the most common analytical
method; analysis using thallium activated sodium iodide (Nal(Tl)) detectors has only been reported in a few
instances. The poorer resolution of Nal(Tl) relative to HPGe detectors causes the 477.6 keV 7Be peak to
partially merge with the 583 keV 2O8T1 peak resulting in inaccurate measurement of 7Be radioactivity in the
sample.

In this paper we present the results of atmospheric 7Be radioactivity measurement through gamma
spectroscopy using a Nal(Tl) detector. A method of correcting for the interference of the 583 keV energy
peak of 2O8T1 is described. Also a quantitative evaluation of the suitability of Nal(Tl) relative to HPGe
detectors for the purpose of measuring atmospheric 7Be radioactivity has been conducted. Our findings are
based on 100 individual measurements covering a range of natural atmospheric Be concentration.

1. INTRODUCTION

7Be (T|/2 53.28 days) is a naturally occurring
radionuclide produced in the stratosphere (~75%)
and troposphere (—25%) through cosmic ray
spallation of oxygen and nitrogen atoms. Rapid
attachment of 7Be to aerosols following
production has seen this radionuclide used as a
tracer of aerosol transport in the atmosphere, in
particular, atmospheric exchange between the
stratosphere and troposphere (Dutkiewicz and
Husain, 1985;KritzandRosner, 1991).

Mean atmospheric residence times of aerosols in
the stratosphere are large compared to those in the
troposphere. This suggests a large portion of 7Be
radioactivity present in air at the ground level is
produced in the troposphere. However, seasonal
mixing between the atmospheric layers, generally
occurring during the spring/summer months,
allows 7Be rich air from the stratosphere to enter
the troposphere where it is quickly circulated to
the ground level. Hence, a strong seasonality in
7Be concentration in air at the ground level has
been reported in the literature (Dutkiewicz and
Husain, 1985; Matthews, 1996; Todorovic, 1997).

7Be transmutes to 7Li by electron capture,
following a prompt emission of a 477.6 keV
gamma ray with an emission intensity of 10.4%.

7Be

7Li + v (89.6 %)

7mLi + v (10.4%)
1 - > 7Li + v

The preferred analytical method for 7Be
radioactivity in atmospheric samples is gamma
spectroscopy using a high purity germanium
(HPGe) detector. Gamma spectroscopy using
thallium activated sodium iodide (Nal(Tl))
detectors is far less common and has only been
used in a handful of instances. No previous
comparison between Nal(Tl) and HPGe systems
for measurement of 7Be radioactivity in the
atmosphere has been reported.

2. SAMPLE COLLECTION

An Ecotech (Model 2000) high volume sampler
(hi-vol) was installed on the roof of a building,
approximately 30 m above the ground level, at the
Queensland University of Technology Gardens
Point campus. Total suspended particulates
present in air were collected over a 24 hour period
onto a Whatman® Grade 41 filter paper fitted
directly below the inlet hood of the hi-vol. Sample
collection occurred on a 6 day cycle, a total of 100
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samples were collected and analysed for their 7Be
content during the period 2 May 2002 to 19
August 2003.

3. DETECTORS

NaI(Tl)

The Nal(Tl) crystal has a diameter of 50 mm and
a length of 50 mm. The detector uses a Canberra
Industries model 3102 high voltage power supply,
output from the detector is sent to an Aptec model
1304 multi-channel analyser through a signal
amplifier. The detector has an energy resolution
(FWHM) of 58.80 keV at the 661.6 keV I37Cs
peak.

HPGe Gamma-X

The Gamma-X crystal has a diameter of 53.4 mm,
a length of 55.4 mm and is located 3 mm from a
0.5 mm beryllium window. Output from the
detector is sent to an Ortec model 919 Sp>ectrum
Master Buffer System through a Canberra
Industries model 1413 Spectroscopy Amplifier.
The detector has an energy resolution (FWHM) of
2.85 keV at the 661.6 keV 137Cs peak.

4. COUNTING

Detector efficiency at the 477.6 keV 7Be peak, for
the specific counting geometry, was determined to
be 8.34 ± 0.52 % and 3.45 ± 0.23 % for the
Nal(Tl) and HPGe Gamma-X detector
respectively. A certilied 7Be standard purchased
from Brookhaven National Laboratory, Upton
NY, was used for this purpose. The counting
geometry and count time used for both the Nal(Tl)
and HPGe Gamma-X detectors were identical;
filters were folded to one sixteenth their original
size, placed in a petrie dish, pressed flat using a
plastic holder and counted for 80,000 s live time.

212Pb in air near the ground level. 212Pb (Tw 10.6
hours), similar to 7Be, attaches to aerosols and is
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5. RESULTS AND DISCUSSION

In addition to 7Be, radioactivity due to other
radioisotopes present in the atmosphere is also
collected as a part of the sample. Particularly,
emanation of 220Rn gas from soils and buildings to
the atmosphere and its subsequent decay produces

Figure 1. Nal(Tl) spectrum for a hi-vol sample
counted (a) soon after collection; and (b) after a
suitable delay period. Note the 212Pb and 208Tl
peak reduction with time.
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collected on the filter. Secular equilibrium
between 212Pb and its progeny 212Bi (T1/5 1 hour)
and 208Tl (T]a 3.1 minutes) exists in the sample
shortly following collection.

HPGe detector has an energy resolution of about
2.85 keV. Hence, if sample counting occurs on
such a system, then the 477.6 keV 7Be peak is
distinctly resolved from the 583 keV 208Tl peak
which is also present in the spectrum. In contrast
to this, Nal(Tl) has an energy resolution of about
58.8 keV. For this system, the 7Be and 208Tl peaks
become partially merged (Figure la). For this
reason, for accurate measurement of 7Be
radioactivity using a Nal(Tl) system, a suitable
delay period is required for decay of 2I2Pb from
the sample. The half-lives involved are such that
the delay period should be about 3 days or more.
Figure lb shows the Nal energy spectrum after a
suitable delay period; it can be compared with the

corresponding spectrum (Figure la) before 212Pb
was fully removed.

Our observations (N = 100) show that Nal(Tl)
sample counting for 7Be radioactivity after a
minimum of 3 days delay period compares
favourably with that measured using HPGe
gamma-X system. (Figure 2).

The results presented in Figure 2, cover an
ambient activity concentration range observed in
the SE Queensland atmosphere over a period of
sixteen months. Similar concentration values are
reported by other authors in different regions of
the world (Matthews, 1996; Duenas et al., 1999;
Paatero and Hatakka, 2000). We therefore
conclude that a Nal(Tl) gamma spectroscopy
system is a viable alternative to HPGe for the
measurement of atmospheric 7Be radioactivity.

10

n
Z

6 -

4-

y = (0.99±0.01) x

R= 0.97
p<0,01
N = 100

4 6

HPGe Gamma-X

10

Figure 2: A comparison of 7Be atmospheric concentration (mBq.m'3) measured using Nal(Tl) and HPGe
Gamma-X systems, collection. In both cases, the results were corrected to the activity concentration expected
at the time of collection.
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ABSTRACT
Plants take-up trace elements essential to healthy growth, but if metal accumulation is excessive, harmful

effects are noted in the plant and potentially in the organisms that feed on them. Central Victoria has a rich gold
mining heritage, and as such, much of the landscape has been disturbed by the addition of mine waste material,
providing an abundant source of metals in a mobile environment. A biogeochemical survey was conducted to
evaluate the trace element content of backyard vegetable gardens in the gold field region and the trace element
accumulation in commonly grown vegetables. Vegetable (nl50) and soil (n59) samples were analysed by
instrumental neutron activation analysis. Results indicate that vegetables grown in the central Victorian
goldfields have only slightly elevated trace element content. Some exceptions exist, specifically for silverbeet,
but the hazard potential is minimal.

1. INTRODUCTION
Plants are able to mobilise and accumulate non-

essential trace elements because of a chemical
similarity to other essential elements or ions (Berrow
& Burridge, 1991). If excessive amounts of these
trace elements are accumulated in a plant, a pathway
is created for potentially hazardous trace elements to
enter the food chain and impact on human health
(Siegel, 2002). For example, Lacatusu et al (1996)
concluded that the lead and cadmium content of
vegetables grown in polluted soils in Romania
decreased the life expectancy of consumers.

Heavy metals, such as arsenic and zinc are noted as
elevated in the Gold fields region of Victoria,
Australia, along with elevated levels of trace elements
that are perceived as 'non-toxic', such as gold. This
study investigated the trace element content of 59
vegetable gardens within the central goldfields
district of Victoria and assessed the potential health
impact of eating home-grown vegetables.

Trace element concentrations of vegetable garden
soils were measured for comparison to the vegetables
they support. The project also compared vegetable
species to determine which accumulates the most
trace elements. The aim of the study was to assess
any potential health impact associated with
consumption of the vegetables.

2. LOCATION
The Victorian goldfields have a rich mining history,

with more than 75 million ounces of gold being
produced. Mining has affected the landscape since
the early 1800's and persists today as active mining
continues at Stawell and Bendigo. The study area is
bounded by Buninyong to the south, St Arnaud to the
north, Chewton to the east and Buangor to the west,

and includes the major towns of Ballarat and Bendigo
(Figure 1).

The central Victorian area is an ideal site for such a
study as oxidation of mining waste has resulted in the
decomposition of naturally occurring sulphides,
releasing an abundance of mobile metals. This
coupled with elevated population growth as people
escape from busy cities and embrace a healthier rural
lifestyle means there is a need to address the
vegetable garden as a potential health hazard.
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Figure 1. Map of central Victoria showing towns
sampled.

3. METHOD
Sampling was conducted over February and March

2003. One hundred and fifty vegetable samples were
taken from garden locations within the goldfields
area, together with 59 corresponding soil samples.
After appropriate preparation all samples were
submitted to Becquerel Laboratories for instrumental
neutron activation analysis (INAA).
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3.1 Vegetables
The types of vegetables sampled are given in Table

1. The edible portion of each vegetable was removed
from the plant and placed in a paper bag to prevent
sweating. If available, tomatoes, silverbeet and
zucchini were sampled (Table 1).

Vegetable
Beans

Beetroot
Carrot

Potatoes
Pumpkin
Rhubarb

Silverbeet
Squash
Swede

Tomatoes
Zucchini

Organ
Pods
Tuber
Tuber
Tuber
Fruit
Stalks
Leaves
Tuber
Tuber
Fruit
Fruit

n
13
7
10
14
5
6

30
2
1

38
24

Table 1. Number and type of vegetables analysed by
INAA.

The vegetables were washed with tap water to
remove visible soil and extraneous matter. The
samples were then washed twice with 0.05M
hydrochloric acid and twice with distilled water. The
pumpkin skin was removed, but no other vegetables
were peeled. Vegetables were cut roughly into two
centimetre portions, weighed and dried at 60°C to a
constant weight and are reported as dry weight (dw).

3.2 Soil
A 10cm core of soil was taken from the base of

each vegetable plant sampled, resulting in three or
four cores from each garden. The soil samples were
thoroughly mixed to create one homogenous soil
sample for each garden. The soil was dried at 60°C
for five days, then roughly disaggregated with a
mortar and pestle and passed over a 2mm screen to
remove any large particles. A sample of the minus
2mm fraction was forwarded to Becquerel
Laboratories for analysis.

3.3 Analysis
Instrumental Neutron Activation Analysis (INAA)

was used to determine trace element content of the
vegetable and soil samples. INAA is the preferred
technique for biological samples, such as vegetables,
because a wide range of trace elements can be
determined at very low levels and minimal sample
preparation is required, thereby reducing the risk of
contamination. There is also no need to ash the
sample prior to analysis, a procedure that can lead to
loss of volatile compounds.

The dried vegetables were weighed (1.1 -14.5g)
and packaged into vials then activated for 25 minutes
in a thermal neutron flux of approximately 4 x 1012n
cm"2 s"1. The vegetable samples were counted for 30
minutes live time after approximately 6 days decay,
then again with a further 20 days decay. Soil samples
weighing up to 30g, were activated for 10 minutes in

the same flux and counted for 15 minutes after 7 days
decay.

4. RESULTS and DISCUSSION
An overview of results is presented in Table 2 and

Table 3. Not all elements assayed were present in
detectable concentrations. There was limited or no
detectable iridium, mercury, selenium, silver or
tellurium in either the soil or vegetable samples.
Median results presented here are calculated from
samples that recorded results above detection limit.
Given health impacts are pivotal to our analysis, it
was considered prudent to discount the results below
detection and focus on results above the detection
limit.

4.1 Soil

Sb
As
Ba
Br
Ca
Ce
Cs
Cr
Co
Eu
Au
Hf
Ir
Fe
La
La
Hg
Mo
K

Rb
Sm
Sc
Se
Ag
Na
Ta
Te
Tb
Th
W

U
Yb
Zn
Zr

Units

mg/kg
mg/kg
mg/kg
mg/kg

%
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg

Mg/kg
mg/kg

Mg/kg
%

mg/kg
mg/kg
mg/kg
mg/kg

%
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg

%
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg

Reported
Average Soil

0.3 to 9.5 "
<1 to « '

207"
5 to 40'

-

48.7 '
0.3 to 26"

54"
0.1 to 70"

1.23"
0.8 to 8"

1.8 to 18.7"

0.5 to 5"
35.1 "
0.34 *

0.010 to 0.400"
2.5 Io6.9*

0.005 to 7.9"
30 to 125"

4.8"
0.5 to 4 5 '

0.33"
0.03 to 0.4 *

-
0.17 to 5.3"

0.02 to 0.69"
0.71 "

3.4 to 10.5"
0.5 to 5 "

0.79 to 11 "
2.06*

39 to 36"
350"

Study
Median

1.40
23.6
333
15.4
1.10
53.4
2.91

58.15
5.61
0.77

39.75
7.07

-

1.78
27.4
0.31
1.10

-

0.74
57.3
4.47
5.77

-

0.19
1.20

-
0.65
8.72
2.35
2.33
2.20
196
312

Study
Min

0.26
1.54

122
5.84
0.51
26.9
1.28
18.7
1.7

0.42
7.1

2.88
-

0.68
13.7
0.14
1.0
-

0.28
28.0
2.31
2.56

.
-

0.065
1.01

-
0.37
3.58
2.03
2.04
0.98
58.1

213

Study
Max

54
142
659
46.2
3.47
89.9
7.80

165
21.7
1.30

673
15.40

.

4.67
46.2
0.43
2.4
-

2.03
147
7.27
10.30

.
-

0.907
2.35

-

1.02
15.50
4.12
3.47
3.04
635
621

Del.
Limit

0.20
1.00

100.0
1.00
0.50
2.00
1.00
5.0
1.00
0.20
5.0

0.50
10.0
0.02
0.50
0.10
1.0
5.0

0.20
20.0
0.20
0.10
2.0
2.0

0.010
1.00
5.0

0.30
0.50
2.00
2.00
0.50
50.0

200.0

n
59
59
59
59
47
59
58

59
59
59
54
59
0
59
59
59
6
0
58
59
59
59
0
0
59
22
0

59
59
11
18
59
58
53

Table 2. Summary of soil results for the 59 soil
samples assayed by INAA.

n = Number of samples with concentration above detection,
' Kabata-Pendias, 2001, bGourlay, 1999.

All soils samples had approximately neutral pH
values (5 to 7) and a negligible salinity response (EC
less than 5.09 mS/m). The median soil concentrations
for all gardens sampled are comparable to reported
averages for soils (Gourley, 1999; Imray & Langley,
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1999; Kabata-Pendias, 2001) with the exception of
gold, mercury and zinc which report above average
results.

The median gold concentration for the soils was
39.7 ug/kg, which is well above the reported average
of 8ug/kg (Kabata-Pendias, 2001), which attests to
the gold mining history of the region.

The reported average mercury concentration in
soils is between 0.01 to 0.4 mg/kg (Kabata-Pendias,
2001), but the median mercury concentration for soils
in this study was 1.10 mg/kg based on a small sample
set (n6) which returned above detection
concentrations.. The Health-based Investigation Level
(HIL) for mercury is 15 mg/kg (Imray & Langley,
1999), well above the highest reported concentration
of 2.4 mg/kg in this study. The slightly elevated
median mercury concentration in the soils is probably
a remnant from historic mining practises and is
consistent with other gold mining districts throughout
the world.

The median zinc concentration in this study was
196 mg/kg, around double the reported average of 39
to 86 mg/kg (Kabata-Pendias, 2001). The highest
zinc concentration reported was 635 mg/kg, but this is
well below the HIL of 7000 mg/kg (Imray &
Langley, 1999). The above average zinc
concentration in the soil samples may be associated
with sphalerite, (Zn,Fe)S, a mineral noted in the gold
fields region.

It is noted that no garden soil value approached
contamination levels of the proximal historic mining
sites where, for example, elevated levels of arsenic in
soil range from 280 to 16600mg total As/kg in the
Ballarat region.

4.2 Vegetables
The median vegetable concentrations for all

elements analysed (Table 3) are of the same order of
magnitude as reported averages (Kabata-Pendias,
2001), with the exception of antimony, cerium and
cobalt.

The median antimony concentration was
0.32 mg/kg, more than five times the reported
average of 0.06 mg/kg in land plants (Kabata-
Pendias, 2001). Although the number of samples that
recorded any antimony was small (n2), the result may
be significant given that both samples were
silverbeet.

The median cerium concentration of the vegetables
was 0.60 mg/kg, based on the four samples that had
detectable cerium. This is approximately ten times
the average reported cerium concentration in
vegetables.

An anomaly exits in the cobalt content of
vegetables in the study in that they are lower than
average at 0.01 mg/kg, with a maximum of 1.7 mg/kg
(nl39). These values are well below reported average
cobalt concentrations for vegetables at 8 to
100 mg/kg.

The majority of vegetables assayed in this study did
not record significantly elevated trace element
concentrations when compared to reported averages.
However, the importance of the trace element content
of vegetables to the backyard vegetable grower
requires analysis beyond comparisons to reported
averages.

Silverbeet has the highest median concentration of
the vegetables sampled for 16 out of 23 elements:
gold 11.2 ug/kg (a 23.0), arsenic 1.31 mg/kg, cobalt
0.19 mg/kg (a 0.32), iron 99.7 mg/kg (a 39.3), zinc
183 mg/kg (a 241), antimony 0.37 mg/kg (a 0.18),
barium 63.3 mg/kg (a 38.7) (Figure 2). No other
vegetable follows this pattern of metal abundance.

It is often reported that the leaves of plants have the
highest trace element content (Kabata-Pendias, 2001).
This could indicate why the silverbeet samples had
the highest trace element concentrations. But
regardless, the leaves are the edible portion of the
plant, and as such should be considered as the
vegetable most likely to accumulate the highest
concentrations of trace elements.

Sb
As

Ba
Br

Ca

Ce
Cs

Cr

Units
Plant
Type

mg/kg Land plants
mg/kg

mg/kg
mg/kg

%

mg/kg

mg/kg

mg/kg
Co mg/kg

Eu
Ail

Hf
Ir

Fe

La
Lu

Hg

mg/kg

Mg/kg
mg/kg

Mg*g
mg/kg

Plants

Foodstuffs
Vegetables

-

Vegetables

Plants

Plants
Foodstuffs

Vegetables
Plants

Plants
Land plants

Vegetables

mg/kg Vegetables
mg/kg

Cg/kg
Mo mg/kg

K %

Rb mg/kg

Sm

Sc
Se

mg/kg

mg/kg

mg/kg

Ag mg/kg

Na

Ta

Te

Tb

Th

W

U

Yb

Zn

Zr

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

Vegetables

Foodstuffs

Foodstuffs
-

Plants

Vegetables

Foodstuffs

Foodstuffs

Foodstuffs
-

Vegetables

Vegetables

Vegetables

Vegetables

Vegetables

Vegetables

Vegetables

Vegetables

Foodstuffs

Reported
Average

0.06"
0.01 to 5 "

1 to 198"
11.2"

-

0.0002 to 0.050'
0.01 to 0 . 3 '

0.02 to 0.2 "
8 to 100"

0.00004 to 0.070
1 to 4 0 '

0.01 to 0.4"

<20"

29 to 130"

0.004 to 2 "

0.00001 to 0.060

2.6 to 86"

0.07 to 1.75"
-

20 to 70"

0.0002 to 0.100"

0.001 to 0.30*

0.001 to 0.110"

0.07 to 2 *
-

O.001 *

<0.13to3.5 '

0.0001 to 0.001 "

0.090 to 0.180"

0.01 to 0 .15 '

0.0008 "

0.00008 - 0.020"

27.1 °

0.005 to 2.6 *

Study
Median

0.32
0.17
46.5
12.15
0.36
0.60
0.07
0.69
0.10
0.02
1.77
0.06

-

53.8

0.05

-

1.75
3.53
20.0
0.06

0.005
0.50

.

513
-
-
-

0.08
-

-

41.15
10.30

Study Study
Min

0.193
0.1

11.3
1.51

0.111

0.52
0.05

0.51
0.023
0.01
0.500

0.052
.

12.4

0.021
-

-

1.1

1.35

2.3

0.040

0.001

0.5
.

13.8
-

-

-

0.066

-

8.20

10.3

Max

0.442
1.31

137
305

2.70

1.00

1.00

4.00
1.700
0.027

104.0
0.075

-

188

1.31
-

-

4.4

9.95

119
0.115

0.049

0.5
.

49300

-

-

0.117
-

-

.

1180

10.3

Det.
Limit

0.050
0.10

10.0
0.10

0.100

0.50

0.050

0.5
0.020
0.010

0.50
0.050

1.0

10.0

0.020

0.010

500

1.0

0.050

1.0

0.030

0.001

0.50

0.50

10.0

0.050

0.50

0.10

0.050

0.20

0.20

0.020

2.0

10.0

n
2
33

29
150

139

4
23

8
139
21

102

2
0

149

27

0

0

14

150

150

8

89
1
0

150

0

0

0

5

0

0

0

150

1

Table 3. Summary of vegetable results (dw)for the
150 vegetables assayed by INAA.

'Kabata-Pendias, 2001,'Anke et al, 1997, n = Number of
samples with concentration above detection.
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Figure 2. Graphs showing median concentrations of arsenic, gold, zinc, cobalt, iron and sodium for the
various vegetables assayed.

4.3 Correlations
The HIL for arsenic is 100 mg/kg (Imray &

Langley, 1999). Although the median soil arsenic
concentration was only 23.6 mg/kg, there were three
gardens slightly over the HIL, the highest of which
was 142 mg/kg. Only four of the corresponding
seven vegetable samples from these three gardens had
any detectable arsenic, one of which was the highest
vegetable arsenic concentration reported (1.31 mg/kg
As dw).

Although the median soil concentrations of gold,
cerium and zinc were higher than reported averages
(Kabata-Pendias, 2001), these results did not correlate
with elevated elements in the vegetables. This
confirms the complexity of factors that influence
plant uptake of elements.

A 'Spearmans's rho' correlation coefficient was
calculated for all elements all analytical results. Data
sets where n was less than ten were omitted. In
contrast to the literature (Albering et al., 1999; Hooda
et al., 1997; Miteva et al., 2001; Ni et al., 2002;
Samsoe-Peterson et al., 2002), there were no strong
correlations (more than 0.7) between a specific
element concentration in the soil and the same
element in the plant. It is possible that a finer soil size
fraction may have returned a more significant
correlation.

5. HEALTH IMPLICATIONS
Various governing bodies set limits for trace

element content of food for human consumption as

summarised in Table 4. The median vegetable
concentrations for the elements were converted from
dry weight (dw) to fresh weight (fw). The median
vegetable concentration is based on a summation of
all vegetables sampled in this study. Based on the
conversion, the amount of vegetable that one would
need to consume before triggering a health impact
was calculated and is summarised in Table 4.

Sb

As

c«
Cr

Fe

Mo

Se

Zn

Concentration in mg/kg

Median (dw)

0.318

0.17

0.36

0.69

53.8

1.75

0.50

41.1

Median (fw)

0.025

0.013

0.028

0.053

4.163

0.135

0.039

3.184

T L "

mg/kg bw/d

0.0004 c

0.003'

0.171

0.0125'

1 '

kg/d

1.140

15.963

2.875

22.614

21.982

ESADD1 k

mg/d

0.08 d

0.200 d

12"

0.250"

0.070"

12"

kg/d

2.872

3.746

2.882

1.846

1.809

3.768

Table 4. Showing the median dry weight and fresh
weight concentrations for all vegetables assayed, the
tolerable limits and estimated safe and adequate
daily dietary intake for some elements.

' Indicates how much a 70 kg person would need to consume to be
over the tolerable limit (TL).
* Indicates how many kg of vegetables would need to be consumed
to be over the estimated safe and adequate daily dietary intake
(ESADDI).
c FSANZ, 2002, * ANZFA, 2000.
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The potential impact of the inclusion of home
grown vegetables in the diet is illustrated by the fact
that a 70 kg person would need to consume 15.9 kg of
the vegetables sampled per day to be over the
tolerable limit for arsenic. Of course, other sources of
arsenic intake must be included in any health impact
assessment.

6. CONCLUSION
With a few exceptions, the trace element

concentration in the soils and vegetables grown in
vegetable garden within the central Victorian
goldfields are largely consistent with reported
averages (Kabata-Pendias, 2001). The median soil
concentrations for gold, mercury and zinc and the
median vegetable concentrations for antimony,
cerium and cobalt differ by one order of magnitude.
This may reflect regional variability.

The difference between the trace element content in
garden soil and the surrounding historical mining sites
is noted. It is postulated that most garden soils have
been augmented with commercially purchased
material, including topsoil, manure, straw, fertiliser
and compost. This may have diluted any elevated
metal response. Even the elevated gold values in the
garden soil samples are diluted by comparison to the
anomalously enriched local soils. Additions to garden
soils may actively minimize the potential hazard to
home-grown vegetable consumers.

Silverbeet is the vegetable that accumulates the
highest concentrations of trace elements in the edible
parts. Based on the results of this survey, the hazard
inherent in ingestion of high element content home-
grown vegetables is minimal, even for a high
accumulator such as silverbeet.
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A 50 - 155 keV ion implanter is being developed on the campus of the University of
New South Wales at the Australian Defence Force Academy for the implantation of
radioisotopes as part of a UNSW/ANU collaboration. The facility employs a versatile
SNICS II negative ion source. Commissioning tests have shown the facility to
efficiently produce, mass-select, and transport negative ion beams of various stable
isotopes. The mass resolution has been demonstrated to be better than 1 amu and the
implantation of stable isotopes was verified with Elastic Recoil Detection (ERD)
analysis. Recently, the first implantation of radioactive '" in has been performed
successfully. The routine implantation of this and other radioisotopes is envisaged to
support analytical techniques in the material sciences, such as Perturbed Angular
Correlation (PAC) spectroscopy and Nuclear Magnetic Resonance of Oriented Nuclei
(NMRON), and to possibly study the controlled activation of medical implants and
the diffusion of radioisotopes in materials.

Introduction

Radioisotopes have many important
applications in areas such as nuclear
medicine, environmental studies, material
science, and solid state physics. Nuclear
medicine uses radioisotopes to provide
diagnostic information and also for
therapy to treat medical conditions such as
cancerous rumours, with the ionising
radiation weakening or destroying affected
cells. Storing and isolating nuclear waste
is an environmental challenge due to the
possible leakage of radioisotopes. The
diffusion of radionuclides in materials can
be studied following controlled ion
implantation.

In solid state physics, Perturbed Angular
Correlation (PAC) spectroscopy and
Nuclear Magnetic Resonance on Oriented
Nuclei (NMRON) are well established
techniques for the study of structural,
electrical and magnetic properties of
crystalline materials. In both techniques

radioisotopes are introduced into the
material as probes. The directional
distribution of emitted ionising radiation
can then be detected providing
information about local electromagnetic
fields in the immediate vicinity of the
probing nuclide. This enables, for
example, studies of the structural
properties and the annealing behaviour of
the host material. While thermal diffusion
is a common method to introduce
radioisotopes into host materials, this is
often not possible for many advanced
materials which would be seriously
affected by such processing. In these cases
radioisotopes need to be introduced by ion
implantation where the number of
introduced radioactive nuclei can be
controlled explicitly and precisely. With
high energy (> 1 MeV) ion implantation
structural damage to crystals can be
severe. The implantation at lower energies
(< 1 MeV), potentially minimizes crystal
modifications and thus improves the
reliability of PAC and NMRON studies.
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i~i£itrc I At- radioi->«tope ion implanter at the Australian Defence Force. Academy, (a) From
left u> i ight the m gative ion source the acceleration tube, and the input side of the analysing
dipoie magnet (hi From left to right the exit side of the analysing magnet, the electrostatic
Finre'letjs. ond the implantation i hamber oj the facility.

'!o taejiHaie such v\ork, a low crteigy (50-
155 keVt iadjoi-iotope ion implanter is
under devek>|«ner/ on {he campus of the
Lm verity of New South Wales al the
Australian Dclenee i-orce Academy for
shared mt with the Australian National
Universiiy. In contrast to similar facilities
overseas [1-2], this is the first time that a
negative ion source is used. This offers the
advantage of more versatility since
negative ions can be produced abundantly
for many elements [3-7],

'Phis paper reports on the ion implantation
of stable isotopes and the first successful
implantation of the radioisotope : : !In with
the new facility. The latter has been
chosen since it is a standard PAC probe.

Description of the facility

A photograph of the facility is shown in
Pig. 1. The impjanter uses a SNJCS II
(Source of Negative Ions by Cesium
Sputtering) ion source. Irs this ion source,
Cs~ ions are produced by a tantalum
ionizer immersed in Cs vapour [4-?]. The
CY ions strike material inside a cold
cathode. Sputtered material partially forms
negative ions by accepting electrons from
neutral cesium atoms. The negative ions
are then accelerated by passing through a
potential difference of up to 150 kV. Since

o
'JiW \\j\t\j\j \ A

—to. ••w'i...W.) jj.l..iu/.i. V i Vj .V-i . i j^u.

106 108 110 112 114 116

Mass (atnu)

Figure 2: Partial mass spectra for a
molybdenum oxide cathode with silver
sinter. The solid curves are gaussian Jits
to the data, (a) Peaks corresponding to
negative ions of different Mo isotopes are
well separated^ (b) The two Ag isotopes
and different molecular MoO' ions can be
distinguished.
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the cold cathode has an additional
negative bias of 5 kV, the maximum
energy achievable is 155 keV. Following
acceleration, the ion beam is mass-
selected using a single-focussing dipole
magnet. Double focusing characteristic are
provided by two quadrupole magnet
singlets before and after the dipole
magnet. Mass-selected ions are focussed
onto the sample with an electrostatic
Einzel lens.

The total ion current from the SNICS II
source and the mass selected ion current
can be measured with Faraday cups before
and after the dipole magnet. The profile of
the mass-selected beam can be observed
using a beam-profile monitor located
between the dipole magnet and the Einzel
lens. The beam-profile can be controlled
by suitably adjusting collimators before
and after the dipole magnets. These
collimators limit the beam both in the
horizontal and the vertical direction.
Rectangular beam spots with dimensions
of 2 mm x 3 mm are routinely achieved.
Transmission of the mass-selected beam is
near 100%.

Figure 2 shows partial mass spectra
obtained for a molybdenum oxide source
cathode with a silver sinter. This cathode
was chosen because of the large number of
molybdenum isotopes and the associated
oxide molecules in the interesting mass
region 90-120 amu, which includes the
mass of radioactive '"in. The mass spectra
obtained are similar to those measured by
Middleton [7]. All the isotopes of
molybdenum and the various molybdenum
oxide molecules are clearly separated. The
two stable silver isotopes, 107Ag and 1(>9Ag,
are also seen. It is evident that the mass
resolution is better than 1 amu.

Implantation of stable indium

In order to verify whether the implantation
of the radioisotope n l In is achievable with
the new facility, firstly beams of stable

elemental and molecular indium ions have
been produced using an ion source
cathode filled with pressed indium oxide
powder. Figure 3 shows that molecular
indium oxide ions are much more
abundant than elemental In ions. The
115InO" beam was thus chosen for the
implantation into crystalline silicon and
implanted at different energies.

1000

110 115 120 125 130 135

Mass (amu)

Figure 3: Partial mass spectrum for an
injOi cathode. Peaks corresponding to In
and inO ions can be clearly identified and
are well separated. A
detected.

113In beam was not

1

20 40 60
Energy (MeV)

80

Figure 4: A typical two-dimensional
spectrum from the ERD analysis of a silicon
sample implanted with InO'. The labels
indicate groups of events associated with a
specific element. The grey scale represents
the total number of detected events.
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Implanted samples were analysed with
Elastic Recoil Detection (ERD) using 200
MeV 197Au ions. Details of the ERD
technique are given in the Ref. [8]. In this
particular case, the recoil ions were
detected at an angle of 45° relative to the
beam direction using a position-sensitive
gas ionization detector with a large solid
angle of 3.5 msr. For a 125 keV
implantation of 115InO", Fig. 4 shows the
measured energy loss signals AE of the
recoil ions as a function of the detected
energy E. In this two-dimensional
diagram, groups of events associated with
a particular element can be distinguished.
The spectrum shows that in addition to In,
O and Si, traces of C are also present in
the silicon sample. Most of the oxygen is
from the implantation and some
presumably from surface contamination,
while the indium is entirely from the
implantation. Analysis of the ERD data
has shown that the indium was implanted
with a fluence of (5.7 ± 0.7) x 1016

ions/cm , which is consistent with the
fluence deduced from the beam current
measurements during the implantation.

Radioisotope Implantation

Following the successful implantation of
stable indium isotopes, implantations of
the radioisotope u l In were performed to
evaluate the feasibility of the approach. In
order to make a cathode filling with
radioactive H1In, rhodium metal was
pressed into a copper ion source cathode.
The rhodium in the cathode was then
bombarded with 76 MeV 12C delivered by
14UD Pelletron tandem accelerator at the
Australian National University [9,10]. The
beam current was typically 2 mA and the
I2C bombardment was over 15 hours. The
following nuclear fusion evaporation
reactions lead to the production of " 'in:

m RhC2C,p3n)]USn
EC,

\ 111 ni l.3min 111 Q 35min 1

EC, P+ EC, (3+

o
X

O

U
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1

ft

. 171

1

keV

245 keV

, 171

245

" Cd

i . .

"'In
7

EC. P*

-

200 400 600

Energy (keV)

800 1000

Figure 5: The y-ray spectrum from the
activated rhodium cathode measured with
a Ge-detector. The 171 keV and 245 keV
y-rays following the decay of In are
evident.
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Figure 6: (a) The partial /-ray spectrum
from a silicon sample implanted with
111 InO' showing the characteristic 171
keV and 245 keV lines which are not
present in the background spectrum
displayed in (b). The background line at
239keVisdueto212Pb.
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Figure 5 shows a Ge-detector spectrum for
the activated ion source cathode. In this
spectrum, the 171 keV and 245 keV y-rays

10.0

indicate the presence of
cathode. The activity of
cathode was estimated
comparison with a calibrated
tobe(0.5±0.1)mCi.

i n

in

133

In in the
In in the

through
Ba source

The activated ion source cathode was then
installed in the SNICS II ion source of the
radioisotope implanter. A beam of 125
keV H1InO" beam was produced and
transported to the implantation chamber.
The samples implanted included steel,
crystalline silicon and an indium nitride
thin film. A typical y-ray spectrum for a
silicon sample implanted with '"inO" is
shown in Fig. 6 and compared with the
background spectrum. In addition to the
background lines, 171 keV and 245 keV y-
rays are clearly evident in 6(a), which
verifies the successful implantation of
'" in . Implantation of ' " in is further
evidenced by the half-life of these decays
which was measured to be (2.83 ± 0.03)
days and agrees with the half-life of ' " in
(Figure 7).

Figure 8 shows Ge-detector and Nal-
detector spectra for the steel sample
illustrating the advantage of using a Ge-
detector to verify the implanted
radioactivity. In the case of the Nal-
detector the 245 keV y-ray is not separated
from a neighbouring background peak.

Despite the successful first radioisotope
implantation, the activity implanted in the
samples was too low to successfully
perform PAC spectroscopy. The activity
implanted in the Si sample was measured
as -0.2 nCi. For reliable PAC studies
about 30 (iCi are needed. Measurements
showed that the residual activity in the ion
source cathode following implantation
was only 20 (iCi, thus the activity was
almost entirely sputtered out of the
cathode. Based on absorbed dose

50 75 100
Time (hr)

Figure 7: The count rate of the 171 keV y-
ray over time. The solid line is a linear fit
to the data corresponding to the indicated
half-life Tin.

o
U

3000

2000

1000

n

'A
j / V 1 171 keV

' • • , . • -

239 keV

245 keV

V J , Ge detector I 1

Nal detector ' ^ ^ ^ A ^ ^
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Energy (keV)

600

Figure 8: Partial y-ray spectra for a steel
specimen implanted with '"lnO~. 171 keV
and 245 keV peaks are evident in the case
of Ge-detector spectrum while there is
only an indication of those lines in the
spectrum from the Nal-detector.

measurements at the ion source, more than
90% of the '"in-activity remained,
however, in the ion source chamber.
TRIM [11] calculations indicate that the

In produced in the source cathode withi n

the recoil implantation of C into Rh
would be distributed within a thin layer
about 10 um below the surface. Based on
the depth of the crater in the cathode it has
been derived that the activity was most
likely sputtered within only 30 minutes of
implanter operation. This means almost all
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the activity in the cone was already
sputtered when the implanter was being
set up. This may explain the low activity
of " i n implanted in the samples. This
problem could be overcome if an ion
source cathode is used where the activity
is more uniformly distributed over a depth
of a few millimetres.

Conclusions

The production, transport and implantation
of different ion beams of stable isotopes
have been demonstrated for a new ion
implanter facility intended for
radioisotope implantation. Mass resolution
of better than 1 amu has been achieved.
The implantation of stable indium was
successfully performed and has been
independently verified with ERD analysis.
Implantation of the radioisotope 1HIn has
been demonstrated using H1InO" ions.
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SUMMARY. The Coulomb barrier to nuclear fusion is sometimes described as a barrier to nuclear fission. In tliis
paper it will be shown that it is more meaningfiil to describe the repulsive Coulomb force between the daughters of
fission as the cause of fission rather than a barrier. In fact it is this force which breaks the meson bonds between the
daughters and imparts kinetic energy to them. This process may therefore be described as a quantum jump ratheT
than a 'tunneling'. The Bemal liquid drop layered alpha particle model of a heavy nucleus shows that the sixth layer
of alpha particles is not closed and is inherently unstable. This nucleus therefore either gradually decays by radiating
alpha and beta particles until most of the sixth layer has been shed or it undergoes spontaneous fission to form a
heavy daughter rarely containing less than four closed layers and a lighter daughter never containing less than three
closed layers. It will be shown how each alpha decay involves the breaking of five or six meson bonds and each
spontaneous fission breaks about thirty bonds.

1. Introduction
The underlying nuclear structure of heavy elements
may be visualized as 6 concentric layers of alpha
particles. This structure is 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].[7]
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 is
modeled as a single tetrahedral layer of 4 alpha
particles. A second layer of 4 alpha particles models
sulfur 32, a third layer of 6 alphas models nickel 56, a
fourth closed layer of 12 alphas forms the core of all
nuclei containing at least 52 protons, and a fifth layer
of 12 additional alphas forms a basis for those nuclei
with 76 or more protons. Norman [3],[4] 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 3
alpha layers and a heavier daughter with a core of
rarely less than 4 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 the tune averaged meson bond
(MB) energy. Em may be calculated in the following

way. Because of isospin it is assume that 6 equal
meson bonds strongly bind the 2 protons and 2
neutrons of a 4He nucleus (alpha particle) into a
tetrahedral structure. The total meson bond energy,
E.,,. of the 4He nucleus is defined as the empirically
determined binding energy, Eu, of this nucleus
corrected for the Coulomb repulsive energy, Ec, so
that: E,n = 6 MB == Eh + Er where Eh = 28.3*MeV and
Er = 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 tor that nucleus divided by 4.84 MeV.

A table of the values of Eb Et, Em and the number of
MB for the decay products of U235 is provided in
Appendix 1. The data that is provided in Table 3
indicates the manner in which the number of meson
bonds between successive layers increases in order to
balance the increasing Coulomb repulsion.

3. Alpha Decay
The net energy balance of an alpha decay may be
written as follows:

A E, = E, (I)

where A Eb is the difference between the sum of the
binding energies of the two daughter nuclei and the
bOinding energy of the mother nucleus. Ek is the
kinetic energy of the alpha particle. This is
exemplified by the alpha decay of 23SU where

A Eb = 4(MeV) and Ek = 4(MeV).

However, equation U) takes no account of the
difference AE. between the powerful repulsive
Coulomb energv of the mother nucleus and the sum of
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the Coulomb energies of the daughter nuclei. Adding
A Ec to both sides of (1) gives:

A E b r A E t = A E c + Ek (2)
Subtracting A Eb from both sides of C2) gives:

AEC = AEc-AEb + E, (3)
In all alpha decays A Ec - A Eb = A Em

where AEm is the meson bond barrier being the
difference between the meson energy of the mother
nucleus and the sum of the meson energies of Hie two
daughters. It can be seen in Table 1 that this
difference is approximately equivalent to 6 meson
bonds (namely 29. lMeV). Equation (3) may be
rewritten as: A£, = AEj, + Ev (4)
This equation was previously used in reference [4] to
describe alpha decay in 23SU as Coulomb breaking of
the 6 meson bonds between the two daughter nuclei.
In this way an alpha particle "tunnels' through the so-
called Coulomb barrier. The total energy balance (in
MeV) is indicated in Figs, land 2 for the initial decay
of 233U and in Table 1 for all 10 alpha decays in the
decay chain of '""'U.

AJpha Decay

o

= 909
iAEc

o

= -33 Ec

o

Th + alpha

= 876

I Et, = -1784
4-AEb=-4 = -1788

E =-2664

i—
= -2o93

T E, = 4
Fig.l Schematic energy balance of J3"U alpha decaj

A Ec = ; 33 MeV=Coulomb barrier.
". Meson bond barrier = 6MB

= T A Em = 29 MeV
4MeV.= iAE h = -4MeV

A Er - A Em + Ek

(Note: E-o is included in Em)

Fig. 2 The meson bond barrier. AEm, to the alpha
decav of ii5U.

AEt

Released
j AEm + E k (MeV)
I Absorbed

^U-> alTh + a
-31Pa -> "7Ac - a
227Ac -> n?Fr + a
227Th->7"'Ra + a
" Ra ->" Rn-ra
i l 9Rn-> : LPo-a
21 Po -»-"Pb + a
"'At-» ""Bi + a
:l'Bi-> "Tl + tt
2"Po -> -^Pb + a

33
33
32
33
32
32
31
iZ
31
32

29 + 4 = 33
28 + 5 = 33
28 + 5=33
2"'+6 = 33
27 + 6 = 33
2 5 - 6 = 3i
24 + 7 = 31
24 + 8 = 32
25 + 6 = 31
24 + 8 = 32

Table 1 Energy balances for U alpha decay chain

4. Fission Energy Balance
The fission of a 23"U nucleus into 2 daughters each
larger than an alpha particle has previously been
discussed by Norman [3],[5] in terms of the layered
alpha particle models of nuclear structure. In those
papers it was shown that the lighter daughter never has
a core of less than 14 alpha particles whereas the
heavier daughter rarely has a core of less than 26
alphas.
An example of the energy balance (in MeV) involved
in the fission of 235U is illustrated in Figures 3 and 4.

^^ ! 1 !~^ T i r M235

E

h
0

E,,

EIU

= 909

= -1784

=-2693

—

iAE c

0

iAEb

tA Em

tEk =

*

=- 325

=-173

= 152
173

0

E

E

n + 141Ba + 92Kr

c = 534

b = -1957

~ = - 2 5 4 1

Fig.3 Schematic energy balance of a ' J U fission.

j325 MeV = Coulomb barrier
• Meson bond barrier = 30 MB
• = t AEm= 152 MeV

t E k = viAEh=-173MeV ,

• R
Ec= A E m + E k

(Note: Eb is included m Em )

Fig.4 The meson bond barrier, ?A Em, to the
fission of a B5U nucleus
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It will now be shown that in each of these fission
processes the separation of the 2 initial unstable
daughters involves the breaking of approximately 30
meson bonds. This will be indicated in Table 2 by a
number of examples of fission ranging across the bi-
modal fission spectrum of 2iiU. In tliis Table the
numbers refer to the meson bonds associated with the
terms of the equations. The derivation of the bonds in
each nucleus is to be found in Appendix 2.

235U: Neutrons: 2 Daughters: Broken Bonds

556

556

' n +

• 2n +

157Sm +
363

:"Ba +
327

77Zn
164

198

between daughters:

29

31

556 325

92K::
201 30

556

140Xe
316 210 30

2n + 1?2Sn + ]Mo
55b

235U -*
556

~'J\J —>
556

n +

3n +

294
128Sn -
290

; i 0Pd H
261

230
- 10fMo

236

- "°Pd
261

32

30

34
Table 2 Meson bonds involved in the creation of the

initial products of " U fission.

The effective source of energy in breaking the bonds
and imparting kinetic energy to the daughters is the
excessive Coulomb repulsion energy, AEr. in the
metastable ^5U nucleus just as in alpha decay.
Each of the daughters listed in Table 2 is intrinsically
unstable due to an excess of neutrons. Stability is
quickly restored in each nucleus as several neutrons
are converted into protons by successive p decays. The
release of energy occurs as new meson bonds
complete the formation of new alpha particles in each
daughter nucleus.
5. A Fission Mechanism

From tliis analysis it can be seen that very little, if any,
energy is needed to destabilize a / i5U nucleus in order
for either alpha decay or fission to occur. In both cases
the so-called 'Coulomb Barrier" is the cause of fission
rather than a barrier. Furthermore it is more
appropriate in each case to describe the process of
'tunneling' as a quantum iuinp in a manner analogous
to the process of a gamma decay in an excited nucleus
or of ionization of an atom. In alpha decay and fission
the fundamental difference between the concepts of
tunneling and jumping arises from the decision to
either ignore or consider the Coulomb force and
energy inside the nucleus.

The mechanism for fission consistent with the layered
alpha particle model is based on the bond structures of
closed layer nuclei as first outlined in reference [6] and
as listed below in Table 3. Noting that there is a total
of 60 meson bonds between layers 4 and 5 it appears
that in the fission process about 30 of these bonds are
broken after the uranium nucleus is destabilized either
by deformation or the absorption of a thermal neutron.

[ L a y e r j l | 2
Alphas/1 4 i 4
Layer |

Layer , =24 t =24
MB ex
Layer

4x3/2 4;c3
=6 1=12

MB
in + ex

| Closed
[Nucleus

24+6124+12
=30 =36

MB
N-Z

12 12 16

6x6
=36

12x6 j 12x6

6x4
=24

12x4 12x5
= 48 I = 6 0

36+241 72+48 I 72+60
=60 =120 =132

28^28

MB
Core
MB

Total
(Model)

30 |30+36 (66+60
=66 =126

30 66 126

24x2
=48

76OSn6

40x2
=80

126+120J246+132
=246
48+246
=294

=378
80+3^8
=458

16x6
= 96

16x6
=96

96+96
=192

49x1
=49

378+192
= 5 7 0 _
49+570
=619

MB
Total
(Data)

29 67 127 296 456 646

Table 3. The bond structure of the layered models of
nuclei with closed layers compared with the total
number of bonds based on calculations of E^.

According to the liquid drop model of fission triggered
by the absorption of a thermal neutron the nucleus
undergoes oscillations until the nucleus becomes
elongated like an: egg rather than spherical. According
to the layered alpha particle model it is at this stage
that part of the outer 2 layers (the egg white) separates
from the inner core of 4 layers Tthe egg yolk) when 30
meson bonds are broken by the Coulomb force acting
between the 2 daughters as illustrated in Fig. 5.
6. Conclusion
The Bernal liquid drop alpha particle model of a heavy
nucleus shows that the sixth layer of alpha particles is
not closed and is inherently unstable so that the
nucleus either gradually decays or undergoes
spontaneous fission. It decays by radiating alpha and
beta particles until most of the sixth layer has been
shed. The alpha decay may be construed as the release
of rq^ulsive Coulomb energy that breaks six meson
bonds and imparts kinetic energy to the alpha particle.
In this way the alpha particle jumps rather than
runnels' through the Coulomb barrier. By contrast, in
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beta decay energy is released when a neutron decays to
form 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 as explained in reference [4].
Uranium fission is similar to alpha decay and involves
the Coulomb breaking of about 30 meson bonds to
separate at least 14 alphas simultaneously as a light
daughter. Both daughters subsequently become more
stable by a sequence of beta decays.

The 6
alpha

layers
of 235U

7.Appendix 1.
Binding, Coulomb and Meson Bond Energies
Tin MeV) of decay products of 235U

try /
/ / i i 4a/ 4a

meson Donqs / / / /
broken in / / \ I / / >ja

a! !

Lightest Daughter Heaviest Daughter

A

"<U
231Pa
231Th
-Th
: 2 7Ac
223Ra
223Fr
2 1 9Rn
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2i:Po
211Po
211Bi
2 n P b
"07Pb
207TM

P
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88
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N
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141
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135
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130
131
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129
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Eb

1784
1760
1760
1736
1737
1714
1713
1691
1670
1670
1650
1650
1649
1629
1628

Ec

909
894
875
880
860
846
827
813
799
780
785
766
748
752
734

Em

2693
2654
2635
2616
2597
2560
2540
2504
2469
2450
2434
2416
2397
2381
2362

MB

556
548
544
540
537
529
525
517
510
506
503
499
495
492
488

8. Appendix 2.
Binding, Coulomb and Meson Bond
Energies of some fission products of 235U.
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2*"n '
-ij15/Sm
H 4Ba
wBa
w 0 X e
i:<2Sn
!2SSn
'kPd
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101Mo
MSr
9 2Kr"
syKr
Ẑn
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N

143
95
88
85
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78
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64
59
56
56
53
47

E b
(MeV)

L1784
1286
1190
1174
1161
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1072
980
899
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808
783
767
657

E c
(MeV)
L909
469
394
397
370
323
326
284
244
248
207
187
189
137

(MeV)

2693
1755
1584
1571
1530
1424
1403
1265
1143
1113
1015
970
956
794

MB

556
363
327
325
316
294
290
261
236
230
210
201
19S
164

Figure 5. An illustration of the fission of a 235U
nucleus modeled as a liquid drop of 6 layers of alpha
particles.
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SUMMARY. We have shown that neutron diffuse scattering at ISIS can provide high
quality 3-dimensional diffuse scattering data, in this case from thermal correlated motion
in a single crystal of the organic molecular crystal benzil. The qualities of the neutron
allow very high Q to be reached, and show effects due to the excitations in the system
which are invisible when using X-rays. While not appropriate for all diffuse scattering
problems, we have shown that modern neutron sources are capable of providing detailed
diffuse scattering data which, when refined in parallel with the X-ray data, will give
unequalled insight into the structure of disordered systems.

1. INTRODUCTION

Diffuse scattering gives information on the short
range order in a material, giving unique insight
into disordered systems, including organic
molecular crystals, oxygen deficient metal
oxides and ceramics (Welberry and Butler,
1995; Welberry and Butler, 1994). Jn recent
times, this study has focused on exploring the
short range order in molecular crystals to reveal
the mechanisms of molecular interaction. Such
work has relevance to fields as diverse as nano-
scale device design and pharmaceutical
discovery, where the flexibility of a molecule
can have great influence on its medical
properties (for example Detlefsen et ai, (1999)).
Hence it is an important aim of this work to
develop analysis techniques which can deal with
flexible molecules.

However, to model the disordered structure in 3-
dimensional detail, diffuse scattering must in
general be collected over large volumes of
reciprocal space. This, coupled with its low
intensity - often 10 down on the Bragg peaks -
has generally restricted the technique to X-ray
and electron diffraction (XRD and ED). ED is
limited as it cannot often provide quantitative
results, while X-rays cannot (or can only poorly)

distinguish light elements amongst heavy ones,
or elements of similar molecular weight. Of
relevance in the study of organic molecular
crystals is the X-ray's inability to observe
hydrogen atoms. The motions of molecules
within the crystal is of interest and H atoms are
at the molecules' extremities and undergo the
most pronounced motions - yet X-rays cannot
use this information. Neutrons overcome these
limitations. However, sufficiently large samples
must be procured.

0 12

Fig. 1: Schematic diagram of the benzil
molecule, H atoms omitted for clarity.

The molecular crystal chosen for the
study is benzil, C M H | 0 O 2 (figure 1). Benzil was
chosen because it has recently been the subject
of a thorough X-ray diffuse scattering study
(Welberry ei ai, 2001) and large crystals of
benzil can be grown. Further, it is available in
deuterated form, which is ideal for neutron

183



scattering. Also, the structure of the benzil
molecule allows it internal flexibility, as for
example the phenyl groups can rotate around the
C-C bonds between atoms 6 and 2, 2 and 1 and
1 and 5 in figure 1. Benzil crystallizes at room
temperature in a hexagonal unit cell with a =
8.409 A, c = 13.792 A and y= 120°.

2. EXPERIMENTAL METHOD

Sample Preparation

Crystals of d-benzil (Ci4D]0O2) were grown
from a saturated solution of d-benzil in d-
acetone into which a seed crystal was placed.
Controlled evaporation of the solvent resulted in
the growth of several crystals, the largest of
which was approx. 13 x 7 x 6 mm . Crystals of
h-benzil were grown for X-ray studies using a
similar technique.

Data Collection - X-rays

The X-ray data for h-benzil were collected using
the diffractometer described in Osborn and
We!berry(1990).

(a)

(b)

Fig. 2. X-ray diffuse scattering from h-benzil.
(a) gives the hkO reciprocal plane and (b) the
/JAO.5 plane.

Figure 2 shows two cuts through reciprocal
space, the hkO and hk\ planes. These show
considerable diffuse scattering; large blocks of
intensity around some Bragg spots and lines of
intensity are clearly visible. However it is also

apparent that the data extends out only to the
400 Bragg positions - this is a maximum
scattering vector magnitude of about Qmax= 3 A~ .

Data Collection - Neutrons

Diffuse scattering occurs throughout reciprocal
space, and therefore neutron time-of-flight (tof)
diffraction was chosen. This technique allows
large volumes of reciprocal space to be accessed
in a single measurement. The instruments used
were therefore the SXD diffractometer and the
PRISMA spectrometer, both at the pulsed
neutron source ISIS in the UK. The work
presented here will focus on the SXD data.

Fig 3. Diagram of the SXD diffractometer.
Sample is in the centre of the detector space.
Detectors are numbered 1 to 11 and cover
approximately In solid angle.

SXD is shown schematically in figure 3. The
principle of operation is simple, and makes use
of the neutron's finite velocity. Assuming elastic
scattering, a neutron will scatter through an
angle determined by the Bragg law (equation 1).

= 2dsm(6) (1)

where A = neutron wavelength and d is the
spacing between planes of atoms. The neutron
tof gives the neutron energy and therefore its
wavelength, while the detector position gives
the scattering angle, 20. Thus the atomic d-
spacing corresponding to each scattered neutron
can be calculated. This means that if the
neutrons have a range of energies, a single
detector at a single position can measure a wide
range of ^-spacings. When it is recalled that
SXD covers half a sphere with detectors, the
ability of the instrument to collect a large
amount of data becomes apparent. Hence,
neutron diffuse scattering was collected from d-
benzil using SXD (Welberry et al.. 2003).

184



Figure 4(a) shows a plane through reciprocal
space corresponding to that in figure 2(a). It is
immediately apparent that a much larger area of
reciprocal space is covered. How much depends
on which detectors are used, but data out to Qmm

= 15 A ' is easily achievable.

(a)

(b)

(c)

Fig. 4. Neutron diffuse scattering from d-
benzil. (a) gives the MO reciprocal plane and
(b) the M2 plane and (c) the hhl section.

The area on figure l(a) is contained within the
small central hexagon in figure 4(a).

The tof technique collects a volume of
reciprocal space rather than a slice, so the data
can be sliced up using software. This allows
other types of planes to be selected. Figure 4(b)
shows the hkl and 4lc) the hhl plane.

3. ANALYSIS AND DISCUSSION

The detailed analysis of the X-ray diffuse
scattering from benzil is discussed in Welberry
at at., (2001), as is the Monte Carlo (MC)
modeling technique. A concern raised there was
that the model discussed there gave a good
description of the displacement correlations
responsible for the diffuse scattering, but gave
atomic displacements much smaller than those
from Bragg scattering experiments (for example
More et at., (1997)). The higher Q data from the
neutron experiment might be expected to
remedy that, and in fact figure 5 shows the
predicted neutron diffuse scattering from d-
benzil based on the X-ray model, with the
atomic displacements as from the X-ray study in
figure 5(a) and a factor of 2V4 larger in figure
5(b). Comparison with figure 4(a) reveals that
the correlation structure from the X-ray
experiment agrees with the neutron while the
displacements indeed need to be scaled up. This
indicates the complementarity of the neutron
and X-ray experiments, something which has
long been recognised in Bragg scattering, both
single crystal and powder diffraction, but which
may now contribute to the understanding of
short range order as well.

(a)

(b)

Figure 5. Neutron diffuse scattering in the
MO layer predicted by X-ray model, (a) Uses
the atomic displacements from that work and
in (b) they are scaled up and the Bragg peaks
no longer extend to the very high Q region.
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Other features apparent in figure 4 include the
large bands of diffuse scattering near the edges
of figures 4(a) and (b). At the d-spacings
corresponding to these features the correlations
are //iframolecular, and so this information is
also now available to the diffuse scattering
analysis. Further, when lower energy neutrons
are used, the neutron energy change on
scattering can become significant. This modifies
the shape of the observed scattering and while
on one level complicates the analysis, it also
allows information about the energies of the
lattice excitations to be extracted.

This can be combined with direct energy
measurements using neutron inelastic scattering
on, for example, the PR1SMA spectrometer at
ISIS or a conventional three axis spectrometer at
a reactor neutron source. Both these types of
studies are proceeding, with the intention to
explore the energies of the lattice modes
(phonons) giving rise to the diffuse scattering
and then to link this with a study of the
structural phase transition in benzil. Benzil
undergoes a structural phase transition at
approximately 84 K. and this should be
observable both in the changes in the energies of
certain phonon modes, and in the collapse of the
lines of diffuse scattering into new Bragg spots
in accordance with the larger structural unit cell
below 84 K.

Hence the combination of X-ray Bragg and
diffuse scattering and neutron diffuse and
inelastic scattering will provide a detailed
structural model of benzil, with insight into its
dynamics and thermally induced disorder.
Benzil is in a sense an archetypal molecule, and
the techniques developed here will in future be
applied to other systems.

5. CONCLUSIONS

It has been shown that detailed 3-dimensional
neutron data of high quality can be collected on
organic molecular crystals using neutron
diffraction at a spallation source, in this case
1SJS. The spallation source is ideal for this
experiment as the wide neutron energy band and
large angular detector coverage allows 3-
dimensional data to be collected rapidly. The
combination of a range of techniques promises
new levels of insight into the behaviour and
properties of an important class of materials,
organic molecular crystals and by extension
organic molecules themselves.
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SUMMARY. The motivation for and design of a high-sensitivity detector system for gamma-ray and
electron-conversion spectroscopy of metastable states in neutron-deficient nuclei are presented. Fusion
products from heavy-ion induced reactions will be brought to a focus and implanted at the back of
SOLITAIRE, a gas-filled 6.5 Tesla superconducting magnetic solenoid, designed to physically separate
fusion products from the competing background of fission products arid scattered beam particles. Four
high-efficiency, Compton-suppressed germanium detectors and five silicon detectors will be arranged
in a close-packed geometry around the implantation site, so that the gamma-ray and electron-
conversion decay of metastable (long-lived) states in the fusion products can be studied in a
background-free environment with high sensitivity. The spectrometer will be applied initially to the
characterisation of triple shape coexistence in the light lead isotopes. The results will provide a major
testing ground for the development of mean-field theories used to predict the stability of heavy nuclei.

INTRODUCTION

A fundamental characteristic of heavy nuclei is
their equilibrium shape, a macroscopic
quantity which depends in detail on the
microscopic and therefore quantum-
mechanical nature of the nuclear system. It is a
peculiarity of such systems that the stability,
which is defined by the binding energy of the

system, or in simple terms the depth of the
nuclear potential well, is relatively small
compared to the total energy. Thus, it is
sensitive to precise details about nuclear orbits
and the interactions between the constituent
protons and neutrons, and often to the motion,
character and interaction of only a few
particles near the nuclear surface.

Nuclear properties can therefore change
rapidJy with the number and orbits of
individual particles, making accurate
predictions away from current regions of
experimental knowledge very difficult.
Nevertheless such extrapolations are
commonplace, particularly in studies of
nucleosynthesis and in the predictions of new
regions of nuclear stability such as potential
superheavy element:;.

In some nuclei near the edges of the more
accessible regions, the potential minima as a
function of deformation become multi-valued
and very sensitive to inhomogeneities in the
single-particle level densities near the Fermi

surface. The prediction of such minima is
therefore an important testing ground for the
development of nuclear potentials.

Figure 1 is taken from Andreyev et al. [1] and
illustrates the potential energy surface
predicted for the very neutron-deficient isotope
of lead (proton number 82) - 186Pb, which has
22 neutrons fewer than the stable isotope 208Pb.
The latter has; a very stable spherical shape
(corresponding to a deep potential minimum at

Figure 1. Potential energy surfaces for 186Pb
From Andreyev et aJ [ 1 ]
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zero deformation - the archetypal shell-model
nucleus) whereas, when many neutrons have been
removed, three minima are predicted,
corresponding to the conventional spherical shape
and quasi-stable minima at oblate (pancake) and
prolate (cigar) shapes.

The experimental manifestation would be the
existence of quantum states characteristic of the
motion within each potential minimum: individual
particle motion in the spherical well, well-defined
rotational motion in the prolate minimum and
quasi-rotation-vibrational motion in the oblate
minimum.

EXPERIMENTAL CHALLENGE

The experimental challenge is to identify which, if
any, of these quantum states are present, and to
characterise them, that is to measure their energies
and quantum numbers, e.g. angular momentum and
parity. The difficulty lies partly with the available
reactions. Heavy ion fusion is prolific in producing
nuclei close to stability but the competing
probability for fission of the compound nucleus
becomes dominant for high-Z nuclei at such low
neutron numbers. A second factor is that the
population of higher angular momentum states is
favoured in the decay, effectively hiding the low
angular momentum states, which may be crucial for
characterising the motion. The third factor is the
technical difficulty in obtaining sufficient
spectroscopic information to assign quantum
numbers.

RECENT TRENDS AND COMPETITIVE
STUDIES

Experimental Advances
Significant advances in the study of the very
neutron-deficient lead nuclei have been made
possible with the combined techniques of recoil
separation and recoil-decay tagging, as reviewed
recently by Julin et al [2] and discussed further
below. These techniques have allowed the isolation
of very weak products and identification of at least
part of the lowest sequence of high angular
momentum states (the yrast states) down to the very
neutron-deficient case of 182Pb (N=100), but the
results are fragmentary, with insufficient detailed
information to allow more than superficial testing
of conjectures about shape co-existence. That is
partly because one structure dominates in the very
neutron-deficient cases, especially in in-beam
reactions, whereas the crucial information lies with
the identification of the three classes of structures
predicted. The region which will be optimal for
observing all structures is likely to be near mass
number 188 (N = 106) as can be implied from our
compilation [3] of the systematics, given in Figure
2. The case of l86Pb (N=104) has recently attracted
considerable attention with the observation of two
excited 0+ states as well as the 0+ ground state
populated in alpha-decay [1], but again that
information is very limited.

Exploiting Isomers
A different approach which we have pursued
recognises [4] that each sub-minimum in the
potential will have characteristic two-particle
metastable states whose quantum numbers will be
different (unlike the inherent ambiguity with 0+
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states whose character is not evident from the
quantum numbers alone). The long state-lifetimes
then allow the separation of weak products from
contaminants using time-correlation techniques,
aiding their observation.

The result has been the identification of key
isomers in 188Pb (N=l()6) [5] and, subsequently,
experiments which have led to extensive
information on its level scheme [6]. Although
comparatively extensive, the results and
interpretations are still hampered by the difficulty
in making firm spin and parity assignments.

The planned spectrometer discussed in the next
section will address these issues through (a) high
sensitivity to metastable states and (b) the
capability of measuring internal conversion
coefficients for transition multipolarity assignments
and hence determining spins and parities.

RESEARCH APPARATUS

The idea is to use a compact superconducting
solenoid as a separator and transport device,
optimised to detect residual nuclei produced in
heavy ion fusion reactions. The separator will be
instrumented for gamma-ray and electron
spectroscopy at the focal plane as shown in Figure
3. Details of the main components follow.

New Recoil Separator
Recoil separator devices are usually systems
consisting of a combination of electric and/or
magnetic fields which transport and focus recoiling
nuclei (in the form of ionised atoms) from a heavy-

ion induced reaction to a focal plane separate from
the target. They have much in common with
various types of mass spectrometer, although
different design goals usually result in a tradeoff
between mass; resolution and overall detection
efficiency. In the context of nuclear structure
research, the;/ generally provide a means of
detecting evajporation residues from heavy ion
fusion, evaporation reactions, in coincidence with
prompt gamma-rays emitted at the target position or
delayed gamma-rays at the remote focal plane. Gas-
filled magnetic dipole systems such as RITU at the
University of Jyvaskyla in Finland provide a large
solid angle acceptance for residues with coarse
separation of the residues and projectile-like
fragments, but not discrete mass resolution. In
contrast the Fragment Mass Analyser (FMA) at
Argonne National Laboratory has small solid angle
but good mass resolution, allowing the
identification of unknown nuclei by mass number.
Both devices have been used in our studies of the
neutron-deficient nuclei I86Pb and l87Pb [7,8] where
prompt fission dominates. However, because of the
long path length in these devices, only isomers with
lifetimes in excess of a microsecond survive to be
detected at the focal plane.

The new ANU separator, SOLITAIRE [9], is based
on a superconducting, gas-filled, wire-wound
solenoid with a 20cm bore, 60cm length and a
maximum field strength of 6.5 Tesla. Designed
principally for cross-section measurement, the
adaptation shown in Fig. 3 incorporates gamma-ray
and electron detection systems at the focal plane.

Because of its compact design, and the high recoil

Solcnoi

Moving catcher tapi

Figure 3.
Layout of principal
spectrometer
components

Compton Suppressed
Ge detectors
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velocities (2 to 4% of c) in heavy ion induced
reactions, the Pb isotopes produced will have flight
times of only 0.12 to 0.22 microseconds, providing
a unique capability for the study of relatively short
isomers. The layout shown above has an array of
Si(Li) electron detectors viewing the implant
position and four Compton-suppressed germanium
gamma-ray detectors at the rear. A moving catcher
tape will be used to avoid the build-up of long-lived
activities in the detection region, reducing
background and contaminants.

Accelerator Facility
The separator is situated at the Heavy Ion
Accelerator Facility operated by the Department of
Nuclear Physics at the ANU. Beams of heavy ions
are provided by the MUD electrostatic tandem
accelerator which can operate at a potential of up to
15 MV. The accelerator can provide pulsed beams
across a wide range from nanoseconds to seconds.
This flexibility can be used to optimise pulsing
times to match the lifetimes of the states of interest.
Heavy ions with masses from A~60 up to A~90
will be provided by the superconducting linear
post-accelerator (LINAC), which uses the HUD
tandem as an injector. To minimise the recoil flight
time and hence maximise the unique sensitivity
which the separator will have to short lifetimes, it is
advantageous to use the heaviest beams possible; in
the case of the neutron-deficient lead isotopes, this
will involve heavy beams up to mass-90 and near-
symmetric reactions.

Crucial Spectroscopic Information from
Electron Measurements

Electron Spectroscopy and Conversion Co-
efficients: Determining Spins and Parities
Gamma-ray angular distributions are commonly
used for determining transition multipolarities
(which define the relationship between the quantum
numbers of the initial and final nuclear states) but
these are only possible if the nuclear ensemble is
oriented or aligned. However, the alignment that is
usually present can be lost if the nuclei are long-
lived and/or first recoil into vacuum or gas. Nuclear
transitions also proceed through electron
conversion, where the residual energy is taken
away by an atomic electron. The intensity of this
process relative to the alternative gamma-ray
transition is strongly dependent on energy and the
transition multipolarity, and a simple intensity
measurement can provide firm information on
quantum number changes.

E0 Transitions
A special feature of shape co-existence is that
transitions with multipolarity E0 which only
involve electron transitions and which only proceed
between states of the same spin and parity, provide
a sensitive test of shape differences and

configuration mixing, as well as directly
constraining quantum numbers.

Electron Energy Resolution
Unlike gamma-rays, electron energy resolution is
sensitive to the thickness of material through which
the electrons emerge before detection (in a Si(Li)
detector, for example). Since the recoiling nuclei in
the reactions proposed have a relatively large range
in any catcher material used, excessive straggling
would normally occur. To avoid this, the intention
is to slow down the recoils so that implantation
occurs near the surface, allowing optimum energy
resolution for the emerging electrons. (Note that
other systems currently in use are generally used
for alpha-detection and therefore prefer deep
implantation, compromising electron resolution.)
Gamma-ray detection
Four Compton-suppressed germanium gamma-ray
spectrometers are available from a recent upgrade
of the CAESAR array used at the ANU for gamma-
ray spectroscopy studies. These detectors will be
placed in a close-packed geometry to maximise
gamma-gamma and gamma-electron coincidence
detection efficiency.

PRELIMINARY PLANS

Development of the spectrometer will require the
following issues to be addressed
• modelling of trajectories, spectrometer acceptance

and choice of nuclear reactions to optimise yields
of the nuclei of interest in realistic conditions;

• design of support structures and detector
configuration for optimum electron and gamma-
ray efficiency and resolution;

• design of a focal-plane system including a
moving-tape catcher;

• development of LINAC-accelerated heavy ion
beams.

Initial Recoil Transport Modelling
Preliminary simulations have been carried out to
estimate the geometrical extent of the effective
source/implantation area and the efficiency for
rejection of projectile-like and fission products,
versus the collection of (the desired) residual
nuclei. The simulations take into account (a) the ion
optics in the magnetic field, calculating the ion path
along its trajectory with a step size of less than
0.1mm, (b) scattering within the gas, in the gas
window and degrader foils, and (c) charge
exchange processes for the recoiling ions. (A
typical Monte Carlo simulation of 100000 recoils
takes approximately three hours to run on a 2.4
GhZ Pentium 4 workstation.) Figure 4 shows
scatter plots of the distribution of beam particles
and residues at different positions along the
solenoid axis taken from a Monte Carlo simulation
which tracked the trajectories of one million
particles.

190



at Stoppers
Residues

at Fs«a) Plane

Fsgare 4. Results of Mocte-Cario modelling of particle trajectorks through the separator

Most of the scattered beam particles and fission
products which limit the sensitivity of the device
are fbenssed at point B into a small diameter,
allowing their interception will! a small diameter
stopper (see Figures 3 and 4) A subsequent
diaphragm removes more, but leaves alxsut 60% of
the residual nuclei to form a subsequent focus of
larger diameter (about 20 mm) at the focal plane.

Preliminary Solenoid Tests
During April 2003 the first i»~beam tests were
performed with the superconducting solenoid by the
ANU Fusion-Fission group. A beam of 150 MeV
1 Ni ions was scattered from a thin gold foil with a
mask behind the foil consisting of a number of
holes ni different angles and distances off the
central axis This allowed ions travelling only on
selected trajectories to enter the solenoid. These
ions were imaged oisfo :i position sensitive detector
which registered where the ions crossed the focal
plane. Sample results are shown in Figure 5, where
the scale in centimetres shows the size of the image

V> :

Figure 5, Results obtained with a position-
seusitive gas detector showing where the
scattered beam crossed the focal plane in
the first tit-beam tests of the separator.

on the focal plane. (Note that in this case the
solenoidal fkkl was set to deliberately over-focus
the trajectories; of the sons so as to magnify the
image of the mask. A smaller image would be
expected for evaporation residues under normal
operation.) In passing through the solenoid the ^Ni
ions follow helical paths while also scattering in the
gas-filled space and undergoing charge exchange
processes; hence the relationship between the
source image (the mask) and the final positions of
the ions on the focal plane is not trivial to describe.
It was found however, that Monte Carlo modelling
of the positions of the ions as they cross the focal
plane was in good agreement with the measured
distribution shown in Figure 5, giving confidence
tliat the optics of the separator is well understood.

Design Studies
Much of the research equipment in the Department
of Nuclear Physics and at the Research School of
Physical Sciertces at the ANU is designed by
research staff' in collaboration with technicians in
the department and school workshops. Preliminary
designs for the detector geometry, the vacuum
chamber, moving tape system and cryogenic
cooling for the Si{Li) and Ge detectors have ben
developed. The majority of these will be built in the
Research School workshop and assembled by the
local technicians and research stall

Development of Heavy Beams
Beams below mass-58 are routinely available from
the 14UD Heavy Ion Accelerator but beams such as
*'Zr require development, in terms of intensity and
transport through the superconducting linear
accelerator (UNAC). Some preliminary'
measurements of beam intensities and timing have
been carried out during 2003.

RESEARCH FLAN AND TIMETABLE

It is anticipated that design of the detector systems
and optimisation of the team transport and solenoid
conditions will proceed during 2004, in parallel
with primary beam tests of the accelerator. Focal
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spectrometer operation, high-yield reactions which
populate yrast isomers in 19<Tb and 192Pb, where
fission is not a limitation, would be used. After
successful tests, spectroscopic studies to provide
new structure information could proceed in 2005.
The initial focus will on the Pb cases close to N =
106, including the odd-neutron isotopes 187Pb and
189Pb for which we already have exploratory data.
Funding has been sought from the ARC Discovery
program to support this research.

Future development
Future development of the system could involve
implementation of a segmented particle detector
system at the focal plane for decay tagging through
the identification of ground-state alpha-decays, and
incorporation of gamma-ray detection systems at the
target position, to allow the study of prompt gamma-
ray transitions from states feeding isomers.

CONCLUSIONS

A spectrometer will be developed to select weakly
populated neutron-deficient nuclei, which are
difficult to form and identify. A compact recoil
separator, SOLITAIRE, based on a superconducting
solenoid is available to form the basis of the new
device. The existing separator will be instrumented
for the high-resolution detection of gamma-rays and
conversion electrons at the focal plane. Application
of time correlations and related techniques and the
development of heavy ion beams of sufficient
energy and time resolution from the ANU Heavy Ion
Accelerator Facility, will allow studies of residual
nuclei at the focal plane to be carried out efficiently
and with high sensitivity.

The two key factors which set this device apart from
others currently available are:
(a) A design aimed at fully utilising the power of
high resolution electron spectroscopy to provide
unambiguous information on the spins and parities
of excited states from the measurement of transition
multi polarities.
(b) Compact dimensions which imply a short flight
time for recoiling nuclei, giving access to metastable
states with lifetimes which are inaccessible to
competing devices.
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The RF accelerating resonators for the ANU superconducting LINAC have been re-plated with lead-tin
and their performance substantially improved. The re-plating was at first derailed by the appearance of
dendntes on the surface. This problem was overcome by a new combination of two techniques. Raiher
than the standard process of chemically stripping the old Pb and hand polishing the Cu substrate the
unsatisfactory Pb surface was mechanically polished and then re-plated. This is enormously easier,
faster and doesn't put at risk the thin cosmetic electron beam welds or the repaired ones. Reverse pulse
plating was then used to re-establish an excellent superconducting surface. Average acceleration fields
of 3.5 to 3.9 MV/m have been achieved. The replated resonators will double the energy gjji-j of the
accelerator significantly extending capability of ihe facility research.

Lead-tin pbtit-g provides fast adequate results with modest equipment and at relatively low cost.
SUNY replated six high-beta SLRs with 2 microns of Pb-Sn using a modern, commercial, methane-
sulfcnate process (Lea Ronal Soideron M.HS-I..) and a simple open-air procedure [2]. This proven
success motivated ANU to adopt MSA chemistry and to re-plate the first SLR in November 1998
followed by re-plating all twelve Sl.JRs by November 2002. This increased the booster energy gain by
almost 100%. A view of ANU LINAC comprising four module eryostats. is shown in figure !.

hgure 1 A Mew of ANU 5,IN AC comprising twelve

The Pb/Sn plating process at ANL initially employed Suldeion MSA plafmg solution. A detailed
account of this plating technology is gisen in PJ The smoothest icsult was pioduced with a current
densirv of about 5 riiA/cm2 However, the depo-.it contained ciysta htcs with sharp edges, which
pn-bably cuinpromises pertonnance due to enhancement of magnetic and electric fields.
One sita-egy to rvifote ihe shatp edges, pioneeied at C.sltech (4]. was post-plaftnj chemical polishing.
Th-s k-a\«s a smooth nurror-'ike surtnee Lnpotish'd S'tlJcion plated 6LRs ha\c .icfiieved remarkably
;he high aNerjge att.ck)<!t(ns field t>:" "'•• c MV/u, HI spite (4 ihe liigh roughness |5 | . Although th.e
So.|dvrti:i p':.:tin^ solution has a t-oiniiial shell life of one year, it was employed hi ANU for three and
halt \ears withous f:-»ticeable degriKlation of its plating capability. Afier that, rapid aging turned the
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solution yellow, tin oxide precipitated and the throwing power decreased. In July 2002, the old
Solderon solution was replaced with a similar MSA based solution from Schlotter, Germany [1].
Schlotter MSA solutions are readily available in Australia through the local electronics industry. In
addition, the Munich cyclotron [6] and Mumbai heavy ion booster [7] successfully used Schlotter MSA
chemistry in RF superconductivity applications.

These investigations improved the understanding of Pb/Sn plated superconducting films resulting in the
substantial improvement in the performance of the SLRs. This technology can lead to successful
fabrication of LINAC resonators at low cost - crucial for university-based laboratories. At present, the
ANU LINAC is able to provide an energy gain of ~ 7.1 MeV/q for beta 0.1 beams. The main
advantages of the new Pb/Sn plating procedure are reliability, simple surface preparation, the
possibility of solder repair of the substrate and it is inexpensive.
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Two and three-stub superconducting RF accelerating resonators, of novel and efficient design are being
developed. Twenty-one of the multi-stub resonators will be combined with the existing twelve re-
plated split-loop-resonators to substantially increase the mass range and energy gain of the LINAC at
the ANU. The resonators are being optimised using Mafia/MWS software in collaboration with FZJ,
Juelich. Full-scale models of the resonators have demonstrated adequate frequency splitting between
the accelerating and other modes. The new low current demountable stub assembly joint facilitates
component manufacture and convenient coating with superconducting film. This design is more suited
for manufacture in Australia than older concepts, which rely on large scale electron beam welding of
solid niobium or copper sections. A pre-prototype two-stub resonator was manufactured and is ready
for cold test.

The acceleration of ions of a wide range of elements to velocities between 1% and 20% of the speed of
light, P of .01 and .20, has been a challenge that has spawned a wide range of technical solutions that
increasingly are being developed and refined. The reason for the intense work worldwide in this field
is that Heavy-Ion Accelerators are being used in an ever-widening range of fields.

At the Australian National University we have developed, over the years, an accelerator facility used
for diverse research. This comprises a 15 million volt electrostatic accelerator, followed by a
superconducting linear accelerator (LINAC), which boosts the beam energy further. ANU will develop
and construct multi-stub accelerator modules, which will make use of the existing infrastructure of
liquid He reticulation and beam-lines and will double the capability of the present LINAC [1,2].

The Heavy Ion LINAC is currently equipped with twelve p - .10 SLRs so only ions up to mass -60
match adequately the resonator electrode separations. The physics program, however, demands heavier
ions whose velocity at injection is P = 0.03 to P = 0.06, so resonators for this range must be obtained.
A set of resonators matched to of P = 0.06 would extend the accelerator system mass range from the
present limit at -60 atomic mass units (amu) to -100. A set matched to P = 0.03, would extend the
range to - 240 amu.

The multi-stub resonators are the natural evolution of inter-digital low P resonators at the heart of the
specialized, low velocity LINAC crucial to the rare isotope accelerators - the next big step in nuclear
science [3]. The two and three stub resonators not only have all the advantages of the inter-digital
resonator but also offer substantial improvements in cost and in the accessibility of appropriate
technology in Australia.

DVOIKA and TROIKA resonators are adopted as the technology of choice in the ANU LINAC
upgrade over QWRs because:

i) they have more acceleration per resonator through having two and three active electrodes
instead of one in QWR,

ii) they have lower power losses because of low current demountable joints and
iii) they are cheaper to manufacture using sputtered niobium instead of electron beam welded

niobium.
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The resonators will extend the mass range and thus research opportunities for the Heavy Ion Facility at
the ANU servicing a national and international community of researchers.
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SUMMARY. In contaminated environments the spatial distribution of thorium should be far more uniform than
that for uranium. Accordingly, measurements of the 228Ra/226Ra ratio may provide a probe with which to assess
variations in the amount of uranium-process derived 226Ra. Furthermore, for contaminated or rehabilitated areas
where the 226Ra/228Ra ratio is anomalous, measurements of the transport of material away from the site via the
ratio could provide information on the local erosion rate.

Accelerator Mass Spectrometry (AMS) adds a tandem ion accelerator and additional analysis stages to a
conventional mass spectrometry arrangement, in order to facilitate ultra-trace level abundance measurements of
selected isotopes. In doing so, it also makes use of the detection and analysis techniques of traditional nuclear
physics. For the 226-228Ra isotopes AMS offers a number of advantages over the more traditional techniques of ot-
and y- spectroscopy. AMS requires less sample mass, and because of its very high selectivity provides excellent
discrimination against potential interferences. The smaller sample size (~lg) also allows a considerable
simplification of the radio-chemical processing compared with a-spectroscopy. Two major advantages are the
ability to measure both isotopes with the one technique without the necessity of waiting for 228Th to grow in and,
that once prepared, the 228Ra/226Ra ratio for ~30 samples can be determined in about a day. This paper will
describe the AMS technique, and highlight recent developments in the measurement of 226228Ra with the ANU
system.

1. Introduction

The dispersion of radionuclides into the
environment through surface water systems is an
important pathway via which uranium mines and
ore processing facilities can impact on the
surrounding environment. The consumption of
food obtained from the impacted area and/or direct
y-irradiation from material deposited on the surface
within the area, are the dominant means by which a
radiation dose can be received. Radium-226 is
invariably the dominant contributor to the ingested
component of the dose, and hence knowledge of the
extent of the affected area and of the rate at which it
is dispersing into the surrounding environment is
important. The 228Ra/225Ra ratio may provide a
probe with which to assess both these quantities.
Radium-228 arises in the 232Th decay series, while
226Ra arises in the 238U decay series. Because the
spatial distribution of thorium should be far more
uniform than that for uranium, the impacted area
should show a change in the 228Ra/226Ra ratio
relative to the surrounding region.

AMS combines the high efficiency of conventional
mass spectrometry with excellent discrimination
against isobaric and molecular interferences. This is
achieved by injecting mass-selected negative ions
into an accelerator and, after a first stage of
acceleration, dissociating any molecular ions and
stripping atomic ions to positive charge states. A
second stage of acceleration is followed by
magnetic and electrostatic analyses, and finally an
ion detector is used to identify individual ions.
Essential features of the AMS system currently
used for radium analysis at the ANU are depicted in
figure 1.

The AMS facility at the ANU has, in recent years,
seen the development of techniques for the

„ 236. . 237 . 239,240,242,244—

measurement of \J, Np and Pu
isotopes (Fifield el al. (1996), Fifield et al. (1997)).
All three elements produce good beams of negative
monoxide ions for injection into the accelerator.
This is not the case for radium isotopes. Negative
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radium di-carbide ions have, however, proven to be
a suitable alternative (Tims et al. in press), and their
use is part of the current development for
measuring radium taking place at the ANU.
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Figure 1. Schematic of the AMS system at the
ANU.

2. Experimental details.

AMS measurements were carried out using the
14TJD pelletron accelerator at the Australian
National University and a methodology little
changed from that described in (Fifield et al.
(1996), Fifield et al. (1997)). Ions of charge state 5+

and energy ~24 MeV were identified using only the
total energy signal from a multi-anode gas
ionisation detector (Fifield et al. (1987), Ophel et
al. (1988)). The choice of the 5+ state is a
consequence of ongoing development of the ion
source and beam transport system at the ANU,
which has significantly improved the transmission
of the beam through the accelerator. The accelerator
potential and inflection magnet are cycled back and

forth between the appropriate values for each
radium isotope so that each is injected into the
analyzing magnet with the same magnetic rigidity.
The cycle is typically 1 minute for 226Ra and 3
minutes for 228Ra, with a total measurement time
for each sample ~15 minutes.

Samples are prepared for radium analysis as
follows. The material is dissolved in acid and the
radium extracted with an ion exchange column to
separate 228Th and 228Ac, that arise as part of the
23 Th decay chain, and which would cause isobaric
interference with the 228Ra. The resultant solution is
mixed with iron nitrate and graphite powder before
drying at 90°C. Samples are then baked for 8 hours
at 400°C, to remove any residual moisture and
reduce the iron nitrate to iron oxide, thus yielding a
carbon/iron-oxide matrix, pressed into holders and
mounted in the ion source. The above procedure,
which is still under development, aims to optimise
the intensity and stability of the radium di-carbide
ions extracted from the sample.

A number of test samples have also been measured
to assess the detection limit of AMS for radium. To

22!irthis end samples with varying Ra/ Ra ratios
have been prepared from calibrated Ra and Ra
solutions and the yield of each isotope recorded
with the ionisation detector.

To measure the 228Ra/226Ra ratio only requires a
single sample. If the radium concentration is also of
interest then a second sample is required, with an
added, known amount of either isotope as a tracer.
The concentration can then be deduced from the
measured ratio from both samples and the known
amount of added tracer. Since the naturally
occurring 228Ra concentration is typically much
lower than that for 226Ra, a 228Ra tracer is
preferable. The tracer need not be isotopically pure,
provided the 228Ra/226Ra ratio is known, but
materials with a low 226Ra content are clearly
preferred. Suitable tracer materials are presently
being evaluated using AMS measurements of the
228Ra/226Ra ratio in samples prepared with and
without the addition of a known amount of 226Ra.

3. Results

Injecting RaC2" from samples prepared with the
technique described above leads to Ra5+ beams that
are a factor ~50 times greater than those obtained
by injecting RaO" from oxide samples. The count
rates measured in the detector are now typically
~1200 counts.min"1 per (picogram of radium / mg
of matrix). Recent tests using silver nitrate in place
of iron nitrate suggest that this rate could be further
increased by a factor ~2. The natural 228Ra
concentration in soil is typically ~5 fg per gram,
and hence the above rates imply that, for a 5 g
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sample and a matrix mass of 1 mg, ~1000 counts
would be obtained in 15 minutes. The
corresponding calculation for 226Ra yields over 104

counts per minute. Furthermore, the stability of the
radium beams has improved noticeably.

Measurements to determine the detection limit
using the calibrated solutions indicate a sensitivity
~107 atoms which is comparable with that afforded
by a-spectroscopy (Hancock and Martin (1991)),
and approaches that provided by the isotope
dilution TIMS technique (Volpe et al. (1991)),
which have 226Ra detection limits ~107 and ~3 x 106

atoms, respectively. However, the calibrated 228Ra
solution presently in use has a significant 226Ra
component, which complicates the analysis, and is
also driving the search for a better 228Ra tracer
material. Several candidates have already been
identified, and preliminary measurements of the
228Ra/226Ra ratios are encouraging. Furthermore, the
above estimate is based on early data, collected
before the optimal sample preparation technique
had been established, and an improvement in the
detection limit can therefore be expected.

4. Conclusion

The present work indicates that AMS has the
required sensitivity to measure the 228Ra/226Ra ratio
in environmental samples. The recent improvement

in the intensity and stability of the radium beams is
encouraging, and make the AMS measurement of
226228Ra in environmental samples possible over
reasonable count periods. A more precise
determination of the detection limit is needed, and
tests of suitable calibration materials, which could
also be used to determine the radium concentration,
are presently underway.
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