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FOREWORD
The First International Conference on Isotopes was hosted by the Chinese Nuclear Society and the
Isotope Society of China and was held in Beijing in May 1995. The conference was attended by
over 300 persons from universities, companies and national and international nuclear energy
research organisations. A total of 221 technical papers were presented over four days and a
technical exhibition was also held.
The Second International Conference on Isotopes (2ICI) is hosted by the Australian Nuclear
Association Inc. at the Millennium Sydney, NSW, Australia. The Theme of the Second Conference:
"Isotopes for Industry, Health and a Better Environment"
recognises that isotopes have been used in these fields successfully for many years and offer
prospects for increasing use in the future. The worldwide interest in the use of research reactors
and accelerators and in applications of stable and radioactive isotopes, isotopic techniques and
radiation in industry, agriculture, medicine, environmental studies and research in general, is
considered. Other radiation issues including radiation protection and safety are also addressed.
International and national overviews and subject reviews invited from leading experts are included
to introduce the program of technical sessions. The invited papers are supported by contributions
accepted from participants for oral and poster presentation. A Technical Exhibition is being held in
association with the Conference. A Final Program with a list of the topic areas is presented later in
this Conference Handbook.
The extended abstracts of the papers presented orally and as posters are included in this Handbook
The titles and authors' names and contact addresses are also included for papers which were
recommended for acceptance by the International Technical Advisory Committee but could not be
presented by the authors in person. These are included to enable persons interested in the research
described to obtain further information by contacting the authors directly.
The Australian Nuclear Association 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, and universities in many countries.
The assistance of the members of the Conference 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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TECHNICAL PROGRAM

2ICI
"SECOND INTERNATIONAL CONFERENCE ON ISOTOPES"
SYDNEY, NSW, 12-16 OCTOBER 1997
Hosted by the Australian Nuclear Association Inc.
International Nuclear Societies as Technical Co-Sponsors
Atomic Energy Society of Japan
British Nuclear Energy Society
Canadian Nuclear Society
Chinese Nuclear Society
German Nuclear Society
Indian National Association for Applications of Isotopes and Radiation
International Isotope Society
Isotope Society of China
Isotopes & Radiation Division of ANS
Japan Radioisotope Society
Malaysian Nuclear Society
Nuclear Society of Russia
and in cooperation with
the American Nuclear Society
the European Nuclear Society
and the International Atomic Energy Agency (IAEA).
Australian Organisations as Technical Co-Sponsors
Australian Nuclear Science & Technology Organisation (ANSTO)
Australian Institute of Nuclear Science & Engineering (AINSE)
Nuclear Engineering Panel, The Institution of Engineers, Australia
The Australia and New Zealand Society of Nuclear Medicine (ANZSNM)
The Australasian Radiation Protection Society (ARPS)
CSIRO Division of Minerals

(vii)

TECHNICAL PROGRAM
***AH meetings are in the Millennium Sydney in the rooms stated***
MONDAY, 13 OCTOBER
09 00-10.00

Opening Plenary Session, Belvedere Room
Welcome from the President of the ANA, Dr Neil McDonald, and
introduction of General Chairman, Professor Max Brennan;
Welcome from the General Chairman and introduction of Dr M. Richards
Address and Opening of Conference by Dr Max Richards, Chairman,
ANSTO
Welcome from Dr S. Machi, Deputy Director General, IAEA
Welcome from the Chinese Nuclear Society / Isotope Society of China,
hosts of 1ICI, co-sponsors of 2ICI, Professor Jinrong Zhang, CIAE
Address on "Radioisotope Technology - An Australian Perspective"
by Emeritus Professor Helen Garnett, Executive Director, ANSTO

1000-10.30
1030-1230

Tea/Coffee Break - Macleay Room 2
Plenary Session, Belvedere Room, Millennium Sydney

10.30 Paper 2/194

"Applications of Isotopes and Radiation for Sustainable Development"
by Dr S.Machi, DDG, IAEA
"Project Development and Commercialisation of On-line Analysis
Systems" by Dr J.Watt, CSIRO, Australia
"The Development and Current Studies of the Technology of Isotopes
and Radiation in China" by Professor J. Zhang, CIAE, China.

11.00 Paper 3/192
1130 Paper 4/193
12 15 Exhibition:

Brief Opening Ceremony for the Exhibition in the Macleay Room 2
by Dr Max Brennan, General Chairman

12.30-13.30
13.30-15.30

Buffet Lunch - Macleay Room 2
Three Parallel Technical Sessions, Session A in the Belvedere Room,
Session B in the Bayswater Room, and Session C in the Kellett 1/2 Rooms.

Session A.

Medicine - Production of Mo-99 and Other Radioisotopes
in Reactors & Cyclotrons - Belvedere Room

Chairpersons -

Dr H.Gerstenberg, Germany, and Mr K.R.Horlock, Australia

13.30 Paper 5/5

"Improved Production of Mo-99 at ANSTO"
by K.Dadachova, K.LaRiviere, and P.Anderson, ANSTO, Australia
13.50 Paper 6/187A "Production of Mo-99 in Research Reactors with the Use of U Target and
Mo-98 Target"
by A.S.Gerasimov and G.V. Kiselev, ITEP, Moscow, Russia
14.10 Paper 7/177 "Universal Methods of Irradiating Target Materials in High Current
Radioisotope Production"
by N.R. Stevenson, TRIUMF, Vancouver, Canada
14.30 Paper 8/142 "Radiopharmaceuticals in Positron Emission Tomography: Radioisotope
Production and Radiolabelling Procedures at the Austin & Repatriation
Medical Centre, Melbourne"
by H.J.Tochon-Danguy, J.I.Sachinidis, J.G.Chan and M.Cook, Centre for
PET, Austin & Repatriation Medical Centre, Melbourne, Australia
(viii)

14.50 Paper 9/36

"Advances in the Production of Isotopes & Radio-pharmaceuticals at
the Atomic Energy Commission of South Africa"
by P.ALouw et al, AEC Ltd, Pretoria, Republic of South Africa (see p. 9
for list of authors).
15.10 Paper 10/160 "Production of High Specific Activity Radioisotopes Using the SM
High-Flux Reactor" by Y.G.Toporov et al, RIAE, Dimitrovgrad, Russia
(see page 10 for list of authors).

Session B.

Environment - Assessment of Sediments, Sewage & Related Areas Bayswater Room

Chairpersons -

Professor L. Dever, France and Dr P. L. Airey, Australia

13.30 Paper 11/180 "Radioactive & Tracer Studies for the NWNT Sewage Outfall, Hong Kong,
and Comparison to Near-field Modelling"
by P.R.Horton, P.L.Airey1 and J.R.Wilson, University of NSW, Sydney,
Australia, and ANSTO1
13.50 Paper 12/43 "Application of Tracer Techniques in Studies of Sediment Transport in
Vietnam"
by P.S.Hai, N.H.Quang, P.D.Hien1, P.N.Chuong2 and N.M.Xuan, NRI,
Dalat, Vietnam; RCA, CTO, Jakarta, Indonesia1; Vanlang University, Ho
Chi Min City, Vietnam2.
14.10 Paper 13/97 "Determination of Mobile Layer Thickness of Bed-load Transport of RI
Tracer Study by Ratio of Scattering per Peak of Gamma Spectra Acquired
in the Field"
by N.H.Quang, P.S.Hai, P.N.Chuong1, P.D.Hien2 and N.M.Xuan, NRI,
Dalat, Vietnam; Vanlang University, Ho Chi Min City, Vietnam2; RCA,
CTO, Jakarta, Indonesia214.30 Paper 14/146 "Application of the Pb-210 Dating Technique to Evaluate Environmental
Change Resulting from Recent Human Activities"
by A.V.Jenkinson et al, ANSTO et al., Australia (see page 14 for
list of authors)
14.50 Paper 15/34 "Radiotracer Study on Dispersion of Sewage off the Mumbai Coast
in Western India"
by U. S. Kumar, V.N.Yelgaonkar and S.V.Navada, BARC, India [to be
presented by Dr Rao]
15.10 Paper 16/118 "Prediction of Particle Turbulent Dispersion near Ocean Outfalls &
Comparison with Radioisotope Tracer Measurement"
by P.L. Airey, R. Szymczak and J. Y.Tu, ANSTO, Australia
Session C.

Industry - Industrial Tracer and Coal, Oil & Gas Applications Kellett Rooms 1/2

Chairpersons -

Dr A.Djaleois, Indonesia, and Dr J.F.Easey, Australia

13.30 Paper 17/30,32 "Gamma Ray Scanning as Trouble Shooting Tool for Unusual and Large
Diameter Refinery Vacuum Columns"
by S.J.Chopra et al, Engineers India and BARC, India (see page 17 for list
of authors)
13.50 Paper 18/94 "Present Status and Future Prospects for Industrial Applications of
Isotopes in Bangladesh"
by M.S.Ullah, Bangladesh AEC, Dhaka, Bangladesh
(ix)

14.10 Paper 19/91

"A Multi-phase Flowmeter for the On-line Determination of the Flowrates
of Oil, Water and Gas"
by G.J. Roach and J.S.Watt, CSIRO, Menai, Australia
14.30 Paper 20/128 "Application of Isotope Tracers in Well-to-Well Tracing Studies of
China Oil Fields - State of the Art"
by Zhang Peixin, CIAE, Beijing, China
14.50 Paper 21/90 "On Conveyor Belt Determination of Ash in Coal"
by B.D. Sowerby, C.S.Lim, D.A.Abemathy, Y.Liu and P.A.Maguire,
CSIRO, Menai, Australia
15.10 Paper 22/119 "Radioisotope Applications on Fluidised Catalytic Cracking Units"
by J. S. Charlton, Tracerco, Menai, Australia
1530-1600

Tea/Coffee Break - Macleay Room 2

1600-1740

Three Parallel Technical Sessions

Session A.

Medicine - Preparation of Radiopharmaceuticals - Belvedere Room

Chairpersons 16.00 Paper 23/16

Professor J. Zhang, China, and Mr E.McKay, Australia
"Australian Manufacture of Quadramet ™(Samarium-153 EDTMP)"
by N.RWood and J.Whitwell, ANSTO, Menai, Australia
"Microspheres Labelled with Short-living Isotopes: Development and
Application for Tumors Treatment (Experimental Study)"
by R.A.Rosiev et al, Medical Radiological Research Centre, Obninsk,
Russia (see page 24 for list of authors).
"Labelling of Aminomethylenephosphonate Derivatives with Generator
Produced Re-188 & their Stability"
by K.Hashimoto, JAERI, Tokyo
"The Study on Preparation of Re-188 Rhenium Hepatasulphide"
by B.T. Hsieh et al, INER, Taiwan (see page 26 for list of authors).
"Direct Re-188 Labelling of Anti-cervical Carcinoma Monoclonal
Antibody MAb Cx99"
by T-W.Lee et al, INER, Taiwan, China (see page 27 for list of authors).

16.20 Paper 24/88

16.40 Paper 25/29
17.00 Paper 26/2
Poster
17.10 Paper 27/79
Poster
Session B.

Environment-Assessment of Pollution of Air, Water & Soil Bayswater Room

Chairpersons -

Professor A. Chatt, Canada, and Dr S.M.Rao, India

16.00 Paper 28/110 "Application of X-ray Emission Technique for Monitoring Environmental
Pollution"
by P.R.Danesi et al., IAEA, Seibersdorf, Austria (see p. 28 for listed
authors)
16.20 Paper 29/115 "Environmental Trace Analysis by Means of Supersensitive GC-IMS"
by Dr J.Leonhardt, IUT, Berlin, Germany
16.40 Paper 30/174 "An Isotopic Study of Nitrate Pollution of Groundwater in Victoria,
Australia"
by A.Changkakoti et al., Univ. of Melbourne, Australia (see p. 30 for list
of authors)
17.00 Paper 31/113 "Radioecological Behaviour of Elementary Tritium, especially Dry
Deposition and its Dependence on Soil Porosity"
by H.Forstel, Forschungszentrum Julich, Germany

17.20 Paper 32/136 "Elemental Concentration of the Suspended Particulate Matter in the Air
of Tehran"1
by MSohrabpour et al., Gamma Irradiation Centre, Tehran, Iran (see p. 32
for list of authors).
Session C.

Industry - Applications in Borehole Logging - Kellett Rooms 1/2

Chairpersons -

Dr S.J.Chopra, India, and Dr P.L.Airey, Australia

16.00 Paper 33/109 "Nuclear Borehole Logging Techniques Developed by CSIRO Evaluation and Mining for In-situ Evaluation of Coal & Mineral
Deposits"
by M. Borsaru and J. Charbucinski, CSIRO, Kenmore, Australia
16.20 Paper 34/134 "A New Chlorine Logging Tool: Applications in Oilfield Development"
by Mr He Qing-Yuan et al., Jianghan Well Logging Institute, China (see
p. 34 for list of authors).
16.40 Paper 35/152 "A Radioactive Water Hold-up Densitometer for Oil Well Production
Logging"
by Zheng Hua, China National Petroleum Corp., Daqing, China
TUESDAY, 14 OCTOBER
0900-1030

Plenary Session - Belvedere Room

Chairman:

Dr N.R.McDonald, President ANA, Australia

09.00 Paper 36/178 Introducing General Applications
"Development & Application of Isotopes and Radiation Technology in
Indonesia"
by A.Djaloeis, BATAN, Indonesia
09.30 Paper 37/33 Introducing Environmental Applications
"Environmental Isotope Studies on Groundwater Problems in the Thar
Desert, India"
by A.R.Nair, S.V.Navada and S.M.Rao, BARC, Trombay, India
10.00 Paper 38/166 Introducing Industrial Applications
"Nuclide Products Manufacture in Russia and Prospects of itsDevelopment"
by S.B. Makarovsky et al., TENEX, Moscow, Russia
(for list of authors see page 38).
1030-11.00
11.00-1240

Tea/Coffee Break - Macleay Room 2
Three Parallel Technical Sessions

Session A.

Medicine/Industry - Reactors & Other Facilities for Isotope
Production - Belvedere Room

Chairpersons -

Mr S.B.Makarovsky, Russia, and Mr N.Wood, Australia

11.00 Paper 39/173 "Spallation Production of Neutron Deficient Radioisotopes in North
America"
by D.J.Jamriska, E.RJPatterson anf ICarty1, LANL, Los Alamos, USA
and USDOE, Germantown, USA1.
11.20 Paper 40/181,182 "REVISS/MAYAK: A New Partnership in Radioisotope Supply"
byN. Bennett, REVISS Services, UK, and AJ.Chiksov and Y.A.Malykh,
MAYAK Production Association, Ozyorsk, Russia.
(xi)

11.40 Paper 41/188 "Russian ElectroKhirnPribor Integrated Plant - Producer and Supplier of
Page 41
Enriched Stable Isotopes"
by A.N.Tatarinov and LAXesnoy, EKPIP, Lesnoy, Russia
12.00 Paper 42/187B "New Design Targets & Automated Technology for the Production
Page 42
of Radionuclides with High Specific Radioactivity in Nuclear Research
Reactors"

••'•'•'•

by A.S.Gerasimov and G.V.Kiselev, ITEP, Moscow, Russia
12.20 Paper 43/162 "GloveboxProcessihg Techniques for Ci Quantities of Reactor-Produced
Page 43
Beta-Emitters", v by M.S.Evaris-Blumer, L.M.Ayers, G.J.Ehrhardt and A.R.Ketring,
University of Missouri; Columbia, USA
Session B.

Environment - Groundwater and Catchment Studies (I) Bayswater Room

Chairpersons -

Dr H.Forstel, Germany, and Dr C. Tuniz, Australia

11.00 Paper 44/6
Page 44
11.20

11.40

12.00

12.20

12.30

"Groundwater Origin & Evolution from Dissolved Helium Isotopes" by
Y. Mahara et al., CRJJEPI and Kyoto Univ., Japan (for list of authors see
p.44)
Paper 45/58 "The Investigation of Cs-137 Migration by Groundwater at Chernobyl"
Page 45
by A.L.Kononovich et al.,' Russia/Ukraine (for list of authors and
organisations see p. 45).•<•• !
Paper 46/156 "Historical Changes of the Anthropomorphic Impact in a Coastal
Page 46
Catchment: Geochemical & Lead Isotope Constraints"
byM.Labonne, D.Ben Othman and J-M. Luck, Univ. Montpellier, France
Paper 47/155,157 "Geochemistry, Water Dynamics and Metals: Major, Trace elements,
Page 47
Pb and Sr Isotope constraints on their Origins and Movements in a small
Anthropized Catchment over a Flood"
by J-M. Luck and D.Ben Othman, Univ. Montpellier, France
Paper 48/77 "Isotope Studies on Mechanism of Groundwater Recharge to an Alluvial
Page 48
Aquifer in Gatton, Queensland"
by J.K.Dharmasiri, L.Morawska and J.Hillier1, QUT, Queensland, and
QldDept. of Natural Resources, Indooroopilly, Qld1..
Paper 49/28 "Comparison of Groundwater Residence Time Using Isotopes Techniques
Poster
& Numerical Groundwater Flow Model in Gneissic Terrain, Korea"
Page 49
by D.S.Bae et al., Korea (for list of authors and organisations see p.49).

Session C.

Research - Analytical, QC and Other Applications - Kellett Rooms 1/2

Chairpersons -

Dr P.RDanesi, IAEA, and Mr R.J. Alsop, Australia

11.00 Paper 5 0/46
Page 50

"Determination of Radon in Groundwater Using Water Soluble Scintillation
Cocktail"
by K.Hasegawa and A.Ohno, Shizuoka Univ, Japan
11.20 Paper 51/172 "Determination of Iodine in Biological Materials Using Instrumental
Page 51
Neutron Activation and Anti-Coincidence Gamma Ray Spectroscopy"
by W.HiZhang and A. Chatt, Dalhousie Univ, Canada
11.40 Paper 52/114 "Improved Quality Control of Carbon-14 Labelled Compounds"
Page 52
by J.W.Leonhardt, IUT, Berlin, Germany
12.00 Paper 53/125 "Proposal of a l^pyel Method of Continuous Monitoring of Possible Fuel
Page 53
Failure of a Pool Type Reactor"
by K.Sasaki, SAHayashi and T.Matsuura, Rikkyo University, Japan

(xii)

12.20 Paper 54/52
Page 54

"Speciation of Aquatic Mercury Hg 2+ in Humic Substances by Time
Differential Perturbed Angular Correlation"
by K.Franke, H.Kupsch, W.Troeger and T.Butz, University of Leipzig,
Germany

1240-13 3 0
1330-1530

Buffet Lunch - Macleay Room 2
Three Parallel Technical Sessions

Session A.

Medicine/Industry - Reactors & Other Facilities for Isotope
Production - Belvedere Room

Chairpersons -

Dr G. V.Kiselev, Russia, and Dr P.Louw, South Africa

13.30 Paper 55/21
Page 55
13.50 Paper 56/168
Page 56

"FRMH: A New Reactor also for Isotope Production"
byHGerstenberg and W.Waschkowski, ZBE FRM-II, Garching, Germany
"Extractive Y-90 Generator"
by G.E.Kodina1, G.V.Korpusov and A.T.Filyanin, Instituteof Biophysics1
and Institute of Physical Chemistry, Moscow, Russia
14.10 Paper 57/41 "A New Radioisotope Facility for Thailand"
Page 57
by K.R.Horlock, ANSTO, Menai, Australia
14.30 Paper 58/111 "Highly Enriched Stable & Actinide Isotopes for Scientific Investigation
Page 58
in the Russian Federal Nuclear Centre, Arzamas-16"
by S.P.Vesnovskii andP.F.Shulzenko, Arzamas-16, Russia
14.50 Paper 59/161 "Reactor-Produced Radionuclides at the University of Missouri Research
Page 59
Reactor"
by A. R. Ketring, M.S.Evans-Blumer and G.J.Ehrhardt, University of
Missouri, Columbia, USA
15.10 Paper 60/159 "Ir-192 Production Using Consecutive Irradiation in MER and SM
Page 60
Reactors"
by V.ATarasov and Y.G.Toporov, Research Institute of Atomic Reactors,
Dimitrovgrad, Russia
Session B.
Environment - Groundwater Studies (II) including Applications of
Radium, Radon and Other Studies - Bayswater Room
Chairpersons -

Dr J-M.Luck, France, and Dr J.Leonhardt, Germany

13.30 Paper 61/176 "Ra-226 Measurements by Thermal Ionisation Mass Spectrometry:
Page 61
Use of Ra-226 and C-14 for Groundwater Dating"
by L.Dever, Univ. Paris-Sud, France, and C.Hillaire-Marcel, Univ.Quebec,
Montreal, Canada
13.50 Paper 62/10 "Determination of Rn-222 in Water Samples from Well and Springs in
Page 62
Tokyo by a Modified Integral Counting Method"
by Y.Homma et al., Kyoritsu College of Pharmacy, Japan (for authors see
page 62)
14.10 Paper 63/87 "Determination of Rn-222 in Groundwater"
Page 63
by K.Freyer et al, UFZ, Leipzig, Germany (for list of authors see page 63)
14.30 Paper 64/68 "The Peculiarity of the Contamination's Behaviour in Water in the
Page 64
Chernobyl Region"
by A.L.Kononovich et al., Russia/Ukraine (for list of authors and
organisations see page 64).

(xiii)
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14.50 Paper 65/145 "Effect of Duration of Exposure to RaCl2 and a Radium Apatite from
Page 65
Freshwater Mussels on Intestinal Transport and Bone Deposition of
Radium"
by ILU.Domel and A.M.Beal1, ANSTO, Menai, Australia, and University
NSW, Sydney, Australia1.
Session C.

Radiation - Safety, Processing and Modelling - Kellett Rooms 1/2

Chairpersons -

Dr C.Mori, Japan, and Mr RJ.Alsop, Australia

13.30 Paper 66/31
Page 66

"Radiation Safety Aspects of Applications of Isotopes for Industrial
Radiography in Bangladesh"
by D. Bakht, Titas Gas Co., Dhaka, Bangladesh
13.50 Paper 67/124 "Towards Radiation Literacy - A Criticism of ICRP Recommendations"
Page 61
by T. Matsuura, Radiation Education Forum, Tokyo, Japan
14.10 Paper 68/140 "Important Radiation Protection Aspects ofthe Operation of a Commercial
Page 68
Medical Cyclotron"
by B. Mukherjee, ANSTO, Menai, Australia
14.30 Paper 69/35 "Radiation Processing for Environmentally Friendly
Industrial
Page 69
Applications"
by A.B.Magali and S. Sabharwal., BARC, Trombay, India
(presented by S.M.Rao, BARC, India)
14.50 Paper 70/184 "The Design and Application of a Radiological Consequence Model for
Page 70
Tropical & Subtropical Regions"
by R.U. Domel, F.F.Harris and J.Crawford, ANSTO, Menai, Australia
15.10 Paper 71/95 "Secondary UV Radiation from Biota as a Proof of Radiation Hormesis
Paper 71
and Gurwitsch Phenomena"
by W. Goraczko, Technical University, Poznan, Poland
1530-1600

Tea/Coffee Break - MacleayRoom 2

1600-1720

Three Parallel Technical Sessions

Session A.

Industry - Other Industrial Applications - Belvedere Room

Chairpersons -

Professor Lin Quiangfong, China, and Dr J.S.Charlton, Australia

16.00 Paper 72/89
Page 72
16.20 Paper 73/116
Page 73

"On-line Bulk Analysis of Hot Reduced Iron Ore"
by C.S.Lim, B.D.Sowerby and S.Rainey, CSIRO, Menai, Australia
"Combining Computational Modelling with Radioisotope Technology
for a More Cost-effective and Time-efficient Method of Solving Industrial
and Medical Diagnostic Problems "
by J.Y.Tu, J.F.Easey, ANSTO, Menai, Australia, and W.M.Burch,
Australian National University, Canberra, Australia
16.40 Paper 74/121 "The Co-60 Container Scanner"
Page 75
by A. Jigang et al., INET, Tsinghua Univ, China
(for list of authors see p. 75).
17.00 Paper 75/108 "Investigations ofthe Influence of HJOJ and NaF on the Corrosion
Page 76
of Valve Metals and Steel in Systems of Practical Importance by
Use of Radioisotopes"
by G.Marx, C.Nehm, M.Laske and AKupfer, Free Univ., Berlin, Germany

(xiv)

(I
Session B.

Environment - Accelerator Mass Spectrometry and a New
Accelerator Facility - Bayswater Room

Chairpersons -

Dr N. Stevenson, Canada, and Dr R.B.Gammon, Australia

16.00 Paper 76/151 "The ANTARES Accelerator: A Facility for Environmental Monitoring
Page 77
and Materials Characterisation"
by C.Tuniz, ANSTO, Menai, Australia
16.20 Paper 77/195 "Biomedical Applications of AMS at ANU"
Page 78
M. L. di Tada et al., ANU, Australia, and University of Manchester, UK
(for list of authors see p. 78).
16.40 Paper 78/190 "Applications of Cosmogenic Radioisotopes, Be-10, Al-26 and Cl-36 in the
Page 79
Earth Sciences Using AMS at ANSTO"
by D. Fink and G. Elliot, ANSTO, Menai, Australia
17.00 Paper 79/187D "ITEP ElectroNuclear Neutron & Proton Facility"
Page 80
by O.V.Shvedov et al, ITEP, Moscow, Russia (for list of authors see p.
80; presented by G.V. Kiselev)
Session C.

Research - Seminar on Isotopic Labelling with Tritium and Handling
Tritium Waste - Kellett Rooms 1/2

Leader - Dr P. G. Williams, Lawrence Berkeley National Laboratory, Berkeley, USA
Co-chairman - Professor M. Long, University of NSW, Australia
16.00 Paper 80/135
Page 81
16.40 Paper 81/175
Page 82

"Exploration of New Tritium Labelling Methods"
by P.G.Williams, Lawrence Berkeley National Laboratory, Berkeley, USA
"Sodium Acetoxyborotritide: Its Preparation & Use"
by H. Morimoto et al, Lawrence Berkeley National Laboratory, Berkeley,
USA, and University of Kentucky, Lexington, USA (for authors see p. 82)
16.20 Paper 82/196 "Tritium Nuclear Magnetic Resonance - An Update"
Page 83
by P.G.Williams, Lawrence Berkeley National Laboratory, Berkeley, USA
16.40 Paper 83/197 "Tritiated Mixed Waste: How can we deal with it?"
Page 84
by C.Than et al., Lawrence Berkeley National Laboratory, Berkeley, USA
(presented by P.G.Williams)
17.00- 17.20
Discussion
WEDNESDAY, 15 OCTOBER
09.00-10.30

Plenary Session - Belvedere Room

Chairman:

Dr N.R.McDonald, President, ANA

09.00 Paper 84/98
Page 85

Introducing Nuclear Medicine
"Radiopharmaceuticals to Monitor the Expression of Transferred Genes
in Gene Transfer Therapy"
by L.LWiebe, University of Alberta, Canada
09.30 Paper 85/187 Introducing Industrial Applications
Page 86
"New Heavy Water Research Reactors with Capacities of 25 and lOOMWt
for Production of Radionuclides with High Specific Activity"
by G. V. Kiselev et al, ITEP, Moscow, Russia (for list of authors see p. 86)
10.00 Paper 86/198 Introducing General Applications
Page 87
"Current Status and Trends of Cooperation on Radiotracer and NCS
Technologies"
by J.Thereska, IAEA, Vienna, Austria
(xv)

10.30-11.00
11.00-12.40

Tea/Coffee Break - Macleay Room 2
Three Parallel Technical Sessions

Session A.

Medicine-Applications of Radiopharmaceuticals - Belvedere Room

Chairpersons -

Professor L.I.Weibe, Canada, and Mr E.Hetherington, Australia

11.00 Paper 87/38
Page 88

"Uptake and Retention of Pt-191 in Patients Undergoing Therapy with cisPlatin"
by J. Areberg et al, Department of Radiation Physics, Uppsala, Sweden
(for list of authors and organisations see p. 88)
11.20 Paper 88/42 "Development of New Target Materials for Production of Tc-99m
Page 89
Generators by Column Chromatography"
by M.A.Rouf et al., INS&T, Dhaka, Bangladesh (for list of authors and
organisations see p. 89)
11.40 Paper 89/51 "TDPAC - Studies of Macrocyclic Ag-Thio Crown Ethers: Molecular
Stability of Radiopharmaceuticals"
Page 90
by B.Ctortecka et al., University Leipzig, Germany (for list of authors and
organisations see p. 90)
12.00 Paper 90/153 "Radiotracers for In-vivo PET Imaging of Acetylcholinesterase in
Page 91
the Brain"
by M.R.Kilbourn et al., University of Michigan, Ann Arbor, USA (for list
ofauthorsseep. 91)
Session B.

Radiation - Development & Application of Techniques
Bayswater Room

Chairpersons -

Mr D. Bahkt, Bangladesh, and Mr J.C.E.Button, Australia

11.00 Paper 91/8
Page 92

"A New Optical Fibre Method for Neutron & Gamma Ray Flux Distribution
Measurements in Narrow Spaces"
by C. Mori et al., Nagoya University, Japan (for list of authors and
organisations, see p. 92)
"Highly Accurate Determination of Relative Gamma Ray Detection
Efficiency for Ge Detector and its Application"
by H.Miyahara et al., Nagoya University, Japan (for list of authors and
organisations, see p. 93)
"New Pulse Shape Analysis Method with Multi-shaping Amplifiers"
by H. Sakai et al, Nagoya University, Japan (for list of authors and
organisations, see p. 94)
"Computer Aided Design of Tunnel Diode Multivibrator Systems and
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RADIOISOTOPE TECHNOLOGY An Australian Perspective
Emeritus Professor Helen M. Garnett
Executive Director, Australian Nuclear Science and Technology Organisation
Private Mail Bag 1 Menai NSW 2234
SUMMARY
The decision by the Government to invest in a modern research reactor will ensure that Australia is virtually
self-sufficient in nuclear medicines and will underpin continued support for environmental science, medicine,
industry and education. This international conference with the theme: "Isotopes for Industry, Health, and a
Better Environment" is therefore particularly timely.
Australia has had a long involvement in tracer technology. In 1955 a study was made of the leakage of
insulation gas from an underground cable using the radon-222 emanation from radium. The reactor HIFAR
achieved criticality in 1958 and applications expanded rapidly thereafter.
There were three strands to the AAEC program each of which dated from the early 1960's:
(1) the use of radiotracers to study a wide range of industrial, resource and environmental problems;
(2) the development of nucleonic gauges and nucleonic control systems culminating in the award
of te Australia Prize to John Watt and his team; and
(3) the development of nuclear medicine and the associated production and transport infrastructure.
With the establishment of ANSTO, radioisotope technology entered a mature phase where products and
services were commercially delivered. The founding in 1987 of Tracerco Australasia, a Joint Venture
between ANSTO and ICI Australia signalled confidence in the future of industrial applications of
radioisotopes as a commercial undertaking. Sales now exceed $1M annually, with operations extending
beyond Australia and NZ to a number of countries in E and SE Asia.
Australia was a founding member of the IAEA and has remained a strong supporter of all Agency activities.
Much of ANSTO's involvement in scientific and technical cooperation is focussed in Asia through the
Regional Cooperative Agreement. Many of the joint projects are directly related to the themes of this
Conference.
Isotope technology has a challenging and exciting future. The ready availability of massive computational
capacity has had a major effect in enhancing the problems to which isotopic techniques can contribute.
Indeed many of the environmental and industrial applications of radioisotopes involve the verification of
predictive models. A number of examples are provided in the Conference.
Further, there is a continuing nexus between medical and industrial applications of advanced technologies.
At Monash University, advanced computerised tomography (CT) scanning is being applied to the forestry
industry. The state of the technology is such that it.is now possible to scan a log and visualise all possible
veneers before the log is milled. At ANSTO the potential industrial applications of particulates carrying
isotopes such as developed for lung perfusion studies, are being investigated for their potential in solving
industrial and environmental problems. Such developments will enhance the future demand for isotope
applications.

*****
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Radiation and Isotope Technology for Sustainable
Development and the Role of the IAEA
S MACHI
Deputy Director General, International Atomic Energy Agency, Vienna
This paper illustrates developments in and prospects for the application of nuclear science and
technology in the fields of food and agriculture, industry and environmental protection, in
connection with the IAEA's activities.
Food and Agriculture
Plant mutation and breeding for better production
Over the past 60 years, 1800 new mutant plant varieties induced by radiation have been released
and are being grown on millions of hectares of land for their better yield, disease resistance and
other desirable characteristics. Recently, the FAO/IAEA Joint Division, in collaboration with
member States, has developed a new variety of banana with better quality and yield in Malaysia
and a high yield variety of barley with resistance to climate stress in the high Andean plateaux of
Peru and Bolivia.
Food irradiation for reduction of losses and food-borne diseases
Irradiated foods are being sold increasingly on the commercial market in 30 countries, including
varieties of commodities such as herbs, spices, potatoes, onions, garlic, frozen shrimp, etc.
Insect and pest control to reduce food losses
The sterile insect technique (SIT) developed by using radiation has been successfully used against
major insect and pest hazards. In Chile the medfly has recently been eradicated by means of the
SIT with the IAEA's technical support, yielding substantial economic and environmental benefits
(of about US$400 million per year). The New World Screwworm fly was eradicated from Libya
under an IAEA/FAO project in 1992. Eradiation of the Tsetse fly from the island of Zanzibar in
Tanzania is about to be achieved through an IAEA Technical Co-operation (TC) project.
Industry
Radiation processing for product improvement
Radiation processing technology has been used for upgrading polymeric products, curing of
surface coatings and sterilization of medical products. Through the RCA/UNDP projects of the
IAEA, this technology has been introduced into developing Member States in South East Asia and
on the Pacific rim. Electron accelerators as well as large Co-60 irradiators have increasingly been
used for industrial purpose.
Environmental protection
Cleaning of flue gases, sewage sludge and waste water
Unique technologies to simultaneously remove SO2 and NOX from flue gases by irradiation are
being transferred to the Member States. The first industrial scale plants to clean flue gases emitted
from coal burning power stations are presently being built in Poland under an IAEA project and in
China with IAEA technical support. With this technology, more than 90% of SO2 and 80% of
NOX can be removed from flue gases and agricultural fertilizer can be produced as a by-product.
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Project Development and Commercialisation of On-line Analysis Systems
J.S. WATT
Consultant to Division of Minerals, Commonwealth Scientific and Industrial
Research Organisation (CSIRO), PMB 5, Menai, NSW 2234, Australia
SUMMARY. A project team first in the Australian Atomic Energy Commission (AAEC) and since
1982 in CSIRO has developed many on-line analysis systems for the mineral and energy industries.
The development of these projects, usually lasting 7-10 years, has followed a common pattern of
laboratory R&D, field trials, commercialisation and technology transfer. This successful pattern is
illustrated using examples of the development of systems for the on-line analysis of mineral slurries,
for determination of the ash content of coal on conveyors, and for determination of the flow rates of
oil, water and gas in pipelines. The first two systems, licensed to Australian companies, are used
worldwide. They are now the market leaders for radioisotope gauges in their application field. The
third, the multiphase flow meter, was licensed in 1997 to an international company. This meter has
even greater potential than the other two systems for economic benefit from its use and for numbers of
installations.

INTRODUCTION
Radioisotope techniques are the basis of many
on-line analysis systems that are now widely
used in the mineral and energy industries (1).
These on-line systems are adopted by industry
because the speed of response of conventional
sampling and analysis techniques is often too
slow to meet the requirements of control of
mining and processing operations. The cost of
the radioisotope gauges is often recovered in
3-9 months due to savings resulting from
improvement to the control of operations.
The author initiated Australian research into
radioisotope systems for on-line analysis in the
early 1960s whilst in the Australian Atomic
Energy Commission (AAEC). This led to the
development and field testing of a system for
the in-stream analysis of mineral slurries that
was commercialised in 1972. It is now used
worldwide in mineral concentrators.
The research team broadened its interests in
the 1970s to include the on-line analysis of
coal. The team transferred to CSIRO in 1982.
Since then, research has been expanded to
cover a wider field of technologies that now
includes radioisotope, microwave, ultrasonic,
laser and capacitance techniques. The
application area has been broadened to include
the determination of flow rates of multiphase
mixtures in the oil and power industries, and

of the particle size of materials in various
industries.
The research team, now in the CSIRO
Division of Minerals, has built up considerable
experience in the research, development, field
testing and commercialisation of on-line
analysis systems. A successful pattern for the
development of these projects has been
established and demonstrated in practice.
This paper discusses the pattern for project
development and commercialisation of on-line
analysis systems. The aims of the projects and
occurrence of economic benefits are discussed
first. Three examples are then given to
illustrate radioisotope systems for on-line
analysis. My experiences in the development
of these systems are then discussed in detail.
PROJECT AIMS AND BENEFITS
In the AAEC and CSIRO, systems for on-line
analysis are developed to increase the
productivity of the Australian mineral and
energy industries, and to provide economic
benefit to Australia.
The economic benefit sought is predominantly
the improvement to the processing of the
minerals based on use of the instrument, rather
than from its sale. To ensure the early
realisation of these benefits to Australia, the
AAEC and CSIRO have given high priority to

commercialisation and technology transfer of
the analysis systems to licensees.
Sales of the instruments discussed and their
derivatives have been significant, however,
about A$80 million since the 1970s.

The net benefits in productivity flowing from
the use of the 39 Coalscan ash analysers
installed in Australia by 1988 were estimated
by independent consultants to be US $130
million over a five year period (6).
FLOW RATES: OIL, WATER AND GAS

ANALYSIS OF MINERAL SLURRIES
On-stream analysis of mineral slurries is
required to achieve better control of flotation
concentrators. The need is to determine the
valuable mineral content of various slurry
streams about the plant.
The AAEC, over the period 1963-1973,
developed and field tested radioisotope
techniques for the on-stream analysis of
metalliferous mineral slurries. They were
based on several complementary radioisotope
X-ray fluorescence, and X-ray preferential
absorption, techniques (2). The solids fraction
was determined by gamma-ray absorption.
The radioisotope sources and X-ray detectors
were incorporated into probes that are
immersed directly into the plant streams.
The introduction of on-stream analysis has had
an immediate impact on control of flotation
concentrators. Within a few months of
installation, the recovery of valuable minerals
is often increased by 1-2% due to better
control of the plant.
ASH IN COAL ON CONVEYORS
The on-line determination of the ash content of
coal on conveyors is required in a wide range
of applications including mine grade control,
raw coal monitoring, coal sorting, control of
coal preparation plants, product blending, and
stockpile management and blending.
The AAEC initiated research into on-line ash
gauges in the late 1970s, and the project team
completed the field trials in the 1980s after
their transfer to CSIRO. The ash content of
coal is most simply determined by dual energy
gamma-ray transmission techniques (4) that
depend on the fact that ash has an effective
atomic number greater than that of the
combustible matter. Other ash gauges were
developed at the same time, but it is the DUET
gauge that is now in most widespread use (5).

Pipelines carry multiphase mixtures of crude
oil, formation water and gas from oil wells to
production separators. The flow rates of oil,
water and gas, from each well, must be
measured to provide information necessary for
the control and optimisation of oil field
production. The oil industry wants to
determine the flow rates directly in the
pipeline carrying the multiphase mixtures.
These multiphase flow meters (MFMs) would
replace the current practice of using singlephase meters to monitor the outputs of a test
separator.
CSIRO developed and field tested a gammaray MFM over the period 1989-1997. It is
based on use of two specialised gamma-ray
transmission gauges and pressure and
temperature sensors (7,8).
The potential market for MFMs is very large.
World wide, there are about 10,000 wells
offshore, and a further 900,000 onshore. The
current market is mainly for offshore
applications, on platforms and subsea. The
applications onshore are expected to be mainly
for wells with higher oil and gas flow rates
where the cost of the MFM is justified.
The application of this meter should lead to
the reduction in capital costs of new platforms
and of subsea piping from wells to central
facilities, and to better reservoir management,
production allocation, and optimisation of total
oil production over the field lifetime.
DEVELOPMENT, FIELD TRIALS AND
COMMERCIALISATION
The following are the normal stages of a
project in on-line analysis, from selection of
the project to the successful commercial
exploitation of the on-line system in industry:
•

selection of specific industries that will
gain large economic benefit from use of
on-line analysis systems,

33assessment of the key requirements for
analysis in the industry,
a rough assessment of various techniques
which may be used for this application,
assessment of on-line analysis instruments
currently being developed elsewhere or in
routine use, including their shortcomings,
preliminary laboratory research and
development to gain some experience with
the various techniques,
more detailed discussion with industry of
their requirements, best done on-the-spot
at their operations,
soliciting financial support for the project,
undertaking the sponsored project which
involves laboratory R&D and field trials,
final reporting of the sponsored project,
selecting a licensee and negotiation of the
commercial Agreement, and
transfer of the technology to the licensee.
The projects often take 7-10 years to complete
because they involve not only the R&D, but
also field trials, commercialisation and
technology transfer. For example, the MFM
project was conceived in 1988 and began in
1989. The MFM was licensed in 1997.
Some of these stages of development of a
project are now discussed in more detail.
Selection of specific industry
This selection is not particularly difficult in
Australia. The mineral and energy industries
worldwide have great need for on-line
analysis. These industries in Australia are very
large, with annual production of coal,
metalliferous minerals and oil being
respectively valued at A$ 8 (export only), 3.5,
and 5 billion. The metalliferous mineral
production quoted relates only to those
minerals for which on-stream analysis has
been proved effective. For example, gold is
excluded because it occurs at very low
concentrations in ore and analysis is beyond
the reach of radioisotope technology.
On-stream analysis leads to the more efficient
processing and recovery of minerals. Even
though the increase in recovery will be fairly
small, a 1% increase applied industry wide in
these three industries would lead to savings to
Australia of $160 million a year. The

realisation of this magnitude of savings is the
challenge for the Australian developers of onstream analysis systems and for Australian
industry.
Targeting key analysis requirements
The most critical stage of the whole project is
the targeting of the key requirements for online analysis in the particular industry area.
The researcher must understand why these key
areas are important, how the analysis system
can be used to increase or improve production,
and what economic benefit can be gained by
industry from their use. Frequent contact with
a wide range of people in industry is essential,
both by direct contact and by attending
industry conferences.
I have found that there may be one, or a few at
best, persons in industry who clearly see the
key analysis needs of their industry and are
prepared to be the industry champion of the
project. It takes time and perseverance to find
this person. Whilst in the AAEC, I had been
working in the field of on-stream analysis of
mineral slurries for nearly three years before
finding this champion. He understood the real
needs for on-line analysis, and I knew the
emerging radioisotope technologies that could
be further developed for use in on-line analysis
of mineral slurries. The project soon became
more focussed, and developed more quickly.
Who initiates the project?
Conventional wisdom is that industry should
initiate projects because only they understand
their priorities. However, research groups have
a better grasp of emerging technologies, and
have a better understanding of what is
technically feasible. Who initiates the project
does not matter. It is critically important that
the industry requirements, the emerging
technologies and the understanding of
technical feasibility, are all incorporated.
In most of my projects, I have made the first
approach to industry because I have sensed the
importance of newly developing technologies.
Industry followed up my approach with input
of their critical needs, their enthusiasm for the
developing project, and their ideas for, and
support during, field trials.

Planning the project
Once the key analysis problem is identified,
preliminary R&D are often required before the
main directions of the project can be defined.
This work may take 3-6 months, and is
normally funded by the research organisation.
The research organisation then prepares a
more detailed plan of the project, including
both laboratory R&D and field trials. There is
frequent interaction with industry during this
planning stage. The detailed plan is then
submitted to potential industry sponsors,
especially to those who would have a strong
vested interest in the successful development
of the analysis system.
During planning, I estimated that the MFM
project would take six years to complete. The
project was set up in three two-year stages.
The first involved only laboratory research,
and included gaining more experience with the
oil industry. The second and third stages
involved both laboratory R&D and field trials.
Funding the project
Funding sources for the three analysis systems
The source of the funds to support projects has
changed greatly during the period covered by
the development of the three analysis systems
discussed in this paper. In the 1960s, the
AAEC directly funded the R&D of the mineral
slurry analyser. Industry part funded the costs
of the field trials, the AAEC covering the
scientists' salaries and overheads. In the late
1970s/early 1980s, the AAEC and CSIRO
funded most of the R&D of the ash gauge,
with significant additional funding being
supplied by NERDDC, a Government body for
funding energy research based on competitive
bidding. In the 1990s, CSIRO directly funded
about 50% of the $4M total cost of the MFM
project. Oil companies and ERDC (a successor
of NERDDC) funded the other 50%. They
directly funded part of the CSIRO R&D, and
essentially all of their and CSIRO's costs in
field trials.
The royalties later gained from commercial
sales of the analysis systems have not been
included in the above sources of funds. The
royalties from ash gauge sales, shared between

the AAEC, CSIRO and NERDDC, were about
$1.3 million. Based on MFM sales predictions,
CSIRO could receive about $2M over the first
five years. This would cover the total CSIRO
cost of development of the MFM, and further
royalties after 2002 would provide a positive
return on the investment. Under internal
financial policies, the project team has had no
access to such royalty streams in the past, and
apparently will have no access to it in the
future.
Funding for the MFM project
I had had no previous contact with the oil
industry and hence funding the MFM project
was a challenge. I approached the Australian
Mineral Industries Research Association Ltd.
(AMIRA). This company, set up by the
mineral industry, provides links between
industry requiring research to be undertaken
and research organisations that could
undertake it. It does not itself undertake R&D.
It has an excellent record of achievement with
the metalliferous mineral industry, and were
then expanding their efforts, and had contacts
with, the petroleum industry. Together, we
sought finance from the oil industry. AMIRA
coordinated the research project.
To enhance the chances for gaining financial
support, the project was deliberately set up in
three two-year stages. After the successful
completion of one stage we sought financial
support for the next. This reduced the financial
risk to sponsors and provided better direction
for subsequent stages. From the beginning, the
oil companies were told that it would take six
years to develop the MFM. The total support
requested for the first stage was only
$120,000. This covered some laboratory R&D.
We gained experience with the oil industry,
and felt we gained the confidence of our
sponsors. The bulk of the funding was
required for the second and third stages that
included the field trials.
Ownership of intellectual property
Intellectual property (IP) in these projects
usually consists of patents and know-how.
There was limited patent cover for the three
analysis systems described above: for one of
the XRF techniques used in the mineral slurry
analyser, none for the ash gauge, and for a

specific part of the MFM. However, knowhow was extremely important for the mineral
slurry analyser, sufficiently important for the
ash gauge to give the licensee a five-year lead
on the world market, and is very important for
the MFM.
The ownership of the intellectual property is
negotiated at the beginning of the project when
its value is uncertain. Some of the technology
will have been developed by the research
organisation prior to the commencement of the
project, but more will be developed during it.
Ownership is usually a contentious issue. I
consider that the research organisation should
retain the IP rights because
• to ensure success in commercialisation,
rights usually must be exclusively
licensed,
• usually only the research organisation has
sufficient knowledge of the product to
transfer the technology to the licensee, and
• the loss of the IP rights may limit the
contribution the research organisation can
make to applying the technology to other
fields of application and other industries.
The issue of ownership of intellectual property
is often resolved by advising the company who
wants it that they can have it but must pay the
total cost of the background knowledge, the
project itself, and technology transfer. The
company then takes on the whole risk of the
project. My experience with on-line analysis
projects is that companies will not take on this
risk. The AAEC or CSIRO retained ownership
of all the intellectual property developed
during the three on-line analysis projects
described above.
Field trials
Field trials are essential to all on-line analysis
projects. They contribute vital information on
the state of development of the system, and
may indicate where improvements are
necessary. They determine the accuracy of
analysis achievable in industrial conditions.
This is of particular value to the project
sponsors, as they can then plan with
confidence the installation of the future
commercial on-line system. The researchers
learn much about the industry during a field
trial, and may find new application areas for

the system and bring to light new analysis
areas for future research.
There were six field trials of the system for the
in-stream analysis of mineral slurries. This
large number was essential because of the
range of elements to be analysed (iron, nickel,
copper, zinc, tin and lead) and the range of
different XRF and XRA techniques that had to
be developed and proved. These radioisotope
X-ray techniques were new to the mineral
industry, and an important part of the field
trials was proving that the systems were
practical.
CSIRO proved the ash gauge in trials at one
pilot plant and two coal washeries. These
demonstrated to the coal industry that on-line
ash gauges were sufficiently accurate and
reliable for their routine use.
CSIRO tested and demonstrated
the
performance of the MFM in three field trials,
two on offshore oil platforms and the third on
an island fed from oil platforms offshore. Each
trial led to further laboratory R&D, improving
the technology between each trial. The last
trial was on the West Kingfish platform in the
Bass Strait. The MFM has been in routine use
there since completion of the trial in 1995. The
MFM was further tested in 1996 at Texaco's
multiphase flow loop near Houston (8) to gain
experience with a wider range of flow
conditions. Further loop trials will be
undertaken to improve the calibrations for
liquids and gas flows.
Commercialisation
This Section covers the areas of when should
the prospective licensee be introduced into the
project, the selection of the licensee, checking
the intent of the applicant for the license, and
negotiating the commercial agreement. The
whole process of selection of the licensee to
completion of commercial agreement is slow.
In my experience, it has never been achieved
in less than one year, and often takes
considerably longer.
When to bring in the potential licensee?
Conventional wisdom is to bring the licensee
into the project soon after its commencement.
This should add value to the project by having

the licensee influence the course of its
development, and allow the licensee to gain
experience in manufacture of the instrument to
be used in field trials. I have not known a
potential licensee prepared to commit their
own funds to a significant extent in the early
stages of projects. The risk for them is too
great. In my experience, they have committed
funds to the research organisation only after
the analyser has been proved in field trials.
The best I have achieved in this regard is to
keep potential Australian licensees informed
about the setting up of new projects and
progress in their development. This has given
them time to make an early assessment of the
market.
Selection of licensee
The key requirement in selection of the
licensee is establishing its capability to
develop and exploit the market for the on-line
analysis system. The licensee should have
established good contact with the industry
where it is to be used, and preferably have
experience with the technology being
exploited.
Amdel and Philips Industries were chosen in
1971 as joint licensees for the mineral slurry
analysis system. Both had good contact with
the metalliferous mineral industry in Australia,
and Philips had considerable experience with
X-ray techniques and with the development of
instrumentation. The basis was that Philips
would manufacture the system, and Amdel
would be responsible for installation and
calibration. The potential sales to the
Australian market were high because of the
large number of mineral concentrators here. It
was intended that the experience gained in
Australia would be used later to develop the
world market.
Mineral Control Instrumentation Ltd. (MCI)
was chosen as licensee for the ash gauge.
Since three MCI staff had previously worked
at Amdel, MCI had considerable experience in
radioisotope and nucleonic instrumentation
technology. They had no experience with the
coal industry, but formed links with a firm of
engineering consultants to the coal industry.
The Australian coal industry is large and the

experience gained first in Australia again was
later used to develop the world market.
The licensing of the MFM was considerably
more difficult than for the other systems. At
least part of the problem was the need to
address both international and Australian
markets at the same time. Unlike the other two
systems, the local market was insufficient to
use as a base for subsequent world sales. In
addition, the nature of the oil industry makes it
a global business, not a regional one. A limited
number of major companies dominate the oil
industry.
CSIRO policy is to give preference where
possible to licensing Australian companies.
Two attempts were made to do this with the
MFM, both involving the linking of an
Australian company (one had no previous
experience in the oil industry) with a large
international instrumentation company already
servicing the oil industry. This linkage was
essential to exploit the international market.
Both attempts failed. I believe that the first
probably failed because the overseas company
felt uncertain about tying up with a technology
and manufacturing operation based in
Australia. The second failed because of a
takeover bid and subsequent policy changes in
the overseas company at a critical stage of
discussions with them.
Learning from the above experience, CSIRO
Minerals accepted that the MFM should be
directly licensed to an international company
that services the oil industry. With the benefit
of hindsight, this is a more appropriate route to
exploitation of the MFM. Two international oil
services companies, both potentially very good
licensees, expressed immediate interest. It was
licensed to one of them, Kvaerner FSSL of
Aberdeen, in 1997. Kvaerner service the oil
industry worldwide, have experience in the
development of instrumentation for the oil
industry, and are one of the few companies
worldwide who have expertise in subsea
engineering.
Is the licensee applicant serious?
Companies express interest in taking up the
license for various reasons, including serious
intent, the desire to gain information in an area
of their interest, and in rare cases, I suspect to

gain the license to keep the analysis system off
the market. The applicants are entitled to some
information on the system to enable them to
make a better assessment of its viability for
successful commercial exploitation. The
companies must decide whether the product
fits in with their immediate objectives, if the
timing is right for their company, and are the
decision-makers in the company enthusiastic.
Once the research organisation has decided to
proceed further with a specific applicant, it is
sensible to test the seriousness of their intent.
One way to do this is to offer them priority
right to negotiate for a set period of time in
exchange for a sum of money that is refunded
on successful conclusion of the license
agreement.
Negotiations
The developer and potential licensee have
many interests in common. Both want to see
the technology transferred rapidly to the
licensee, to see the gauge developed quickly
into a commercial product, and to see it gain
widespread use in industry. These common
interests drive negotiations towards success.
I think that the best approach to commercial
negotiations of on-line analysis systems is
similar to the best practice of negotiations in
many other areas. Find out what are important
needs for both parties. Discuss these in detail
to see if agreement is possible. Make sure that
these are jointly acceptable before detailed
negotiations of terms take place. Do not put
forward conditions that the other party cannot
accept, but be prepared to have to seek another
licensee if agreement on fundamental issues
cannot be resolved.
Contentious issues are often financial, both in
the immediate funding of technology transfer
and further system development, and in
royalties. At this stage, the research
organisation may no longer have access to
funding from industry sponsors, and requires
finance to cover the costs of technology
transfer and further development of the
analysis system. The licensee has a negative
cash flow whilst taking on the technology,
modifying it to ensure a marketable product,
and marketing it. The licensee usually prefers
to fund the research organisation from

royalties on sales. This limits its risk, but
transfers some of the risk to the research
organisation if future sales are overestimated.
Both parties must be prepared to take on some
of the future risk.
In my experience, the costs of the transfer of
technology are considerable and are mainly
covered by the licensee. After licensing, the
research organisation usually undertakes
further R&D to simplify the analysis system
and to extend the range of its applicability.
This may be covered, at least partly, by having
the licensee fund the research organisation
from an extra margin on the sales price for the
initial sales of the system (if the system is
successful).
Royalties are a complex issue and depend on
many factors including patent cover, the value
of the know-how, the availability on the
market of competitive systems, the extent to
which industry needs the product, and the
savings resulting from its use. Royalties are
usually decided on a specific case basis.
Comments on negotiations with licensees
The negotiations for a license for the mineral
slurry analyser were complex because four
parties were involved in the Agreement. The
negotiations would have been much simpler if
only the AAEC and one negotiator,
representing both Amdel and Phillips, had
been involved.
The negotiation with MCI of the agreement for
the ash gauge was much simpler because only
CSIRO and MCI were involved.
The negotiations with potential licensees for
the MFM took place over a three-year period,
and were successful only after CSIRO decided
to negotiate directly with an overseas
company. The negotiations with Kvaerner
FSSL Ltd. of Aberdeen were made somewhat
more complex because
of
distance.
Considerable telephone and written discussion
took place before it was possible to schedule
the first meeting that was held in Houston.
However, the communications then became
rapid because of use of email. Even so, the
first meeting was held 14 months before the
signing of the contract. A greater number of
face to face meetings may have speeded this

up, but again the cost and complexity of
arranging such meetings increase with
distance.
Technology transfer
The time and resources needed for technology
transfer depend on the complexity of the
analysis system, its stage of development, and
the licensee's experience with the technology.
Licensees usually underestimate the time and
resources required to transfer the technology.
In my experience, it has been achieved best
when technical staff of the licensee work with
research organisation staff on the project for a
few months, and jointly undertake either a
plant trial or the first commercial installation.
The following summarises experiences in
technology transfer with the above three online systems.
Amdel
The mineral slurry analyser was AmdePs first
involvement with radioisotope techniques and
with the development of instrumentation. An
Amdel physicist spent one year at the AAEC
laboratories, undertaking both laboratory work
and field trials with AAEC staff. This was
critical to the success of the technology
transfer. The AAEC had proved the on-stream
analysis technology in field trials using
laboratory equipment. Amdel and co-partner
Philips Industries Ltd. designed the industrial
system. The AAEC had to supply backup
support on technology for about five years
after the first commercial sale to industry. The
experience Amdel gained with the on-stream
analysis system led to Amdel becoming the
world market leader in radioisotope on-stream
analysis of mineral slurries. Amdel have
introduced solid state detectors into the
radioisotope X-ray system, and broadened the
application area to include analysis of dry
powders, solutions, and coal slurries. Total
sales exceed A$ 50 million. Amdel undertake
their own R&D into new analysis systems.

design electronics and mechanical equipment
suitable for long-term industrial use. Although
the license agreement was signed in 1982,
CSERO continued R&D and proving of the ash
gauges until 1986. The technology was
transferred over a three-year period. MCI now
market two models of the ash gauge as the
Coalscan 2500 and 3500 ash monitors. They
have installed over 210 monitors worldwide,
with total sales exceeding A$ 30 million. The
monitor is the world market leader in on-line
ash gauges based on gamma-ray techniques.
MCI now successfully undertake their own
R&D into new coal analysis systems.
KvaernerFSSL
CSIRO commenced transfer of the multiphase
flow meter technology to Kvaerner FSSL Ltd.
in December 1996. A Kvaerner staff member
visited CSIRO at Lucas Heights in two
separate visits for a total time of about 6
weeks. Otherwise, contact has been by email
and by telephone.
The transfer of the technology was greatly
simplified compared with the previous cases
because, in the period 1985-1995, CSIRO
Minerals had developed considerable expertise
in the electronic and mechanical design of
industrial gauges. The CSIRO MFM was at a
far greater stage of industrial development
than the previous instruments because, for
field trials, the MFM had had to meet the
unusually high standards of safety mandatory
on offshore platforms. The transfer of
mechanical and electronics design was in the
form of engineering drawings.
A CSIRO scientist took part with Kvaerner in
the setting up of the first MFM they
manufactured and in the first loop trial at the
National Engineering Laboratory, Scotland.
CSIRO is continuing to transfer technology to
KFSSL and to undertake R&D into the MFM
calibration for liquids and gas flows.

Mineral Control Instrumentation (MCI)

CONCLUSION

MCI obtained the license for two on-line ash
gauges in 1982. They had considerable
expertise in on-line analysis and radioisotope
techniques. CSIRO had used laboratory
electronics in the field trials. MCI had to

The AAEC and CSIRO have over the last 35
years very successfully developed on-line
analysis systems for use in the mineral and
energy industries. The development of these
systems has led to the establishment of

Australian technology in the forefront of online analysis systems for the world market.
The successful pattern of laboratory R&D,
field trials, licensing, and technology transfer
developed has been discussed in relation to
three analysis systems developed.

4. Gravitis V.L., Watt J.S., Muldoon L.J. and
Cochrane E.M. (1987). Long-term trial of a
dual energy gamma-ray transmission gauge
determining the ash content of washed coking
coal on a conveyor belt. Nucl.Geophys. 1 (2),
111-124.
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The Development and Current status of the Technology of
Isotope and Radiation in China
Zhang Jinrong
Department of Isotope, China Institute of Atomic Energy, P. O. Box 275
Ext 12, Beijing 102413, China

Summary: the research and application of the technology of isotopes and radiation have
beem reviewed. Since the setup of the China's first nuclear reactor at China Institute of
Nuclear Energy in 1958, the technology of isotops and radiation has been developed
significantly. A research and application system has formed into a considerable state.
The technology of isotopes and radiation has been taken into the fields of industry,
agriculture, medicine, and scientific research. The main achievements are on
radiopharmaceuticals, radiation source, radiation process, and radioactive tracers.
1. Introduction
In China, the research and application of the technology of isotope and radiation began
in the mid 1950s. This technology is one of the most active and promising high
technologies. In 1958, the first unclear reactor was set up at the China Institute of
Atomic Energy. Later, the first batch of 33 isotopes including 22Na, 32P, 60Co, etc. were
successfully obtained, symbolizing the beginning of the China's isotope production and
its application. The efforts and hard work of the Chinese radiochemists make the
technology of isotope and radiation develop more and more rapidly. Since early 1980s
the development of national economy as well as the international cooperation and
communication have enabled the technology of isotopes and radiation more vigorous.
At present, there are 4 reactors and 6 accelerators used in the isotope production and
more than 40 manufacturers used in the radioactive product production. Three bases
for scientific and application research on the technology of isotope and radiation as well
as for production of radioactive products have been formed in Beijing, Shanghai,
Sichuan separately. Radioactive product manufacturers have reached a high
technological level and are capable of producing radioactive products on a large scale.
In recent ten years, the amounts and varieties of radioactive isotope products are
gradually increasing as shown in Table 1.
Table 1. The production and sale of radioactive isotope products
output value
goods delivered
year
in thousands
in millions of
varieties
consumers
RMB
1975
1.6
359
33
729
1980
5.2
483
1070
51
1991
39
800
300
2000
1993
>2000
83
800
510
126
1995
>2000
>800
710
1996
190
>2500
>800
800

2. Application of Imaging and therapeutic radiopharmaceuticals
2.1 Imaging radiopharmaceuticals
The technology of isotopes is most widely used in nuclear medicine in China. The
application of it is rapidly developed because of the coming out of new
radiopharmaceuticals one after another. This technique has become an indispensable
means for clinical medicine and medical scientific research.
2.1.199mTc Radiopharmaceuticals
99m

Tc diagnostic radiopharmaceuticals and therapeutic radiopharmaceuticals have
become the active fields in nuclear medicine. By the end of 1980s generators with both
fission 99Mo of high specificity and "Mo from the irradiation of MOO3 in nuclear
reactor were successfully made, and now they are on large scale production, having
satisfied the increasing demands of nuclear medicine. The production of 99mTc/"Mo
generators is shown in Table 2.
Table 2. The production of 99mTc/99Mo (n, f) and
99m
Tc/"Mo (n,y) generators as a whole

year
Generators Produced*

1989 1990 1991 1992 1993 1994 1995 1996
1150 1970 2340 2900 3516 4116 4400 5500

* each standardized generator takes a radioactive intensity of 29.6 Gbq.
Clinically used 99mTc radiopharmaceuticals are all instant preparations from nonradioactive kits and 99mTc/"Mo generator eluent. More than 30 kits for preparation of
99m
Tc radiopharmaceuticals are now available for clinical use. They are shown in Table
3.
Table 3 Kits for £
Target organ
Brain
Heart
Lungs
Liver and / or gall bladder
Kidneys
Spleen or blood pool
Lymph nodes
Bone
Tumor

^
Kit?....
HMPAO^ ECD
TBI, CPI, MIBI, BATO, Q3, P53
MAA
Phytate, HID A, EHIDA, DISEDA, TMBIDA
DTP A, DMSA, GH, MAG3, EC
RBC, PYP( for invivo labeling)
Dx
MDP HEDP PYP
McAb, Bleomycin. GH, EDPA, DMSA

The organic ligands not commercially available are all prepared in each kit production
center. Some synthetic procedures are modified or improved to various extent. Still, to
acquire high quality of kits, great attention has been paid on kit production procedure.
The main tasks are to keep the stannous ion from aerobic oxidation, to select auxiliary
contents which are used either for the formation of the desired 99mTc complexes or for
good lyophilized form, and to maintain sterile, pyrogen-free conditions. Studies on new
99m
Tc complexes have also been undertaken in several laboratories and some hopeful
results have been made. 99mTc tagged polypeptide Octreotide and 99mTc Labeled CNS
receptor agents are just begun.

2.1.2 Cyclotron produced isotopes
For the development of nuclear medicine in China, two cyclotrons were planed to be
built up in Beijing and shanghai separately. The cyclotron in Beijing was first completed
at CIAE in 1995. The Cyclone-30 can accelerate a proton to 15-30 MeV and its beam
current can amount to 370uA. In the following two years, 2O1T1,67Ga, H1In, 68Ge-68Ga,
107
Pd, 57Co etc have been obtain on large scale first, and 18FDG is available for clinical
use recently. Now the preparation and clinical test of mIn-DTPA-Phe-Octreotide have
been finished. Large scale production is waiting for the synthesis of Octreotide.
Relevant studies on other polypepides will be undertaken in the following years.
2.2 Therapeutic radiopharmaceuticals
Up to now, Chinese radiochemists have worded on therapeutic radiopharmaceuticals of
many radioactive isotopes, such as 211At, 212Bi, 131I, 90Y, 32P, 186Re, 153Sm etc.
Radioactive colloids have been used for tumor therapy for many years in other
countries, 103> 109Pb colloids are being worked on and may reach the clinical use in
recent years. Small radioactive complexes, such as153Sm-EDTMP, 90Y-EDTMP,186'
188
Re-HEDP, 186> 188Re-DMSA etc., have been also extensively studied, 153Sm-EDTMP
is now widely used in hospitals for bone pain palliation. Since 1980,
radioimmunotherapy has been studied. Various therapeutic isotopes are tagged to
monoclonal antibody which can specifically accumulate on tumor site through the
specific combination between the antibody and antigen. The tagging are often achieved
by bifunctional chelator. 90Y, 186Re, 211At have been tried, e.g. ^Y-DTPA-IgG, 90YDTPA, 90Y-DOTA, 90Y-CDTPAA. Because of the great molecular weight,
McAbssuffer from the delivery difficulty, McAb fragments have somewhat alleviated
this problem, but the binding ability weakens. In-this respect, polypeptides belong to
Somatostatin receptor binding agents are good substitutes. Radiolabelled Octreotide
are being studied. Table 4 shows some therapeutic radiopharmaceuticals available in
China.
Table 4 Therapeutic radiopharmaceuticals available in China
Abnormalities
P^diophamaceuticals

"Bone pain
Liver tumor
Brain tumor
Thyroid tumor
Bone and neck tumor
Rheumatoid arthritis
Erthremia
Melanoma, metastases
in thoracic or a b d o ^

'

^^^nl^Wwnis^^^^^

I31

I-Iipiodol, 131I-McAb, 32P-GTMS, 90Y-GTMS,
90
Y( m Sm)-GTMS
^Y-citrate-silicate-colloid
131/125
I-MIBG
186
Re(V)-DMSA
90
Y-citrate-HA, 90Y-citrate/silicate
32
P-phosphate
1131
I-McAb, 90Y-McAb

The further development largely depends on the synthesis of new ligands of high
specificity. Up to now the most widely used therapeutic radiopharmaceutical in China is
I53
Sm-EDTMP, Much clinical experience has been made as shown in Table 5.

Table 5. Results of the clinical use of153Srn-EDTMP**
Primary
carcinomas
Breast cancer
Prostate cancer
Craniopharyngiomas
Lung Cancer
Other cancer

Total

Patients
44
50
24
22
40
180

Individual Average
Palliation effectiveness
dose
dose
(GBq)
(GBq)
II*(%) III*(%)
I*(%)
6.8 (3) 84.0 (37) 9.1 (4)
1.85-8.51
3.95
10.0 (5) 80.0 (40) 10.0 (5)
1.85-6.60
3.85
12.5 (3) 84.0 (20) 4.0(1)
1.85-8.50
3.90
2.59-10.07
5.11
18.2 (4) 72.7 (16) 9.1 (2)
1.85-10.37 4.44
15.0 (6) 75.0 (30) 10.0 (4)
1.85-10.37 4.44
11.7(21) 79.4(143) 8.8 (16)

Total
efficiency
(%)
90.1 (44)
90.0 (45)
96.0 (23)
96.0 (20)
90.0 (36)
91.5(169)

* I After treatment complete pain relief was experienced and the imaging by
99m
Tc-MDP showed some abnormalities disappeared.
*II After treatment pain relief was experienced.
*III After treatment partial pain relief was experienced.
** The table is based on the results from Fujian Medical Colleage and Tumor Hospital's
academy of medical science.
2.3 Nuclear medical facilities
There are about 2000 hospitals in China possessing a nuclear medicine department.
About 20 millions of patients receive their physical examination there. Nuclear medical
facilities are increasing. Now there are 4 PETs, 220 SPECTs and 107 y-cameras. The
increasing number of SPECT are shown in Table 6.

Year
Number of SPECT

Table 6 The increasing number of SPECT
1992
1993
1994
1991
131
154
82
106

1995
180

1996
220

All these detecting apparatuses are imported, but the radiation source used in the
calibration of SPECT, 57Co flood source, is self-made. The unevenness is less than 1%.
The flood source can be either round (<j>360-600mm) or rectangular ( 600mm x
400mm)
3. Application of radioimmunoassy and related techniques
Radioimmunoassy began in 1962 and rapidly developed in 1980s. Up to 1995, there
were more than 30 producers in China. More than 100 varieties of radioimmunoassy
kits were used in the determination of throid function, renal function, reproduction
physiology, tumor, diabetes, hepatitis, etc. The output amounted to some 400
thousands of kits, some of them were sold to 29 countries in Latin America, Asia, and
Pacific region. Other immunoassy techniques, such as fluorescence immunoassay,
enzyme immunoassy etc, have also significantly developed. Radioimmunoassy
technique is widely used for diagnosis by more than 2000 hospitals or clinics, some
were county-level hospitals. Some 80 radioimmunoassy centers are distributed among
16 provinces or municipalities.
The main achievements in radioimmunoassy are on the determination of hormones in
blood, application of McAb, and solid-phase separation technique. The latter is

approaching the international level. For-example, the simplicity of manipulation, the
assay time, and the main quality indexes of TSH, FT3, and FT4 kits using magnetized
microspheres as solid-phase separating agent are comparable to those of kits produced
by companies in US, UK, etc.
4. Production and Application of radiation sources
Thirty years later, China is capable of designing, manufacturing various radiation
sources. A varieties of more than 50 kinds of radiation sources has been made and used
in many fields. These radiation sources are:
(1) 210Po - Be neutron bar source: two 210Po - Be neutron sources are made for
Qinshan nuclear power station to provide neutrons of the first generation for the start
of the nuclear reactor. Besides, 50 standard radiation sources in gas, liquid, and solid
state respectively have been made, 8 of them are used for the calibration of its
draining-water monitoring apparatus.
(2) 241Am-Be neutron source and 137Cs radiation source using for well detection.
(3) 55Fe, 238Pu, 241Am and 109Cd low energy photon source for X ray Florence analysis,
and 63Ni low energy P particle source for gas chromatography use.
(4)

Cs source used in Nuclear balance and Nuclear levelgaug and K, Y,
Am source used for thickness detection.

Pm,

241

(5) 241Am a particle source used in smog sensitive fire hazard detector.
(6) 60Co strong radiation source for industrial radiation use and for long distance
radiation therapy; 192Ir source for flaw detection and for in-cavity therapy; 90Sr(90Y)
source used in ophthalmology department and dermatology department.
(7) Other 8 radioactive standard solutions and 10 standard X-ray , y-ray sources are
also produced.
To produce qualified radiation source, a whole set of apparatus and methods are set up
for determining nuclear purity, activity, surface particle emitting rate, and for grading
test and appraisal of prototype sources based on the requirements of ISO. Advanced
techniques such as electrochemical deposition, ceramic and enamel fixation, powder
metallurgical mangling are used in the production of radiation source. The output of
isotope instruments and fire hazard alarm apparatus exceeds 600 millions RMB.
5. Application of radioactive tracers in industry
Radioactive tracer technique is widely used in the fields of petroleum recovery, water
conservancy project, control of technological process, environmental science etc. This
technique is used in oil field for the determination of water absorbing cross-section in
water flooding oil well and the monitoring of the state of the oil layers between two
recovery points. Many tracers have been tried. 131Ba Microspheres are employed as
radioactive tracer by CIAE and its oil producing cooperator to provide theoretical base
for rational water flooding and enhancing its effect. The determination of water

absorbing cross-section using
shown in Table 7. .

131 T

Ba has become a routine method in oil production as

Table 7 The increase of determined water flooding wells with tracer
Year
1985 1990 1991 1992 1993 1994 1995 1996
Annual Number
1273 6746 7402 7918 8192 9122 10537 10253
In 1990s a large scale sand tracer experiment was carried out under the cooperation
between China and IAEA in the north channel of Yangzi river mouth. The migration of
deposited silt was quantitatively observed by the sand tracer in this channel. The
migrating direction, course, and rate of base sand and sand transporting rate were also
quantitatively observed. In the field of environmental science and technology, isotope
tracer technique has been applied to study the pollutant transition in soil, surface water,
ground water, and biological chain, and to study the mechanism of waste water
processing. For examples, 45Ca tracer has been used to study the transition of Ca in soil,
13
'i tracer has been used to determine the parameters of ground water, 14C labeled
toluene and dichlorethane have been used to study their behaviors in soil. These
methods are sensitive, simple, and quick.
6. Application of radiation technology
Radiation processing technology has only a history of 20 years in China, but great
developments have ben made in many fields during the past ten years. Now more than
50 60Co radiation processing apparatuses are distributed in Beijing, Tianjin, Guanghou,
Qingdao, Shanghai, etc. Besides, there are more than 30 accelerators of kilowatt output
which may be used for radiation process.
Radiation process is forming into an industrial branch. A variety of chemical radiation
products have been put into production. High quality chemical products can be
obtained through radiation induced linkage, polymerization, and branching. Medical
necessities can be sterilized in the radiation process. Plant seeds may be bettered under
radiation. Foods can be kept for longer duration after radiation processing. Some
chemical process induced by ionizing radiation can be used for the processing of
industrial wastes. Much work in China has been made on the design and application
study of radiation apparatus, the production of thermoplastic materials through
radiation induced linkage, Production of electric cable or wire, and the food
preservation. So IAEA and RCA have sponsored several seminars and training classes
in China. The greatest achievements may be in the field of agriculture (Table 8). 408
plant seeds have been made through the combination of radiation induced variation with
other techniques. The seeds number made by radiation breeding and acres sown to
these seeds rank first in the world. Great advances have also been made in utilizing
radiation technique in the studies of fertilization, soil improvement, metabolism of
nutritious substances in plants, livestock husbandry.

Table 8 Radiation technology in agriculture
Application
Social and economic effect
Radiation breeding
408 new varieties of crops, output increase of 4 billion
RMB
Radiation sterile of insects used in prevention of a destructive insect in Guizhou
province, the harm dropped from 5-8% to 0.005%
Improvement of farming 609 hectares fields used this technique, economic effect of
methods based on the
1.7 billions RMB.
radioactive tracer studies
Increased out put induced y-ray processed peanut seeds in Hunan province, an
by low dose irradiation on increase of output 11.2-30%
seeds
Food preservation after
Annual processed goods 50 million kg, an output of 100
radiation process
million RMB.
7. Concluding remarks
It can be concluded from the above discussion that the technology of isotopes and
radiation has largely contributed to and affect the Chinese economy. In future, more
preferential conditions will be made and the latent potentialities of the applications of
radiation and isotope technology will be brought in to full play. Attentions will be
mainly paid on the following aspects:
1. The diagnostic and therapeutic radiopharmaceuticals, especially new 99mTc
radiopharmaceuticals, tumor therapeutic radioactive agents, and positive electron
isotope radiopharmaceuticals.
2. Radioimmunoassy and its related techniques, preparation of labeled compound used
in biological engineering, related subjects in the development of life science.
3. Combination of radiation source with electric instruments, computerized isotope
apparatus.
4. The technique of radiation breeding, radiation sterilization of insects, the setup of
food irradiating health standards, radiation process of food.
5. New radiation processed polymer materials and its industrialization.
6. The application of tracer techniques to old oil well, environment science, water
projects, and the control of rivers.
7. Enhancing the study of basic science and applied science, approaching the front of
morden science and new scientific fields, forming new cross linked applied science.
8. Enhancing international communication and cooperation.
In recent ten years, international communication and cooperative relationships have
been built, international academic conferences and training classes have been hold in
China for many times. The technology of isotope application has attracted the attention
abroad. Some universities and institutes have accepted foreign students and received
the visits of foreign scientists.
CIAE has set up a " National Isotope Engineering and Technology Center " which is
open to scientists both home and abroad. CIAE are looking forward to cooperative
studies with the specialists or scholars of isotope technology.
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Improved Processes of Molybdenum-99 Production
K. DADACHOVA, K.LA RIVIERE, P.ANDERSON
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(ANSTO), PMB 1, Menai, NSW 2234 Australia
S U M M A R Y Two improved processes of Molybdenum-99 production have been developed on
laboratory scale. The first one allows to purify Mo of natural isotopic composition from tungsten
impurities by using preferential adsorption of tungsten on hydrated tin(IV) oxide SnO2 x nH2O
before irradiation in the nuclear reactor. The second process deals with the extraction of pure fission
product Mo-99 from irradiated in the reactor U-235. Two versions of separation process for
production of fission Mo-99 have been developed. Both versions starting with the dissolution of U235 target in nitric acid are based on sequential use of alumina- and anion exchange resin AG1-X8columns. The yields of Mo-99 in both versions are 80-85%.

1. INTRODUCTION
Two different processes are generally used for
molybdenum-99 (Mo-99) production as a
source of medical technetium-99m (Tc-99m,
6 h half-life). The first one is the direct
neutron activation of molybdenum in nuclear
reactor; the second one is the extraction of
pure fission product Mo-99 from irradiated in
the reactor U-235.
This paper deals with the following processes
developed on laboratory scale: 1) the method
of purification of Mo of natural isotopic
composition from tungsten (W) impurity
which causes the contamination of the final
Tc-99m product with rhenium-188 (Re-188,
16.8 h half-life) - radioactive daughter of W188; 2) the improved method of separation of
fission product Mo-99 from uranium targets.
2. PURIFICATION OF MoO3 FOR
PRODUCTION OF "INSTANT" Tc-99m
Production of "instant" Tc-99m from Mo-99 is
based on solvent extraction technology.
Briefly, irradiated M003 target is dissolved in
10 M KOH and Tc-99m is extracted with
methylethylketone (MEK). The first batch of
Tc-99m obtained in this way is usually
discarded as it contaminated with rhenium
isotopes Re-188 and Re-186 (90.6 h half-life)
formed during irradiation from Re-187 and
Re-185 impurities, respectively. These
particular contaminants should not present a

problem as an efficient extraction procedure
(shaking of KOH-MEK phases for ~3 min)
allows to extract 98-100% of radiorhenium.
However, there is another source of Re-188
radiocontaminant which has to be dealt with.
As the starting material M003 contains
considerable amounts of tungsten impurity
(> 60 ppm), 5-7 days irradiation in HIFAR
(High Flux Australian Reactor) results in
generation of W-188 which decays to Re-188.
In practice this pair forms a generator system
within the irradiated Mo which, because of the
chemical similarity between the elements,
causes Re-188 to be repeatedly extracted with
Tc-99m. As the half-life of W-188 is
considerably longer (69.4 days) than that of
Mo-99 (65.9 h), the percentage of Re-188 in
Tc-99m product will be rising from batch to
batch.
To overcome this problem, method of M0O3
purification from W based on preferential
adsorption of W by hydrated tin (IV) oxide
(SnO2 x nH2O) (Semenov et al, (1)) has been
developed. SnO2 x nH2O was synthesized by
reacting 1M solution of SnCl4 with 28%
NH4OH, washing the precipitate with water,
drying at 70°C, and grinding to obtain the
particles with 0.1-0.3 mm diameter. Once
prepared, SnO2 x 11H2O can be stored for up
to 1 year. 1 L of 0.7 M solution of
(NH4)2MoO4 spiked with W-I87O42- as a
tracer of W contents was stirred at pH=8 - 9

pellets before charging small alumina column
(Fluka, 4 g, 1x6 cm) using gravitational flow.
Mo-99 is almost quantitatively retained on
alumina column (2% loss). The column is
washed with sequence of water, 15 mL 0.1 M
KI, water, 0.01 M ammonia followed by final
elution of Mo-99 with 20 mL of 1 M NaOH.
Overall recovery of Mo-99 is 80% and iodine
breakthrough is 0.2% of initial 1-123 activity.
Sometimes the process was shortened by
evaporating to dryness Mo-99-containing 200
mL 1M HNO3 and final digestion of Mo-99 in
20 mL of 1M NaOH. This permits to decrease
the required handling of Mo-99 and increase
Mo-99 recovery by additional 5%.

with 8 g of SnO2 x 11H2O. In 2 h 20% of W
was removed from solution, in 4 h - 34%, in
7 h - 41%, and 24 h - 90-95%. The solution of
(NH4)2MoO4 was filtered from SnO2 x
nH2O through the sequence of Whatman N 1
filter and 0.22 \i filter under suction, followed
by precipitation of MOO3 by careful addition
of cone. HNO3. The precipitate was washed
with water, dried at 100°C and calcinated at
400°C for 6 hours. The contents of W in
MoO3 purified by this technique
became
< 10 ppm according to ICP-MS and neutron
activation measurements.
3. SEPARATION OF FISSION PRODUCT
Mo-99

Version 2. The AG 1X8 column is washed
with water and Mo-99 is eluted with 200 mL
of 1 M NH4 carbonate. Recovery of Mo-99 is
99% (81% comes off the column in first 20
mL of NH4 carbonate). Only 0.5% of initial
amount of iodine is found in the eluted
fraction. Subsequently, the pH of the NH4
carbonate is adjusted to ~2 by careful addition
of 26 mL cone. HNO3, solution is degassed
under vacuum, loaded at gravitational flow on
small alumina column followed by the steps
described in Version 2.
Overall recovery of Mo-99 is 78%, iodine
breakthrough - 0.02% of initial 1-123 activity.
The shortened process - evaporation to
dryness of NH4 carbonate with final digestion
of Mo-99 in 20 mL of 1M NaOH allows to
increase Mo-99 yield till 89%.

In a second process Mo-99 is obtained as
a product of the neutron-induced fission of
uranium-235 (U-235) and has to be separated
from other fission products through multi-step
procedure.
Two versions of separation process for
production of fission Mo-99 have been
developed on laboratory scale. Both versions
are based on sequential use of alumina- and
anion exchange resin AG1-X8- filled columns
for purification of Mo-99; they start with the
same steps of: U-235 target dissolution in hot
8 M HNO3, its dilution to 0.5 M HN0 3 and
retaining of Mo-99 on a large alumina column.
The column is washed with water and diluted
NH4OH. Mo-99 is stripped off the column
with 200 mL 1 M NH4OH followed by loading
this solution onto the AG 1X8 column. 5-7 mg
of NH4I spiked with 1-123 was added to Mo99-containing solution before loading onto the
AG 1X8 column in order to monitor the
behaviour of radioiodine contaminants. The
next steps are different for each version of
separation process.

We have to emphasise that the described
processes were carried out on laboratory scale
only. Considerable variations in Mo-99 yields
and levels of radioimpurities may be observed
in high radiation fields at production level.

1. Semenov, M.I., Blokhin, A.A. and
Taushkanov, V.P. Use of hydrated oxides of
multivalent metals for effective removal of
tungsten form molybdenum compounds
Zh.Prikl.Khimii USSR., 57(7), 1984, p. 15011506

Version 1. The AG 1X8 column is washed
with water and Mo-99 is eluted with 200 mL
of 1 M HNO3. 94% of Mo-99 is recovered
from the column during this stage (65% is
recovered in the first 40 mL of HNO3). 25% of
initial iodine amount is found as I2 in the
eluted fraction, while 75% remains fixed on
AG 1X8 column. Further purification step
requires adjusting the acid concentration of
the eluate to 0.1 M by addition 7.6 g of NaOH
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Abstract
Modes of short-lived Tc-99 production for isotopic generators by irradiation of
molyb-denum targets and from fission products of a special uranium targets are analysed
in the report. Specific activity of the Tc-99 in various irradiation modes is calculated. At
neutron flux density 1014 cm^s-1 , 100 % enrichment of a target with Mo-98, and average
chord of a target of 5 mm, the specific activity 5.5 Curie/gram is reached. This value is
quite acceptable to work isotopic generator. Thus, it is possible to produce Tc-99 from
the molybdenum target if there is the reactor with thermal spectrum and rather high
neutron flux. It is necessary to use highly enriched Mo-98 and target ensuring low
blocking for resonant neutrons. It is important that in Tc-99 production from Mo-98 in
thermal reactor, the high-active impurity is not produced. The activity of impurity can be
reduced by application of highly enriched Mo-98.
In production of Tc-99 from fission products, the specific activity varies over a
wide range with change of enrichment of an uranium targets. This permits to ensure
required total activity of Tc-99 in target by choice a weight of a target and enrichment of
uranium depending on neutron flux density. With irradiation during 6 days, the specific
activity of Tc-99 is equal to 71 kilocurie per 1 gram of all molybdenum isotopes. This is
several orders higher than in production from molybdenum target. Thus, Tc-99 from
fission products can be produced in reactor with low neutron flux, however this process
requires more complex radiochemical processing and is possible if there is radiochemical
productions.
1.Introduction.

Among short-lived radionuclides of medical-diagnostic assignment, an important
role plays Tc-99m with T1/2 = 6.02 hr and gamma-radiation with energy 140 keV
convenient for registration. The application such short-lived Tc-99m is based on
principle of the isotopic generator. A necessary requirement for normal work of the
isotopic generator is rather high concentration (or specific activity) of mother nuclide.
Otherwise the activity of a daughter radionuclide in a solution extracted from the
generator will be inadmissible low, or service life of the generator up to next recharge will
be too short.
In the isotopic generator Tc-99m a mother nuclide is Mo-99 (T1/2 = 66 hr). The
required specific activity (in account on 1 gram of all molibdenium isotopes) is several
Curi/gram.
There are two methods of Mo-99 production for isotopic generators - from
molibdenium targets and from fission products of specially irradiated uranium targets.

2.Mo-99 production from molibdenium target.

At irradiation of a molibdenium target, the specific activity Q of accumulated
Mo-99 is
(1)

where

(2)

QMAX=£ONAC/W,

A. - decay constant of Mo-99, t - time of irradiation, a- effective cross-section of
Mo-98, a - thermal cross-section, I - resonance integral, y - neutron spectrum hardness,
q - blocking factor of resonance integral of Mo-98, O - thermal neutron flux density, C relative contents of Mo-98 (enrichment), NA - Avogadro number, W - molibdenium
average atomic weight. In irradiation during 6 days, there is reached 78 % of maximum
activity.
Calculated specific activity at irradiation during 6 days with O = 1014 cm^s-1 is
given in Table 1. <t> is referred to energy 0,0253 eV. The y values are varied from 0 up to
0.2, average chord of target / determining blocking of resonance integral of Mo-98 - from
0 (completely unblocked target) up to 10 mm. A target of natural molibdenium (C =
0,2413) and 100 % Mo-98 (C = 1) is considered.
Table 1. Specific activity of Mo-99 at irradiation during 6 days in thermal reactor
with <E> = 1014 cm^s-1, Curi/gram

c,%
0.24
1.0

/,
mm
0
5
10
0
5
10

Y
0

0.41
0.41
0.41
1.7
1.7
1.7

0.025
0.96
0.76
0.70
3.9
2.6
2.5

0.05
1.5
1.1
1.0
6.1
3.6
3.2

0.1

0.2

2.6
1.8
1.6
10.6
5.5
4.8

4.8
3.2
2.7
19.5
9.3
7.9

At transition to other <I> values, the achievable specific activity is proportional to
O. The dependence from y and / is defined by quantity cr = a + y q I in (2), where o =
0.13 barns, I = 6.9 barns.
At = 1014 cnr2s-' and y = 0.1 typical for research reactors on thermal neutrons,
100% enrichment of Mo-99 and / = 5 mm, specific activity 5.5 Curi/gram is reached. That
is quite acceptable to work with the isotopic generator. It is important that at Mo-99
production from Mo-98 target in thermal reactor, there will not be formed high-active
impurity. From Mo-92 (the contents 14,84 % in natural molibdenium), the Mo-93 (T1/2 =
3500 years) is produced which decays in Nb-93m (13.6 years) and further in Nb-93.
From Mo-100 (9.63 % in natural molibdenium), the Mo-101 (14.62 mines) is produced
which decays through intermediate Tc-101 (14.2 mines) in stable Ru-101. The activity of
these impurities can be reduced by application of highly enriched Mo-98.
Highly enriched Mo-98 can be used repeatedly by irradiation of the whole
generator column [1].

3.Mo-99 production from fission products.

The dependence of Mo-99 specific activity in account on 1 gram of an uranium
target upon the time of an irradiation is given by a equation (1), therewith
MAX

+(l-K)a f8 ]<E>/W ,

=

where y = 0.0614 [2] - yield of Mo-99 in uranium fission, K - isotopic contents of U-235
(enrichment) in target, Cf - effective fission cross-sections of U-235 and U-238, W average atomic weight of uranium. It was accepted that yield of Mo-99 in fission of
U-235 and U-238 are practically the same.
In Table 2, QMAX values are given for reactor with O = 1014 cirr2s-' and thermal
spectrum (y = 0) with specific power of U-235 ps = 4,3 kW/gram; for reactor AM
Obninsk NPS with <D = 1.1- 1013 c n r V (referred to energy of neutrons 0,0253 aB),
Y = 0,l and ps = 0,5 kW/gram, and for fast-neutron reactor BR-10 with p 5 = 0,06
kW/gram, ps = 0,006 kW/gram (effective flux density 6.1 • 1014 cnr2s-' and effective
fission cross-section of U-235 1,3 barns) at different enrichment U-235 in the target.
Table 2. Maximum activity of Mo-99, Curi/gram of Uranium target
K

Reactor
1014cm-2s-'
AM
BR-10

0.9

0.5

0.2

0.1

220
25
3.1

120
14
1.9

49
5.6
0.95

24
2.8
0.64

0.05
12
1.4
0.49

0.0072
1.7
0.20
0.36

The results submitted in Table 2 show that at change of enrichment of an uranium
target, the specific activity varies over a wide range. This permits to supply required total
activity of Mo-99 in target by means of selection of target weight and enrichment of
uranium in the target depending on flux density and technological requirements (for
example from the viewpoint of convenience of heat removal).
The specific activity of Mo-99 Q in account on 1 gram of all molibdenium
isotopes at the irradiation time 1, 3 and 6 days is equal accordingly to 110, 93,
71 kiloCuri/gram. The specific activity of pure Mo-99 equals 480 kiloCuri/gram.
It is important that the specific activity Q is extremely high. It on some orders
exceedes those which is reached in a method of production from molibdenium target.
However the Mo-99 production from fission products has also difficulties connected
with necessity to have special radiochemical facility for molibdenium extraction from
fission products of uranium. It should be pointed out that required time of an irradiation
of a pure uranium target is about several days, therefore the accumulation of radioactive
fission products will be accordingly small.
4.Alpha-radioactivity of an uranium target.

The special attention should be pointed to a problem of alpha-activity
accumulated in uranium target during an irradiation which influences on radiation
conditions at chemical processing. Sources of alpha-activity are U-234, U-235, U-236, U238, and Pu-239. The U-234 is presented in initial target. Its natural contents is 0.0054 %,
however at enrichment U-235, the contents of U-234 also grows. So, at 10 % enrichment
on U-235, the contents of U-234 is 0.076 %, and at 90 % enrichment it makes about 1 %.
The nuclides U-236 and Pu-239 will be formed during irradiation. The alpha-activity of

u-v
Pu-238 which can also be accumulated at irradiation makes a small share from activity of
U-235.
As it is show by calculations [3], when the power in target is 1 kW and irradiation
time is 6 days then the activity of Mo-99 reaches 44 Curi and the alpha-activity at
different enrichment of uranium is within the range of 0.14-0.61 milliCuri at irradiation
in reactor AM and 0.59-1.18 milliCuri at irradiation in BR-10.
Thus, comparison of two methods of Mo-99 production shows that there are wide
opportunities of its production determined by specific conditions of each region.
4.Conclusion.
If there is thermal reactor with high neutron flux, then production of Mo-99 from
molibdenium target can be organized. Therewith the application of high enriched targets
is favourable of such design which would provide weak resonance blocking. This permits
to increase specific activity of Mo-99 and to increase service life of the generator.
If there is thermal reactor with low flux or fast-neutron reactor in which a shortterm irradiation of targets is possible, then it is expedient to adjust Mo-99 production
from fission products of uranium with subsequent radiochemical extraction. Highly
enriched U-235 or uranium with low enrichment can be used as target. Highly enriched
U-235 can be used repeatedly.
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Universal Methods of Irradiating Target Materials for High Current
Accelerator Radioisotope Production
NIGEL R. STEVENSON
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3
SUMMARY. The commercial production of radioisotopes for medical applications usually employs
either reactor or accelerator (cyclotron) technology. A main challenge for cyclotron operators is designing
target systems that allow for the irradiation of a variety of materials (metals, powders, foils, liquids, gases,
etc.) at high beam currents. Historically, specialized target systems have been fabricated for producing
specific isotopes. Alternatively, adaptations of existing low current target systems have allowed some
limited commercial scale isotope production but with reduced capacity and inefficient utilization of space
(beamlines) within the irradiation areas. At TRIUMF we have incrementally improved our external solid
target systems to allow up to 1 mA at 30 MeV on electroplated materials. A high current gas target and
various encapsulated targets are also used for medical radioisotope production. We have also designed
and tested a new universal target system that employs many of the advantages of our other targetry but
also allows for high current irradiation of powders, foils and low melting point materials. This system will
enable us to produce commercial scale radioisotopes that were previously difficult to make due to the
problems associated with handling unconventional target materials.
1.

INTRODUCTION

Reactors and accelerators have been used for
many decades to produce radioisotopes for
medical applications. Cyclotrons are by far the
most common accelerators used for this purpose
- especially at commercial production facilities
where reliability and efficiency are high
priorities. Modern commercial cyclotrons are
capable of producing in excess of 1 mA @ 30
MeV on a long-term basis. Over the past decade
the mode of operation of new cyclotron facilities
has changed over from positive ion to negative
ion acceleration and, correspondingly, from
internal targetry to incorporating beamlines and
external targetry. With these changes have come
several challenges in the design and performance
of medical radioisotope production targetry.
TRIUMF is Canada's national cyclotron facility
and houses the world's largest negative ion
cyclotron. Also on this site are two other
compact commercial cyclotrons which are used
primarily
for
commercial
radioisotope
production for MDS Nordion, a world-wide
supplier of radiochemicals. The CP42 cyclotron
is a 42 MeV/250 |iA single beam negative ion
cyclotron that has been running for the past 15
years. The TR30 is dual beam (2x500 jiA/30
MeV) negative ion machine installed six years

ago. Together, these facilities enable us to
routinely and reliably produce all of MDS
Nordion's requirements in North America.
2. COMMERCIAL PRODUCTION AND
RESEARCH TARGETS
The environment present at commercial facilities
for the production of radioisotopes is usually
unsuited to that required for truly innovative and
"cutting-edge" research. At TRIUMF, however,
a unique relationship exists between a federal
research laboratory (TRIUMF) and a commercial
producer of radioisotopes (MDS Nordion Inc.)
which does allow for both of these aspects. In
this partnership, the main role of TRIUMF is to
operate the commercial compact cyclotrons, the
associated targetry, and also to produce
radioisotopes on the large 520 MeV main
cyclotron.
MDS Nordion subsequently
processes and distributes the radioactive products
to customers.
TRIUMF's expertise in cyclotron and targetry
technology is constantly being applied to
improve the existing isotope production systems.
High current "solid" targetry have been designed
and built (1) to take advantage of new high beam
power cyclotrons. In these systems, the target

materials are electroplated onto a water-cooled
substrate (see Figure 1) for irradiation. Foils can
also be irradiated by attaching them to this
cooled surface.
These targetry systems
incorporate automatic remote target manipulation
and control (2), as radiation levels within
irradiation rooms are far too high for manual
operation.
The choices of materials and
techniques for the devices used during the
irradiation process reflect the need for protection
against the harsh environments that the targets
are subjected to during routine production.
Recent advances in the design of this system
incorporate radiation-hard materials (usually
metallic) in place of the conventional plastic,
rubber and other components that were
susceptible to radiation and heat damage.

Gaseous target materials are conventionally
irradiated within sealed chambers having thin
windows to allow beam entry. Figure 2 shows
the appearance of a typical commercial gas target
which may incorporate either a cylindrical or a
conical irradiation chamber. The radioisotope
that is produced is usually deposited on the walls
of the target vessel and subsequently recovered
by washing out into solution.
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Figure 2: Commercial
Radioisotope Production
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Figure 1: High Current Commercial Solid Target
The solid targets are limited in beam power to
about 500 |aA @ 30 MeV. Above this level,
electroplated target material becomes dislodged
from the silver substrate due to excessive surface
temperatures (3). By enlarging the surface area
(2) and increasing the cooling substantially
higher beam currents can be endured by this
system. In 1996 the new TR30 cyclotron system
was successfully commissioned with over 1 mA
of beam split equally onto two high current solid
targets.
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Target

for

Another conventional method of producing
radioisotopes involves the use of specialized
encapsulated targets for irradiating metals or
compacted powders. On the main 520 MeV
cyclotron at TRIUMF this method is used to
produce 82Rb/82Sr both at 70 MeV from rubidium
(4) and at 470 MeV by spallation from
molybdenum (5).
Research into new and alternative methods of
producing medical radioisotopes has resulted in
the design and construction of an encapsulated
target (6), shown in Figure 3, employing
tellurium oxide to produce radioiodines via the
(p,n) reaction at 13 MeV. This method of
production is attractive because of the resulting
high purity of the desired radioiodine and also
because of the potential to use local low energy
accelerators such as PET cyclotrons. The
enriched tellurium oxide target material is
encapsulated within a stainless steel container by
a thin nickel window. Beam striking the target
material produces various radioiodines that leak

out of the target substrate (usually the target
material is hot enough to melt) and these are
swept away during the irradiation process ("online" production) by a stream of helium gas into
an external cold trap. Alternatively, after the
irradiation is complete a heater can be employed
to melt the target material and extract the
escaping radioiodine molecules in the helium
stream ("batch" production). Development and
testing of this target system is still being
undertaken. It is anticipated that beam currents
in excess of 100 \iA should be possible.
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Figure
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The
Encapsulated Target
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actuator that thereby completes a water channel
to cool the back of the disks during irradiation.
Materials can be either encapsulated within the
body of the disk and covered by a thin window
(for irradiating powders, foils and fluids) or
simply electroplated onto the disk surface in the
conventional solid target manner. Additional
cooling can be provided by placing another thin
window in front of the target under which a
forced flow of helium gas can pass.
To
determine the performance of this system a
prototype target was constructed and tested with
beam currents of up to 200 |^A at 30 MeV.
Surface temperatures were measured and
compared with a computer simulation (8).
Results indicate that beam currents similar to
those routinely used on the individual specialized
target systems should also be possible on this
composite target system. It is planned to use this
new encapsulated target system for research into
the production of new radioisotopes while also
allowing for the routine production of
established commercial products.

Production

3. UNIVERSAL TARGET SYSTEM
As discussed above, the targets used to produce
commercial radioisotopes are varied and often
specialized for individual target materials and
products. The production and operation of so
many different target systems is difficult and
time-consuming so it clearly would be very
desirable for most (if not all) of these irradiation
methods to be incorporated into a single target
system. For this reason, a universal encapsulated
target system (see Figure 4) has been designed
and a prototype target has been tested. This
system (7) uses many components of the existing
target systems at TRIUMF since these have been
refined over the years to the point of providing
long-term reliable high beam current operation.
The transfer of targets from hot-cells to the
irradiation rooms uses the conventional
pneumatic system. The disk-shaped targets are
removed from the shuttles and placed in the
irradiation chamber by a manipulator and an

ChtHvd Votvr-

Figure 4: The Universal Encapsulated Target
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Radiopharmaceuticals in Positron Emission Tomography:
Radioisotope Production and Radiolabelling Procedures
at the Austin & Repatriation Medical Centre
H.J. TOCHON-DANGUY, J.I. SACHINIDIS, J.G. CHAN & A.M. SCOTT. Centre For PET
and Ludwig Institute for Cancer Research, Austin & Repatriation Medical Centre,
Melbourne Victoria 3084, Australia

SUMMARY. Positron Emission Tomography (PET) is an imaging technique to study physiological processes
in vivo using compounds labelled with short-lived positron-emitting radioisotopes. The Austin & Repatriation
Medical Centre (A&RMC) Centre for PET is equipped with a facility consisting of radioisotope production
(cyclotron), radiolabelling production (automated synthesis) and quality control laboratory as an integrated
unit. The Centre for PET has been in operation for six year and produces a range of radiotracers labelled with
15
O, 13N, "C and 18F for clinical and research studies in the fields of oncology, cardiology, neurology,
psychiatry and brain activation.

1.

INTRODUCTION

Positron emission tomography (PET) is a relatively
new technique for imaging the distribution of
radiolabelled Pharmaceuticals and biochemical
tracers within the body. PET offers the unique
possibility of studying metabolic and physiological
processes in living human subjects without
disturbing the system under investigation (1). The
technique uses short-lived radioisotopes to label
substances which occur naturally in the body.
One of the attractive aspects of PET is that the
radioactive tracer can be labelled with short-lived
radioisotopes of the natural elements of the
biochemical constituents of the body. For example,
natural atoms of carbon, nitrogen and oxygen are
replaced with the short-lived positron-emitting
radioisotopes carbon-11 (^=20.4 min), nitrogen-13
(tij=10 min) and oxygen-15 (t^=2 min). In addition,
fluorine-18 (V=109.6 min) can be exchanged for
hydrogen in the molecule.
This article describes the basic principles of the PET
technique and reviews the cyclotron-produced
radioisotopes and radiolabelling procedures of the
ARMC PET Centre.
2.

BASIC PRINCIPLES OF PET

In a typical PET experiment, a very small amount of
labelled compound (called radiopharmaceutical or
radiotracer) is introduced into the patient usually by
intravenous injection. During its decay process, the

radionuclide emits a positron which, after travelling
a short distance (3-5 mm), encounters an electron
from the surrounding environment.
The two
particles combine and "annihilate" each other,
resulting in the emission in opposite directions of
two gamma rays of 511 KeV each. The image
acquisition is based on the external detection, in
coincidence, of these /-rays. Therefore the
localisation of the positron-emitting radionuclides
inside the patient and the concentration of the tracer
in the tissue can be measured with the PET scanner.
The commercial PET scanner (Siemens/CTI
951/3R) installed at the Austin & Repatriation
Medical Centre in Melbourne comprises of 16 rings
of bismuth germanate (BGO) detectors, covering an
axial length of 10.8 cm with a ring aperture of 56.7
cm in diameter. The cyclotron in operation at the
PET Centre (2) is a negative ion design (Cyclone
10/5 from ION BEAM APPLICATIONS, Belgium)
which accelerates protons (FT ion) to 10 MeV and
deuterons (D' ion) to 5 MeV.
3. CYCLOTRON PRODUCED
RADIONUCLIDES
The energy of the particle and the beam current, as
well as the cross section of the nuclear reaction
itself, determine the quantity of radionuclide that
can be produced in any time period. Appropriate
amounts of the four positron emitters commonly
used in PET can be obtained with 10 MeV protons

and 5 MeV deuterons. Table 1 lists the physical
half-life and the typical production yield of these
commonly used short-lived positron emitters.
radionuclides
Oxygen-15

half-life
2.0 min

production yield
300mCi(llGBq)

Nitrogen-13

10.0 min

lOOmCi (4GBq)

Carbon-11

20.4 min

800mCi (30GBq)

Fluorine-18

109.6 min

800mCi (30GBq)

Table 1. Typical production yields for the currently
used positron emitters at the A&RMC PET Centre
Oxygen-15 is produced by deuteron bombardment
of natural nitrogen gas, as the target material,
through the 14N(d,n)15O nuclear reaction. Oxygen15 can be produced as molecular oxygen (15O2), or
directly as carbon dioxide (CI5O2) by mixing the
target gas with 5% of natural carbon dioxide as a
carrier. Carbon monoxide (C1SO) can also be easily
produced by reduction of C15O2 on activated
charcoal at 900°C.
Carbon-11 is produced by proton bombardment of
natural nitrogen-14 through the 14N(p,a)"C nuclear
reaction. A target gas mixture of a few percent
oxygen in natural nitrogen will produce radioactive
carbon dioxide (llCO2) and a few percent hydrogen
in natural nitrogen will produce methane ("CH4).
To date, one of the most commonly used methods
for "C-radiolabelling of PET radiotracers is through
methylation using uC-methyl iodide (UCH3I). The
current method of production of "CH3I is through
the reduction of "CO 2 using LiAlH4, followed by
aqueous HI reaction. This method suffers from the
major disadvantage of natural carbon dioxide
(12CO2) contamination, resulting in a much lower
specific activity of n CH 3 I than the original "CO2.
The theoretical specific activity of "CO 2 produced
could be as high as 10 Ci/pmol but could drop below
5 Ci/umol after production of the n CH 3 I (3). To
overcome this problem, an alternative gas phase
production of "CH3I from "CH4 has been recently
investigated (4).
Nitrogen-13 is produced by proton bombardment of
distilled water (1.5 mL) through the 16O(p,cc)l3N
nuclear reaction. Even with the relatively low
energy proton beam delivered by our cyclotron (10
MeV) a useful yield of 100 mCi can be achieved
with 20 minutes irradiation.
Until recently,
Nitrogen-13 was recovered from the target mainly as
nitrogen oxides (13NOX) in aqueous solution, and a
Devarda alloy was necessary to reduce the nitrite

and nitrate into the more useful chemical form
ammonia (13NH3). Today, the use of a scavenger for
oxidising radicals, such as ethanol (5 mM), has been
successfully used as to prevent in-target oxidation
and to produce ammonia directly in the target (5).
Fluorine-18 is produced by proton bombardment of
oxygen-18 enriched water (1 mL) through the
18
O(p,n)18F nuclear reaction.
Fluorine-18 is
recovered as an aqueous solution of fluoride-18
(H2O/18F'), and can be easily extracted by ion
exchange chromatography. Ionic fluoride-18 can be
transfered into an organic solvent and used for
stereospecific nucleophilic substitutions. Routinely
800 mCi of fluorine-18 can be produced in one hour
of irradiation. It is important to mention that
fluorine-18 can also be produced as a radioactive
gas through the 20Ne(d,a)18F nuclear reaction. This
method of production, which is useful for
electrophilic substitution, requires the addition into
the target of fluorine-19 gas as carrier, and is
currently seen as a less attractive method.
4.

RADIOLABELLING PROCEDURE

Several hundred relevant molecules have been
labelled world-wide with positron emitters during
the past two decades, and about 30 are presently
considered to be of major interest in clinical PET
(6).
The number of tracers produced and used on a
regular basis at the A&RMC PET Centre has
steadily increased since 1992, and currently nine
different molecules are routinely labelled for clinical
use.
Table 2 gives the list of these
tracers/radiopharmaceuticals and an example of their
clinical applications.
Radiotracers &
radiopharmaceuticals
l5
O-oxygen

Examples of biomedical
applications
oxygen metabolism

I5

blood volume

O-carbon monoxide

15

O-carbon dioxide

15

O-water

blood flow
blood flow

13

blood flow

18

glucose metabolism

18

hypoxic cell tracer

"C-SCH23390

dopamine D1 marker

"C-Flumazenil

benzodiazepine marker

N-ammonia

F-FDG
F-FMISO

Table 2. PET Radiotracers and radiopharmaceuticals
produced at the A&RMC PET Centre and example
of biomedical applications

5b15

O-oxygen, lsO-carbon monoxide, l50-carbon
dioxide and lJ N-ammonia
As previously mentioned, some PET radiotracers
can be directly produced out of the target without
further chemistry. This is the case for 15O-labelled
oxygen or carbon dioxide and for 13N-labelled
ammonia. '5O-labelled carbon monoxide can also be
easily produced by reduction of n CO 2 on activated
charcoal at 900°C.

compound) using "C-iodomethane.
— "CH,

n

CH 3 I
+

DESMETHYL
COMPOUND

COOCHXH,

15

O-water
O-labelled water can be produced on-line from the
cyclotron-produced lsO-oxygen itself (7). 15Ooxygen is mixed with hydrogen, in a stoichiometric
proportion, and passed over a palladium catalyst in
an oven at 150°C. The radioactive water vapour
diffuses across a semi-permeable membrane
(cellulose acetate) into a sterile saline solution (0.9%
NaCl). The saline solution is pumped continuously
through the system with a medical infusion pump to
generate a solution containing 15O-labelled water,
which can be infused directly into the patient.
15

18

F-FDG and 18F-FMISO
Radiotracers such as 2-Fluoro-2-Deoxy-D-Glucose
(FDG)
and
Fluoromisonidazole
(FMISO),
radiolabelled with I8F, require more sophisticated
radiochemistry procedures (8,9). Radiofluorination
of both compounds is performed using the
nucleophilic substitution reaction of aminopolyether
potassium
complex
[K/2.2.2]18F" with the
corresponding protected precursor.
CHjOH

HO
18

[K/2.2.2] F

OH
Fluoro-deoxy-glucose

PRECURSOR
NO,

OH
Fluoromisonidazole

The
trifluoromethansulfonyl
analogue
of
mannopyranose and the tosyl analogue of
misonidazole are used as the precursors for the
preparation of 18FDG and 18FMISO respectively.
This method allows for a radiochemical yield close
to 50% in a synthesis time of about 60 min from the
end of bombardment.
"C-SCH23390 and "C-Flumazenil
Both
"C-labelled drugs are prepared by the
methylation of suitable precursors (desmethyl

"C-iodomethane can be routinely prepared from
"C-carbon dioxide by reaction with lithium
aluminium hydride and subsequent addition of
hydriodic acid (10). Due to the rapid radioactive
decay of carbon-11 (fo=20 min), time is an
important
constraint
and
the
multi-step
radiosynthesis is usually performed using an
automated chemistry module (11) including High
Pressure Liquid Chromatography purification. In a
typical experiment, approximately 50 mCi (2 GBq)
of purified "C-radiopharmaceutical is prepared
(decay corrected yield 26%) with a specific activity
close to 0.5 Ci/umoles at the end of synthesis (12).
5.

QUALITY CONTROL

Each radiolabelling procedure was validated by
testing batches of production for sterility, presence
of endotoxins, heavy metal contamination, pH,
chemical purity, radiochemical purity, radionuclide
identification and radionuclidic purity prior to
human use. Initial validation and continual quality
assurance is vital, as the main body of the labelling
system is not disposable and cannot be dismantled
easily for routine sterilisation of components (14).
In addition, prior to human studies quality control of
each batch of PET radiopharmaceuticals produced is
performed. This consists of daily testing for pH,
radiochemical
purity
using
thin
layer
chromatography (TLC), high performance liquid
chromatography (HPLC), gas chromatography (GC)
and radionuclide identification. The present system
has been in operation for over six years and has
proved to be a safe and efficacious method for
delivery of PET radiopharmaceuticals.
6.

CONCLUSIONS

The main applications of PET to date, have been for
studies of the human brain (15-19) and heart
(20,21). More recently applications in oncology
have shown very promising results (22-24).
The interest in PET is now well established in
medical research. The strength of PET lies in its
ability to provide quantitative functional information

about physiology in vivo. The proven ability of PET
to image and quantify physiological and chemical
processes provides clinicians with a unique means of
guiding diagnosis and treatment. The role for PET
will continue to be expanded as more chemically
specific tracers are developed for probing normal
and abnormal biological function.
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Advances in the Production of Isotopes and Radiopharmaceuticals at the
Atomic Energy Corporation of South Africa
PA LOUW, WvZ DE VILLIERS, NV JARVIS
Atomic Energy Corporation of South Africa Ltd
P O Box 582, Pretoria, 0001, Republic of South Africa
SUMMARY. Utilisation of the SAFARI-1 research reactor focussed on the production of isotopes over
the past five years as part of the AEC's commercialisation programme. The technologies required for the
production of a variety of isotopes have been developed, and a proven capability to produce significant
amounts of fission product "Mo is considered to be the most significant achievement of this period. This
capability is backed by a very flexible reactor operating schedule, local supply of fuel and target plates for
"Mo production, modern hot cell facilities, an impressive support infrastructure at the AEC and quality
assurance systems compatible with ISO 9000. The AEC can therefore make a positive contribution to the
international isotope production technology.
1. INTRODUCTION
The Atomic Energy Corporation of South Africa
Ltd. (AEC) owns and operates the 20 MW
research reactor, SAFARI-1. Support infrastructure at the AEC include a manufacturing plant for
MTRtype fuel, control elements and target plates
for "Mo production, modern hot cell facilities, a
waste handling department, dry storage facility for
spent fuel and a radioactive waste repository (1).
A reactor theory division also lends valuable
support through locally developed state of the art
calculation^ software (2).
Utilisation of the reactor has in recent years
changed from research and materials testing to the
provision of irradiation services and the production of isotopes (1, 3). These range from the
activation of gold and iridium wires for LDR
brachytherapy, to isotopes which require sophisticated post irradiation processing, such as fission
product "Mo.
The most important breakthrough achieved in
recent years is the production of high quality
fission "Mo, which has been done routinely since
April 1993 and supplied to clients across the

world. A capability for the reliable production of
1000 Ci of "Mo per week has been proven.
Facilities for the production of other isotopes
such as 131I (from fission), 32P and 35S are at
various stages of completion.
Extensive
analytical methods have been developed and are
routinely used to certify the quality of produced
isotopes.
All AEC facilities, including the reactor and
associated isotope production facilities, are
licensed by the Council for Nuclear Safety, the
South African nuclear regulatory body.
Furthermore, all nuclear material is under IAEA
safeguards. Quality assurance procedures based
on ISO 9000 were developed for all aspects of the
production of the various isotopes.
2.

SAFARI-1

SAFARI-1 is a tank-in-pool type light water
reactor of Oak Ridge design, with a 9 x 8 core
matrix which currently contains 28 MTR type
fuel elements and six control elements. The
remaining lattice positions are either aluminium
or beryllium reflector elements. The locally

produced fuel elements consist of 19 flat plates
constructed from uranium-aluminium alloy
(90 wt% enriched in 235U) clad with aluminium.
A schematic representation of the core layout can
be seen in Figure 1.
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The irradiation facilities at SAFARI-1 may be
divided into the following broad categories:
•
•
•
•
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In-core irradiation positions
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The reactor poolside has the advantage that bulk
samples can be irradiated in relatively high
neutron fluxes without penetrating the reactor
core and therefore at a reduced risk to the safety
of the reactor. This facility is used for the
neutron transmutation doping of silicon crystals
and the colouration of topaz.
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Figure 1: Schematic of SAFARI-1's current
core configuration.
A seven-week operational cycle, which includes
one shutdown week, is followed. The operating
power is mostly dictated by commercial
requirements (3). Depending on the power levels,
one or more mid-cycle fuel reloads may be
required. The operating history of SAFARI-1
since commissioning is represented in Figure 2.

In-core irradiation positions have neutron fluxes
of up to 2 x 1014 n.cnrls- 1 at 20 MW and are
primarily used for isotope production. Six positions are fitted with thimble tubes to allow sample
retrieval while the reactor is on power. Five of
these positions (C3, E3, G3, D8 and F8) are
dedicated for the irradiation of uranium target
plates for the production of fission product "Mo.
The average neutron flux for these five positions
is 1.5 x 1014 nxnvls- 1 at 20 MW.
The sixth thimble position (B8) is used for the
production of isotopes with relatively short half
lives, while the irradiation positions without
thimble tubes (which can only be accessed when
the reactor is shut down) are used for the
production of isotopes with longer half lives.
The hydraulic facility also allows access to high
flux positions while the reactor is on power.
Gram quantities of target material can be
irradiated for periods up to several weeks, with
accurately controlled irradiation times.

35000

1/65 1/67 1/69 1/71 1/73 WS 1/77 1/79 1/81 1/83 1/S5 1/871/89 1/S11/S3 WS 1/97
Quarter

Figure 2: Quarterly Power History

The pneumatic facilities are mainly used for
neutron activation analyses which involve shorter
irradiations in lower flux regions, on smaller
samples.

3. NTD SILICON
A facility for the neutron transmutation doping
(NTD) of silicon single crystals (SILIRAD) was
installed in the poolside of SAFARI-1 and
commissioning started in the last quarter of 1992.
This facility was designed for 103 mm diameter
ingots and a few tons of these ingots have been
irradiated successfully (4).

applications (5,6,7). These sources are, however,
scarce and the possibility of producing them
locally is being investigated.
The isotopes produced in SAFARI-1, routinely or
ad hoc (as a service to a client or to support
development work) are summarised in Table 1.
Table 1: Isotopes Produced in SAFARI-1

The SILIRAD was recently upgraded to accommodate 150 mm diameter ingots. The capacity of
the facility was simultaneously increased by
installing a double feed-through system, capable
of accommodating ingot lengths of up to 600 mm.

Routine
t31

_

Ba

Ad hoc
140

La

35g

Approximately two tonnes of silicon have already
been irradiated on the upgraded facility. The
feedback obtained from clients indicate that radial
resistivity profiles are less than 2%, axial profiles
less than 5% and target resistivities within 3%.
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4. ISOTOPE PRODUCTION
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Isotope production at the AEC can be divided into
three broad categories:
• Irradiations with little or no post irradiation
processing
(198Au, 192Ir, 140La)
• Isotopes requiring fairly straight forward post
irradiation processing
(35S, 32P, 125I)
• Complex post irradiation processing
(Fission "Mo and 131I)
Technologies to produce a number of isotopes for
the commercial market are currently being
developed. These include 32P and 33P by irradiation
of sulphur targets, 35S from KC1 targets, 125I from
I24
Xe, 90Y from 90Sr and 153Gd from Eu targets.
The recovery of 131I from the fission "Mo process
has also been developed and will be industrialised
in the near future.
The use of alpha-emitting in vivo isotope
generators such as 212Pb/212Bi is becoming more
important in therapeutic nuclear medicine

4. FISSION PRODUCT "Mo
4.1

Irradiation of Target Plates

The five in-core irradiation positions dedicated to
the irradiation of uranium target plates are
equipped with thimble tubes which allow the
insertion and retrieval of target plates with the
reactor on power. The target plates are locally
manufactured from a highly enriched uraniumaluminium alloy, clad with aluminium.
A maximum of seven target plates can be placed
in an aluminium target plate holder and,
depending on the order, irradiated for up to 200
hours. Each thimble tube is fitted with a self
powered neutron detector. The data accumulated
on the reactor's PC-based data logging system
during irradiation can be accessed from the
SAFARI-1 PC network. A comprehensive
database of all irradiations, together with the

yields obtained after processing at the Hot Cell
Complex (HCC), is kept to continuously improve
the planning accuracy.
4.2

to levels where they can be transferred to the
AEC's Nuclear Waste Management (NWM)
Department (by underground pipeline) for further
treatment.

Processing

Irradiated target plates are dissolved in
concentrated sodium hydroxide. Nuclides of only
a few elements are dissolved with molybdenum
while the non-fissioned uranium is left as a solid
residue for recovery at a later stage. The
purification process has been designed to
specifically ensure proper decontamination of
"Mo, while at the same time giving good product
recovery.
Purification of "Mo is carried out by means of
two anion exchange resins and one chelating resin,
all commercially available. The ammonium
hydroxide eluate of the third column is filtered,
evaporated to dryness, and redissolved in 0.2 M
NaOH to convert the product into sodium
molybdate. Sodium hypochlorite is sometimes
added at this stage to ensure that the molybdenum
is maintained in the molybdate form.
Dissolution of the irradiated target plates,
separation and purification of "Mo, followed by
quantification, dispensing and packaging of the
final product, take place in five adjoining lead
shielded hot cells.
Noble and other fission gases which are released
during plate dissolution are adsorbed onto
activated carbon in stainless steel columns.
Complete backup capacity for all filtration
systems is available.
Monitoring systems for noble gases, iodine, a and
p/y-emitters as well as hydrogen are distributed
throughout the ventilation system for process
control measures as well as the quantification of
releases to the environment.
Alkaline liquid waste is accumulated in shielded
stainless steel tanks and then immobilised in a
cement-vermiculite mixture. Other acidic liquid
waste solutions are accumulated and left to decay

Consumable solid materials used in the hot cell
processes are contaminated with low levels of
short-lived isotopes only. These materials are left
to decay in hot cells or elsewhere in the facility to
radiation levels where it can also be transferred to
NWM for processing (8).
4.3 Production history
Fission "Mo has been produced routinely since
April 1993 and supplied to a steadily growing
number of clients across the world. The
capability for the reliable production of 1000 Ci
of "Mo per week, calibrated for six days after
production, has been proven.
4.4 Drug Master Files
Drug Master Files for the AEC's fission "Mo
have been submitted to and accepted by the
pharmaceutical regulatory authorities in 22
European countries, Australia and Canada. A
DMF, inter alia outlining the AEC's adherence to
Good Manufacturing Practice, has also been
submitted to the Food and Drug Administration in
the USA.
5. RADIOPHARMACEUTICALS
5.1 Diagnostic
The AEC has been producing its own 99mTc
generators together with a host of radiopharmaceutical kits for diagnostic nuclear medicine
purposes for 25 years. Research into new diagnostic radiopharmaceuticals is ongoing and
currently focussed on cancer imaging.
New bifunctional chelating agents selective for Tc
and Re are being developed. A feature of the
design of these ligands is that they may be linked
to biologically active molecules such as peptides.

5.2 Therapeutic
The production of 153Sm and 131I (tellurium oxide
route) has been operational for many years.
Applications include 153Srn-EDTMP for bone
cancer pain palliation, 131I-Lipiodol for liver
cancer and 131I capsules for thyroid treatment. To
date, more than four hundred patients have
participated in clinical trials involving 153SmEDTMP (9-12). This has resulted in the AEC
being granted a licence to market this drug known
as Quadramet™. Much work has also gone into
the understanding of the in vivo behaviour of
lanthanide-containing bone-seeking radiopharmaceuticals (13-15).
The AEC also supports research into '^Recontaining therapeutic agents at South African
universities by supplying the isotope. Research
into the use of m R e is also being carried out in
conjunction with the Biomedical Research Centre
in Pretoria.
Southern Africa, along with regions in South-East
Asia, is a liver cancer "hot-spot". Rural
populations are usually effected and prognosis is
generally poor. Planning is under way to set up a
multidisciplinary team to perform trials with the
therapeutic radiopharmaceutical, 131I-Lipiodol.
6. REGULATORY REQUIREMENTS
6.1

Council for Nuclear Safety

The safety of the reactor and personnel (at
SAFARI-1 and the HCC) is carefully monitored
by the local Council for Nuclear Safety (CNS).
The Council's involvement spans normal operation
of the reactor, production activities, routine
maintenance and the licensing of new projects and
facilities. A representative of the CNS visits
facilities at the AEC at least weekly.
Safety analysis reports are submitted to the CNS
before new facilities in the reactor or HCC are
commissioned. These reports are substantiated
with extensive risk assessments which include
fault tree analyses according to international

standards. The safety reports also address maintenance of the facilities, work instructions for
operation of the facilities and personnel training.
6.2

IAEA

SAFARI-1 has been under IAEA safeguards
since its commissioning in 1965. The AEC
furthermore signed the nuclear nonproliferation
treaty in 1991 and as such all its facilities and
material are currently under IAEA safeguards.
This also involves monthly inspections from the
Agency, when a full audit of all material is
performed, including fresh and spent fuel from
SAFARI-1, target plates and waste.
Favourable reports have been received from the
IAEA, indicating an acceptable state of the AEC's
nuclear material and the systems to control it.
7. QUALITY ASSURANCE
Quality Management Systems (QMS) form an
integral part of most operations at the AEC. The
fuel manufacturing facility received ISO 9002
accreditatioa The QMS at SAFARI-1 adheres to
ASME NQA-1, but the system is currently being
upgraded to adhere to ISO 9001. Accreditation
will be requested towards the second half of
1998. The QMS for "Mo production at the HCC
is being updated to conform to ISO 9002
requirements but accreditation has not yet been
requested. The laboratory where the certification
of product purity is performed, operates under
ISO Guide 25.
8. ENVIRONMENT
The AEC's environmental management
programme is aimed at adherence to the
ISO 14000 system, which will be incorporated
with the ISO 9000 system. The Corporation
supports the principles of the Charter for
Sustainable Business Development of the
International Chamber of Commerce.

7. CONCLUSION
The Atomic Energy Corporation of South Africa
has the unique capability to independently produce
isotopes such as (most importantly) "Mo in a
reliable high power research reactor with a proven
safety record, operating on locally produced fuel.
The reactor is supported by extensive local
capabilities and infrastructure which include a
modern hot cell complex and nuclear waste
treatment facilities. The AEC can therefore
contribute significantly to international isotope
production technology.
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SUMMARY. The development of HSA radionuclides production technologies is one of the
directions of SSC RIAR activity, and the high flux research reactor SM, having neutron flux density up
to 2.1015 cm"V in a wide range of neutron spectra hardness, plays the principal role in this
development. Using of high-flux reactor for radionuclide production provides the following advantages:
• production of radionuclides with extremly high specific activity,
• decreasing of impurities content in iradiated targets (both, radioactive and non-radioactive),
• cost-effective using of expensive isotopically enriched target materials.
The production technologies of 33P, 153Gd, 188W, 63Ni, 55'59Fe, ll3-1I7l*ll9m Sn, 89Sr, applied in industry,
nuclear medicine, research, etc., were developed by RIAR during last 5-10 years. The research work
includes the development of calculation procedures for radionuclide reactor accumulation forecast,
experimental measuring of neutron cross-sections, the development of irradiated materials reprocessing,
isolation and purification of radionuclides. The principal results are reviewed in the report
1. INTRODUCTION
One of the important characteristics of
radionuclide preparations is their specific
activity (SA) i.e. the amount of radionuclide
per volume or mass unit of a preparation. An
increase of specific activity allows for the
implementation of the following advantages:
1. Decrease of the amount of
starting material used for production of
activity unit that is important for the
usage of isotope-enriched (i.e. very
expensive) materials.
2. Decrease of the relative amount
of radionuclide impurities.
3. Decrease of the dimensions of a
source that is important for the
production of ionization sources
applied for medicine and radiation
flaw-detection.
4. Reduction of self-absorption of
«useful» radiation in the source
material that is essential for p-particles
and low-energy gamma-radiation.

5.New fields of application of
radionuclides, particularly in medicine.
There are also other advantages of highspecific activity preparations that should be
indicated.
A natural way of production of high-specific
activity preparations is accumulation of
«carrier-free» radionuclides using accelerators.
This method allows for the production of
radionuclides with the specific activity close to
the theoretical value. At the same time this
method is characterized by a relatively low
productivity (usually, up to several Ci). An
essentially higher productivity can be achieved
through the production of radionuclides using
neutron irradiation in nuclear reactors. In this
case high-flux research reactors play the main
role. However, in this case an increase of
specific activity requires investigation of
parameters of the accumulation process for this
or that radionuclide taking account of the
increase of the rate of all nuclear reactions
including buraup rate of the useful radionuclide
as well as the formation rate of impurity
radionuclides. In other words, the development

cf\
methods
for
accumulation
of
useful
radionuclides with the required properties in
high-flux nuclear reactors is a complicated
optimization task. The given paper presents the
main investigation results on the possibility to
produce high-specific activity preparations
using the SM-high-flux research reactor.

radionuclides with the neutron spectrometer
(Belanova et al (2)) and specially prepared
specimens. The neutron spectrometer was
installed in the horizontal channel of the SMreactor and the «time-of-flight» method was
implemented. The advantages of the method
were supplemented by:

2. BRiEF DISCRIPTION OF THE SMREACTOR

• possibility of accumulation of
specimens with the required
characteristics by the irradiation of
special targets in the SM reactor;
• availability
of
necessary
radiochemical technologies for the
production of specimens;
• combination of other methods, e.g.
such as radiometry and massspectrometry, used for the analysis
of specimens.

The SM-high-flux research reactor (Klinov et al
(1)) is intended for accumulation of TUE and
radioactive isotopes of lighter elements, for
irradiation of specimens of reactor materials to
study their properties under irradiation and for
investigations in the field of nuclear physics.
The reactor design implements a concept of
production of high density of thermal neutron
flux in a moderating trap with a hard neutron
spectrum situated in the center of the core.
The reactor core is located in a steel vessel
having a diameter of 1.46m and a height of
7.33m. The vessel is designed for an operating
pressure of 5MPa. Uranium dioxide of 90% enrichment dispersed in the copper matrix is
used as fuel.

Using a neutron spectrometer, the total crosssections of more than 70 stable and radioactive
nuclides were measured that made it possible to
optimize the conditions of their production.
Fig. 1 gives an example of calculations of m S n
yield with or without consideration (radioactive
decay only) of burnup in the course of
irradiation (Toporov et al (3)).

The reactor is equipped with a wide range of
experimental facilities. In addition to 27 cells in
the neutron trap, there are 30 vertical channels
located at a different distance from the core in
the beryllium reflector.
3.
SPECIFIC
FEATURES
OF
RADIONUCLIDE PRODUCTION IN A
HIGH-FLUX REACTOR
3.1
BURNUP
RADIONUCLIDE

OF

A

USEFUL

On irradiation in a high-flux reactor the burnup
rate of a radionuclide, due to its interaction with
neutrons, can appear comparable with that of
its radioactive decay. A possibility to consider
this effect correctly through calculations is
determined by the availability of neutron crosssections of radionuclides. At SSC RIAR this
problem was solved experimentally by
measuring total neutron cross-sections of
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Fig.l Specific activity " 3 Sn vs irradiation time.
1- without consideration of U3Sn "burn-up", 2with consideration of m S n "bum-up"

to
The presented data illustrate the real burnup
range of a useful radionuclide in the high-flux
reactor.
3.2 SENSITIVITY
SPECTRUM

TO A

NEUTRON

The accumulation of some radionuclides with
high values of resonance integrals is very
sensitive not only to the amplitude of the
neutron flux density but to the neutron
spectrum as well. Let us remind the neutron
constants of nuclides involved into the 252Cf
accumulation chain.
The resonance integrals of the «key»-nuclides,
246
Cm and M Cm, are approximately two orders
of magnitude higher than their thermal crosssections, while «intermediate» M9Bk and
"useful" 252Cf have approximately equal crosssection values in the thermal and resonance
range of neutron energies (Anufriev et al (4)).
This determines the following:
• decrease of the thermal neutron flux
density at a constant resonance
neutron flux density (i.e. increase of
the neutron spectrum hardness) can
maintain the accumulation rate of
252
Cf and reduce the rate of its loss;
• increase of the resonance neutron
flux density is more efficient than
that of thermal neutrons;
• certain effects can be achieved by
changing the neutron spectrum in
the process of irradiation.
In 1992 during the last reconstruction of the
SM-high-flux reactor the neutron trap design
was changed so that the epithermal neutron flux
density increased by about 15%. In order to test
experimentally the effect of this change on ^ C f
yield, two similar targets with heavy curium
isotopes were irradiated. One of these target
was irradiated before the reconstruction and the
other - after the reconstruction. Fig. 2 shows
calculation and experimental data on 252Cf yield
(Klinov et al (5)). One can see that «hardening»
of neutron spectrum led to a marked increase in
californium yield per 1 g of starting materials.
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Fig.2 Comparison of 252Cf yield during the
heavy curium irradiation on neutron trap
SM reactor. 1-after neutron trap reconstruction,
2-before reconstruction, I -experiment
3.3 SENSITIVITY TO THE REACTOR
OPERATING CONDITIONS
As a rule the duration of the reactor operation
campaign is determined by its physical features,
in the first place, by the fuel burnup rate, hi a
high-flux reactor the power density in fuel is
high (for SM in average - 2 MW/1) that limits
the campaign duration. Thus, the SM operation
duration till the next loading is about 10 days
followed by a break for 1.5-2.0 days for fuel
reloading. Such operating conditions influence
the accumulation of radionuclides with a short
half-life or those which have precursors with a
short half-life. Fig. 3 gives an example of this
influence presenting a dependence of 188W
(which is formed from 186W through
intermediate 187W (Tl/2=2.37 h)) specific
activity taking account of the real operation
schedule of the reactor (Toporov et al (6))
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Fig,3 Specific activity 188W vs irradiation time
during real reactor schedule.

These examples illustrate the specific features
of the radionuclide accumulation in high-flux
reactors and prove the necessity of scientific
support of practical work. At SSC RIAR such
scientific support is provided with a special
software complex, by the possibility to perform
mock-up experiments and by qualified and
experienced personnel. 30-year experience of
radionuclide production made it possible for us
to supply radionuclide products to 5 continents,
the quality of these products compares well
with that of the developed countries. A brief
overview of the production methods of some of
the products you will find below.

production of low-energy photon-radiation
sources applied for bone-densitometers,
densitometers, etc. At present at RIAR the work
is being performed on the development of linear
sources with an activity from 50mCi to ICi
with an active part length up to 350-500mm
and a diameter of 2-6mm.

33

At SSC RIAR WO 3 of no less than 98.5%
enrichment 186W is used as starting material.
Post-irradiation
reprocessing
includes
dissolution of wolfram oxide in sodium
hydroxide
solution,
cation-exchange
purification of wolfram from impurities (if
necessary) and production of wolfram oxide or
sodium wolframate solution in sodium
hydroxide. Specific activity is not less than
5Ci/g.

P. SSC RIAR uses a «traditional» technology
for the production of this radionuclide,
including the irradiation of 33S in the reactor,
separation of 33S from the target material by
vacuum distillation, phosphorus transfer into
solution followed by its
ion-exchange
purification from impurities. The specific
feature of the RIAR technology is the use of the
«hard» neutron spectrum of the SM-high-flux
reactor core that increases the 33P yield up to 78 Cl/gS and improves essentially the quality of
the preparation due to the reduction of the
amount of impurities.
33

P-orthophosphoric carrier-free acid has a
molar activity of 4200-5000 Ci/mmole
(theoretical value - 5200 Ci/mmole),
polyphosphate activity contribution is less than
0.1-0.2% and total impurity concentration is
less than 0.02g/l.
153

Gd. (Tarasov et al (7)) Natural europium is
used as starting material for production of
153
Gd. The calculated and experimental data
presented indicate to a possibility to optimize
the irradiation conditions of europium target so
that on completion of irradiation 153Gd under
production has specific activity not less than
120-150 Ci/g (up to 100 Ci/g on completion of
its reprocessing) and its yield is 6-7 Ci/g of
europium.The production procedure is based on
the europium cementation with sodium
amalgam followed by the extractionchromatography of 153Gd from impurities..
The preparation can be delivered to a customer
as oxide (in the form of pellets as well) or
chloride. An essential part is used for the

I88

W. The production of I88W with a required
specific activity value is possible only using a
high-flux reactor while this radionuclide is
formed from enriched 186W through a double
neutron capture through the reaction 186W(n,y
)I87W(n, y) 188W.

199m

Sn. We have developed an unconventional
technology of the post-irradiation processing of
irradiated tin based on recovering of tin up to a
metal state with metal aluminium from citrate
solutions. It was shown, that in this case a
satisfactory purification is achieved from a
large group of impurities including antimony
radionuclides. For a deeper purification from
antimony radionuclides an anion-exchange in
the Dowex-1 - HC1 system can be used. 119mSn
specific activity is 0.5-1.0 Ci/g, radionuclide
impurities content is less than 1%.
The developed technology is characterized by a
simple remote operation. It can be used for the
production of other tin radionuclides, e.g. 113Sn
and ll7mSn.
51

Cr. Metal chromium, enriched in 50Cr nuclide
up to 90%, is used for the production of this
radionuclide. The irradiation in the high-flux
reactor during one campaign allows for the
production of a preparation with a specific
activity of metal of 1000-2000 Ci/g. The
specific feature of the production process of
5I
Cr preparations (5ICrCl3 or Na251CrO4) is that

in the course of irradiation an essential part of
metal transforms into a hard-dissoluble form
(probably, chromium nitride) and, therefore,
dissolution of the irradiated material is
performed in concentrated chlorohydric acid
with phosphoric acid additions. The next
purification of chromium (in the form of
chromate-ions)
from
phosphate-ions
is
conducted by the anion-exchange method. The
radionuclide purity of 5ICr preparations under
production is higher than 99.99%, content of
non-radioactive impurities in the preparation
solution corresponds to the usual level of
impurities in highly-pure acids of the analytical
grade.
5S

Fe, 54Mn (Filimonov et al (8)) In order to
produce these radionuclides, highly-enriched
54
Fe is used as starting material. 55Fe specific
activity is not less than 60Ci/g after irradiation
in the SM-reactor trap during 200 days of its
efficient operation. Simultaneously, a marked
amount of carrier-free MMn (0.8-lCi/g of iron)
is formed through (n,p) reaction. The
reprocessing of irradiated targets, after their
dissolution in 4-6 mole/1 chlorohydric acid,
includes a selective separation of 55Fe from
impurities (MN, Cr and Co) by the extractionchromatography method in «three-n-butyl
phosphate-HCl» or «three-n-octylamin-HCl»
systems or by co-precipitation of manganese
with
iron-hydroxide
(after
chromium

stabilization in 6-valent state) followed by the
separation of 55Fe, ^Co and ^Fe using the
extraction-chromatography method.
"Ni. The production of this radionuclide with
practically
acceptable
specific
activity
(>10Ci/g) is possible only using highly-enriched
62
Ni as starting material, the irradiation
duration being not less than 200-250 efficient
operation days in the position with the highest
thermal neutron flux density (>1. lO^cm'V1).
The radiochemical reprocessing of an irradiated
target involves 63Ni purification
from
radionuclides of 59Fe and ^Co by the
extraction-chromatography
method
and
purification from 5ICr impurity by the
electrochemical precipitation method.
OTHER RADIONUCLIDES WITH HIGH
SPECIFIC ACTIVITY. In addition to the
above- mentioned radionuclides, SCC WAR
can produce other radionuclide preparations
and sources with the required high specific
activity that is possible only using high-flux
reactors.
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SUMMARY: A monitoring programme for the North West New Territories (NWNT) sewage outfall
in Hong Kong was completed in 1996. This included three surveys measuring effluent behaviour and
oceanographic conditions near the outfall. Radioisotopes gold-198 and tritium were used to trace the
effluent discharging from the outfall during a wet and dry season survey. The effluent was also
simultaneously tagged with Rhodamine WT dye which was detected with fluorometers. The gold-198
was generally traced with sensors sitting 1-2 m above and/or below the fluorometers, while the tritium
was measured in sea water samples using liquid scintillation. In this paper, the radioisotope and dye
measurement techniques are described. These techniques were progressively refined over the surveys
and a reliable equipment arrangement and sampling procedure was established. Estimates of effluent
dilutions and trap levels based on the measured tracer concentrations are also compared to the
predictions of a near-field numerical model JETLAG. It is found that the measured and modelled
values are comparable, verifying JETLAG for prediction of future outfall performance. The tracing
exercises were also useful in determining which outfall ports were blocked either through fouling or
sediment burial and provided other benefits.
1.

INTRODUCTION

The North West New Territories (NWNT)
outfall in Hong Kong consists of a 2.6km long
submarine pipeline into the Urmston Road tidal
channel (Figure 1). The last 600m of the
pipeline contains 30 diffuser heads at 20m
spacings, with sewage discharged at a depth of
about 20-25 m. Each diffuser riser has two
operating ports fitted with Tide-Flex (duckbill)
check valves discharging horizontally in
opposite directions.
In the dry season, the Urmston Road channel
site is dominated by tidal currents which run
approximately normal to the outfall and
southward flowing oceanic currents. In the wet
season, the oceanography of the region is
dominated by the substantial discharge of the
Pearl River in China to the north of the outfall.

To assess the effects of the NWNT outfall on
the environment, a post-commissioning
environmental monitoring program was carried
out in 1995 and 1996. As part of this the
outfall performance was measured by tracing
radioactive isotopes and fluorescent dye injected
into the sewage upstream of the outfall and
discharged through the diffusers into the
receiving water.
In the near-field, effluent rises as a buoyant
jet/plume until it reaches the water surface, or if
there is sufficient density stratification (caused
by temperature or salinity gradients), a trap
level below the surface. Once surfaced or
trapped, the effluent is advected by the ambient
currents; this zone of effluent behaviour is
termed the far-field region.
In this paper, the measured near-field
behaviour of effluent discharged from the

NWNT outfall during the three surveys is
compared to the results of the near-field model
JETLAG. The work described was undertaken
by staff of Unisearch Water Research
Laboratory, supported by Montgomery Watson
(the principal consultant) and the University of
Hong Kong.
The end client was the
Environmental Protection Department of Hong
Kong. Survey work and radioactive tracing
were undertaken by Electronic and Geophysical
Services and the Australian Nuclear Science
and Technology Organisation (ANSTO)
respectively. The contributions to the tracing
by Alan Davison, Thomas Kluss and Phillip
Thornton of ANSTO are acknowledged.

oceanographic conditions near the outfall, such
as currents, using Acoustic Doppler Current
Profiler's (ADCP's), and receiving water
stratification (temperatures and salinities), with
Conductivity-Temperature-Depth
(CTD)
meters;
estimation of the dispersion and
dilution of effluent by tracing dye (20%
Rhodamine WT solution) and two radioactive
isotopes (Gold-198 and Tritium) injected into
the
effluent
(often
simultaneously);
determination of the number of ports open on
the diffuser, through the effluent tracing
described and also diver inspection, acoustic
backscatter measurements and investigation of
the bathymetry around the outfall using echo
sounders, side scan sonars and/or a swath
bathymetry
system;
water
quality
measurements, including suspended solids,
biochemical oxygen demand, dissolved oxygen,
E. coli and NH 3 ;
and water level
measurements.
Gold-198 has been used successfully by
ANSTO on many investigations since 1977 to
measure effluent dispersion from cliff base and
deep water outfalls.
For the NWNT
experiments, a total of 400GBq of gold-198
was injected on each day of each survey, with y
energy of 420keV and a half-life 2.7 days. The
gold-198 was generally traced in real time
using submersible detectors. These detectors
were standard 50mm x 50mm sodium iodide
(Nal) detectors mounted in aluminium housing
and connected with a 50m waterproof cable to
a Minekin model 9001 ratemeter. The detectors
had a sensitivity factor of 0.58 counts s^
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4Figure 1: The NWNT Outfall, Urmston
Road, Hong Kong (Hong Kong Metric Grid
coordinates)
2.

Tritium is the most conservative of all tracers
for water (or effluent) since it is of identical
molecular structure. It is commonly used in
studies of lake and reservoir dynamics, leakage
from dams and subsurface aquifer flow studies.
The tritium (as tritiated water, HTO), had p
energy of 18keV and a half-life of 12.3 years,
with a total of 800 GBq activity injected on each
day of each survey. Due to its low energy p
ray, the tritium could not be detected in the
ocean using submersible detectors. Instead,
samples of sea water were taken and the tritium
was measured in the laboratory using low level
liquid scintillation techniques. The purpose of
the tritium injection was to provide an

TRACER EXPERIMENTS

Three surveys, namely the reconnaissance
(March 1995), wet season (July/August 1996)
and dry season (January/February 1996)
process surveys, were undertaken as part of the
post-commissioning environmental monitoring
program for the NWNT outfall.
In the surveys, tasks included measurement of
effluent
properties
such as
flowrate,
temperature and salinity;
assessment of

Z

lob
independent measure of dilution, and also to
correlate with water chemistry measurements
which were undertaken on the samples.
3.

isotope detector

EQUIPMENT ARRANGEMENT

Two boats were utilised in tracing the injected
radioisotopes and dye in the receiving waters.
The first boat used an isotope detector moving
up and down through the water column in a
saw-tooth pattern between the surface and sea
bed in order to establish the depth and vertical
extent of the plume (Figure 2). This was
denoted as the towed vertical profiler system
and was controlled by a pulley mechanism
mounted on a float.

(sotoiK" detector

depressor

weight

Figure 3: Arrangement of sensors for
determining horizontal extent of plume

Figure 2: Establishment of the depth of the
plume using a towed vertical profiler system
The second boat had isotope sensors sitting
above and below a fluorometer sensor (1.7m
between the top and bottom isotope probes),
towed behind the boat on a line attached to a
hydrodynamic depressor (downrigger). The
arrangement is shown in Figure 3.
The depth of the sensors on this boat was
controlled by the helmsman. The sensors were
flown at the depth of the plume as determined
from the first boat in order to determine the
horizontal plan extent of the plume. Currents
were also collected using an ADCP mounted on
the second boat. It was the tracer concentration
data that was collected from this boat that was
used in the calculation of effluent dilutions.

The boats generally travelled along paths
(transects) parallel to and downstream of the
outfall, with dye and isotope concentrations and
currents measured along the path. The timing
of tracer injection was generally such that the
tracers would be released on flood or ebb tides.
Typical dye and isotope traces are shown in
Figure 4. The depth of the detectors is also
shown. The correspondence between the dye
and isotope traces is evident.
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Figure 4: Example of dye and isotope traces
Dye and isotope concentrations were converted
to dilutions by dividing the initial concentration
of tracer at injection into the measured
concentration of tracer in the receiving water,
with the background concentrations of dye and

1*1
isotope in the natural environment (prior to the
injection of tracers) subtracted from the latter.
For the isotope, allowances were also made for
the decay in activity from the time of injection
to the time of monitoring.
4.

RELATIVE MERITS OF TRACERS

The fluorometer performed well in the nearfield during all surveys.
However, the
Aquatracka fluorometer used measured the
fluorescence in a small area (lcm 3 ) around the
detector head so the dye trace was more
difficult to detect in the far-field when the
plume was fragmented.
Conversely, the isotope detectors measured the
gold-198 activity in a volume of water of about
1 m3 (6 orders of magnitude larger than the
fluorometers), and the isotopes also had lower
background concentrations in the natural
environment, so at greater distances from
outfall the interpretation of isotope results was
more reliable.
It was found that the average dye
concentrations were generally equivalent to the
peak gold-198 isotope count rates, with these
both representative of average dilutions.
Minimum dilutions (equivalent to maximum
concentrations) were only detected with the dye
and fluorometers.

5.

NEAR-FIELD MODELLING

JETLAG is a three-dimensional Lagrangian
near-field model devised by Lee and Cheung
(1), and discussed in Horton (2).
The
oceanographic
conditions
(current
and
stratification data and outfall flows) measured
during the process surveys were used as inputs
to JETLAG to estimate near-field dilutions,
trap depths and trap radii.
These were
compared to the effluent dilutions, depths and
radii measured during the tracer experiments as
described in Horton and Wilson (3).
There were 26 boat transects taken for the
reconnaissance, 70 for the wet season and 43
for the dry season survey. Of these, 9, 21 and
33 transects had significant tracer readings for
each survey respectively. JETLAG was run for
these transects. The results are summarised in
Figure 5. Note that no isotope injection was
carried out in the reconnaissance survey.
When extrapolated or interpolated to the
measurement positions, most model dilutions
were within a factor of 2 of the measured
dilutions as indicated by the lines on Figure 5.
10000 -q

1000-

It was found that dilution at the NWNT outfall
occurs mainly in the near-field (dilutions in the
order of hundreds) with the far-field
contributing further dilutions of a factor of
about 10.
The real time gold-198 measurements were
found to be more useful than the results of the
tritium sampling; with the tritium there was
difficultly in ensuring that the samples were
taken in the labelled plume as locations were
determined by plume positions found on
previous transects.
The real time measurements also had the
advantage of enabling a detect and track
procedure, allowing useful data to be regularly
collected.
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Figure 5: Comparison of modelled and
measured dilutions for the three NWNT
outfall process surveys
When the ambient fluid was stratified,
measured depths of the peak tracer
concentration (which should lie on the plume
centreline) were almost all within the effluent
plume predicted by JETLAG, giving further
support to the JETLAG estimates (Figure 6).
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Figure 6: Comparison of modelled and
measured trap depths in stratified waters for
the three process surveys
Overall, given the measurement uncertainties
and model simplifications there is a reasonable
match in both dilution and trap depth estimates.
Poor matches were probably caused by taking
measurements soon after tracer discharge or not
at the plume centreline (increasing dilutions), or
by the plume swirling at slack tide spreading
tracer through the water column (reducing
dilutions). It could be concluded that JETLAG
was an adequate tool to estimate near-field
effluent behaviour for the NWNT outfall.
With JETLAG verified, predictions of future
outfall performance (as flowrates increase)
could also be made using long-term
oceanographic data as described in Horton et al.
(4). A total of 6 flows up to the ultimate flow
condition were examined, namely 25, 50, 100,
180, 300 and 440ML/day. It was found that
dilutions were particularly sensitive to
discharge,
being
essentially
inversely
proportional to discharge. Figure 7 shows the
variation in dilution with discharge. Note that
flows during the three surveys were generally in
the order of 25-50ML/day.
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Figure 7: Median average dilutions given by
JETLAG in long-term modelling

6. TRACER EXPERIMENT BENEFITS
Besides the usefulness of the tracer experiments
in verifying the JETLAG model for prediction
of present and future near-field effluent
behaviour, there were other benefits of the
experiments as outlined in this Section.
The tracers not only tracked the effluent in the
near-field, but also in the far-field, kilometres
from the outfall, thus allowing the prediction of
far-field dilutions and trap depths. An example
of the lateral effluent boundaries measured in
the far-field during an ebb tide is shown in
Figure 8 by the long-dash lines. The shortdash lines represent depth contours and solid
lines indicate transect paths, with the NWNT
outfall furthest north-west.

Figure 8: Example of horizontal effluent
extent in the far-field during an ebb tide
(Hong Kong Metric Grid coordinates)

7.
The tracers also revealed the extent to which the
plumes from adjacent diffiisers merged. The
plumes generally remained distinct in the nearfield.
The time for the injected tracers to travel along
the outfall pipe was measured. This could be
used to check the hydraulic conditions in the
pipe and determine if the outfall was purged of
seawater.

CONCLUSIONS

Three tracer experiments have been carried out
on the NWNT outfall in Hong Kong. Using
Rhodamine WT dye and gold-198 isotope
tracer was found to be immensely useful in the
characterisation and quantification of the
behaviour of the outfall.
It allowed the
verification of the near-field model JETLAG
which was then used to predict outfall
behaviour into the future as flowrates increase.

The tracer measurements also revealed which
diffusers were discharging effluent and which
were blocked due to fouling or sediment burial.
During all the surveys only about 5 of the 30
diffusers appeared to be discharging sewage.

The measurement and analysis techniques
developed in these experiments can be applied
successfully to other outfall studies.

A particularly useful experiment was carried
out during the dry season survey in which the
sewage upstream of the outfall was collected
and released as a short duration high discharge.
During the release of this high flow detection of
the tracers in the receiving water revealed that it
was likely 5 more diffiisers (a total of 10) were
discharging effluent. It appeared that the higher
flow was forcing sewage out through previously
blocked check valves, most likely formerly
covered in sediment.

1. Lee, J.H.W. and V. Cheung (1990).
"Generalized Lagrangian Model for Buoyant
Jets in Current", Journal of Environmental
Engineering, American Society of Civil
Engineers, Volume 116, Number 6,
November/December, pp. 1085-1106

The radioisotope and dye measurement
techniques were progressively refined over the
surveys and a reliable equipment arrangement
and sampling procedure was established.
Initially, there were difficulties in employing the
towed vertical profiler system (Section 3).
For example, it was initially found that the first
boat had significant momentum which
prohibited rapid stops and starts and thus
prevented the detector reaching the required
depth in the saw tooth pattern. An attempt to
solve the problem by moving the isotope
detector on to a water sampling rosette attached
to a winch gave poor results due to radio
frequency pickup from the winch and shielding
of the detector by the metal of the water
sampler. The problem was overcome by using
a smaller and more manoeuvrable boat.

8.
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SUMMARY. The tracer techniques which have been applied since 1991 in Vietnam have provided
maritime managers for a very efficient tool to obtain idea on the dynamic of sediment transport in
estuarine and coastal environments where hydrological conditions are very complicated. The
qualitative and quantitative information on suspended sediment movement and bedload transport in
Haiphong harbour area under the effect of northeast monsoon and southeast monsoon was obtained by
using Sc-46 and Ir-192 labelled glasses as radioactive tracers. The influence of dredging materials on
sedimentation rate in Haiphong access channel at two dumping sites was estimated by radioactive
tracer technique. Successful application of such an advanced technology in a developing country is
presented. In bedload transport studies, apart from conventional methods for assessment of transport
thickness, a new method using the ratio of photoelectric peak to Compton region in spectra acquired
directly on the sea bed was put forward and applied.
I. INTRODUCTION
Vietnam is a country with tropical-monsoon
climate and with high annual rainfall which
condenses in rainy season. The network of
rivers which are oriented in the NW-SE
direction has rather high slope. As a result of
intensive weathering and erosion processes
under the humid tropical climate condition as
well as of human activities destroying forests,
grasslands and protective mangrove swamps
most navigable estuaries in Vietnam suffer
greatly from sedimentation. Though a large
amount of money is spent annually on
dredging, 10.000 draught weight vessels can
not enter or leave the ports. For these vessels
or heavier ones a part of their cargo must be
transferred at the open sea before they can
enter the port.
Efforts have been made by both national and
foreign organisations to improve this situation
(1, 2). However, owing to the complexity of
sedimentation processes in estuarine areas
under
hydrometeorological
conditions,
information given by mathematical models is
not good enough, especially in the case of lack
of a reliable database that would result from a
systematic hydraulic and sedimentary survey.

In order to obtain an idea on the dynamic of
sediment transport and to verify the modelling
approach in the areas with such a complicated
hydraulic conditions, the isotope tracer
techniques have been developed and employed
since 1991.
Using the case of the Haiphong port, this work
describes technical aspects in the use of tracer
techniques to study sediment transport, both
suspension and bedload, in the coastal and
estuarine environment. Some results are then
briefly presented.
H. MATERIALS AND METHODS
2.1. Study of Bed Load Transport
In sediment transport studies using tracer
technology, sedimentation dynamics can be
investigated by observing the movement of
tracer materials. Therefore, the tracer material
should behave in the same way with respect to
hydrodynamic effects as natural sediments
when both are exposed to the same
sedimentary or hydraulic transport conditions
(3, 4). Scandium and Iridium-labelled glasses
have been used as tracers in the studies of bed
load transport. For easier interpretation of the
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measurement
data,
the
granulometric
distribution of the tracer was selected so that it
could lie in the range of 30% either side of the
median mass of the natural sediment. In tracer
experiments carried out at Haiphong area, the
selected size fraction in average is from 10 \xm
to 100 um with the median mass (D50) of 30

The mass and activity of the tracer were
calculated relying on the equation put forward
by Sauzay and Courtois (4) and on data of
hydrodynamics in the region of interest.
Generally, for the Haiphong harbour area, an
amount of at least 80g tracer, which contains
about 2.5 x 108 particles with grain-size
distribution the same as natural sediment, with
the activity of 2 Ci is required by most of
bedload transport studies.
After irradiation, quartz ampoules containing
radioactive tracer were put in injection devices
with 5 cm thickness of lead. The injectors then
were placed into the transport container with
10 cm thickness of lead. By rotating a stainless
steel disk mounted in the injector, quartz
ampoules were pressed and broken. This
operation took place on the boat deck while the
injection device was in the transport container.
To release the tracer material onto the sea bed,
the injection device was winched off the
transport container, immersed in water and
then the bottom of the injector was opened
pneumatically at the distance of 1 m above sea
bed. The detection was carried out by dragging
a sledge mounted the detector Nal(Tl) 2" x 2".
The boat was positioned by Global Positioning
System 5000 DX. The detection frequency is
about once a week.
The bed load discharge q across a section
perpendicular to the result direction was
estimated by the following equation (5):
q = p L Vm Em,

(1)

where q is given in t/d,
p is the specific gravity of sediment in situ,
L is the transport width,
Vm is the mean transport velocity,
Em is the transport thickness.

The parameters to be determined are Vm and
Em. The mean velocity Vm of the bed material
was determined by the ratio of the distance
between centroids of the spatial tracer
distribution to the time interval between the
detections.
The mean transport thickness En, was estimated
in two ways: the direct technique is to take
cores and subsequent counting of the slices
obtained. The second method put forward by
the Dalat Tracer Group is to use the ratio of
the photoelectric peak to the Compton region
in the gamma spectrum recorded in the field.
The transport depth could then be determined
after a previous calibration at laboratory. With
this method, the mean transport thickness
could be assessed by acquisition of a gamma
spectrum while dragging the detector across
the radioactive cloud.
2.2. Study
Movement

of

Suspended

Sediment

The study of the movement of suspended
sediment was carried out at the Haiphong area
in 1996 for the definition of dumping sites.
The tracer material used was Ir-192 labelled
glass with grain size selected in the same way
as described above. Due to some reasons, it
was not possible to label the full load of a
suction hopper dredger, instead an amount of
80g
Ir-192 glass was injected into a bucket
containing 60 litters of mud at a concentration
of 200 g/1 which is the average density of
spoils. After tracer material had been well
mixed pneumatically with mud, the mixture
was released at a distance of 1 m below sea
water surface.
The detection procedure was in two ways: The
first one was the same as that for bedload
studies with the attention that the tracking
should be performed after about 3 to 4 hours
from the injection. The spatial tracer
distribution could give the following
information: (i) the path and drift caused by
currents; (ii) the dilution of the sediment; (iii)
the amount of sediment settled on a given area
at a given distance from the injection point;
(iv) the area over which the sediment was
deposited. The second method was that two
detectors were mounted on a wooden pillar,
which was attached to the boat, at different

depths. The detection was carried out
immediately after the injection. The behaviour
of suspended sediment under hydraulic
condition could be known by employing a
mathematical model for dispersion and
sedimentation of fine particles (6, 7, 8).
However, owing to the use of only one boat,
the information obtained on suspended
sediment was limited. Moreover, the weather
condition was not good in the day of injection,
at two dumping sites only the information
recorded at 2 injection points among four was
good enough. Thus, most of qualitative and
quantitative
information
on
suspended
sediment transport for all injection points was
derived from the spatial distribution of tracer
settled onto the sea bed right after the
injection.
III. A CASE STUDY ON HAIPHONG
HARBOUR
3.1. Some Sediment Transport Problems in
the Haiphong Harbour Area
Located 100 km east of Hanoi, on the coast
and with a number of nearby navigable
estuaries and waterways, Haiphong is a major
port and important industrial harbour in the
northern part of the country (Fig. 1). The
hydraulic and sedimentary regimes of the
water courses in the Haiphong area are
influenced by two river systems. The first
system, the Red River, flowing in the south of
Haiphong, discharges a large amount of
alluvium into the sea in the form of red mud
(about 200 million tones a year). Under the
influence of the south-east monsoon prevailing
in summer and autumn, the river-transported
red mud continues moving along the coast
towards the Haiphong area. The second river
system, with its estuaries located north of
Haiphong, is not much muddy in its upstream
and middle sections as the first one. However,
owing to the interconnection between the two
systems in the delta region, a huge amount of
alluvium from the Red River is also
transported to the nearby Haiphong estuaries
of Cam and Namtrieu. As a result of these
sediment transport processes, a 38 km long
access channel through the Namtrieu estuary is
suffering from heavy silting. The port authority
and Vietnam Maritime Safety Agency (VMS)

wanted to know reliable and full information
on sedimentary processes in the region in order
to make a decision either they should continue
maintaining the navigation channel or
construct a new one.
A number of engineering schemes were
proposed to reduce the sedimentation rate
along the access channel. Unfortunately, they
were not supported by detailed and reliable
sediment transport studies. Hydraulic and
sedimentary surveys carried out in the past by
different groups of researchers resulted in
quite contradictory conclusions about the
pathway of the sediment being deposited along
the channel.
3.2. Determination of Silting Rate in the
Access Channel
In order to verify the accuracy of data given by
mathematical models and to estimate the
bedload discharge in a navigation channel
section where the sedimentation was thought
to be the most serious, some investigations
using Sc-46 glass were carried out on both
sides of the channel between buoys number 10
and 12 (Fig. 1).
The first experiment was performed from
Dec. 17, 1992 to March 7, 1993 on the
southern side of the channel. About 4 Ci of
Sc-46 were injected at point DTI (Fig. 1)
which is 800m far from the alignment of buoy
10 with buoy 12. The detections were carried
out on Dec. 19, 23 and 30, 1992 and then on
Jan. 6 and March 7, 1993. The results of
bedload discharge and the azimuth of the
sediment transport axis were given in Table 1.
To verify the results obtained from the first
experiment and to get the information in a
larger area as well as to redress some
unexpected mistakes that may happen in the
first use of tracer technique, next investigation
was undertaken on Oct. 10, 1993 and lasted
nearly two months. An amount of 4 Ci Sc-46
radioactive tracer was released at point DT2
(Fig. 1) on the alignment of buoy 9 with buoy
10 and 900m distant from buoy 10. The
results of bedload transport under the effect of
northeast monsoon were given in Table 1.
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Figure 1. The Haiphong estuarine area
The investigations mentioned above took place
under the influence of the northeast monsoon
predominating from October to February of
next year. In order to study the effect of
southeast monsoon prevailing from April to
August on the movement of bed materials in
the section, an amount of about 4 Ci of Sc-46
glass was injected at point DT3, on the
northern side of the section (Fig. 1), on May
23, 1995. The detection was implemented from
May 29, 1995 to July 5, 1995. The movement
direction, the transport rate and sediment
discharge were shown in Table 1.
The results proved that the bedload discharge
varies from site to site and depends on
monsoon season. However, the movement
direction of bed material is of a little bit of
difference.
3.3. Study of Dumping Sites
In order to maintain the necessary depth for the
7.000 tons vessels entering and leaving the
port, a large amount of bed material, about 2
million tons, needs to be dredged annually
from the channel bed. Dredging spoils were

usually dumped at two sites DPI and DP2
(Fig. 1). However, no evidence was obtained
on whether the dredging material came back
or not. At the request of VMS, the experiment
on the study of fate of the dredging spoils
under different tidal conditions was carried out
from Nov. 20, 1996 to Jan. 20, 1997 using Ir192 labelled glass.
At each dumping site, the tracer material was
injected at two points, 2 Ci of Ir-192 for each
point, with a distance of 400m far from each
other. The injection was carried out during ebb
tide for the first point and during flood tide for
the second one. The movement of suspended
sediment was followed in the day of injection.
Besides, the movement of bed material was
investigated for two months. The procedures
for preparation of tracer material, injection and
detection were described above. Results
obtained about the movement of dredging
spoils after deposition on the sea bed at four
injection points, which are Al, A2 in dumping
site DPI and Bl, B2 in dumping site DP2 were
given in Table 1. The information on
movement of suspended sediment gained from
the investigation was given in Table 2.

Table 1. Main results obtained with bottom sediment transport studies
Injection
points

DTI, Winter
DT2, Winter
DT3, Summer
Al, Winter
A2, Winter
Bl, Winter
B2, Winter

Time interval considered

Bedload
transport rate
(kg-m-'.d-1)

19/12/1992 to 07/03/1993
10/10/1993 to 21/11/1993
23/05/1995 to 05/07/1995
20/11/1996 to 20/01/1997
26/11/1996 to 20/01/1997
29/11/1996 to 20/01/1997
01/12/1996 to 20/01/1997

459
380
276
173
238
204
272

Azimuth of
the sediment
lilv

JvUllllvllV

transport
axis
350°
340°
330°
345°
357°
335°
40°

Angle between the
sediment transport
axis and the
alignment of the
channel
45°
35°
25°
40°
52°
30°
95°

Table 2. The percentage of tracer material settled on the region of interest along the drift
direction at two dumping sites DPI, DP2
Dumping site
DPI
Dumping site
DP2
Region of
interest
from the
Injection Azimuth Injection Azimuth Injection Azimuth Injection Azimuth of
injection point point Al, of the point A2, of the point Bl, of the point B2, the drift
ebb tide
drift flood tide drift
ebb tide
drift
flood tide direction
direction
direction
direction
240°
from 0 to 100m 56.6%
33.3%
355°
58.0%
180°
38°
38.7%
240°
100m-200m
15.2
18.0
355°
12.6
180°
16.3
38°
240°
4.3
185°
200m - 300m
8.3
10.0
355°
13.5
38°
2.7
190°
300m - 400m
6.1
215°
4.7
350°
38°
11.1
400m - 500m
7.4
215°
5.7
350°
4.1
190°
10.6
45°
4.2
230°
5.2
330°
3.4
190°
500m - 600m
5.5
55°
230°
2.1
330°
3.7
190°
4.2
600m - 700m
4.5
55°
700m - 800m
4.4
330°
3.5
190°
800m - 900m
4.3
330°
3.0
190°
900m- 1000m
3.2
330°
2.3
190°
1000m- 1100m
4.2
330°
2.0
190°
2.5
330°
1100m- 1200m
IV.
CONCLUSIONS
RECOMMENDATIONS

AND

Though the tracer technique has been applied
recently for study of sediment transport in
Vietnam, it nevertheless has proved its
effectiveness to the port authorities and
hydraulic and sedimentary specialists. The
most important advantage of the tracer method
is that it is able to integrate the effect of all
hydrodynamic agents that have acted upon the
sediment for a period of time. However, tracers
can only give the information in a restricted
area during the investigation. In hydraulic and
sedimentary surveys the tracer technique is

combined with other methods such as the
modelling
approach
and
conventional
procedures to acquire data in a large area. In
this case, tracers can be used as an efficient
tool for calibrating models.
From 1991 to 1996, the use of radiotracer
technique in studies of sediment transport was
carried out in collaboration with a group of
Transport Engineering Design Inc. (TEDI) that
had implemented the UNDP
project
VIE/88/014 on hydraulic and sedimentary
surveys at Haiphong harbour area. At that time
there was also a project
undertaken by
HEACON-Harbour
and Engineering

«D

Consultants,
Belgium
to
solve
the
sedimentation problem in that area. The tracer
technique provided the experimental data on
suspended sediment movement and bedload
transport in some pivotal regions in Haiphong
harbour area for maritime managers and
specialists.
Although the radioactive tracer technology for
investigating sediment transport has now been
successfully applied in a wide range of coastal
engineering, the quantitative estimate of rates
of bed-load transport, particularly the thickness
of mobile layer, need to be studied further for
improvement. We had some difficulties in
using the "count rate balance method" for

determination of transport depth. The loss of
tracer material near the boundary area owing to
the dilution of tracer as well as the loss in the
hottest area of radioactive cloud due to the
omission during detection are the main
obstacle in the use of that method. Moreover,
knowing the exact radioactivity of tracer is not
easy for us in that period of time. Beside the
radioactive tracers, identifying the element
which can serve as the activable tracers seems
rather attractive. This work has been done in
Haiphong harbour area. However as the
number of sediment samples collected and
analyzed are still insufficient, the conclusion is
not presented in this paper.
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Determination of Mobile Layer Thickness of Bed Load Transport in
Radioisotope Tracer Study by Scattering to Peak Ratio in
Gamma Spectra Acquired on the Field
N. H. QUANG\ P. S. HAl\ P. N. CHUONG**, P. Z. HIEN**\ N. M. XUAN*
*Dalat Nuclear Research Institute, Vietnam
"Vanlang University, HoChiMinh City, Vietnam
***R.C.A., C.T.O., Jakarta, Indonesia
SUMMARY. This paper presents a new approach to the determination of the mobile layer thickness
in bed-load transport study based on the change of the ratio of scattering per peak counts in gamma
spectra acquired in the field with the mixing depth of native and radioactive sand. It is shown both
from theoretical considerations and experiments that there is a rather clear relation between the ratio
and the mixing depth. The practical capability of the method and the ability of application for
common tracer isotopes such as Ir-192, Sc-46 are also estimated. There was a good agreement
between the values of the thickness obtained by applying this and core sampling method in the fill-up
navigation channel studies at Haiphong Harbour.
1. INTRODUCTION
In bed load transport study using radioisotope
tracer technique, the determination of the
mobile layer thickness is traditionally based on
the attenuation of uncollided photon reaching
the detector (1,2). So, the activity of injected
tracer material must be known and the counts
must be collected on the whole area covered
by the radioactive cloud. During the
implementation of tracking, some difficulties
could occur due to severe working condition
on the field, that will be able to affect the
results of determination of the thickness.
However, while going from the sand layer to
the detector, because of scattering and
absorption processes, the relative components
of uncollided and collided photons change
with the thickness of the media. By calibration
procedure, it is possible to determine the
mobile layer thickness basing on the ratio of
scattering per peak counts in gamma spectrum
obtained in the field
2. THEORETICAL BASIS
Let us consider the mixing between
radioactive and native sand particles as
homogeneous and of thickness E. Let the

activity be ao per unit area. The volume
concentration of activity will be ao/E.
A detector placed on the surface of the area
will record the count dnt due to uncollided
photon (peak count) emitted from an elemental
thickness dz at depth z (see Figure 1):

(1)
where
K(z) is a function taking into account
all of the appropriate geometry-cumdetector's response and broad beam
attenuation effect. It is assumed to be
of the following form:

K(z) = K#m
Here, a is defined as combination of
the factors of photon flux attenuation
with geometrical response of detector;
Ko is response of detector at z=0, i.e.
at the surface of the source area.
Then, the count
follows:

may be expressed as

(2)

Detector

)—(B-\)dz
E
(4)

Figure 1. The configuration for theoretical
consideration.
The count under the peak in spectrum (peak
count) due to uncollided photon reaching the
detector from the whole mixing depth is:

K'(z) defined as detector response function for
scattered photon, is assumed to have the form:
K'(z) = K'oe"*2, where K' o is response of the
detector at z=0, i.e. at the surface of the source
area. Then the equation (4) can be written as
follows:

IC0 ^.
E
(5)

n, = Jefo,
v

+ a, then the
Let e( = ctiji + a, 62 =
integrated count over the whole mixing
thickness E will be:

E

w J
Then

[
E sx
(3)

n, =

The equation (3) is known as the formula for
determination of the mixing depth, derived by
Courtois and Sauzay since 1960's in the
method of "count rate balance"(l).

(l-«'")n

(6)

a
The ratio R = — is:

The scattered photon (collided photon)
reaching the detector may be calculated:
(7)
where Co = K'

where
Is, Ip are scattered and uncollided photon
fluxes at the detector, respectively.
The build up factor B defined as

is a

function of atom number of the environment
and the primary photon energy. B factor can be
expressed in exponential form (3):

where
Ai, cti, CC2 are constants depending on
the primary photon energy Eo, atomic
number Z.
u. is linear attenuation coefficient (cm"1).
The scattered photons from the element dz
cause the counts dn2 as follows:

It is obvious from equation (7) that, for given
native-tracer sand mixture and source-detector
geometry, the scattering to peak ratio in
gamma spectrum would depend only on the
thickness E, i.e. R=R(E). On the other hand,
the ratio in (7) is not affected by the amount of
activity used, as well as by the form of vertical
distribution of radioactive sand particle.
Figure 2a illustrates the values of R calculated
from equation (7). The values for various
parameters were taken as:
for Ir-192
C0=0.04; a=0.219 (calibration values)
H=0.221cm-'; A,=12.5; cti=-0.111; cc2 0.006
(values taken from (2))

for Sc-46
C,,=0.022; a=0.146 (calibration values)
jx=O. 133cm'1; A,=12.5; a,=-0.088; a2=0.29
(values taken from (3)).
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source. The spectral region ranged from
lOOKeV to 850KeV and the region covering
the peaks of 890KeV and 1120KeV were
selected for scattering count C2(z) and peak
count Ci(z), respectively.
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Figure 2b. Calibration curve R(E) for Sc-46.

CO

Mixing depth E, cm
Figure 2a. The theoretical curves of R(E)
from equation (7) for Ir-192 and
Sc-46.
Ir-192
Sc-46

Table. The mobile layer thickness around the
navigation channel.
Mobile layer thickness

E(cm)

Experimental

Core

site

sampling
South of the Channel

It is shown that, for Ir-192 the ratio increases
rather linearly in the range of upto 17cm in
depth, and beyond 20cm, the curve becomes
saturated, i.e. the ratio changes not much with
depth. The Sc-46' ratio although increases
slower than that of Ir-192, but it gets saturation
at depth of 35cm because its gamma energy is
higher than for Ir-192.

3. CALIBRATION
The calibration curve for determination of the
mobile layer thickness E based on the ratio
R(E) was built by reproducing the geometrical
conditions existing in the field with the plane
source. Here, the case of study of calibration
using Sc-46 is presented.
An lmxlm plane source of 100 p.Ci of Sc-46,
consisting of 49 point sources, SILENA Nal
2"x2" detector connected to SILENA MCA
were used. The gamma spectra are collected
with each 5cm sand layer added covering the

Ratio
method

10

9 (R=9.8)

8

10(R=10.1)

4

5.5 (R=8.7)

(region A)
BuoyN o 10
(region B)
North of the Channel
(region C)

The ratio R(E) for the mixing depth is obtained
by integrating the counts Ci(z) and c2(z) over
the thickness of sand covering the source, as
follows:

:

N
—= 4

Sc*{z)dz
(3)

The calibration curve R(E) for Sc-46 is
presented in Figure 2b.
The tracer experiments using Sc-46 as a tracer
material were carried out to study bed load

transport at the navigation
I laiphong Harbour.

channel

of

The injected sites were at South of the
Channel (I992)-A region, round the Buoy
No 10 (1993)-B region and at North of the
Channel (1995)-C region.
Both methods of core sampling and scattering
to peak ratio were used to determine the
mobile layer thickness. The results obtained in
the experiments are given in the Table. Figures
3a, 3b, 3c show the vertical distribution of
activity along the core sample.
4. DISCUSSION AND CONCLUSIONS

Core depth, cm

It is possible to estimate the variation of the
detectable thickness basing on the calibration
curve. Consider the case when Ni and N2 are
counted upto 104 and 105 total counts
respectively, i.e. the statistical deviation in the
measurement a(R)=0.1, then, in the case of
Sc-46 the variations of the thickness at 5, 10,
20 and 35cm are 0.5, 0.6, 1.0 and 2.1cm
respectively, i.e. about 5 to 10 percents of the
thickness. These would be acceptable in view
of the tracer study in sediment transport.

Figure 3a. Vertical contribution of activity
along the core sample collected at
A region.
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It is obvious that, in order to develop this
method for studying the mobile layer
thickness, the radioactive isotopes having the
gamma peaks located apart from the scattering
region in the spectrum are required.

o

Sc-46 appears to be the most suitable isotope
for this purpose because of simple spectrum
with two peaks standing separately from the
scattering region and with enough high gamma
energy to the good results for thickness
determination upto 30 cm (see Figure 4a).

Core depth, cm
Figure 3b. Vertical contribution of activity
along the core sample collected at
B region.
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Core depth, cm

Channel number

Figure 3c. Vertical contribution of activity
along the core sample collected at
C region.

Figure 4a. Gamma Spectrum of Sc-46

4

Although having a little complex spectra and
gamma energies lower than of Sc-46, Ir-192
has the peaks still separated from the
scattering region (see Figure 4b). So it can be
used for this purpose. However, Ir-192 should
be applied for thickness of upto 20cm (see
Figure 2a), corresponding to the weak
transport of sediment in the area of slight
hydraulic condition.

thickness over the whole area can be derived
by moving the detector around the "hot" area
and collecting the spectrum.

35001

Because the ratio of counts is calculated in the
same spectrum, the method allows to
determine the thickness without knowing the
injected activity. Furthermore, as it is no need
to make comparison of the injected activity
with the total counts, detailed tracking on the
whole area is not necessary.
Owing to that, the determination of the mobile
layer thickness can be made successful, even
when the working condition on the area is too
severe to map adequately the activity
distribution. In this method, the error due to
measurement of injected activity and tracking
total count is negligible.
Nevertheless, because the immersed detector
can "see" the area of only about lm in
diameter, so the determined thickness is
typical just for this area, but not for the whole
studied area. The mean value of mobile layer

45

145 245 345
Channel number

Figure 4b. Gamma Spectrum of Ir-192

Finally, combination of this method with
others could improve the accuracy of the
thickness determination and the feasibility of
the tracer work in the field.
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Application of the 210Pb-dating technique to evaluate
environmental changes resulting from recent human activities.
Case Study (1) Impact of European settlement on an estuarine system
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SUMMARY. The 210Pb - dating technique has shown particular promise for the study of
recent environmental change by enabling the establishment of chronologies for contemporary
environmental processes. In this paper two case studies are discussed. Case Study (1) looks
at trace element and heavy metal levels in the estuaries of the Georges River and the Hacking
River which are partly located in suburban Sydney and Case Study (2) looks at blooms of the
toxic dinoflagellate Gymnodinium catenation which were first observed in Tasmanian waters
in 1980. In both cases the 210Pb-dating technique has been applied to establish the sequence
of sediment deposition in order to associate an age to the sediment layer which contains the
entity under investigation. In the Sydney study we were able to show the impact in terms of
pollutant levels that European settlement had on the two river systems, and in the Tasmanian
study we were able to show that the dinoflagellate is a non-native of Australia and has been
introduced to Tasmanian waters in only very recent times.

1. INTRODUCTION
One of the problems in studying
environmental changes is to identify the
exact time frame in which the change is
presumed to occur. In studying the impact
of European activities on the Australian
continent we are fortunate in having a well
documented time frame which effectively
began with the arrival of the first fleet
from England in 1788. The major period
of impact however is confined roughly to
the last 100 years. The most significant
feature of which was the period of post
war industrialisation following the end of
World War II (1945). This phase of rapid
industrialisation led to the prolonged
period of economic growth and
development during what came to be
known as the boom years of the 1950s and
1960s. The environmental effects of some
of these activities is fortunately well
preserved in the sedimentary records of

surrounding rivers and lakes and can thus
be studied.
In studying this time period it is often
necessary to be able to determine dates
with a high degree of resolution in order to
be able to distinguish between particular
events. In our study we applied the
technique of 210Pb dating (210Pb half-life:
22.26 year) which, under optimum
conditions, enables age determinations
back to around 120 to 150 years ago. In
this paper we describe two applications of
the 210Pb dating technique. In the first
case study, which involved investigating
pollutant levels in two Sydney estuaries,
we sought to correlate historical changes
in surrounding land-use with changes in
sediment contaminants. As an extension
of this work we then looked at
contemporary changes in sediment
chemistry as a function of distance from
the likely pollution source. In the second

case study our objective was to determine
the timing of a particular event viz. the
introduction of a specific plant species
into the sedimentary record in order to
determine if it had been introduced to the
area in very recent times or whether in fact
had it been present for a much longer time
and was thus most likely native to the
area. In both cases use of the 210Pb dating
technique afforded
the ability to
accurately set the chronology of the event
sequence which was largely supported by
historical
evidence
obtained
from
independent sources.
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Core samples were collected in the field
with the aid of thin walled hollow tubes
(diameter 75mm) which were inserted
manually into the sediment.
Using
standard coring techniques the core
samples were packaged and transported to
the laboratory where the core was cut into
slices for individual analysis. Subsamples were then taken for the various
analyses required including 210Pb analysis.
3. THE 210Pb - DATING TECHNIQUE
210

Pb is a member of the uranium (4n+2)
natural radioactive decay series which
begins with the primordial nucleus 238U
(Figure 1). Due to the abundance of
uranium
in
the
Earth's
crust
(approximately 2ppm) and the fact that 99
% of natural uranium is in the form of238U
there are generally many suitable locations
where this technique can be successfully
applied .
In this decay series 238U decays via a
number of intermediates to 226Ra which in
turn decays to the noble gas 222Rn. 222Rn
then decays through a number of short
lived isotopes to 210Pb followed by 210Bi,
Po and finally the stable end member
206
Pb. It was Goldberg [1] in 1963 who
was the first to recognise the usefulness of
this
decay series as a type of

28.8 m

1

stable

1.32 m

Figure 1 - Uranium (4n+2) Natural
Radioactive Decay Chain.
geochronological clock based on the
observation that a disequilibrium could
arise owing to the partial loss of 222Rn. In
essence the technique is dependent on
some of the 222Rn, formed from the decay
of 226Ra contained within the earth's crust,
escaping to the atmosphere where it
rapidly decays to 210Pb and is subsequently
washed out of the atmosphere. This 210Pb
is referred to as unsupported (or excess)
2I0
Pb since it is no longer in equilibrium
with its parent and its activity is therefore
solely a function of its half-life (ie. it is
not being replenished).
When the unsupported 210Pb is deposited
in sediments it is indistinguishable from
the so called supported 210Pb, which is the
material derived from the in-situ decay of
226
Ra. Thus a measurement of the 226Ra
activity in the sediment under study will
give the activity of the supported 2I0Pb
whilst determining the 2l0Pb activity
(usually done by measuring the activity of
the alpha emitting grand-daughter 210Po)
will give the total (ie. supported and
unsupported) 210Pb activity.
The
difference between the total and supported
210
Pb activities is the unsupported 210Pb.

In its simplest application the age at any
given depth in a core is determined by
calculating the activity of unsupported
210
Pb at the top of a core and again at some
point further down and then applying the
standard decay equation (Equation 1):
[1]
which can be rearranged as follows:
t = I/A. . ln(A 0 /A)

The Hacking River estuary has been
subjected to much less development which
is due in part to the fact that the Royal
National Park (established 1879) makes up
roughly half of the catchment area.. The
development that has taken part in the
catchment is predominantly residential
however the upper reaches of some of the
tributaries which flow into the system may
be affected by coal mining activities.

[2]

where X = ln(2) / Ty, and
t

=

Time (years)
Activity of unsupported
surface

2l0

A = Activity of unsupported
depth d

2l0

Ao =

Ti4 = Half-life of
d =

Pb at

Pb at

210

Pb (years)

Depth (cm)

Since the depth at which the sample was
obtained is known and the age of the
sediment layer can be calculated from the
above, a simple sedimentation rate can be
obtained from:
r = d/t

[3]

where
r =
d =
t =

Figure 2 - Location of Georges and
Hacking River systems

4.2 Tasmania
The region under investigation comprised
principally the Huon and Derwent River
estuaries located in southern Tasmanian
together with other sites along the east
coast (Figure 3).

Sedimentation rate (cm/year)
Depth (cm)
Time (year)

4. THE STUDY AREA
4.1 Sydney
The estuaries of the Georges River and the
Hacking River systems are partly located
in suburban Sydney (Figure 2). The area
bordering the Georges River estuary is
intersected by zones of residential
housing, light industry and commercial
developments. Scattered amongst these
are remnants of native vegetation.

Figure 3 - Location of Huon and Derwent
River systems.

5. RESULTS
5.1 Sydney
Sediment samples were collected from
various locations throughout the study
area and analysed either for trace elements
using Neutron Activation Analysis (NAA)
or heavy metals using flame Atomic
Absorption Spectroscopy (AAS) [2, 3].
The age of the samples were determined
using the 210Pb dating technique based on
measurements of 210Po and Ra activity
via alpha spectrometry. Deep cores were
taken from the Prospect and Saltpan Creek
sites (Georges River system) in order to
study changes in sediment chemistry
arising from changing land use over the
past 150 years. Shallow cores were taken
at other sites (refer Figure 1) to assess
contemporary pollutant levels with
samples from the less polluted Hacking
River system being used to establish a
base line for the Georges River system.
Prospect Creek
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To illustrate the efficacy of the technique
data from only one of the sites studied,
viz. Prospect Creek, will be discussed
here. At this site data on Cr, Cu, Pb and
Mn proved the most interesting and is
presented in Figure 4. The post WWII
peak in the trace element profile can be
clearly observed.
5.2 Tasmania
Samples of sediments were collected from
a variety of sites and analysed under a
microscope to determine the concentration
of the dinoflagellate cysts with depth.
Sub-samples of this material were then
analysed using the 2l0Pb dating technique
in order to provide the chronology of
deposition. Results from one of these
cores is illustrated in Figure 5. The data
shows
significant
levels
of
the
dinoflagellate cysts appearing in the
sediments from 1973 onwards. The very
low levels of cysts present at a depth of
around 30cm is believed to have resulted
from a slight vertical mixing down the
profile which is most likely the result of
minor bioturbation (plant roots, worm
holes etc.)
Gymnodinium catenatum in the
Derwent River
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Figure 4 - Selected metal concentration
versus Depth and Age for Prospect Creek
Analysis of samples by NAA provided
data on 32 trace elements and AAS on 6
elements however not all cores were
analysed using both techniques (4
elemental determinations were common to
both).
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Figure 5 - Concentration of Gymnodinium
catenatum versus Depth and Age in the
Derwent River

6. DISCUSSION
In both case studies, whether it be
measuring
chemical
pollutants
in
sediments or studying the historical
distribution of aquatic organisms, it was
essential to the hypothesis being tested
that an accurate temporal framework be
established. Without this chronology it
would have been impossible to assign a
date to a specific observation or event of
interest. The 210Pb dating technique is
particularly useful in these types of study
as it provides a means to assign
chronological dates with
sufficient
resolution to enable
differentiation
between relatively closely timed events (or
the order of a few years). Whilst the short
half-life of the 210Pb isotope is one of the
key factors which enables a high
resolution analysis to be undertaken the
drawback is that it also limits the age
range to which the technique can be
accurately applied.
In the case of the Sydney study we were
interested in determining trace element
and heavy metal concentrations in river
sediments to see if there was a correlation
between historical events, principally the
opening up of the area to European
settlement at the turn of last century and
the period of rapid urbanisation resulting
from the post war industrialisation phase.
Historical record show that as early as
1900 it was noted that the Georges River
was experiencing siltation and that water
quality was adversely affected by local
industries, particularly
wool-washing
facilities. There is also an indication that
the area around Saltpan Creek was being
promoted as a site for 'noxious trades' [4].
The data on chromium concentration is
particularly interesting in that it peaks at a
depth of around 30 cm* which corresponds
with a calender age of 1920 based on a
2l0
Pb Constant Initial Concentration
Model derived sedimentation rate of 0.4
cm/year. One of the main industrial uses
of chromium is in the leather tanning
* As the core was only sampled at every 10cm
intervals it has not been possible to more
accurately define the peak depth concentration.

industry and it is postulated that tanning
works were associated with the wool
washing
facilities.
The
peak
concentrations of Mn and Pb occur at
around 20 cm which corresponds with a
calender age of 1944. Manganese is used
in the production of several important
alloys as well as in the paint industry.
Whilst lead has been used extensively in
paints, plumbing and the manufacture of
batteries. The significance of this time
period is that it correlates with the phase
of
increased
manufacturing
and
industrialisation
associated
with
Australia's war effort.
In the Tasmanian study the 210Pb
technique was again used to determine the
chronology of events. In this case a bloom
of the toxic dinoflagellate Gymnodinium
catenatum was observed in late 1985 [5,
6] which resulted in the temporary closure
in 1986 of 15 commercial shell fish farms
as a public health measure.
Further
closures have been enforced in 1987,
1990, 1991, 1992 and most severely in
1993 [7]. The effect of the blooms have
been quite significant both in terms of
public safety (the dinoflagellate is linked
to paralytic shellfish poisoning) as well as
the economics of the local aquaculture
industry through lost production.
In
addition there is a question as to the effect
on the State's tourism market through the
possible public perception of unsafe
waters.
In order to determine whether the
organism had been recently introduced to
the region as distinct from being a native
that had not previously been recorded,
surveys were conducted to assess both the
biogeographical distribution and the
spatial distribution of the organism within
sediments.
Application of the 210Pb
technique revealed that the dinoflagellate
first appeared in the sedimentary record in
approximately 1973 and leads to the
conclusion that the organism is indeed an
introduced species. It has been suggested
that the most likely vector for the
introduction of this organism is ballast

water discharges from woodchip ships
which is the subject of another paper[7].

Australia Sixth Australasian Archeometry
conference, Sydney 1997. Paper No. 42.

7. CONCLUSION

[3] Napoli, M. The contaminant
chronologies of Prospect Creek and
Saltpan Creek as recorded in their
sediments. Unpublished B.Sc. (Horn.)
Thesis, University of Sydney.

The 2I0Pb - dating technique provides an
efficient and useful tool for determining
the
chronological
sequence
of
contemporary events and has application
in a wide range of environmental studies
where high resolution sedimentation
profiles are required.
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Radiotracer Study on Dispersion of Sewage
off Mumbai Coast in Western India
U. SARAVANA KUMAR, V.N. YELGAONKAR and S. V. NAVADA
Isotope Division, Bhabha Atomic Research Centre, Mumbai - 400085, India.
SUMMARY. Domestic sewage generated in big cities is usually disposed off into a nearby
perennial water body like river, sea etc. Dilution and dispersion of sewage in such water bodies
depend upon many hydraulic and meteorological factors. In the present case studies, radioactive
82
Br in the form of aqueous ammonium bromide was used to estimate the dilution and dispersion
pattern of sewage emanating from existing and simulated marine outfalls respectively at Colaba and
Malad creek off Mumbai coast. At Colaba outfall, a dilution factor of about 5.5 x 10 was obtained
at a distance of 4.3 km from the outfall during a high tide disposal. At Malad creek, a dilution factor
of 10 was obtained at a distance of 2 km from the injection point during flood tide disposal and of
1.8 x 106 was obtained at a distance of 4.9 km during ebb tide disposal. Comparable dilution factors
were also obtained by Brooks' model. A 2D advection simulation model was employed to simulate
the spatial and temporal distribution of the radiotracer data. From the model simulation a value of
Dx = 15 m 2 ^" 1 and Dy = 2 m 2 .s" ! was obtained at Colaba and a value of Dx = 20 m .s"1 and Dy =
2

1

2m .s" was obtained at Malad creek during an ebb tide experiment.
1. INTRODUCTION
Final disposal of sewage through marine outfalls
has become a practical solution for coastal cities
all over the world. Understanding the ability of
the coastal waters to disperse sewage to
acceptable limits is essential for proper siting of
the outfall. The dispersion process in coastal
waters is mainly governed by a complex
interplay of the hydrodynamic conditions and is
often difficult to express in terms of an empirical
or semi-empirical formula (1). This necessitates
"real - time" determination of dispersion
characteristics using tracers. Tracer studies have
been carried out to determine physical dilution

and dispersion pattern of sewage released from
an existing outfall at Colaba and from a
simulated outfall at Malad creek, both off
82

Mumbai coast. Br in the form of aqueous
NBtBr was used as the tracer.
2. THE COASTAL SYSTEM
The Municipal Corporation of Mumbai
discharges treated sewage at various locations
off Mumbai coast. One such discharge point (i.e.
outfall) is located at Colaba and two others at
Malad creek. A location map showing the
outfalls is given in Fig. 1.

• Malad
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Figure 1: Location map of the two experimental sites.

Domestic sewage from south Mumbai and north
Mumbai is collected in the sumps of the sewage
treatment plants at Colaba and Malad
respectively. Screened and degritted sewage is
passed through aeration tanks before being
discharged into the sea.
At Colaba treated sewage is taken through an
undersea pipeline by gravity to a distance of 1.1
km from the shoreline and discharged (~ 1400
m .h") vertically upwards from a depth of about
10 m by a 75 m long diffuser, laid transverse
lateral to the current direction. As seen from
Fig.l, the Malad creek originates from Arabian
sea at Versova and extends beyond Malad. Here
the treated sewage is discharged off the creek on
the surface unlike at Colaba.
3. RADIOTRACER STUDIES

monitoring boat was fixed with the help of a pair
of sextants.
Concentration of the radiotracer was monitored
at 2 m depth and at certain specific locations
vertical profiles of the radiotracer were obtained.
From the vertical profiles it was found that in the
near-field region the waste plume from the
diffuser rises to the surface and gets well mixed
and in the far-field region it remains in the
surface (average depth of waste plume being
about 2 m) for a distance of about 4 km. The
diluted radiotracer was tracked upto a distance of
about 4.5 km. The tracer data was corrected for
decay and background and plotted on a site plan
to get isocount contours (Fig. 2).

67'

3.1 Colaba
Sff

The Municipal Corporation of Mumbai under a
water quality management scheme has been
planned to construct two marine outfalls along
the west coast of Mumbai at Worli and Bandra
(ref. Fig.l). For evaluating the effectiveness of
these outfalls in achieving acceptable (bacterial)
water quality at the nearby recreation centres, it
is necessary to estimate the coefficients of
sewage dispersion in the sea. A radiotracer
experiment was carried out at an existing outfall
near Colaba to determine the dispersion
coefficient.
About 110 GBq of the radiotracer ( Br as
aqueous ammonium bromide) was diluted in 30
L of water and injected continuously into the
aerated sewage (i.e. near the outlet of the
aeration tank) at a rate of 250 mL.min" . Aerated
sewage with the labelled radiotracer was
discharged off the coast through a diffuser
manifold. The radiotracer injection was started at
the onset of high tide and continued for about 2h.
The concentration of the radiotracer was
monitored in coastal waters during and after the
radiotracer injection using a water proof
scintillation
detector
connected
to
a
scaler/ratemeter.
Lateral
transects
were
performed using a boat. Positioning of the
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Figure 2: Isocount contour map (Flood tide).

Dilution factors at various distances were
obtained as ratios of concentration of the tracer
(in units of counts per minute, cpm) at the outfall
to that at a particular distance in the direction of
general movement of tracer plume (Table 1).
3.2 Malad
The Municipal Corporation has also planned to
construct a few aerated lagoons near the mouth

the sewage treatment plants at Malad and
Goregaon was simulated at Versova by pumping
the creek water from one side of a boat and
delivering it onto the creek bed on the other side
of the boat through a difluser held in the
direction of tidal currents at a rate of 40 Ljnin"1.
About 30 and 90 GBq of the tracer was used for
flood tide and ebb tide experiments, respectively.
The radiotracer was diluted in 30 L of water and
was discharged continuously into the simulated
sewage at a rate of 250 mLmin for two hours.
Concentration of Ihe radiotracer was monitored
in creek/coastal waters. Lateral transects at
various longitudinal distances from the
radiotracer injection point were made using
boats. Locations of the monitoring boats were
continuously fixed using a computerised
positioning system. Concentration of the
radiotracer, in counts per minute (cpm), was
monitored at 2 m depth and at a certain specific
locations vertical profiles of the radiotracer were
also obtained. The radiotracer concentrations
obtained were plotted on a site plan to get
isocount contours (Fig. 3 A & B).

Table 1. Dilution factors obtained at Colaba.
Contour

Maximum
distance of
contour
(m)
(xl03cpm)
15-20
10-15
5-10
1-5
0.1-1

Dilution Factor
Brooks'

640
800
1120
2640
4280

Expt.

160
220
400
700
3500

280
370
550
1100
5500

of the Malad creek (i.e. at Versova) and at Malad
(ref, Fig. 1) under a water quality management
scheme. Studies on environmental impact of
discharges from the proposed lagoons into the
creek were undertaken. As the wastewaters
discharged into the Malad creek have the
potential to impair water quality at Juhu and
Madh beaches, safeguarding against microbial
contamination of these beaches was the major
concern while evaluating the proposed aerated
lagoons. Radiotracer experiments were carried
out at Versova to study the dispersion pattern
and dilution of the sewage plume that would
emanate from the proposed aerated lagoons.

As seen from the isocount contour, in the flood

C

i MALAD
»VAGE TREATMENT

•GOREGAON
SEWAGE TREATMENT
PLANT

SUN-M-SANO HOTEL
HORIZON HOTEL

JETTY

LEOENp
100-

SOOcpm

500- 1000ipm
1

SCALE 0

1000-JSOOepm
Z5OO-5OOO epm.
SCO

1000m

LEGEND
10000 -15000 t p m
- 1 0 0 0 - 5000 Cpm
1 0 0 - 1 0 0 0 cpm
SCALE

0

Y.M.C.A.
HU CH0WPATI

S00 1000m

Figure 3: Isocount contour map for flood tide (A) and for ebb tide (B).
To study the dispersion of the sewage in a tidal
cycle, two separate experiments were carried
out; one each at the slack period of flood tide and
the slack period of ebb tide. Spring tides were
considered appropriate to study the effect of
strong currents. Sewage plume emanating from

tide experiment the tracer was detected upto a
distance of about 2 km from the injection point
in the north-east direction and in the ebb tide
experiment it was detected upto 4.9 km towards
south of the injection point. The maximum
lateral spread observed was about 200 and 1600

0\0
m for flood tide and ebb tide experiment,
respectively. Dilution factors were obtained at
different distances from the injection point
(Table 2). It was observed that during flood tide
the dilution factors at different distances from
the injection point were comparable to those of
during the ebb tide experiments even though the
volume involved during a flood tide is limited
because of narrow width of the creek, averaging
about 400 m. As can be seen from the figure, ihe
tracer did not move towards the recreational
centres like Juhu Beach, Madh Beach,
Sun-n-Sand Hotel etc.
Table 2. Dilution factors obtained at Mated.
Contour
(xl03cpm)

Maximum
distance of
contour
(m)

Dilution
Factor

410

lxlO5
2xlO 5
5xl05
lxlO 6

Flood tide
2.5-5.0
1.0-2.5
0.5-1.0
0.1-0.5

1940
1990
2030

Ebb tide
10-15

700

1-5

4150
4910

0.1-1

1.2 x 10s
3.5 x 105
1.8 x 106

4. ESTIMATION OF DISPERSION
COEFFICIENTS & DILUTION FACTORS
A two dimensional model with adequate
reflection at the coastal or channel boundary was
used to simulate the spatial and temporal
distribution of the experimental radiotracer data.
The processes considered are dispersion,
advection and radioactive decay. The governing
equation for a 2D advective and diffusive
transport of a radiotracer in coastal water is
given by,
5c
d c
d c
9c
dc « ,1X
— = D x - — + Dy-—y - Ux — - TT
Uy— - Xc (1)
91
l
dx
dy
OK
dy
where, C is radiotracer concentration in sea
water (Bq.m" ); x is longitudinal distance

parallel to sea shore (m); y is lateral distance
perpendicular to sea shore (m); Dx and Dy are
the respective dispersion coefficients (m .s");
Ux and Uy are longitudinal and lateral
components of velocity of current (m.s.-U); and X
is radioactive decay constant (s~).
The model assumes constant dispersivity and
velocity in the longitudinal and lateral directions,
uniform vertical mixing depth, about 2 m in this
study, (i.e. sewage plume is assumed as a line
source) and parallel shore line. Analytical
solutions of the above equation for an
instantaneous unit release from a line source
with reflection from a single shoreline (as is the
case at Colaba, (2)) and reflection contribution
from double shore line (as in the case of Malad)
were obtained. The solution for a continuous
release was obtained by integrating the analytical
solutions by the method of Gaussian Quadrature.
Since the radiotracer injection was for a short
duration of about 2 hours in this study, the
concentration during release and post release
periods were evaluated separately. The simulated
radiotracer concentrations were fitted to the field
values and the best estimates of Dx and Dy were
obtained by the method of least squares. The
values obtained for Colaba are: Dx ranges from
10 to 15 m .s" and Dy ranges from 2 to 5 m .s"
1
(with Ux and Uy of about 0.65 and 0.05
)
and Dx and Dy of about 20 and 2 m .s" ,
respectively for Malad were obtained (with Ux
and Uy of about 0.68 and - 0.2 m.s'1) for Malad
creek. The current measurements were done
during the course of experiment at Colaba
whereas for Malad creek, the values were taken
from an earlier measurement.
5. CALCULATION OF DILUTION
FACTORS BY BROOKS' MODEL
Brooks' model is for solving the centre - line
concentration in a surface plume transported in a
uniform current (3). The basic assumptions of
the model are listed in reference (3). The key
parameter in the determination of dilution by this
method is the lateral diffusion coefficient (K)
which is not constant but increases at some
power of a length scale L (L is taken as the

q\
surface plume width perpendicular to the current
direction),
- a- L

(2)

where, a is a dissipation parameter (usually
ranges from 0.02 to 0.005 cm .s ) and n is a
power exponent (ranges from 1 to 4/3). Different
authors, based on experience, found that for
open ocean n = 4/3 and thereby the above
equation is sometimes called as "Four Thirds
Law".
hi this study to estimate the lateral diffusion
coefficients K at the outfall using the "Four
Thirds Law", a value of n = 4/3 and a = 0.01
cm s" was used. Usually a value of about 0.01
cm 3 .s' 1 is commonly used, while higher values
are used in case of a strong shearing current or in
a severe wave climate. The calculation of
subsequent dilution was computed as suggested
by Brooks' model. The dilution factors using the
above model for Colaba are given reported in
Table 1. As can be seen from the Table 1, the
dilution factors obtained from the model
compare fairly well with those obtained
experimentally. Since some of the assumptions
of Brooks' model did not hold good for the
Malad creek, Brooks' model was not attempted.

6. DISCUSSION
6.1 Malad
The transverse profiles of radiotracer at various
distances from the injection point were
asymmetric with lateral shift in their peak
concentrations. This is mainly due to varying
non uniform cross section and longitudinal depth
of the creek and consequent tendency for the
flow to meander back and forth from one side of
the channel towards the other. Due to
non-uniform cross section, eventhough Malad
creek has a fairly parallel shoreline, the present
analytical simulation model (with an assumption
of uniform flow conditions) is not an appropriate
one. Therefore, the reported dispersion
coefficients of Malad creek obtained using the
above simulation model are approximate values.
For a complex system like Malad, probably a

numerical solutions of the advection - dispersion
equation with an orthogonal or natural
coordinate system (to facilitate the meandering
and non-uniform condition of the flow
geometry) could be more appropriate. The
incorporation of the findings of the radiotracer
experiments into a water quality mathematical
model (i.e. model calibration) helped in
forecasting the dilution and dispersion patterns
for the anticipated enhanced disposal of sewage
in the future and thus examining mathematically
a cost-effective water quality management
option for the creek (4). The water quality
mathematical model studies indicated that due to
the large magnitude of the wastewater discharges
from Malad service area, the proposed aerated
lagoons will not improve the ecological
conditions in Malad creek. However if Malad
discharges are diverted away from the creek,
treated wastewater from Versova service area
(projected for the year 2005 AD) with effluent
BOD and ammonia - N levels of 30 and 3
mg.L" respectively could be discharged into the
creek without any adverse ecological impacts.

6.2 Colaba
The peak shift in lateral direction and skewness
of the field curves seen in Malad are not widely
seen at Colaba. Therefore, the present 2D
advection - dispersion model with the assumed
uniform boundary condition matches fairly well
for the Colaba site.
7. CONCLUSION
(a) Lateral mixing of the sewage at both the sites
was not complete in the experimental reach and
time mainly due to reversal of tidal currents thus
showing that the sewage is not reaching the
shore.
(b) Due to unidirectional currents, the dilution
down-shore at Colaba was rather small even for
a long distance but high dilution factors were
obtained at Malad creek eventhough the volume
involved is low due to a narrow width of the
creek

(c) Dispersion coefficients at Colaba: Dx ranges
from 10 to 15 m .s" and Dy ranges from 2 to 5
m2^"1 and at Malad: Dx = 20 and Dy = 2 m 2 .s'\
and
(d) Dilution factors obtained using Brooks'
model for Colaba compared fairly well with the
experimental ones. Radiotracers have a main
role of tracer applications in marine environment
for estimating the dilution and dispersion pattern
of sewage, released from an outfall through in
situ measurements, for prediction relevant to
water pollution studies under the conditions of
irregular channel cross section where the
theoretically derived coefficients for ideal cases
do not necessarily apply. They also help in
deciding suitable mathematical models for
simulating the spread of sewage plume
emanating from an outfall.
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Application of Radioisotope Tracer Technology to the Development
and Validation of Computational Models for Sediment
and Contaminant Transport in the Coastal Zone
P AIREY, R SZYMCZAK and J Y TU
Australian Nuclear Science & Technology Organisation (ANSTO)
Private Mail Bag 1, Menai, NSW 2234, Australia
The role of radioisotope tracer techniques in support of coastal engineering has changed over the
years. In the past tracers were one of the important sources of basic information in the
investigation phase. Now, the primary tool in such investigations is the numerical or physical
model and tracer techniques are used for model validation has grown with the ever-increasing
reliance on model predictions for engineering and environmental decisions.
As the demands on the models grown, it is becoming increasingly important to understand the
fundamental bases on which they are based. Indeed, the need for enhanced understanding of
sediment and contaminant transport under extreme sea conditions and over extended scales of
space and time is the major driving force behind the technology because only with radiotracer
technology can actual observations be made on sediment movement over the long periods (up to
one year). This is necessary if there is to be a reasonable prospect of capturing the impact of
extreme storm events etc. Such observations are essential for model validation.
However, predicting sediment and contaminant transport in the coastal zone is difficult because of
the complexity of hydrodynamics and water-particle interactions. It is also because wastes usually
are not homogeneous, instead, they usually are composed of a variety of particles with different
densities and are not uniformly diluted; A discharge frequently takes die form if the turbulence is
modified by ambient flows (such as coastal or estuarine currents) < the presence of boundaries
(such as the sea bed or surface), or density stratification, which may occur in estuaries and coastal
waters. Further difficulties occur when municipal and industrial managers using multiple jets from
multiport diffusers try to estimate mixing zone dilution.
Although some mathematical models are available for predicting hydrodynamics in the ocean,
their reliability sometimes, particularly when particles are to be introduced, is questionable
because of the lack of fundamental knowledge about the mechanism of fluid-particle interactions
and of particle turbulent dispersion itself. Some scale-model studies of specific cases were
conducted in the laboratory. However, the laboratory studies cannot simulate all flow features.
Thus, field studies using radioisotope tracer technology are necessary to provide verification of
computational models for sediment and contaminant transport in the coastal zone.
In this study, a number of important questions associated with the fate of the contaminant
transport from the ocean outfalls will be addressed through a systematic work of radioisotope
tracer measurements. The tracer study will provide unique data for the validation of computational
models developed in parallel by the research. Detailed results of this study will be reported in a
full paper.
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Gamma Ray Scanning As Troubleshooting Tool For Unusual And Large
Diameter Refinery Vacuum Columns
T.K. SARKAR, R. CHAWLA, S. BANIK, S.J. CHOPRA
Engineer's India Limited, 1, Bhikaji Cama place, New Delhi -110 066, India
GURSHARAN SINGH, H.J. PANT, P. SREERAMAKRISHNAN, D.C. DHAR,
P.N. PUSHPANGATHAN, V.K. SHARMA
Isotope Division, Bhabha Atomic Research Centre, Mumbai - 400 085, India

SUMMARY
Gamma scanning of trayed and packed columns is widely used to obtain density profiles and
identify on-line problems such as; damaged tray or packing, foaming, flooding, maldistribution, weeping
and entrainment etc. However, scanning of large diameter tray or packed columns requires expertise in
handling high intensity gamma sources along with thorough understanding of distillation engineering.
Engineers India Limited., and the Bhabha Atomic Research Centre undertook scanning of two such
large diameter (8.4 m and 7.4 m) trayed and packed refinery vacuum distillation columns and
successfully diagnosed the problems and suggested remedial actions. Radiography testing of small
diameter columns can be used to confirm gamma scanning results. One such example for ammonia
separation column is given.

INTRODUCTION
Gamma scanning technique is an invaluable tool
for better understanding of dynamic processes
taking place in industrial columns. The
technique can be applied for troubleshooting,
debottlenecking, predictive maintenance and
process optimisation. The advantage is that
troubleshooting exercises can be undertaken
under actual operating conditions by using low
activity radioactive sources. However, the
source selection, equipment for handling
radioactive source and strategy to be adopted for
inspection, vary from situation to situation.
Knowledge of column internals, the process
taking place inside and expertise in handling
radioactive sources are essential for undertaking
gamma scanning and analysis of scan data.
Case studies of a few unusual situations are
presented in this paper wherein large activity
110 GBq of Ir-192 source has also been used
with advantage over the conventionally used
low activity (MBq) Co-60 sources for
troubleshooting of large diameter refinery
vacuum distillation columns. In another case,
the integrity of ammonia separation column
internals was first detected by

scanning and then confirmed by radiography
testing.
PRINCIPLE
The on-line problems of trayed or packed bed
columns such as damaged tray or packing,
foaming, flooding, maldistribution, weeping and
entrainment etc. can be accurately determined
by gamma scanning technique.
The
transmission of a narrow beam of radiation
through any material is governed by the
following equation:
: = Ine"li-p-x

I

transmitted radiation intensity
through the column
Io = initial radiation intensity
\i = mass attenuation coefficient
p
average density of material in radiation
path.
x =• thickness of material in radiation
path.

Since x is essentially constant in a column of
fixed diameter and JJ. is constant for gamma
energies between 0.3 to 3 MeV, the transmitted
radiation intensity is proportional to process
material density. The measured intensity is
plotted
against the column elevation and
carefully interpreted by considering internal
loading, hardware configuration of the column
and discounting for the external obstructions in
the radiation path.
Typical scan data for a trayed column shows a
set of peaks and valleys indicating vapour space,
tray position, liquid level on trays, flooding,
dense froth etc. For packed beds, set of scans
resulting from equilength chords, taken from
different directions should overlap for uniform
distribution and a lack of matching would not
only indicate non-uniformity but also would
show which scan line has vapour/liquid bias.
CASE - 1
GAMMA SCANNING OF TRAY TYPE
VACUUM COLUMN
The distillation of heavier fractions of crude oils
is carried out in vacuum columns to avoid use of
high temperatures needed for distillation in
atmospheric columns. The lower operating
pressure of vacuum column (10-25 mm Hg)
significantly increases the volume of vapour
load per barrel vapourised. As a result, the
vacuum distillation columns are much larger in
diameters than the atmospheric towers.
The
vacuum distillation column of a refinery
scanned, was designed to produce vacuum gas
oil, spindle oil, light oil, inter oil (10), heavy oil
and short residue. Inter oil and heavy oil were
used for lube base stock production directly.
Figure 1 shows the configuration of the column.
In order to maximise lube base stock
production, a revamp of the vacuum column
was taken up. The existing ballast trays were
replaced by lower pressure drop venturi valve
trays.
However, after the revamp when the column
was started up, there was problem with
compliance of product viscosity and product
rate were less than desired. As a remedial
action, the column was opened and 30% of the
valves on trays were intentionally blocked with
metal strips and welding rods to increase vapour
velocities. In spite of this, performance of the

column remained inadequate at the inter oil
draw off, heavy neutral (HN) draw off, furnace
recycle and mid pump around zones.
Gamma scanning of the above zones was
undertaken
to
identify
causes
for
malfunctioning as well as to find out the :
i) effect of increased mid pump around rate
on 10 draw off rate,
ii) effect of steam rate in the stripper in the HN
draw off rate.
iii) effect of overflash rate on the
furnace recycle rate.

The internal diameter of the columns was 5.6 m
at the top, 8.4 ni in the middle and 3.4 m at the
bottom with shell thickness of 30 mm. Gamma
scanning of such large diameter columns would
usually require a Co-60 source of about 10 GBq.
However, deviating from the usual procedure,
the authors used a 110 GBq of Ir-192 in a
remotely operated radiography camera. The
camera body was placed on the platform of the
column and the source was driven with a
remotely operated cable into a directional
collimator with 15° half solid angle. As shown
in figure 2, by using such a collimator, the
radiation intensity remains practically constant
over 1 meter segment at a distance of about 8
meters.

This gives advantage of many detector positions
for a single source position. Moreover, use of
Ir-192 instead of Co-60, gives better contrast for
detection of liquid & vapour phases.
INTER OIL DRAW OFF ZONE AND TRAY
12
Scan was taken in two stages at normal
operating condition of 60m /hr. of mid pump
around and in upset condition of 90m /hr of
pump around liquid, from the inter oil draw off
pan to vapor space of tray 12. Results are
shown in Figure 3.
No clear vapour space was observed upto 400
mm above tray 12 at normal operating
condition. As this was not expected in normal

Since x is essentially constant in a column of
fixed diameter and (i is constant for gamma
energies between 0.3 to 3 MeV, the transmitted
radiation intensity is proportional to process
material density. The measured intensity is
plotted
against the column elevation and
carefully interpreted by considering internal
loading, hardware configuration of the column
and discounting for the external obstructions in
the radiation path.
Typical scan data for a trayed column shows a
set of peaks and valleys indicating vapour space,
tray position, liquid level on trays, flooding,
dense froth etc. For packed beds, set of scans
resulting from equilength chords, taken from
different directions should overlap for uniform
distribution and a lack of matching would not
only indicate non-uniformity but also would
show which scan line has vapour/liquid bias.
CASE - 1
GAMMA SCANNING OF TRAY TYPE
VACUUM COLUMN
The distillation of heavier fractions of crude oils
is carried out in vacuum columns to avoid use of
high temperatures needed for distillation in
atmospheric columns. The lower operating
pressure of vacuum column (10-25 mm Hg)
significantly increases the volume of vapour
load per barrel vapourised. As a result, the
vacuum distillation columns are much larger in
diameters than the atmospheric towers.
The
vacuum distillation column of a refinery
scanned, was designed to produce vacuum gas
oil, spindle oil, light oil, inter oil (10), heavy oil
and short residue. Inter oil and heavy oil were
used for lube base stock production directly.
Figure 1 shows the configuration of the column.
In order to maximise lube base stock
production, a revamp of the vacuum column
was taken up. The existing ballast trays were
replaced by lower pressure drop venturi valve
trays.
However, after the revamp when the column
was started up, there was problem with
compliance of product viscosity and product
rate were less than desired. As a remedial
action, the column was opened and 30% of the
valves on trays were intentionally blocked with
metal strips and welding rods to increase vapour
velocities. In spite of this, performance of the

column remained inadequate at the inter oil
draw off, heavy neutral (HN) draw off, furnace
recycle and mid pump around zones.
Gamma scanning of the above zones was
undertaken
to
identify
causes
for
malfunctioning as well as to find out the :
i) effect of increased mid pump around rate
on 10 draw off rate,
ii) effect of steam rate in the stripper in the HN
draw off rate,
iii) effect of overflash rate on the
furnace recycle rate.

The internal diameter of the columns was 5.6 m
at the top, 8.4 m in the middle and 3.4 m at the
bottom with shell thickness of 30 mm. Gamma
scanning of such large diameter columns would
usually require a Co-60 source of about 10 GBq.
However, deviating from the usual procedure,
the authors used a 110 GBq of Ir-192 in a
remotely operated radiography camera. The
camera body was placed on the platform of the
column and the source was driven with a
remotely operated cable into a directional
collimator with 15° half solid angle. As shown
in figure 2, by using such a collimator, the
radiation intensity remains practically constant
over 1 meter segment at a distance of about 8
meters.

This gives advantage of many detector positions
for a single source position. Moreover, use of
Ir-192 instead of Co-60, gives better contrast for
detection of liquid & vapour phases.
INTER OIL DRAW OFF ZONE AND TRAY
12
Scan was taken in two stages at normal
operating condition of 60m3/hr. of mid pump
around and in upset condition of 90m /hr of
pump around liquid, from the inter oil draw off
pan to vapor space of tray 12. Results are
shown in Figure 3.
No clear vapour space was observed upto 400
mm above tray 12 at normal operating
condition. As this was not expected in normal

tray behavior, tray was suspected to be
entraining or weeping. Since scan across
downcomer also showed presence of two phase
mixture at the same elevation as that of the tray,
it appeared that only entrainment was taking
place. At higher rate of pump around, liquid 10
draw off rate was reduced from 28 to 18 m3/hr.
Lower level of liquid in seal pan and nearly
empty tray 12 deck, indicated dumping from
tray 12 under upset condition.

above studies, several modifications like
providing chimney tray below 10 draw off,
bubble cap tray for furnace recycle draw (tray 5)
and heavier valves on tray decks were suggested
and performance improved substantially.

HEAVY NEUTRAL DRAW OFF ZONE AND
TRAY 8

In a packed bed vacuum column (I.D. 7.4m) of
a refinery the separation between vacuum diesel
and LVGO was not very good at reduced
throughputs. The problem could be due to
insufficient HETP (Height equivalent to
theoretical plate) at lower throughput as the
internal reflux flow was lower. The two packed
beds at the top section of the column were
scanned at normal (60 MT/day) and reduced (40
MT/day) throughputs with two HSD internal
reflux rates (35 and 50 m3/hr) to examine the
performance of the -bed.

Scan data were collected with and without
steam in side-stripper. Figure - 4 indicates the
scan results. Compared to scan under normal
operation without steam, level of liquid in draw
off box had considerably reduced when steam
was charged in side-stripper. This corroborated
a decrease in draw rate of HN from 17 to 10.5
m3/hr. As the frothy liquid level in the seal pan
also reduced appreciably, vapour bypassing of
the downcomer was suspected. However, upper
part of central downcomer showed behavior
similar to normal operating condition. Nonuniform behavior of tray 8 could also be
observed from scan data along different chords
of tray 8.

FURNACE RECYCLE ZONE
Investigation was carried out at normal and
increased overflash rate in this zone. Scan
results are shown in Figure 5 Presence of liquid
above flash zone was observed with normal
overflash rate which could have been due to
either entrainment from flash zone or dumping
from tray 5 or both. At increased overflash rate,
radiation intensity increased steeply above the
flash zone indicating clear vapour space i.e. no
appreciable entrainment from flash zone. At
low overflash rate there could be dumping from
trays or overflowing from the draw off box.
Since scan showed low level of liquid in draw
off box, seal pan might not be holding sufficient
liquid and thereby creating vapour bypassing
through the downcomer which might have
caused preferential dumping. Based on the

CASE 2
TROUBLESHOOTING OF A PACKED
BED VACUUM COLUMN

The same remotely operated gamma ray
exposure devise, as mentioned in Case-1 was
used with a more intense (555 Gbq) of Ir-192
source in view of the packed bed.larger diameter
and the shell thickness of the column.
Figures 6 and 7 indicate scan results. In one bed
maldistribution was indicated upto 1 meter from
bed top at lower throughput but at higher
throughput maldistribution decreased. Also, as
the internal reflux rate was increased, hold up
in the bed increased. But in the other packed
bed, severe maldistribution existed as shown by
the non-overlapping scan data.
Based on results of the study, the column was
opened
and
plugged
spray
nozzles
cleaned/replaced which improved the column
performance.

CASE-3
AMMONIA SEPARATOR COLUMN
The Ammonia separator column investigated,
was installed about 5 years back and has been

malfunctioning for over a year. The column was
about 1 m in diameter with shell thickness of
16 mm and tray thickness of 3 mm. Number of
trays were 45 having tray spacing of 300 mm.
Ammonia was separated by distillation process.
From the product samples taken at different
locations of the column, it was clear that there
was some serious problem in the column. The
purity at the top of the column was expected to
be 95% of ammonia by weight, whereas the
observed purity was between 45-65%. This
reduction in ammonia purity, resulted in
reduced production of the final product (Ethyl
Amine), by about 1 Tonne/day, resulting in
considerable revenue loss. The feed to the
column was on tray 28, consisting of water,
alcohol and ammonia, but this also had some
amount of CO2 due to reaction of alcohol and
other input components. The reaction of CO2
with NH3 resulted in the production of
ammonium carbamate, which is highly
corrosive. The tray support and trays in the
column were made up of carbon steel, which
under the action of ammonium carbamate can
get corroded with time and could result in the
collapse of the trays, particularly in the region
nearer to feed location . Gamma Scanning of
the column was thus undertaken to investigate
the internal condition of the column.
Gamma scanning was carried out using a
collimated 1.8 GBq Iridium - 192 source and
detector/ratemeter system. Scanning was done
between tray position 2 & 43. Column externals
didnot permit scanning the remaining tray
positions. The transmitted radiation intensity vs
column height plot was made to infer the
internal condition of the column and is
shown in figure 8.

The major sources of error associated with
gamma scanning of small diameter columns are
the following;
loss of source - detector alignment due to
swing.
scatter of radiation by air towards detector when
a panoramic type of collimator is used.

These problems were minimised by using a
channel support for source and detector
collimators to eliminate swing and using a
uniform narrow beam hole collimator instead of
panoramic or conical type collimator. From the
plot of the scan data shown in figure 8, the
following observations were made;
•
•
•
•

Flooding was observed between trays 4 to 10,
& 39 to 42.
Debris were found on many trays including
number 12 (see below)
Tray numbers 13, 14, 16, 18, 20, 25, 26 & 27,
were observed to be missing.
Trays 29 to 32 & 36 to 38 were found to be
damaged.
RADIOGRAPHY TESTING
Radiography testing was carried out at
suspected random locations to confirm gamma
scanning results. For this, a remotely operated
Gamma camera with 1200 GBq (32 Ci)
Iridium-192 source was used. A medium speed,
medium contrast X-ray film, Agfa D-7, of size
30x40 cms, was used with lead screens.
Insulation of the size of film, was removed from
the column, on the film side. Source to film
distance of 110 cm, parallel to downcommers,
was used for exposures. Radiographic exposures
were carried out at tray positions 12, 24, 29, 39
& 40. The radiographs clearly showed the
damaged column internals and confirmed
gamma scanning results.

CONCLUSION
The results of gamma scanning and radiography
testing were able to pin-point the type of
malfunctioning of the columns investigated.
Also, the plant operating
authorities were
convinced about the usefulness of
these
technologies for on-line investigations of the
columns. The case studies described in the paper
reveal the advantages of applying the gamma
scanning and radiography techniques in
troubleshooting of large diameter columns with
unusual problems. The success in these studies
is attributable to sharing of experience between
process engineers and NDT personnel.
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Present Status and Future Prospects of
Industrial Applications of Isotopes in Bangladesh
MD. SANAULLAH
Bangladesh Atomic Energy Commission
4, Kazi Nazrul Islam Avenue, Ramna
Dhaka-1000, Bangladesh

SUMMARY: Bangladesh is mainly concerned with the industrial applications of isotopes in the
fields of Nuclear Analytical Technique, Radiation Technology, Tracer Technology, Nucleonic
Control System and Non-Destructive Testing. Bangladesh is also persuing these activities under
UNDP/IAEA/RCA Industrial Project through R&D, Service and Training. In the present paper the
past, present and future of industrial application of isotopes in Bangladesh have been described.
Chemical analysis of different elements at trace and ultra trace levels, organic and inorganic
compounds of industrial, agricultural, environmental and biological materials using nuclear methods
such as PKE, XRF, TXRF, PIGE, AAS, GC; column scanning in petroleum industry, effluent
dispersion studies related to environment; modification of polymer, RVNRL, sterilization, food
preservation, Non-Destructive Testing for QA&QC for industries are being extensively carried out.
Industrial applications of isotopes are growing faster with industrial growth.
1. INTRODUCTION
Radioisotopes are being used, now-a-days,
in a number ways for the benefit of people
throughout the world. These include the use
of ionizing radiation for quality control and
quality assurance of many industrial
products. The application of radioisotopes
and radiation in industry are numerous.
Among these are non-destructive testings of
materials, radiation technology, nuclear
analytical technique,
tracer technique,
nucleonic control system. Bangladesh has
been working on these fields through the
participation in the UNDP/IAEA/RCA
Project for Asia and the Pacific on the
industrial application of Isotopes and
Radiation Technology.
2. NON-DESTRUCTIVE TESTING OF
MATERIALS
Bangladesh is mainly concerned with the
development and implementation of NonDestructive Testing (NDT) technology in her
industrial sector with the following
objectives:

•

to fulfil the demand of NDT services in
the industrial sector for quality control
and quality assurance

•

to build up a strong and effective
infrastructure of local NDT practitioners
at international standard through NDT
training, qualification and certification
scheme

•

to initiate Research & Development
works on NDT technology and to
promote technology transfer of new or
advanced NDT techniques

•

to harmonize the National NDT Training
and Certification Scheme
with the
Regional Scheme.

INDUSTRIES IN BANGLADESH
In Bangladesh there are many old and new
industries like oil refinery, power
generating stations, oil and gas pipe lines,
paper mills, steel mills, aircrafts, railways,
ship buildings, fertilizer
factories,
pharmaceutical
industries,
tube
manufacturing plants and other chemical
industries which need NDT services. Due to
a good degree of awareness for testing,
inspection, quality control and quality
assurance the NDT techniques are being
applied in these industries, and its
applications are growing faster.

ii)

NDT SERVICES
INDUSTRIES

TO

LOCAL

All the leading industries in
Bangladesh have been receiving
necessary NDT services of various
kinds from locally available NDT
companies/organizations.
Comparative cost of NDT services in
Bangladesh is less than 1% of total
project cost as compared to other
countries.
Hi)

QUALIFICATION AND
CERTIFICATION OF NDT
PERSONNEL

NDT FACILITIES IN BANGLADESH
Bangladesh Atomic Energy Commission
(BAEC) is the pioneer and leading
organization in Bangladesh for application,
cultivation,
development
of
NDT
technology. BAEC coordinates NDT
activity on behalf of the Government and a
broad range of NDT techniques is available.
Besides
BAEC
some
industrial
organizations and private companies have
some NDT facilities of their own.
ACHIEVEMENT
i)

RESEARCH &
DEVELOPMENT WORK
Limited activities on R&D have
been initiated in the NDT
Laboratory of Atomic Energy
Centre, Dhaka and Institute of
Nuclear Science & Technology
(INST) at Atomic Energy Research
Establishment (AERE).
Some
university teachers and students are
associated
with
the
R&D
programme.

To build up a strong and effective
infrastructure
of
local
NDT
practitioners at international standard
and to attain self reliance in the field
of NDT technology and to harmonize
the national NDT training and
certification
scheme with the
Regional scheme, BAEC in active
collaboration with NDT Personnel
Certification Committee and other
organizations has been organizing
National Training Courses on
different NDT methods at different
levels regularly since 1986. These
training courses have been organized
in accordance with standard IAEA
Syllabi as specified in IAEA
TECDOC 407, 628, "Training
Guideline in Non-Destructive Testing
Technique"
and
International
Standard - ISO 9712, "Non
Destructive Testing - Qualification
and Certification of Personnel".

Bangladesh
personnel:

has

the

following

NDT

UT-I: 29, UT-H: 25, UT-EI: 2;
RT-I: 35, RT-H: 31, RT-DI:5;
ET-I:13,ET-n:12;
MT-I: 10, MT-H: 12, MT-DI: 2;
PT-1:10, PT-H: 12, PT-ffl : 2
Total NDT Personnel: 200
BANGLADESH SOCIETY FOR NONDESTRUCTIVE TESTING (BSNDT)
BSNDT was formally formed in May 1991.
Since then BSNDT has been regularly
organizing NDT training courses, seminars,
conferences and also publishes Newsletters,
Seminar Proceedings for the Society and so
far made bilateral agreements for mutual
benefits and cooperation in the field of NDT
with Japanese Society for Non-Destructive
Inspection in May 1993 and Australian
Institute for Non-Destructive Testing,
Indonesian Society for Non-Destructive
Testing, Sri Lankan Society for NonDestructive Testing in September 1993,
Malaysian Society for NDT in March 1995,
Canadian Society for Non-Destructive
Testing in May 1995, Indian Society for
NDT in 1996. Bangladesh became the
Member of International Committee of NonDestructive Testing in 1996.
Bangladesh is developing NDT techniques to
such an extend and standard that the country
is attaining self-reliance in the field of NDT
technology for service and human resource
development and the foreign dependence in
this field is becoming greatly reduced.
3. NUCLEAR ANALYTICAL
TECHNIQUE
Under this programme the group has been
able to establish Nuclear and Nuclear-related

Analytical Techniques like PIXE, XRF,
TXRF, PIGE, NAA, AAS (Flame and
Flameless), GC which are being applied in
the areas of research and development
programmes; Analytical Services and
Intercomparison Studies of IAEA Secondary
Reference Specimen of various origins.
The main objectives of the R&D
programmes are to maintain the Water
Resources Problems, Air and Marine
Pollution and Health related Clinical
Chemistry to improve the quality of life and
development of skilled human resources.
The group has measured the levels of lead in
the size fractionated aerosol which
confirmed the levels of lead in Dhaka,
Bangladesh are among the world's highest
during dry season with levels falling during
periods of medium and heavy rainfall (1).
Table 1 shows the concentration of lead in
different cities. This situation calls for
restriction on lead content in gasoline.

Table 1: Concentration of lead in
different cities
City
Dhaka

Pb(ng/mLRF
MRF

HRF
Mexico City
Bombay
Sydney
Santiago
Los Angeles
Kyoto

463
253
160
383
360
333
230

70
40

The NAT group also actively participates in
the intercomparison study of different types
of IAEA Secondary Reference Materials
(Sediment, coal, fly ash, air particulate,
algae and hair) for minor and trace element
analysis in order to develop the laboratory

\ow
compatibility with other laboratories of the
World.
Analytical services are being provided to
different organizations by analysing various
elements of trace and ultra trace levels and
also some organic and inorganic compounds
of the industrial, agricultural, biological,
clinical and environmental samples using
different nuclear and non-nuclear analytical
techniques.
4. TRACER TECHNOLOGY AND
NUCLEONIC CONTROL SYSTEM
The introduction of Tracer Technology and
Nucleonic Control System in Bangladesh is
still in the nascent stage. The reasons for
relatively slower progress include, among
others, the lack of users' awareness, absence
of sufficient number of skilled manpower,
difficulties to mobilize all the needed
equipment, instruments and above all, the
resource constraints. BAEC has decided to
develop Tracer Technology in some selected
cases only.
So far Three Executive
Management Seminars on Tracer Technology
and Demonstration Experiments on
1)

11)

111)
IV)

Mercury Inventory in a Caustic Soda
Plant.
Gas Flow-Meter Calibration of a
Gas Company.
Distillation Column Scanning in a
Petroleum Refinery and
Installation of Closed Circuit WaterFlow Rig

and printing and packaging, modification of
natural polymers, improvement of agrowaste by implementing radiation technology.
Bangladesh has already attained excellence
in the R&D activities in the fields of
polymer modification, rubber goods,
sterilization and preservation.
Polymer modification: Different types of
formulations and polymers have already
been developed using UV radiation. These
polymers have been successfully used in
enhancing the physical - mechanical
properties of some substrates like jute
fibres, jute products, leather surface and
wood products. Some novel additives
(identified in the BAEC laboratory) help
acquire this excellence. Jute plastic
composite, prepared with
polymeric
formulation containing these novel additives
by UV radiation is found to be quite durable
and sustainable in normal environmental
conditions. These novel formulations have
also helped prepare wood plastic composite
with high tensile properties.
Rubber goods: Rubber latex has been
improved by vulcanizing the latex with
radiation in the presence of various
additives. The improved latex has been very
successful to make improved rubber goods
(hand gloves, teats, jute-rubber composites)
with
highly
enhanced
rheological
parameters.
Some private industrial companies have
shown keen interest to adopt this technology
to commercialize the products.

have been carried out.
5. RADIATION TECHNOLOGY
Bangladesh has been involved in the areas
of modification of polymer, RVNRL,
sterilization and preservation of food and is
anticipating to participate in future to the
projects of sewage sludges, municipal wastes

Sterilization: Medical products like
syringes, plastic bottles, gauges, surgical
appliances, eye ointment containers, etc. are
routinely sterilized in AERE gamma facility
for the partial local supply.

Preservation: Food products e.g. pulses, dry
fish, onion, potatoes, etc. are also routinely
radiated in AERE facility for longer shelf
life and preservation.
Both food preservation and sterilization of
medical products are commercially carried
out in the GammaTech Facility, a joint
venture company of BAEC and BEXMCO
(a private enterpreneur). This GammaTech
facility is, at present, the only Commercial
Irradiation
Facility
in
Bangladesh.
Bangladesh participated in the joint
FAO/IAEARPFI (Phase-HT) project (2). The
important purpose of the project was to seek
effective food irradiation technology transfer
through proper process control as envisaged
in the Codex Alimentarius Commission's
relevant 'Standards of Irradiation of Foods'
and associated 'Code of practice for
Operation of Radiation Facilities for
Treatment of Foods' with adoption of "Good
Manufacturing Practice (GMP) and Good
Irradiation Practice (GD?)". Special emphasis
was laid on detailed dosimetry in the
irradiation process and enhanced market
testing of irradiated products.
6. RADIATION PROTECTION
INFRASTRUCTURE
BAEC is responsible for developing and
strengthening the radiation protection
infrastructure in Bangladesh in order to be
able to carry out the responsibilities given to
it under the different provisions of the
Nuclear Safety and Radiation Control
(NSRC) Act No.21 of 1993. Such
responsibilities involve radiation dosimetry,
radiation survey, environmental monitoring,
personnel monitoring, radiation survey and
dosimetry of different diagnostic, deep
therapy X-ray machines and teletherapy units
in different clinics and hospitals and other
radiation sources in laboratories and
industries, calibration and standardization of
radiation measuring instruments, food and

other testing services and training of
different
categories
of
personnel,
dissemination of information and promotion
of awareness, issuance of licences/permits
for import/transportation and storage of
radioactive
sources/materials/radiation
emitting machines, management, processing,
storage and final disposal of radioactive
wastes.
7. CONCLUSION
The potential of NDT technology, NAT,
Tracer, Radiation Technology in the field of
Research & Development, service and
training is great in Bangladesh and its
requirement is increasing with industrial
growth. Due to increasing awareness, the
industrial organizations are becoming more
and more interested to utilize these nuclear
techniques for QA & QC of their industrial
products and thus a great economic benefit
is being envisaged.
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A Multiphase Flow Meter for the On-line Determination
of the Flow Rates of Oil, Water and Gas
G. J. ROACH and J. S. WATT
CSIRO Minerals, Private Mail Bag 5, Menai, NSW 2232, Australia
SUMMARY. The CSIRO multiphase flow meter (MFM) determines the flow rates of oil, water
and gas in pipelines from oil wells. It is based on two specialised gamma-ray transmission
gauges, and pressure and temperature sensors, mounted on the pipeline carrying the full flow of
the heterogeneous multiphase mixture. The flow rates of oil, water and gas are determined by
combining separate measurements of liquid and gas flow rates, and the ratio of water and liquids
(water cut). In three trials at offshore production facilities in Australia, the MFM determined the
flow rates of each phase to relative errors in the range of 4-10% (la). In a recent trial at a Texaco
flow facility, water cut was determined to 2% rms absolute, and flow rates of oil, water and gas
determined to between 6 and 8% relative. The MFM is licensed to Kvaerner FSSL who
completed the manufacture of their first MFM in August 1997.
1. INTRODUCTION
Pipelines carry multiphase mixtures of crude
oil, formation water and gas from oil wells
to production facilities where the mixture is
separated into single phase streams. The
flow rates of each phase of these mixtures,
from each oil well, must be measured to
provide information necessary for the
control and optimisation of the oil field.
Currently, each well stream is sequentially
fed via a manifold to a common test
separator that separates the multiphase
mixture into its three phases. Conventional
meters, such as turbine meters and orifice
plates, then measure the flow rate of each
single phase.
The oil industry wants to replace test
separators by multiphase flow meters
(MFMs). MFMs mount directly onto the
well pipelines. They have advantages over
the test separators and their associated
facilities of being considerably less
expensive, are much smaller and lighter, are
less labour intensive in their operation, and
they can be used subsea. MFMs mounted on
subsea pipelines near the well head
overcome the need for test pipelines
between the subsea completion and the host
platform. For oil fields in deep water, this

could lead to capital savings of tens of
millions of dollars.
Various organisations (1) have developed
and, with varying success, field tested
MFMs. The aim is to determine the singlephase flow rates to about 5-10% relative,
which meets the needs for control and
optimisation of oil production.
This paper describes the gamma-ray MFM
developed by CSIRO, summarises the field
trials undertaken in Australia, and describes
more fully the results of the trial at a
multiphase flow loop in the USA.
2. THE MULTIPHASE FLOW METER
2.1 Principles
The MFM (1) consists of two gamma-ray
transmission gauges, and pressure and
temperature sensors, mounted about a
pipeline carrying the full flow of the
production stream (Fig. 1). The first gauge, a
density gauge, measures the intensity of 662
keV gamma-rays transmitted through the
fluids in the pipeline. The second, a dual
energy gamma-ray transmission (DUET)
gauge, measures the transmitted intensities
of 59.5 and 662 keV gamma-rays.

All flow rates are calculated from separate
determinations of water cut (WC) and flow
rates of liquids (oil + water) and gas. Water
cut, the mass or volume ratio of water to
liquids, is determined by DUET techniques.
The flow rates of liquids and gas are
determined by combining measurements of
• mass per unit area of liquids across a
diameter of the vertical pipe,
• flow velocity by cross-correlation of the
masses per unit area determined by the
two gauges, and distance between them,
• line pressure and temperature, and
• water cut.
In the calculation of liquids and gas flow
rates from these measurements, a correction
is applied to make an allowance for the slip
in velocity between the liquid and gas
phases. The mass flow rates of oil and water
are respectively determined by multiplying
liquids flow by (1-WC) and by WC.

the radioisotope sources and detector from
the flowing stream. The ring is bolted
between two flanges of the mainline pipe.
The density gauge is mounted on a C-frame
clamped onto the mainline pipe.
The narrow beam of gamma-rays emerging
from the radioisotope source container
traverses a diameter of the pipeline. The
transmitted gamma-rays are absorbed in the
Nal crystal of the scintillation detector. The
electrical signals from the preamplifier are
carried via armoured cables to the
processing electronics that are housed in the
control room on the platform. A fast nuclear
counter processes the signals, and its outputs
are further processed by an 80486 personal
computer. The MFM outputs of flow rates,
water cut, and various other parameters that
are all displayed in computer graphics.
3. FIELD TRIALS

The DUET gauge determines the mass
fractions of oil and water in the liquids
based on the difference in atomic number of
the oil and the formation water. The
intensity of the transmitted 59.5 keV
gamma-rays depends both on the atomic
numbers of the fluid constituents and the
mass per unit area of the fluids in the
gamma-ray beam. The intensity of the
transmitted 662 keV gamma-rays depends
only on the mass per unit area of fluids.
Water cut is determined by combining these
two measurements. It is independent of the
form of the mixture, water or oil continuous,
or an emulsion. It is also independent of
concentrations of corrosion inhibitor and
sand at levels normally found in oil well
pipelines.
2.2 Hardware
The two gauges, and pressure and
temperature sensors, are mounted on a 150
mm pipe (Fig. 1). The DUET gauge is
mounted onto a "ring" which is a squat steel
cylindrical shell through which the mainline
multiphase flow passes. The ring contains
two carbon fibre/epoxy windows that isolate

The MFM has been proved in three field
trials at production facilities in Australia, at:
• WMC's Vicksburg off-shore
oil
platform, North West Shelf (1992),
• WAPET's processing facilities on
Thevenard Island, North West Shelf
(1993), and
• Esso Australia/BHP's West Kingfish
(WKF) platform, Bass Strait (1994-95).
In each trial, the MFM outputs were
compared, using least squares regression,
with flow rates determined by a test
separator. The relative errors (rms difference
to mean component flow rate) ranged from 4
to 10% (la). These trials are described in
detail in previous publications (2-4).
The advanced prototype MFM has been in
continuous use on the WKF platform since
November 1994, under terms of a CSIRO/
Esso Australia Ltd. Agreement.
4. TRIAL AT TEXACO'S FLOW LOOP
CSIRO Minerals tested the MFM at
Texaco's multiphase flow loop facility at
Humble, Texas, in May-June 1996. The

advantages of testing at a multiphase flow
facility are that the flow rates of oil, water
and gas can be varied over a very wide
range, and the conventional metering of
these flow rates is superior to that normally
obtained at production facilities.
4.1 General comments
The MFM was tested over a wide range of
flows including streams with 0-100% water
cut, 6-98.4% gas volume fraction (at the
operating pressure and temperature in the
pipe), and 480-2800 kPa line pressure.
The MFM measures the detected gammarays intensities every five milliseconds. It
processes the results of 25 seconds of this
data at the end of the 25 s period. The well
stream is usually monitored for 10 to 15
minutes, and the 25 s flow rates averaged
over this longer period for comparison with
the test separator data of flow rates.
Figure 2 shows the variation of mass per
unit area of liquids with time for one very
gaseous stream with a low volume flow of
liquids. It is probably "churn flow",
characterised by a fairly uniform mass per
unit area with time and having more gas
travelling up the centre of the pipe (4).

pipe full of oil, (salt) water, and gas. These
static sample measurements are all that is
necessary to provide the on-line calibration
for the fast moving fluid mixtures.
Water cut, based on the above calibration
technique undertaken prior to the trial, was
determined to a rms error of 2.0% absolute.
This is the average of the errors in water cut
determined for all streams measured during
the trial. It includes both the offset in the
calibration, and the 1.6% scatter of results
about the line of best fit.
Since the trial, the basic equations for
calculation of water cut have been
improved, reducing the absolute error to
1.7% and the scatter to 1.4% (Fig. 4). This is
an excellent result considering the range of
gas volume fractions (GVFs) was 5-98.4%.
The rms errors in water cut are least at low
GVFs because this corresponds to high mass
per unit area of liquids in the gamma-ray
beam. For example, least squares regression
shows that the scatter (about the line of best
fit between the MFM and separator results)
to be 1.4% when all streams were included
(GVFs: 6-98.4%) and 0.8% when only
streams with GVF < 60% were included.
4.3 Flow rates of liquids and gases

Figure 3 shows plots of the mass per unit
area determined simultaneously by the two
gamma-ray gauges. The traces for each
gauge are very similar, but the trace for the
downstream gauge is delayed in time
compared with that of the upstream gauge.
Cross-correlation of the mass per unit area
outputs determines the time delay between
the two gauge determinations. The velocity
is determined from this time delay and the
distance between the two gamma-ray beams.
In the Humble trial, cross-correlation was
successful for all the GVF range of 5-98.4%.
4.2 Water cut
The DUET gauge was calibrated for water
cut by measuring the intensity of 59.5 and
662 keV gamma-rays with, sequentially, the

The MFM measurements are incorporated
into models of the fluid flowing in the pipe.
The models are necessary because the
determinations of mass per unit area and
cross-correlation velocity average over a
diameter, and not the total cross-section, of
the pipe. The gas travels faster than the
liquid phases, requiring interpretation of the
cross-correlation velocity in terms of fluid
flow models. This slip in velocity between
the phases is greater at higher GVFs.
The MFM and Texaco flow measurements
were compared by least squares regression.
From this comparison, slip correlations were
developed for flows with 10%<GVF<90%.
Figures 5 and 6 show the results for liquids
and gas flows. The relative errors in these

and subsequent figures are the ratio of the
rms difference and the mean component
flow rate. The relative errors of 6.6% for
liquids and 6.2% for gas are good results
considering the wide range of flow
conditions met during the trial.

Australia, and in a loop trial at Texaco's
multiphase flow facility at Humble, Texas. It
has been in routine use on the West Kingfish
platform since 1994. The MFM was licensed
to Kvaerner FSSL in 1997. They completed
the manufacture of their first MFM in 1997.

The MFM calibrations for liquids and gas,
derived from the results of the Humble trial,
have been used to predict those for the West
Kingfish (WKF) trial. The prediction for
liquids flow is offset by about 15% (Fig. 7).
The scatter about the line of best fit is much
smaller, 5.4%. The offset could be caused by
errors in the calibration of the conventional
meters on WKF, and by the different
properties of the Humble and WKF oils.
Both would cause significant error.

7. ACKNOWLEDGMENTS

Further work is being undertaken to extend
the range of GVF covered by the MFM, and
to improve the calibration for liquids and
gas flows.
4.4 Flow rates of oil and water
The MFM oil and water flow rates are the
products of the total liquids flow and,
respectively, 1-WC and WC. Figure 8 shows
the Humble results of oil flow rates. The
relative errors were 8.0% for oil and 8.1%
for water. These were determined over a
very wide range of flow rates, with GVFs in
the range 10-90%.
5. COMMERCIALISATION
CSIRO has granted an exclusive worldwide
license for the MFM to Kvaerner FSSL of
Aberdeen. Technology transfer commenced
in December 1996. KFSSL completed the
manufacture of the first commercial MFM in
August 1997. They plan to complete the
subsea version of the MFM in 1998.
6. CONCLUSION
The CSIRO MFM determines the flow rates
of oil, water and gas in pipelines from oil
wells. It has been successfully tested in three
trials at offshore production facilities in
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Project, and
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Application of Isotope Tracers in
Well-to-Well Tracing Studies of China Oil Fields State of the Art
ZHANG PEIXIN
China Institute of Atomic Energy
PO Box 275(104), Beijing 102413, China
Isotope tracer literature has been taking an important role in the development of China oil fields
for many years. Plenty of application results and economic benefits derived have shown the
isotope tracer techniques involved to be effective and indispensable. From the late 1980's and
along with the passage of Secondary Recovery, well-to-well tracing studies of the injected fluids
are becoming more and more important, forming another significant territory of tracer applications
in China. The objectives of a well-to-well tracer test are generally the injection evaluation and
reservoir characterization. The information obtained is very useful and sometimes critical for the
effective management of a reservoir including injection/production balance adjustments, infill
drillings, EOR programs, etc.
Isotope tracers have been used successfully in the well-to-well tracer test because of their unique
properties, high sensitivity, wide range of choice, easy for in-situ operation and reasonable price;
thus are getting the broad applications in China recently.
Basic methodology has been developed for the design and completion of a test. Methods and
equipment for new tracer development and tracer property evaluation have been established. Many
field tests were carried out during the past years. As 87% of the total oil reserve are exploited by
water drive, water tracer test is much more concerned. Tracers for steam and gas tracing are also
reviewed. For water drive, tritiated water (THO) is the most commonly used tracer. Tritiated
methanol, tritiated ethanol, ^S tagged thiourea and 60Co tagged ^[CoCCN)^ have been used in
some field tests as water tracers; slCr-EDTA, l25I-NaI, and some activable tracers (rare earth
elements tagged EDTA complex) have also been tried for water tracing in the fractured or
channelling reservoir; the results obtained were encouraging. For steam tracing, THO was used;
for that of gases, tritium, tritiated methane and krypton (wKr) were employed. Three field
application examples are described in this paper. The first example is about water tracing by use
of gamma ratiotracers; the second, a typical example of steam tracing by use of THO; and the
third introduces the application of activable tracers in water tracing.
Current trends of the well-to-well tracer test are the use of partitioning tracers to determine
residual oil saturation of the reservoir, development of new tracers, optimization of the tracer
analysis methods, and the development of data interpretation method and software.
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On-Conveyor Belt Determination of Ash in Coal
B.D. SOWERBY, C.S. LIM, D.A. ABERNETHY, Y. LIU AND
P.A. MAGUIRE
Division of Minerals
Commonwealth Scientific and Industrial Research Organisation (CSIRO)
Private Mail Bag 5, Menai NSW 2234, Australia
SUMMARY. A laboratory feasibility study has been carried out on new and advanced neutron and
gamma-ray analysis systems for the direct on-conveyor belt analysis of ash in coal. Such an analysis
system could deliver the combined advantages of a direct on-conveyor configuration with new and
accurate analysis techniques. An industry survey of 18 coal companies carried out in early 1996
indicated that accurate on-belt ash analysis is of the highest priority. Subsequent laboratory work has
focussed on the investigation of methods with the potential for improving the accuracy of ash content
measurement relative to existing on-belt systems.
A laboratory prototype gauge has been developed comprising an 241Am-Be neutron source and
multiple detectors to measure simultaneously neutron inelastic scatter and thermal neutron capture
gamma-rays from bulk coal samples. Measurements have been made on 24 bulk (about 70 kg) coal
samples of ash from 7 to 31 wt.%. comprising 12 samples of run-of mine (ROM) coal from Mt
Thorley and 12 samples of product and ROM coal from Camberwell Coal. For a thickness range of
100 to 300 mm, we have been able to achieve calibration and cross-validation r.m.s. errors of between
0.46 and 0.54 wt.% ash using spectral window count rates with either multiple linear regression or
artificial neural network techniques. However, the standard deviation of the chemically measured ash
values has been estimated to be 0.5 wt.%. The present results suggest that these techniques are
capable of significant improvement in accuracy but are currently limited by the sampling and
chemical laboratory error. For comparison, the calculated accuracy of the dual energy gamma-ray
transmission (DUET) technique for these samples is 1.8 wt.% ash.
1. INTRODUCTION
The application of on-line analysis techniques
in the mineral and energy industries opens up
new possibilities for the improved control of
processes. Instead of manual sampling
followed by laboratory analysis, rapid and
accurate analyses can be provided in real time
for improved control. This has led to a rapid
increase in the industrial application of on-line
analysis instrumentation over the last 15 years,
particularly in the coal industry [1,2].
The coal industry has an expanding need for
accurate on-line analysis, particularly for
improved control of product quality. This need
can potentially be met by the development and
application of new direct on-belt analysis
techniques which interrogate most of the coal.
Coal consists of coal (combustible) matter
(mainly carbon with some hydrogen, oxygen
and nitrogen) and mineral matter (mainly
aluminium and other silicates with some iron).
Coal ash is the oxidised incombustible residue

from the combustion of coal and is closely
correlated with the mineral matter content;
thus the ash content of coal can be determined
approximately by measuring the mineral
matter content.
CSIRO Minerals surveyed the Australian coal
industry in 1996 to determine its priorities for
new on-line analysers. Evaluation of the 18
responses showed that:
• All respondents considered accurate on-belt
ash measurement to be of top priority.
• Moisture, sulphur and, to a lesser extent,
specific energy are also important to a
significant proportion of respondents. A
few respondents indicated interest in other
elements such as calcium, iron, phosphorus
and silicon.
• Most respondents indicated that ash should
be determined to better than 0.2-0.6 wt.%
with analysis times of about 5 to 10
minutes being acceptable.
• Typical coal thicknesses are 100 - 300 mm.

In this paper, the limitations of current ash
analysers are first discussed followed by the
introduction of possible new neutron/gamma
techniques. Several techniques for analysing
complex gamma-ray spectra are then discussed
followed by experimental results on a range of
bulk samples.
2. COMMERCIAL ASH ANALYSERS
Commercial
gauges
for
on-line
ash
determination depend on either gamma-ray
techniques (DUET, natural gamma radiation or
pair production) or the thermal neutron capture
(TNC) technique (often referred to as Prompt
Gamma-Ray Neutron Activation Analysis
(PGNAA)) [1-3]. All of these techniques have
disadvantages. Only two (DUET and natural
gamma) are used directly on-belt; the others
require use of a sample by-line.
The DUET gauge depends on the
determination of intensities of narrow beam
transmission of low- and high-energy gammarays through coal on the conveyor. The main
disadvantage of the technique is that its
accuracy is affected by changes in ash
composition; for example, a 1 wt.% change in
Fe2O3 in the ash will cause a 1.2 wt.% ash
error at 20 wt.% ash. Furthermore, the gauge
interrogates a narrow strip of coal and is
therefore sensitive to horizontal segregation of
coal on the belt; however, this problem can be
readily overcome by, for example, measuring
several beams across the belt.
The TNC technique determines ash indirectly
by measuring the concentration of most of the
individual elements that constitute ash. The
TNC technique involves bombarding a coal
sample with neutrons from a radio-isotope
source, usually 252Cf, and measuring the
prompt thermal capture gamma-ray spectrum.
However, commercial TNC coal analysers
operate in a sample by-line or chute
configuration. Any bias in sampling for the byline will translate to inaccuracies in the gauge
reading.
3. POSSIBLE NEW METHODS FOR ONBELT ASH DETERMINATION
Ideally, a new on-belt ash analyser would
have:

• improved accuracy of ash analysis
compared to DUET gauges;
• reduced sampling errors compared to
DUET gauges by analysing a larger sample
volume;
• ash determination independent of belt
loading;
• lower cost and greater availability
compared to the by-line PGNAA gauges,
primarily by deletion of the by-line
sampling equipment to supply coal to the
analyser.
One possible approach to the development of a
new on-belt ash analyser would be to combine
DUET with another technique to compensate
for composition changes. Possible methods
which have been considered in the past have
been: combined DUET and pair production;
combined DUET and scatter/transmission of
low energy gamma-rays; three energy gammaray transmission; and combined DUET and
TNC. Unfortunately, previous work on these
combined techniques has shown only marginal
improvement compared to DUET alone [4,5].
The approach used in the present work is to
investigate neutron inelastic scatter (NIS) and
TNC techniques for application to a direct onbelt geometry. The main challenge here is to
develop techniques which are capable of
accurately measuring ash independent of
changes in belt loading and which are
insensitive to both horizontal and vertical
segregation.
In the NIS technique fast neutrons are not
captured (as in TNC), but undergo inelastic
scatter reactions with the nuclei of elements in
a sample [6]. During this process prompt
gamma-rays are produced which are
characteristic of the elements present. NIS is
well suited to the analysis of carbon, oxygen,
aluminium, silicon and iron.
The use of a high energy neutron source such
as 24IAm-Be permits the simultaneous
measurement of NIS and TNC. In principle,
ash can be determined independently of
sample geometry by measuring the ratio of ash
elements (Si, Al, Fe) to coal elements such as
C and H with appropriate correction for
moisture variations.

4. SPECTRAL ANALYSIS TECHNIQUES
One of the key problems in the application
of NIS and TNC techniques is the analysis of
complex gamma-ray spectra. In the present
work four alternative methods of spectral
analysis have been investigated, namely
• spectral windows / multiple linear
regression (SW/MLR);
• spectral windows / artificial neural
networks (SW/ANN);
• partial least squares (PLS); and
• principal components analysis / artificial
neural networks (PCA/ANN).
The first of these involves the determination of
count rates in selected regions or windows
within a gamma-ray spectrum. Generally
windows are chosen corresponding to
characteristic gamma-rays from the elements
present. These window count rates are then
used in standard multiple linear regression
equations of the form:
y = a0 + a}x} + a2x2 + ... <*„*„ (1)
where y is the parameter of interest, ao....an are
constants and x,....xn are window count rates.
This method can provide highly accurate
results for relatively simple spectra, provided
that excellent gain stability is maintained.
The second technique involves using spectral
window count rates together with ANN
techniques. ANN provides a means for
modelling calibration relationships relating
derived coal parameters such as ash to
measured gauge data. Given sufficient training
data and a properly chosen architecture, an
ANN can progressively "memorise" complex
calibration relationships by means of a
learning process which adjusts the weights of
the links and the biases of the nodes [7].
The third technique investigated was based on
Partial Least Squares (PLS) [8] which attempts
to find factors or latent variables, which are
most correlated with the coal variables while
describing a large amount of the variation in
the spectrum data. A closely related technique
to PLS is Principal Components Analysis
(PCA) [9]. PCA involves finding combinations
of variables (known as principal components)
that describe major trends in the spectral data.
The first principal component describes the
direction of the greatest variation in the

spectrum data, the second the next most
dominant variation direction, etc. The fourth
technique involved correlating these principal
components against coal variables using ANN
techniques.
An important difference between linear and
non-linear calibration methods is the need with
the latter for a much larger amount of data to
allow cross-validation or testing of the derived
calibration equation on a new set of data.
5. PRELIMINARY MEASUREMENTS ON
SIMULATED COAL SAMPLES
Preliminary tests were first carried out on 18
simulated coal samples, each of mass 30 kg,
and comprising mixtures of polypropylene (to
simulate coal) with pure samples of SiO2)
A12O3 and Fe2O3 (to simulate ash). These
materials were mixed to produce samples with
ash content from 5-30 wt.% comprising 50-70
wt.% SiO2) 25-35 wt.% A12O3 and 5-15 wt.%
Fe2O3, simulating the composition variations
typically found in coal plants.
These preliminary measurements were carried
out in the simple backscatter geometry shown
in Figure 1. A 238Pu-Be source (which has
similar characteristics to the 241Am-Be sources
recommended for industrial use) was used to
irradiate the samples while backscattered
gamma-rays were detected using a bismuth
germanate (BGO) detector. A typical spectrum
is shown in Figure 2. Each synthetic sample
was packed into an open polyethylene
container of dimensions 545 x 495 x 410 mm.
Sample depths spanned the range 68 to 242
mm. A counting time of 20 live minutes was
used. In addition, a standard paraffin sample
was measured at regular intervals to monitor
gain stability.
Measurements of the simulated coal samples
taken at depths 65 to 242 mm (54 data points
comprising 18 samples each at three
thicknesses) show that ash can be determined
to within 0.84 wt.% over this wide range of
conditions. Restricting the thickness range for
these samples to 130-242 mm reduces the
r.m.s. error to 0.70 wt.% ash. These results
were obtained using simple spectral window
techniques and conventional multiple linear
regression analysis. By comparison, the
calculated accuracy of the DUET gauge [4]

was 2.9 wt.% ash for the same samples. The
measurements on the paraffin standard
indicated that most of the measured 0.7 wt.%
ash error is due to temperature-dependent
spectral changes in the experimental data. The
results were therefore regarded as promising
and warranting further investigation.
6.
MEASUREMENTS
SAMPLES

ON

COAL

6.1 Samples
Twenty-four bulk (-150 kg) coal samples were
obtained comprising 12 run-of-mine (ROM)
samples from Mt Thorley and 10 product and 2
ROM samples from Camberwell Coal. These
samples were mixed and crushed to -10 mm
and two 1 -kg (approx.) subsamples taken from
each sample. During the crushing procedure,
two of the Mt Thorley samples were
inadvertently separated into three parts,
resulting in a total of 25 samples. The
subsamples were riffle-split into quarters and
one (or in some cases, two) quarter from each
subsample was sent for chemical laboratory
analysis to three different laboratories. The
laboratory analyses indicated that the
Camberwell coal samples contained from 6.9
to 24.1 wt.% ash and the Mt. Thorley samples
contained from 17.0 to 30.8 wt.% ash.
Analysis of data on repeat chemical laboratory
assays and assays of different sub-samples
showed that the smallest standard deviation
due to preparation and chemical laboratory
analysis for any one laboratory was 0.5 wt.%
ash. The results reported here are based on the
mean ash values for each sample provided by
that laboratory with one exception where a
wrong assay for one subsample was discarded.
6.2 Experimental Method
On the basis of results obtained with the
analyser in Figure 1, a new laboratory
prototype analyser was constructed which
consisted of a loading station and a
neutron/gamma gauge using multiple detectors
in an improved geometry and with improved
temperature control. Three identical open brass
boxes, dimensions 500 x 500 x 500 mm, were
used as sample containers. Neutron-induced
gamma-ray
spectra
were
collected
simultaneously for 20 live minutes on each
detector. Each of the coal samples supplied by

Camberwell and Mt Thorley was mixed, then
coned and divided into two halves. The first
brass box was filled with 60+10 kg coal from
the first half to a depth of -300 mm and
neutron/gamma-ray spectra collected. This
coal was then transferred to another brass box
and neutron/gamma-ray spectra recorded once
more; care was taken to ensure that the coal
was well-mixed during the transfer process.
The coal was then re-mixed, coned and then
divided into thirds; these were successively
placed in the last brass box to provide
measurements for sample depths of 100, 200
and 300 mm respectively. Thus a total of five
data sets were collected for each sample, viz.
(1) -60 kg (300mm) in Box 1; (2) contents of
Box 1 in Box 2; (3) -20 kg (100mm) in Box 3;
(4) -20 kg x 2 (200mm) in Box 3; and (5) -20
kg x 3 (300mm) in Box 3. The data sets were
grouped for analysis as follows:
• Group A: 124 data sets comprising 5 data
sets for each of the 25 samples (except for
one ROM sample for which only -70 kg of
coal was provided thus only 4 data sets
were obtained for this sample);
• Group B: 74 data sets comprising all the
300 mm data from Group A.
• Group C: comprising all the product coal
samples from Group A
• Group D: comprising all the ROM coal
samples from Group A.
6.3 Results
(a) Calibration
MLR has been used to correlate the measured
window count rate data with chemical
laboratory ash content. Results show that ash
can be determined to within 0.53 wt.% for coal
of thickness 100-300 mm (Table 1) using all
data in group A. Restricting the thickness to
300 mm reduces the r.m.s. error to 0.43 wt.%
ash (Table 1). If the group were divided into 2
subgroups, one containing product coal and the
other containing run-of mine samples, the
r.m.s. error was 0.50 wt.% for the product coal
and 0.47 wt.% for the ROM coal. As a
comparison, the calculated accuracy of the
DUET technique for all the samples in Group
A is 1.8 wt.% ash.
An analysis of errors shows that counting
statistics are the main source of experimental
error and that errors due to sample
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inhomogeneity are negligible. The counting
statistical error was estimated to be 0.34 wt.%
in ash for the calibration equation determined
by SW/MLR. To determine the error due to
sample
inhomogeneity,
the
calibration
equation was used to calculate ash values for
the 300mm data sets (i.e. Group B above). The
standard deviation was calculated for the pairs
of measurements on the first half of each
sample (i.e. the first and second data sets
referred to in section 6.2) to be 0.31 wt.%.
Similarly, using pairs of measurements on
different halves of each sample (i.e. the first
and fifth data sets as pairs, and the second and
fifth data sets as pairs) resulted in values of
0.30 and 0.33 wt.% respectively.
PLS was performed separately for data sets
from two of the detectors used. The first 169
channels were removed from each 4096channel spectrum and each set of spectra was
transformed into a single matrix with 124 rows
and 3927 columns. PLS models were
implemented using these 2 sets of 124 spectra
in conjunction with the corresponding
chemical laboratory analysis data for the ash.
An r.m.s. error of less than 0.5 wt.% can be
achieved by the PLS method using only 6 or 7
latent variables. In addition, PLS models were
implemented for the 300mm thickness data
(group B of section 6.2) and an r.m.s. error of
less than 0.5 wt.% was achieved with 4-5
latent variables.
A decision was taken not to use ANN for
calibration alone because of the well-known
possibility of reaching a spurious calibration
result with this method when no crossvalidation data is used to determine a proper
ANN structure.
(b) Calibration with Cross-Validation
The accuracy of a calibration has been
considered traditionally to be the r.m.s. error
calculated for the data from which the
calibration equation was determined. A more
rigorous method for estimating the accuracy of
a calibration equation, known as crossvalidation, is to calculate the r.m.s. error using
that equation for a new set of data. Inclusion of
the cross-validation step is essential to achieve
a calibration equation with the smallest
prediction errors for new data. Ideally, one
should have a large set of representative data

for calibration and a completely separate set of
representative data for cross validation.
To compare the performance of the four
spectral analysis techniques examined (Section
4), group A was divided into two subgroups,
the smaller of which contains six samples (two
product and four ROM coal) with chemicallydetermined ash values evenly spread over the
full range of values available. Each technique
was used to obtain a calibration equation for
ash from the subgroup containing data from
the remaining nineteen samples. The resulting
calibration equations were then applied to the
data in the smaller subgroup for crossvalidation. The calibration and cross-validation
r.m.s. errors calculated for these samples are
shown in Table 2.
Of all the methods trialed, the SW/ANN
method has given the best results. It is
important to note that SW/ANN, as well as the
PLS and PCA/ANN methods, use significantly
less fitting variables than SW/MLR which
currently gives results almost as good as
SW/ANN. However, the measured accuracy of
any experimental technique will be limited by
the accuracy of the chemical laboratory
measurements on which the calibration is
based. In the present case, we have been able
to achieve calibration and cross-validation
r.m.s. errors of between 0.46 and 0.54 wt.%
ash using either SW/MLR or SW/ANN on a
suite of coal samples for which the standard
deviation of the chemically measured ash
values has been estimated to be 0.5 wt.%. In
addition, increasing the training time for the
ANN methods or increasing the number of
latent variables for the PLS method reduces
the calibration errors substantially whilst
increasing the cross-validation errors. These
observations suggest that both the ANN and
PLS techniques are capable of significant
improvement in accuracy but are currently
limited by the sampling and chemical
laboratory error. All the techniques trialed
achieved much better accuracy than that
calculated for the DUET technique (1.8 wt.%).
7. CONCLUSION
Neutron/gamma-ray techniques combined with
advanced spectral analysis techniques show
promise
for
the
on-conveyor
belt
determination of ash in coal. Laboratory

\\l
measurements on bulk coal samples showed
that ash can be determined to within about 0.5
wt.% ash (about the same as the chemical
laboratory errors) compared to about 1.8 wt.%
ash for the DUET gauge on the same samples.
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Table 1. Summary of r.m.s. ash errors for
measurements on bulk coal samples using
multiple linear regression on window count
rates.
Rms.
Data sets Thickness
Correl.
error
(Section
range
coeff.
(wt.%)
5.2)
(mm)
Group A
100-300
0.53
0.996
Group B
0.43
300
0.998
Group C
100-300
0.50
0.98
Group D
100-300
0.47
0.993

Table 2. Comparison of r.m.s. calibration and
cross-validation errors for MLR, PLS and
ANN analysis of a selected 19:6 (calibration:
cross-validation) split in the 25 bulk coal
samples data.
Method
Calibration Cross-Validation
0.54
SW/MLR
0.54
0.46
SW/ANN
0.54
PLS
0.50
1.48
PCA/ANN
0.42
1.02
Schematic of First Prototype Gauge
-Sample

238

Pu-Be
source
(2xl0 7 n/s)

75x75mm
BGO detector

W shield

Figure 1. Schematic of backscatter geometry
used to measure simulated coal samples.

Figure 2. Typical gamma-ray spectrum from
backscatter gauge in Figure 1.
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RADIOISOTOPE APPLICATIONS ON
FLUIDIZED CATALYTIC CRACKING UNITS
J S CHARLTON
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SUMMARY.
Radioisotope techniques utilizing both radioactive tracers and sealed sources of radiation are being used
increasingly as diagnostic tools for process optimization and trouble-shooting on Fluidized Catalytic
Cracking Units in oil refineries. These studies are among the most challenging in the field of industrial
radioisotope applications. Case studies are presented to illustrate the usefulness of the technology in
obtaining information about the fluid dynamics, mass transfer properties and material distribution inside
full scale operating units. This information is difficult or impossible to obtain by any other means and
is of great relevance to the refinery operator because of the economic importance of the units.
Technological trends and potential developments are also discussed.
1. INTRODUCTION

The Fluid Catalytic Cracking Unit (FCC) is
arguably the economic heart of an oil refinery
and is used widely to upgrade relatively low
value heavy oils to gasoline and other light
hydrocarbons. The optimal performance of the
FCC is vitally important to successful refinery
operations since relatively small improvements
in unit efficiency can lead to substantial
increases in revenue, resulting from increased
gasoline yield.
From an operational point of view, FCCs are
notoriously difficult.
Even though the
technology has been in use for many years and
in spite of the fact that hundreds of units are
installed world-wide, inefficiencies
and
malfunctions are, nevertheless, commonly
encountered. This results directly from the
inherent complexity of the process.
The
reaction section of an FCC is a dynamic system
in which vaporised high-molecular weight
hydrocarbon chains are fractured in the
presence of a solid catalyst, carried in a highvelocity flow of steam (1). The vapour
residence time in the reaction section of the
unit is usually significantly less than 10
seconds.
Because of the arduous process
conditions, the units are of heavy construction
and this, together with the abrasive properties

of the fast-moving catalyst makes it very
difficult to study mass transfer and fluid
dynamics using invasive instrumentation.
The most effective way to obtain information
about the operation of the FCC is to utilize
radioisotope technology. Radioisotope methods
are particularly suitable because of their
sensitivity, which allows flow patterns within
the large-scale units to be traced successfully,
and because of their unique ability to
effectively visualise the distribution of materials
within the operating plant.
This was first recognised over 40 years ago
when radioactive tracers were used to study
catalyst flows inside fluid catalytic systems
(2,3).
Since then, the technology has been
continuously refined (4,5,6) so that, at the
present time, radioisotopes are used extensively
to trace catalyst, vapour and steam flows.
Radioisotopes as sealed sources of gammaradiation have long been used to locate catalyst
levels inside the process vessels and to measure
catalyst density distributions 7,8). These
methods, and variants of them are still in use
today (6).

This paper presents a number of case studies as
examples of the many ways in which
radioisotope techniques are used to study
FCCUs and identifies developments in the
technology which hold promise for the future.
2. RADIOACTIVE TRACER STUDIES

sample of catalyst from the unit and irradiating
it in a nuclear reactor to produce the
radioisotopes 140La and/or 24Na. The attraction
of this approach is that the catalyst is its own
tracer and this facilitates detailed study of its
behaviour in the FCC environment.
For
example, the dynamics of different particle size
fractions can be investigated.

2.1 Principles
The movement and distribution of all of the
process streams in the unit - catalyst, vapour
and steam - can be traced individually using
radioisotope labelling. Radioactive material in
an appropriate form is injected as a sharp pulse
into the process stream of interest. In this way,
a representative portion of the flowing stream
is "tagged" with radioactivity and its
subsequent movement through the unit can then
be followed using radiation detectors
strategically located on the vessels and
pipework.
The volume of the injected material is small so
that the process is not perturbed. Additionally,
because of the high detection sensitivity the
activities injected are relatively small so that
there is no measurable hazard to plant
personnel. Access to the unit need only be
restricted for the duration of the injection so
that operations are not disrupted to any
significant extent.
2.2

Methodology

An alternative to catalyst irradiation which may
be useful in certain applications is the
technique of "in-situ labelling". This involves
the injection into the catalyst stream of an
aqueous solution of a radioactive salt (for
example 24Na2CO3). Once inside the unit, there
is a rapid evaporation of the water and the
24
Na+ ion attaches itself to the catalyst thereby
producing a pulse of labelled material.
2.2.3

Field Measurements:
Arrangement

Equipment

To follow the movement of the radiotracer
through the FCC, sensitive radiation detectors
are positioned at appropriate locations on the
unit. The precise deployment obviously varies
from one application to another but a typical
arrangement for studies on the reactor, riser and
stripper is shown in Figure 1.
Tracer is injected into the system using backing
pressure from a nitrogen cylinder.
The
response of the detectors to the passage of the
tracer pulse is recorded as a function of time on
a data-logging system.

2.2.1 Scope
Radioisotope technology has been applied
successfully to study all parts of the FCC. So
wide has been the range of applications that a
comprehensive survey is impossible in the
space allotted to this paper. Instead, attention
is focused on studies of the reactor/riser and
stripper sections as being illustrative of the
range of possible applications.
2.2.2 Radio tracers
The vaporised feed and steam flows are almost
always traced using one of the gaseous
radioisotope 4IAr, g3Kr or 79Kr.
The catalyst is reliably traced by taking a

The general principles of measurement may be
illustrated with reference to a simple example.
Suppose that it is desired to study the
movement of catalyst up the riser. The radio
labelled catalyst is injected as a pulse at the
base of the riser (Figure 1). By studying the
responses and time-sequencing of detectors D r
D4 (Figure 2) the velocity of the catalyst
through different sections of the riser can be
measured and from this information the catalyst
acceleration can be calculated.
By carrying out similar measurements using a
pulse injection of gaseous radiotracer it is
possible to measure the vapour velocity.
Comparison of the results of the two
measurements permits the vapour/catalyst slip
velocity to be calculated. This is an important

parameter since it influences the contact time of
vapour and catalyst which in turn influences the
cracking pattern of the hydrocarbon chains.
Analysis of the shapes of the detector response
curves provides information about the mixing
and dispersion characteristics of the flow up the
riser. For example, by computing Inverse
Peclet Numbers, deviations from perfect plugflow can be quantified.
Should changes
subsequently be made to the riser to improve
the dispersion characteristics, the measurements
can be repeated to check the effectiveness of
the modifications.

The purpose of the Riser Termination Device
(RTD) is to direct the catalyst downwards into
the Stripper and the reaction products into the
overhead vapour line. In reality, complete
disengagement is almost impossible to achieve
and for this reason the vapour passes through
cyclones, the function of which is to remove
residual catalyst before exiting the vessel.
(Figure 1).
In the case in question, in spite of the presence
of the cyclones, catalyst dust was exiting in the
vapour stream. The problem was investigated
by injecting irradiated catalyst into the base of
the riser.

2.3 Case Studies
The following case studies relate to an FCC
which was operating at reduced efficiency.
Catalyst circulation was impaired and
additionally, catalyst powder was appearing in
the gaseous product stream. Radiotracers were
used to investigate the cause of the problems.
2.3.1 Flow Maldistribution in the Stripper
This was investigated by injecting a pulse of
irradiated catalyst into the base of the riser and
examining the responses of detectors D14-D17,
placed around the stripper at N, S, E and W
locations. The response curves are shown in
Figure 3. The asymmetry of the response
curves is apparent and is indicative of excessive
catalyst flow down the South quadrant. To
investigate the reason for this flow
maldistribution, the flow of stripping steam was
investigated using a 8iKr tracer. This was
injected as a pulse into the stripping steam ring
(Figure 1) and the responses of Detectors D14D17 were compared (Figure 4). Again, flow
maldistribution is apparent, but in this case
there is a disproportionate amount of steam
going up the North side of the Stripper.
From this evidence it was deduced that the
steam ring was the source of the problem : the
large upflow of steam in the North quadrant
impedes the downflow of catalyst and gives
rise to excessive catalyst traffic down the South
quadrant - hence the catalyst circulation
problem.
2.3.2

Investigation of the Operation of the
Riser Termination Device

The response curves of detectors D8 and D9,
located in the upper part of the reactor (Figure
1) are well-defined and contain at least two
components (Figure 5). From the time of
arrival of tracer at the detectors, together with
the sharpness of the response curves it is clear
that a significant fraction of the catalyst is
passing directly up the vessel. The response of
detector D10 (Figure 6) located on the
overhead line provides confirmation of catalyst
carryover.
It was deduced from these results that either the
termination device was of inefficient design or
it was damaged.
At shutdown, visual
inspection confirmed that the device had
become partially dislodged.
The above examples are illustrative of how online inspection can provide important
information about the condition of the unit. On
the strength of this information, maintenance
and design engineers were alerted to potential
problems with the steam-ring and with the riser
termination device and were able to plan
modifications prior to shutdown. The steam
ring was realigned and the termination device
was replaced by another of completely different
design.
Radiotracer tests subsequently carried out after
start-up showed that the objectives of the
modifications had been achieved.
3. SEALED SOURCE TECHNIQUES
Gamma-ray transmission is the most commonly
used technique for the investigation of FCC

performance. If a beam of gamma-rays of
intensity Io impinges on a material of thickness
x and density d, then the transmitted radiation,
I, is given by:
I = Io exp - udx

(1)

where |i is a constant known as the mass
absorption coefficient.
Therefore, if a
radioactive source is positioned on one side of
a medium and a radiation detector on the other
such that their separation, x, is kept constant,
the density of the intervening material may be
inferred from measurements of the transmitted
radiation. This principle may be applied in a
number of ways - for example, to investigate
density variations over time as the catalyst
circulates, to measure catalyst levels in the
Stripper or to determine the mean density of
catalyst across a pipe diameter.
To provide information about the spatial
distribution of catalyst in the cross-section of a
vessel, a technique known as "Matrix Point
Mapping" is used. The principle is illustrated
in Figure 7. This technique is useful in
determining relative density distributions. For
absolute measurements it is desirable to
conduct equipment calibrations on similar
pipework. Ideally, a blank scan would be
performed on the actual piping when out of
service.
4. TRENDS AND DEVELOPMENTS
4.1 Data Collection
The most obvious trend is in the use of
increasing number of detectors for radioactive
tracer studies. It is now common for 20-30
detectors to be deployed in an FCC study, this
reflects the plant engineers' requirements for
more detailed information about the operations
of the process. The trend is expected to
continue as process models became more
sophisticated.
4.2 Novel Tracers
It is anticipated that radioisotope generators
will be used more and more for catalyst
labelling. The m Sn/ u3m In system has already
been used successfully for this purpose but
other generators, such as 68Ge/68Ga are being

investigated.
ANSTO fullerines (9) offer interesting
possibilities as carriers for gaseous radiotracers.
Noble gases can be incorporated within the C60
structure of the fullerine. Neutron irradiation
results in a system which contains a high
volume density of the activation product, thus,
enhanced activities of isotopes such as 41Ar or
79
Kr may be transported to the work-place,
thereby alleviating problems associated with
using these isotopes at sites which are
geographically remote from a nuclear reactor.
4.3 Industrial Gamma-Ray Tomography
It is clear that the use of a tomographic system
would greatly improve the definition of the
catalyst density distributions obtained from
matrix point mapping (Section 3). This is
dependant primarily on the development of a
system sufficiently rugged to operate in (often)
harsh industrial environments and with
sufficient flexibility to be adaptable for use on
pipes and vessels within a wide size-range.
4.4

Data Interpretation

The interpretation of detector response curves
is often complicated by the fact that the curves
may be composed of several overlapping peaks,
this results from the fact that the process time
constants are comparable with the width of the
tracer peaks. The situation is undersirable,
since peak-overlap may conceal important
information.
Recently, excellent work on response-curve
decomposition has been reported (10).
Application of this technology will increase
both the quality and the quantity of the
information obtained from tracer studies.
The results of radioisotope studies have already
proved to be of great value in developing and
validating mathematical models of FCC units.
These applications will become even more
important as the sophistication of the models
increases.
5. CONCLUSIONS
Radioisotope technology is a powerful tool for
the investigation of many aspects of the

•I2-M-

performance of FCCs.
The information
obtained about the fluid dynamics of the
process streams, mass transfer properties and
material density distributions is often crucial to
the understanding of process operations and
leads to significant economic benefits in terms
of optimization and trouble shooting.
Generally, it is impossible to obtain this
information in any other way.
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Australian Manufacture of Quadramet™
(Samarium-153 EDTMP)
N R WOOD and J WHITWELL
Australian Radioisotopes, ANSTO
PMB 1, Menai, New South Wales 2234, Australia
SUMMARY. Quadramet™ (Samarium-153 EDTMP) has been shown overseas to be useful in the
palliative treatment of painful osteoblastic skeletal metastases and is now being manufactured under
(licence from Dow Chemical) in Australia. Due to neutron flux limitations of the ANSTO nuclear
reactor, HIFAR, the Australian formulation contains up to 200ug of Samarium per mL whereas the
international version contains 20-46ug per mL. A dedicated facility hes been constructed at the
laboratories of Australian Radioisotopes to manufacture this material and a small clinical trial was held
to verify that the pharmacokinetic behaviour of the local material does not differ from the international
version. The results of the trial were used to support an application for general marketing of
Quadramet™ in Australia.

1. INTRODUCTION
In Australia, at least 500 people each year
develop painful metastases in the skeleton from
a variety of primary tumours, most notably of
the prostate, breast or lung which cannot be
treated or have ceased to respond to treatment
using drugs or external radiotherapy. The use
of opiates in such cases is common but often
results in relatively poor quality of life.
Several
therapeutic
bone-seeking
radiopharmaceuticals have been advanced as
palliative agents in these cases and a summary
is presented in Table 1.

Table 1 Radionuclides/Compounds
Developed to Palliate Painful Bony
Metastases
T*i

P

T

Sr-89
Sm-153 EDTMP

50.5d
46.3h

(keV)
1400
640-

(keV)
none

810
Re-186HEDP

89.3h

1070

Sn-117mDTPA

13.6d

127

14.3d

152(ce)
1710

(28%)
137
/no/\
(9/o)
159
(86%)
none

Agent

P-32

103

The agent produced by complexing Samarium153 with ethylene diamine tetramethylene
phosphonate (EDTMP) is particularly of
interest for several reasons. It is known to be
rapidly absorbed or excreted and to be rapid in
action. Due to the radiation emitted by
Samarium-153, doses can be easily measured in
a nuclear medicine department and patient
uptake distribution can always be confirmed by
whole body scanning. Retreatment is also
possible within a relatively short time.

2. DEVELOPMENT HISTORY
This material was developed by Dr W.
Goeckeler in 1984 and widely patented by Dow
Chemical subsequently. The first human
patients were treated in 1987 and all major
clinical work in the US and Europe completed
in 1995. The US FDA approved general
marketing of Quadramet™ in the US in March
1997.
Australian Radioisotopes began negotiations to
manufacture Quadramet™ in 1989. An
Australian product would, due to HIFAR
neutron flux limitations, contain increased
levels of Samarium element. In 1995 Dow
requested that some evidence be produced
showing
bioequivalence
between
the
international and Australian product and a

tzrr
small clinical trial commenced later that year. It
concluded in 1996 and the results together with
the bulk of the US submission presented to the
Australian Therapeutic Goods Administration
(TGA) in October of that year as part of an
application for general marketing in Australia.

3. MANUFACTURE
The manufacture of Quadramet™ involved the
following steps:
• A silica ampoule containing typically 10 mg
of Samarium Oxide enriched to >99% in
Samarium-152 is irradiated for 6-7 days at a
thermal
neutron
flux
of
>5 x l0 l3 n/sqcm/sec.
• (In a hot cell) the ampoule is opened and the
target dissolved in dilute Hydrochloric Acid.
• The resulting solution is diluted to a fixed
activity concentration and then mixed with a
solution containing Calcium, EDTMP and
Sodium Chloride.
• The resulting solution is filtered using a
0.22 urn membrane filter and then dispensed
into serum vials.
• The product is sterilised by autoclaving and
then frozen for shipment. The product is
shipped with solid Carbon Dioxide to
maintain it in the frozen state.
The resulting product is very similar to the
international version as the following table
shows.

EDTMP in the Australian version were not
considered likely to affect the pharmacokinetic
behaviour of the drug. To confirm this a small
clinical trial was held at two Australian centres
(Royal Brisbane Hospital [RBH] - Dr David
Macfarlane and Peter MacCallum Cancer
Institute in Melbourne [PMCI] - Dr Rodney
Hicks) with RBH enrolling 9 patients and
PMCI having 10.
The patients were selected on the basis of
having confirmed metastatic disease in the bone
with at least one painful site corresponding to
abnormal uptake on a bone scan and not likely
to require other intervention within 4 months.
Of the 19 patients ultimately enrolled 58% had
primary prostate disease, 26% breast and 16%
other (mostly lung). This compares reasonably
to the international population used for skeletal
uptake measurements (N=453) where the
equivalent percentages were 72%, 16% & 11%
respectively.
The three aspects of comparison to be made
using the trial data were:
• blood clearance rate during the first 6 hours
by sampling at 0.5, 1, 2, 4 & 6 hours.
• total skeletal uptake estimated from activity
of urine collected during the first 6 hours.
• soft tissue uptake by whole body scanning at
least 3 hours after treatment but on the same
day.
The results of the blood clearance comparison
can be seen in Figure 1.

Table 2. Comparison of International and
Australian Formulation.
Parameter
Act. Cone, at Cal.
(MBq/mL)
EDTMP (mg/mL)
Calcium (mg/mL)
Sodium (mg/mL)
Avail. Reactor Flux
Samarium (jag/mL)
EDTMP molar
excess

Int'l
1850

Aust
2000

35
2.9
8.1
2-3 x 1014
20-46
>270

35
2.9
8.1
- 5 x 1 0 13
<200
>62
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The skeletal uptake for the 19 patients at 6
hours was found to be 62.7 ± 20.2 % which is
not significantly different from the international
result at 24 hours of 65.5 ± 15.5%.
No soft tissue uptake was observed and the
Quadramet™ scans were essentially identical to
the Technetium-99m MDP scans in all cases.
The trial results support the assertion that the
pharmacokinetic behaviour of the Australian
formulation is the same as that of the
international version.
5. CONCLUSION
Quadramet™ is one of a new class of palliative
treatments for painful skeletal metastases with
the advantage that it considered effective in the
palliation of pain from metastases from a
variety of primary tumours. The limitations
imposed by the flux of the Australian reactor
HIFAR still permit the manufacture of a
product
equivalent
in
pharmacokinetic
behaviour to the international version. This
fact, coupled with the installation at the
laboratories of Australian Radioisotopes of
facilities dedicated to the manufacture of this
product now enables Australians and people in
the near geographic region to have reliable
access to Quadramet™.
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MLCROSPHERES LABELLED WITH SHORT-LIVING ISOTOPES: DEVELOPMENT
AND APPLICATION FOR TUMORS TREATMENT (EXPERIMENTAL STUDY).

BY. DROZDOVSKY, R.A ROSffiV, AY. GONCHAROVA, V.G. SKVORTSOV,
V.M. PETRIEV, AN. GRIGORffiV,N.G. SCfflSCHKANOV
Medical Radiological Research Center RAMS, Korolev Str.4, Obninsk, Kaluga region,
249020, Russia
SUMMARY. Analysis of the conducted studies strongly suggests the possibility of usage of
the domestic protein microspheres as a vehicle for radionuclide.
Good treatment results were obtained in case of the experimentally induced rheumatoid
arthritis in rats after intraarticular loading of 165Dy-hMSA. Mathematical calculations show that
homogeneous distribution of RPP in human articulation cavity with the square of 100 cm2 can be
achieved when the quantity of administered particles exceeds 3000. Analysis of dosimetric data in
case of intratumoral loading of 165Dy-hMSA also point out the necessity of the absorbed dose
calculation methods taking into account the distance from the source and possible heterogeneity of
RPP distribution inside the tumor to be employed The prolonged RPP detention in the target causing
no essential morphological and functional changes was achieved by embolization on the level of
septal and interlobular arteries and of efferent arterioles in the animal's renal.

1. INTRODUCTION
Usage of microspheres as a carrier of
curative radionuclides is expedient when
isotopes possessing no ability for the
selective accumulation in damaged focuses
are being administrated. The specificity of
effect of microsphere bound radionuclides
is achieved by respective loading methods
and particle size enabling to hold them on in
target organ for a long time. For example, in
case of the intraarticular injection of colloid
solutions of 198Au, 186Re, "V, I53Sm, 168Er
sized 0.04 - 0.4 mem in spite of good local
effect the authors observed up to 20 % and
more isotope leakage from articular cavity
(1-3,7).
Under this circumstances the
absorbed dose for unguinal lymph nodes
varied from 50 to 150 Gy, for liver from 0.4
to 45 Gy (2,4-6,23). Advantage of using of
radionuclides bound to microspheres has
been demonstrated for a number of
oncological
diseases
when
radiopharmaceutical preparation (RPP) was
administered intratumorally and selectively
intraarterially
(9-15,
20).
Most
demonstrative are the results of radionuclide
corpuscular therapy of inoperable liver
tumors when patients' mean survival
duration was 24 months and more (11,
15,16, 22). It should be noted that most of

authors applied microspheres sized 15-40
mem (15,16, 19, 21) whereas N. Ackerman
points out that arteriovenous bypasses in
dog liver average 50 mem (17).
TWT Leung et al. have revealed the
development of the radiation induced
pneumonitis in 5 of 80 patients with
inoperable liver tumors after the selective
intraarterial administration of '"Y microspheres (18). Average accumulation
of RPP in lungs was 6 % and radiation
induced pneumonitis were observed when
the
mean
leakage
of
radioactive
microspheres into lungs exceeded 13%. We
haven't seen valid substantiation of the
microspheres' size administered, hi general
the size varied broadly being within 15 3000 mem range. Large variation also exists
in total radioactivity burden, the absorbed
dose during the course of treatment for
various tumors has been estimated to be
from 60 to 100 Gy.
We haven't met publications focusing
on
the
quantity
of
microspheres
administered.
The aim of our investigation was to
define the optimal size of loading
microspheres under different ways of
administrations
and
studying
the
peculiarities of the absorbed dose forming
as a function of the microsphere quantity

and
radionuclides'
characteristics.

nuclear-physical

2. MATERIALS AND METHODS
Materials.
The work was carried out on 180
Shinshilla rabbits both males and females
weighting 1.5 - 2.0 kg and 230 white
nonlinear female rats weighting 150 - 200 g.
Microspheres of human serum
albumin (hMSA) produced in MRRC were
used as a radionuclide carrier. We applied
0.5 - 9.0 mg of 5-10, 10-15, 15-30, 45-60,
75-100 mem sized hMSA. The radioactive
label was a 125I-hMSA radiopreparation with
the specific activity of 0.15-0.2 MBq per 1
mg of albumin. I65Dy - MSA was used as a
curative radiopreparation with 10, 30, 50
MBq and more activity. 165Dy has 140min
long half-life, mean p-emitting energy of
445 keV and y-rays of 94.7 keV allowing to
visualize
RPP
distribution.
Roentgenoangiographical
investigations
were performed on the apparatus TUR-60.
For radiometry "in vivo" and "in vitro" the
detectors from "Gamma" radioisotope
laboratory were used.
Intravenous
anesthesia
in
experimental animals was induced by
injection of 3 % solution of gexenal or
sodium thiopental, 17 mg/kg for rabbits and
45 mg/kg for rats. Animals were sacrificed
by excessive overdosing of drugs.
Methods.
The neutron-activation method of
radionuclide bound microsphere based on
the inclusion of stable isotope into albumin
particles and consequent irradiation of them
with neutrons. It allows to obtain RPP with
high specific activity, certain size of
microspheres and makes it possible to use a
number of short-living isotopes for
treatment of oncological and heavy somatic
diseases.
Catheterization of rabbits' renal artery
for the selective administration of RPP was
conducted according to the standard method
by intrafemoral access. For liver artery
catheterization the opening of abdomen
cavity and introduction of the catheter top
into the coeliac trunk was performed under
visual control and to prevent the RPP
leakage into left ventricular and spleen
arteries the latter ones were ligated.

The selective loading of RPP into the
liver artery of rats was carried out with fine
catheter via gastro-duodenum fixed by
ligation. After the injection the artery was
sutured.
50 % colloid of barium sulfete in 2 %
gelatin solution was used as a contrast. The
contrast
substance
temperature
was
maintained about 40°C in waterbath.
The intraarticular administration of
RPP was carried out by punctioning of the
articular above the patella. The experimental
model of rheumatoid arthritis was induced
by intraarticular administration of 1.5%
zimozan suspension.
Brown-Pears epithelioma was used as
an experimental liver tumor in rabbits. The
primary tumor tissue was minced, teased
trough a nylon mesh and transferred into
recipient's liver. In rats we used M-l
sarcoma cells injected into the liver.
To induce hepatoma in rats a
carcinogenic N-nitrozodiethylamin was
administered per os in the amount of 100
meg/kg of bodyweight during 3 months
according to the method described earlier
(24). M-l cells injected into footpad served
as a model of intratissue tumor.
Morphological investigations were
conducted by means of light microscopy of
hematoxylin-eosin
stained
samples.
Densitometrical studies were carried out on
digital decoder UAR-2.
Statistical processing of data obtained
was accomplished using standard Student's
test.
3. RESULTS
Intraarticular administration
Intraarticular loading of hMSA
labeled with I25I (5 - 10 mem size) into rat
knee cavity and consequent radiometry
during
10 days demonstrated that
microspheres were completely detained in
the articular. In case of the colloid solution
198
Au administration 96 % of RPP loaded
quantity stayed in the cavity, 1.4 %
accumulated in unguinal lymph nodes and
2.6 % in liver.
Rats with the induced rheumatoid
arthritis were divided into four groups: first
one comprised the control animals, and three
other groups were subjected to 10, 30 and 50

MBq of the 163Dy-hMSA administration
respectively.
Results of the treatment were
assessed
roentgeno-angiographically,
pathomorphologically
and
densitometrically.
Successful results were obtained after
administration of 30 and 50 MBq of 163DyhMSA, mean absorbed dose was 130 and
220 Gy respectively.
X-ray imaging of rats' articulations
showed the picture close to normal by 14th
day, oedema of articulation soft tissues was
diminishing and the size of articulation
fissure was restored. Along with that we
observed
morphological
changes in
periosteum and osteo-cartilage areas of
articulation, their density was 18-20 % less
than normal in case of administration of 50
MBq. Perhaps it is due to small dimensions
of rat articulation and thus the tissues were
within the area of effective radiation
influence of 163Dy.
In order to effectively utilize RPP in
clinical practice and to create an optimal
absorbed dose in the site of lesion with
minimal irradiation of surrounding normal
tissues we were interested to study nuclearphysical characteristics of 163Dy, define the
number
of
microspheres
providing
relatively homogeneous distribution of
particles within the volume as well as the
absorbed dose for articulation cavity in
man.
To obtain quantitative characteristics
of radiation effect of RPP the dose
characteristics of 165Dy point source in
tissue-equivalent media were calculated.
Data about track-energy dependence for
electrons in tissue and radionuclide Pemission spectrum were used for the
estimation. The surrounding volume was
split into 0.1 lmm thick spherical layers and
the energy loss and absorbed dose were
calculated for each layer),
Study of the emitted P-particles
energy distribution along the distance from
the source showed that 50 % of energy
spreads for 1.15 mm and up to 90 % for 3.1
mm depth.
Comparing the values of the absorbed
dose at a certain distance with the mean
absorbed dose in spherical volume with the
diameter equal to the distance from point
163
Dy source (specific activity lBq) one can

see a significant difference between them,
particularly at the end of electron track (up
to 4 orders of magnitude) (Fig. 1).

Thus accepted in clinical practice
way of calculation of mean absorbed dose
does not yield correct data about the dose
absorbed by the target cells localizing at the
different distance from the source.
The absorbed dose inside the tissue
equals to that obtained from a plane source
at the distance of 1-5 mm the source of
radiation.
Using these results the doses from
intraarticularly administered RPP were
calculated.
Calculation of the dose absorbed from
a plane source demonstrates that after
loading of 18500 MBq of 163Dy-hMSA the
absorbed dose at 2 mm depth (tentative
boundary of damaged synovial membrane)
will score 70 Gy and one order of magnitude
less at 4 mm.
These calculations are correct if
microspheres are in close proximity to each
other along the surface (the plane source
model). For discrete hMSA distribution over
the articular cavity surface the minimal
quantity of microspheres required for the
relatively homogeneous absorbed dose
distribution was calculated. Result of
mathematical analysis demonstrated that the
number of 1S5Dy microspheres should be not
less than 3000 per articulation surface area
of 100 cm2.
Intratumoral loading of165Dy- MCA.
On the 20th day after the transfer of
M-l sarcoma cells into rats' footpad when
the tumor volume reached 0.5 cm3 the
animals were given 5.2mCi of 163Dy-hMSA
resuspended in 0.3 ml 0.9% NaCl.
As one can see in Fig 2.
the
significant delay of tumor growth was
observed comparing to the control group.

It should be also noted that after the
tumor growth resumption the increasing rate
(0,022 Lg V/day) was substantially lower
(0,045 Lg V/day) than in the group received
fractionated distant radiotherapy (3 fractions
of 10 Gy each) and in the control group
(0,048 Lg V/day). We did not observe
radiation-induced epidermitis and oedema of
the surrounding normal tissues after RPP
administration.
Calculation
of
mean
absorbed dose inside 0.5 cm3 tumor after
loading of 5.2mCi of 163Dy-hMSA
demonstrates that it was averagely 330 Gy.
At the same time the absorbed dose at the
tumor periphery, especially around the
frontier (1mm) was 10 times less, about 33
Gy what possibly reflects the irregularity of
the particles' distribution inside the tumor.
Apparently this might explain the
incomplete positive effect of treatment.
Work aimed to optimize the conditions of
intratumoral administration of RPP are
underway.
Selective intraarterial administration
of125l-hMSA.
hi series of the selective intraarterial
administration of U5I-hMSA in renal artery
of rabbits best results were obtained when
particle size was 15-30 mem. The prolonged
detention of microspheres in renal efferent
arterioles was achieved (92 % of the
administered quantity on 10th day, 79 % on
the 20th day) and 123I-hMSA concentration in
liver and lung did not exceed 1 %, in thyroid
gland - 2.7 % (Fig 3).

HMSA of this size caused transient
minor morphological changes in renal tissue.
The selective loading of microspheres in
lobule renal artery and surgical removal of
another one was endured well by animals
with no essential difference in behavior in
comparison with control rabbits during the
observation period of 6 months. On the other

hand the
administration
of
larger
microspheres (40-75 and 75-100 mem) led
to the occurrence of extensive necrotic areas
and the particles were localized to the level
of lobule and segmental arteries.
After intraarterial loading of I23IhMSA in rabbit liver artery best results were
obtained when the size of microspheres was
45-60 mem what corresponds the diameters
of rabbit interlobular and septal arteries (Fig.
4).

45-60 mem hMSA depositions
clearance rate from liver tissue was two
times lower then in case of 15-30 mem
hMSA and quantitatively was as following:
first day - 96 %; fifth day - 79 %; tenth day
- 50 % and to twentieth day - 16% of
administered quantity. Accumulation of RPP
in lungs did not exceed 2 % on twentieth
day, in thyroid gland it was up to 5%.
Roentgenangiographycal imaging performed
one day after the microspheres loading
revealed the pronounced parenchymatous
phase suggestive of the "opening" of the
majority of capillaries not functioning
before.
On
the
20th
day
the
hepatoangiogramms were nearly normal
although the leak of contrast substance into
portal vessels of liver took place.
Morphological changes in liver tissue were
temporary, we noted dilation of sinuses and
venous bloodfilling of lobules which had a
tendency to normalize by 20th day.
The distribution of microspheres in
tumor and normal tissue of animal's liver
was studied. Mean accumulation of 45-60
mem hMSA was averagely 3.9 times higher
in case of Brown-Pears tumor transfer into
rabbits' liver tissue. 15-30 mem hMSA
accumulation was 6.3 times more intensive
in induced rat hepatoma than in normal liver
tissue.
To our opinion in order to create
optimal absorbed dose within the tumor and
minimize the lesions of surrounding tissues
it is necessary to calculate the quantity of
particles providing relatively homogeneous

distribution of RPP in normal tissue and its
specific activity depending on the isotope
being used. First of all, the number of
vessels with the diameter corresponding to
microsphere size was defined. After the data
were entered into the computer program
modeling the arterial stream of organs
structure (25) we found that there were
averagely 10,000 vessels with the diameter
of 45-60 mem in rabbit liver. The
administration of 5000 to 30000 particles
provided relatively homogenous distribution
of RPP in liver. To compute the optimal
absorbed dose we suggest to consider an
organ as a sphere inside of which a great
number of small spheres with the radius
corresponding to energy characteristics of
radionuclide are distributed homogeneously
all over the volume. Provided the organ and
tumor volume are known this approach
allows to reasonably accurately determine
the required quantity of microspheres and
the specific activity of RPP to be
administered in order to create the desired
absorbed dose in e.g. hepatoma and
surrounding healthy tissues.
4. DISCUSSION
Analysis of the conducted studies
strongly suggests the possibility of usage of
the domestic protein microspheres as a
vehicle for radionuclide. The neutronactivating method of RPP production
enables to utilize a broad spectrum of shortliving isotopes that can be delivered into the
target organ and anchored there for a long
time.
Depending on the way of the hMSA
administration and characteristics of the
organ a number of important points should
taken into consideration to provide an
effective
radionuclide therapy. Good
treatment results were obtained in case of
the experimentally induced rheumatoid
arthritis in rats after intraarticular loading of
165
Dy-hMSA. Unlike the colloid solutions of
169
Er, m Au, " 6 Re, " Y usage when their
leakage from articular cavity reaches 20 %
and more the microspheres are almost
completely detended in the damaged
articulation.
Mathematical calculations show that
homogeneous distribution of RPP in human
articulation cavity with the square of 100

cm2 can be achieved when the quantity of
administered particles exceeds 3000. The
computation of the absorbed dose is
expediently to conduct as a function of the
dose within the distance equivalent to the
thickness of damaged synovial membrane.
On the example of 165Dy-hMSA
energy characteristic distribution
we
demonstrated that the absorbed dose for
damaged cells at 2mm distance from the
radioactive source is 7 times less than the
one for a sphere of 2mm diameter. Thus
accepted in clinical practice way of the
estimation of mean absorbed dose in
spherical volume does not yield true data
about real dose received by target organ
cells locating to different distances from the
source.
For the physician creation of optimal
absorbed dose on the boundary of damaged
area is a problem of great importance. It is
even admittable to overirradiate some of the
target organ cells situating close enough to
the radioactive source. Analysis of
dosimetric data in case of intratumoral
loading of M3Dy-hMSA also point out the
necessity of the absorbed dose calculation
methods taking into account the distance
from the source and possible heterogeneity
of RPP distribution inside the tumor to be
employed. When 0.5cm3 tumor was treated
with mean absorbed dose of 330 Gy and the
distance between particles and the tumor
edge reached lmm the absorbed dose for
distal cells was ten time less, 33Gy. These
features of the absorbed dose forming are
more or less typical for any radionuclide.
Therefore the energy characteristics of pemitters applied should be taken into
consideration and the respective corrections
should be made to neatly estimate the
amount of therapeutic radioactivity to be
administered.
In case of selective intraarterial
administration
of
microspheres
the
substantiation of hMSA size and quantity is
of high importance besides of the
peculiarities mentioned. The prolonged RPP
detention in the target causing no essential
morphological and functional changes was
achieved by embolization on the level of
septal and interlobular arteries and of
efferent arterioles in the animal's renal. In
man the analogous vessels have the diameter
approximately 80-100 mem and 40-50 mem

respectively. The uniformity of microsphere
distribution in the organ and the their
accumulation in tumors depends on the
number of particles being administered. In
our earlier investigations we noted that in
case of the insufficient or excessive loading
of microspheres we could not reach the
prominent accumulation of RPP in the tumor
tissue. Apparently in the first case there was
insufficient accumulation of particles in
tumor vessels and in the second one after the
"saturation" had been achieved the
microspheres continued to penetrate into
normal liver tissue of animals.
Mathematical model of organ arterial
lake structure supposes there is the
dependence between the diameters of
primary vessel and its lower branches. One
may assume that organ artery of certain
diameter supplies a corresponding volume of
tissue with blood. According to our
mathematical
calculations
after
the
measurement of rabbit liver artery diameter
the number of septal and interlobular arteries
was found to be approximately 10000.
Experimental results of the third/fourth
degree vessel branches number and their
diameter determination performed under

light microscope were identical to those
obtained by means of calculations.
The introduction of 5000 to 30000
microspheres led to their relatively
homogeneous distribution in liver. Choice of
optimal microsphere number in any
particular case depends on the energy
characteristics of radionuclide used. In other
words, each microsphere bound with
radionuclide may be considered as a small
sphere with a radius equivalent to effective
electron track length of RPP. The organ may
be presented as a large sphere inside of
which smaller spheres are distributed. When
the number of particles providing
homogenous distribution inside the organ is
known it becomes possible to compute the
specific activity of RPP in order to set up the
desired absorbed dose in tumor.
Investigations carried out suggest the
efficacy of radionuclide therapy application
for treatment of oncological and heavy
somatic diseases. They also indicate the
necessity of further investigations aimed to
optimize the usage of microspheres as a
radionuclide carrier usage and to detaily
work out the criteria of dosimetric planning.
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Labelling of Aminomethylenephosphonate Derivatives
with Generator-produced 188Re and Their Stability

K HASHIMOTO
Department of Radioisotopes, Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken 319-11 Japan
SUMMARY.
The labelling of aminomethylenephosphonate derivatives (EDTMP Ethylenediamine-N,N,N',N'-tetrakis(methylenephosphonic acid), EDBMP - Ethylenediamine-N,N'bis(methylenephosphonic acid) and NTMP - Nitrilotris(methylenephosphonic acid)) with carrier-free
188
Re from the 18SW/18SRe generator was investigated in detail. Stannous chloride was used as the
reducing agent for the reduction of rhenium. The dependence of the labelling yield upon the reaction
conditions such as the concentrations of the reducing agent and the ligand, pH, temperature and the
addition of a carrier was examined. Under the optimum conditions, the labelling yields of 188ReEDTMP and 188Re-EDBMP were more than 95%, the yield of 188Re-NTMP was more than 90% using
carrier-free 188Re and the labelling yields of all the carrier-added 188Re-aminomethylenephosphonate
(188Re-amp) complexes were more than 95%. The stability of the 188Re-amp complex against pH
change and dilution with saline was also studied. It was found that the formation condition of 188Reamp, that is the temperature, pH and the addition of a carrier, influenced the stability of I88Re-amp.
1. INTRODUCTION
Radiopharmaceuticals for cancer therapy have
been recently attracted with keen interest. The
radioisotopes of rhenium (18dRe and 188Re) have
been suggested as radiopharmaceuticals for
therapy because of their energetic beta particles
and gamma rays suitable for imaging (1-3).
Studies of diphosphonates labelled with 186Re,
produced by the 18sRe(n, y) reaction, and their
biodistribution behavior indicate that 186Relabelled diphosphonates are good bone seeker
agents similar to "Tc-diphosphonates (4-10).
186
The
Re-HEDP
(BED?
(1hydroxyethylidene)diphosphonic
acid)
demonstrated effective palliation of bone pain
due to metastases of primary carcinomas.
However, the labelling studies with carrier-free
1S8
Re have so far been limited.
We have so far studied the labelling of MDP
(methylene diphosphonic acid), HEDP and
DMSA (dimercaptosuccinic acid) labelled with
generator-produced 188Re (11-13). On the other
hand, the 153Sm-EDTMP has also shown to be
a promising agent for effective palliative
treatment of widespread skeletal metastases
(14-18). Therefore, the labelling of EDTMP
and its derivatives (EDBMP and NTMP), as
shown in Fig. 1, with carrier-free 188Re from

the 188W/I88Re generator was examined in this
study. The influence of reaction conditions
such as pH, the concentration of reducing agent,
the addition of a carrier etc. on the labelling
yield was investigated in detail. Furthermore
the stability of the 188Re complex against pH
change and dilution with saline was
investigated.

2. EXPERIMENTAL
2.1 Production of 18SW/188Re generator
Typically 50 mg of enriched 186W as WO3
(99.79% enrichment) was irradiated for 26
days in JAERI JMTR (a thermal neutron flux
of 2.7x10"nemos' 1 ) or JRR-3M (lxl0 14 ncm^-s"1).
The 188W/188Re generator was prepared by the
alumina column system (19). The irradiated
WO3 was dissolved in 2M NaOH. The pH of a
part of the 188W solution was adjusted to about

N
R
EDTMP

EDBMP

NTMP

Fig. 1. Structures of the aminomethylenephosphonate
ligands used in this study (R=CH2PO3H2).

2 using HC1. This solution was absorbed onto
the alumina column (10 mm <J> x 60 mm; BIORAD, AG-4, 100-200 mesh) which was
conditioned with 0.01 M HC1. The column was
then washed with normal saline. Rhenium-188
was eluted with normal saline after the
equilibrium between 188W and 188Re had almost
been reached. The chemical form of 188Re
obtained from the generator was checked by
paper chromatography in 0.9% saline. The
chemical form of 188Re was found to be
perrhenate ion (18SRe04) and was free from
188
W breakthrough. Rhenium-188 solution
(2xl0 5 -lxl0 6 Bq/ml) was obtained from the
generator in a saline solution and was used for
labelling purposes without further purification.
2.2 Synthesis of 188Re-aminomethylenephosphonate (I88Re-amp) complex
Aminomethylenephosphonate
derivatives
(EDTMP, EDBMP and NTMP) were
purchased from Dojindo Laboratories, Japan.
All other chemicals used were of guaranteed
reagent grade.
The labelling studies were carried out as
follows:
To an aminomethylenephosphonate aqueous
solution, 1-ascorbic acid aqueous solution, HC1,
NaOH and/or sodium acetate solution for pH
adjustment, a 188Re solution from the generator,
and a stannous chloride solution (0.6 M HC1)
were added. The reaction mixture was
vigorously stirred and allowed to react at room
temperature for 4h or in boiling water for 0.5h.
The solution was filtered through a 0.22 jxm
filter when precipitation was occurred in the
reaction mixture. Radiochemical yields of
I88
Re-amp complex was determined by silica
gel TLC (Merck No. 5735 / acetone),
electrophoresis
(ADVANTEC
Seleca-V
cellulose acetate membrane / 0.05M barbital
buffer (pH 8.6) / 600V, 15min) and paper
chromatography (Whatman No. 1 / 0.9%
saline).
The distribution of 188Re in TLC, EP and PC
was measured with a radioanalytic imaging
system (AMBIS-100).
2.3 Stability studies of 188Re-amp complex
The pH of 188Re-amp solution (2ml) obtained
under the optimum conditions was changed to
higher values by adding a sodium acetate or a

NaOH solution (0.5ml). After 1 hour, the
radiochemical yield of 188Re-amp was
determined by TLC and PC methods as
mentioned earlier. The stability study against
dilution was carried out by diluting the 188Reamp solution 2 to 10-fold with a saline solution.
3. RESULTS AND DISCUSSION
3.1 Determination of the labelling yield of
188
Re-amp complex
From the previous results (11-13) and the
literature (20), Re complexes and ReO2 were
retained at the origin of the silica gel TLC by
developing with acetone. And the only ReO2
was retained at the origin of the paper
chromatography by developing with saline.
Therefore, the yield of Re complex can be
determined by the TLC and PC. In this study,
however, higher yields (1.5% (n=43) for I8SReEDTMP, 2.9% (n=35) for I8SRe-EDBMP and
5.4% (n=27) for 18SRe-NTMP) were observed
at the origin of the PC than the previous results
(0.8% (n=22) for 188Re-MDP, 0.9% (n=70) for
188
Re-HEDP). The tailing of the main peak
(188Re-amp and ""ReO/: Rf=0.9) was observed
to the origin in the PC, probably due to the
decomposition of the Re-amp. On the other
hand, a single peak was observed at the
different migration distance of 188ReO4' and the
maximum yield at the origin was less than
0.5% in the electrophoresis for all the 188Reamp complexes, as shown in Fig. 2. Therefore,
the yield of ReO2 was considered negligible in
this study. The yield of 188Re-amp was
determined only by the TLC.
3.2 Effect of the reaction time
The influence of time on the formation of
lss
Re-EDTMP was studied at room temperature.
The yield of 18sRe-EDTMP at low pH (-0.8)
was constant in the range of 0.5 - 6 h as
reaction time. However, the yield at higher pH
(~4) increased gradually with time.
3.3 Effect
chloride

of concentration

of

stannous

Figure 3 shows the dependence of the labelling
yield of 188Re-amp on the concentration of
stannous chloride. The yield of 188Re-amp
increased with the concentration of stannous
chloride and indicated a constant value of not
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less than 0.5 mg/ml stannous chloride for
188
Re-EDTMP, EDBMP and 2 mg/ml for 188ReNTMP. Furthermore, the dependence of the
yield on the concentration of stannous chloride
was also influenced by the pH in the reaction
medium, as shown in Fig. 4. Therefore, The
concentration of stannous chloride was
selected at 2.85 mg/ml and 0.57 mg/ml in this
study. More than 5-fold greater amounts of
stannous reductant were required in the
preparation of X88Re-EDTMP than that in the
preparation of 99raTc-EDTMP (17).
3.4 Effect of concentration of aminomethylenephosphonate
The influence of the EDTMP concentration
upon the yield of 18SRe-EDTMP was studied at
pH ~1 from 0.02 to 0.1 mmol/ml EDTMP. The
labelling yields of m Re-EDTMP increased
with the concentration of EDTMP. In the
preliminary study, a white precipitate was
formed when the concentration of EDTMP was
low (the molar ratio of [EDTMP] to [Sn] was
lower than 8). Therefore, the concentration of
aminomethylenephosphonate was fixed at 0.1
mmol/ml. The similar precipitation was
observed for the synthesis of 18W88Rediphosphonate, and higher concentration of
diphosphonate was effective to prevent the
precipitation (6, 11, 12).

I

.

-

Fig. 3. Influence of the concentration of
SnCl2 on the yield of 188Re-amp complex
using carrier-free 188Re (pH 0.8, room temp.).

10 12

Fig. 2. Electrophoresis of 188Re-amp
complex (600V, 15min).
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3.5 Effect of pH
The influence of pH on the labelling yield was
investigated, as shown in Fig. 5. The maximum
labelling yields of all the 188Re-amp complexes
were obtained in the acidic pH region less than
pH 3 and the yields decreased sharply above
pH3.
In comparison with the preparation of 99mTc
complexes, a lower pH (acidic condition) and
greater amounts of stannous reductant were
generally required for the preparation of 188Re
complexes. It is thought that these facts are due
to the difference of the reduction properties
between Re and Tc, that is, the Re complexes
are more difficult to reduce than the Tc
analogues.
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3.6 Effect of reaction temperature
No increase in the labelling yield of the 188Reamp was observed by heating the reaction
mixture in boiling water for 30 min. However,
the reaction temperature influenced the
stability of the 188Re-amp complex as described
later.

Fig. 7. Effect of pH on the stability of
188
Re-EDTMP.
the carrier under the same reaction conditions
for 188Re-NTMP, as shown in Fig. 6. The result
obtained for 18SRe-NTMP agreed with the
results for 188Re diphosphonate complexes
(188Re-HEDP and 188Re-MDP).
The optimum condition for the preparation of
188
Re-amp complex using carrier-added 188Re
was the same as that using carrier-free X88Re.
3.8 Stability of the 188Re-amp complex

3.7 Effect of adding the carrier
The 186Re produced by the 185Re(n, y) reaction
contains a Re carrier. The carrier NH(ReO4
was added to the generator-produced carrierfree 188Re solution and the effect of adding the
carrier on the labelling yield was investigated
at 0.02 mg Re/ml. No influence of adding the
carrier was observed for 188Re-EDTMP and
1S8
Re-EDBMP. However, the labelling yield
with the carrier was higher than that without

The influences of pH and dilution with saline
on the stability of the 188Re-amp were
investigated with and without the carrier. After
preparing the 188Re-amp, the pH was changed
to a higher value or the solution was diluted
with normal saline. The labelling yield was
determined one hour after the change. The
results of the stability of I88Re-EDTMP are
shown in Figs. 7 and 8. The survival yield {=
(the yield after the change / the initial yield

100

a. ao

Carrier-added
(0.02mgRe/ml)
Carrier-free

•-•--: Carrier-added
(0.02mgRe/ml)
—o—: Carrier-free

^ 20

0

1

2

3

SnCI2«2H2O concentration / (mg/ml)

Fig. 6. Influence of adding the carrier for
188
Re-NTMP (pH 0.8, room temp.).
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Fig. 9. Effect of dilution with saline on
the stability of carrier-free 1MRe-NTMP at
different formation conditions.
before the change) x 100} decreased with an
increase in pH as well as with the dilution ratio.
The magnitude of the decrease of the survival
yield for the carrier-free 18SRe-EDTMP was
bigger than that for the carrier-added 188ReEDTMP. The same results were obtained for
the 18SRe-EDBMP and 188Re-NTMP complexes.
Therefore, the stability of the carrier-added
188
Re-amp was higher than that of the carrierfree 18SRe-amp. Furthermore, it was found that
the formation condition of 188Re-amp, that is
the temperature, pH and the concentration of
stannous chloride, influenced the stability of
18S
Re-amp. For the carrier-added 188Re-amp
complex, the 188Re-amp formed in boiling
water was more stable than that formed at
room temperature and the 18SRe-amp formed at
pH 0.8 was more stable than that formed at pH
3. However, the different result was obtained
for the carrier-free 188Re-amp complex. No
influence of formation conditions on the
stability of carrier-free 188Re-EDBMP and

Fig. 11. Comparison of the stability of
carrier-free 188Re-amp complex.
188

Re-NTMP was observed, as shown in Fig. 9.
Only the stability of the carrier-free 188ReEDTMP was influenced by the formation
conditions (temperature and the concentration
of stannous chloride), as shown in Fig. 10. The
carrier-free I88Re-EDTMP formed in boiling
water at 0.57 mg/ml SnCl r 2H 2 O was most
stable.
The comparisons of the stability of 188Re-amp
complexes were shown in Figs. 11 and 12. The
stability decreased in the order 188Re-EDTMP >
188
Re-EDBMP > 188Re-NTMP for the carrierfree 188Re-amp and 188Re-EDTMP = 188ReEDBMP > 188Re-NTMP for the carrier-added
188
Re-amp under the same formation condition.
The stability of 188Re-amp may be related to its
structure. Aminomethylenephosphonate has
nitrogen atoms (N) and methylenephosphonate
groups (P atom + O atom) which are capable of
coordinating to metal ions. EDTMP has 2N
and 4(P+O), EDBMP has 2N and 2(P+O) and
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NTMP has IN and 3(P+0). The order of
stability of I88Re-amp co'mplex obtained in this
study roughly corresponds to the number of
coordinating atoms/groups in aminomethylenephosphonate. Nevertheless, further studies on
the structure of Re-amp complexes are
desirable in order to explain the result of their
stability obtained in this study.

6.

4. CONCLUSIONS

8.

The optimum conditions for the preparation of
the most stable 188Re-amp complex were as
follows:
pH 0.7 - 0.8; the concentration of SnCl2-2H2O,
0.57 mg/ml (2 mg/ml for 18SRe-NTMP); the
concentration of 1-ascorbic acid, 2.85 mg/ml;
the
concentration
of
aminomethylenephosphonate, 0.1 mmol/ml;
reaction time, 30 min in boiling water. Under
the optimum conditions, the labelling yields of
m
Re-EDTMP and 188Re-EDBMP were more
than 95%, the yield of ISSRe-NTMP was more
than 90% using carrier-free 188Re and the
labelling yields of all the carrier-added IS8Reamp complexes were more than 95%.
The carrier-added 18SRe-amp was more stable
than the carrier-free 1S8Re-amp. And, it was
found that the formation conditions of ^ R e amp influenced the stability of 18SRe-amp.
Furthermore, the stability decreased in the
order m Re-EDTMP > lssRe-EDBMP > lss ReNTMP.
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APPLICATION OF X-RAY EMISSION TECHNIQUES FOR
MONITORING ENVIRONMENTAL POLLUTION
G. BERNASCONI, P.R. DANESI, M. DARGIE,
N. HASELBERGER, A. MARKOWICZ, A. TAJANI
IAEA Laboratories, A-2444 Seibersdorf, AUSTRIA
SUMMARY. The paper reviews recent progress at the IAEA's Laboratories in Seibersdorf in selected
aspects of applications of XRF and PIXE techniques to the analysis of environmental, geological and
biological samples. The application of these techniques to test the homogeneity of candidate reference
material and recently developed sample preparation procedures for total reflection XRF and X-ray
microfluorescence analysis of environmental materials, are presented. Simple and rapid procedures are
illustrated for transferring many solid materials into a liquid phase, making TXRF a versatile and
powerful analytical method with very good precision and accuracy. The performance of portable XRF
units based on liquid-nitrogen cooled semiconductor detectors and thermoelectrically cooled
photodiodes, as well as their preliminary applications for in-situ analysis of soil and sediments, are also
discussed.
1. INTRODUCTION
X-ray emission techniques are versatile and
powerful methods used for multielement nondestructive analysis. They include X-ray
fluorescence (XRF), particle induced X-ray
emission (PIXE), scanning electron microscopy
combined with X-ray spectrometry and electron
probe microanalysis (EPMA). Since many
years the IAEA has utilised and promoted these
techniques for the analysis of environmental,
biological and geological samples. In this paper
recent progress at our laboratory in selected
aspects related to the application of X-ray
emission techniques is reviewed.
2. HOMOGENEITY TEST OF
CANDIDATE REFERENCE
MATERIALS FOR THE ANALYSIS OF
AIRBORNE PARTICLES
The examination of environmental samples
represents an important field of activity in
analytical chemistry. One type of samples of
major interest in this area is air particulate (or
aerosols) collected on filter substrates. Air
particulate deposited on a filter forms an ideal
target for X-ray spectroscopies (both PIXE and
XRF). Usually, X-ray analytical methods are
calibrated against external standards, such as

thin evaporated metal or salt layers on plastic
films (1), metal foils or pellets of known
composition (2). During the validation of an
analytical system/procedure a
reference
material similar to the real samples to be
analysed, in terms of analytes, matrix and
physical form, has to be used. For the analysis
of the filters which have collected air particulate
or aerosols a number of reference materials is
available in the form of bulk dust in bottles,
blank filters spiked with a metal-containing
solution and thin surface layers deposited on
filter substrates. All these reference materials
are however different from the real material
collected on filters and inadequate for verifying
the accuracy of the analytical method.
Therefore, some efforts to produce reference
material for XRF analysis of real samples have
been made (1, 3). In this paper the experience
of the IAEA related to the production of
standard filters loaded with air particles is
presented. The first attempt has been made in
the frame of a Co-ordinated Research
Programme (CRP) on the determination of toxic
elements in air (4). The candidate reference
material was prepared by suspending a certified
reference material (NIES Vehicle Exhaust
Particulates) onto a suitable Teflon® filter.
The vehicle dust was collected inside a
suspension chamber using an automatic

dichotomous impactor fitted with a PM-10
inlet. The sampler was designed to collect
participate matter with an aerodynamic size cutoff of 10 urn and to separate particles into two
size fractions: a fine particle fraction (<2.5 um)
and a coarse particle fraction (2.5 to 10 um).
The intercomparison exercise revealed large
variations in filter blank concentrations and the
inadequacy of the Teflon® for PIXE. In
another CRP on air pollution studies the same
certified reference material (NIES Vehicle
Exhaust Particulates) was deposited on

Nuclepore filters by using the same suspension
chamber. As before two sets of the filters were
produced with fine (<2.5 um) and coarse
particles (2.5 to 10 um). The results of the
analysis performed by using a conventional
energy-dispensive
X-ray
fluorescence
spectrometer are presented in Table 1. The
Nuclepore filters were also analyzed by PIXE
by using a 3-MeV proton beam of the EN
tandem Van de Graaff accelerator. The results
are presented in Table 2.

Table 1.
XRF results for blank and loaded Nuclepore filters in pg/filter.
1, 2, 3,4, refer to four different blank filters.
I, II, III, IV refer to different loaded filters.
The filter area was 5 cm2.The uncertainty of the result is reported as one standard
deviation.
The concentrations I, II, III, IV are not corrected for the blank.
a

Blank
1
—

2
—

3
—

4
—

15.7 ±
0.9

15.0 ±
0.8
—

14.1 ±
0.9

Ti

19.4 ±
0.7
—

Cr

—

—

Mn

—

Fe

2.60 ±
0.10
2.70 ±
0.07
2.00 ±
0.05
0.40 ±
0.07
0.0156

0.66 ±
0.16
0.52 ±
0.11
2.45 ±
0.13
2.87 ±
0.09
2.17 ±
0.07
0.44 ±
0.05
0.0158

0.67 ±
0.14
0.68 ±
0.11
2.90 ±
0.12
2.86 ±
0.08
2.04 +
0.08
0.24 ±
0.05
0.0152

K
Ca

Cu
Zn

Pb
b

a = element;

—

2.23 ±
0.10
2.72 ±
0.08
1.92 ±
0.07

—
0.0145

b = filter mass (g),

—

Fine Fraction
I
II
~
7.7 ±
2.4
34.1 ±
38.3 ±
0.7
0.7
—
1.85 ±
0.25
—
—
0.50 ±
0.10
16.80 ±
0.15
3.01 ±
0.08
2.59 ±
0.08
1.19 ±
0.07
0.0159

0.90 ±
0.10
20.59 ±
0.21
3.14 ±
0.08
2.48 ±
0.07
1.46 ±
0.08
0.0154

c = detection limit (t= 50ks)

Coarse fraction
III
IV
—
6.4 ±
2.5
25.7 ± 30..9 ±
0.7
0.7
—
1.34 ±
0.27
—
0.63 ±
0.15
0.61 ±
0.83 ±
0.14
0.13
11.89
18.43 ±
±0.14
0.16
3.19 ±
3.07 ±
0.11
0.06
2.43 ±
2.51 ±
0.08
0.07
0.64 ±
1.08 ±
0.06
0.06
0.0157
0.0165

c
—
1.9
0.7
0.4
0.3
0.3
0.2
0.2

0.2

Table 2.
PIXE results for blank and loaded Nuclepore filters, in jig/filter
I, II, III, IV refer to different loaded filters.
Filter area was 5 cm2. The uncertainty of the results is reported as one standard deviation.

Element

Blank 1

Cl
K
Ca

* 1.38
£ 0.015
—
£0.015
—
£ 0.004
—
~

Ti
Cr
Mn
Fe
Cu
Zn

r-

Fine Fraction

Coarse fraction

I

II

2.43 ± 0.47
6.13 ±0.12
12.3 ±0.1
0.78 ± 0.04
—
0.29 ± 0.02
9.70 ± 0.07
0.20 ± 0.02
0.20 ± 0.02

4.45 ± 0.43

8.78 ±0.12
18.0 ±0.1
1.29 ±0.04

—
0.37 ± 0.02
14.6 ±0.1
0.34 ± 0.02
0.37 ± 0.02

In order to check the microhomogeneity of the
blank and loaded Nuclepore filters, a selected
area (1 cm2) was scanned by using a capillary
based X-ray microfluorescence system (5).The
measurements were done for 5x5 pixels with a
30 um capillary attached to a Mo-anode X-ray
tube (20 mA, 40 kV). The results of the
microhomogeneity test are presented in Table 3.

IV

III
4.80
3.57
5.69
0.49

± 0.46
±0.11
± 0.09
± 0.04

2.74 ±0.38
2.52 ± 0.08
3.88 ±0.6
0.39 ± 0.03

—

„

0.18 ±0.02
5.30 ± 0.6
0.22 ± 0.02
0.17 ±0.02

0.05
3.62
0.21
0.12

± 0.02
±0.03
±0.01
±0.01

They show (i) very low concentrations of the
elements
(consequently
a
very
long
measurement time is required to reduce the
uncertainties of the results) and (ii) large
microheterogeneities.
Therefore, also the
loaded Nuclepore filters do not appear suitable
for preparing candidate reference material.

Table 3.
X-ray microfluorescence results of the microhomogeneity
test for blank and loaded Nuclepore filters (time per pixel = 2500s).
Element

K
Ca
Ti
Mn
Fe
Zn
Pb

Fine Fraction (II)
Average St. dev. %
counts
1618
16.1
12.2
5928
18.2
713
17.7
475
12.0
16926
27.9
440
22.9
515

Course Fraction (IV)
St. dev. %
Average
counts
28.5
1909
23.0
4803
41.4
808
44.0
612
25.5
17793
497
30.7
22.4
529

Blank (1)
Average St. dev. %
counts
—
—
81.8
16
—
—
41.5
, _ 115
17.2
722
160 ^_ 47.2
22.4
341

In 1994 a high volume air sampler (type ASS500, produced by the Central Laboratory for
Radiological Protection, Warsaw, Poland) was
installed at the IAEA Laboratories in
Seibersdorf to collect air particulate for the
determination of both radioactive and nonradioactive pollutants by low level gamma and
XRF spectrometry, respectively. Air particulate
was collected on chlorinated vinyl polychloride
filters (450x450 mm2) at an air flow rate of
about 600 nrVh, with collection efficiency from
96-99 % for the particles of diameter from 0.3 1.25 |j.m. The filters are uniform (average mass
per unit area = 8.05 ± 0.16 mg/cm2) and
produce a background and blank spectrum
similar to that of Millipore GVWP02500 filters
(pore size of 0.22 um, thickness of 6.3
mg/cm2). The only differences is a higher
contamination (by a factor of 2) from iron, zinc
and bromine. The homogeneity test of a filter
loaded with the high volume air sampler was
performed on 21 subsamples of 2.5 cm in
diameter, taken from different parts of the filter
(average mass of the subsamples = 43.7 ± 1.3
mg). The XRF measurements, reported in
Table 4, were carried out by using an X-ray
tube excited energy dispersive spectrometer (Ag
X-ray tube, 50 kV, 20 mA, measurement time
2000 s).
Table 4.
XRF results of homogeneity text performed
for a filter loaded with air particulate by
using the high volume sampler.

ELEMENT

AVERAGE
COUNTS

Ca

17125
1014
667
34472
3436
423
1220
1945

Ti
Mn
Fe
Zn
Rb
Sr
Pb

STANDARD
DEVIATION
%
19.3
19.7
17.3
18.0
13.0
20.8
18.2
11.2

A supplementary homogeneity test was
performed by PIXE on 13 subsamples taken at
random from another loader filter. A proton
beam 5 mm in diameter was used. The results
are reported in Table 5.

Table 5.
PIXE results of homogeneity test
performed for a filter loaded with
air particulate by using the high volume
sampler (6).

ELEMENT
Ca
Ti

Mn
Fe
Zn
Br
Sr

AVERAGE
CONC.
ng/cro3
46779
1414
510
20313
1222
226
117

STANDARD
DEVIATION
%
19
17
17
15
15
13
21

The concentrations of the elements were
determined by X-ray fluorescence using a
modified version of the emission-transmission
method (7). The elements identified on the air
filters and typical concentrations are presented
in Table 6.
The results indicate the suitability of this
approach for the production of natural reference
materials for air particulate. The concentration
ranges of the elements are sufficiently large, can
easily be changed, if necessary, and more than
300 samples (diam. 2.5 cm) can be produced in
a few days. Moreover,since the high volume air
sampler can be installed at any location,
particulate of different origin/characteristics can
be collected. In addition, the homogeneity of the
elemental distribution, as measured through the
standard deviation (at the moment better than
20%), might be improved by using special
ceramic IR heaters and an improved design of
the support grid.
3. ANALYSIS OF ENVIRONMENTAL
MATERIALS BY TOTAL REFLECTION
X- RAY FLUORESCENCE
Total
reflection
X-ray
fluorescence
spectrometry (TXRF) has become an
established analytical technique for the multielement determination of trace elements in
various types of matrices (8, 9). A major
requirement of this technique is the need to
bring into solution the samples to be analysed.

Table 6.
Elements on air filters determined by X-ray fluorescence
and typical concentrations, ng/cm2
The uncertainty of the results is reported as one standard deviation.

ELEMENT

FILTER 1

FILTER 2

DETECTION LIMIT,
ng/cm 2

Ti
Mn
Fe
Cu
Zn
Br
Sr
Pb

2650 ± 170
980 ± 50
39700 ±800
390 ± 20
1530 ±30
320 ± 10
300 ± 10
1130 ±40

Therefore, in the analysis of solid materials, the
sample preparation procedure prior to the
measurements is a critical step. This usually
includes decomposition of the samples by
applying either a microwave oven or a PTFE
bomb. Complete procedures for the optimized
decomposition in terms of speed and
completeness of digestion have recently been
developed by us and the overall precision and
accuracy of TXRF analysis evaluated (10). An
EDXRF spectrometer with a double reflectorcollimator module (100 mm long with 40 pm
spacing), a Si/Li detector, spectroscopy
amplifier, ADC, MCA and a diffraction Mo Xray tube (50 kV, 20 mA) was used for the
measurements.
3.1. Air particulate. Air particulate collected
on chlorinated vinyl polychloride filters by
using the high volume sampler described in
Section 2 was first analyzed by using
conventional XRF with the emissiontransmission (E-T) method and brought into
solution (6,10). The loaded filters were first
placed in quartz vessels with 600 \i\ of acetone
in order to dissolve the filter material. After
evaporation of the acetone, the residue was
decomposed with 3 ml of cone. HNO3 and 1 ml
of H2O2 in a microwave oven (decomposition
time ca. 25 min., ventilation time 15 min.) .
After decomposition and complete cooling, 20
ug of Selenium were added to each sample as
internal standard, and aliquots of 5 ul were
placed onto quartz carriers for TXRF
measurements. The analytical results obtained

2810 ±530
880 ± 80
37300 ± 300
390 ± 20
1390 ±50
280 ± 5
270 ± 5
1010 ±30

179
72
63
45
40
22
42
54

by conventional XRF with the E-T method and
those obtained by TXRF technique were found
in good agreement, within the errors due to the
counting statistics. This demonstrated the
reliability of the sample preparation procedure.
3.2. Geological samples (soil and sediments).
Geological samples are usually analyzed
directly as pellets by using conventional XRF
with the emission-transmission method applied
for the correction of the absorption matrix
effects.
In order to avoid the elemental
interferences which exist in the conventional
XRF analysis, TXRF method can be applied,
providing the samples are first brought into
solution (10, 11). To this purpose soil and
sediments samples (~ 200 mg) were digested in
a microwave oven, or by a PTFE bomb, using a
mixture consisting of 1 ml of cone. HNO3, 3 ml
of cone. HC1 and 1 ml of cone. HF. After
decomposition and cooling 100 ug of Se were
added as internal standard. The sample were
then diluted to 25 ml with a 4% solution of
boric acid to dissolve the CaF2 which
precipitated during the decomposition. Finally,
aliquots of 5 (4.1 were placed onto quartz carriers
for TXRF measurements. The results of the
analysis for two IAEA reference materials (soil7 and lake sediment SL-1), obtained by using
different X-ray emission techniques, are
presented in Table 7. The results indicate that
the accuracy of the different X-ray emission
techniques is good.

Table 7.
Results of the analysis of the IAEA reference materials Soil-7 and
Lake Sediment SL-1 obtained by using different X-ray emission
techniques, in ug/g
The uncertainty of the results is reported as one standard deviation
Element

XRF+E-T

TXRF

PIXE
After
decomposition

PIXE
(Pellet)

Certified value
(confidence
interval)

3150±25
98±20
58±10
680±15
27860±280
39.6±8.2
123±9

2600-3700
59-73
49-74
604-650
25200-26300
9-13
101-113
47-56
103-114
55-71

SOIL-7
Ti
V
Cr
Mn
Fe
Cu

Zn
Rb

Sr
Pb

Ti
V
Cr
Mn*
Fe

Cu
Zn
Rb
Sr
Pb

2500±105
150±33
14.7±1.7
466±21
21030±610
12±2
81±3
42±1
93±2
66±2

3190±142

—
—
650±23
24230±413
—
93±4
50±5
111±5
62±5

2510±55
64±18
50±10
535±25
21900±500
35±10
114116
—
—
—

—
120±10
79±8

5150±144
5970±207
3920±39
4270±21
4850-5540
—
196±20
223±20
155-185
181±35
3715±64
3200±83
3300-3620
3702±91
3580±25
6.96%±0.16%
6.86%±0.05%
6.57%-6.91%
6.13%±0.8%
6.78%±0.7%
—
68±20
36.9-52.9
43±3
48±16
—
36±8
64±12
24.4-35.6
36±2
202±13
213-233
189±5
282±14
236±10
—
—
24.6-30.4
38±7
26±2
—
—
102-124
96±7
106±2
—
30.3-45.1
—
38±2
30±6
Since Mn is present at high concentration the results are expressed in percentage.

4. ANALYSIS OF ENVIRONMENTAL
MATERIALS BY X-RAY
MICROFLOURESCENCE
X-ray microfluorescence is a non-destructive
and sensitive method for studying the
microscopic distribution of
elements in
various samples. The technique has many
advantages over the electron and proton
induced X-ray emission methods. These
include:
the analyses are non-destructive and the
thermal losses of sample material are

negligible, making the determination of
volatile elements also possible;
samples can be analyzed in air (no
vacuum
is
required),
therefore
specimens with volatile components
(such as water in biological samples)
can be imaged at normal pressure and
temperature;
no charging occurs during the analysis,
therefore coating of the sample with a
conductive layer is not necessary;
simple sample preparation procedures
can be used.

The X-ray microfluorescence spectrometer
consists of four parts: X-ray tube, capillary
collimator, optical microscope monitor and
semiconductor detector with associated
electronics (5). A beam of X-rays from a
conventional X-ray tube is focused to a spot
of 10 \xm diameter using capillary optics, and
the characteristic X-rays excited in the
specimen are detected by an energy dispersive
spectrometer.
The images produced,
representing the distribution of the elements
within the scanned area, are displayed using
colours or pseudogrey scales. Sample
preparation procedures are of great
importance for obtaining reliable experimental
results. Great care has to be exercised to make
sure that the original elemental distribution of
the specimen is preserved and contamination
by foreign elements is prevented.
Some
sample preparation procedures are described
below.

and carefully polished to a final finish of 1 \xm
before being analyzed.
4.2. Environmental particles (airborne
particles). Airborne particles for bulk
analysis were collected by using a high
volume sampler. Prior to microanalysis, the
particles were separated from the filter by
dissolving the filter material in ultra pure
acetone.
The suspension obtained was
centrifuged, the acetone decanted, and the
collected particles were
suspended in
methanol. In order to obtain good separation
of the individual particles, the suspension was
diluted and filtered through a Nuclepore filter
(0.4 um pore size).

4.3. Biological samples (freeze-dried algae,
leaves and grass). Freeze dried algae were
dispersed in methanol and then filtered
through a Nuclepore filter (0.4 jxm pore size).
Leaves and grass samples were directly
measured after being stretched over an
appropriate specimen holder, or freeze dried
and embedded in a water soluble melamine
resin. One of the best resins for this purpose
is Nanoplast FB 101 which infiltrates the
samples well and allows drying and hardening
of the specimens without the need for
dehydration by organic solvents. Moreover,
during polymerisation no shrinkage occurs.
The hardening of small specimen parts (1-2
mm), after they were put into the resin and the
mould placed in an oven, was completed in
two steps: 2 days at 40' C in a dessicator, and
2 days at 60' C without dessicator.

4.1. Geological materials. Prior to
microanalysis the samples were reduced to the
appropriate size, embedded in a suitable resin,
cut again, mounted on the specimen holder
and carefully polished to a final finish of lpm.
Epoxy and metacrylate resins were used for
the embedding.
The resin was chosen
according to the type of sample and its
hardness (for very hard samples metacrylate
resins were used). For each type of sample,
optimum
combination
of
embedding
components, as well as optimum conditions
for the cutting and polishing procedures were
established.
Rock and coal samples were first degreased in
acetone and then placed in a polyethylene
mould where they were fixed using doublesided adhesive tape. The mould was filled
with a previously prepared Araldite mixture,
placed under vacuum (15-20 psi) for 2-4
minutes to remove air bubbles and to enhance
infiltration of the resin into the samples, and
eventually placed in an oven at 60° C for 48
hours to achieve full polymerisation. After
curing, the samples were inserted into the
sample holder and cut into thin slices (0.8
mm) using a low speed diamond saw. Thin
slices were mounted on a plexiglass holder

5. PORTABLE XRF UNITS FOR INFIELD APPLICATIONS
Monitoring of environmental pollution often
requires rapid analyses performed in the field.
Recently some portable XRF instruments have
become commercially available. Nevertheless,
they are mainly suitable for
specific
applications and expensive. In our laboratory
we have developed a number of lower cost
portable XRF units, based either on
conventional
liquid
nitrogen
cooled
semiconductor detectors or thermoelectrically
cooled detectors.

7

Conventional Si(Li) or HpGe detectors require
cooling with liquid nitrogen which hampers outof-laboratory applications of the X-ray
fluorescence method. However, in recent years
new detectors which are a good alternative to
conventional liquid nitrogen-cooled solid state
X-ray detectors have appeared on the market.
One example is the thermoelectrically cooled
Si-PIN
photodiode
(Amptek)
which
performance was evaluated and compared with
that of a Si(Li) detector (12). The energy
resolution of this detector (FWHM 280 eV for
5.9 keV) was found to be satisfactory for XRF
analysis of
multi-element materials.
Its
detection limits ranged from 100 ppm for
calcium (Z=20) to 15 ppm for strontium
(Z=38).
The Si-PIN photodiode was utilised in the
construction of a prototype portable XRF unit
to be used for the determination of minor and
trace elements in environmental materials. The
portable XRF unit was designed by using a
Monte Carlo simulation programme.
In
addition, two other portable systems based on
liquid nitrogen cooled Si(Li) and HpGe
detectors were constructed and preliminarily
tested in the field. Comparison of the detection
limits for all portable XRF systems is given in
Fig. 1. Examples of X-ray fluorescence spectra
collected in the field are presented in Figs. 2 and
3. Further in-field applications of the portable
XRF systems, including development of semiquantitative procedures for in-field (in-situ)
XRF analysis, are in progress.

FoKo.

120-

Escape peaks for
primary radiation

Figure 2. X-ray spectrum of lake sediment
sample collected in the field using a HpGe
based portable XRF unit
( 109Cd exitation source, measurement time
500 s)
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Figure 1. Comparison of detection limits
(DL) for various portable XRF units.
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Figure 3. X-ray spectrum of a soil sample
collected in the field by a Si (Li) based
portable XRF unit (109Cd exitation source,
measuring time 600 s).

I5b.
REFERENCES
1.
Watjen U., Kriews M., Dannecker W.,
Status report: preparing an ambient aerosol
filter reference material for elemental analysis,
Fresenius J. Anal. Chem. 1993, 261-264
2.
Markowicz A., Haselberger N.,
Mulenga P., Accuracy of calibration
procedure for energy-dispersive X-ray
fluorescence
spectrometry,
X-Rav
Spectrometrv 1992, 21, 271-276
3.
Haupt O., Klaue B., Schaefer C ,
Dannecker W., Preparation of quartz fibre
filter standards for X-ray fluorescence
analysis of aerosol samples, X-Rav
Spectrometrv 1995, 267-275
4.
Vermette S.J.,
Landsberger
S.,
Williams A.L., Vermette V.G., Development
of a particulate filter standard and its use in
an International Atomic Energy Agency
interlaboratory evaluation, Final Report,
August 1991, IAEA, Vienna, Austria
5.
Bernasconi G., Haselberger. N.,
Markowicz A., Valkovic V., Applications of a
capillary based X-ray microfluorescence
system, Nucl. Instrum.Methods in Phys. Res.
B86, 1994, 333-338
6.
Valkovic V., Dargie M., Jaksic M.,
Markowicz A., Tajani A., Valkovic O., X-ray
emission spectroscopy applied for bulk and
individual analysis of airborne particles, Nucl.

Instrum. Methods in Phvs. Res. Bl 13, 1996,
363-367
7.
Markowicz A., Haselberger N., Dargie
M., Tajani A., Tchantchane A., Valkovic V.,
Danesi P.R.,
Application
of
X-ray
fluorescence spectrometry in assessment of
environmental pollution, J. Radioanal. Nucl.
Chemistry 1996, 206 (2): 269-277
8.
Schwenke M., Knoth J., Total
reflection XRF, in: Van Grieken R.E.,
Markowicz A.A. (eds.) Handbook of X-ray
spectrometry - methods and techniques,
Dekker, New York Basel Hong Kong, 1993,
pp. 453-489
9.
Klockenkamper R., Total reflection Xray fluorescence analysis, John Wiley & Sons,
Inc., New York, 1997
10. Dargie M., Markowicz A., Tajani A.,
Valkovic V., Optimized sample preparation
procedures for the analysis of solid materials
by total reflection XRE\ Fresenius J. Anal.
Chem.. 1997, 357, 589-593
11. Prange A., Schwenke H., Trace
elements analysis using total reflection X-ray
fluorescence spectrometrv. Adv. X-ray Anal..
1997, 357, 589-593
12. Haselberger N., Markowicz A.,
Valkovic
V.,
Comparison
of
thermoelectrically cooled and conventional
Si(Li) X-ray detectors, Appl. Radiat. Isot.,
1996,47(4), 455-456

Environmental Trace Analysis by Means of Supersensitive GC-IMS

»~~> •

AU»d

17331

Environmental Trace Analysis by Means of Supersensitive GC-IMS
J. W. Leonhardt, H. Bensch, K. Standtke, IUT Ltd. Berlin, Germany

ABSTRACT
A new supersensitive Ion Mobility Sensor was developed and checked by IUT Ltd.,
which meets new demands. The systems arrives the following technical parameters:
-

ionization source:
amplifier:
resolution:
sensitivity:

50 MBq - tritium source
5 • 109
better 50
» 1 ug/m3 for many compounds
(acetone, ethers, phosphoric acid, esters, nicotine, drugs,
halocarbons, etc.)

The use of tritium sources is an advantage in comparision with other IMS being
equipped by nickel-63, the application of which is rather critical in respect of the
radiation protection. On the other hand an integrated separation column allows to
reduce interferences by matrix effects.
The most important applications are as follows:
•
•
•
•
•
•
•

The detection of nicotine in ambient air.
The selective on line determination of halogenated compounds.
The analysis of breath air.
Chemical warefare agent detection.
Analysis of S-Lost in mixtures of organic compounds.
The characterisation of food.
Explosive detection.

IUT GC-IMS can be used in production control easily. The price is about 2 times
lower as other conventional techniques like GC and GC/MS.
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INTRODUCTION
Ion Mobility Spectrometry - IMS - is e new technology in analytical chemistry. The
ambient air samples are ionized by means of beta particles. Produced ions at
atmospheric pressure are collected after passing a homogenous electrical field. The
time of flight - or better time of drift - reflects ion properties like mass, charge, charge
distribution, structure, cross section etc. The number of ions at certain drift time is a
function of the compound concentration in the sample. In the case of purified air the
moisture content should be below 10 ppm.
Thermodynamically stable cluster ions are produced:

NH*,N0+,{H20)nH+

- positive product ions (RP + )

O2,{H2O)~x

- negative product ions (RP')

These ions are available always in the ion source. The collected ions build up the so
named product ion peaks. If electropositive or electronegative compounds (M) enter
the ionisation source of an IMS charge transfer reactions take place and new
product ions are formed:

RP~ + M -> M; + MThese product ions will have their own specific drift times and the spectrum is
changed.
Cross sensitivities may arrive in compound mixtures due to quenching processes.
Compounds of interest can be masked by other compounds in the mixture.
Especially in the case of supertrace determination 10'9 to 10'10 high concentrations of
other compounds in the ranges of ppm do disturb the correct analysis. Therefore the
IMS is equipped by a separation column, which separates quending compounds..
EXPERIMENTAL
The combination of a high resolution IMS cell with a GC separation column was
studied to analyse sophisticated mixtures in the trace region. First results of IMS
integrated GC-columns in the inner loop of an IMS were reported 1995 [1,2] due to
the detection of aromates.
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The scheme of the GC IMS is given in fig. 1. The drift cell used has a 10 cm drift
length and the electrical field strength of E = 0.7 KV/cm. A 10 Mbq Tritium source is
used as ionisation source. The 50 ml/min carrier gas through the column and the
450 ml/min drift gas is special purified synthetic air or nitrogen. The column the gas
sampling system and the detector can be heated up to 100°C. The resolution arrived
y
is about R > 100. Electronic parts are a special designed amplifier with 5-109— and

A
having a rise time better than 50 us. The pulser is adapted to the detector, the pulse
width is 10 microseconds. The device was tested for compounds, which have to be
measured in complicated mixtures especially.

I I n M system with sampling unit

BMAr

4mpftffef
voltage

charge
unit

Fig. 1: scheme of the GC-IMS
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RESULTS
(1)

The detection of nicotine in ambient air

The problem of nicotine detection in ambient air is of high interest for smoking and
even more for non-smoking people. Due to the high toxicity there is the need to
arrive detection limits of 1 - 2 ppb in mixtures of aerosols and other organic
compounds. The gas inlet system and separation columns are heated up to 80°C. As
shown in fig. 2 the nicotine has a monomer peak at 10,44 ms and a dimere peak at
15,20 ms. There is a good chance to see the trace concentration. Analysing a
smokers breath air there is a mixture of formaldehyde, alcohol's and other
compounds of large concentrations, which cover the nicotine Peaks. GC IMS is a
very good tool to overcome this situation and separate the nicotine.

•RIP
• Nikotin

0,15

nrDnorrer
60 ppb

0,10

0,05

dmer

•*h**tr>*
j _

0,006

"

^

"

•

"

"

^

j _

0,008

0,010

0,012

0,014

0,016

0,018

0,020

Us]

Fig. 2: Detection of nicotine by GC-IMS

(2)

The detection of halogenated hydrocarbons

The analysis of these compounds uses the formation of negative ions. One example
carried out by means of IMS is the trace termination of co-Chloracetophenon
(teargas) down to 0,5 ppb or 2,5 ug/m3.

Environmental Trace Analysis by Means of Supersensitive GC-IMS

The characteristic spectrum of that are two Chlorine peaks due to CI' and C/2" and
the main Peak M(H2O)" and its dimer ion M2(H2O)\ Using the IUT-GSM sampling unit
the delaboration of hand granates of world war II was controlled successfully at
1997.
(3)

The analysis of breath air

The group of LINDINGER [3] in Innsbruck have designed a large mass-spec using
the proton transfer reaction to produce ions like in the IMS. There were studied the
remaining compounds like formaldehyde, alcohol's, acetone and also esters of the
fatty acids and showed the correlation between them and possible diseases like
diabetes and malfunctions of the liver. Checks of these compounds by means
GC/IMS and of living persons of the lab confirmed these results. As an simple
example the fig. 3 gives the spectra of 2 persons, who concumend alcohol 5 and 3
days before the check. Some research activities together with medical groups are in
progress.
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Fig. 3: Direct analyse of breath with GC IMS
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(4)

Chemical warefare agent detection

First application of IMS is due to CWA detection and Graseby Ionics from UK have
available the suitable military equipment. The new designed lUT-GSM often is used
in civil clearing of old battle grounds or former production sites. Its good sensitivity is
documented by means of the Prince Maurits Laboratory in the Netherlands, which
show the sarin detection limit around < 1 ug/m3 that means 0,2 ppb. The absolute
mass used in the sample is 0,5 pg. Meanwhile this analysis is done without a
separation column. In fig. 4 the sarin peak at the concentration of 7 ug/m3 is
demonstrated.
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Fig. 4: IMS-spectrum of 11 ug/m3
(5)

Analysis of S-Lost in mixtures of organic compounds

The problem of chemical warfare detection in different mixtures has been studied in
the Fraunhofer Institute of Environmental Toxicology [4]. Also using a laboratory
arrangement of a IUT GC IMS the detection of S-Lost in Trichlorethen, 1.4Oxathian
and dithian was studied at 0 and 50 % relative humidity.
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The advantage of this system was confirmed. Moisture influence is decreased. SLost can be detected in the positive and negative mode. The positive signal seems
to give a better sensitivity by a factor of 2 - 3. The fig. 5 gives the S-Lost signal.
Unfortunately the used GC/IMS has a reduced sensitivity in consequence of the
sample dilution by the carrier gas passing the separation column, which is to be
estimated a factor of 10 - 20. Also the ionization source is relatively weak, which
could be increased if necessary.

Crtftzatltrfi

Fig. 5: S-Lost in a mixture of 1,4 ocathian and 1,4 Dithian
(6)

The characterisation of food

The GC/IMS opened up a new dimension to identify the quality of food and products
of gallantry by means of their three dimensional IMS spectra as fingerprints. There
was studied the applications of common interest at least of our secretary in the IUT:
coffee quality, mushroom, spices.
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(7)

Explosive detection

Many questions we had due to the sniffling techniques for fast explosive identifical
monitoring. Not only the costumes control and airport security are interested - mainly
people from the pioneers and similar service is concerned to find landmines not
having any metal. By the way we did some studies by labelled compounds to
determine the TNT vapour pressure about a personal land mine covered by some 5
cm of earth. The was to find them directly besides dogs noses, which may be
sensitive enough to sense some thousand molecules. We think that one other way is
the application of neutron gauges, which we developed successfully [5].
The best result we had was to sense a little bit from the TNT from a German missile
V2, which was deiaborated by our help [6].
CONCLUSIONS
The IMS application in Analytical Chemistry is slowly growing. IMS does complete
other analytical techniques in industry and in the consumption sphere. The large
potential of IMS is not really touched yet. But IMS is the best portabel analytical
instrument today, which provide us with specific analytical information about
chemical compounds in ambient air, which concentrations are in the range of
microgram/m3. In table I relative drift times and minimal detectable concentrations
are listed for selected organic compounds.
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Table I gives some selected excamples:
Remarks:
1)
About 200 chemical compounds are measured at IUT GmbH and their spectra are
availbale here.
2)
Any other compound may be measured in the lUT-lab.
Compound

T
T
i

Alcohols
Methanol
Ethanol
Butanol
Heptanol
Tetrahydrofurfurylalcohol
Cyclohexanol
Cresol
Alcanes
Heptane
Nonane
Isooctane
Cyclohexane
Aldehyde
Formaldehyde
Buthylaldehyde
Heptylaldehyde
Propionaldehyde
Amines
Amphetamine
Hydrazinee
Nicotine
Diaminopropane
Diaminopropane
Diaminobutane
Diaminobutane
Hexamethylmethylentetraamine
Nonafluorobuthylamin
Hexylamine
Dimethylformamide
Dimethylurea
Methylhydracine
Methylhydracine
Aromates
Benzene
Toluone
p-Xylene
Cumene
Ethylbenzene
Phenol
Nitrobenzene
Chlorphenle
Jodbenzene
Dimethoxybenzene
Arsine

RP

0.97
1.06
1.19
1.42
1.16
1.28
1.14

T
l

D

T
1.03
1.15
1.41
1.81
1.43
1.35

TT

T

1.68

1.58

1.12
1.55
1.03
1.04

1.11
1.09

1.16
1.13

0.99
1.13
1.35
1.04

1.22
1.72
1.16

1.30

1.13
1.04
1.38
0.86
0.93
0.86
0.91
0.96

1.67
1.14
2.12
0.91
1.34
0.92
1.34
1.17

1.44
0.86
1.04
0.91
1.24
0.85
1.00
1.02
1.08
1.15
1.20
1.27
1.26
1.33
0.95
1.16
1.03

1.33

1.31
1.75
1.26
1.75

0.92
1.26
0.94

1.29
1.10

0.92

1.05

1.17
1.60
1.55
1.69
1.29
1.16

1.61

MDC
in ppb

lonization

20
10
10
10
10
10
10

P( + )
P( + )
P( + )
P( + )
P(+)
P(+)
P(+)

50
50
50
50

P(+)

10
10
10
10

P(+)
P(+)
P( + )

1
10
2
10
10
10
10
10

P( + )
P( + )
P( + )
P(+)
P(-)
P(+)
P(-)
P(+)

1
1
1
1
1
1

P(-)
P(+)
P( + )
P<+)
P(-)
P( + )

5
5
5
5
5
10
10
10
10
10
10

UV
UV

P(+)
P(+)
P(+)

P(+)

uv
uv+

p( )
p(-)
P(-)
P(-)
P(-)
p(+)

uv

10
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Carbon acids
Acetic acid
Esters
Ethylacetate
Ethylacetoacetate
Aceticacidethylester
Ammoniumacetate
Phthalsaurediethylester
Phthalsauredibutylester
Dioctylesther
Ethers
Diethylether
Divinylether
Halogenated Hydrocarbons
Dichlorethane
Trichlorethylene
Dibromomethane
Dibromoethane
Dibromopropane
Dibromobutane
N-Buthylchloride
Isobuthylchloride
Trichlorfluoromethane
Amylchloride
Amylchloride
Chlorbromomethane
Chloroacetonitryl
Chlorotrimethylsilane
Ketons
Acetone
Acetophenone
Benzophenone
Hexanone
Acethylacetone
Acethylacetone
Ethylmethylketone
Phosphororganic compounds
Malathion
Trikresylphosphate
tert-Dibutylmalonate
Dibutylsulfite
Tributylphosphite
Pyridine
Pyridine
2-Dimethylpyridine

1.06

1.17

10

P(+) (P(-)

1.11
1.18
1.11
0.85
1.05
1.19
1.11

1.36
1.39
1.36
0.91
1.15
1.40
1.28

1.36

1
1
1
1
1
1
1

P( + )
P(+)
P( + )
P(+)
P( + )
P(+)
P(+)

1.08
1.20

1.25
1.69

1.75

1
1

P(+)
P(+)

0.91
0.93
0.93
0.93
0.93
0.93
0.91
0.91
0.97
0.91
1.29
0.93
0.91
1.21

0.98
0.96
0.96
0.96
0.96
0.96
0.98
0.96
1.03
0.98
1.75
1.03
0.98
1.36

5

P(-)
P(-)
P(-)
P(-)
P(-)
P(-)
P(-)
P(-)
P(-)
P(-)
P(+)
P(-)
P(-)
P(-)

1.12
1.20
1.36
1.21
1.12
1.05
1.07

1.58
1.95
1.47
1.34
1.26
1.27

1
1

P(+)
P(+)
P(+)
P(+)
P( + )
P(-)
P(+)

1.13
1.69
1.04
1.32
1.19

1.37
2.49
1.27
1.84
1.41

1.02
1.67

1.27
1.40

1.62
0.95

1.44
1.05
1.05
1.05
1.05
1.04
1.34
1.04
1.50
1.14

1.50
1.46
1

1

P( + )
P(+)
P( + )
P( + )
P( + )

10
10

P(+)
P(+)

1
3

1.56
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SUMMARY : High nitrate (>45 mg/L NO3) in groundwater can be hazard to human and
animal health and contribute to the development of algal blooms and subsequent
eutrophication of wetlands. A nitrogen isotopic study was carried out to determine the
probable sources of nitrate in groundwaters of Victoria known to have high concentrations of
nitrate. The results were able to distinguish between fertiliser derived nitrate from that of
animal and human wastes. The results also revealed that significant fractionation of nitrogen
isotopes can take place in the soil profile and interpretation with caution is warranted.
1. INTRODUCTION
Nitrate in groundwater can be hazard to
human and animal health and contribute
to the development of algal blooms and
subsequent eutrophication of wetlands. Its
presence
is widespread
throughout
Australia and its levels overall appear to be
increasing. A variety of sources of nitrate
contamination are known. These include
nitrogen fixing plants, termites, animal
wastes, industrial and domestic wastes,
sewage and fertilisers.
In Victoria, nitrate-rich groundwaters have
been reported from a number of localities
and include Colac, the Nepean Peninsula,
Shepparton, Deer Park (Mt Derrimut),
Benalla and Winchelsea (Figure 1).
A multi-isotope (N, O and H) study was
carried out to determine the probable
source of nitrate in groundwater in these
localities.
2. SITES
Sites which included clover, industrial
wastes, animal and human wastes and
fertilised sources, were selected after
existing databases on nitrate concentration,
earlier reports and access to a suitable
network of bores for collecting reliable
samples. Groundwater samples were
collected from Colac, Nepean Peninsula,
Shepparton, Werribee, Deer Park (Mt

Derrimut), Benalla,
Winchelsea (Fig. 1).

Venus

Bay

and

Hydrogeologically they are characterised
by shallow aquifers (usually <20 m) which
are usually unconfined and there is natural
recharge or recharge induced by man
(irrigation, septic tanks, etc.). Aquifer
lithologies include Quaternary alluvial silt
and sand (Benalla, Werribee
and
Shepparton), Quarternary dune sand
(Nepean Peninsula and Venus Bay),
Quarternary lunette silt (Winchelsea), and
Upper Cainozoic basalt (Werribee, Colac
and Deer Park).
2.1 Animal wastes
Nitrate pollution of groundwater from
animal wastes include sources feedlots,
abattoirs, pastures, etc.. A piggery near
Winchelsea, about 30 km west of Geelong,
Victoria, was chosen to investigate this
source. Improved pastures (fertiliser-free)
near Shepparton in northern Victoria used
for an intensive dairy industry, were also
included in this category for our
investigation.
2.2 Human wastes
Septic tanks represent another important
source of nitrate pollution of groundwater.
Three sites were chosen. The first one is
the Venus Bay area in SE Victoria, and the
second one is Benalla, NE Victoria. In the
latter area, Dudding (1) reported very high

LOCATION OF
STUDY SITES
100

Carpendeit /

200Km

\Nepean Peninsula\

Figure 1. Locations of study sites.
levels of nitrate which he attributed to
septic tanks. The Werribee Treatment
Complex, located west of Melbourne, was
also chosen to represent a human waste
source, where three forms of land
treatment of sewage are applied.
2.3 Fertilisers
The Institute of Sustainable Irrigated
Agriculture, Department
of Natural
Resources and Environment, Victoria,
Tatura, has been carrying out research on
nitrate fertilisers in Tatura and Shepparton
areas of northern Victoria. These sites were
chosen to represent fertilisers, where urea
and ammonium nitrate are applied to
pastures and orchards.

2.5 Industrial waste
The groundwaters in Mt Derrimut, Deer
Park, Melbourne have been found to
contain nitrate levels in excess of 300 ppm
(Shugg, 3), and is believed to have
originated from an ICI factory or
explosives manufacturing plant, located a
few kilometers north of the area.
2.6 Source unknown
High nitrate concentrations in the
groundwaters of the Nepean Peninsula
have been reported by Shugg (4).
The source of the nitrate is unclear in these
groundwaters.
3. NITROGEN IN GROUNDWATER

2.4 Soil nitrogen
Lawrence (2) attributed the high nitrate
concentrations of
groundwater
near
Colac in western Victoria to clover. This
site was chosen to represent a soil nitrogen
source.

In groundwater nitrogen occurs as nitrate
(NO3), ammomium (NH/)> ammonia
(NH3), nitrite (NO2), nitrous oxide (N2O),
nitrogen (N2) and organic nitrogen.
Nitrogen transformation reactions which
are important to the nitrogen isotope
technique of source identification include
the following:

Ammonification
CH2O(NH3) + O2 = NH4+ + HCCV
Nitrification
NH4+ + 2O2 = NO3- + 2H+ + H2O

expressed with respect to atmospheric N2,
whilst the oxygen and hydrogen results
are expressed with respect to V-SMOW.
The results are summarised in Tables 1
and 2.

Denitrification
4NO3- + 5CH2O = 2N2 (g) + 5HCO3"
+ W + 2H2O

5. RESULTS AND DISCUSSION

Dissimilatory nitrate reduction
NO3- + H2O + 2CH2O = NH4+ + 2HCO3"

The nitrate levels ranged from less than 1
mg/L to in excess of the WHO
recommended value of 45 mg/L (lOmg/L
N-NO3). The highest levels were obtained
from the industrial site at Deer Park (>50
mg/L) and fertilised areas in Tatura,

The above reactions significantly alter the
nitrogen isotopic composition of the
products and the reactants due to kinetic
fractionation.
4. SAMPLING AND
TECHNIQUES

ANALYTICAL

The groundwater samples from the
selected sites were collected and stored
using standard techniques. Wherever
possible samples were collected from
contaminated
and
uncontaminated
groundwater. The main objective of this
sampling strategy within die same area
was to diffrentiate between polluted and
unpolluted groundwater.
Soil samples using a hand auger were
collected from a nashi orchard near
Tatura. Commercial fertilisers applied in
this orchard were also analysed.
Nitrate and ammonium were analysed by
an ALPKEM auto analyser. Samples for
the determination of ' N/14N ratios were
prepared by the steam distillation method
of Keeney and Nelson (5). In this method
inorganic nitrogen in the water samples are
converted to NH4+ salt by steam distillation
with MgO and Devarda's alloy and by
titration with sulphuric acid. The ammonia
is then oxidized to nitrogen gas with
lithium hypobromite to determine the
15 M
N/ N ratios in a gas source mass
spectrometer. The oxygen isotope ratio
( O/I6O) of the water samples were
determined by the C02-equilibration
technique. The zinc reduction technique
was utilized to prepare the water samples
to determine the D/H ratios. All the isotope
results are presented in the standard ' 8 ' notation The nitrogen isotope results are

5.1 Groundwater nitrate and ammonium

Table 1. Range of NO;, NH4+ and 515N
values of groundwaters from various
source types in Victoria..
Source

NO/
(mg/L)

1. Animal wastes 1.6±0.6

NH4+
(mg/L)
1.8

81SN

14.1±3.5

2. Human wastes 10.8±1.6 <1.0 11.0+1.0
3. Fertilisers

16.5±4.0 <1.0 4.8+1.3

4. Soil nitrogen

3.3±0.5

n.a.

4.9±0.9

Shepparton and Nepean Peninsula, and by
septic tanks in Benalla and northern
Victoria.
In the majority of the samples the
ammonium levels were less than 1 mg/L.
Two samples from Winchelsea
had
ammonium levels of 2.1 and 1.5 mg/L.
This could be attributed to wastes from the
piggery. An effluent sample from the
Werribee sewage treatment plant had
ammonium concentration of 25.7 mg/L.
Since ammonium levels of groundwater at
Werribee is lower than 1 mg/L, it is likely
that the ammonium was converted to
nitrate in the presence of dissolved
oxygen.

5.2 8'5N of groundwater nitrate
5.2.1 Animal wastes
The 8l5N values of groundwater beneath
the pastures near Shepparton ranged from
9.8 to 12.1 per mil, values typical of
animal wastes (Heaton, 6). The 8 *N values
of groundwater nitrate adjacent to the
piggery near Winchelsea were found to
be significantly enriched. The 8'5N values
in this locality were found to be greater
than 15.0 per mil, and could be attributed
to denitrification of the nitrate. The fact
that denitrification is an anerobic process
is supported by field measurements at
Winchelsea, which showed very little
dissolved oxygen in the groundwater (<2
mg/L).
5.2.2 Human wastes
The 8I5N values of groundwater from
Benalla were also found to be enriched
(9.6 to 10.9 per mil), and confirms
Dudding's (1) conclusions that the source
of nitrate is predominantly from septic
tanks.
The 815N values of two groundwater
samples from the Werribee treatment
complex were 12.8 and 11.9 per mil. In
contrast, the 815N values of groundwater
from the outside the complex (unpolluted)
were found to be significantly different
(4.8 and 5.2 per mil), and probably
represents the background values of the
groundwater nitrate in the area.
A single sample from the Venus Bay area
in SE Victoria had a 815N value of 8.8 per
mil. Although the value is slightly lower
than normal waste values, large variations
in 815N values of wastes are sometimes seen
due to the presence of significant amount
of ammonium in the area under
investigation (Heaton, 6). In other words,
values lower than 10 per mil can be
expected for nitrate derived from human
or animal wastes depending on the
ammonium content.
5.2.3 Fertilisers
The 8I5N values of groundwaters below
fertilised orchards were found to be
significantly enriched (4.5 to 8.2 per mil)
than 815N values of fertilisers. The 8l5N

values of fertilisers range from -4.0 to 4.0
per mil (Heaton, 6). The S15N values of
fertiliser samples applied in the orchards
were found to be between 0.2 and -2.9 per
mil, and fall within the expected range.
Also the 815N values of soil nitrate were
found to be progressively enriched with
depth. The 8 N values
of soil nitrate
ranged from -0.6 per mil at 30 cm, to 2.1
per mil at 70 cm, to 3.2 per mil at 140 cm
depth.
Differences in the 815N values of fertilisers,
soil-nitrate and groundwater nitrate have
also been reported by Flipse and Bonner
(7) and Rolston et al. (8). These variations
indicate fractionation of the nitrogen
isotopes during nitrate migration from the
surface to the water table. Ammonia
volatilization of ammonium fertilisers has
been found to be responsible in the
increase in the 815N values of groundwater
nitrate under fertilised fields of Long
Island, New York (Flipse and Bonner, 7).
A similar mechanism was probably
operative at Tatura because ammonium
nitrate fertilisers were also used at this site.
Another possibility is mixing of fertiliser
derived nitrate with soil derived nitrate.
5.2.4 Soil nitrogen
The 815N values of groundwaters from the
Colac area range from 3.5 to 7.1 per mil.
The results confirm earlier findings of
Lawrence (2) who attributed the high
nitrate values to nitrogen fixing by cloverrich pastures in the area.
5.2.5 Industrial source
A single analysis from the Mt Derrimut
site gave a 815N value of 3.6 per mil. Due
to lack of data from industrial wastes in the
literature, it is difficult to comment on this
single value.
5.2.6 Unknown source
The 8I5N values of groundwaters from the
Nepean Peninsula exhibited two groups. In
the first group, the groundwater samples
which were collected from vegetable farms
near Rosebud and Boneo, the 815N values
ranged between 5 and 7 per mil, and are
slightly higher than average fertiliser
values. Fertilisers are regularly applied in
these farms and could be the major source

of the nitrate in the groundwater.
Although contribution from soil nitrogen
cannot be totally ruled out. Study is in
progress to discriminate the two sources at
this site.
In contrast, the areas west of Rosebud, the
8'5N values are very enriched. The 6l5N
values ranged from 11.2 to 11.9 per mil.
The area is known to lack proper sewerage
system, and most households have septic
tanks. The isotope data suggests that
nitrate has leaked from these septic tanks
into the groundwater. The sandy nature of
the unconfined aquifer in these localities
could have facilitated easy transport of the
nitrate into the groundwater.
5.3 818O and 8D of groundwater
Oxygen and hydrogen isotope analyses
were carried out to differentiate between
polluted and unpolluted ground waters.
Samples were collected from Mt Derrimut
(Deer Park), Werribee and the Nepean
Peninsula.
Unpolluted
groundwater
samples (natural background) from the
samples sites showed very restricted range
in 8™O (< -5.0 per mil) and SD(< -30 per
mil) values, thereby suggesting that the
isotopic
composition of the meteoric
water recharging these aquifers were very
similar. In contrast, the 8 0 and 8D values
of groundwater samples collected from

Table 2. Comparison of oxygen and
hydrogen isotope data of polluted and
unpolluted groundwaters in selected
study sites of Victoria.
Location

Unpolluted
818O

8D

Polluted
S18O

polluted sites were significantly different.
(Table 2). At Deer Park the average 81I(O
and 8D values were -3.9 and -27 per mil
respectively. At Werribee the the 8 0 and
8D values were -4.8 and -27 per mil
respectively. The data indicate pollution of
these sites with water derived from the
surface which were much more enriched in
818O and 8D than the background values.
In the Nepean Peninsula the 818O and 8D
values were -2.6 and -15 per mil
respectively. The significant shift in the
isotopic composition in the Nepean
Peninsula could be attributed to incursion
of seawater into the aquifer. The S180 and
8D values progressively increase towards
the Port Phillip Bay.
6. CONCLUSIONS
The results obtained in this study have
shown that the nitrogen isotope technique
can be used effectively to differentiate
nitrate pollution caused by animal and
human wastes from that caused by
fertilisers and soil nitrogen. Although the
8l5N values (-4.0 to 4.0 per mil) of nitrate
derived from fertilisers are supposed to be
distinct from that of soil nitrogen (4.0 to
8.0 per mil), this study has shown that due
to fractionation in the soil profile, the 815N
values of the nitrate derived from fertilisers
could attain the 815N values of the soil
nitrogen. This fractionation will be less or
minimal depending on the type of
sediments in the unsaturated zone. If there
is little or no fractionation, the nitrogen
isotopic
composition
of
the
the
groundwater nitrate should be similar to
the fertiliser values, and hence distinction
from soil nitrogen will be possible.
Research is in progress in this respect.
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Radioecological Behaviour of Elementary Tritium, especially Dry
Deposition and its Dependance on Soil Porosity.
HFORSTEL
Forschungszentrum Julich, Radioagronomy (ICG-5), D-52425 Julich, Germany
SUMMARY. Elementary tritium, released by a fusion facility e.g., will quickly be oxidized to
tritium water directly below the surface in the soil. The turnover can sufficiently described by
the deposition velocity which ranges between 10'5 and 10'3 m s"1. The tritiated water which has
a higher radiotoxocity is then re-emitted from the soil into the adjacent air. The deposition
velocity mainly depends on the soil porosity which is determined by the water content of the
soil.
1. INTRODUCTION
Elementary tritium HT is one of the main
fuels of future fusion technology. One
fusion reactor contains as much tritium as
the whole earth's inventory. HT itself has a
negligble radiotoxicity, for organisms
mainly consist of water and hydrogen is
hardly soluable in water. Plants and animals
have no hydrogenases to oxidise HT to
tritiated water HTO. But living soils
collected at very different sites, quickly
oxidize HT to tritiated water, Forstel (1).
This is important for the HTO is more
radiotoxic than HT and is taken up not only
with liquids but from the air humidity too.
The human lung has a large surface area
where isotopic exchange takes place. Once
diluted within the total body water is
cannot be washed out separately.
Otherwise, the HTO formed in the upper
soil layers rapidly exchanges its tritium with
the air water vapour just above the soil,
called re-emmission. Fortunately this rapid
re-emmission prevents the tritium to be
incorporated into the soil biomass, Forstel
et al (2) Organic bound tritium OBT is
radioecologically the most effective form
for it serves as a direct precursor for
biological synthesis.

Thus, radioecological studies of HT have to
concentrate on the turnover in soils.
Fortunately two circumstances have
supported the work. Firstly, the deposition
of HT can be described by a simple model
of transport from a well mixed gaseous
medium into a non-moving gas kept within
a porous space. To be independent of the
HT concentration applied, one uses the
concept of deposition velocity v<j which is
justified by the physical conditions
described above. Simply spoken, the
deposition velocity va can be imaginated as
the velocity at which a column of air is
pressed into the soil to contaminate it
completely from tritium (or other
compounds with their specific va). The
advantage is also that air and geo-chemists
have made many measurements of v<i.
Secondly, the hydrogenase activity to
oxidise HT is homogeneously distributed
within the soil column up to even deeper
layers. Insofar, the turnover is limited by
the diffusion into the soil only and not by
the reaction sites.
The enzymatic activity itself has not yet
been identified until today. It must be a
biological principle as free enzymes or
organisms. But strange enough is the fact

that it works under very low partial
pressures, far away from any biochemical
importance by the order of magnitudes. A
correlation to nitrogen fixation was often
proposed but not confirmed by any
experiment. The hydrogenase activity may
be a geochemical mechanism to keep
earth's atmosphere in an oxidised status.
2. METHODS
2.1 TRITIUM HANDLING
One has to use carrierfree tritium only.
Diluting the HT by hydrogen results in a
decrease of va. Extrapolation to undiluted
samples was not possible for the isotopic
effect between tritium and hydrogen
oxidation is not known, but may be distinct.
Tritium was supplied in sealed glass
ampoules and diluted into a glass vessel
filled with nitrogen. HT was transferred
through a seal by help of a syringe to the
exposure circuit.
Tritium was determined by LSC. The
uptake of tritium by the soil from the air
phase above was recorded by an ionisation
chamber (aluminium housing, nickel
electrode, analog resistance recorder), see
Forstel (1). Soil parameters were measured
by conventional techniques (e.g water
content gravimetrically). The porous space
was measured by gas dilution appliying the
common gas law.

the soil sample to prevent the soil surface
from drying out.
2.3 SOH. SAMPLES
Soil was collected directly in the field by
pressing steel cylinders into the soil and
digging them out thereafter. Wet soil could
easily be penetrated, but dry soil needed
some mechanical force to cut in. But soil is
not sensititive to this mechanical treatment.
The most soil samples were collected at
sites where descriptions from other test are
available. Thus, the annual cycle was
followed at our observation site near Jiilich
at Merzenhausen where a deep loess soil is
cultivated since generations.
2.4 RELEASE EXPERIMENTS
To verify the laboratory results two tests
under natural conditions were done. In
France at Bruyere-le-Chatel HT was
released from a stack of 40 m height
resulting in a Gaussian distribution plume
across an area of some km downwind (256
TBq, air temperature 14°, relative humidity
60 - 70 %, wind speed 2-3 m s", point of
tracer maximum: at 800 m distance). In
Chalk River / Canada the consideration of
mechanisms was favored, thus releasing the
gas from 1 m hight under well defined
conditions onto a sandy forest cut.
3. RESULTS
3.1 STUDIES OF THE MECHANISMS

2.2 DEPOSITION VELOCITY
The deposition velocity was calculated
from the decrease curve of tritium in a
circuit in contact with the soil surface. The
gas was circulated by a pump. Leaving the
headspace above soil, the water was frozen
out completely to separate HTO. Then the
air was fed into the ionisation chamber
which properly functionates in dry air only.
Then the air was humidified again by a
water trap kept at the same temperature as

3.1.1 HT OXIDATION BY A
BIOLOGICAL PRINCIPLE
To demonstrate the mechanism of HT
uptake Vd of soils was observed increasing
temperature from 0° up to 60° C. Up to
40° C a reversible change of temperature
back to cooler conditions was possible, but
increasing the temperature the loss of
oxidation activity was irreversible and lost
completely at about 50 - 55 ° C. Above that
threshould no activity of oxidizing HT was
recorded yet, and could be reactivated. This

is a strong argument for a biological nature
of the oxidizing reagent. Chemicals would
not show such a distinct irreversible cutoff. Additionally, after ,,sterilisation" soil
could not be incubated easily. We never
succeeded to reactivate soil neither by
direct contact with fertile soil (not mixing)
nor by irrigating with water extractions
from living soils.
3.1.2 ANNUAL CYCLE
In practice one has to take into account the
annual variation (cycle) of Va. The
deposition velocities ranges between about
10'3 m s'1 at maximun and 10'5 m s"1 at
minimum, while a soil covered by snow or
frozen shows no activity at all. A high
content of organic material in the soil
favours the deposition, may-be by
stimulating the biological activity or by
loosing the soil and opening a sufficiently
large porous space. According to this
observation the forest floor and a
contineously used meadow (pasture) show
no (forest floor) or only a limited
(meadow) annual fluctuation. Only the
arable (field) soil shows a distinct variation
which large deposition velocities during
summer months and very low during
winter. The annual cycles of meadow and
field are summarized in Figure 1.
Corresponding to that result the water
content of the soil shows an inverse course.
During the winter at Central Europe
(November - march) because of the amount
of precipitation and the low evapotranspiration rate the soil water content
increases, and consequently only a small vj
is measured. In summer (June - September)
the upper layers of the soil dry out and
offer a large porous space for diffusion.
At a first glance one may contribute this
result to a temperature dependence of the
biological activity, but this has been
ommited before. Therefore, one has to
consider the diffusion modell. The adjacent
air layer above the soil is mixed well

enough to be not the limiting step of HT
supply. The soil surface is a well-defined
phase boundary. The concentration of HT
at this boundary is known. Downwards the
soil is a sink, where the air is not moved,
but supplied with the reaction gas by
diffusion only. If only diffusion is the
limiting step, one would expect a very small
effect of the temperature.This is in good
agreement with the results that temperature
has nearly no influence on va. But the space
available for diffusion should be the limiting
step. Cutting the soil into pieces of about 1
cm height, one will find the same oxidation
capacity within the whole soil column of
the upper soil layers. That means, that the
reaction sites are evenly distributed within
the soil column, and do not limit the
oxidation.
If the water content of a soil increases, its
porous spaces is consequently reduced in
the same way. Consequently va is
negatively correlated with the water
content (see Figure 2). At about half of the
soil water content under saturation
conditions vj diminishes completely. This
may be due to a closure of the porous
space by water lenses between the single
particles. Water layers are a very high
resistance for a passive transport by
diffusion, for the gas-fluid eqilibrium at
each boundary is a very limiting step.
Additionally the solubility of hydrogen
(HT) in water is very low. This observation
holds not only for the loess type soil of
Julich-Merzenhausen which was choosen
for most of the studies, but for all other soil
types too, expect perhaps for soils very rich
in organic material. The soil studied for the
annual cycle contained about 1 % C, a low
but for arable land characteristic value.
The hydrogenase activity is distributed
evenly in the loess soil column down to 4
m. Nevertheless HT from air is converted
very quickly even in the first centimeters.
Assuming an exponential decrease of
tritium activity from the soil surface

downwards, one may define a depth until
that half of the HT is oxidized. Usually one
determines half of the activity within the
first and second centimeter below the soil
surface. Only at very dry conditions the
surface layer should have a diminished
tritium turnover, but is replaced by the
following centimeters.
3.1.3 RE-EMMISSION OF TRITIATED
WATER
Because of the distribution of the reaction
product HTO close to the soil surface the
re-emmission is very effective, Forstel et al.
(3). If one exposes soil samples to HAT,
one produces a certain amount of HTO.
Exposing the soil discs afterwards to
tritium-free air, the tritium content
decreases contineously. Under open air
conditions
(
so-called
,,marvellous
weather") the HTO activity dimishes, but
remains constant during night. It is assumed
that the calm and/or the dew block the reemmission at night. Otherwise exposing
HTO-containing soils in a box with
controlled conditions, i.e. streaming air and
ventillation by fans, the re-emmission was
very effective too, even in a closed box
with water at the bottom and 100 %
relative humidity in the air above the
samples. This demonstrates the role of
isotopic exchange for HTO between the
fluid and the gaseous phase above, and
should be kept in mind for the interpretation of the release experiments.
Under natural conditions at the Canadian
site, assuming an exponential decrease of
the HTO in the soil sample, re-emmission
of about 2 - 6 (forest soil) % h'1 of the
initial activity has been observed. The reemmission is the most critical step of the
radioecological behaviour of tritium after
its release from the handling site. Its
quantification is not as easy as for v<j, for
the supply of HTO from the soil to the
adjacent air depends on the distribution of
HTO in the soil layers

3.2 RELEASE EXPERIMENTS

3.2.1 FRENCH RELEASE
EXPERIMENT
The advantage of the French release
experiment was the large number of
different groups joining it. It was supported
by EU radioprotection programme. The
disadvantage was that the orientation of the
observation area corresponded to the main
direction of precipitation, in this case SW,
off from the stack. Additionaly the zero
level of tritium at the observation site was
high enough to interfere with the experiment. It was one aim of the experiment to
detect the limit of the HT/HTO turnover in
the air itself and in the detection devices.
For water is simply frozen out to count
HTO, and therefore the limit of differentiate HT from HTO is in the range of 10"4, a
very low background of HTO is expected.
Vd was measured for soil samples taken in
the field at Julich before release and after
release, stored for some days while transporting them to Julich, Forstel et al. (4).
That means, samples of known va were
exposed to the plume close to the
theoretical maximum point of exposure.
The HT concentation was known from the
results of several other groups. Both sets of
data and of re-emmission rates agree very
well (Table 1). The vd data were obtained as
well as with our laboratory system as
during the HT release, storage of soils
samples up to more than one year did not
alter their va, preventing them from water
loss.
3.2.2 CANADIAN RELEASE
EXPERIMENT
As in France it has been observed that the
distribution pattern of the reaction product
HTO follewed very closely the model
description of the Gaussian plume.
Scatterings of the air turbulence are
levelled off. Beside a confirmation of the
concepts of distribution in the air, of

•IT'
applying va and of the re-emmission rate
concept, the isotopic exchange between
fluid phase in the soil, the air humidity and
the water content of the biomass was
clearly visible, Forstel (5). The tritium
content of the leaves of bushes at the
exposure site increased before any
transport via the xylem (stem) of the plants
could be detected. A flux of tritiated water
from soil to leaves was initiated before any
uptake via the root system and consecutive
transport within the plant was detected.
Thus, one has to take isotope exchange of
the reaction product HTO into account.
One has to take into account soil as a rapid
oxidation facility for elementary tritium, if it
is released into the environment. The
argument, the relatively light hydrogen
(HT) gas will escape quickly from the
release site has not been confirmed in any
way. For the consideration of a release it
behaves like any other other gas in a plume.
One has only to take into account its rapid
oxidation at the soil surface.
4. CONCLUSIONS
Tritium released in its elementary form HT,
as mainly applyed in fusion technology, will
be oxidized quickly by reaction sites evenly
distributed within the soil column. The
reaction product tritiated water HTO is
more radiotoxic than the originally released
gas. This tritiated water is re-emmitted
quickly back from the surface air layer and

can be found immediately after release in
the water of leaves. Responsible for that
phenomenon are the quick exchange rates
between soil HTO and the adjacent air
water vapour and between between air
water vapour with leaf water too. This
should also apply to humans offering a
large lung surface to the exchange.
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Table 1: Deposition velocities va (m s"1) and re-emmission rates r (% h'1) of soil samples before
exposure in the laboratory and calculated from release data and soil HTO content (France).
soil use
vd
before release
(lab)
field
2.0
meadow
2.1
12.3
forest
during release (field data)
field
1.6
meadow
2.1
forest
10.5

r
3.5
2.8
6.5
2.6
3.4
6.4

Table 2: Deposition velocities Vd (m s'1) and re-emmission rates r (% h'1) of soil samples
collected at the Canadian exposure site and measured in the laboratory thereafter (± standard
deviation).
sample origin

vd

r

whole area

6.6 ±3.2

2.3 ± 0.7

meadow
bare
forest

8.1 ±2.5
3.5 ±1.5
8.1 ±2.8

2.3 ±0.4
2.4 ±1.0
2.3 ±0.5

Text for the Fieures;
Figure 1: Deposition velocities of field soil samples (arable land used for sugar beet and winter
barley) at subsequent days of collection. At the x-axis the dates of collection are reported, the
intervalls between them differ. During winter only a limited number of samples were taken.
Figure 2: Same as figure 1 for soil samples from a meadow, only the observation period was
shorter and the dates of collecting are diffent.
Figure 3: Correlation between deposition velocity and soil water content of samples collected
from the field. The correlation coefficient is significant at p< 0.0001.
Figure 4: Correlation between deposition velocity and soil water content of samples collected
from the meadow. The correlation coefficient is significant at p< 0.0001.
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NUCLEAR BOREHOLE LOGGING TECHNIQUES DEVELOPED BY
CSIRO-EXPLORATION AND MINING FOR IN SITU EVALUATION
OF COAL AND MINERAL DEPOSITS

M. BORSARU and J. CHARBUCINSKI
CSIRO, Division of Exploration and Mining, P.O.Box 883, Kenmore, Queensland 4069,
Australia
SUMMARY. Commonwealth Scientific and Industrial Research Organisation, Exploration and
Mining has developed nuclear spectrometric techniques for borehole logging and surface quantitative
analysis for the coal and metalliferous mining industries. The paper reviews the latest developments
of this technology.

1. INTRODUCTION
Geophysical techniques are well established in
the resource industries like oil, gas, uranium,
coal and minerals. Nuclear borehole logging
which represents a subset of this group has
been widely used in the oil, gas and uranium
industries for a long time. Due to the deep
penetration of neutrons and gamma rays,
nuclear techniques are suitable for borehole
logging applications and they are making
inroads in other industries like coal and
minerals.
Many holes drilled in the coal and
metalliferous mining industries are cored and
the core is sent to the laboratory for Chemical
analysis. The chemical analysis of the core
provides all the information which is usually
extracted from a borehole. However, this does
not make nuclear borehole logging redundant.
The benefits which can be derived from
nuclear logging are:
i. It samples a much larger volume of the
material surrounding the borehole than the
core sample and therefore provides better
sampling statistics especially in heterogeneous
deposits.
ii. The results are instantaneous.
iii. The cost of drilling open holes is cheaper
than the cost of cored holes.

Considering that the full information provided
by the laboratory analysis is not always needed
and that in some mineral deposits the core
cannot be fully recovered, nuclear logging and
the laboratory analysis of the core are
complementary.
The Commonwealth Scientific and Industrial
Research
Organisation,
Division
of
Exploration and Mining has developed the
spectrometric
nuclear
logging
system,
SIROLOG, based on natural-gamma, gammagamma and neutron-gamma techniques. In this
system the whole gamma ray spectrum is
recorded for each preset logging interval. By
recording and analysing the whole gamma-ray
energy spectrum from a spectrometric
measurement one can extract more information
from the logging data. A dedicated software
package for spectrometric data analysis and
interpretation has also been developed. The
SIROLOG logging system was developed for
both the coal and metalliferous mining
industries. However, the data interpretation
and the source/detector configuration is
usually specific to the type of application, ie, it
is tuned for each specific application.
The SIROLOG logging system and its
application to the coal and metalliferous
mining industries was described in a previous
paper (1). This paper deals mostly with new
developments and applications of SIROLOG.
A Coal Face Analyser was also developed
recently and is described in this paper.

2. INSTRUMENTATION
Being spectrometric, gain stabilisation is an
essential part of the system. The upgraded
SIROLOG is fully digitised. Pulses produced
by the gamma-ray detector are processed in the
probe and transmitted to the uphole PC
computer. The transmission of the signal is
noise proof and is not susceptible to
attenuation in the cable as was the case with
the previous analogue system. A CPU is
incorporated in the probe and all the software
is written in C. The whole system consists of
the probe, winch and a laptop computer. When
low activity sources are used and a source
transporter is not required, the system is
portable and does not require a dedicated
logging vehicle. This makes SIROLOG
suitable for logging in areas where the only
way of access is by helicopter.
The standard logging probe has a diameter of
60 mm and can accommodate a scintillation
detector of 37 mm diameter. The length of the
probe is about 2 m. When logging large
diameter boreholes it is advantageous to use
larger volume detectors which are more
efficient for gamma ray detection. Larger
diameter probes are constructed for these
applications. Scintillation detectors are used
in the SIROLOG system. The most common
scintillator used in the gamma-gamma tool is
Nal(Tl), while BGO (bismuth germanate) is
the preferred scintillator for natural-gamma
and neutron-gamma logging.

The combination probe employs one BGO
detector and a 137Cs gamma-ray source. The
gamma-gamma and natural-gamma responses
are recorded simultaneously due to the
spectrometric feature of the probe.
A technique based on the prompt neutrongamma method was also developed for the
determination of ash in coal seams intersected
by boreholes (4). The technique works both in
waterfilled (4) and dry (5) holes, and uses a
252
Cf neutron source and a BGO detector. The
capture gamma-rays produced in the neutron
capture process by the main constituents of
coal ash ( Al, Si, Fe, Ca and S) have energies
above 3 MeV and therefore have large
penetration ranges. Assuming , for most rocks
and coal, a 40-50 cm range of penetration for
the neutrons produced by the Cf neutron
source, the deeply-penetrating gamma-rays
emanate from a large volume of coal. This
makes the neutron capture technique less
sensitive to the rugosity and condition of the
borehole than the gamma-gamma technique.
Apart from sampling larger volumes of coal,
neutron-gamma can also measure some of the
major constituents of coal ash. Figure 1 shows
a plot of the chemical assays and the neutroncapture predictions for iron content in the coal
seams given by regression analysis (6).
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3. APPLICATIONS
3.1 Coal

S!
0

The spectrometric gamma-gamma technique
was developed for the determination of ash
content of coal (2). The ash determination is
based on the correlation which exists between
Zeq (atomic equivalent number) of coal and
ash. The technique works well in both dry and
watterfilled boreholes.
A combined gamma-gamma/natural-gamma
probe was developed for borehole lithology
logging for brown coal (3). The identification
of the three basic components -sand, clay and
coal- is possible because they have different
densities and intrinsic natural radioactivities.

2

4

%Fe (laboratory assays)

Figure 1. Comparison of iron content of coal
by chemical assays and nuclear logging.
Iron content of the ash can be easily
determined from the ash values obtained from
the same measurement. The determination of
iron in coal is important in some coal deposits
with high variation in Fe content because the
slagging index of coal is largely affected by
the iron content of the ash.

3.2 Metalliferous Mining

i. Logging probe

The three nuclear borehole logging techniques,
natural gamma, gamma-gamma and neutron
gamma have found applications in the iron ore
mining industry. Natural-gamma can be used
for delineating the iron ore body based on the
big difference in natural gamma radiation
between the iron ore (low in natural gamma
radiation) and the shaly rock. It can also
provide a means for determining alumina
contamination of iron ore based on the
correlation between alumina and the kaolinitic
material of the ore matrix (7). Neutron-gamma
logging can provide both the iron ore grade
and the silica content (8,9).

Two source - shield - detector configurations
were tested for the logging probe. The one
source configuration (11) comprises a 1.8 MBq
137
Cs gamma-ray source placed along the axial
centreline of the detector with a conical 30 mm
thick lead shield between the source and the
detector. The lead is not thick enough to stop
all gamma-rays reaching the detector and the
662 keV Cs peak, produced by gammaradiation penetrating the lead shielding, is used
for gain stabilisation. The distance between the
source and the bottom end of the detector
varies between 30 and 57 mm depending on
the application. The three source configuration
comprises three 0.36 MBq 137Cs gamma-ray
sources placed circumferentially (at a distance
of 22.5 mm from the bottom end of the
detector) around a cylindrical iron/lead shield.
This configuration is a modified version of the
Zero Probe (12). Due to the very short source
to detector distance the probes provide the best
possible delineation of coal seams. Both
probes operate in the pre-inversion zone of the
calibration curve. In this zone the count rate
recorded by the detector is proportional to the
density of the matrix logged. The logging tool
has an external diameter of 60 mm.

The spectrometric gamma-gamma technique
enables the simultaneous measurement of iron
grade, density and borehole diameter on a
stratigraphic basis in wide (310 and 380 mm)
blast holes in iron ore deposits. The primary
gamma-ray source used is Co.
Both neutron-gamma and neutron activation
techniques have been used for the
determination of the manganese content of
manganese ore (10). The neutron-gamma
technique has also been used for the estimation
of the nickel content of sulphide ore deposits.

ii. Coal Ash Face Analyser
4 IN-SITU ANALYSIS USING ULTRALOW RADIATION INTENSITY GAMMARAY SOURCES
Although nuclear techniques are widely used
in the mining industry, some mines are still
reluctant to use them due to the extra care
required when working with radioactive
sources. Work has been carried out over the
last years to develop environmentally friendly
techniques for in-situ analysis using ultra-low
radiation
intensity gamma-ray
sources.
Equipment for in-situ analysis using low
activity sources significantly simplifies safety
procedures and reduces to a minimum the
source radiation risk. Logging systems using
very low activity sources are much more likely
to be accepted by the mining industry.
Two instruments have been developed: i. a
borehole logging probe and ii.a coal face
analyser.

Coal ash determination on the coal face falls
into the category of in-situ measurement,
which is mainly applicable to the production
phase in open-cut pits and underground.
Two coal face analysers have been developed.
One coal face ash analyser was based on
natural gamma radiation and utilises the
existence of a correlation between the natural
gamma radiation of coal and its ash content
(13). In the second coal face ash analyser, the
determination of the ash content of coal on the
coal face was based on the backscattered
gamma-gamma technique in a 2% geometry
(14). It is practically the same configuration
described in (11) adapted to a 2n surface
measurement. The primary source of radiation
is a 1.8 MBq 133Ba gamma-ray source
separated by 40 mm of lead from the 37dia x
25 mm NaI(Tl) scintillation detector. An extra
0.35 MBq 137Cs gamma-ray source is used for

gain stabilisation. I33Ba was chosen as the
primary source of radiation because of the
lower energy gamma-rays produced by this
source. The low energy region of the
backscattered gamma-ray spectrum is affected
mostly by changes in Zeq of the matrix, and the
analyser is more sensitive to changes of ash
content of coal when a low energy gamma-ray
source is used. The instrument is portable,
hand held, weighs 2 kg and does not expose
the user to unacceptable levels of radiation.

4.1 Applications
4.1.1 Coal
Both the logging probe and the face analyser
were developed primarily for the coal mining
industry.
The laboratory and field tests demonstrated
that both the single source and three source
configurations were suitable for delineation of
coal seams and ash determination in wet and
dry boreholes. Figure 2 shows a comparison
between the ash content determined by the 3
source probe and chemical analysis in a dry
100 mm borehole.
TJSO

The face analyser using the 133Ba gamma-ray
source was developed for quantitative
measurements of ash on the coal face. Figure 3
shows three spectra for shale and coal of 3.7
and 21 %ash. The spectrum for shale shows
lower count rate in the low energy region due
to the high Zeq of shale. Higher count rate is
recorded in the high energy region due to the
high density of shale. It is evident from this
figure that the instrument is sensitive to
changes of ash content in coal. Figure 4 shows
a cross-plot between the ash content of a coal
face predicted by the regression equation
versus laboratory assays. The r.m.s. deviation
given by the regression equation was 2.6 %ash
with a correlation coefficient of 80%. The
standard deviation of the population was 4.3
%ash.
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Figure 2. Comparison of coal ash content by
chemical assays and nuclear logging.
The coal face analyser based on the natural
gamma radiation could only provide a semiquantitative value for the ash content of coal
on the coal face. Due to the heavy shielding
from the natural radiation which does not
originate from the coal face, the instrument is
also heavy (15 kg).
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Figure 4. Comparison of ash content by
chemical assays vs Face Analyser predictions.
4.1.2 Iron ore
The single source probe was tested in an iron
ore deposit (15). The probe proved suitable for
delineation of the ore body and also for
predicting its grade.
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4.1.3 Pb-Zn ores
Both single source and three source
configurations were tested for orebody
delineation and grade control of Pb-Zn ore
(16,17).
Lead grade is determined from the 80 keV K
X-Ray peak excited by the multiscattered
gamma-rays. Figure 5 shows the backscattered
spectra collected with both configurations in
two bulk (200 1) samples with low (0.5 %Pb)
and high (7.9 %Pb) lead content. The 80 keV
Pb X-Ray peak shows up very strongly in both
configurations. The probes were field tested in
two cored holes, reamed later to a diameter of
142 mm. The holes were water-filled. Figure 6
shows a cross plot of the predicted %Pb versus
the laboratory assays. The r.m.s. deviation
given by the regression equation was 0.3 %Pb
and the standard deviation of the population
was 1.7 %Pb.
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Figure 6. Comparison of %Pb determined by
laboratory analysis and nuclear logging.
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Figure 5. Spectra recorded in two bulk
samples of lead ore with one and three source
configuration.
The gamma-gamma probe is not able to
measure the concentration of zinc directly. The
probe's response is related to the overall
contributions given by the major components
with high atomic number which are present in
the Pb-Zn ore, eg Pb, Zn, Fe and Mn. Because
Pb concentration can be measured directly, the
determination of Zn is possible if the Fe and
Mn concentrations in the ore are constant, or
can be estimated in a different way.

Figure 7. %Zn estimated by nuclear logging vs
laboratory assays.
Figure 7 shows the cross-plot between Zn
concentration given by the laboratory analysis
and nuclear determination. The concentrations
of Fe and Mn were estimated from statistical
information obtained from a geological data
base. The r.m.s. deviation
for
the
determination of %Zn was 2.4 %Zn and the
correlation coefficient was 0.85. The standard
deviation of the population of 72 samples used
was 4.55 %Zn.
5. CONCLUSIONS
The spectrometric SIROLOG system for insitu analysis developed by CSIRO has proved
itself in the Australian mining industry. The
new fully digitised, portable systems using
ultra-low radiation intensity
gamma-ray
sources will make the system even more
competitive. The system has great potential in
both the coal and metalliferous mining
industries.
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SUMMARY: Chlorine spectrum well logging tool has been regarded as the important
tool in determination of waterflooding intensity of formation intervals, especially in the
oilfield development stages with high salinity formation water. However,
the accuracy needs to
be improved. A new chlorine spectrum logging tool with two detectors has been developed. The short
(near) detector uses a He-3 counter tube to measure formation epithermal neutron intensity, the long
(far)
detector uses a BGO crystal detector to replace traditional Nal detector for measuring
the captured gamma ray spectrum produced by the thermal neutron capture process in the
formation. Energy resolution of BGO detector to gamma rays is less effective than that
of Nal detector, but the efficiency of BGO detector to high energy gamma rays is much
better. This advantage helps to detect captured chlorine gamma rays,
which increases the
ability of chlorine element detection.
The effect of statistical errors is also reduced by the
spectrum auto-stabilization in downhole tool. Three output curves are available simultaneously. When
formation porosity is larger than lOp.u., formation water salinity is greater than 40000 PPM, the
resolution to the oil/water- bearings is increased to about 10% compare with the old version
tool.
Field tests verify the results of waterflooding intensity evaluation.
1.INTRODUCTION
Water injection method in the production
of oilfields is a common method widely
used in many countries
in
order
to
improve recovery efficiently and increase the
oil production rate from subsurface formations.
China is one of the country that has
biggest
market
of
water
injection
development (under waterflooding) in oilfields.
For a steady and high productivity of oil, an
important work for Chinese log analysts to
do is how to monitor the reservoir
dynamic
performance,
to
determine
waterflooded intervals, to evaluate the
remaining oil saturation (ROS) and its
distribution in the subformations,
this
will contribute to the stable production of the

oilfield.
During
the
development
of
the
oilfield, ROS is determined with well logging
method in cased borehloes. Because of the
differences in formation water
salinity,
carbon/oxygen logging method (C/O log) or
pulsed neutron capture logging (PNCL) are
routinely
used to
evaluate
formation
ROS. But the
oilfields
with
high
salinity formation water, application
of
chlorine
spectrum
logging
is
more
practical.
Different from the old chlorinilog developed
in later sixty .chlorine spectrum logging
tool
uses
two
detectors for the
measurement
of
formation
properties,
measurements are also different form shale

compensated chlorine logging routinely used
in the Gulf of Mexico ,Texas, U.S.. New
chlorine spectrum logging tool not only
detects distribution of thermal neutron, but
also analyze characteristics of
captured
gamma
rays of chlorine element in the
formations.
2.NEW
CHLORINE
SPECTRUM
LOGGING TOOL
Basic Structure
The logging tool is composed of four
parts, sensor assembly (source and detectors),
electronic control section, telemetry cartridge,
and surface computer software control
and interpretation system. In the sensor
assembly, there is a neutron source cell and
two detectors, the structure schematic is shown
in figure 1. neutron source used is a sealed
isotope Am-Be source. Short detector is a He3 counter tube, source to detector spacing is 45
cm. long detector consists of a BGO crystal,
size of O50xl00mm, and a photomultiplier.
Principle of Measurement
Fast neutrons with average energy
of
4.5 MeV emitted from a neutron source
interact
with
the
elements
in the
formation. These neutrons are slowdown by
the elements contained in the formation
matrix and fluids in the pores, and are slowly
become to thermal neutrons . The thermal
neutrons are finally captured by atomic
nucleus of elements in the formation.
During the capture
process,
specific
energy gamma rays are emitted. When the fast
neutron are
slowdown , some thermal
neutrons are scattered to the formation areas
near the sensors and detected by thermal
neutron detector.
However,
part of
captured gamma rays are also scattered to the
sensors and detected by scintillation detector.
If there are two formations of same lithology
and porosity, but different in the content of

chlorine element in pore fluids, i.e. the
salinity of formation water in the
two
formations are different. When two formation
are logged, two significant different results
are obtained. First, the thermal neutron counts
in chlorine formation will less than that
of formation with no chlorine
element,
this is because the chlorine element has
a bigger thermal neutron capture cross-section.
some of
the thermal neutrons in the
formation are captured , so the flux of thermal
neutron decreases. Second, gamma rays
counts detected in the chlorine energy window
in the gamma ray spectrum are also
different. Gamma
rays
counts
in
chlorine formation is greater than that of
the formation with no chlorine element
(figure.2). The reason is that when a thermal
neutron is captured by a chlorine atom , it
emits gamma rays with specific energy.
The gamma rays almost fall into a higher
energy window. In order to reduce the
influences of casing ,cement, and other
elements in the formation to the captured
gamma rays ,only those gamma rays fallen into
energy window of 3.5 to 6.5 MeV are
recorded.
Suppose in formation i , ( Nci)-X represents the
gamma rays counts of captured chlorine
element, (jYn)j is the thermal neutron counts ,
(Aci)\ is the chlorine element content, r] is the
tool's sensitivity to the detection of chlorine
element in the formation. There are three
ways to find out the value of 77,

(i)

(2)

(3)

Obviously, r\3 is the biggest value, this means
with the use of ratio of captured chlorine
gamma ray counts to thermal neutron counts,
the
best sensitivity of the detection for
chlorine element is achieved. This is an unique
advantage of new chlorine spectrum logging
tool over other chlorine logging tools .
New Crystal detector
Because the main portion of captured chlorine
gamma rays are in high energy window, if
the detecting efficiency to the high
energy gamma rays could be improved, the
measuring accuracy of the tool can be
increased. A new crystal detector ,BGO, is
selected to replace traditional Nal crystal in the
downhole tool.The detail specification and
comparison of new and old detectors are
listed in table 1.
From table 1, one can see that the density and
effective atomic number of BGO crystal is
greater than that of Nal crystal .which means
the detecting efficiency to the gamma rays,
especially high energy gamma rays, is much
improved. Although the energy discrimination
of BGO crystal is less effective than that of
Nal detector, this has a little effect for the
detection of high energy chlorine captured
gamma rays. Many experiments have shown
that the chlorine captured gamma ray counts
with BGO detector is 1.5 or 2 times compare
to that of Nal detector. Using new detector
improves the measuring accuracy of logging
tool greatly.
However, there are some disadvantages with
the use of BGO detector. Because the
temperature feature of BGO crystal is not
stable, the whole detector system must be kept
in a dewar flask. Furthermore, an automatic
spectrum stabilizer is used to improve the
stabilization of the downhole tool. This is
accomplished in measuring the reference peak
of a standard gamma ray source in the
downhole. The data representing standard

gamma ray peak are transmitted upto the
surface computer and processed, then the
feedback control data are transmitted downto
the downhole tool to adjust the high voltage of
detector. By doing so, the shifting of gamma
ray peaks detected is minimized. This makes
tool high in detecting sensitivity, good in
performance.
Main Specifications
The main specification of new chlorine
spectrum logging tool is given as follows.
Downhole tool length : 3000 mm,
Tool diameter : 102 mm
Pressure rating : 80 Mpa.
Temperature rating : 150 C°
Logging speed : 200 m/h
Three logs are recorded simultaneously with a
single logging run, they are porosity(cP),
intensity of captured Chlorine gamma rays
(Ici), and ratio of (Ic/In).
3.GEOLOGICAL DATA RESPONSE OF
NEW LOGGING TOOL
Theory and experiment have shown that new
chlorine spectrum logging tool can be used for
the determination of formation porosity,
chlorine ion salinity in the formation fluid, and
remaining oil saturation in the cased borehole.
Lithology response
Many experiments have been conducted in the
model wells (test pits) filled with fresh water,
table 2 shows one of the results.
From the data in table 2, a crossplot about
correlation of/„ and /c/ is drawn in figure 3.
From figure 3, we find all experiment data of
different lithologies shows a linear response.
Using linear fitting algorithm, a linear
response is derived :
Ncl=ANn+B

(4)

with correlation factor of 0.998.Coefficients A
and B can be obtained by the calibrations in

Itf
the model wells.
Downhole tool calibration
Down hole tool must be calibrated first before
logging. For the calibration of downhole tool,
there are three steps to follow:
(1).Response coefficiency to lithology:
Three model wells, namely M1.M2 and M3
as indicated in table 2, are used for calibration.
There is a borehole of diameter of 206 mm in
each well. Inside each borehole, there is a steel
casing with inner diameter 13.97 mm(5.5
inches) and thickness of 9.17mm. There is
a cement between the casing and borehole.
Downhole tool is put inside the casing for
calibration.
We can get three responses in these wells,

Ncl(M2)=aNn(M2)+b

(6)
(7)

This is a set of over-estimated equations, with
least square regression, coefficients a, b can be
computed.
(2). Calibration factor
The chlorine counts measured in model well
M2 is defined as 100 units of the intensity of
chlorine gamma rays (C7), intensity of chlorine
gamma ray with this unit is labeled as /c/. i.e.,

(3).After transformation of unit for the
counts
of chlorine captured gamma rays and thermal
neutron, a correlation in fresh water or oil• bearing zone (no chlorine content) can be
expressed as
Id=I«

(12)

3. Tool response to formation porosity
It has been proven from both theory and
experiment that "neutron-neutron" logging or
"neutron-gamma ray " logging
has an
exponent response relations to porosity in
formation with fresh water.

In® = AId+B

(13)

In® = A'Id+B'

(14)

In the formation with high salinity water,
because
of the effect
of chlorine
element ,porosity computed with equation (13)
will give a lower value, but equation (14) will
give a higher value.
Add equation(13) with equation (14), we get

(15)

equation (14) can be rewritten to
(8)
so, coefficient C can be written as:
(16)

C=100(C7)/7V cV (M 2 )
4, = CNd

(9)
(10)

dimension of above calibration unit is still the
counts per second (CPS), it does not matter
whether gamma ray or neutron is measured.
For the convenience of log interpretation, we
use the intensity of thermal neutron (/„) as
above calibration unit. We have

I,,=C(aNll+b)

many experiments show that value of e is near
to 1 when calculating porosity with equation
(16) in formation with high salinity formation
water. Porosity calculated is less effected by
formation salinity.
Tool response to chlorine ions in formation

fluids
(11)

A lot of experiments have been done and data

are plotted in figure 4.
The best fitting response is as follows

h
So, the formation water saturation Sw is given
by
I) / D

O
w —

w

(18)
where Pw is formation water salinity . Pw can
be obtained form the water analysis data in
particular oilfield.
In log interpretation, the coefficients of A, k in
equation (16) and W in equation (17) can be
statistically determined from the tool
measurement in cored wells.

well is 3300 meter, chlorine spectrum log
interpretation shows that there are two oil
zones at depth of 3266-3267.5m and 32723274m, and one medium waterflooded zone at
depth of 3287.5-3290m. First , above two oil
zones are perforated and tested, with oil
production of 1 ton/day. The interpretation
agrees with the well testing. Several month
later the two oil zones are hydraulic factured,
many water produced come out from these two
zones. After running a isotope trace log, it is
founded that there is channeling between oil
zones and waterflooded zone .
Example 2: Well no. WXX-5, as shown in
figure 6. There are four interest zones at depth
of
1422.2-1423.6m,1424.0-1426.4m, 1427.81429.0m,1429.8-1430.8m. Routine log and
neutron lifetime log interpretation show these
four zones are pay zones, but chlorine
spectrum log shows that the first two are pay
zones, the third and last zones have been
highly waterflooded. After perforation to these
four zones, two days later, they produce oil
and water 5.7, 0.5 tons a day respectively ,
watercut is 8%, six days later, with oil 12.9
tons, water 2.8 tons, watercut 18%. One
month later, it becomes oil 5.3 tons, water 6.2
tons, watercut 54%. Chlorine log interpretation
agrees with well production data.

4.APPLICATIONS
Water injection development in one of the
oilfield with high formation salinity water has
more than twenty years in south of China. Now
the oilfield has come to the second stage of
development, many formations have been
waterflooded with different water intensity.
Determination of remain oil saturation is a
critical problem to be solved. More than thirty
wells have been logged with new chlorine
spectrum logging tool. Good geological results
have shown that the tool has a high successful
operation rate. The tool is less effect by
formation lithology and shale content when
determining formation remaining oil saturation
in the waterflooded intervals. Evaluation of
remaining oil saturation has a high accuracy.
For the formations with porosity of 20% ,
when formation water salinity is greater than
110,000 ppm, the error of water saturation
estimation is less than 10%. The identification
of the tool to the oil and water-bearing zones
with the use of BGO detector is increased by
10% compared with the use of Nal detector .

Determination of remain oil saturation
Example 3: Well no. 36 MXX 4-61, as shown
in figure 7. This is an infill well, the depth is
1480 meter, there are 11 thin oil-bearing
interbeded zones. Log interpretation is difficult.
Chlorine spectrum log interpretation in these
zones shows good agreement with integrated
log evaluation. ROS and porosity data
calculated are reliable as compare with core
data.

Determination of waterflooded formations
Example 1: Well no. GXX 5-12 in JH
oilfield, as shown in figure 5.The depth of this

5.SUMMARY
It is a good tool for the evaluation of remaining
oil saturation in the formation , new chlorine

spectrum logging tool must be used in the
oilfields with high salinity formation water. It
give good indications in the cased borehole
with formation porosity greater 10% and water
salinity greater 40000 PPM. The favorable
condition for the tool's application is the
formation porosity of 15%, formation water
salinity of 80000 (or more), good geological
results can be obtained as expected.
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specification and comparison of new and old detectors

Detector Crystal
Material
BGO
Nal

Size
diameter,length
(mm)
50x100
50x100

Density
(g/cm3)

Effective
atomic number.

7.13
3.67

75
51

Energy
resolution*
9.3%
6.5%

* resolution of Ig/cm3 crystal to gamma ray of 622 MeV.

Table2: one of the results of lithology response in the calibration wells
lithology
well nubmer Ml
porosity(%) 35.7
236
Nn
68
Ncl

limestone
M2 M6 M26 M31
16.5 1.0 6.8 25.2
458 112 701 346
138 318 200 102

dolomite
M15 M8 M5
15.2 25.4 8.8
446 329 570
122 88 157

sandstone
M10 M34 M12 M i l M4 M7 M30
1.6 32.8 18.0 39 10.8 25.0 7.7
991 268 465 239 712 385 780
267 73 135 69 207 108 231

Photomultiplier

I(cps)
BGO
Chlorine fomation

300

He-3

200
100

no chlorine formation

E (Mev)
Pb
Figure 2, Gamma ray spectrum in formations
with and without chlorine elements.

Am-Be

Figure 1, Schematic diagram of detctor.
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Figure 3, Correlation of In and Icl in different lithologies.
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Figure 4, Tool response to chlorine ions in formation fluids.
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Figure 7, Determination of remaining oil saturation. Eleven thin oil-bearing interbeded zones, chlorine
spectrum log interpretation shows good agreement with integrated log evaluation.
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A Radioactive Water-Holdup Densimeter
for Oil-Well Production Profile Logging
H ZHENG
Production Logging Center, China National Petroleum Corporation
Xiliu Str4, Daqing 163453, China
SUMMARY. The radioactive water-holdup densimeter is a part of the logging tool designed for multiphase flow logging in oil wells. On the basis of radioactive attenuation method, the meter measures waterholdup and density of the fluid simultaneously. A 109Cd source is mounted in the meter, and the detector
consists of a thin Nal crystal and a high-temperature photomultiplier. The results of calibrating the tool in
emulsions show that the measurement error of the meter in water holdup measuring is less than ±5% and that
in density less than ±0.02g/cm3. The meter works well in bubble flow and a major problem is the conflict
between fast change of flowing status in slug flow and the relatively longer period for counting photons.
1. INTRODUCTION
Most oil fields in China are developed currently
with separate-zone water-flooding technique.
Production logging, includes injection profile
logging, production profile logging, and stratigraphic parameter logging, plays an important
role in monitoring the reservoir performance in
these oil fields. Isotope tracing technology and
sealed radioactive sources are widely used in
this area. At the First International Conference
on Isotopes, we presented a paper in which
some advances in isotope tracer technique and
nuclear borehole logging of our corporation
were outlined (1).
At this Conference,
however, we would like to introduce a kind of
logging tool with radioactive method in some
detail.
At most oil fields, produced fluid in an oil well
is most possibly the mixture consists of water,
crude oil and natural gas, namely three-phase
flow. The goal of production profile logging is
knowing not only zonal production rates but
also those of individual phase. In our country,
research in three-phase-flow logging may be
traced to the 1970's. The Radioactive Water-cut
Densimeter was firstly invented in our center in
1979, when it had a diameter of 48mm and was
applied in flowing wells. Up to 1990, our center
had developed the logging tool, from <|>48mm to
cj)28mm, which can be not only used in gushers

but also in pumping wells by sending it through
the annular space between oil tube and casing,
combined it with spinner flowmeter, and named
it the Annulus Three-Phase-Flow Tool (TPFT).
At the same time, Engineers in Dagang oil field
devised out their own radioactive water-holdup
densimeter; and developed the source in the tool
from 109Cd (with a rather short half-life of 453
days, and expensive price) to compound ones
(2). In 1994, our research group promoted the
tool's specifications again, raised its pressure
rating from 15MPa to 30MPa and temperature
rating from 60°C to 125°C, and labeled it the
Hi-Temperature Three-Phase-Flow Tool (HTPFB). The base of all these logging tools is to
measure flow rate with spinner flowmeter and
density as well as water-holdup with radioactive
method.
2. PRINCIPLE
For the time being, no way has been established
to directly detect flow rates of each phase in a
borehole. Then, one may as well expect to get
them by five parameters: flow rate, flowing
density, water cut, temperature, and pressure.
Temperature and pressure logging is traditional,
but these two parameters only help us to know
quantity relationship between downhole flow
rate and flow rate at well head by some PVT
equations when flow pattern is pre-estimated, or
assist us to estimate flow patterns. How do we

know the other three ones precisely is still a
problem. In production logging area, the term
water cut is defined as water flow rate divided
by total flow rate through a cross section of the
casing, and the water holdup as water content
ratio in a detecting volume filled up with fluid.
We also assign the name flowing density to the
value of total mass divided by its volume of the
flow through the cross section during a unit
time. Because of the existence of three-phase
slippage in a borehole, water holdup is not
equal to water cut, and the values of density
and flowing density do not match either.
Unfortunately, what we can directly detect are
usually density and water holdup, not flowing
density and water cut.
With an invertible packer, spinner flowmeter is
often selected to measure total flow rate in other
logging tools, and it is also chosen in design of
annulus three-phase-flow tool. In case of threephase flow, rotational frequency of a spinner is
a function of total flow rate in the rate region
what we expect:
a>=kQi-q
(1)
where co is spinner rate, k is the flowmeter
coefficient, Qi is flow rate, and q is the flow
rate limit when the turbine begins to rotate.
k = a + b-Y$
(2)
where, a and b are coefficients, Jgf is gas cut. In
Equation (2), 7gf can be roughly replaced by
flowing density pf.
The remaining two parameters may be obtained
alternatively. Water holdup in oil/water flow is
usually measured with capacitance method, and
density may be detected by pressure differential
method either. Nevertheless, radioactive method
is only chosen to detect the two parameters in
Three-Phase-Flow Tool presently. The benefit
of using this method is that, the measurements
of water holdup and density are simultaneous in
the same channel, which minimizes measurement errors, shortens length of the tool, as well
as saves logging time. The base of the method
is ray's absorption. After penetrated through
certain substance, photon number of a narrow
beam decreased exponentially:
-PH,L
(3)
A= V
where, I\ and 7io are intensities of y-ray after
and before penetration, respectively, u.i is mass

absorption coefficient, p is mean density of the
substance, and L is thickness of the substance.
When its energy is above 60keV, y-ray is mainly
absorbed by the Compton effect, and the mass
absorption coefficient is proportional to the A/Z
ratio of the nucleus. As the A/Z ratios of nuclei
in hydrocarbon and water are close to each
other, the mass absorption coefficients of these
substances are just alike. One can use this
principle to measure mean density of the flow in
a borehole by:
(4)

p =-

For y- or X-ray with energy below 30keV,
photo-electric effect becomes significant, and
absorption coefficient mainly depends on the
nuclear mass A of the substance. Since water
and hydrocarbon have different molecule
masses, one can use this principle to distinguish
the water from oil and natural gas:
(5)
where, 7w is water holdup, ho and h are y-ray
intensities before and after penetrating the fluid,
respectively, pw is density of water, p is mass
absorption coefficient of oil and natural gas,
and p.2w is mass absorption coefficient of water.
j.o - _
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1. Mass absorption coefficients
of the three phases.

Coincidentally, l09Cd, which gives off 22keV Xray and 88keV y-ray, is found as an ideal
source to perform this method.
The theory on logging in three-phase flow
mentioned above would appear perfect if the
description stopped here. However, a problem
one may find from Equation (2) is that, A: is a
function of flowing density pr, which means one
should know pr before detects flow rate Q\; but
pf can not be obtained unless flow rate Qt and
density p are known. That is a knot, and we use
iteration mode untie it. Besides, water holdup
7w from Equation (5) should also be
transformed into water cut JW when we want
production profiles.

source, entries the measuring area, and rushes
straight forward until flows out of the outlets.
The end of the channel is also the front pane of
a pressure-proof sealed X- and y-ray detector.

- CIRCUITS

_GAMMA-RAY
DETECTOR

-SOURCE
. SPINNER
FLOWMETER

3. STRUCTURE OF THE METER
Though the first prototype was born 18 years
ago, all generations of the three-phase-flow tool
share the same outline. Like other annulus tool
strings made by our center, now the tool has a
diameter of 28mm, and its lowest part is an
invertible packer, which forces the fluid in the
casing (~(j) 125mm) flow through the detecting
channel of the tool when it is at working mode.
Utilizing pack-off method makes velocity of the
flow higher, brings at least two advantages: one
is achieving a higher measurement accuracy of
flow rate, and the other is that changes the flow
pattern (e.g., from bubble flow to semiemulsion one) and makes the water holdup and
density in the measuring channel closer to the
water cut and flowing density. However, the
tool may only survey a well in station-bystation mode as we use the packer.
A spinner flowmeter is mounted above the
packer to measure flow rate. As the wanted
total flow rate is not higher than lOOmVd, the
inner diameter of the spinner flowmeter is about
18mm.
The water-holdup densimeter is at the upper
part of the tool. Its measuring channel, in the
lowest part of it, connects with the spinner
flowmeter. Three outlets locate at the top of the
channel. The only thing in the measuring
channel is a direction-restricted point-type
source of !09Cd (about 3.7xlO8 Bq) placed in
the middle of it and faces the end of it. The
fluid in three-phase to be detected passes, by the

BASKET
PACKER

Figure

2.

Diagram of the HTPF-B tool.

Measuring Channel
Gamma-ray
Source

i
Nal

Scintillation
Counter

Figure 3. Scheme of the measuring part
of the water-holdup densimeter.
At back of the sealing plug, which has a series
of parallel bland-holes to straighten X- and yrays, sensor part of the ray's detector consists of
a <|>13x5nim Nal(Tl) scintillation crystal and a
PMT (photomultiplier tube). The Nal collects
X- and y-ray photons and transforms every one
of them into several visible photons which
number is proportional to the energy of the
entered photon. The PMT subsequently
transforms these visible photons into electrons
and amplifies the number of them. As a result,
the PMT gives out an electronic signal whose
height is proportional to the energy of the
photon collected by Nal crystal. The crystal
needs no power supply, but the PMT needs a
high-voltage (HV) basing. For common PMTs,
the HV may be about 800V. However, for suite
the special kind of PMT designed for

flfc
geophysical logging, the basing supply power
should be a little higher, at least 1500V.
The circuits for getting signals from the PMT
are shown in Figure 4. As PMT's inner
resistance is relative large and its outputs are
signals of electric charge, an emitter-follower
with high inner resistance follows a sampling
resistor is often used as a pre-amplifier. Then
the outputs of the follower are voltage-type
pulse signals with their heights representing the
energies of photon. In the TPFT tool, these
signals are amplified and separated with two
parallel SAs (Single-Channel Pulse-Height
Analyzer). One SA picks out signals
corresponding to 22keV X-ray, and the other
deals with that of 88keV y-ray. Two kinds of
signals are added together in positive-plusnegative pulse mode (if they arrive at the same
time, the signal mixturer would delay one of
them), and transmitted to the ground through a
logging cable conductor. These pulses are
separated subsequently in the surface equipment
and counted respectively. Thus the intensities of
ray in Equation (4) and (5) can be obtained. In
HTPF-B, to avoid the interferences by PMT's
thermal noise and gain shift with temperature
goes up, these signals are linear amplified, sent
directly to the cable conductor and analyzed in
the surface equipment using a computer with
MA (Multi-Channel Pulse-Height Analyzer)
interface. Signals from the spinner flowmeter
are also treated in the downhole tools so that
they may travel long distance through a 5000m
logging cable.

radioactive rays which we used in the tool is not
an ideal narrow one, the collected photons are
not only directly penetrated but also including
some multi-scattered ones, and the formulas of
Equations (4) and (5) do not sound any more.
Theoretically, it is necessary to establish new
formulas considering build-up factors in nuclear
physics, but we found it difficult because of the
complicated mechanical structure. Actually, we
found that Equations (4) and (5) may also be
accepted if we replace the mass absorption
coefficients by effective ones. The effective
mass absorption coefficients are obtained by
calibrating the tool in air, diesel oil and water
with known density separately. They are a little
less than the ideals in value.
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Figure 5.1. A calibration of the tool in
water holdup (%) measurement by different
height of water and oil in its vertical
measuring channel. The vertical axis shows
read-out values (diamond) by the tool.
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In the following, we only show some responses
of the water-holdup densimeter. As the beam of
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4. RESPONSES OF THE METER
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Figure 4. Diagram of circuits for 7-signal
treatment in TPFT (a) and HTPF-B (b)
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Figure
5.2. Calibration of the tool in
density (g/cm3) by different height of oil and
gas in its channel. The horizontal axis shows
the real values, and the vertical axis shows the
read-out values (square) by the tool.

With these new coefficients, some experiments
were performed to verify the specifications of
the tool. Results of calibrating the tool with
different heights of water, diesel oil and air
appeared systematic deviations (see Figure 5),
which may be caused by the existence of bend
interfaces between the fluids in the measuring
channel, which could not be observed outside.
Figure 6 are static responses of the tool in
emulsions, where one may find measurement
error of the tool in water holdup measuring is
less than ±5%, and the error in density less than
±0.02g/cm3. We also qualified the tool in oilwater-gas flow loop, and achieved relationship
between density and flowing density in its
measuring channel (see Figure 7) as well as that
between water holdup and water cut under
different flowing density (an example for pf
=0.2g/cm3 is shown in Figure 8).
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The first step of interpreting logged data by this
tool is to transform spinner rate, count rates of
radioactivity into flow rate, flowing density and
water-cut {Qx, pi, and 1W). Then flow rates of
individual phase at the logged depth are
calculated out.
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5. PLAN FOR THE FUTURE
Combined with temperature and pressure data,
this logging method is considered as a kind of
comparatively complete technique in production
profile logging for oil wells. Our logging center
has surveyed more than 150 wells with this
method since 1990. However, there are still
some problems should be solved in the future.

\a%
The primary problem in the radioactive waterholdup densimeter originates from the principle.
Any measurement with radioactive method
requires a period of time to collect photons.
Given fixed average counting rate, the longer
period a measurement takes, the more counts of
photon accumulate, and the smaller the relative
error of count rate will be. Actually, average
count rate of 22keV ray is fairly low in the
current meter when the measuring channel is
occupied mainly by water, and a longer
measurement period is appreciated under this
condition. However, longer period is not always
suitable. In case of bubble or emulsion flow,
flowing status in the measuring channel
changes barely along with time elapsing; but
the status changes radically in slug flow — 6 to
8 gas clusters pass through during one minute.
Therefore, a conflict between fast change of
flowing status and long period for counting
appears.
This problem may be solved in two ways. On
the one hand, a source with higher intensity can
be mounted in the meter, or a nearer distance
between the source and detector can be chosen.
On the other hand, an adjustable time window
can be set in the acquisition software to suit the
changes of flow pattern, and data regress

technique may also be employed to minimize
the relative errors in count rate.
Our logging center has enlisted a projection of
developing this logging tool into our next fiveyears plan. It is expected to merge the present
tool with temperature and pressure sondes,
digitize the downhole tool, and fulfill it with
telemetry mode in order to obtain the five
parameters simultaneously. It is also wanted to
raise technical specifications of the tool, such
as its temperature and pressure ratings, and its
measurement accuracy of individual flow rates.
REFERENCES
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Development and Application of
Isotope and Radiation Technology in Indonesia
ADJALOEIS
National Atomic Energy Agency BATAN
Jalan Abdul Rbhim, Kuningan Barat, Mampang Prapatan,
Jakarta 12043, Indonesia
SUMMARY. This paper presents a brief review of tile development and application of isotope and
radiation te^nnology in Indonesia. The role of the National Atomic Energy Agency BATAN and the
overall strategy for the development and application of nuclear science and technology in Indonesia
is first described, followed by the description of activities in three important areas, namely
Agriculture, livestock and Industry.
1. INTRODUCTION

2. ISOTOPES AND RADIATION

On behalf jdf the National Atomic Energy
Agency (BATAN) of the Republic of
Indonesia ll\yish first all to extend my sincere
appreciation t and thanks for the honour
bestowed upjon me to give an invited talk at
thisjfprestjgjious meeting ' T h e Second
International Conference on Isotopes" held
here : l i - jl£ October 1997 in this beautiful
city of Sydjn^y, where I did my undergraduate
istudyrin PJivkics and Mathematics over thirty

In accordance with the Indonesian Atomic
Energy Law No. 31/1964 and the Nuclear Act
No. 10/1997, BATAN as the highest national
authority is charged among others with the
tasks to apply, develop and disseminate
atomic and nuclear science and technology for
peaceful purposes in order to bring benefits
for the safety, health and welfare of the
Indonesian people.

As a scientist and as a manager of a nuclear
science anjj technology agency in a
developingl country, I am convinced that this
meeting woiuld give the participants lot of
benefits. Njoj only shall We be informed on the
latest projg|ess of the technology and
application! pf isotopes worldwide, but this
meetirig will also give excellent opportunity to
renew old ifikendships and start new ones.
This; paper gives a brief overview on the
development
and
application
isotope
technology in Indonesia, in particular in me
National Atiomic Energy Agency (BATAN).
Due to thjei wide spectrum of the research,
development and application areas of this
technology, [this paper concentrates only three
areas, nainiBly Agriculture, Livestock and
Industry.

The main emphasis of BATAN's scientifictechnical activities is concentrated on the
applying nuclear techniques as an additional
tool in an effort to solve various national
problems, such as in the fields of Agriculture
and Food, Livestock, Human Health* Industry,
Energy and Environment. In order to be
effective and efficient, these application
oriented
activities are supported
by
appropriate scientific research and technology
development (R&D). At the same time,
Indonesia
as
a
developing
country
continuously improves the scientific-technical
facilities and infrastructures as well as the
capability of the human resources in
collaboration with or with the assistance of
partners from technologically advanced
countries.
Presently with the total number
over 4000 people, BATAN's
scientific
Research
and
Development and Aplication

of employees
activities in
technological
(R-D<$A) of
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isotopes ana radiations may be classified into
the following major target areas:
O Agriculture
Activities in jthe field of agriculture may be
devided inty three broad areas, namely
creation of'new and specific plant varieties,
eradication: cjf harmful insects and seeking
ways to optirhize plant growth and the use of
fertilizers t() Suit the soil characteristics; with
respect to food, the activities are concentrated
on the development and application of nuclear
techniques jtoi achieve food security and food
safety,and .to! promote food trade.
© Livestock
Activities concerning livestock may be
devided hito three broad areas, namely
livestock growth. - optimization through
appropriate feed supplementation strategies,
eradication of livestock deseases, and
optimization of livestock reproduction.
With the total population reaching already
over 200 million people, the problem of food
security and food safety are of fundamental
importance to Indonesia. Efforts
are
continuosly intensified to achieve the stage
self sufficiency in the production of basic
food. To support the government programme
in the field' of Agriculture and Livestock,
SATAN hag developed strong collaborations
with the Universities, with the Directorate of
Livestock Services of the Department of
Agriculture and with the government agencies
at the province level to set up and implement
endkiser omented activities with optimal
sacioreconotnic impacts.
0 Industry
Activities may be categorized into three broad
areas, namely process monitoring and control,
preservation, and sterilization, and materials
charaterizatipn and modification. BATAN has
successfully introduced various techniques to
the, industries; however, there is still room for
improvement in public information and
education on the benefits of nuclear
techniques.
© H u m a n Health
Activities in this field are still mainly
concentrated on the development of nuclear

medicine facilities, and use those facilities in
the study and diagnosis of the functions of
various human organs, while brachitherapy is
still in its infancy.
O Environment
This area of activities is still relatively new.
Activities are so far still concentrated on the
development of the appropriate techniques,
development of capabilities and expertise in
the experimental design, sampling techniques
and sample analysis, in order to determine the
type, amount, source, dispersion and
deposition of harmful contaminants in air,
water Mid soil samples.
The required radioisotopes are mainly
produced using the 30 MW "RSG-GA
Siwabesy" multi-purpose research reactor
located at BATAN's new research complex in
Serpong (West Java) and using the 1 MW
Triga Mark II research reactor located at
BATAN's Research Center for. Nuclear
Techniques (PPTN) in Bandung (West Java).
Electron beam irradiation is accomplished by
means of the existing 300 KeV and 2 MeV
electron accelerators located at BATAN's
Center for the Application of Isotopes and
Radiation (PAIR). In addition, BAIR also
posesses
several
gamma
irradiators.
Experimental activities using neutron beams
are carried out by BATAN's Research Center
for Materials Science located in Serpong,
whereas ion beam irradiation works are
conducted at BATAN's Nuclear Research
Center located in Yogayakarta (Central Java).
The first commercial gamma irradiator was
installed and operated by a private company
called "PT Indogamma", whose activities are
so far concentrated mainly on the irradiation
for the sterilization and pasteurization
purposes.
Let me now describe the first three areas
mentioned above, namely Agriculture and
Food, Livestock and Industry in somewhat
more details.
3. AGRICULTURE
Some highlights of activities in the field of
agriculture are as follows:
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U New plant varieties through
induced mutation

radiation

The objectijv£ here is to obtain agricultural
crop varieties with special characteristics
through thfe : process of radiation induced
mutation. Jd date BATAN in collaboration
with; the JDfcpartment of Agriculture has
released majhy new varieties of foodcrops such
as rice variety Atomita I (1982),- Atomita II
(1983), Atjojnita ffl (1990), Atomita IV
(1991), Sitjjgintung (1992), Cilosari (1996),
green beanflUTuria(1990), Tengger (1991) and
mungbeart
(1991)
which
special
charactfiristitjs, such as high yield, early
maturity ajid resistant to certain types of
deseases. Tpjise new crop varieties have been
succjessfulfy [•and increasingly introduced to
and used by Ismail scale farrners in the rural
areas. Asi reportedv by ; the Indonesian
Depajtmem of Agricultures in 1995, the
dissejninat^bn of these new crop; varieties have
beervv widely^ spread to- many provinces in
Indonesia. ] |i.tomita IV, jlor example, is
currently cultivated covering: pver SOQjOQO ha
of land, in iciest Java, CentraiV Java, EasJ Java,
North Suroa^era,. South Sulawesi arid West
Nusa Tenggaia (eastern, part ;pf Indonesia).
To support the application ^orientedactivities,
BATAN in collaboration with other national
R&P agencies and the universities also
conducts fundamental research to identify at
molecular 'evel the genetic changes
responsibly for the new features.
O Optimisation of fertilizer efficiency
The objecjiyes of the activities are twofold,
namely to [obtain optimal ahiount of fertilizer
to be used 'for different plants/crops and to
obtain opjiiinal positioning of the fertilizer
relative to it&e plant roots as a function of soil
condition. For this purpose
suitable
radioisotopes are used, thus making it possible
to study theidynamics of nutrients intake from
the soil/fertilizer, and their movement and
depositiopi iat various parts of the plant.
Information! on the plant-soil interaction and
plant-atmosphere interaction is obtained,
thereby enabling optimal use of fertilizer. In
collaboratjon with the Gambling Research
Center for tea plantation, BATAN scientists
have succeeded to obtain quantitative
informati0ni on optimal positioning and the

proper time for the introduction of the
fertilizer to the tea plants. This technique has
been in used on o routine basis at the
Gambung Tea Plantation Company, West
Java.
Q Development and application of SIT
(Sterile Insect Technique)
Eradication of harmful insects as an important
problem to be solved in an effort to obtain
good food crop products in Indonesia. The
control technique using insectisides not only
cause health problems to the humanbeings, but
also generates increasing inscet resistance to
the applied insecticides. The development and
application of Sterile Insect Technique (SIT)
is currently being investigated for several
insect species in Indonesia, such as sugar cane
borer Chilo auricilus Dudgeon and cabbage
pests Plutella xylostella (L) and Croeidolomia
binotalia Zell.
This type activity is relatively new, and is
presently concentrated in developing optimal
mass rearing techniques. So.far field tests
have been conducted on limited scale.
4. LIVESTOCK
Q Development and application of feed
supplementation strategies
Livestock production has been facing difficult
problems in Indonesia, primariliy due to the
low nutrient quality of feeds. Traditional
livestcok farming is conducted in general
using low quality grass and/or low nutrient
agricultural wastes for feeding. In order to
achieve optimal livestock production, BATAN
with the asistance of the International Atomic
Energy Agency (IAEA) has developed
techniques to produce appropriate feed
supplementation strategies for different types
of animals. The optimization procedure was
obtained by monitoring the disgestive
activities within the animal disgentive system
through the use of radioisotopes, such as 32P
and S as tracers.
The development and application of the
UMMB (Urea Molasses Multinutrient Block)
technology has been successfully carried out
by BATAN. In order to achieve higher enduser
and
socio-economic
impacts,
collaboration between BATAN with the
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Directorate General of Livestock Services and
with the provicial governments in Indonesia
has been intensified. Introduction of the
technology to the farmers, assistance in
acquiring/producing the required UMMB and
training of the farmers to utilize the
technology and in farm management have
been conducted in many parts of Java,
Sumatera, Sulawesi and Nusa Tenggara. The
results have, been very quite spectacular.
Through the application of this technology the
income of the! farmers has improved several
folds.
R&D activities; are conducted to find suitable
substitutes for pome of the ingredients of the
UMMB using | those which are available
locally.
O Development and application of
radiovnoines
Various types ;0f animal deseases pose one of
the the major problems in livestock production
in Indonesia. jFpwls, for example, are often
infected by coccjdiosis. Until recently most of
the drugs and! vaccines for fowls had to be
imported: Thej lability to produce vaccines
against those qojnmon deseases constitutes a
basic need for otftimal animal production.
BATAN's actiyijty to produce radiovaccines
has been carried lout in collaboration with the
Center for Pharmaceutical Veterinary in
Surabaya (EastiJ^va), and with the Faculty of
Veterinary Medicine, Bogor (West Java). In
the course or 'the research activities, a
monovalem
coccidiosis
radiovaccine
("koksivet") wjfs[ developed in 1988 and a
polyvalent coccijdjosis radiovaccine ("koksivet
supra 95") was produced in 1995. These two
types of radiovacpines have been introduced
for use by the plublic in a limited area in the
province of East'Java.
Q Improvement of livestock reproduction
efficiency
Radioimmunoassay (RIA) plays an important
role in the improvement of the livestock
reproduction efficiency. The technique
involves the prec^si determination of the onset
of oestrus, at yjuch time point artificial
insemination mayi be conducted with the
highest probability:of success. The technique

uses radioisotopcs, such as
progesterone antibody.

U5

I labelled

The activities have been conducted on cattle
reproduction in collaboration with the
Directorate General of Livestock Services,
with the Faculty of Animal Husbandry of
several Universities, and with the Livestock
Extension Services in several provinces of
Indonesia.

5. INDUSTRY
Q Process characterization and control
a. Tracer technique
Tracer technique has been applied in several
types of industries in Indonesia. Depending
upon the problems to be solved, physical
quantities such as those given below are
measured, analyzed and used as input for
process control:
Mixture Homogeneity in a mixing proses may
be determined through the injection of
appropriate radiotracers, such as 14OLaCl3 and
51
Cr. Such method has been succesfully
developed and applied in several indutries in
Indonesia, such as fertilizer industry (e.g PT
Petrokimia Gresik) and Aluminium smelter.
Measurement of Mean Residence Time by
means tracers such as 140La and 19iAu has been
applied for process optimization in cement
industry and gold mines in Indonesia.
Process optimization in soda factory is
achieved through approriate response to the
"mercury inventory", reflecting quantity of
mercury in the electrolytic cells, of which the
information is obtained through the injected
tracers, intensity and direction fluid flow
The physical characteristics of oil wells, such
as those belonging the State Oil Company
Pertamina, are determined by injecting
radioactive tracers during water flooding
projects. The distribution of the radioactive
tracers give quantitative on physical
quantities, such as inside the oil wells, etc.
Measurement of the ditribution and intensity
of natural as well as articificial isotopes, such
I33
as deuterium, 3H, 18O,l3C,l2C and
Xe
provides information on the fluid dynamics in
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geothermal fields. In collaboration with the
State Oil Company Pertamina BATAN has
performed investigation of the characteristics
of geothermal sources in several areas in West
Java.
Detection of She location and measuring the
intensity of' radiation signals from the
radibisotopes, Wch as 198Au, after their
injection into jtne system under investigation
give informatibiion the location and severity
of pipe leaks - underground and above ground,
such as thosej Activities conducted by the
commercial company "PT Pusri" is obtained
Direction and inighsity. of sediment movement
and deposition by means of tracer technique
using radioisoptofies, such as 1MIr, J1Cr and
19!
Au, have beiiri; used to solve problems
connected with baVbour shallowing, planning
and mapagement^ such as those encountered at
the harbours of 'Sjmda Kelapa and Cirebon
(West Java); Paleinjjang (Sumatera), Surabaya
(East Java) and Boritang (Kalimantan).
b. Photon and particle beams
Photon, charged a{i| neutral particles beams
lave been used for various purposes:
Golbumn scanning,.technology using photon
radiation (*°do sour.c|) has been widely used
in industries in Indohesia.
, Gauging technique, |u|ing for electron source
•for instance, : has ^b^en widely used for
• thickness and' density |measurements, such as
linthe process control'rifnaper or foil factory.
Static radiography -tiding radiation sources
such as l92Ir, ^Co and | ? 7 Cs, has been widely
iised in indii$trjes as ^ $on-destructive testing
method. Gajnri}&-ray!( lkdiography has been
used, for instance, in dr^er to get information
op the characteristics •<$ steel enforcement of
concrete blocks; investigation of welding and
casting characteristics I <sf components (e.g.
aircraft,
ship and
oar
components),
information on pipe blockings, information on
materials structural defects, etc.
Dynamic radiograhy, lf<wr instance using
•neutron beams, has, |b|en used to give
information on specific I on-going processes,
juch as ninning: engines. •' ; •

c. Activation analysis
Neutron activation analysis using BATAN
research reactors has been widely used to
investigate the type and intensity of minute
contaminants in various samples. Such
investigations have been conducted in the field
of environment (air, water and soil samples),
human health (e.g. urine, blood, tissue and
hair samples) and industry.
Q Preservation and Sterilization
Preservation and sterilization activities have
been promoted" by BATAN in collaboration
with the local industries. A commercial
company "PT Indogamma has been actively
doing irradiation activities since several years.
Highlights of the activities
summarized as follows:

may

be

Systematic experiments are conducted to
obtain optimal dosis for prolonging shelf life
and improving hygenic quality of various
types of food and food ingredients, such as
seeds, spices and frozen or dried foodstuffs.
Irradiation technique has been developed and
used for the production of synthetics and
biqmaterials and for sterilizing purposes, such
as
medical,
cosmetic,,
herbal
and
pharmaceutical products, bones, amnions and
other biological tissues for direct uses and for
tissue banks.
The irradiation activities works are extended
to include production of radiation sterilized
food for hospital uses.
O
Transformation
materials

and modification

of

Activities on the transformation, modification
and characterization of materials have been
widely conducted by BATAN, examples of
which are described briefly below::
Radiation vulcanization of natural rubber latex
has been widely developed and used, such as
for the production of condoms, gloves, etc.
Cross linking techniques have been developed
to obtain among others wire insulations which
are resistant to heat and high tension.
Curing of surface coatings is achieved through
irradition by electron beams.
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Modification of physical (e.g. electrical,
mechanical) ! and chemical properties of
materials wiith the objective to develop new
materials w|t$ specific characteristics, such as
corrosion resjstant coatings, semi conductors
with specific jfeatures for electronic industries,
are achieved through the implantation of
different typels and dosis of ions accelerated
by means >fi low energy ion accelerator at
BATAN Getter of Nuclear Research in
Yogyakartaj Techniques to study the surface
arid bulk jinaracteristics of materials are
developed in parallel.
Experiments I'on the treatment of gaseous
wastes sucji i as SOX and NO, have been
conducted {losing the 2 MeV electron
accelerator^Ihe BATAN Center for the
6. C O N C I S I O N S
From the above description of the activities
conducted mi Indonesia with respect to the
development £nd application of isotopes and
irradiation i technology in Indonesia the
following conclusions may be drawn:
Isotopes ah<?^irradiation technology has been
successfully.: .developed and applied in
Indonesia. Irjirastrusture and capability of
human' r^esoiujces have generally reached the
stage of selfi sustaining.
The technology has been widely applied in the
fields of agriculture, animal science and
production and in the industrial sector.
Public inlbrrnation campaign on the benefits
of the isotopes and irradiation technology is
still inadeq^te, and therefore needs to be
intensified to jiddress various target groups, in
particular thp public and the industrial sector.
<AD-August 1997>
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Environmental Isotope Studies on Groundwater Problems
in The Thar Desert, India
A. R. NAIR, S. V. NAVADA and S. M. RAO
Isotope Division, Bhabha Atomic Research Centre, Trombay, Mumbai - 400 085, India
SUMMARY. Environmental isotope studies carried out in the arid regions of Rajasthan show that
recharge to shallow groundwater is possible as a result of direct infiltration of precipitation or
through river channels during episodic floods. This is observed in Banner and Jalore Districts in the
southern part, where comparatively higher rainfall occurs. Present day recharge is absent or
negligible in the northwestern region. Deep fresh groundwater is available in many parts in the
region, which are mostly palaeowaters. Over exploitation of these old waters in some areas is
indicated by mixing with shallow groundwaters. The expected head water connection of an old
buried river cannel, in the northwestern part of Jaisalmer, with higher Himalayan sources seems
remote. The groundwater along this course is old and flowing as indicated by the tritium and
carbon-14 values.
1. INTRODUCTION
The Thar desert extends from the western side of
die Aravalli Mountain ranges in India up to the
limit of Indus Valley in Pakistan.lt covers sixty
percent of the area of Rajasthan state (Fig.l), in
the northwestern part of the country. Having
about 38% of the state's population, this is one
of the most populated desert regions of the
world. With constant increase in human as well
as livestock population, the common problems
faced by desert regions like scarcity of water,
land degradation, deteriorating pasture lands etc.
have become acute in this region.

The land is characterised by sand dunes with
interdunal plains in the north, west and south and
alluvium in the central and eastern parts. Streams
are very few, ephemeral in nature and confined
mostly to the rocky part of the desert, the
prominent being the Luni river in die south-west
region. Precipitation being low (below 150 mm)
and erratic in most of the parts, the main source
of water in the area is groundwater. Efforts are
being made by the State Ground Water
Department to study known groundwater
resources and explore potential ones in the
region.
Isotope techniques have been successfully used
by many investigators to solve problems in arid
regions, many a times with advantage over
conventional techniques (1). A few studies
carried out by the authors, in which
environmental isotopes H, 18 O, 3 H, 13C, and
14,
C were used along with available chemical and
hydrogeological data to obtain valuable
information on groundwater condition, are given
below.
2. RECHARGE STUDIES, BARMER

Figure 1: Map of Rajasthan showing study
areas.

Banner District lies in the south-western part of
the state. Figure 2 shows the study area and
sample locations together with some geological
information. The area receives a mean annual
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Figure 3: 8 H Vs. 8 O, Banner samples.

rainfall o f - 2 8 0 mm. The Tertiary aquifer having
fresh water is the most important one in the area.
Lathi formation of Jurassic age is present in the
northern side and Malani suite of igneous rocks
are present on other sides. Two lenticular
outcrops of Tertiary sandstone, which are
generally dry, are also found in the central part.
In the middle portion comprising Nagurda,
Bheemda and Nimla, shallow aquifers are under
phreatic condition while the deeper aquifers are
under confined or semi-confined condition.
Table 1 lists the samples collected from the
study area together with the analyses data.
Shallow well samples are generally brackish and
of Na-Cl type. The deep well samples which are
brackish are also of Na-Cl type. The deep fresh
groundwaters are of Na-HCO3 type.

1
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Figure 3 shows the 8 H versus 5 O plot for the
samples. Fresh deep groundwater samples are
comparatively depleted in stable isotope values
and form the group A along the MWL. A
brackish water sample from Bhadka also falls in
this group. Except the sample from Rajdhal,
which is from the northern dunal part, other
samples are from the central portion of the study
area. The shallow and deep well samples from
Durgaram ki Dhani as well as other shallow well
samples which are brackish form the group B.
Samples from the Lathi sandstone aquifer also
are included in this group. These samples show
evaporation effect in their stable isotope content.
They contain measurable concentrations of
tritium indicating some component of recent
recharge. The higher electrical conductivity

Table 1: Isotope and other relevant data of groundwater samples from Banner study area.
Sample
#

Place

3

Depth

EC

82H

8 18 O

(m)

(uS/cm)

(%o)

(%o)

(TU)

(pMC)

280
285
200
220
100
125
100
100
95

1830
2450
4500
1560
3850
1380
3000
1820
1710

-50.1
-51.7
-51.5
-56.1
-43.2
-53.4
-36.3
-35.9
-53.4

-7.30
-7.70
-7.47
-7.98
-6.00
-8.10
-5.20
-5.19
-8.00

<0.5
1.4
0.7
1.0
0.9
1.7
4.5

22
25
.
50

_

6700
5600
4450
630
3200
4400

-40.8
-34.1
-45.1
-20.3
-38.9
-26.9

-5.60
-4.45
-6.48
-4.19
-5.03
-3.95

6.0
3.0
3.0
21.0
2.9

H

14

C

14

C age
(BP)

Deep Wells
2
3
4
5
6
7
9
10
11

Bheemada
Jogasariya
Bhadka
Nimla
Durgaram ki Dhani
Rajdhal
Bhiyar
Ratri
Nagurda

-

9700
7800
4300
_

_
_
-

_
-

Shallow Wells
Dl
D2
D3
D4
D5
D6

Bheemda
Bataru
Durgaram ki Dhani
Balasar
Sav P.Singh ki Dhani
Bhisala

_
70
40

_
_
-

_
-

shown by the shallow well samples could be due
to leaching of salts from the soil matrix or due to
concentration of salts by evaporation. The
shallow and deep well samples from Durgaram
ki Dhani are seen as mixtures of deep and
shallow groundwaters. Their tritium values also
support this. A shallow sample from Balasar,
which is fresh, has tritium content of 21 TU,
which is high compared to present day
precipitation value of about 10 TU. This well
probably taps water from the weathered igneous
rocks and is about two to three decades old.
The deep fresh waters are depleted in stable
isotope values and have negligible tritium. Their
C concentration ranges from 50 to 22 pMC
with model ages (2) 4300 to 9700 BP. These
groundwaters appear to have recharged during
cooler and pluvial phases in the Holocene (3). If
recharge zone for these groundwaters is assumed
to be the Malani formations, a groundwater
velocity of 6 to 10 m/a may be estimated.

3. RECHARGE STUDIES, JALORE
Jalore District is situated adjacent to Banner in
the south-west part of Rajasthan. An
environmental isotope investigation (4) was
undertaken to study the groundwater recharge
mechanism in the study area (Fig. 4). The region
receives a mean annual rainfall of ~38O mm and
is drained by Sukri river, a tributary of the Luni
nver system, which is ephemeral in nature. The
younger alluvium, which is present mostly along
the river course, is unconsolidated to
semi-consolidated, coarse to fine sand and
I

gravel. Older alluvium of sub-recent to the
Pleistocene age, formed by semi-consolidated to
consolidated, medium to coarse sand with clay
lenses, caliche and rock fragments, is observed
away from the river course. Sand and shale
fragments are encountered at deeper horizons.
Study of subsurface geology (5) indicates the
presence of a fault in the NE-SW direction,
along which the Sukri river also is flowing. A
number of samples from shallow (<2m) and
deep wells were collected for environmental
isotope analyses. The results are given in Table
2. From chemical analysis, it is observed that
shallow and deep groundwaters from near the
river course are generally fresh and of Na-HCCb
type. Shallow and deep groundwaters away from
the river course are brackish and of Na-CI type.
2
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Figure 5 shows the 6 H versus 5 O plot for the
samples. It is observed that most of the samples
are depleted in stable isotope values compared to
the rainwater samples collected from the area.
From their isotopic composition, the samples
may be grouped into three sets. Shallow
groundwaters along the river course are
isotopically enriched and fall in group C. They
show typical evaporation trend and have high
tritium contents (5 to 20 TU). Shallow
groundwaters which are away from the river
course and located in the western and
south-western part of the study area have
comparatively depleted stable isotope values and
form the group B. These samples have tritium
concentrations ranging from 1.4 to 4.8 TU.
Group A contains shallow well samples which
are the most depleted in stable isotope values. It
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Figure 4: Locations of samples, Jalore.

Figure 5: 5 2 H Vs. 8 18 O, Jalore samples.

Table 2: Isotope and other relevant data os samples from Jalore study area.
Place

Sample
#

Depth

(m)

EC

82H

5 18 O

H
(TU)

-41.8
-51.6
-42.2
-35.3
-35.1
-50.9
-50.2
-42.2

-5.80
-6.80
-6.10
-5.10
-5.50
-7.00
-6.70
-6.40

0.8
0.6
2.4
0.5
1.6
0.9
.
3.0

-39.8
-42.0
-44.4
-42.3
-35.9
-12.5
-35.7
-34.0
-46.1
-39.9
-41.4
-32.5
-30.1
-27.5
-53.2
-55.4
-50.4
-42.5

-6.50
-6.60
-5.85
-5.65
-4.75
_
-5.25
-4.25
-6.95
-5.98
-6.70
-4.50
-4.95
-3.70
-7.10
-7.30
-7.00
-5.95

1.9
3.0
4.0
1.4
5.2
12.0
6.4
2.4
1.4
17.5
4.8
12.1
11.2
19.5
_

(uS/cm)

14

C
(pMC)

Chloride
(mg/L)

Deep Wells
Tl
T2
T3
T4
T5
T6
T7
T8

Bautra

Megalwa
Punasa
Jodhawas
Meda
Posana
Phagotra
Sayla
Shallow Wells
Dl
Boutra
D2
Megalwa
D3
Punasa
D4
Phagotra
D5
Narsana
D6
Jalore
D7
Elana
D8
Jeevana
D9
Hannu
D10
Surana
Dll
Bhadri
D12
Nimbawas
D13
Keshwana
D14
Bhadrajun
DI5
Valera
D16
Sayla
D17
Pasana
D18
Ahore

290
205
300
305
280
182
150
174
50
12
46
40
.
21
15
.
12
•
41

14

12
43
15
.
27

1215

3800
1500
5350
5400
3800
1320
1230
3950
1350
3550
3400
1080
5300
4400
2910
1230
4000
960
3000
1230
_
1380

IS

2.0

_
12

71

_

168
801
256
1360
1333
781
229
162
946
162
728
751
121
1475
1028
362
149
879
106
624
149
.
_
199

some recharge from the shallow groundwaters.
Well T8 taps both intermediate as well as
shallow aquifer and this is well reflected in the
stable isotope, tritium and carbon 14 values. The
Stable isotope contents of shallow wells D1&D3
as well as deep wells T1&T3 are similar
indicating interconnection between them. This is
also supported by the fact that the shallow
groundwater table and the deep well piezometric
levels are similar. Wells T4 &T5, which are
from the south west comer of the study area, arc
characterised by the most enriched stable isotope
values, fall in group C. They are brackish and
have no measurable tritium content. Well T4,
from Jodawas, is artesian flowing type with 14,
content of 12 pMC.

is observed that samples with depleted
0
values have low tritium contents and vice versa.
It is also seen that old waters with low tritium
values have high chloride contents (800 to 1000
ppm), whereas recent waters with high tritium
values have low chloride content. This indicates
that the groundwaters near the river course are
fresh waters with enriched stable isotopic
composition and high tritium values showing
presence of modem recharge. The groundwaters
away from the river course are brackish, have
depleted stable isotope and low tritium contents
and thus seem to represent older waters.
From 5 H-5 O plot, the deep wells samples
also seem to fell into the three groups seen
above. The most depleted samples are from
intermediate depths (T2, T6 & T7), are brackish
and have negligible tritium content, indicating
absence of any recent recharge. The second
group (Tl, T3 & T8) are slightly enriched
compared to the first group, are fresh and from
near the river course and show measurable
tritium contents. These wells appear to receive

It is concluded from the study that the shallow
aquifer receives recharge through river channels
during episodic floods caused by intense rain
events (amount effect ?). Some parts of the
shallow aquifer also receive recharge from the
deeper confined aquifer by upwelling through
subsurface fault zones in the area. The deep
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aquifers are thought to be recharged during the
cool pluvial periods in the Holocene.
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4. ISOTOPE STUDIES ALONG A
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BURIED RIVER COURSE, JAISALMER
Interpretation of satellite imagery of the of the
western parts of Jaisalmer District, revealed the
buried course of a river in the NE-SW direction.
In spite of the highly arid condition of the region,
comparatively fresh groundwater is available
along the course at 30 to 70 m depth. The aquifer
consists of medium to fine sand with very little
clay. A few dugwells in the study area do not dry
up even in summer and tube wells do not show
reduction in water table, even after extensive
utilisation for human as well as livestock
consumption. This course is seen to have link
with the dry bed of Ghaggar river in the
northeast, while in the southwest it is met with or
even cut across the surviving courses of Hakra or
Nara rivers in Pakistan. The above course is
thought to belong to the legendary River
Sarawati of Himalayan origin, mentioned in
many early literary works and known to have
existed before 3000 BP (6,7). This mighty river,
originally flowing in a south-westerly direction,
is supposed to have changed its course several
times ending up in the present course of the river
Ghaggar. The river built up a wide alluvial plain
with considerable thickness. It is thought that the
courses of the river in the area are still
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Figure 6: Locations of samples, Jaisalmer area.

maintaining their head water connection with the
Himalayan sources and could form potential
sources of groundwater for exploitation.
To confirm the above scenario, an environmental
isotope study was initiated. Figure 6 shows the
study area with sample locations and Table 3
gives the results of analyses and other details for
the samples.
From the results it is seen mat both shallow and
deep groundwaters are enriched in stable isotope
values compared to that of present day
Himalayan rivers (S 18 O : -11 to -10 %0)
indicating that their head water connection with
higher Himalayan sources is remote.

Table 3: Isotope and other relevant data of samples from Jaisalmer study area.
Type
of well

Place

TW
DW

Kishengarh
Kuriaberi
Natliurakua
Ghantiyali
Ghantiyali
Ranau
Ranau
Loungewala
Loungewala
Gainnewala
Ghotaru
Ghotaru
Asutar
Rain (Jaisalmer)

DW
TW
DW
TW
DW
TW
DW
TW
TW
DW

TW
-

Depth*
(m)

39
35
38
74-147(62)
55
.
45
87-147(65)
91-157(40)
42
73-95(68)
-

EC
(uS/cm)
3460
2100
3040
3660
2820
1890
2060
2740
9370
4060
2270
3650
2560

-

52H
(%o)

618O
(%»)

3

H
(TU
(±0.5)

-41.7
-42.6
-38.4
-45.6
-41.2
-45.3
-46.1
-44.0
-39.9
-30.0
-48.7
-41.1
-47.0
-22.0

-5.6
-5.7
-6.3
-6.6
-6.0
-6.2
-6.0
-6.2
-5.9
-6.1
-6.9
-6.4
-6.3
-4.3

0.2
0.5
0.3
0.5
0.6
0.6
1.3
0.3
1.0
0.6
0.2
1.1
0.4
7.0

14

C
8nC
(pMC) (%oPDB))
47.3
69.3>
58.3
32.2
54.9
49.5
.
10.9
21.1
62.7
35.8
-

DW/TW = Dug well/Tubewell; *= screen position for TW with static water level in brackets.

5

-5.7
-4.0
-7.4
-5.6
-7.3
-7.5
-

Shallow groundwaters generally have negligible
tritium content and low C values (54 to 70
pMC) indicating that they are old waters.
However, dug well samples from Ranau and
Gotaru show measurable tritium contents
indicating small components of modem
recharge.
Tube well samples also show negligible tritium
and low C values (10 to 49 pMC) indicating
that they are old waters. Higher carbon-14 values
at Ranau, Gotaru and Asutar could be due to
mixing with some younger waters as seen from
their lower chloride levels. Possibility of
recharge from eastern side at these areas is
indicated by existing dry stream channels. There
is a trend of increase in the apparent C age for
groundwaters from Kishengarh to Loungewale
along the suspected course of the river channel.
From their relative ages, a groundwater velocity
of about 5 m/a may be inferred.
5. CONCLUSIONS
The above studies indicate that in the southern
part of the Thar desert, where precipitation
received is higher compared to the north-western
region, shallow aquifers could receive recent
recharge. The mechanism could be direct
infiltration after intense episodic rain events
followed by floods or through river channels. In
the north-western part, present day recharge is
rare or negligible. In many parts of the desert
deep fresh groundwater is available, which were
recharged in the past (as indicated by the low
carbon-14 values), when the climatic condition
prevalent were more favorable than present.
Reconstruction of the past climate in the region
from palaeoclimatological and palaeontological
studies (8,9), indicate that cooler and pluvial
conditions in the Holocene were present in this
region during which recharge to these aquifers
could have taken place. However, the absence of
modem recharge and evidence of over
exploitation observed in the above studies stress
the need for the proper management of such
scarce
groundwater
resources.
Isotope
techniques can play a very important role in such
efforts.
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ISOTOPE PRODUCTS MANUFACTURE IN RUSSIA
AND ITS PROSPECTS.

S.V.Malyshev, I.A.Okhotina, EAKarelin, N.N.Krasnov,
V.V.Kuzin, J.A.Malykh, S.B.Makarovsky.
At an up-to-date stage of the world economy development, stable and radioactive
isotopes, preparations and products on their base accompany the mankind in
many aspects of its activity.
Various nuclide products are widely used in many areas of developed countries'
economy , such as health protection ( diagnostics and therapy, sterilization of
medical Pharmaceuticals and instruments), agriculture (mutational selection,
studying of biogenic processes of the "plant-animal -man" system, food products
sterilization), municipal economy and fuel power engineering (signal lights,
sanitation of sewages, gaseous discharges and solid wastes), autonomous naval,
earth and space "small" energetics, manufacturing industry (technological and
process quality control), enviroment protection ( monitoring, control of pollution
flows in biological and ecological systems. And it is not surprising, that the level of
manufacture and application of isotopes in research, economical and social fields of
economy of the particular country is now one of the most important factors featuring
its scientific, technical and industrial development.
The Russian Federation is one of the first and largest world-wide producer of a
variety of nuclide products on the base of 350 isotopes. There are following types
of nuclide products manufacturing in Russia:
radioactive isotopes,
stable isotopes,
radionuclide radiation and heat sources
radionuclide light sources and luminous paints,
organic and inorganic compounds labelled with radioactive and stable isotopes,
radionuclide generators of short -lived isotopes,
radiopharmaceuticals
The development of isotope production in Russia, which is now a separate
industry, made its start from the fifties. Initiators in creating radioactive isotopes
and isotopes based products manufacture were Radium Institute of the USSR
Academy of Science, at present "Khlopin Radium Institute" - Research Production
Association of Ministry for Atomic Energy of Russian Federation (Minatom), and
"Mayak"-Production Association of Minatom, a leader of radioisotope products
manufacturers in Russia, supplying now over 50% of the total volume.
Manufacturing of stable isotopes began in Kurchatov Institute of Atomic Energy,
where the basis of future large-scale production with electro-magnetic method was
found. Later this method was applied under the guidance of the specialists from the
Kurchatov Institute in the "Electrochimpribor" Plant, Ekaterinburg. Nowadays, about
50 research and production groups from various branches and departments of
Russia participate in development of nuclide products manufacture and assist in
improvement of the quality of the products.

The isotope production developed actively in the former USSR within period
from 1970 to 1990. At that time the sales of isotope products effected by the
enterprises of Minatom, Ministry for Chemical Industry, Ministry for Public Health,
Academies of Science of the USSR, Belorussia, Ukraine and Uzbekistan increased
in more than 3 times and reached 68,7 million roubles in 1990, including export
sales exceeding 10 million dollars. In this volume, the share of Minatom
enterprises,
located in Russia, amounted to approximately 68%. After
disintegration of the USSR about 90% of all production capacities for nuclide
products manufacturing remained in the Russian Federation. At present the
production of radioisotopes in Russia is in progress, unlike the majority of other
industries. A growth of the export sales of the isotope products, shown on Figure
1, proves it visually.
Russian Ministry for Atomic Energy
coordinates
activity for technical
development and structuring of production and supply of isotope products for the
economy of the country. During the years of isotope industry development,
several production centers appeared in Russia, specializing in manufacture and
supply of certain products. Structure of the main Russian producers of the
radioisotope products is shown at Figure 2.
Chelyabinsk region
Production Association "Mayak", the largest Russian manufacturer of the
radioisotope products, has a great scientific and technical potential. Over 50% of
the total volume of the radioisotope products are produced at this enterprise.
"Mayak" is specialized in manufacturing of reactor and fission isotopes, such as
Carbon-14, Cobalt-60, lridium-192, Krypton-85, Strontium-90, Caesium-137,
Americium-241, Promethium-147, etc. Fission isotopes are isolated from aqueous
solutions of tailings from the NPP Irradiated Fuel Regeneration Plant. "Mayak" is
also the main producer of radiation sources on the base of Cobalt-60, lridium-192,
Caesium-137, Americium-241, Selenium-75 and other alpha-, beta,-gamma- and
neutron-emitting radioisotopes. Besides, the enterprise supplies radionuclide heat
sources on base of Strontium-90 and Plutonium-238, used in thermoelectrical
generators for energy power supply in meteorological equipment and devices for
navigation or space purposes.
Kaluga region
Another largest center of radioisotope products manufacture is situated in
Obninsk, 100 km from Moscow. The center has reliable transport links with the
biggest Russian airports (Sheremetjevo, Domodedovo and Vnukovo) as well as
Moscow railway stations. It ensures effective supply of products, and short-lived
isotopes in particular, to customers both within and outside Russia.
1 The largest production of cyclotron radioisotopes was created in Obninsk (Joint
Stock Company "Cyclotron" established on base of Russian Institute of Physics
and Energetics).
The cyclotron was put into operation in 1963. Since that time there were several
reconstructions purposed to achieve more favorable conditions for production of
radioisotopes and to improve reliability and stability of the cyclotron operation.
At present, the cyclotron allows to use either protons with energy up to 28 Mev or
deiteriums with the same energy for radioisotope production. The highly intensive
internal beam is used. Special target devices enable to irradiate iqitial material by

2

SU5
the internal beam with intensity up to 750 microamperes. As a rule, the enriched
stable isotopes in metal form are used as the materials to be irradiated.
About 20 radioisotopes are currently produced at "Cyclotron". Among them
Sodium-22, Cobalt-57, Gallium-67, Cadmium-109 , lndium-111 and Thallium-201
are of the biggest demand. Manufacturing of these isotopes takes about 90% of
the cyclotron operation time. Besides them, Beryllium-7, Titanium-44, lron-55,
Germanium-68, Strontium-85, Cerium-139, Tungsten 181, Biswuth-207 and other
isotopes are produced and regularly supplied as well.
"Cyclotron" in Obninsk supplies radioactive isotopes in form of radiochemical
preparations, moessbauer sources (Cobalt-57), sources for
roentgenradioluminiscent analysis (Cobalt-57 and Cadmium-109) and for medical gamma
cell calibration (Cobalt-57). At present this cyclotron completely meets the Russian
needs for the above stated radioactive isotopes. A significant quantity of the
cyclotron produced radioisotopes is supplied abroad (especially Cobalt-57).
The second cyclotron is planned to be put into operation in the same building in
1997, which will ensure further growth of production and application of cyclotron
radioisotopes, including industrial production in Russia of lodine-123 for medical
purposes.
2.At the State Scientific Center of Russian Institute for Physics and Energetics,
which is one of the largest nuclear research center in Russia with a number of
Research Thermal and Fast Neutron reactors and significant radiochemical
resources, the reactor production of short-lived and fission isotopes was arranged
for manufacturing of medical and biological preparations, such as Molibden-99,
Xenon-133, Phosphorous-32, Phosphorous-33. Besides,
Technetium-99m
generators and Xenon-133 radiophapmaceuticals as well as wide range of
Phosphorous-32, Phosphorous-33, Sulphur-35 labeled compounds ( nucleotides)
for application in molecular biology and genetic engineering are produced there too.
At present, the production of lndium-113m generators and radiopharmaceuticals
with Gallium-67, Strontium-89, Phosphorous-32 , Gold-198 and Thallium-201 is
close to its start.
3.The Branch of Karpov Physics and Chemistry Research Institute has WR-tape
reactor with the flux 1.2 x 1014 n/sm2 sec and radiochemical resources for
manufacturing
of radioisotope products. To provide regular production of
Technetium-99m generators in cooperation with the Institute for Physics and
Energetics, the Branch of Karpov Physics and Chemistry Research Institute
arranged the manufacture of Molybdenium-99 and Technetium-99m generators on
the base of its own reactor complex. Simultaneously, along with Molybdenum-99,
the Branch of Karpov Institute produces Xenon-133 and supplies it to the Institute
for Physics and Energetics, which in its turn makes
radiopharmaceutical
preparations with Xenon-133. But first of all, this Institute is the main Russian
producer of lodine-131 and radiopharmaceutical preparations on its base for the
needs of medical institutions in Russia.
Ulivanovsk Region.
State Scientific Center of Russian Federation of Research Institute for Nuclear
Reactors (RINR) is the leading Russian research nuclear center with up-to-date
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reactor base, including CM-3 reactor with the density of neutron flux up to 25 x 1014
n/sm2sec.
Besides the high-flow reactor CM-3, this nuclear center has a loop channel
reactor MIR, 3 pool-reactors RBT and a fast-neutron reactor BOR-60. All these
reactors are used in one way or another for radioisotopes production. There is a
complex of radiochemical and technological equipment in the Institute, including
the hot chambers patterns for radioisotopes manufacturing too. RINR, possessing
a unique research reactor base, is specialized first of all on production of the wide
range of transplutonium elements beginning from Plutonium to Fermium, which
may be accumulated in practically considerable quantities only in high-flux
reactors.
Over the last 10-12 years the Center has been carrying out the work on making
some radioisotopes with high specific activity : Phosphorous-32 and 33, Cobalt-60,
lron-55 and 59, Nickel-63, Tin-112 and 119m, Strontium-80, Gadolinium-153,
lridium-192, etc.
Apart from the preparations of high activity, the Center stock-produces unique
sources on base of Californium-252, Curium-244, Cobalt-60, Gadolinium-153,
lridium-192, Selenium-75 and others. These sources are used industrial
radiography, technological control devices, medicine, etc.
Leningrad Region.
1 ."Technochim" Pilot Plant of the State Institute for Applied Chemistry (SIAP) is the
largest producer of labelled compounds. It is specialized in production of
preparations, containing radioisotopes,
organic and inorganic compounds,
including biological active ones, labelled with Tritium, lodine-125, Phosphorous-32,
Phosphorous-33, Carbon-14, Deuterium and also radioactive sources with Cobalt57, Cadmium-109, lron-55, Tin-119 m, Nickel-63, Gadolinium-153 and other
isotopes for radiography fluorescent analysis and nuclear gamma resonance.
Radioactive isotopes for manufacturing of SIAP's production are supplied from
Minatom's enterprises.
2."Khlopin Radium Institute", Research Production Association of Minatom also
produces a number of complex organic Tritium labelled compounds, such as
nucleotides and sugar nucleosides, used in molecular biology and experimental
medical researches. The Institute also supplies radiopharmaceutical preparations
with lodine-123 and Technecium-99m for St.-Petersburg region.
Nizhnv Novgorod Region.
Electromechanical Plant "Avangard" is specialized in production of preparations
and sources of ionized irradiation with Polonium-210. Besides, a unique base for
testing of heat sources on base of Polonium-210 and Plutonium-238 for space and
navigation, is created here.
Moscow
There is a number of Institutes and enterprises involved in manufacture of
radioisotope products in this region as well.
1.ln the former Soviet Union "Medradiopreparat" Plant of the Russian Ministry for
Public Health was the only producer of radiophatmaceuticals, such as: Technetium99m and lndium-113m generators, preparations on the base of lodine-131, lodine125, Gallium-67, lndium-111, Gold-198, Mercury-197 and other isotopes. However,
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since 1986 taking into account the ecologically unfavourable location of the plant in
the populous area of Moscow, Minatom of Russia started the planned transference
of the radiopharmaceuticals production to Obninsk enterprises, which have highcapacity resources for manufacturing of cyclotron and reactor short-lived isotopes.
The systematic actions of Minatom to this purpose allowed yet in 1990 to transfer
completely the production of Molybdenium-99, Technetium-99m generators, and
later of rediopharmaceutical preparations with Xenon-133 and lodine-131 to the
Institute of Physics and Energetics and to the Branch of Karpov Institute. At present
this work is going on, and it is planned in 1997-1998 to run in the wide range of
radiopreparations with lodine-131 in the Branch of Karpov Institute, and Indium113 m generators as well as radiopharmaceutical preparations with Gold-198,
Mercury-197, Gallium-67 and lndium-111 - in the Institute for Physics and
Energetics. Realization of these projects will enable to move radiochemical
production from Moscow with a 9 million population to the enterprises, which have
their own reactors, cyclotrons and radiochemical resources.
2. At the Institute for Molecular Genetics of Russian Academy of Science, more
than 200 most complex Tritium labelled biological active substances, including
nucleotides, nucleosides, amino-acids, peptides and others, are produced. These
products are supplied to Russian research centers.
Additionally to the above stated enterprises of some regions of Russia, some
short-lived medical radioisotopes (radiopharmaceutical preparations with Thallium199, Sodium Pertechnetate, Technetium-99m and lodine-123) are produced in
Tomsk and St. Petersburg.
Russia parallel with the USA is the world's largest producer and supplier of
stable isotopes. The ancestor of stable isotope production in the USSR was
Kurchatov Institute for Atomic Energy, where in the fifties the first experimental
installations were created, technological principals and method of molecular
division were developed. Later in city of Ekaterinburg in "Electrochimpribor" Plant
the industrial production of stable isotopes by means of electrochemical method
was created.
At the present time, there are four main producers of stable isotopes in Russia :
"Electrochimpribor" in Ekaterinburg,
Electrochemical Plant in Krasnoyarsk,
Kurchatov Institute for Atomic Energy in Moscow and Centrotech in St. Petersburg,
which produce in total more than 200 stable isotopes. Considerable part of them is
exported.
On the basis of SSC RF of Physics and Energetics Institute in Obninsk,
Scientific Technical Center of Stable Isotopes (STC SI) was established. It
possesses a Fund of 49 isotope elements, which was created within last 30
years. The Fund is widely used by scientific and research centers of the country
for various researches in nuclear physics with employment of targets with
enriched stable isotopes, granted by STC SI on lease. A certain part of the Fund is
used for deliveries of the enriched stable isotopes to the enterprises both in Russia
and abroad.
Thus the established structure of radioisotope production allows completely to
meet the needs for radioisotopes and products on their base within Russia and to
export these products as well.

In accordance with "The Federal Low on the Nuclear Energy Employment", the
government of the Russian Federation sanctioned a procedure for export and
import of radioactive materials and products, based on them. According to these
rules, import and export of radioisotopes is carried out under the licences of
Ministry for Foreign Economic Relations and Trade of Russia ( MFERT). In its turn
the MFERT issues these licenses only on the ground of applications of the
companies, agreed with Ministry for Atomic Energy of RF (Minatom) and in some
cases with
Committee for Export Control of RF and Federal Supervision of
Russia for Nuclear and Radiation Safety (Gosatomnadzor).
To obtain a licence for import of radioisotope products for medical purposes, it is
necessary to apply to Ministry for Public Health of Russia as well, providing all the
documents and licenses of the above stated responsible bodies, and besides, the
statement of Minatom of Russia about impossiibility to manufacture the similar
products by Russian enterprises.
No licences are required for export and import of radioisotope products with
half-life period less than 10 days as well as of the products with small content of
radioactive materials, which not subject
to the State Safety Rules for
Transportation of Radioactive Materials, except import of products for medical
purposes.
It is necessary to note, that any radioactive isotopes, materials and depended
products, either exported from the Russian Federation, or imported to it, subject to
customs control and official registration in accordance with the Russian legislation.
Ministry for Foreign Economic Relations and Trade issues both general and
individual licences for enterprises. At present time, Production Association
"Mayak" has general licences for export of the products, manufactured in its own
facilities, and the Foreign Trade Company "Techsnabexport" has general
licences for export of the most of radioactive products,
manufactured by
different producers in Russia.
"Techsnabexport" , now the main exporter of isotope production , is one of the
oldest foreign trade companies in Russia with more than 30-year experience of
active work on the world market. "Techsnabexport" is a joint-stock company and
among its main shareholders are the largest production enterprises of nuclear
fuel power cycle of Minatom. Ministry of Finance and
Ministry for Foreign
Economic Relations of Russia are the main founders and shareholders of
"Techsnabexport" too.
The annual turnover of "Techsnabexport" exceeds 1 billion US Dollars.
Thus "Techsnabexport" is the leading foreign trade company working in close
contact with Minatom and other main state ministries and presenting interests of
Munatom's production enterprises on the world market.
"Techsnabexport" has long-term firm business relations with all manufacturers
of isotope production, listed above.
The cooperation forms are constantly in process of changing and reflect quick
alterations in the economy of Russia and international practice of foreign trade.
Thus for example in 1992 "Mayak" and "Techsnabexport" together with British
company "Amersham" organized Russian-British joint-stock company "Reviss",
which is specialized in export of radioisotope production of "Mayak". The annual
volume of trade transactions through this company has increased from 6,0 million
USDollars in 1992 to 13,0 US Dollars in1994.

With other enterprises "Techsnabexport" works as foreign-trade intermediarycommissioner. In that way the production enterprises enjoy the possibility of using
the many years experience and knowledge of foreign trade activity, branched
distribution and agency network of "Techsnabexport" all over the world. Besides,
Techsnabexport" as the company, specializing in export of isotope production, has
general licences of state bodies that speed up considerably the process of
concluding contracts and fulfilling of physical deliveries to end-users of such
specific products as isotopes.
The dynamic of export volume increase under direct contracts of
"Techsnabexport" with foreign consumers, looks as follows:
1992
1993
1994
10,0 millions

10,5 millions

12,1 millions

The nomenclature of export production consists of the whole range of above
mentioned radioactive and stable isotopes, the main of which are: Cobalt 57 and
60, Phosphorous-33, Nickel-63, Germanium-68, lridium-192, Cesium-137,
Thallium-203, Zinc-68, Cadmium-112 and 114, Krypton-82 and 85, and also
"Depleted zinc".
In 197-1998 we expect considerable growth of isotope products' export from
Russia, connected with broadening of traditional spheres of application and
industrial use of isotopes in new high-technological branches.
Russian manufacturers of isotope production are, as they were before, on the
leading positions among the same enterprises of the world. High production quality
and authority of reliable business partners attract foreign consumers and allow to
establish strong and close connections.
From this point of view strengthening and development of partnership, exchange
of scientific and technological knowledge,, cooperation in different forms - are main
tasks and purposes of all Russian Minatom's enterprises. We welcome such
cooperation and are open for it.
Thus, as you can see, Russia has large realistic technical potential for
production of stable and radioactive isotopes, and also of various products on their
base. Export of these products is in dynamic progress, as it is shown at Figure 1.
The scientific and technical potential of the country allows to increase their export
some times as large. We are open for discussing of concrete orders for deliveries
of all the types of isotope products, manufactured by Russian enterprises.
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Figure 1: Isotope Products Export Sales
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SUMMARY. The United States Department of Energy produces a number of neutron deficient
radioisotopes by high energy proton induced spallation reactions in accelerators at Los Alamos
National Laboratory in New Mexico and Brookhaven National Laboratory in New York. Research
isotopes are also recovered from targets irradiated at TRIUMF in British Columbia, Canada. The
radioisotopes recovered are distributed for use in nuclear medicine, environmental research, physics
research, and industry worldwide. In addition to the main product line of Sr-82 from either Mo or
Rb targets, Cu-67 from ZnO targets, and Ge-68 from RbBr targets, these irradiation facilities also
produce some unique isotopes in quantities not available from any other source such as Al-26, Mg28, Si-32, Ti-44, Fe-52, Gd-148, and Hg-194. We will describe the accelerator irradiation facilities at
the Los Alamos and Brookhaven National Laboratories. The high level radiochemical processing
facilities at Los Alamos and brief chemical processes will be described.
1. INTRODUCTION

2. THE ACCELERATORS

The United States Department of Energy
produces a number of neutron deficient
radioisotopes by high energy proton induced
spallation reactions in accelerators at Los
Alamos National Laboratory in New Mexico
and Brookhaven National Laboratory in New
York. Spallation reactions generally result
from interaction of >100MeV particles with a
nucleus.

The US DOE operates two medium energy
particle accelerators that have radioisotope
production missions. One is located in New
Mexico at the Los Alamos National
Laboratory and the other is located in New
York at the Brookhaven National Laboratory.
Research isotope targets are also irradiated at
TRIUMF in Vancouver, British Columbia and
processed at one of the National Laboratories.

This paper
will describe the accelerator
irradiation facilities at the Los Alamos and
Brookhaven National Laboratories. The high
level radiochemical processing facilities and
brief chemical processes will be discussed.

Isotope production is supplemental to the
primary physics research at all three facilities
and isotope production capabilities at each of
the facilities are different.

International cooperation contributed to the
year round supply of "Cu with target
irradiation performed at all three facilities.
A number of rare and exotic radioisotopes not
available anywhere else in the world are
produced and distributed to researchers around
the world. These radioisotopes range from
10
Be and 26A1 to 194Hg and most are recovered
from targets many mass numbers above.

Los Alamos National Laboratory1 uses the
LANSCE (Los Alamos Neutron Science
Center) Facility. This accelerator generates
800 MeV H + protons at nearly 1 mA of
current. This accelerator is nearly 1 km long
and the isotope production facility is located
in front of the beam stop. A total of nine
target stations permit irradiation of nine
targets at once with the beam traversing
through each target in succession. A specially
designed target holder can hold three
experimental targets, although normally there

is only one target per station. Greater than
90% of the initial 1 mA of 800 MeV protons
impinge on the first target. Most of the
current is deposited in these targets before the
beam exits into the beam stop.
Brookhaven National Laboratory2 utilizes the
BLIP (Brookhaven Linac Isotope Producer)
Facility. A maximum of 145 |iA of 200 MeV
H" protons are stripped from the end of the
linac injector for the Alternating Gradient
Synchrotron
research facility.
Available
energy ranges from 66-200 MeV in 21 MeV
increments. There are seven target holders,
each capable of holding three disc shaped
targets. The initial 200 MeV energy protons
can be used for isotope production by
spallation reactions only in the first or second
targets. The other targets are used to produce
radioisotopes by high energy (p,xn) type
reactions.
TRIUMF (Tri Universities Meson Facility)
located at the University of British Columbia
has a 500 MeV cyclotron. 150 pA of H' are
available for spallation isotope production on
beamline 1A. Only one target at a time may
be irradiated in this facility. This facility is
also used by UBC and MDS Nordion for
isotope production by spallation reactions.

of such exotic radioisotopes as long-lived
neutron rich 10Be with very high specific
activity which may be recovered after the coproduced 7Be decays away. Typical
radioisotopes and yields from a molybdenum
metal target for spallation production of 82Sr
from LANL molybdenum targets are listed in
Table I as an example of spallation yields.
Only one example of each of the elements
detected is listed.
TABLE I
Typical Production in Mo Targets*
95m T c
91m

Nb
88
Zr
88y
82

Sr
Rb
"Se
73
As**
^Ge
65
Zn
58
Co**
59
Fe**
54
Mn**
5I
Cr**
83

22

Na**
Be
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Zinc oxide targets for production of 2.58 day
67
Cu have been irradiated at TRIUMF, shipped
to Los Alamos National Laboratory for
chemical processing and shipped around the
world for medical research.
THE REACTIONS
Spallation reactions generally result from
interaction of > 100 MeV particles, either
neutrons or charged particles, with a
nucleus3'4. Reaction products generally reach
a maximum yield at 10-20 mass numbers
below the target mass, drop off rapidly and
rise again in the low mass nuclei. For
instance, a common product in all of the
targets is Be, produced as a spallation
fragment. The choice of target therefore has a
large effect on the desired product's yield and
radiopurity. Spallation products are generally
neutron deficient and the spallation fragments
are neutron rich. This permits the production

300-500 mCi
2000-3000 mCi
5000-6000 mCi
5000-8000 mCi
8000-12000 mCi
5000-7000 mCi
2500-3500 mCi
800-1000 mCi
200-400 mCi
300-500 mCi
150-250 mCi
10-20 mCi
10-20 mCi
20-40 mCi
5-10 mCi
5-10 mCi
300-500 mCi

* 30 days after End of Bombardment
45 day
irradiation.
** Identified/assayed - not recovered for distribution

THE TARGETS
All three facilities use disc shaped targets that
the proton beam traverses.
Large heat
deposition from the proton beam must be
considered in the target choice and design to
prevent leakage or vaporization while in beam.
Desired products and recovery chemistry also
dictate the choice of target material. The
products will be concentrated at 10-20 mass
numbers below the mass of the target as
demonstrated by the choice of molybdenum
with an average mass of 96 to produce 82Sr.
5. THE FACILITIES
The main radioisotope chemical processing
facilities at Los Alamos National Laboratory

consist of twelve inter-connected hot cells plus
a universal dispensary cell. All targets and
waste enter and exit the facility from this
dispensary cell. A large electric train running
under the cells permits easy transfer of
materials between cells. An additional facility
with sixteen hot cells in two separate banks of
eight is also available for chemical processing
if needed.
Additional
facilities
in
the
main
radiochemistry laboratories consist of six
chemical fume hoods that are used for
recovery of small quantities of radioisotopes
and for chemistry procedure development.
Analysis of stable metal elements content is
possible on all radioactive products using
either computer controlled DCP-AES or ICPAES instruments located within the facility.
Radiochemical analysis for gamma emitting
radioisotopes produced at Los Alamos is
performed with three high purity germanium
detector systems connected to a Micro VAX
computer system.
These detector systems are located throughout
the chemical processing facility and are
calibrated for activity levels ranging from
nanocuries to curies. Analysis for low energy
x-ray, beta and alpha emitting radioisotopes is
done using capabilities of the Radiochemistry
Counting Room. This facility has nearly
seventy different state of the art computer
controlled detector systems available for use.
Recent major upgrades at the Brookhaven
National Laboratory2 include the addition of
two new hot cells for a total of seven available
for radiochemical processing. An upgraded
ventilation system and liquid waste handling
disposal system were also installed to bring
BNL
into
compliance
with
current
environmental regulations.
As with the sister laboratory at Los Alamos,
Brookhaven National Laboratory also has
available a number of radiochemistry hoods.
A recently installed ICP-AES permits stable
metal element analysis of isotope products.
Radiochemical analysis for gamma emitting
radioisotopes produced at
Brookhaven

National Laboratory is performed with high
purity germanium detector systems. These
detector systems are located within the
chemical processing facility.
Both BNL and LANL chemistry facilities are
approved by the U.S. Food and Drug
Administration for production of Bulk
Pharmaceutical Components.
6. THE CHEMISTRY
Spallation reactions are not selective and
elements ranging from the next element above
the target down to hydrogen are produced in
varying quantities.
Chemical separation
techniques have been developed to recover the
radioisotopes of interest in both high
radiochemical purity and yield.
These
chemical processes have also been required to
reduce or eliminate the generation of mixed
waste.
The only isotope common to all three facilities
is 67Cu produced in natural abundance ZnO
targets.
The actual production reaction
mechanism is complex with other high energy
reactions such as (p,2p) and (p,a) on 67Zn and
70
Zn contributing significant quantities of
product.
This radioisotope has been
chemically processed only at LANL and BNL.
Each facility uses a different method of
chemical recovery of the 67Cu.
Los Alamos National Laboratory uses an
electrochemical method of recovery of the
67
Cu from sulfate solutions after dissolution of
the zinc target in dilute H2SO4. This is
followed by simple anion and cation exchange
for final purification.
Brookhaven
National
Laboratory
has
developed a recovery method based on use of
Chelex 100. After target dissolution in HC1
the material is evaporated to dryness and
redissolved in buffer solution. The zinc target
material is not sorbed on the Chelex and after
washing the resin the 67Cu and other
radioisotopes are desorbed and purified using
conventional anion and cation exchange
methods.
The separated zinc solutions can be further
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processed to recover "*V, 49V, 7Be and
isotopes of scandium. These solutions have
recently been found to contain significant
quantities of **Ti and investigations are
underway to recover and distribute this rare
isotope to the research community.
Large quantities of ^Ge have been produced
by spallation reactions on RbBr targets*'6.
After dissolution in HC1 the ^Ge is recovered
by distillation from 6 M HC1 followed by
extraction in CCL4 to separate spallation
produced selenium and arsenic radioisotopes.
Very high specific activity 73As has been
produced as a byproduct of this ^Ge
production.
Microcurie quantities of 2SA1 and 32Si have
been separated from KC1 targets irradiated for
4-6 months7. The irradiated KC1 target is
dissolved in H2O and filtered. The filtrate
containing the 32Si is acidified, converted to a
heteromolybdate complex and sorbed on
Sephadex. After washing away the KC1 target
material the pure 32Si is stripped from the
column with dilute base. The water insoluble
fraction is dissolved in HC1 and the 26A1 is
recovered by ion exchange.
Brookhaven National Laboratory uses 192
MeV protons on KCL targets to produce a M g
by spallation. The targets is dissolved in H2O
and the Mg recovered by precipitation and
solvent extraction.
Tantalum targets have provided large
quantities
of 148Gd in addition to microgram quantities of
n8m2
Hf produced by spallation reactions.
Dissolution of the tantalum in HNO3-HF was
followed by precipitation on CaF2.
Dissolution of the CaF2 in HC1-HBO3 was
followed by ion exchange for purification.
In the past silicon targets have been used to
produce 10Be, and l94Hg has been recovered
from bismuth targets. The l0Be was
recovered after distillation of the silicon target
material as the fluoride. No carrier added
I94
Hg was recovered by extraction into ethyl
acetate after the bismuth target was dissolved
in dilute HNO3.

Molybdenum targets irradiated for S2Sr
production are dissolved in H2O2 and the
isotopes of Zr, Y, Sr, Rb, Zn, Fe, Mn, Cr, Na,
and Be sorbed on a cation exchange resin8'9.
These cations are stripped from the resin with
HC1, evaporated and resorbed on a new cation
exchange column. Washing the resin with
dilute H2SO4 removes all of the isotopes
present except 82Sr and 88Y. The ! 2 Sr is
removed from the resin with dilute HCI and
the 88Y is not removed from the resin. The
recovery of ^Zr, 83Rb, 65Zn and 7Be from the
sulfate solution is accomplished by ion
exchange.
The molybdate eluate from the first column is
used to recover ^Ge and 95mTc using Sephadex
ion exchanger and Reillex HPQ resins.
192 MeV protons on 58Ni targets have been
used at Brookhaven National Laboratory to
produce 52Fe. Recovery and purification of
the 52Fe was accomplished by anion exchange.
CONCLUSIONS
The high currents available at the three
accelerators
combined
with
spallation
reactions are an effective method to produce
quantities of unique radioisotopes not possible
at any other accelerator in the world. These
radioisotopes have found use in nuclear
medicine, environmental research, physics and
industry worldwide.
The US DOE has successfully irradiated ZnO
targets in three facilities throughout North
America, chemically processed and distributed
the recovered spallation produced £7Cu to
research facilities throughout the world.
Irradiation at all three facilities was needed to
continually produce 67Cu year round in spite
of the maintenance shutdown requirements of
the various facilities.
Specific chemical techniques have been
developed for the recovery of the spallation
produced radioisotopes.
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SUMMARY. This paper describes how REVISS Services (UK) Ltd, the joint venture company
formed between Amersham International pic, Production Association MA YAK and Techsnabexport,
is able to provide an extensive range of radioisotope and radiation source products and services,
including Cobalt-60 sources and services for the irradiation processing industry supplied under the
PURIDEC Irradiation Technologies brand. The paper discusses the history, facilities and capabilities
of Mayak and describes how REVISS's special expertise enables it to also effectively procure
products and services from other suppliers in Russia.
1.

INRODUCTION

MAYAK Production Association, which is the
main manufacturing supplier to, and a key
shareholder in REVISS services, is situated in
the Urals region of Russia about 100 miles
from Ekaterinburg. It was formerly a closed
and secret city not open to Western visitors,
and not even shown on maps. Its development
into a world supplier of radioisotope products
is one of the brightest examples of the reorientation of the world's nuclear industry,
particularly in Russia.
The history of the company dates back to the
late 1940's when the first nuclear reactor
designed for Pu-239 production was
commissioned on the Chelyabinsk-65 site on
June 19, 1948. Over the next 40 years
MAYAK grew rapidly to become the most
powerful defence nuclear complex of the
former Soviet Union, whose main function
was to support the national military program.
In this respect, MAYAK'S development
mirrors DoE Hanford in the U.S and AWRE in
the UK. Advanced technology and equipment,
and experienced, well trained and highly
professional personnel were all focused on

achieving the goals of the defence program
and all production-related and even social
activities were covered by a dense curtain of
secrecy.
Following political changes in the late 1980's
and the early 1990's, the Russian economy
changed dramatically with the result that
military spending was cut, causing problems
for financing and managing the MAYAK
industrial complex. Conversion of military
production into development and manufacture
of products and processes for peaceful
applications was the only viable way for the
company to develop and maintain its technical
and R&D potential. A positive aspect of
political and economic reform was the ability
of MAYAK to participate in a joint venture
company with Amersham InternationalREVISS Services Ltd - see Figure 1. REVISS
better enabled MAYAK products to access
export markets and gradually MAYAK
developed from an industrial military complex
to a center of Nuclear Fuel Reprocessing and
Radioisotope Manufacturing.
Today MAYAK'S activities cover the whole
range of nuclear cycle operations relating to
reprocessing and handling of radioactive

materials, including reactor irradiation of
targets, reprocessing of targets and spent fuel
from nuclear power stations, extraction and
purification of radioisotopes, fabrication of
radiation and heat sources and recycling and
solidification of radioactive waste using an
advanced vitrification technology.
2.

PRODUCTION FACILITIES AND
CAPABILITIES

Based on its continuing developments in the
Reactor, Reprocessing and Radioisotope
Product divisions, and as a result of successful
implementation of the conversion program and
close co-operation with its joint venture
partner Amersham International pic to form
REVISS Services, MAYAK is now known as a
world class supplier of Cobalt-60, particularly
for Gamma Processing Plants, and Caesium137 sources, as well as a major international
supplier of other radioisotopes, including Pu238 which is purchased by the US DoE for
fabrication of the radioisotope thermoelectric
generators for NASA's long term deep space
missions.
Two highly efficient reactors used for
radioisotope production are now in operation.
A wide range of radioisotopes is produced by
irradiation including Co-60 (both LSA and
HSA), C-14 and Ir-192.
The neutron
specification of the reactors is sufficient to
achieve a specific activity as high as 300 Ci/g
for Co-60.
Most reactor produced radioisotopes, except
Co-60 and Ir-192, require physio-chemical
reprocessing of either irradiated targets or
spent fuel assemblies. MAYAK successfully
operates multi-stage separation processes
which enable extraction from the spent fuel,
and the subsequent purification, of a variety of
high quality radioisotopes, in particular Cs137.
Both primary and secondary encapsulation of
the raw material is carried out in hot cells
equipped with manipulators.
MAYAK's
facilities for fabrication of Cs-137 and Co-60
sources are arranged to minimize the
possibility of contaminating the finished
products and to ensure that they are fabricated,
quality tested and loaded into containers in
clean hot cell conditions. This is achieved by
physical segregation of the production lines for

primary and secondary encapsulation. All
source fabrication cells are lined inside with
stainless steel and have sufficient radiation and
biological shielding to allow for holding
significant activities of Co-60 with complete
safety for personnel.
Wide lead glass
windows, easy to use manipulators and all
necessary auxiliary equipment provide safe
and effective production operations including
source encapsulation, measurement and
testing. The tested and Quality Assurance
certified sources are finally loaded into
transport containers directly in the hot cell and
then shipped to PURIDEC/REVISS in the UK.
Alternatively, when immediate shipment is not
required, the finished sources can be
temporarily stored in a pond connected to the
production line by means of conveyor system.
The storage pond is a 6 meter deep stainless
steel encased tank with a licensed capacity of
many MCi. The pond is filled with water as
vapour condensate which is replaced on a
regular basis.
The water conditions are
constantly monitored for chloride ion content,
general hardness, pH and radionuclide content.
After storage in the pond, before loading into
containers and subsequent shipment, sources
are rigorously re-inspected to verify that they
meet customer and quality assurance
requirements.
Additionally, when there is a need for
prototype testing to meet requirements for ISO
Classification and IAEA Special Form
certification of sources, MAYAK has the
necessary facilities and equipment, as well as
qualified and authorised personnel, to perform
all the required testing and to provide results
within the required time-scales.
3.

PRODUCT RANGE

The REVISS range of radioisotope/radiation
source products is now the most extensive
available world-wide.
It includes, from
MAYAK:
Radiation sources:• Cobalt-60 Sources
Cobalt-60 sources and services, including
irradiation plant are supplied by REVISS
under its PURIDEC Irradiation Technologies
brand.
Over the last few years MAYAK's production
output has increased manyfold from a few

MCi per year, due largely to the success of
PURIDEC Irradiation Technologies in the
market.
The increased volume includes
Cobalt-60 sources manufactured for:
- Sterilization
of
medical
disposable
products, food preservation and other
irradiation applications (MAYAK designed
GIK-A3 sources and REVISS designed
RSL2089 sources- equivalent to Amersham
International's type X2089), plus raw
materials for REVISS's RSL1800 dry
storage source design.
- Gamma
teletherapy
for
medical
radiotherapy
Neutron irradiated and nickel plated metal
Cobalt-59 discs (dia. 7.0-20.0mm) and slugs
(dia. 0.8 and 1.4mm) are used as the active
core for fabrication of Co-60 sterilization and
therapy
sources.
These
are
doubly
encapsulated into 316L stainless steel capsules
in hot cells by using Tungsten Inert Gas
(Argon) welding.
MAYAK is able to make standard sources
with capsule designs and curie contents
ranging from 170 mCi (therapy) to over 15,000
Ci (sterilization). These are produced to
customer specifications so that dimensions and
activities of sources for almost any design of
wet storage irradiator can be supplied whilst
sources for dry storage irradiators are also
provided.
All Co-60 sources undergo rigorous quality
control including weld section examination,
radiation measurement, helium leak, bubble,
immersion and wipe tests. They can also be
tested for ISO Integrity Classification, and if
necessary, IAEA Special Form certified for
transportation purposes. Based on the high
manufacturing and quality standards achieved
by MAYAK, and PURIDEC's ongoing
surveillance programme, a source working life
of up to 20 years is offered.
•
Caesium-137
In the last few years MAYAK's Cs137 production output has increased
due to the successful marketing efforts
of
REVISS
Services
Limited.
MAYAK's production capacity of
many hundreds of kCi of Cs-137
sources per year can be made available
for various applications including:
Research and calibration
Therapy

•
•

•

Blood irradiation
Sterilization
Process control
Caesium Chloride with Cs-134 content
< 1% and <3% and specific activity
22-23 Ci/g is used as active material
for the manufacture of finished
sources.
The sources are doubly
encapsulated, sealed by TIG welding
and subsequently quality tested by
bubble, helium leak and wipe tests.
Their individual activity range is from
1 Ci to 4,000 Ci.
Strontium-90
For power/heat sources
Americium-241
For smoke detectors and in neutron
sources
Iridium-192
For
industrial
radiography

Bulk radioisotopes:•
Carbon-14
•
Krypton-85
(Low and high enrichments)
•
Tritium gas
•
Neptunium-237
•
Strontium-90
Additionally
stable isotopes, cyclotron
products and other nuclides can be provided
via REVISS's contacts with organisations such
as:
RIAR, Dimitrovgrad (P-33, Cf-252
)
"Cyclotron", Obninsk (Co-57, Cd-109
)
"Avangard", Arzamas (Po-210
)
Khlopin Radium Institute, St Petersburg, (Fe55
)
4.

PURIDEC IRRADIATION
TECHNOLOGIES

PURIDEC Irradiation Technologies, as
mentioned above, is the brand name of the
business group providing Cobalt-60 sources
and services for the irradiation industry. It was
initially set up by Amersham International Pic
but is now fully integrated into REVISS
Services (UK) Ltd. PURIDEC has over 35
years of experience in the design and
manufacture of Cobalt-60 sources and now
exclusively markets the NUKEM range of
industrial irradiation plants.
NUKEM's

experience goes back to 1962 when H.S.
Marsh Ltd, now part of the NUKEM
organisation, built the world's first commercial
irradiator for Johnson & Johnson in the UK.
This partnership enables PURIDEC to
combine its own skills in manufacturing,
handling and transporting radiation sources
with NUKEMS's vast experience in designing,
manufacturing and building nuclear, chemical
and other processing plants. Thus PURIDEC's
product range now includes:
- RSL2089 source design for wet storage
irradiators
- transported
in small
lightweight containers
- RSL1800 source design for dry storage
irradiators
- Special source designs for research and
other small irradiators
- Installation of sources into all types of
irradiator
- Calculation of source loading patterns to
achieve optimum plant performance in line
with customers' objectives.
- Irradiation plants, including tote and pallet
types, for all applications
- Engineering services including design and
manufacture of source racks and modules
- Installation of PURIDEC's leading PC
based control system, including automated
dosimetry and product tracking,into
existing plants
- Source surveillance programmes to support
safety of plant operation
- Training programmes covering safety, plant
operation, dosimetry, etc.
5.

QUALITY ASSURANCE

MA YAK would never be able to access export
markets without achieving and maintaining
internationally recognised quality standards,
based on its old traditions of military
production when quality was a decisive factor.
MAYAK's production capabilities have been
upgraded to supply products within a ISO9001
compliant quality system.
All technological processes are documented
and approved.
Goods-in inspection is
performed for all materials in process
(components and raw materials). Quality
monitoring and traceability throughout the
production process is maintained via route
cards. Positive product release ensures that

products meet the customer specification and
is compulsory, with the results being recorded
in Quality Records supplied with the sources.
All MAYAK's Quality Assurance procedures
are based on ISO standards and techniques.
Weld sections are routinely prepared from
welded inactive process control samples to
verify the required penetration. Containment
of the finished sources is checked during the
process of fabrication by using wipe, bubble
and immersion tests, and also helium
pressurization or helium pre-filled leak tests.
The finished products have a very low
contamination level as required by customers
and this is confirmed by a wipe test. Radiation
measurements of sources can be made to the
customer's requirements including Exposure
Dose Rate and Air Kerma Rate measurement
in low scatter conditions or by comparison
with a certified standard. Activity distribution
scanning etc. is also available. In addition,
there are other measurement facilities
available which enable MA YAK to perform
more accurate activity measurements using
calorimetry and also alpha/beta/gamma
spectrometry and precise elemental analysis
using an Inductive
Coupled
Plasma
spectrometer.
Finally all REVISS/PURIDEC major source
despatches and other services follow written
procedures and are made within a fully
comprehensive ISO9001 compliant Quality
Assurance system.
6.

CONCLUSIONS

Using the skills and facilities developed as a
result of its earlier defence activities MA YAK
has reorientated to manufacture peaceful
products and become, via its joint venture
company REVISS Services (UK) Ltd, not just
a major supplier of radioisotopes and other
associated products, but the supplier with the
largest product range.
Products are
manufactured to the highest possible standards
of quality assurance enabling REVISS to offer
its customers CHOICE, QUALITY and
SERVICE.
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Russian ElectroKhimPribor Integrated Plant - Producer and Supplier
of Enriched Stable Isotopes
A. N. Tatarinov, L. A. Polyakov
"ElectroKhimPribor" Integrated Plant, Lesnoy, 624200 Russia
The report represents a short review of status of Russian Electrokhimpribor
Integrated Plant in production and distribution of enriched stable isotopes.

1. Introduction
Russian ElectroKhimPribor Integrated Plant, as well as ORNL, is a leading
production which manufacture and supply to the world market such specific products as
stable isotopes. More than 200 isotopes of 44 elements can be obtained at its
electromagnetic separator.
Changes being underway for a few last years in Russia affected production and
distribution of stable isotopes. There arose a necessity in a new approach to handling
work in this field so as to create favourable conditions for both producers and
customers. In this connection at EKP a whole complex of organizing and technical steps
have been implemented aimed at enhancing efficiency of its activity in this field.
2. Separation facilities
r

SU-20, powerful electromagnetic separator started in 1951 as a part of Soviet
nuclear arms program is now used in industrial stable isotope separation at
ElectroKhimPribor Integrated Plant. Initially it was intended to be used for obtaining
large quantities of U-235, but due to successful application of gas-diffusion technique
to this end this idea was abandoned. Separation of Li isotopes had been earned out at
the separator up to 1955, and after the middle of 1955 it has been used on a regular
basis in enriched stable isotope production of various elements except for radioactive,
gases and precious metals. Today the production has technologies for separation of 44
elements from lithium to lead.
Su-20 is the only industrial stable isotope electromagnetic separator in the former
Soviet Union and, apparently the world's largest together with ORNL electromagnetic
facility. One can estimate the dimensions of the construction when he knows the weight

of electromagnet only, and it is several thousand tons. Electromagnet incorporates
twenty separation chambers, each can accommodate up to three ion sources and the
same number of ion receivers. Due to equal magnetic field intensity in all chambers it is
possible to separate some two-three various elements simultaneously given their masses
do not differ very much. Separator structure and performances were shown earlier in [ 1,
2]All twenty chambers, power, vacuum and control equipment are ready for use,
however, a smaller number of chambers are in operation simultaneously. This number is
determined by separation program and by need to keep some reserve which would
allow to maintain productivity in case of some chambers being urgently put out of
action.
E-7, separator of small productivity, was put into operation in 1996 for
experimenting and obtaining small quantities (0.1-10 g) of various isotopes of improved
quality. Small separator E-7 allow to work through a design of ion sources and
receivers, components of charge materials and separation technology without interfering
with the SU-20 operation, which allow to reduce significantly transition time between
separation campaigns of different elements. A minimal duration of separation campaign
on the big separator SU-20 is 2-3.months.
Development and use of automation control system allow to rule out subjective
factor and improve reliability and operational efficiency of separation process. That is
particularly effective when obtaining isotopes with low natural abundance.
Engineers and specialists working on SU-20 not only control separation process,
but also carry our researches aimed at improving separator performance.
As a result of their work, SU-20 output of Sr-88, Tl-203, Yb-168 was increased
by 40-50% without fall in enrichment and enrichment of some other isotopes was
significantly higher keeping the output constant. Enrichment of isotopes obtained during
the last campaigns is higher (sometimes - substantially) than that of the previous ones.
3. Chemical facilities
Facilities for chemical processing of various materials are an inseparable part of
isotope production. Natural materials, as a rule, should undergo processing in order to
acquire a chemical form acceptable for their use in ion sources, while enriched isotopes
after extraction from receiver pockets should be chemically cleaned and transfened into
a more stable form before dispatching to the stock. Besides certain reagents used for
processing isotopes undergo additional purification.

Chemical part of the production is provided with necessary equipment, employs
highly skilled personnel enabling to carry out simultaneously processing of isotopes of
several elements and obtain products possessing high chemical purity.
Next year will see reconstruction of production premises and placing of modern
equipment for various kinds of chemical treatment of materials; it will essentially
improve labour conditions and production efficiency. Following the reconstruction the
major part of chemical production will be moved into the new premises. Arranging of
chemical departments, facilities for packaging of products and their storage in the same
building will positively influence the terms of shipment.

4. Isotope stock
It so happened that there were a little more then 30 various stable isotopes in the
inventory at Electrokhimpribor plant in the beginning of the 90'ties, while most of them
were not in demand with the customers. The Russia's State stock of stable isotopes was
abolished and in fact they put an end to the State control over the production and
deliveries of this specific product . A great number of trading intermediary firms have
come to existence, and all of them were offering the customers products of doubtful
pedigree and quality; the "black market" became active, causing much concern of the
customers.
Having faced the situation, Electrokhimpribor Plant authorities made a decision to
create a separate inventory of stable isotopes, which availability would enable to
maximally meet buyers' requests. For solving the task the separation of isotopes of 17
chemical elements have been carried out. As a result, 104 various isotopes have become
available from EKP inventory. Thus the stock of basic isotopes for radiopharmaceutical
production has been raised up to a level guaranteeing their deliveries for a period of 3-4
years without renewal of separation campaigns.
The products stored have different state of preparedness ranging from ready-made
forms to semifinished products as solutions. It enables within the shortest time to make
deliveries in the form needed by the customer. Using the technique of differential
isotope extraction from the receiver pockets helps keeping in stock batches of the very
same isotope with different enrichment level. This is particularity attractive for
customers conducting research works.
When creating the inventory separation campaigns were being planned and
oriented to meet perspective scientific developments in the field of stable isotopes
applications. It helped within a year and a half enlarge the list of products on sale up to
27 isotopes instead of 3-4 products usually sold until 1996. It supposed to increase the

number of isotopes kept in stock at EKP to 150 (one hundred fifty) within the period oi
1998-1999.
5. Quality control
The question of providing for high quality of isotopically enriched products has enjoyed
a highest priority for the previous four years. The reason for this may be explained b>
the following circumstances:
- ever-encreasing requirements placed by customers with regard to quality oi
isotopes (especially for radiopharmaceutical production);
- the necessity of receiving products surpassing by their qualitative characteristics
(enrichment and chemical purity) products manufactured earlier.
For tackling the problem a quality management system has been reorganized tc
cover all stages of obtaining product - from input check-ups of raw materials anc
reagents used to quality certification of finished products.
Special importance is attached to technological checking of products qualit>
throughout different stages of their preparation thus making possible timely corrections
to separating procedure and processing of isotopes.
Five analytical laboratories, not belonging to isotope production shop, provide foi
carrying out of the procedure mentioned. These laboratories are responsible for finishec
product quality verification against Russian standards as well.
At customers request detailed analyses are made at an independent regiona
laboratory. Such analyses are aimed at defining the contents of several dozens o;
chemical elements which may be present in products. The laboratory is equipped witl
ISP spectrometers and awarded with international certificate. For many years o.
operation of isotope production at EKP there were no customers' claims with regard tc
product quality.
6. Busineces issues
Till the middle of 1993 EKP practically had not been selling its isotope product'
independently. Though due to certain changes that took place in Russia early in th«
decade EKP has to tackle on his own all questions of business-activity relating tc
distribution of enriched stable isotopes. Much has been done to analyze isotope marke
situation, a great number of meetings and talks held with major customers purchasing
isotope products either for own use or for resale to the end users. Also pricing
conception has been revised and business philosophy has been adopted to maximally
meet customer requests. In addition to creation of inventory, which qualitative anc

quantitative status should be attractive for the customer, a conception of long term
contract has been worked out providing for considerable (substantial) price discount
depending upon volume and duration of obligations. Besides, long-term contracts allow
to low product price and also to plan effectively the producer's operation schedule and
to guarantee reliability of deliveries and thus are attractive for the parties concerned.
Upon signing such contracts, on customer's wish, a batch of a product is
accumulated which volume enables to cover all deliveries without changing of the
batch.
Obviously it helps save time and material expenses of the customers to make
control checking of product received.
Rather often the buyer of isotopically enriched product wishes to have it not in the
form of a chemical compound, but as products having given parameters (say wire, foil,
ingots etc.). EKP has implemented certain measures to meet such requests. As a result
in 1966 for the first time the buyer obtained not simply an isotopically enriched
substance but an article made out it having a definite geometrical form and precise
dimensions. Measures are underway to further enlarge the possibilities of fulfilling such
orders.
It is rather significant that having implemented a number of practical steps EKP
from 1996 began making shipments of products within 7-10 days after receiving
customers purchase order (the procedure of contract preparation is included here).
Further reduction of shipment terms is limited by the time necessary for preparing
custom and bank documents, envisaged by legislation of Russia.
In order to provide for a more wider distribution of enriched stable isotopes and
raise volume of sales EKP in 1996 concluded a long-term agreement on partnership
with Canadian Company "TRACE SCIENCES" within the framework of the agreement
a successful joint work is being carried out.
As a result, within eighteen months period several dozen of contracts have been
struck for supplying isotopically enriched products practically to all world major
consumers. So it is once more confirmed the expediency of multilateral interest of the
alliance between of a producer, possessing a large production and material potential,
and an experienced, dependable distributor.
The understanding of the obvious truth acquires a special significance in conditions
of ill-disposed competition, coming first all from certain Russian suppliers.

EKP guarantees reliable deliveries and for the last 5 years has had no claim from
customers as to implementing contracts.
7. Summary
Due to changes being underway for a few years in Russia it is necessary for
successful activity of the producer to work out a new approach to organizing production
and distribution of enriched stable isotopes.
In order to solve the task at the Russian EKP within the last four years they have
enhanced efficiency of Calutron operation, improved the work of large capacities for
chemical processing of materials, reviewed the quality management system covering all
stages of production process, created an inventory having a fairly large and evergrowing stock of various isotopes, introduced a new pricing policy, adopted a business
philosophy oriented to meet maximum of customer needs.
All mentioned above plus consolidation of activity in production and distribution of
isotopically enriched products on one place have currently enabled EKP to be in a
perfect position to meet needs of stable isotope customers in industry, medicine and
science all over the world.
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Abstract
Current demands of industry require the application of radionuclides with high specific
radioactivity under low consumption of started nuclides and neutrons during their irradiation in
reactor. To provide this aims staff of ITEP Reactor Department was investigated the different
types of started targets for the production of the main radionuclides: Co-60, Ir-192 and other. In
first turn the targets of Co and Ir without the block-effect of neutron flux (with low absorption
of neutrons) were investigated. The following principal results were received for example for Ir192: block-effect is equal 0,086 for diameter of Ir target 6 mm and is equal 0,615 for diameter Ir
target 0,5 mm. It means average neutron flux for Ir target diameter 0,5 mm and therefore the
production of Ir-192 will be at 10 times more then for diameter 6,0 mm. To provide the
automated technology of the manufacture of radioactive sources with radionuclides with high
specific radioactivity it was proposed the compound targets for the irradiation of ones and for
the management with the irradiated targets. Different types of compound targets were analyzed.
Proposals for the development of new automated technology for the production of radionuclides
are considered.
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1. Introduction.
1.1. The types of the nuclear reactors in Russia for the production of a
radionuclides.
Current demands of industry require the application of radionuclides with high specific
radioactivity under low consumption of started nuclides and neutrons during their irradiation in
reactor. To provide this aims staff of ITEP Reactor Department was investigated the different
types of started targets for the production of the main radionuclides: Co-60, Tc, Ir-192 and other
which have used in Russian nuclear reactors for the production of the radionuclides. There are a
number of the Russian nuclear reactors for the production of the radionuclides. List of this
reactors is indicated in the Table 1 [1,2].
Table 1. Research nuclear reactors of the Russian Federation.
Reactor

Capacity of
reactor, MWt

Maximal density
of neutron flux,

IR-8

8

2,47+14

HWR
WWR-C

2,5
10

5,0+13
1,0+14

AM
BR-10
WWR-M

30
10
16

1,1+13
8,6+14 (fast)
4,0+14

SM-2

100

5,4+15

RBT-6
RBT-10/1
RBT-10/2
IWW-2

6
10
10
10

1,4+14
1,5+14
1,5+14
4,5+14

IRT-T

6

1,0+14

cm'V1

Nuclear Research
Centers

State of the
operation

in operation
Kurchatov
Institute, Moscow
ITEP, Moscow decommissioning
Branch of
in operation
Institute named
Karpov, Obninsk
PPI, Obninsk
u
«
u
Institute of
Nuclear Physics
named
B.Konstantinov,
Gatchina, near
S.Peterburgh
ct
Institute of
Nuclear Reactors,
Dimitrovgrad
c

cc

u

u

tc

cc

Branch of
NDOET
Tomsk
Polytechnical
Institute

u

Besides there are 2 industrial reactors which placed at nuclear defense plant "Mayak" at
South Ural: light water reactor of pool type and heavy-water reactor of channel-vessel type.
Table 1 shows that research reactor SM-2 has the maximal level of thermal neutron density flux
reached 5,4.1015 cm^s'1 in central part of the core. It allows to produce a lot different
radionuclides with high specific activity and also a lot of transplutonium nuclides. It is noted that

reactor HWR of ITEP is not working and is decommissioning now . Information about the state
of this reactor is given in [2,3].
1.2. Terms.
It is expedient to use the identical terms for the best understanding of presented
information.
Irradiation volume - the space of irradiation facility with the beams of the neutral or charge
particles.
Required nuclide - the useful nuclide for different application iwhich is produced by the
irradiation of the started target in the irradiation volume.
Fission required nuclide - the required nuclide which is formed in results of fission of a fissionable
materials in an irradiation volume.
Main started nuclide - the initial nuclide of certain element for the production of the required
nuclide.
Side started nuclide - the one of isotopes of started element which is differed by mass from the
main started nuclide and which can form the isotope's impurity.
Started target - the device of definite geometrical form consisting of the certain mass of matter
with the given concentration of the started nuclide which is used for production of the required
nuclide in the irradiation volume.
Irradiated started target - the started target which have irradiated in the irradiation volume during
certain time for the achieving of given specific activity of the required nuclide.
Compound started target - the target divided at some independent parts contained each the started
nuclide which can irradiated in the irradiation volume independently.
Regenerated started target -the started target contained the started nuclide after repeated cycles of
reprocessing of irradiated started target.
Solid started target -the started target with started nuclide in solid form, for example, as metal or
oxide metal.
Fluid started target -the started target with the started nuclide as solution.
Powder started target - the started target with the started nuclide as powder form contained in
container of certain geometrical sizes.
Unblocked started target -the started target with small blocking of neutron flux which
characterized by small concentration of started nuclide with high absorption of neutrons or small
size of started target.
Ampoule -the device of certain geometrical form, for example, as glass or aluminum capsule, for
allocation of the started targets which is placed in the irradiation volume.
Container - the device for the allocation of one or some ampoules with started targets which is
placed into isotope channels for irradiation into the irradiation volume.
Isotope channel - the special channel of nuclear reactor for the allocation of one or some
containers with the started targets.
Radioisotope source of radiation - the device contained a certain radionuclide with the definitive
type of radiation.
Active part of radioisotope source of radiation or radiator - the part of radioisotope source of
radiation contained the required radionuclide with the definitive type of radiation and specific
activity.

2. Traditional started targets.
The started targets are characterized in the following parameters: 1. by chemical structure;
2. by modular state; 3. by the geometrical sizes and form of a target; 4 by the isotope contents of
main and side started nuclides; 5). in weights. All these parameters are interconnected. Their
choice is carried out in for dependence from conditions irradiation and further technological

operations with irradiated target. So, if a irradiated target is not undergoing to the further
radiochemical processing and wholly is used for a complete set of an active part radiator of a
radiation source more preferable to produce it of the required geometrical form with
the
unchanged sizes. If chemical processing of irradiated targets is carried out, it is expedient to
manufacture them in such modular condition, to facilitate the dissolution them and allocation the
radionuclidee from target. The most propagated targets are in solid form (metal) and in powder
state. The targets in liquid kind are used in limited amounts. It is explained by an opportunity of
formation of hydrogen owing to radiolysis of a liquid, that can result in increase of pressure inside
container. The started targets are placed in sealing ampouls. Theses ampouls usually are placed in
containers, which are loaded into isotope channel for an irradiation. There are a number of
design for started targets and started nuclides. The started nuclides can use as plates, disks, wire,
foil and so on. There are a serie requirements to started nuclides and targets.
Chemical purity. The metals, alloys and chemical compositions, containing started
nuclides are used for manufacturing of started targets. It is possible to indicate as an example of
application diverse chemical compositions for started nuclides , used in research nuclear reactors
working IR-8 (HP-8, Kurchatov Institute) and stopped HWR (TBP, Institute of Theoretical and
Experimental Physics) for production of radionuclides. Started targets in kind pure metals (D, S,
Fa, Co, ftu, Ga, As, Se, Sn, ftd, Sb, W, Rfi, la, Au, Ig). oxides of metals (Fa, Ni, Y, Mo, La, Sm,
Gd, Dy, Ba, Ig), salts of inorganic acids (Na, ftl, Na, Ne, Ar, Rb, Sr, Aa, Ig) apply for these
reactors. Large significance there is the chemical cleanliness of started materials to restrict the
contents of radioactive impurities. It is necessary to take into account at definition of conditions
for the radiation of started targets.
Isotope contain of required and side started nuclides.
Level of specific activity for required radionuclides and their isotope purity depend on isotope
contain of started target. It is to use targets with natural and enriched contain of isotopes. The
enrichment of started targets allows to rise the contain of main started nuclide and to change the
proportions between an side started nuclides. If by use of a enriched target distribution of neutrons
on volume of a target does not change at irradiation, the achievable specific activity is
proportional to the relative contents main started nuclide in an enriched target. In some the cases,
when main started nuclide strongly absorpt neutrons, the application of a high-enriched target
does not result to proportional increasing of specific activity as the significant role is played by
effects of blocking. It is thus required more detailed analysis of process for radionuclide's
production. Usually at absence of strong absorption of neutrons in a target for the increasing of
specific activity it is expedient to apply high-enriched started targets. For example, it is expedient
to produce radionuclides 33P according to reaction 33 S(n,p) 33 P (natural contain of 33S 0,75%),
99Mo according reaction 98 Mo(n,y) 99 Mo by the use an high-enriched started targets. Also it is
expedient to use the enriched started target for the production 55Fe, 5 S te, 85Sr, 115mCd, 123Sn,
127m
Te, 127Te and other. A some nuclides for the production which it is expedient to use an highenriched targets are shown in Table 2
Table 2. Specific activity of required radionuclides depending on contain of main started nuclides.
Main
nuclide

started Contain of main started nuclide into Required
targets, %
nuclides
enriched
natural

41K

"Ca
50

Cr
54
Fe
62
Ni

6,91
2,06
4,31
5,84
3,66

90
90
90
90
90

42K
45

Ca
Cr
55
Fe
63
Ni
51

Relation
of
specific activities
into
enriched and
natural

targets
13
44
21
15
25

74

Se
98
Mo
108
Cd
U2
Sn
132
Ba
152
Gd

0,87
24,13
0,87
0,95
0,097
0,20

162

0,14
38,5
0,146
29,8

Yb

191jr
196
202

Hg
Hg

30
99
30
30
10
15
35,7
30
100
30
50

75

34
4
34
33
103
75
20
214
2,6
200
2

Se
"Mo
109
Cd
U3
Sn
133
Ba
153
Gd
169

Yb

,92j r
197
203

Hg
Hg

The isotope purity of required nuclides at application of a high-enriched target is
increased. It is explained by the reduction of the relative contents side started nuclides and, as a
consequence, the reduction of quantity side radionuclides, influencing on isotope purity of
required radionuclides. Information on the spreading of side started nuclides for production of
required radionuclides are presented in Table 3.
Table 3. Abundance of side started nuclides for production of required radionuclides.
Chemical elements

Amount of side started nuclides

Al, Na, P, Sc, Mn, Co, As, Y, Nb, Tc, Rh,
I, Cs, Pr, Tb, Ho, Tu, Ta, Au, Bi
Li, C, Cl, Cu, Ga, Br, Rb, Ag, In,

1

Sb, La, Eu, Re, Ir
Mg,Si,Ar,K,Zr

2

S, Cr, Fe, Sr, Ce, Tl

3

Ti, Ni, Zn, Ge,W

4

Ca, Se, Kr, Mo, Pd, Sm, Er, Yb, Hf, Pt

5

Ru, Ba, Nd, Gd, Dy, Os, Hg

6

Te

7

Cr, Xe
Sn

8
9

Table 3 shows that nuclides indicated at first group have natural contain 100% and
therefore ones provides a high isotope purity of required radionuclides. and a well consumption
of neutron during irradiation in reactors.
3. Promising started targets.

As main task of description and choice for promising targets it is expedient to define the
criteria for the possible designs of started targets. It can formulate the following criteria.
1. The level of specific activity for goal radionuclides. The opportunity of specific activity
increasing for promising started targets in comparison with traditional started targets is very
important task for industrial application of goal radionuclides. One allows to rise the service life
for sources of radiation, to rise the influence on irradiated materials and so on.
2. The consumption of a started material. The opportunity of economies of a started
material during manufacture can get a very large significance for seldom or expensive started
nuclides or for started nuclides with very complicated technology of treatment, for example 192Ir.
3. The minimal cost of manufacture for started targets, irradiation in reactor and
manufacture for sources of radiation. As important task of the provision for this requirements can
include the different measures. It is thus necessary to get in kind such aspects of use of perspective
targets as: technical opportunity of manufacturing of a prospective design target; an opportunity
of unification of started targets and active part for sources of radiation; methods of
accommodation of started targets in a radiation volume and required size for the radiation
volume; methods of the complete set of an active part of a radioisotope source of radiation; cost
received goal nuclide.
The listed criteria define a following possible designs of targets: 1) unblocked targets; 2)
compound targets; 3) unified targets; 4) regenerated target. The description of these possible
designs are given in this part of paper.
3.1 .Unblocked started targets.
In some cases at irradiation of started targets in reactor there are the essential effects of
thermal and resonant blocking for neutrons. They consist that if the nucleus of a target has large
cross-section of absorption for neutrons of certain energy, the internal layers of a target for
neutrons of these energy appear by shielded external layers and are used more less effectively,
than surface layers. The factor of thermal blocking for description of blocking effects qth can
define, determined as the relation average on volume of a target of thermal neutron's flux density,
to neutron's flux density on the surface target. The factor of blocking for resonant neutrons can
enter similar. The effects of blocking disappear, when the significance optical average chord
aspires to zero. Physically it corresponds to " hardly diluted " targets with small concentration of
strong absorbed nucleuses or target with very small average chord. Such target refers to as
completely unblocked. It is necessary to note, that the completely unblocked target is physical
idealism. The real targets with strong absorbed nucleuses, in design of which are accepted special
measures for easing of blocking effects, small thickness is for example chosen, are the
approximation to completely unblocked target. The degree of this affinity is shown in Tab. 4 and
5, in which are given the significance q & for metal targets of the different size from 192Ir and 60
Co, for neutrons with energy 0,0253 eV without taking account them scattering in target [4].
Table 4. Factor of blocking for neutron flux for spherical iridium targets.

Diameter
of target,
mm

0,5

1,0

1,5

2,0

3,0

4,0

6,0

natural Ir

0,615

0,420

0,310

0,240

0,165

0,125

0,086

enriched
Ir

0,390

0,220

0,150

0,113

0,077

0,058

0,038

As shown from Table 2, the average level of neutron's flux on volume of target is at
approximately 7 times more for natural indium target of 0,5 mm than for similar target of 6,0 mm.
Consequently the profit of specific activity for this target will be approximately 7 times.
The information on unblocked cobalt targets as the plate is presented in Table 3.
Table 5. Factor of blocking q bi for neutron flux for cobalt targets as plate .
Thickness
of target, mm
qu

0

0,5

1,0

2,0

1,0

0,8

0,66

0,48

As shown from Table 3 the profit of specific activity for cobalt target with thickness 0,5
mm in comparison with one with thickness 2,5 mm will be approximately 2 times.
Other example is the production of197 Hg. According to the calculation for reactor HWR
of ITEP [2] the specific activity of197 Hg with mass of196 Hg 0,0075 g is at 3 times more than 1%
Hg target with mass 9,02 g. So the application of targets with loosed effect of blocking
("unblocked targets") permits under same conditions of irradiation to have higher average on
volume of a target the density of a neutron flux than in targets without "effect of unblocking", and
accordingly higher specific activity.
It is very interested the task of the combination together two considered effects to use
unblocking targets enriched by the started nuclides. The application of such targets is expedient in
those cases when a small content of a main started nuclide accompanies by the presence of strong
absorption of neutrons by a main and side nuclides. According to the calculation for reactor HWR
of ITEP [2] the application of unblocked target with the contain of196 Hg 30% allows to rise the
specific activity of197 Hg at hundreds times in comparison than the application of Hg target with
natural contain of isotopes.
3.2. Compound started targets.
The conception of unblocked targets allows to proceed to a such promising targets as a
compound started targets. The application of compound started target is expedient when the
manufacture of an active part of a radiation source is provided by the use of an irradiation started
target wholly, having the sizes and the form of active part for radiation source. The idea of a
compound started target consists that the active part of a radioisotope source of radiation is
completed from separate components each of which is a unblocked irradiated started target with
the sizes less than the size of the active part of a radioisotope source of radiation and is irradiated
independently from other parts. Let consider as one example the production of 192Ir to illustrate
the idea of a compound starting target. The standard target to complete the active part of
radiation source from irradiated 192Ir is the disk with a diameter equal to the height. These sizes
can be 2,3,4,6 mm. The compound started targets have the same diameters and the thickness
which is varied since 0,1 mm till 0,5 mm. The standard and compound targets are irradiated
during 3 months at the density of neutron flux 5.1013 c m ' V . The symbols Ast and Ac are
concerned to the activities of the standard and compound targets accordingly. Results of the
calculation for the activities of irradiation standard and compound targets are given in Table 6.
Table 6. Ratio of activities for standard and compound targets of natural iridium as a disks of
different sizes.
Thickness of compound targets, mm
Diameter of disks, mm
2,0

3,0

7

4,0

6,0

0,1

2,79

4,0

5,36

7,84

0,2

2,17

3,15

4,16

6,08

0,3

1,76

2,56

3,38

4,95

0,5

1,24

1,81

2,38

3,48

As it shown from Table 6 the application of a compound targets permits to realize all
advantages of a unblocked started targets that is to increase specific activity and due to this to
increase complete activity of a radiation source, if total weight of a compound target is equal to
weight of a standard target, or to save a starting material, if the complete activity of a compound
target is equal to activity of a standard target. There are an other examples of the application for
compound started targets which illustrate the possibility of the receiving in some cases the
significant gain.
Main problem, arising at irradiation of compound target, consists that for considerably
greater radiation volume for the irradiation of them can be required than for standard targets. But
in case of the application of compound started targets it can provide more optimal discrete
allocation of compound started targets in radiation volume without appreciable mutual easing of a
neutron flux and accordingly more neutron density flux. The other task is the manufacture of thin
or small started targets. In this case it needs the special equipment.
3.3. Regenerated started targets.
There are a lot spent radioisotope sources of radiation. The some radionuclides in these
sources are a rare, valuable or expensive . In connection with that the task on possible utilization
of spent radionuclides after the exhaustion of service life can be well -timed and usefull. This
possibility don't realized in connection with sufficient resources of initial started materials.
Nevertheless there the principal opportunity to use the spent radionuclides by the repeatedly
irradiation them in irradiation volume, it means that it will use the remote technology of
management with spent radionuclides to prepare one for irradiation in rector. In principle this task
can be to solve at current level of nuclear engineering.
4. Proposals for the development of the new technology of the radionuclides
production.
There are a lot proposals for the enhancement of existing technology for the production
of required radionuclides. A some of them is contained in [2]. Information on existing and
promising technologies for production of required radionuclides are presented below.
4.1.Existing technology.
The existing technology for the production of radionuclides consists of 3 closely
connected sections. The first section is the preparing machine shop or special laboratory for the
preparation of started nuclides at definitive chemical condition or state of aggregation of matter,
for example, metals, oxides of metals, powder and so on manufacturing of ampoules, containers,
started targets and special isotope's channels. The second section is radiation facility, for
example, a nuclear reactor or accelerator. Third section is the reprocessing plant or the isotope
plant on the preparation of required radionuclides and radioisotope's sources of radiation. The
technological process on the manufacturing of started nuclides and targets, containers and other

includes the succession of the operations on input examination of starting materials, of
manufacturing of started targets, ampoules, containers and isotope channels. There are the
following succession of the operations:
-the manufacturing of ampoules from glass, alluminum and zirconium alloys (and
sometimes austenitic steel);
- the manufacturing of containers;
-receipt and transportation of started materials;
-input examination of started materials;
-preparation of chemical compounds for started targets;
-manufacturing of started targets of definitive geometrical form with sealing of ones;
-examination of level of sealing for started targets;
-transportation of finished containers or isotope's channels to reactor;
-irradiation of started targets into irradiation facility;
-transportation of irradiated started targets to isotope plant or isotope shop or laboratory
for manufacturing of required radionuclides and source of radiation.
4.2. Promising technology.
The main requirements for the enhancement of radionuclide's production are following:
- rise of specific activity for some radionuclides;
-decreasing of demands for some rare and valuable started nuclides during a process of
required radionuclides production;
-enhancement of conditions for workers included a radiological;
-the decreasing of cost for radionuclides and radiation sources and expenditures for
technological cycle of radionuclides production.
To achieve these aims the improvement of technology of radionuclide's production claims
first of all unification of starting targets in connection with variety of their designs. The unification
of starting targets will allow, first of all, to reduce number of technological operations, to simplify
the manufacturing of started targets, to mechanize and to automate a technological processes in
preparing machine shop and isotope shop or plant and to reduce cost of sources of radiation. It is
obvious, that it is necessary to proceed also from satisfaction to technical requirements on sources
of radiation.
The analysis available given about design of radiator for sources of radiation permits to
make the following conclusion. The radiators for a- and (3- sources represent, as a rule, a
substrates with put on them radionuclides. The radiators for some y- radiation are executed in
kind one or several granules. The sources y-radiation are completed by irradiated started targets
of the various geometrical form, placed at tight ampoules. The radiators for a part of sources of xray radiation are basically executed in kind of a substrate with radionuclides. In this connection
with the purposes of unification the starting targets in liquid and powdered conditions and solid
targets in kind of balls of a small diameter can be considered. Against unification on the basis of
liquid starting target there are some weighty objections. One of them is in opportunity of
formation of radiolytic hydrogen, especially at long-term irradiation, other - in necessity of
realization of numerous technological operations with irradiated targets at manufacturing of
sources of radiation, the radiators which are completed by targets in solid kind. The last two
objections is concerned also to unification on basis of powdered targets, though they and find
rather wide application in practice of radionuclide production. Besides there are the certain
difficulties at management with irradiated powdered targets in isotope shop or plant, as it is
possible an adhering and producing dust of irradiated powders in process of their treatment in
hot laboratories, if not will be accepted a special measures on suppression of these effects.
The analysis existing and perspective designs of started targets of with allowance for available and
possible technological processes in preparing machine shop and isotope shop or plant shows, that
for purposes of unification at manufacturing of radiation sources of various types the started
targets in kind of balls of small diameter can be to offer. The basis for such proposal are a number

of physical and technological reasons. Universal targets in a kind of small-sized balls, as appear,
are the most suitable from the point of view of a opportunity for automated manufacturing of
containers and hereinafter active parts (radiators) of radiation sources. The certain difficulties can
has arisen in connection with very small required by sizes of balls and necessity of a arrangement
them at irradiation by a thin layer for fulfillment of unblocking conditions. The small reduction of
a radiator's weight for sources of radiation, connected with of ball's application , is easily
compensated by increased specific activity. The universal targets in a kind of small-sized balls can
be a convenience to repeated use after exhaustion of radiation source the given service life, when
it expediently on technological reasons. The conducted consideration testifies that the application
of started targets of the spherical form can appear useful in a technological cycle of manufacture
of radionuclides. However the obstacle for unification design of started targets on the basis of
targets of the spherical form are for a today's day absence of developed technologies for their
manufacturing.
S.Conclusion.
Information about the production of different radionuclides in Russian research reactor
presentedhere on the opportunity to enhance the existing technology for the production of
radionuclides. There are the principal possibilities to rise a specific activity of some required
radionuclides in connection with an use of unblocked started targets and also to decrease the
consumption of started nuclides. In connection with that it is expedient to carry out R&D
investigations.
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GLOVEBOX-PROCESSING TECHNIQUES FOR C I QUANTITIES O F REACTORPRODUCED BETA EMITTERS
M.S. EVANS-BLUMER, L.M. AYERS, G.J. EHRHARDT AND A.R. KETRING
University of Missouri Research Reactor
Columbia, Missouri 65211 USA
SUMMARY. Our group has extensive experience producing beta emitting radioisotopes,
including curie quantities of Re-186, Sm-153, Ho-166, and Lu-177. Using finger and wrist
dosimeters dedicated for single-isotope use, we have evaluated the effectiveness of new techniques
and shielding. Simple 1/2" acrylic shields made by our machine shop attached to pipets and
forceps have essentially eliminated measurable beta exposure, even from glovebox processing.
Changes in target form and processing techniques have reduced the average extremity exposure
for glovebox-processing. Isotopically enriched targets (72-100%) minimize radioisotopic
impurities, but some impurities originate from alternate activation reactions of the primary target
isotope (Ho-166m, Lu-177m) or from activation of daughter isotopes as the desired species
decays during irradiation (Sm-153 (beta) Eu-153 (n,gamma) Eu-154).
INTRODUCTION
Our group has been working with beta
emitting radioisotopes in gloveboxes for the
past 16 years in ever-increasing amounts.
Naturally this poses great challenges for
maintaining radiation safety and the
ALARA (As Low As Reasonably
Achievable) concept required by the U.S.
Nuclear Regulatory Commission (NRC).
This is further complicated by the need for
up to curie quantities of isotope for clinical
trials of the new radiopharmaceutical. Until
the trials are successful, the resources to
build remote handling facilities are unlikely
to be forthcoming. Using just simple
techniques can cut your dose by 50 to 80%
(percentages from badge reports). The
isotopes we work with are produced by
neutron capture, creating neutron-rich
nuclides that decay by beta emission. These
isotopes
produced
in
the
Radiopharmaceutical Group are used for
nuclear medicine radiotherapy diseases as
disparate as arthritis to various types of
cancer. Beta emissions range from about
0.4 to 2.2MeV, with half-lives between 1
day to 1 week.
SAMPLE TARGETS

Targets used by us range from 72-100%
enrichment in specific stable isotopes to
eliminate undesirable impurities produced

during irradiation, which can cause problems
for disposal. Fortunately the amounts of
these long-lived impurities produced are low.
We have also changed from using oxide
targets to nitrate targets. Oxide targets are
loose powders and are easily scattered during
breaking of the quartz vial. This leads to
contamination of the glovebox, poor sample
recovery and high dose exposures. Oxide
targets also take from 1 to 3 hours to process,
as they dissolve rather slowly. Nitrate targets
are pipetted into the quartz vials and then
placed into a Savant rotary vacuum
evaporator for drying. This leaves a dried
film on the rounded bottom of the quartz vial.
Nitrate targets dissolve within 15 to 30
minutes in HC1, which eliminates high dose
exposures. This process also eliminates
powder puffing out of the quartz vial during
breaking.

PREPARING
IRRADIATION

TARGETS

FOR

Samples prepared for irradiation in the reactor
are only solid materials and are sealed in
4mm ID X 6mm OD - High Purity T-21
Quartz Vials. The vials are 1 or 1 1/2 inches
in length when sealed and turned into the
Irradiations Department.. The sample is
checked for leaks under 7 lbs. of pressure using
a pressure cooker and helium gas, then welded
into individual cans for irradiation.

PREPARING
PROCESSING

SAMPLES

FOR

MURR employees have designed a remote
wash station for cleaning quartz vials. This
box is made of lead with acrylic and lead
shielding for ALARA reasons. Our samples
are returned in 1" bored-out lead pigs from
the Shipping Department. We place the pig
into the wash station and prepare to wash
the quartz vial. The vial is washed by using
a sonicated water bath and wash solutions.
The vial is then placed into a Mallinckrodt
#2 white lead pig and transferred to our lab.
We take dose readings on the outside of the
#2 white pig and if they are high we then
place the #2 white pig into a 2" bored-out
lead pig for extra shielding during the
transfer.
GLOVEBOX PROCESSING
Glovebox processing is easy and costeffective. Our machine shop has added lead
(for ALARA reasons) to the table which the
glovebox sits on and also around the
openings of the glovebox ports. This added
lead shields the lower portion and the chest
level of our bodies. Double airlock doors
contain any contamination if the target is
lost during processing. We have the
glovebox attached to the facility airflow
which is monitored for radioactivity. When
we process we maintain about 1 inch (water)
negative pressure in the glovebox and never
have both airlock doors open
simultaneously.
TOOLS USED DURING PROCESSING
Glovebox processing is easy with just little
1/2" thick acrylic shields for ALARA
reasons. The MURR machine shop has
designed rounded disks with a flat side (4" in
diameter and 1/2" thick), quartz vial holder,
breaker and a carousel. We use the disk
items for pipets and forceps used for
processing the target and transferring the
targets in and out of the glovebox. Our
quartz vial holder is designed using a lead
brick (2"x4"x8"), acrylic block (same
dimensions as lead brick) and a cylindevical
acrylic quartz vial holder (with an ejector
on the bottom of it). The lead brick and
acrylic are sealed together with a 1"
cylinder hole drilled in the center to hold
the acrylic quartz vial holder. The carousel
is made out of acrylic also with six holes

drilled into it to hold sample vials. The
carousel rotates to allow shielding at all times.
We also have little acrylic caps of different
sizes to cover the quartz vial holder, breaker
and other items.
PROCESSING THE QUARTZ VIAL
The target is placed into the glovebox airlock
in the #2 white pig. At this time both airlock
doors are closed. We open the inner door of
the airlock and transfer the target into the
glovebox and place it into the quartz vial
holder. The vial is then scored, broken and
dissolved. We then pass the sample vials back
into the airlock and remove them for dose
calibrator readings for shipping.
HEALTH PHYSICS
We are required by the NRC to be monitored
for
radiation
exposure.
The
Radiopharmaceutical Group wears a film
badge, two finger badges and a pocket chamber
at all times. We also have isotope-specific
ring and wrist badges for processing and are
able to see what amount of exposure we are
getting for each isotope and if needed make
changes in procedures for ALARA reasons.
The facility badges are sent off monthly for
reading and the exposure reports are sent back
to MURR. Health Physics provides coverage
for all processing and adds a great deal of
support when working on procedures.
DISPOSAL OF WASTE
Impurities are most noticeable at waste
disposal time, when it is evident that decayed
samples have not reached background. The
NRC does set limits on activity which can
safely be released. Of course, radioactive
material disposal is very difficult and costly to
the user. The Reactor has just recently
purchased a glassbead blaster to remove
radioactivity from large equipment and other
items of waste. This has saved thousands of
dollars for the MURR.
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Groundwater Origin and Evolution from Dissolved Helium Isotopes in
the Kumamoto Plain

Y. MAHARA, T. IGARASHI
Abiko Research Laboratory, Central Research Institute of Electric Power Industry,
1646 Abiko, Abiko-shi, Chiba, 270-11, Japan
and
A. KUDO
Environmental Radionuclide Science, Research Reactor Institute, Kyoto University,
Kumatori, Osaka-fu, 590-04, Japan
SUMMARY. Groundwater usually contains more dissolved helium than is found in
distilledwater equilibrated with an atmospheric air. The excess helium is supplied as a crustal
helium during groundwater movement in the geoenvironment. The crustal helium recharged in
groundwater is characterized by the geological formation, history and activities. Since our
research basin is located at the fringe of the active volcano Mt. Aso, helium with a high ratio of
3
He/4He has been released through faults from the deep magma. In the basin, groundwater on
the south flow path is strongly affected by the high helium isotopic ratio of 4~5xlO'6, while
groundwater on the north path is characterized by the low ratio of O.8~1.9xlO*6. Dissolved
helium isotopic data can be used to estimating groundwater origins and evolution trends, and
for dating groundwater.
1.

INTRODUCTION

Groundwater surveys are most important when
selecting a site for waste disposal. Especially,
the success of the selection depends on
precisely
determining
the
regional
groundwater flow in the area including the
candidate site. A natural tracer technique is
useful
for
investigating the regional
groundwater flow. Noble gases dissolved in
groundwater are considered to be superior
tracers, because we can easily detect them in
groundwater by using a mass-spectrometer,
and sometimes noble gas isotopes provide
significant information about the deep geology.
For example, the variation of helium isotopic
ratio 3He/4He indicates differences in
geological formations and/or geological

activities and histories.
The dissolved helium in groundwater consists
of three different components: atmospheric
helium, mantle and radiogenic, which are
characterized by the ratios of ^ e ^ H e and
Ne/He. These ratios for atmospheric helium,
mantle and radiogenic are 1.4X10"6 and 4-5,
1.15X10"5 and 0.001, and 1.5xlO8 and 0,001,
respectively. In a past study, volcanic aquifers
were characterized by mixing the dissolved
helium with a relatively high ratio of 3He/4He
which is released from the deep magma (1).
Dissolved helium as a natural tracer, therefore,
will be a very useful tool for groundwater
surveys.
In this study, we used the natural tracer
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Fig. 1. Groundwater sampling sites and location of active faults in the Kumamoto Plain
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Fig. 2. Vertical section of geological formation at the A-A' line in the Kumamoto Plain

technique using dissolved helium that has
proven to be useful in groundwater
investigations in the Kumamoto Plain.
Consequently, we can deduce the origin of
groundwater, separate groundwater basins and
date the residence time of groundwater.
2.

STUDY AREA

The Kumamoto Plain is on the west side of Mt.
Aso and outside the caldera. The bedrocks,
which are impermeable, consist of Mifune
layers, which are metamorphic rocks of the
Cretaceous, Pre-Aso volcanic rock and
unclassified Diluvium. Four pyroclastic flow
deposits, called Aso-1, Aso-2, Aso-3 and Aso4 in chronological order from the bottom to
ground, and a cracked lava layer, called
Togawa lava, cover the bedrock. The
pyroclastic flow deposits and cracked lava
layers act as a major reservoir of groundwater.
The Kumamoto Plain has three major rivers,
the Shira, the Tsuboi and the Midori. The
Shira river plays a major role in discharge and
recharge of groundwater in the Plain. The
Tsuboi river strongly affects groundwater flow
in the northern part of the Plain. On the other
hand, the Midori river has no great effects on
the groundwater flow except the southern
fringe of the Plain.
The Shira river flows across the Kumamoto
Plain from east to west along faults and is one
source of groundwater under the Plain. There
are many springs, ponds and lakes. All the
water in Lake Ezuko is supplied from
groundwater of about 4xlO 5 to 9xlO 5 • /day.
There are probably some groundwater flow
paths under the Plain; two major paths are
along the old Kase river valley, which is buried
by Aso pyroclastic flow deposits, from the
groundwater reservoir located to the north of
the Shira river outside the Aso caldera, and
along the Tsuboi river. Groundwater cannot
flow along the Shira river from the
groundwater reservoir, because residual hills
and
small
mountains
consisting
of
impermeable bedrock in the plain act as
barriers and prevent groundwater from
flowing.
We collected 16 groundwater samples from

wells and 10 samples from springs. We
collected a further 11 groundwater samples
to estimate the origin of dissolved helium,
from hot springs at Uchinomaki and Tarutama
in the Aso caldera and at Kikuchi, Ueki and
Kikunann out of the caldera. The locations of
sampling sites are shown in Fig. 1. The vertical
section of geological formations is illustrated
in Fig. 2.

3. ORIGIN OF DISSOLVED HELIUM IN
GROUNDWATER
Table 1 shows the measured content of helium
dissolved in groundwater. Hot spring samples
contain more helium than groundwater and
their helium isotopic ratio of 3He/4He varies
widely from 0.8 ~ 5.06xl0"6 compared to that
of groundwater 1.38 ~ 4.4xlO'6. The lowest
helium isotopic ratio found in this study of the
order of 10"7, which is lower than 1.38xlO'6 of
distilled water equilibrated with atmospheric
helium, was found in samples collected at the
Kikuchi hot-spa and the Ueki hot-spa which
are located on the north fringe of the
groundwater reservoir in the Kumamoto Plain
out of the Aso caldera. This suggests that the
waters of the Kikuchi and Ueki hot-springs
contain less mantle helium component.
Consequently, the release of the mantle helium
component in the Kikuchi and Ueki areas is
smaller than that in other areas in this study,
because the Kikuchi and Ueki areas are
farthest from the crater of Mt. Aso.
Furthermore, the heat sources of the Kikuchi
and Ueki hot-springs are possibly estimated to
originate from deep geothermal convection
based on non-volcanic activity.
The helium isotopic ratios of samples collected
inside the caldera were relatively high of 4 ~ 5
xlO'5. This high ratio is caused by intrusion of
the mantle helium component with 1.15 xlO"
5
(2) released from a magma in the crater of Mt.
Aso several kilometers deep. On the contrary,
a groundwater sample collected at Shirakawa
Suigenn inside the caldera has a helium
isotopic ratio of only 1.64 x 10"6, which
suggests that the mantle helium intrusion has
little effect. The groundwater residence time at
Shirakawa Suigenn was estimated to be 17
years by the 3H+3He dating method (3), which

ratio in groundwater and hot spring water
HeX 10s W H e
NeX 108
Sampling
6
ccST/g
ccST/g
No
Site
X10

Table 1. Dissolved helium content and
No

Sampling
Site

8

HeX 10
ccST/g

3

He/"He
X10 6

8

NeX 10
ccST/g

1.50

-

21.5
208.2
80.9

1.73
1.71
2.39
2.03
2.69

21.2
22.0
18.2
19.2
19.2

Asoda-7
Tarutama
Tarutama
Uchinomaki
Uchinomaki
Uchinomaki
Kikunan

17.2
5.5
35.4
170.0
163.0
408.0
219.0

2.52
5.06
3.58
4.11
4.08
3.62
1.91

19.2
8.1
66.9
14.5
14.0
26.6
21.9

Kikunan
Kikuchi
Kikuchi
Ueki
Ueki

198.0
98.1
98.1
227.0
133.0

1.55
0.86
0.91
0.89
0.91

18.8
2.60
21.2

1
2

Suizenji
Rendaiji

5.2
30.5

1.62
4.40

18.8
21.0

19
20

Shioisha
Maki

3
4
5
6
7

Takuma
Shinnabe
Kengun
Akitsu
Numaya-.
matsu
Togawa
Fukasako
Outsu
Kubota
Kikuyo
Tsuboi
Kamiezuko
Ukishima
Akai
Hakamano
Shirakawa
-suigen

6.0
5.0
9.2
8.6
10.8

2.30
1.37
2.91
2.65
3.61

19.5
21.9
22.5
22.5
19.1

21
22
23
24
25

Kusubaru
Kikoji
Tuboikawa
Hakenomiya
Asodaa-5

6.8
12.6
6.2
8.3
5.8
8.6

2.92
2.54
2.70
1.56
2.17
1.42
3.00

20.2
18.2
19.1
21.7
18.8
21.5
21.0

26
27a
27b
28a
28b
28c
29a

7.3
7.6
5.7

2.41
2.90
1.64

21.7
18.2
19.8

29b
30a
30b
31a
31b

8
9
10
11
12
13
14
15
16
17
18

6.6

-

4.5
5.0
5.6

18.5

1.6
26.6

-: could not analyze.
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Fig. 3. Correlation plot between 3He/4He ratio and 4He(eq/4He(Sampie) ratio of groundwater and
hot spring water in the Kumamoto Plain.

is not so old because of shallow circulation. A
comparison between the groundwater and hotspring water of the helium isotopic ratio
indicates that hot-spring water contains more
information about deep layers or reflects the
deep geological structure better than
groundwater. Therefore, helium with a high
3
He/*He ratio of 5xlO" 6 dominates deep
inside the caldera.
There are several active faults in the
Kumamoto Plain (see in Fig.l). These faults
are possible paths for easy transfer of
water
and gases, because they are probably
permeable due to normal faults, which are
produced by the bedrock being in tension
stress. Consequently, helium with high isotopic
ratio will be transferred to underground of the
Kumamoto Plain through these faults from the
caldera. Since the southern part of the Plain
has more faults than the northern, helium
dissolved in groundwater in the south of the
Plain will be strongly affected by the helium
released from the caldera and, therefore, will
be rich in the component of helium with high
^ ^
ratio.
4. GROUNDWATER ORIGIN AND
SEPARATION
OF
GROUNDWATER
BASINS
Most groundwater samples except Rendaiji,
Tsuboigawa, Hakenomiya, Asouda-5 and-7
contained 4.5 ~ 12.6xlO'8 ccSTP/g, which is
not high, because the samples were shallow
groundwater collected G.L. -150 m deep. On
the other hand, almost of the hot-spring
samples contained more than 3.5xlO"7 ccSTP/g
without degassing, since they were collected
from deep wells or at volcanic areas with a
high helium degassing flux or deep heat
convection areas accompanying with a high
geothermal activity. The dissolved helium
isotopic ratios in groundwater samples ranged
1.38 ~ 4.4xlO'6. All data were not only higher
than the lowest value 8xl0' 7 measured at the
Kikuchi Hot-spa but were also higher than the
equilibrated atmospheric ratio (1.38X10'6) and
should be lower than the crustal helium (5x10'
6
), which is produced by mixing of a mantle
helium and a radiogenic helium, released from
the caldera. This suggests that as dissolved
helium in groundwater consists of a mixture of

a mantle helium component and a radiogenic, a
different mixing rate at each groundwater
basin would be used to identify the
groundwater origin and to separate the
groundwater flow paths.
We arranged all data on dissolved helium in
groundwater in the form of (He)e/(He)s; (He)e
was the dissolved helium content in
equilibrium with atmospheric air, and (He)s
was the helium content measured in sample
waters. The correlation between helium
isotopic ratio and (He)e/(He)s is shown in Fig.
3. Groundwater in the volcanic aquifer was
characterized by raising helium isotopic ratio
with decreasing (He)e/(He)s. On the contrary,
groundwater in a basin having little release of
mantle helium, which is directly related to
volcanic activity, showed that the helium
isotopic ratio decreases with decreasing
(He)e/(He)s. Helium data of the groundwater in
the Plain were categorized in four groups ( I ,
II , III and IV ) in Fig. 3. Each group
identifies the different groundwater flowing in
the region. In other words, the basin in the
Kumamoto Plain was divided into four small
basins by using the dissolved helium data and
information on the geohydrological formation
(see Fig. 2).
Groundwater basins I , II , III and IV in Fig. 4
correspond to He group I , II, III, IV in Fig. 3,
respectively. The dissolved helium isotopic
ratio is particularly useful for separation
among groundwater basins. Groundwater
basins I and II are characterized by a low
^ e / H e ratio of around 1.4X10"6, which is
similar to
helium in atmospheric air and
low content of
dissolved helium.
Groundwater in these basins is only recharged
by rainwater and has a short residence time of
5-14 years determined by the 3H+3He dating
method. These basins are considered to be
groundwater reservoirs in the Plain. In contrast,
basins III and IV are characterized by higher
helium isotopic ratio with decreasing
(He)e/(He)s, which means that the dissolved
helium isotopic ratio increases with excess
helium accumulation. In other words, crustal
helium, which is spiked by the mantle helium
with a high ratio of 3He/^He, accumulates in
groundwater and increases with increase of
length along the flowing path in each basin.

However, since the accumulated helium has a
different 'He^He ratio in basins III and IV ,
basins III and IV may be separated between the
Shira river. The excess helium in basin III is
characterized by crustal helium with a high
^ e ^ H e ratio supplied from the Aso caldera.
Unexpectedly, all groundwater of Ezuko lake
in basin III was verified to be directly supplied
through the Togawa lava layer, because the
discharged groundwater had a high 3He/*He
ratio of 3xlO'6. On the other hand, the excess

separation of basin in a volcanic aquifer was
verified by measuring dissolved noble gases,
especially the difference in the helium isotopic
ratio 3He/4He. In the volcanic aquifer, since
helium with a high 'He^He ratio is released
along active faults out of the volcanic caldera,
the dissolved helium in groundwater in the
basin will depend on the numbers of faults or
fault activity or a fault structure. Finally, we
can conclude that the dissolved noble gases are
very useful for surveying groundwater as a
natural tracer.

CALDERA

5km
Area(Geohydrologic Bed Rock)
Groundwater 1
Rath

Fig. 4. Distribution of groundwater basins, groundwater flow paths and groundwater evolution
trends in the Kumamoto Plain which was predicted by the dissolved helium characterization
helium in basin IV is less affected by the caldera
helium compared to basin III. Hekenomiya in
basin IV has a high helium content (2.0xl0 6
ccSTP/g) and relatively low 'He/He ratio (2.0
xlO"6). This is in line with the helium content
of 2.2X10"6 ccSTP/g and 3He/*He ratio of 1.9x
10"6 in the sample collected at the Kikunann
Hot-spa which is located 3 kilometers to the
north of Hakenomiya. Consequently, we
suspect that another groundwater flowing from
the far northern region joins basin IV around
Hakenomiya, and that Hakenomiya belongs to
in an other new basin V .
5. CONCLUSION
Determination of groundwater origin and
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SUMMARY. The new factors become significant for Chernobyl's contamination's evolution
after 8-^10 years. Those factors was hidden in the early 3-r5 years. It describes the mathematical model of the radionuclides's migration in the Chernobyl cooling pond, which takes into
account the destruction of the fuel particles. There is, also, some results about the migration
of the 137Cs by groundwater. It was observed the component of the 137Cs contamination with
low sorption's coefficient.
1 MODEL OF THE COOLING POND
Majority of the mathematical models for
the radionuclide's migration in lakes and
ponds, are based on the main principles,
which are common for the many models. It
is need the average annual concentrations
for practice. Thus, we can use simplified
models. The principles for those kinds of
models described next.
It considered 4 forms of radioactive contamination:
1. Solution forms in water; 2. Solution
forms, sorpted on the surface of the solid
particles; 3. Insoluble (solid) forms in the
bottom sediment; 4. Insoluble particles,
suspended in volume of the water. There is
change between radioactive forms. Sorption and desorption are describes by
Henry's law,- q=Kp, where K is constant
coefficient, q is the concentration in water,

p is the concentration in bottom sediment.
The sedimentation and wind-wave's resuspention are describes by the similar way.
In this case, the coefficient K depends
from the wind velocity and from the season of the year. But its annual value is approximately constant.
Our model for radionuclide's
migration in the Chernobyl cooling pond
differs from other mathematical models,
that it takes into account the destruction of
the fuel's particles during the time. We
made the special mathematical model for
the particle's destruction. The principles
for model are:
1. There are some clefts in the particles. The relative area of the clefts depends from the time and from the place in
the particle.

2. The point, where it is cleft, is the
source for the new cleft or for the old
cleft's growing.
3. The direction and the speed of
the cleft's increasing is accidental. The
probability of the different directions are
equal.
4. The fuel's particles are spherical
By these propositions, the process
of the cleft's increasing is the Gaussian
process. It describes like diffusion's law.
The time's dependence for the cleft's surface area describes next:
du

E>

dv

= 0;
lr=0

t=0

0)

W - volume of the pond, S - area of the
bottom, 5 - thickness of the exchangeable
layer of the bottom sediment, F - flow of
the water from the pond into the Pripjat
river, X - decay constant.
Result of the calculation and measured
values are in the figure 1. It is increase the
Sr concentration in water during two
years. Then begins decreasing of the concentration. But for 137Cs it is the monotonous decrease of the concentration in water. It is by our model and by measuring.
The difference between ^Sr and 137Cs behaviour is due to the condensed part of the
137
Cs. At the beginning, ^Sr was in the
fuel's particles. But portion of the I37Cs
was the vapour, because the l37Cs is origin
from gas L Xe.
Bk/1

=0

where: u- cleft's surface's area, t - time,
r- distance from the particle's centre,
D - coefficient of the particle's destruction (like diffusion coefficient), r0 - particle's radius
The destruction of the particles is
the source of soluble radioactive contamination. The flow of the soluble forms from
the grain is:

f = Ja-u(r)-47rr2-dr

1987

1989

1991

1993

1995

(2)

where a - the coefficient of the desorption's speed.
The model for the concentration's dependence from the time is:
dq
dt

dt

- F - q + f-Q N
W + K-5-S

1988

1990

1992

1994

—calculation

(3)

I

1996

years

measurement

= -^QN-f-QN

where: q - radioactivity's concentration in
water, QN - total insoluble radioactivity,

FIG. 1. The annual concentrations of
and 137Cs in pond's water.

on

Sr

The results of model's calculation
of the annual concentration of the 137Cs
and 90Sr in water coincide with measurement's results in less then 20 %. Result of
this work shows, that the main process,
which determine the time dependence of
the annual concentration of the radionuclides in Chernobyl cooling pond, is the
destruction of the fuel's particles.
2. MIGRATION OF THE
GROUNDWATER.

137

Cs IN

In the second part of the paper
there is result of the investigation B Cs
migration in groundwater. The investigation was made with the physical model of
the filtration's section of the water layer.
Mock-up is the 7 successive filter sections
with sample ground (sand). Thus, we could
see the change of the 137Cs distribution in 6
points.
The similarity of the physicalchemical simulation and real process was
secured with the next. The water for experiments was taken from water layer near
"Red Forest" (in Chernobyl region). The
cleanly and contaminated sands was taken
near "Red Forest" from 6.5m. and from
1.5m. depth. Thus, it was the real Chernobyl's ground's contamination. The speed of
the filtrated water in our experiments was
less then 5 10"3 sm./s.
The investigation was made with
mathematical's modelling. The nitration's
process was described with Nutzman's
model.
DV-

(4)

where Vf - speed of the filtrated water, D the diffusion's coefficient in the ground
water.
The parameters was obtained from
experiment's results with non-linear
method of "minimum square".
As result it was obtained. There are
two fraction of the 137Cs contamination in
the "Red Forest's" groundwater. One frac-

tion has a big sorption coefficient, like in
investigations in many other publications.
Thus, this fraction moves very slow. The
other fraction moves quickly. But it's concentration was very small. Results are in
the table 1.
TABLE 1. MIGRATION'S PARAMETERS FOR 137Cs IN GROUNDWATER.
slow
0.036+0.015

speed
6.4" 10"5 *
1.110"4
3.0-^7.0

K" of the
distribution
K of the slow
540±50
down (ml/g)
D(g z /sm 4 )
970+.100
Comment: K is the ratio of the concentration of the mobile fraction at the coordinate's beginning to the full contamination at the co-ordinate's beginning.
3. CONCLUSION
Results of this work shows, that the main
process, which determines the radiation
state of the surface water is the slow destruction of the insoluble particles. The
most of the particles are in the bottom
sediment. That explains the failures of the
attempt's of the decontamination of the
little lakes and ponds near Chernobyl.
There is not clearly about the influence of the speed fraction of the 137Cs in
groundwater on the radiation state of the
Chernobyl region. The part of the speed
component is about 10 . But the components of 137Cs contamination, which has
the big sorption's coefficient, converts
slowly into the "speed form" during the
time. It is unknown, is it possible the opposite process. May be, the "speed fraction" is the factor of the additional "selfcleaning" of the groundwater. But may be,
it is a factor of the additional risk.
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SUMMARY. The mussels are good recorders of the metal level variations in the environment
by their ability to concentrate and accumulate metals from seawater. We have analysed the lead
concentrations in five locations in a coastal lagoon surrounded by natural and anthropogenic
sources. Moreover to determine the lead inputs sources we have analysed the Pb isotopic
compositions during two seasons and compare them to different sources present in the
watershed. As the shells can also be used as a recorder of environmental changes, we compare
the isotopic compositions in recent and ancient shells (1-6 th centuries), showing an
anthropogenic impact since the Roman Empire.
1. INTRODUCTION

to compare their isotopic compositions to
different sources identified on the watershed.

Mollusks are known to concentrate metals in a
very strong manner and equilibrate rapidly with
their environment since Goldberg (1) has tried
to use them as global indicators. They filter
waters and accumulate metals 103 to 104 times
above water levels. So they are used in many
programs of coastal survey (NOAA, French
Mussel Watch,...) as bioindicators.
The lead concentrations in the fleshes allow us
to determine spatial and temporal variations in
the environment but they are influenced by
biological factors such as weight. In order to
understand the becoming of the pollutant
substances inputs, we have also analysed the Pb
isotopic compositions of the mussel fleshes,
tracing by their intermediary the water
movements in the lagoon.

The Thau coastal lagoon (70 Km2) is located in
the South of France near Montpellier. This
lagoon was chosen because of the various
sources of both natural and anthropogenic
inputs. The surrounding rocks are principally
Jurassic limestones and Miocene marls. The
Sete industrial harbour presents a high density
of industries: cement and fertilizer factories, car
and boat workshops, and so forth.. An
important highway crosses the Thau watershed.
Several water treatment plants are located in
the watershed and their outputs reach the
lagoon.

But the trace metal metals assimilated by the
animal are also accumulated in the shell to
considerable extent. According to several
authors (Sturesson (2); Bourgoin, et al. (3)), the
chemical composition of shells then could be a
record of its environmental metal levels, and
moreover could be used to compare present
environment with those of the past (Pitts and
Wallace (4)). The shell, instead of fleshes
would be a medium-term record. The second
aim of the study is to compare the lead
concentrations in ancient and recent shells in
order to evaluate the antropogenic impact and

Mussel spat from the sea, was introduced in
june 95 in five locations of the lagoon: in the
Sete harbour, at the Vene exutory draining the
main water treatment plants, in the lagoon
center, near the city Marseillan and in the sea
(Figure
1).
Ten
animals
(Mytilus
galloprovincialis) were sampled in May 96
and Oct 96 to minimize the intra-population
variability. The ancient shells (1st century to
6th century ad) came from a rubbish tip of a
Roman villa in Loupian. Lead castings (1*6
cm) dated of the sames ages as the shells were
also analysed.

2. LOCATION OF THE STUDY AND
METHOD

Fig 1: Map of the sampling locations
All chemical preparation was done in a clean
room (class 100). Shells were leached with
acids to remove external contamination. Blanks
were under 100 pg and are negligible.
3. MUSSEL'S FLESHES
Concentrations
The lead concentrations vary between 0.5 ppm
and 2.3 ppm dry weight. The higher
concentrations are localised in Meze, the point
representing the lagoon center. These spatial
and temporal variations may be due to a
combination of biological cycles (spawning,
growth, ...) and variable source inputs
(vineyard treatment products, ...). As it is
difficult to determine the variation part due to
biological influence we have analysed the lead
isotopic compositions to determine the main
sources in the watershed.

treatment plants, and road) and the natural one
(Miocene marls and Jurassic limestone).
We observe nice alignments in May 96 and
October 96 explained by a simple mixing model
between 2 endmembers. The position of the
representative
points
between
those
endmembers simply represents the different
proportions of the sources inputs. The first one
is constant, corresponding to the Marseillan
location: this could be explained by its location
near the coast (near the road and the water
treatment plants inputs) and also at the opposite
side of the main seawater entries. The other one
varies towards more radiogenic values. We
clearly see the seawater entries in the lagoon.
The influence of the different endmembers is
connected to the wind direction and the
convective cells formed in the lagoon (RoselloTournoud (8)).
We can easily distinguish the lagoon samples
with 206Pb/204Pb ratios 18.03-18.35 and the sea
samples which are more radiogenic. The sea
samples move towards the natural endmember
and show a smaller anthropogenic impact than
in the lagoon.
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Fig 2: 207 Pb/ 204 Pb vs. 206 Pb/ 204 Pb in
mussel's fleshes during different seasons.
4. MUSSEL'S SHELLS
Concentrations
We compare shells of the same size to avoid
variations due to this variable. The ancient
shells show a similar range of concentrations to
recent ones: between 0.4 -1.1 ppm for ancient

shells and 0.4 -1.7 for recent ones. We have
two explanations: Mussel gathering during the
Roman Empire took place by the shore of the
lagoon explaining the relatively high
concentrations observed, the edge being more
polluted than the lagoon center; lead was
intensively used in Roman society for cooking
and as material, and its dispersion in the
environment was important as it is shown by
Hong et al. (9).

Pb isotopes in recent shells
The Pb isotopic compositions of recent and
ancient shells show
three well clustered
domains (figure 3). Data are plotted in a
208pb/204pb

ys

206pb/204

pb

fa^Wl,

sediments, Jurassic limestones, Sete harbour
and road.
The sea shells are slightly more radiogenic and
less influenced by the road endmember
compared to the lagoon shells, but nevertheless
they reveal a clear anthropogenic impact in
their isotopic signature (they plot close to the
harbour domain).
Pb isotopes in ancient shells
For archaeological applications the diagrams
usually used are 208 Pb/206 Pb versus 207 Pb I206
Pb diagram (Figure 4).

With the

same endmembers used for the fleshes, and the
Sete harbour, determined by on both shell and
flesh analyses of mussels collected in the
harbour.
An alignment is observed for the recent shells
between two principal endmembers: a
radiogenic endmember represented by tertiary
sediments and a less radiogenic one reflecting
the anthropogenic activities (principally the
road and the Sete harbour inputs). In particular
the lagoon shells plot between the road and the
Sete harbour endmembers indicating a rather
high proportion of gasoline (road) lead.
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Fig 4: 208 Pb/ 206 Pb vs 207 Pb/206 Pb in ancient
shells (1st century: white triangle head down;
4th century: triangle with cross; 5th century:
triangle with point, 6th century: white triangle
head up) compared to lead castings, Spanish
lead ingots, mining districts and pre-industrial
sediments.
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Fig 3: 208 Pb/204 Pb vs 206 Pb/204 Pb in ancient
shells (white triangle), recent lagoon shells
(black triangle), and sea shells (grey triangle)
compared to different endmembers: tertiary

The lead sources were different during the
Roman Empire than nowadays so we compared
with different endmembers: Lead castings, and
natural leads. The isotopic ratios of the lead
castings found in Loupian represent the lead
commonly used by the population. We also
plotted the isotopic composition of the ancient
sediments from the lagoon (Fillion, et al. (10))
and of the regional ores (Brevart, et al. (11); Le
Guen, etal. (12)).
The ancient shells show an alignement betwwen
two endmembers: the Loupian castings and the
pre-industrial sediments indicating a simple

mixing. The respective proportions of the
endmembers change with the age of the shells.
The first century shells plot near the sediment
endmember, then the 4th century shells shift
towards the castings endmember and the 6th
century plot again near the sediment
endmember. We suggest two different
explanations: The anthropic impact on the
shells follows the population development on
the lagoon shore: increase durind the 3-4 th
century with the peak of Roman civilization and
a decrease corresponding to a reduced
development of the area after the Roman
Empire decline. But it could also be connected
to a change in the habits: lead was not
intensively used after the 5th century. All the
explanations show a decrease of the lead inputs
in the lagoon. These results agree with other
archeological studies.
5. CONCLUSION
This article shows how lead isotopes can be
applied to living organisms in order to trace
anthropogenic impact. We have shown that
mussels fleshes may record the mean water
movements using lead isotopes as tracers. The
lagoon mussels are under two main
endmembers influence: the water treatment
plants and the sea. We have also shown that we
can use shells to compare the different pollution
sources in recent and past environments. It is
shown on a local scale that human activities
have already influenced the environment during
the Roman Empire.
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SUMMARY. Radiogenic isotopes commonly used in solid Earth Sciences (Sr, Pb etc.) have
proved very efficient in deciphering the information contained in the dissolved and particulate
loads transported by oceans and rivers. In particular, they allow quantifying mixing processes,
calculating erosion rates of basins, evaluating pollution phenomena etc. While these studies have
up to now rather dealt with large scale basins with long time of transfer (month-week), we show
that they may also bring very important constraints on the short time scale (day-hour) phenomena
affecting small scale watersheds, such as : origins and paths of waters (with Sr isotopes; Ben
Othman et al. (1)); origins, mobilization and fate of metals (with Pb isotopes).

1. INTRODUCTION
Some chemical elements have isotopes which
are the products of very long-lived (x~Ga)
naturally radioactive isotopes. Two such
mother/daughter systems are : 87Rb.>87gr On
one hand; and 2 3 8 U-> 2 0 6 Pb, 2 3 5 U-> 2 0 7 Pb,
232
Th-> 2 0 8 Pb on the other. These systems
have been used for decades in Earth Sciences
for dating and tracing purposes : the use of
the natural isotopic variations of the
daughters measured today in various rocks
has enabled Earth scientists to reconstruct
Earth history, crustal evolution, ocean floor
and sediment recycling into the mantle, etc.
More recently, and thanks to its unique
ability to constrain the origins ("sources")
of these elements, isotopic geochemistry
applied to rivers has allowed to calculate
mixing proportions of waters, establish
erosion rates etc. Up to now, mainly large
scale basins have been examined, because the
effects are smoothed out by the large sizes
and the long times of transfer, and therefore
easier to model. In environmental problems
at the regional or local scale, some effects are
transient, and deciphering the various
sources of elements is more difficult.
However the coupling of major, trace
element and radiogenic isotope data may
bring important constraints on the processes

mobilizing the waters and their loads
(dissolved and particulate).
We have tried to address this problem by
decomposing the geochemical and isotopic
data gathered at the outflow of a river (the
Vene, South France) draining a small
anthropic catchment. This study is twofold
and includes both a year-long monitoring
and a flood, thereby allowing long and
short-time processes to be looked at.

2.SAMPLING AND ANALYTICAL
PROCEDURE
The 70 km2 watershed is located along the
Mediterranean coast, is composed of Jurassic
karstified carbonates overlain in the central
part by Miocene marls, and is drained by the
river Vene. It is covered with vineyards, cut
by an important road network (highway) and
is the location of several villages with water
treatment plants which directly feed the river.
A 2-year monitoring has been conducted
with bi-weekly sampling. Water samples were
also collected over a 4-day flood in
September 1994. Many of the chemicals
accumulated on the watershed during the dry
summer (fertilizers, chemicals, lead from
gasoline etc.) were therefore still available
for mobilization.

While Sr and other alkali-earths and alkalis
are partitionned between dissolved and
participate loads of a river, several metals
(like Pb) are mostly associated to transported
particles. These different behaviours require
filtration and analysis of the two phases.
Samples were filtered on 0.4|i.m
(monitoring) or 0.2nm (flood) teflon filters
just after collection in a clean lab under
laminar flow (class 100 US). All subsequent
chemistry (Sr and Pb separation according to
Birck (2) and Manhes et al. (3) respectively)
was done in the clean lab with our own
teflon-distilled acids.

3. CHARACTERIZATION
ENDMEMBERS/SOURCES

OF

In order to constrain the origin(s) of the
elements in a particular context, a thorough
coverage of the geochemical and isotopic
characteristics of their possible sources is
necessary. This has to be done both for the
natural and anthropic sources.
Whole rocks of the different lithologies were
analyzed in their major, trace elements and
Sr and Pb isotopes to constrain the
endmembers for the paniculate load, while
rock leaches were used as proxies for the
dissolved phase natural endmembers. As to
regard the anthropic sources, the following
were analyzed : highway runoff, vineyard
fertilizers and chemicals, water treatment
plant outflows, nearby industrial dust
emissions etc.
4. TRACE ELEMENT DATA
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Figure 1. Dissolved trace elements in the
Vene and other rivers.
Selected dissolved trace element
concentrations are presented in Figure 1 and

compared to major and french rivers (Zhang
et al. (4, Edmond et al. (5, Elbaz-Poulichet et
al. (6, Guieu et al. (7, Shiller et al. (8)).
They show that the river is moderately
polluted with respect to world average,
except for Cu and Zn. Pb in particular
shows levels lower than the Seine by almost 2
orders of magnitude, despite the very high
road traffic : this is probably due to the
immobilization of the element in the soils as
suggested by Erel et al. (9).
5. ISOTOPIC DATA
Radiogenic isotopes may be used to look at
natural as well as anthropic effects Goldstein
et al. (10), Goldstein et al. (11), Negrel et al.
(12), Negrel et al. (13), Allegre et al. (14),
Asmeron et al. (15). Because of its high
abundance (ppm) in natural rocks, Sr is
usually considered as a good tracer for
understanding weathering processes. On the
other hand, because of the heavy use of
metals in human activities, lead is considered
to be a good tracer for metal emissions and
pollutions. As an example, in Europe, lead
incorporated in gasoline comes from
precambrian mines (Australia...) and has a
distinctly low isotopic composition, easily
recognizable.

Monitoring
The carbonate nature of the rocks dominates
in the watershed and reduces the variability
of the Sr isotopes (A87s r /86s r ~ 0.001),
barely one tenth of what is usually observed
between granites and carbonates (e.g. Negrel
et al. (12)). However, there is a clear
difference in the 87 Sr/ 86 Sr of the river when
it flows on the Miocene soils alone and when
it is also fed by karstic springs (Petelet et al.
(16)).
A previous study by Monna et al. (17) on
the total load had shown that the Pb isotopes
and trace element ratios (like [Pb]/[Zn]) were
roughly related to the numbers of days
elapsed after rain, The first days showed the
importance of metals derived from the road
network (gasoline lead), followed by the
appearance of the isotopic signatures of the
rocks, while in dry seasons, the Vene carries
mainly the imprint of the Water Treat. Plants.
These studies provided the basis for studying
in more details at a short time scale the
movements of waters and loads over a flood.

Flood
The usual [Cl]-based corrections for rain
inputs gave rise to negative values for [Na]
and [K], showing the presence of anthropic

sources of chlorine in the catchment. Data
were therefore treated uncorrected for
atmospheric inputs.

0.90

Sr Isotopes. Sr isotopes combined with
major element and trace element data
allowed to separate the flood in 3 major steps
(see for more details Ben Othman et al. (1)):
1- the rain influence, scavenging and
dissolution of aerosols, and imprint of the
Water Treatment Plants (2 of those could be
"seen" successively within a few hours); 2the imprint of the soil signature, very stable
over the discharge increase; 3- the increasing
but alternating imprints of soil and karstic
waters. The unique use of isotopes allowed to
calculate the mixing proportions of the
various endmembers identified (as shown in
Figure 2).
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Figure 2. 8?Sr/86Sr vs Mg/Na
Pb Isotopes.
Pb isotopes in the first samples, whether
dissolved or particulate, show the strong
influence of lead derived from the road (a
mixture of gasoline Pb and wearing of tires
and asphalt). Combination of trace element
ratios and Pb isotopes also show the
continuous influence of chemicals used on
vineyards and accumulated on the area for
decades.
Pb data define a domain for both kinds of
samples (dissolved or particulate) that
somewhat overlaps the domain defined by
the monitoring. It is located between 2 main
types of mendmembers : natural (rocks) and
anthropic (road) and we can observe the very
good alignment of the points. When
considering each sample, lead in the
dissolved load is usually more affected by
gasoline lead or vineyard chemicals (i.e. it
has lower values) than the particulate.
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Figure 3. 207Pb/206pb v e r s u s 204pb/206pb
Sr-Pb coupling :
Sr isotopes in the
dissolved phase show general inverse
variations with respect to Pb isotopes in the
particulate phase (Figure 4). Even more
specifically, the 4 late oscillations are
perfectly negatively correlated. This
coupling represents the on-field coupling
between the two mechanisms responsible for
erosion : the chemical (giving the dissolved
load) and the mechanical ( giving the
particulate load). One endmember
corresponds to the low Sr/high Pb values of
the karst, while the other corresponds to
surface soil contaminated for decades with
various anthropic Pb (as shown by the
extractable fraction identified in recent
sediments of the V6ne estuary by Fillion et
al. (18)).
0.7030

- 38.50

Figure 4. 8?Sr/86Sr & 208pb/204Pb VS time
5. CONCLUSION.
The combined use of major, trace elements
and radiogenic isotopes has allowed to
build here a simplified dynamic model for
the movements and mixings of water
masses and their loads over.the flood.

Isotopes clearly showed, among others, the
influence of Water Treatment Plants, that of
metals from the road network, and the
alternating flushes of surface and deep
waters. More generally, the analysis in
water samples of radiogenic isotopes (Sr,
Pb, Nd, Os) which are characteristic of
either the encountered lithologies and/or
human activities allows to calculate the
origin(s) and proportions of these elements
in the river. For environmental purposes,
combining these information with trace
element concentrations will allow to
constrain the fate and bio-availability of
elements, and could potentially suggest
remediation schemes, provided there is a
good geochemical coverage of the potential
sources. Furthermore, from these data it
will become feasible to constrain more
precisely water paths when more is known
about the water/rock geochemical
interactions and the "conservative"
behaviour of elements to be used as
unstable tracers.
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Isotope Studies on Mechanisms of Groundwater Recharge to an Alluvial
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SUMMARY. Naturally occurring isotopes, 2H, 3H, 18O, 13C and 14C have been used to assist in
understanding recharge mechanisms to groundwater in an alluvial aquifer in Gatton, Queensland,
Australia. The stable isotopes clearly indicated the source origin of groundwater as the seasonal
infiltration of creek flows. The Crowley Vale irrigation area, a sub-section of Gatton, is recharged by
infiltrating rain water through sandstone outcrops outside the alluvium. Natural tritium confirmed
creeks as the active recharge source in general. Residence times deduced from 14C measurements
showed older water in the Crowley Vale area. Soil moisture movement studies using tritium tracer
indicated very small tracer movement amounting up to 50 mm of infiltration through top soil per
annum.
1. INTRODUCTION
Gatton, (152° 20'E, 27° 33'S) about 80 km
west of Brisbane, is located on the flat alluvial
flood plain of the Lockyer creek, a tributary of
Brisbane river. About 40 % of Queensland's
vegetable needs are produced here. Cultivation
of various crops has been possible over the last
50 years by using groundwater from an alluvial
aquifer located about 30 m below the fertile
alluvial soils. The area under cultivation is
around 12 000 ha with an annual water use of
around 47 000 megalitres (1), which is about
twice of estimated recharge. Water supply
shortages are common, with severe droughts
experienced during 1980-81, 1986-87 and
1994-96. Crowley Vale irrigation area (Figure
1) has shown consistent decline of
groundwater levels in bores since 1970.

Figure 1 : Location map of the study area in
Gatton, Queensland.

The situation has been under investigation
(2,3,4) over a long time and several recharge
weirs have been built to boost infiltration
through creek beds as groundwater levels
respond to floods.
The present study, initiated in 1993, was
centred around Gatton Agricultural College
(Figure 1) covering an area of 72 km2 of which
Crowley Vale area represented 9 km2. The
source of recharge to Crowley Vale irrigation
area was not fully understood as the weirs have
only a small effect on the groundwater levels.
The present study used an isotope approach
with naturally occurring isotopic tracers 2H,
3
H, 18O and 14C. The stable isotopes are suited
for identifying source origins of groundwater
as demonstrated in many studies e.g. Issar et al
(5), Gat et al (6) and Chambers et al (7).
Natural tritium is useful for delineating recent
recharge and identifying active recharge areas/
sources as demonstrated in Burdon et al (8)
and Kroitoru et al (9). Much older groundwater
(older than 50 years) can be identified based
on UC measurements of dissolved inorganic
carbon as demonstrated in Munnich et al (10)
and Landmeyer et al (11).
Direct infiltration through top soil layers was
expected to be small due to the presence of
clay layers in the soil profile. In an attempt to
quantify this component of recharge, an
established technique by Zimmermann et al

(12), Datta et al (13) and Dharmasiri et al (14),
was used with tritium as a tracer to follow soil
moisture movement in the unsaturated soil
zone for the first time in Australia.
2. EXPERIMENTAL METHODS
2.1 Stable Isotope Measurements
A total of 51 irrigating bores were sampled
during 1993-94 for stable isotopes within the
study area. A submersible pump (5-cmdiameter) was used to pump out a minimum of
3 times the volume of water in a bore and a 20
ml water sample was collected from each bore
in a glass bottle with a good screw cap. Initial
30 samples were analysed using mass
spectrometry at the Department of Earth
Science of the University of Queensland. The
subsequent measurements were carried out by
the Isotope Analytical Service of the Division
of Water Resources, CSIRO, in Adelaide.
A network of three rain water collection
stations was set up in 1993 at Brisbane, Gatton
and Toowoomba. The first two stations
provided rain water samples on a monthly
basis until 1996. The station at Toowoomba
had to be discontinued in February 1995 due to
infrastructure changes. A total of 75 monthly
stable isotope measurements were available
from this study. The Brisbane station was part
of IAEA/WMO global network and a valuable
data base was available in Yurtsever et al (15)
covering the period 1961-93. The present study
added three more years to this data base.
Since the initial collection of three surface
water samples from Lockyer and Laidley
creeks in 1993, a long dry period prevailed
with no further stream flows until November
1995. A total of 30 surface water samples have
been measured for stable isotopes.
To understand the stable isotope variation in
the short term, another set of 18 bores (from
the initial 51) was sampled again .in 1994.
A further 12 bores were sampled from outside
the study area in sandstone outcrops to the
north and south, Sandy creek area, sandstone
to the west of Gatton and a few basalt bores
around Toowoomba.
2.2 Natural Tritium
A total of 28 bores were sampled in November
1993 for natural tritium measurements. One

litre of water was collected in a high density
polyethylene bottle with a screw cap which
was sealed in the field with paraffin wax.
Groundwater samples were measured for
natural tritium at the Lucas Heights Research
Laboratories (ANSTO) in Sydney using
electrolytic enrichment followed by liquid
scintillation analysis as explained in Calf et al
(16). A second set of 17 bores was sampled in
July-August 1994 to determine short term
variations. Nine out of the 12 groundwater
samples from outside the study area were also
measured for natural tritium.
2.3 U C Measurements
Those bores that did not contain measurable
natural tritium were sampled again for I4C
measurements at ANSTO by Accelerator Mass
Spectrometry. A total of 24 groundwater
samples were measured during 1994-95. A
litre of pumped groundwater in a high density
polyethylene bottle from each bore was sent to
ANSTO for analysis.
2.4 Tritium Tracing Experiments
The technique of tritium tracing for
unsaturated soil moisture studies has been
thoroughly covered' by Datta et al (13) and
Dharmasiri et al (14). Ten sites were selected
for tritium tracer injection and two locations
were injected with tritium tracer at each site. A
five-point injection technique as explained in
Dharmasiri et al (14) was used and 0.74 MBq
of tritium as tritiated water was injected at
each location hi April 1995. Once injected,
tritiated water was distributed within a
horizontal soil layer of 0.5 m in diameter. First
soil sampling was carried out in April 1996.
Soil samples were collected at 10-cm intervals
using a mechanical auger. Two soil samples
were sealed in bottles, one for soil moisture
content and the other for tritium measurement.
The soil moisture content was determined in
the laboratory gravimetrically.
Soil moisture from soil samples were extracted
by vacuum distillation at 120°C using an
apparatus that can process 10 samples in one
run. Collected soil moisture (1 ml) was mixed
with a commercially available liquid scintillant
(Ultima-Gold from Canberra-Packard, USA) in
a glass bottle for analysis in Packard Tri-Carb
Mod. 2550 AB/TR Liquid Scintillation

Analyser at the School of Physical Sciences of
the Queensland University of Technology in
Brisbane. Aqueous tritium was analysed with a
background of 17 counts/min and an efficiency
of 41 %.
3. DISCUSSION
3.1 Rain Water Stable Isotopes
As Brisbane was part of the IAEA/WMO
Global Monitoring Network for isotopes in
rain water, the stable isotope data for 1961-93
were used along with data for 1993-96 from
this study. The following relationship for 8l8O
against 82H was obtained (Equation 1).
8 2H = 7.75 S 18 O +12.75

(1)

Figure 2 shows the plot of this data with the
regression line (R2 = 0.93).

Figure 2 : S18O - S^H relationship for monthly
rain water in Brisbane (1961-96).
The three years of monthly stable isotope data
for Gatton shows a similar trend (Equation 2)
with the regression equation (R2 = 0.90) given
below.

locating above the Craig's meteoric water line.
The weighted mean stable isotope composition
(weighted for rain fall amount) using all the
data for Brisbane provided values of -4.6 7 00
for S18O and -17.8 7 * for 8 2H. These values
are considered to be close to those of
groundwater in Brisbane recharged by rain
water over a long period of time. Gatton, being
located 80 km to the west of Brisbane at an
altitude of 120 m above sea level, is expected
to receive more depleted stable isotopes in rain
water. In fact, the measured 818O values of
groundwater in sandstone of Gatton and
Withcott (30 km to the west and at an altitude
of 270 m) were -5.4 and -5.8 7 00 reflecting the
expected trend.
3.2 Stable Isotopes in Stream Water
A total of 30 creek water samples were
collected during 1993-96 from Lockyer and
Laidley creeks. This included a major flood
event in the Lockyer Valley in May 1996.
Large evaporation enrichment was noted for
three water samples collected in 1993
indicating evaporation effect in creek water
after the rainy season. All other samples
located on the Craig's meteoric water line
suggesting no evaporation. Yet, rain water in
Gatton was located above the meteoric water
line. One explanation would be the high
relative humidity in air during major rain
events promoting no evaoration. Another likely
one would be a certain degree of evaporation
taking place due to spreading of flood water
which changes its stable isotopes towards the
meteoric water line. The average 818O for this
set of data was -4.3 7 00 . If creek water
recharges groundwater significantly, the
groundwater would have a similar stable
isotope content.

8 2H = 7.73 8 18O + 13.94 (2)
3.3 Groundwater Stable Isotopes
These equations are similar to what is
generally known as the world meteoric water
line by Craig (17) with a gradient of 8 and
intercept of 10. Lower gradient and higher
intercept for Australian rain water have been
explained as caused by evaporation taking
place on rain drops during their fall through
dry air masses (18). Typically, Australian
groundwater recharged by rain water has this
effect reflected in the stable isotopes by

Figure 3 shows the plot of 818O against 82H for
all the groundwater sampled from bores
located within the study area.
The variation observed in stable isotopes for
such a small area is very striking. Four groups
of groundwater can be identified based on
stable isotope variability.

raises a question as to how effective weirs are
in recharge of groundwater in the long term.
3.4 Natural Tritium

WORLD METEORIC WATER UNE

Figure 3 : Stable isotope plot for groundwater
in Gatton including Crowley Vale area.
Group 1 : This group represents groundwater
sampled within the Crowley Vale area having
a 518O value around -5.4 °/oo which was very
close to the expected stable isotope
composition for groundwater in Gatton
recharged only by rain water infiltration over a
long period of time. Sandstone groundwater to
the north and south of the study area had
similar stable isotope compositions suggesting
that Crowley vale groundwater was recharged
by rain water infiltration either locally or
through sandstone outcrops outside the
alluvium.
Group 2 : This group represents the rest of
the study area , having an average 8I8O value
of -4.4 7 00 which was very close to that of
major summer flood flows of Lockyer and
Laidley creeks. Like the creek water samples,
this group of groundwater was located on the
world meteoric water line. Hence the source of
recharge for this group is most likely the creek
flows during major floods that happens rarely
(20-30 years).
Group 3 : This group represents intermediate
stable isotope values between group 1 and 2.
The bores within this group are located in the
transition zone between Crowley Vale and the
rest of Gatton as well as bores located closer to
the sandstone outcrops. An average 818O value
of-4.7 7 00 was calculated for this group.
Group 4 : This group represents two bores
located next to the Lockyer and Laidley
creeks, indicating evaporation of source water
before recharge from the creeks. Such
evaporation was observed in creek water in
1993 after floods caused by evaporation due to
water storage behind weirs. The absence of
any such large evaporation in bores elsewhere

A total of 34 groundwater samples were
collected within the study area in November
1993 and August 1994. The groundwater in
Crowley Vale area had no measurable tritium
in it indicating older groundwater having no
recent contribution to recharge. The bores
located closest to the creeks had the highest
tritium levels (2-4 TU), showing recent and
active recharge. As the distance from the
creeks to the bores increased, tritium levels
also decreased, supporting creeks as a source
of recharge.
3.5 Carbon-14 Results
Those bores that had little or no natural tritium
in their groundwater were sampled again in
December 1994 for 14C measurement by
accelerator mass spectrometry at ANSTO in
Sydney. A total of 24 samples were measured
and the 'ages' ranged from 490 - 4810 years
BP (conventional ages corrected using 13C).
The younger ages belonged to groundwater in
bores near the creeks. The Crowley Vale
irrigation area generally had older groundwater
except for one bore on north side near the
Lockyer creek yet suggesting no creek water
recharge based on stable isotopes. A few bores
that contained around 1 TU of tritium were
found to have MC ages above 1000 years BP
indicating mixing of older and recently
recharged groundwater.
3.6 TRITIUM TRACING EXPERIMENTS
The first sampling program of soil at tracer
injection sites in April 1996 revealed
essentially Gaussian distributions with depth
as seen in Figure 4. The shapes of tracer
distributions suggest that a piston-type soil
moisture movement is applicable for alluvial
soils of Gatton. The site G-l was uncultivated
and al other sites were located on paddocks
where various crops have been cultivated for
the last 50 years. The shift of the peak or the
centre of gravity of the tracer distribution for
all 10 sites was only 5-15 cm per year
indicating very small infiltration. The total
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rainfall and irrigation water input was close to
1000 mm in 1995-96.

4. CONCLUSIONS
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Figure 4 : Tritium tracer - depth profile at G-l.
(Uncultivated site)
The site at Forest Hill towards the southern
end of the study area showed a different tracer
distribution with deeper tracer movement. This
profile is shown in Figure 5.
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The alluvial aquifer in Gatton is mostly
recharged by infiltrating creek water from
Lockyer and Laidley creeks. The stable
isotopes indicated that major summer floods
were the significant source of recharge. The
Crowley Vale irrigation area is recharged from
the underlying sandstone which received its
recharge by infiltrating rain water through
sandstone outcrops outside the boundary of
alluvium. Natural tritium clearly established
the creeks as the major active source of
recharge to the general area. The 14C ages of
groundwater ranged from 490 to 4810 years
BP with older groundwater found within
Crowley Vale area. The tritium tracing of soil
moisture showed 5-15 cm of tracer peak
movement in one year. The total infiltration
was less than 50 mm per year.

•g 1 0 0 0 - •

3

800 -

s

600 ••

|

400 ••

I-

200 - •

2

o4-

5. ACKNOWLEDGEMENT

..•ll.l.l

'l
SOU.DEPTH/CM

Figure 5 : Tritium tracer - depth profile at
Forest Hill (G-8).
The infiltration data for all the sites (G 1-10)
are listed in Table 1 below.
Tible 1 • SoU Phytical Properties, Tritium Tracer and Infiltration Data for Garten
Soil Mofatnn Tracing Study
Location

Balk deadly
l/em'

G-l
G-I
G-J
G-4
G-5
G-«
G-7
G-S
G-9
G-10

US
131
MJ
hit
1.02
1.55
USS
«*
M3
1JK

SoUMobtureK
wAr
17.4
17.5
U.S
13.7
13.7 .
UJ>
35.0
J7.«
lfcS
l&l

Tracer Peak
8Wft/«n

IaSltretioa
/mm

«
$

51
10
3«
"
49
10
39
•0
59
26

s

10

5
10
10
10

5

The infiltration rates were calculated assuming
a piston-type flow model for soil moisture
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SUMMARY. For the purpose of a groundwater flow assessment in fractured rock mass, it would be more
useful and credible using both the environmental isotope techniques and the discrete fracture
network(DFN) modeling simultaneously. A deep borehole groundwater showing the meteoric water origin
is lighter in 18O and 2H than other groundwaters. The recharge area of groundwater can be estimated as
about 400m higher in elevation considering the altitude effect of isotopes in Korea. Tritium concentration
of groundwater indicates that Na-HCO3 groundwater were recharged prior to 1950s, whereas the
groundwater flowing into the mine tunnel was estimated as the age from 4 to 18 years by the lumpedparameter model. And, the residence times of groundwater in selected flowpaths based on the DFN model
were also estimated from 4.9 to 58.2 years, respectively. Thus, it is more desireable to combine these two
technques in order to increase the reliability and reduce the uncertainty occurred from the result of the
groundwater flow assessment in fractured rock mass.

1. INTRODUTION
Interpretation and prediction of groundwater flow
affecting the behaviors of radionuclides are a
important component of the performance
assessment of subsurface radioactive waste
disposal. Groundwater flow in fractured rock
mass is controlled by fracture networks and its
hydraulic properties. Furthermore the scale
dependent and anisotropic properties of hydraulic
parameters are resulted mainly from irregular
patterns of fracture system, which are very
complex to evaluate properly with the current
techniques available.
The Samkwang Gold mine, being located about 50
km western part of Taejofl city in mid of Korea,
was chosen as the hydrogeological research site.
The total length of mine tunnel is about 5.2km and
has eight levels of adits. The geology of the gold
mine were studied and well defined for scientific
interest and prospecting gold veins(l, 2, 3), and
preliminary structural, hydrogeological and
geochemical studies has been performed(4, 5, 6,
7). This paper discusses the groundwater residence
time controlling the basic hydrochemistry and
physical hydraulic aspect of the groundwater

system. The residence time and the origin of
groundwaters are inferred from environmental
isotope analyses of 2H, 18O and 3H.

2. SITE CHARACTERISTISTICS
2.1. General geology and fractures
The Samkwang mine lies in the lower Kyeonggi
gneiss complex and consists mainly of Precambrian biotite-rich granitic gneiss showing
banded structure and ptygmatic fold structures
etc(Figure 1). It is unconformably underlain by
Jurassic sedimentary rocks. The strike and dip of
foliation of gneiss are N15 ~ 80W and 35 ~ 75NE,
respectively(3). The fracture-filling minerals in the
borehole cores are kaolinite of dominant constituent and, smectite and illite of minor minerals.
For the fracture characterization, the scanline
mapping(8) and borehole acoustic scanning
(BHTV)(9) were conducted from surface, mine
tunnel and boreholes. And, about 4840 fractures
over 50 cm in trace length had been surveyed for
orientation, spacing, trace length(10), termination(10,l 1), probability of termination^ 2), fillings
and seepage etc. And fracture aperture was also

estimated by BHTV at boreholes(4,5,6). These all
parameters had been processed according to the
three sets of fracture orientation defined as 130 ~
200/40 ~ 90(set 1), 210-280/50~90(set 2) and
010 ~ 060/60 ~ 90(set 3) in dip direction/
dip(Figure 2; Table 1).
Table 1. Representative values of fracture
distribution characteristics by set.
IsewZsO!

164/60 044/66 283/08
orientation(mean)
0.82
2.96
spacing(m)
0.89
0.34
frequency
1.22
1.12
2.97
2.16
length(m)
3.19
aperture(mm)
5.52
4.79
4.49
5.44
2.22
interconnectivity (Ii) 6.82
termination
21.22 26.3
9.88
probability(%)

2.2. Hydrogeology
The groundwater elevation measured from 8
boreholes ranged from 4 to 5 m in below ground.
And groundwater pressure was also confirmed
from horizontal boreholes located portal in mine
tunnel level O(EL.2O8 m) through rainy and dry
seasons. The boreholes had been installed 100 m
length perpendicular to the tunnel wall with single
packer. The pressure head was stabilized within 10
days and recorded as about 60 m in head.
The constant pressure injection test and flow
dimensional analysis had been conducted(13, 14).
The hydraulic conductivity estimated are ranged as
1 x 10"8 ~ 3.6 x 10"6 m/s by transient flow analysis
method(13). It was characterized that the upper
regime of 30 ~ 40 m from surface has the
hydraulic conductivity ranging as 2x 10"6 ~ 3 x 10"6
m/s, significantly. In dimensional flow analysis, it
was analyzed nearly radial to spherical flow in
general. The sections of the assessed as spherical
flow regime could be characterized as the fractures
consisted of high dip angle from BHTV.

3. ISOTOPE CHARCTERISTICS
3.1. Sampling and analytical techniques
Water sampling and in-situ measurement had been
carried out from 1990 to 1996. The samples of a

borehole groundwater and the inflowed waters into
the mine tunnel were collected(Figure 1). Groundwater samples from the borehole were sampled at
different levels of 145 and 175 m below surface.
Determination of 518O and 6D in the water
samples was carried out using with the VG SIRA
II mass spectrometer. The relative errors wewe
found to be within ± 0.1 %o for I8O and 1.0 %o for
2
H. The tritium contents were measured by liquid
scintillation counter from 600g to 20g and counted
during 500 minutes with the precision of ± ITU in
common after electrolytical enrichment.
3.2. Environmental Isotopes
The chemistry of the collected waters in the study
area shows quite different type such as inflowed
waters of Ca-HCO3 type and Ca-SO4 type and a
borehole groundwater of Na-HCO3 type(7). The
Ca-SO4 type water are relatively higher in TDS
(upto 760 mg It) than that of Ca-HCO3 type.
The isotopic composition of the waters in the study
area have 518O and 6D values ranged from -9.5 to
-8.7 %o and from -63.7 to -54.7 %o respectivel
(Table 2), which are close to the Global Meteoric
Water Line of Craig(15)(Figure 3). The 818O
values show that the groundwaters from boreholes
-9.5 ~ -9.3 %o are lighter than the other waters.
These light groundwater supposedly indicate that
the groundwaters had been recharged from the
upper zone about 400 m higher in elevation than
that of the mine tunnel considering the altitude
effect of isotope (0.19 %<, /100 m for 618O) in
Korea(16). The isotopic composition of inflowed
water in deep leveljs of the mine(Ca-SO4 type)
shows also the signature of recharged water from
higher elevation than sampling points.
The tritium contents of inflowed water through the
fracture zone of the horizontal mine tunnel had
been monitored in twelve times from 1990 to 1996
at six sampling points(17). Tritium level indicates
that the deep groundwater in the mine area can be
grouped into older water recharged prior to 1950s
and shallow groundwater recharged after 1950s.
The tritium contents of mine tunnel show the
tendency decreasing with time as 13.5 ~ 7.2 TU,
17.6 ~ 9.1 TU and 10.7 ~ 8.4 TU at the sampling
points of A, E and P-l, respectively(Table 3). The
values around point C analyzed 9.7 ~ 21.1 TU had
been ranged higher than any other places. However, borehole groundwater and deep mine tunnel
level 6 show tritium free or low(l .0 ~ 2.4 TU) and

srts
predicted as the old water recharged prior 1950s.
Table 2. Stable isotopic data of water samples
from the Samkwang mine area (July, 1994).

i us pBH HHi
muni

S-l
S-2
A
B
C
D
E
P-l
G-1
G-2

surface
surface
drift
drift
drift
drift
drift
drift
borehole
borehole

HHKDwn

-8.9
-8.8
-8.7
-8.7
-8.7
-8.8
-8.7
-8.7
-9.3
-9.5

-55.9
-54.2
-61.5
-55.8
-56.1
-55.1
-54.7
-55.3
-61.7
-63.7

Wffrw
180
180
208
208
208
208
208
208
30
0

The groundwater age estimated at point A is to 4
years, while the water at the point C is dated to 18
years(Table4; Figure 4b). Although the distance
from surface to the point C is rather shorter than
others, surface to point C shows the long pathway
of groundwater flow or hydrological mixing of
currently recharged water. The residence time of
points B, D and E is estimated in the range of 6.5
to 8.5 years. The phenomenon of piston flow
around point A, D, E and P-l would be more
dominant than mixing phenomenon (Table 4;
Figure 5a and c).

180
180
300
278
345
335
375
385
175
175

Table 3. Tritium contents(TU) of the groundwater
inflowing into the drift in the Samkwang mine
area.
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monthly in Korea (1963 to 1976, 1982 to 1995)
and Japan (1977 to 1981) were used as input
parameter for dating of ground-water(22).
Meanwhile, DM had not been considered due to
the lack of existing parameters or in-situ test
results.

3.2. Residence time using tritium
Direct age estimation of groundwater using tritium
is difficult due to the variable input of tritium and
mixing behavior since the advent of thermonuclear
testing in 1952. Supposed to match the tritium
content at sampling points with that of the recharge at the inlet of a groundwater system, the
distribution of residence time of each contribution
can be estimated. The data of tritium contents are
applied by the lumped-parameter model
(MULTIS)(18) combined with the piston flow
(PM)(19), the exponential (EM)(20) and dispersion concept (DM)(21). By this model, the
tritium contents of the precipitation monitored

Table 4. Results of dating modeling of the
groundwater inflowing into the drift in the
Samkwang mine area(EL.2O8, tunnel).
Residence time
(year)
Piston flow (%)
Mixing flow(%)
EL.(surface)

4.0 8.0 18.0 6.5

8.5 8.5

67 20 50 67 60 82
33 80 50 35 40 18
300 278 345 335 375 385

4. GROUNWATER FLOW BY DFN
CONCEPT
The FracMari(Version 2.306) for fracture network
and MAFIC(12) were used for assessment of
groundwater flow. The concept of this modeling is
forward approach method for natural condition of
site specific characteristics through iterative
execution. This model has been qualified as
credible by the final assessment of validity on
fracture flow modeling by the task force of
OECD/NEA[23]. DFN models provide a means
of explicitly representing flow path geometries in
such case. In DFN model, the processes of flow
and transport are assumed to take place primarily
or entirely through networks of discrete
fractures[26]. Thus, groundwater flow and solute
transport in DFN are expected to occur mainly
through networks of interconnected fractures. '
4.1. DFN modeling

The fracture system using the FracSys of FracMan
module was simulated based on the represent ative
values which were investigated in-situ and reviewed from existing data(Table 1) as Table 5 and
Figure 5.
The assessment model of conductive fractures was
reprocessed and modified by the estimated fracture
transmissivity(Tf) and conductive fracture intensity(P32c) by each set. The former was simulated
based on the mechanical aperture by BHTV and
hydraulic aperture from Cubic law(24, 25) from
the fixed-interval length injection test and flow
dimensional analysis. The latter was simulated
from conductive fracture frequency(fc) of
borehole(26) using Frac Works of FracMan module
through iteration with best-fit to OxFilet simulation of FracMan as the Table 5.
Table 5. Input data for discrete fracture network
modeling

KIM

Paramietto*!8
orientation
pole azimuth
pole inclination
dispersion
fracture radius
mean (m)
standard
deviation (m)

Fisher
344
30
12.28
LogNormal
2.97

P,,r(m2/m3)

LogNormal
3.19

LogNormal
2.16

3.82

Tf
LogNormal
mean( x 107mVs)
3.34
standard deviation
2.69
( x KT'mVs)

Fisher
58
82
2.61

Fisher
224
24
17.88

1.28

1.39
LogNormal
1.36

0.7819

LogNormal
1.41

1.1

1.14

0.4555

0.4059

For the purpose of model calibration, the fracture
data which were selected from 100m borehole in
the simulated model cube(1003 m3) had been
compared with in-situ data. The representative
values of P32c, and cross-fracture transmissivity
were suggested as 1.72, and 6.23xlO'7 m2/s, respectively(Table6).
Table 6. Statistics of discrete fracture network
system
No. of
fracture

Simulated

3,080

1.72

1i mm

11
i

83

6.23 x 10-7
±5.1 xio- 4

For groundwater flow modeling, the input files
had been specified by fracture network simulation
program of Meshmaker module in FracMan and
geometric model has been also completed. And,
MAFIC which is a finite element flow model was

used to simulate transient flow in a rock block with
a discrete fracture network.
In this study, the geometry of model was designed
as cubic of 1003 m3 and tunnel of 2 * 2 x 50 m3
considering for mine tunnel. The boundary
conditions for the model were applied to all faces
using H (=HXX+Hyy+Hzz+Ho)(28). For modeling,
outer boundary had been reviewed with the
potential head and hydraulic gradients from the
results of the dual porosity model TRAFRAP(27)
in section 2.2. It was also defined that there are no
hydraulic gradient in EW direction and adopted 60
m in head at south edge boundary and, zero in the
inner boundary at mine tunnel considering
continuous pumping condition(Table 7)(5).
Table 7. Coefficients for the outer and inner
boundary conditions.
_^__
East
West
Outer
North
Boundary South
Top
Bottom
Inner
(AH)
Boundary

0.26
0.26
0.14
0.35
0.28
0.23
0

0
0
0
0
0
0

0.31
0.31
0.23
0.13
0.35
0.27
1.0

80
80
95
60
45
114
0

The inflow rate into tunnel estimated from the
model MAFIC was about 2.66 mVday, whereas
the pumping water for mining operation was
measured as 220 m3/day. This value could be
converted to about 2.11 mVday considering the
total length of 5,200 m tunnel with an assumption
no matrix inflow in steady-state and evaporation
predicting up to 10% due to ventilation
4.2. Residence time using numerical flow model
For the assessment of groundwater residence time
from surface to the mine tunnel, the media was
considered as soil or weathered zone of 40 m thick
and fractured rock mass in lower part. And,
groundwater entered from the north edge of the
model and discharged to the mine tunnel through
fractured rock mass. The rock block was decided
as the cube of 203 m3 based on try-and-error for 10
steps of model size from 103~1003 m3, and the
number of fracture were simulated as 942 for
fratures and 153 for networks.
In this case, the shortest pathway is estimated as

9.50 x 102 m2 in area, 1.048 * 10 8 m2/s in conductance and 2.5 x 10'9 m2/s in T f Total number of
fractures are 10 in four kinds of fracture. Thus,
total length are also estimated as about 41 m(Ce=Tf
Le)(28). This length is 2.9 times longer than that of
TRAFRAP(5). The size of fracture in each set was
estimated as 6.38 m (set 1), 5.94 m(set 2), 4.32
m(set 3).
The groundwater residence time was calculated as
7.8 years to point E from surface(Table 8). Darcy
velocity and flow velocity are 2.5 * 10"8 m/s and
1.55 x 10"6 m/s respectively, and 1 x 10'7 m/s for
hydraulic conductivity. The hydraulic conditions
in this case of lower part had been considered as
0.25 for hydraulic gradient, 0.0161 for effective
fracture porosity(29).
Table 8. Residence time estimated by DFN model
in each point.

•jgnm ill
Time
(yr)

4.9

in

10.8

Wmwmmml

tup

.0.2 7.8

15.7 39.2 50.9 36.8 27.4 58.2

5. CONCLUSIONS
The inflowed water in the tunnel is estimated the
age from 4 to 18 years by the lumped-parameter
model withe tritium contents.
The residence times of groundwater in assumed
flowpaths based on the discrete fracture network
(DFN) model were also estimated from 4.9 to
58.2years, respectively. These residence times
evaluated in the study area were much more
reasonable comparing the result from the porous
continuum model. And, one of" the great
advantages of DFN model is a forward modeling
method to handle the qualitative data as well as
quantitative ones.
It is more desirable to. integrate numerical
groundwater flow model and isotopic tracer
techniques for the redution of the uncertainty for
the groundwater flow assessment in fractured rock
mass. The desired method for the evaluation of the
groundwater flow in fractured rock mass must be
based on the deep understanding of fracture processes and a simplified model representing the
natural groundwater conditions.
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Figure 1. Geologic map of Samkwang mine area
water sampling sites (Dashed lines are mine adits).
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Figure 2. Stereographic plot of the poles of
fractures measured from the surfaces, mine tunnel
and boreholes(Lower hemisphere, equal angle)
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Fig. 3. Relation between 5D and 618O values of
the water samples from the Samkwang mine area
with the meteoric water line.

Fig. 4(a). Best fit of the tritium output curves for
Point A in the Samkwang-mine area.

Fig. 4(b). Best fit of the tritium output curves for
Point C in the Samkwang-mine area.

Fig. 4(c). Best fit of the tritium output curves for
Point D in the Samkwang-mine area.
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Figure 5. Fracture system model

Figure 6. Conceptual illustration of ground-water
flow around the drift from the Samkwang-mine
area.
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Determination of Radon in Groundwater Using a Water-Soluble
Scintillation Cocktail
K HASEGAWA and A OHNO
Radiochemistry research Laboratory, Faculty of Science, Shizuoka University
836 Ohya, Shizuoka 422, Japan
SUMMARY. Radon concentration in groundwater was measured with a low back
liquid scintillation counter using water-soluble scintillation cocktail (ULTIMA-FLO M,
Packard ) without pre-treatment of solution. Total radon concentrations in the
groundwater can be mostly measured with the direct measurement method. When
sample water mixed with scintillation cocktail and the solution remains a single phase,
the counting rate is not influenced by either the variation of water content or the
electrolyte concentration. As the direct measurement method for radon compares with
the usual methods, the radon concentration can be measured in small amounts of water
by this method. It is not necessary for a special technique in the measurement
operation.
1. INTRODUCTION

Radon is a rare gas with atomic number
86, and has many isotopes between mass
number 200 and 226. Radon has 28
isotopes, amongst them, Rn -222(222Rn)
which is a daughter of Ra-226(226Ra) in
the uranium-radium disintegration series,
and is the longest-lived isotope with a half
life 3.825 days.
Traditionally, radon222 is simply called radon. The shorter
half-Ufe of 55 seconds and radon-229
with half life; of 4 seconds, and called
thoron(Tn) and actinon (An), respectively.
Except for lead-210 with hah' life of 20
years and polonium-210 with half life of
138 days, the half lives of decay products
of radon are relatively short. Radon is
widespread in the environment and found
in the crust, atmosphere, and hydrosphere
(1). Scientific interest in radon spans
more than 85 years.
Variation of radon concentration in
ground water, as a tracer, has been known
as a means of earthquake prediction.
The generation of a Tokai-Great
earthquake in Japan has been warned
about for ten years. In this situation, we
have measured successively the radon
concentration of the ground water by
using mainly an IM-fontactoscope in
about sixty locations at Shizuoka

prefecture since 1981 (2).
Recently,
several typical methods have been
proposed for the measurement of radon
concentration. Of two typical methods,
one is the extraction method, using
toluene which has a very high solubility
for radon, and an IM-fontactoscope.
However,
recently
water-soluble
scintillation cocktail has been developed,
and therefore, both this cocktail and the
sample water can be mixed directly
without pre-treatment. Then, using this
cocktail, we investigated the direct
measurement of radon concentration in
the groundwater and also compared
with the results obtained using direct
toluene-extraction, and IM>-fontactoscope
method. It will be reported also that the
results given by the direct measurement
of radon concentration in the natural
groundwater have been performed.
2.

EXPERIMENTAL

Direct method system(Water-soluble
scintillation cocktail)
Measurement of radon concentration in
the groundwater was carried out as
follows: Groundwater taken from the
well at Shizuoka University is sampled
with overflowing into a one liter
polyethylene -made vessel.
Fity ml

sample is poured without pre-treatment
into 100 ml teflon vial together with 50 ml
scintillation cocktail (ULTIMA-FLOM,
Packard). The sample is gently mixed
and stand for 4 h to allow radon and
progeny attain radioactive equilibrium.
The sample solution was measured for 50
minutes with a low background liquid
scintillation counter (ALOKA, LSC LB-1)
using an integral counting method.
Extraction method system
One liter of sampled water from wellground water at Shizuoka University
campus was taken. To the water sample
in the container, 50 ml toluene were
added and extracted by shaking for 10
minutes. The sample solutions were
allowed to stand for 20 minutes until
water and toluene separated completely.
We weighed out 22 mg of DPO (2,5diphenyloxazole; 1 mg DPO per 1 ml
toluene) into a vial and then transferred
toluene from the sampling vessel into the
vial using a sampling tube. Measuring
the inner diameter of vial in advance, the
recovery yield of toluene was obtained
from the height of liquid level poured.
When the recovery volume is small,
toluene was added to give a volume of 22
ml. The operating time should be done
as short as possible to prevent the escape
of radon during the separating procedure.
Reference sample solution was prepared
the dissolving DPO in toluene. After
standing for 4 h to attain equilibrium
between radon extracted and its progeny,
the sample solution was measured with a
low background scintillation counter
using the integral counting method. The
concentration of radon (mg • T1) was
evaluated from the counting rate obtained
using a formula as described later.
Ionization chamber system (3)
The
IM-fontactoscope,
called
Senkoukei;/ in Japanese, is an ionization
chamber designed by S. Iimori to analyze
for radon. It is a very simple apparatus
useful for in situ measurement of radon in
natural water, especially spring water.
It consists of a brass-made 5.5 liters box
container into which a central electrode is
inserted through the insulator and an

aluminum-leaf electroscope connected
with the central electrode. The movingrate of glass-fiber pointer attached to the
top of Al-leaf in the microscopic field.
Normal procedure for measurement is as
follow: Five hundred milliliters of sample
water held in a measuring cylinder is
gently poured into the ionization chamber
and shaken vigorously for about one
minute to drive radon out into the gas
phase. After about 3 h, the radioactive
equilibrium is reached among Rn-222 and
its radon progeny, the radioactive is
measured by reading the moving-rate of
Al-leaf, which is calibrated with a
reference standard for radon(solid
standard specimen of (U3 Os).
The most favorable condition obtained for
the precise measurements are as follows:
The sample water (500 ml) is taken
carefully without any loss of radon, the
sample water is shaken for one minute
vigorously, and the moving-rate of Al-leaf
in the electroscope is measured 3 h after
the water was shaken.
The
measurement, furthermore, should be
carried out at the constant temperature,
favorably in the range of about 10 to 40 °C
and low humidity, below 70 %.
3. RESULTS AND DISCUSSION
Influence of water contents and solute
concentrations
3y the direct measurement method, the
half life decay of the counting rate of
sample water was found to be .£.75 d,
therefore the half life of radon(222Rn ti/2 =
3.82 d)is consistent with the results
derived from our data. Radioactivity of
222
Rn was counted almost completely by
the integral counting method. In the
liquid scintillation counting method, the
counting rate is influenced by water in the
sample which is very weak quencher. We
examined the relationship between the
counting rate and water-content of the
sample, in the range of water content 30 %
to 70 %, where the sample solution can be
obtained as a transparently homogenous
layer with no cloudiness.
The
relationship between the counting rate of

radon and the concentration of soluble
component in the sample water was also
examined. Above 0.6 % sodium chloride
concentration, the sample
solution
separates into two layers. The counting
rate
decreases
with
increaasing
concentration of solute in the water. On
the other hand, at less than 0.6 % NaCl
concentration, the sample solution (NaCl)
remains a single layer and the counting
value as shown in Fig. 1.

Measurement of radon by the direct
method
The radioactivity, 10 Bq, of radium
standard solution was stood for one month
to reach the radioactive equilibrium
between radium and its progeny. After
getting
to
the
equilibrium,
the
radioactivities against the various radium
concentration was studied whether the
counting rate of radon allow to count
completely by the direct .method or not.
As shown in Fig. 2, the slope of line was
found to be about six.. This means that
the radioactivity of radium added in the
initial time was counted six times.
Therefore, the radioactivity of radon by
this method can be measured at almost
100 %.
Considering the above
description, the radon concentration for
groundwater can be estimated by the
following equation;
222

Rn(BqA)=

Fig.

1.

NaCl concn./ %
Dependence counting
NaCl concentrations

50

100

150

rate

200

Radioactivity of Radium/Bq

Fig. 2. Extrapolated counting rate
vs. Radioactivity of radium

on

No X 1000
5 X 60 X 50

where No is the extrapolated counting
rate (cpm),
X decay constant of
222
Rn(1.26 X l0-» min 1 ) t elapsed time,
from sampling time
5 number of
radiation (3 a + 2 jS). In Table 1 is
summarized
the
results
of
the
measurement and detection limit for the

250

10
20
30
40
50
Direct method [Rn] / Bq 1
Fig. 3. Relationship of radon concentration
in groundwater at Shizuoka Prefecture
using an IM-fontactoscope and a direct
method

Table 1 The comparison among measurement of radon concentration in water
Measurement
Radon concn.(Bq/l)
Detection limit(Bq/l)
IM-method

47.6

0.40

Toluene method

19.8 ± 0.2

0.20

Direct method

18.5 ± 0.1

0.3

direct, toluene extraction and IM methods.
The radon concentration of well-water of
Shizuoka University by the direct method
was found to be 18.5 Bq • I 1 . When we
sampled the water at the same time and
then measured the concentration of radon
by the toluene-extraction and IM-

fontactoscope methods, the results were
19.8 and 47.6 B q • 1 -1 respectively.
An IM-constant(Bq • min • div1) was
examined using radium standard solution
and its presented in Table 2.

Table 2 Comparison of constants of IM-fontactoscope
Constant of IM-fontactoscope (Bq • min/div)
Refernce standard/U3Os(A)

Radium standard soln.(B)

8.37

3.50

2.49

The detection values that were obtained
with the direct and toluene extraction
method were very close, but the value by
an IM-fontactoscope is much larger,
probably becavise of a problem with the
solid standard specimenCUaOs) with an
IM-fontactoscope.
Correlation of
measuring the radon concentration by the

direct method and IM-fontactoscope in the
groundwater from 48 locations in
Shizuoka prefecture (3) is shown in Fig.
3. The value by both methods was not
consistent, but it is reasonable to consider
that the concentration of radon is
consistent with each other from showing a
proportionality.
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Determination of Iodine in Biological Materials using
Instrumental Neutron Activation and Anti-coincidence
Gamma-ray Spectrometry
W ZHANG and A CHATT
Trace Analysis Research Centre, Department of Chemistry
Dalhousie University, Halifax, Nova Scotia, B3H 4J3, Canada

SUMMARY. An epithermal instrumental neutron activation analysis (EINAA) method in conjunction with
anticoincidence gamma-ray spectrometry has been developed for the determination of ppb levels of iodine in
biological materials, foods and diets in particular. Several reference materials have been analyzed to evaluate the
precision and accuracy of measurements. The detection limit for iodine can be improved by a factor of 2 to 5
depending on the sample matrix, and other factors. The detection limit of 5 ppb can be achieved for low-salt
foods.
1. INTRODUCTION
Iodine is an element of much interest in nutritional
research. The dairy dietary safe and adequate intake
range of iodine for adults is reported to be 150-200
ug. Iodine deficiency is considered to be a serious
problem in many countries. Excessive iodine intake
can also contribute to certain thyroid disorders in
susceptible individuals.
In many countries
regulations require the control of the level of daily
iodine intake through diet.
The accurate
determination of iodine in materials such as diets
and individual food items is of considerable interest:
The analytical techniques most commonly employed
for measuring iodine levels are colorimetry, ion
selective electrode, isotope exchange, gas
chromatography, and neutron activation analysis
(NAA).
The NAA technique has excellent intrinsic
sensitivity for the measurement of iodine. Iodine
has been determined by instrumental NAA (INAA)
in many biological materials. Compared to some
other medium-lived nuclides such as 52V, 27Mg and
^ u , 128I has a slightly longer half-life of 25.0 min,
and thus the stable isotope 127I needs a longer
irradiation time to reach saturation activity.

However, the irradiation time is limited because of
interferences from the high activities of thermal
neutron activation products of the major elements in
the sample. Low levels of iodine cannot be easily
measured by thermal INAA.
hi order to circumvent this problem, epithermal
INAA (EINAA) has been used by a few researchers
with some success. The EINAA methods are based
on the fact that the resonance integral cross section
for iodine is much larger (147 b) than that for some
of the interfering elements such as Na, Cl, Al, and
Mn (0.3lf 0.21, 0.17, 14 b, respectively).
Background activities can be reduced to some extent
by EINAA. The use of cadmium and/or boron
shields to absorb thermal neutrons in EINAA allows
for increased irradiation time. But the residual
activity produced in the cadmium shield, for
example, may cause a radiation safety and heating
problem. These factors can limit the irradiation
time, the removal of the sample from the shield
within a reasonably short time, and the reuse of the
shield for subsequent irradiations. Much of this
problem can be eliminated by irradiating samples in
a cadmium- or boron-lined pneumatic site.
Although a cadmium-lined site is available at the
Dalhousie University SLOWPOKE-2 Reactor

(DUSR) facility, not many reactors are fitted with
this type of site. The EINAA detection limit for
iodine can be as low as 200 ppb, depending on the
neutron flux used. Detection limits can be further
improved by increasing the sample mass, irradiating
for a longer period, and by counting the samples in
a more sensitive detector. However, the background
in the region of the 443 keV photopeak of 128I is
often dominated by Compton scattering from the
gamma-rays of 24Na, 56Mn, 82Br, and 38C1, so the
detection limits are often not that greatly improved.

x 3" NaI(Tl) plug as well as timing electronics. This
system has a peak-to-Compton ratio of about 650 to
1 for the 661.6-keV photopeak of 137Cs. An
improvement factor of 7 can be achieved compared
to a single HPGe detector. Several factors that can
influence efficiency of the methodology have been
evaluated. The distance of the sample from the
HPGe detector surface and the relative position of
the Nal(Tl) annulus with respect to the HPGe
detector have been investigated to obtain the best
efficiency (5).

Radiochemical NAA (RNAA) and preconcentration
NAA (PNAA) methods have been used to eliminate
interfering elements as well as to further suppress
background and improve the sensitivity of
measurement.
Both PNAA and RNAA are
destructive methods, involve complicated
operations, and are time consuming compared to

In the present study, an EINAA method in
conjunction with anti-coincidence counting has been
developed for the determination of ppb levels of
iodine in individual food items. Typically 200-700
mg of a sample are irradiated for 10 or 20 min at the
DUSR facility in an epithermal flux of 1 x 10 n n cnv
2 1
s' , followed by 1 min decay and then counting for
30 min. The 442.9-keV gamma-ray of 128I is used
for measuring iodine content by anticoincidence
counting. A sensitivity of 4536 counts per ug of
iodine was obtained using 20 min irradiations. An
internal quality assessment chart was constructed by
irradiating iodine comparator standards with every
batch of samples; all results were found to be within
±2o.

INAA. Moreover, in PNAA precautions must be
taken to ensure minimal contamination from
reagents and handling.
We have developed several NAA methods in our
laboratory for the determination of iodine in a
number of materials for various purposes. These
methods include (1-4) epithermal instrumental NAA
(EINAA) using cadmium and boron shields,
preconcentration NAA (PNAA) using bismuth
sulfide coprecipitation, PNAA using solvent
extraction, and radiochemical NAA (RNAA) using
palladium chloride in conjunction with conventional
gamma-ray spectrometry.
A

Anticoincidence counting as a background
suppression technique can be used in conjunction
with EINAA to further reduce the background. This
approach can have the advantage of simplicity; it
can be less time consuming and free from reagent
blanks, and can lower.the detection limit even
further. For this reason, an EINAA method using
anticoincidence counting has been developed in the
present study for the determination of low levels of
iodine.
2. EXPERIMENTAL
The anticoincidence spectrometer used in this work
consists of a 25% relative efficiency HPGe detector
surrounded by a 10" x 10" Nal(Tl) annulus and a 3"

In order to evaluate the applicability of the EINAA
method in conjunction with anticoincidence gammaray spectrometry to a wide variety of biological
materials, several reference materials containing
various levels of iodine and background interfering
elements were chosen. Materials such as NIST
Corn Bran, Corn Starch, Wheat Gluten, Soft Wheat
Flour, Hard Wheat Flour, Durum Wheat Flour, Rice
Flour, and Peach Leaves contained low levels of
interfering elements such as CI and Na,* and gave
low induced activities on neutron irradiation. They
were irradiated for 20 min, allowed to decay for 1
min, and counted for 20 min. Reference materials
such as NIST Whole Egg Powder, Non-Fat Milk
Powder, Bovine Liver, Spinach, and Pine Needles,
and IAEA Horse Kidney, Animal Muscle and
Animal Blood contained high levels of Cl and Na.
These samples were originally irradiated for 20 min
and allowed to decay for 1 min before counting.
These conditions gave high activities and dead-time
of greater than 10% which could introduce errors
unless appropriate corrections are made. The dead-

time was reduced to about 5% to 8% employing 10min irradiations and 1-min decays which were then
routinely used for measuring iodine in the above
materials.
3. RESULTS AND DISCUSSION
The reference materials used in this work cover a
wide range of iodine concentrations as shown in
Table 1. Precision of the EINAA-anticoincidence
method was checked by triplicate analysis. It was
found that the RSD was about ±5% above 200 ppb,
increasing to ±10% at 20 ppb and then to >±30% at
about 5 ppb iodine level. The results are
summarized in Table 1 along with the certified
values and current literature data. The analytical
uncertainty reported with each value is ±lo.
Among the 17 reference materials analyzed here,
only 6 have certified iodine values. The results
obtained in this work for four of these materials are
in good agreement with the certified values. Values
for the other two, namely NIST Whole Egg Powder
and Non-Fat Milk Powder, agree better with the
literature values than with the certified values. The
iodine levels of NIST Hard Wheat Flour, Durum
Wheat Flour, Corn Bran, Wheat Gluten, Spinach,
Whole Egg Powder, and Non-Fat Milk Powder were
earlier measured by a PNAA method (2), and
generally agree well with the values obtained in this
work. Three of these materials were also analyzed
by RNAA. The certified iodine content of NIST
Pine Needles agrees with the values obtained here
by EINAA but without Compton suppression.
There are no data available for the other materials.
A comparison of the measured vs. literature and/or
certified values reveals that the EINAA method in
conjunction with anticoincidence counting can
produce reliable values.

both low iodine level and low background. These
three materials were analyzed for iodine using both
conventional and anticoincidence counting modes.
Various limits of detection, as defined by Currie (6),
were calculated. The values of L c , LD, and LQ for
iodine in the three SRMs are given in Table 2. It is
evident that the detection limits for iodine in all
cases have been lowered by anticoincidence
counting. Although Non-Fat Milk Powder had high
background activities due to 38C1,56Mn and 24Na, its
iodine content of about 3100 ppb (Table 1) was
greater than LQ by both conventional and
anticoincidence spectrometry. The iodine content of
about 180 ppb in Bovine Liver (Table 1) was
greater than the LQ of 170 ppb by anticoincidence
counting. The 442.9-keV peak of !28I in Rice Flour
was undetectable using the conventional system but
became detectable in the anticoincidence system as
the L c was lowered (Table 1).
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Table 1. Concentration of iodine measured in reference materials by EINAA and anticoincidence gamma-ray
spectrometry.
Reference materials

This work,
ppb

Certified,
(info.), ppb

Literature
values, ppb

Hard Wheat Flour
3.0 ±1.5
4.2 ±0.3
(NIST RM 8437)
Durum Wheat Flour
5.7±1.7
6±4
5.9 ±2.1
(NIST RM 8436)
Corn Starch
6.0 ±1.4
(NIST RM 8432)
Rice Flour
15 ± 4 (9)
(NIST SRM 1568a)
Animal Muscle 15.4 ± 9
14.3 ±1.7
17±2
(IAEA RM H-4)
Soft Wheat Flour
18 ± 2 —
(NIST RM 8438)
Corn Bran
28±3 26±6
26.5± 2
(NIST RM 8433)
26 ±1.4
Wheat Gluten
61±7 60± 13
62±4
(NIST RM 8418)
59 ± 3
Animal Blood
82 ± 9 —
(IAEARMA-13)
Horse Kidney
142 ± 7.4
(IAEA RM H-8)
Pine Needles
168 ± 13
140 ± 20
(NIST SRM 1575)
145
Bovine Liver
180 ± 8
187 ±12
(NIST SRM 1577b)
Peach Leaves 300 ± 14
(300)
(NIST SRM 1547)
Spinach
775 ±21
1160 ±40
(NIST SRM 1570)
Spinach
1265 ± 75
(NIST SRM 1570a)
Whole Egg Powder
1820 ±40
1970 ±460
1875 ±94
(NIST RM 8415)
2040 ±20
Non-Fat Milk Powder 3110±30
3380±20
3150 ±75
(NIST SRM 1549)

Table 2. Comparison of detection limits (ppb) for iodine in three SRMs using Conventional and Anticoincidence counting systems.
Detection
limits

Counting
mode

Non-Fat Milk Powder
(NIST SRM 1549)

Bovine Liver
(NIST SRM 1577b)

Rice Flour
(NIST SRM 1568a)

Lc

conv.
anti.

1.1 x 102
6.7 x 10'

6.8 x 10'
3.0 x 10'

3.5 x 10'
1.0 x 10'

LD

conv.
anti.

2.1 x 102
1.3 x 102

1.4 x io 2
6.2 x 10'

7.2 x 10'
2.1 x 10'

LQ

conv.
anti.

6.7 x 102
4.3 x io 2

4.4 x io 2
1.7 x 102

2.4 x 102
8.2 x 10'
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Improved Quality Control of Carbon-14 Labelled Compounds
J. W. Leonhardt, P. Fuchs, K. Standtke
IUT Ltd. Berlin, Germany
SUMMARY
IUT Ltd. is a producer of carbon-14 labelled organic compounds like benzene,
methanol, phenol, formaldehyde, Na-acetates and also special ordered compounds.
The quality control of this compounds is carried out by means of HPLC and GC-MS
due to chemical purity. Molar activity was determined by Liquid Scintillation Counting
and HPLC being equipped by an radioactivity detector. Unfortunately the accuracy of
the activity determination was arrived only ± 4 % relatively. This error is to high
because of the large dilution factors. In respect of the IUT accreditation as an
analytical laboratory in Germany the accuracity had to be improved remarkably.
Therefore the GC-MS-determination of molar activities of labelled compounds is
used as complementary method. An FISONS TRIO 1000 GC-QMS is used to
measure the mass spectra of the 14C-labelled compound. An special evaluation
code is used to dermine the enrichment values relative to the unlabelled molecules.
Taking into account the results of GC-MS the accuracy of molar activity
determination is improved to ± 2 %. The spectra evaluation is demonstrated,
examples are discussed.
INTRODUCTION
IUT is a producer of some carbon-14 labelled chemical precursors and also of
special ordered compounds for medical and environmental research programs.
Some of them are listed in table I, in which arrived chemical and radiochemical
purities and also the molar activity and the used analytical methods are stated:
HPLC, LSC and GC/MS.
TABLE I:

IUT synthesed and analysed labelled organic precursors and their quality parameters
and analytical methods

Compound

Benzene (14C)
Methanol (14C)
Sodium Acetate (1-14C)
Sodium Acetate (2-14C)
Carbon Dioxide (14C)
Methyl Iodide (14C)
Phenol (14C)
Formaldehyde (14C)
Chlorbenzene (14C)
Nitrobenzene (14C)
Aniline (14C)

Chemical purity

Radiochemical
purity

Method
HPLC
HPLC
HPLC
HPLC
GC/MS
GC/MS
HPLC
HPLC
HPLC
HPLC
HPLC

Method
HPLC
HPLC
HPLC
HPLC
GC/MS
GC/MS
HPLC
HPLC
HPLC
GC/MS
HPLC

%
>97
>97
>97
>97
>97
>97
>97
>97
>97
>97
>97

%
>99
>99
>99
>99
>99
>99
>99
>99
>99
>99
>99

Molar
activity
mCi/mmol
Method
100-150
GC/MS LSC
54-56
GC/MS LSC
54-56
GC/MS LSC
54-56
GC/MS LSC
54-56
GC/MS LSC
54-56
GC/MS
LSC
100-150
GC/MS
LSC
54-56
GC/MS
LSC
GC/MS LSC
54-100
GC/MS LSC
100-150
GC/MS LSC
100-150
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The chemical purity better than 97 % for all compounds is checked by HPLC and
GC/MS in the vapours or gases. Also most of liquids are checked by means of HPLC
besides nitrobenzene, which quenches scintillation events in the counting system.
This is also the case for LSC measurements. The LSC-determination of the molar
and total activities is limited by the large errors, which could arrive due to the high
dilution factors and also due to the evaporation of volatile compounds like ethers.
GC/IMS in combination with other two methods allows to arrive improved values.
METHODS
(1)

HPLC

Knauers analytical low pressure gradient system for binary solvents gradients with
solvent degasser, interface box, two pumps (64 type), solvent mixing chamber,
autosampler, oven and Rl and UV-VIS detectors. The raytest Bramona 2000"
radioactivity monitor with a glass scintillation cell. The columns used are ZOBRAX
ODS 5 urn 4,6 • 250 mm with included precolumn and AMINEX HPX-87 H Ion
Exclusiv Column 7,8 • 300 mm with precolumn.
(2)

LIQUID SCINTILLATION COUNTER (LSC)

TRI-CARB 2560 TX/XL Canberra Packard
efficiency:

3

H : 68 %

14

background:

3

H : 15 cpm

14

C : 96 %

C : 15,2 cpm (low)

408 large vials in sample changer
(3)
GC/QMS
FISONS INSTRUMENTS TRIO 1000 with Gaschromatograph of the 8000 series.
Fused silica capillary columns are fed directly to ion source pear electron beam. The
quadropole analyzer has a resolution of 1000.
DETERMINATION OF THE MOLAR ACTIVITIES
LSC
The activiy measurement by means of LSC is carried out by counting of an aliquotes
activity taken from the products. The volume and mass determination can be done
relatively simple by weighting. The aliquotes of some microliters includes relativley
large error in the range of 3 - 5 % relatively. The forthcoming dilution by a factor of
10 or 106 shall increase, this factor. So the determination of the activity A of the
product is executed by means of formula

v
A

(TOTAL ) ~ CPS ~
" (Sample)

"•
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CONCLUSIONS
The method of GC/MS determination is included into the activity determination in the
quality control system of the labelling lab in the IUT Ltd. The cross comparision with
NMR-values for the same lots show a good agreement in a range of relative errors of
± 2 %.
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Fig. 2: Mass spectrum of 14C labelled Ethin
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where cps is the corrected count rate of the LSC, V(product) and V(sampie) the volumes of
product and aliquote sample respectively and d the dilution factor. It becomes clear
that the error of the activity dAfroTAD is governed by the dV(SAMPLE).
GC/MS
The determination of the molecular activity a\

by means of the GC/MS is a

[mMolJ
relative method with good accuracity. a is calculated by means of the intensities of
masses in the spectrum of the compound considered. Because of the fractionation of
the labelled compounds by electron impact in the ion source of the mass spec there
are some lines labelled by 14C. Sometimes an error may be originated by the isotope
effects of the fractionation.
The figures 1...7 shows the mass spectra of 14C-labelled benzene (1), nitrobenzene
(2), carbon dioxide (3), ethin (4), chlorbenzene (5), anilin (6) and methanol (7)
excample the determination of the molar activity of benzene is done in the following
way if the following symbols are used

(1)
The fractionation of benzene gives the relevant lines 78, 82, 86, 90. The
number of 14C-atoms in the benzene molecule is given by formula (2).

ZC4 C) =

(2)

2/ 82

( )+4-/(86)+6-7(90)
7(78)+7(82)+7(86)+7(90)

and the molare activity a:

(3)

fl

= zrC).53,4<[-^]
\_mMol J
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Proposal of Novel Method of Continuous Monitoring of Possible Fuel
Failure of a Pool-Type Reactor
KEN-ICHISASAKI^ SHU A. HAYASHI^, and TATSUO MATSUURA (2)
College of Science, Rikkyo University, 3-34-1 Nishi-Ikebukuro, Toshima-ku, Tokyo 171,
JAPAN(1),
Institute for Atomic Energy, Rikkyo University, 2-5-1, Nagasaka, Yokosuka 240-01, JAPAN 2)
SUMMARY. We propose a simple and novel method for continuous monitoring of fuel failure in a
pool-type reactor. The monitoring is made on the basis of the continuous measurement of the
radioactivity of daughter nuclides (89Rb and l38Cs) of rare gases (89Kr and I38Xe, respectively) leaked
from fuel elements into the primary cooling water. Rare gases are purged by bubbling of nitrogen gas,
lead into a large volume column with inert packing materials to increase the surface area of water, and
washed with water (containing trace amount of sodium ions) counter-currently, where rare gases decay
and their daughter nuclides are transferred to a water phase, which is lead to a detection unit. The
proposed system is simple and almost maintenance free.
1. INTRODUCTION
A sensitive and simple continuous monitoring
of fuel failure in a nuclear reactor must be
established for safe operation and quick
response for a reactor accident.
Various
techniques have been employed for such
purposes (1, 2), but still the development of
simpler and more reliable methods are
required.
In our TRIGA reactor, we have been
recommended by the manufacturer (General
Atomic Co.) to measure the gross radioactivity
of aerosol in the air above cooling water. The
aerosol is collected with a commercially
available "continuous air monitor (CAM)",
which is composed of a small pump with a
filter paper and a GM rate meter. The main
radioactivities found there are fissionoriginating radionuclides, 89Rb (half life 15.15
min) and 138Cs (half life 33.41 min) (1,2).
These nuclides are the daughters of FP rare
gases, 89Kr (half life 3.15 min) and 138Xe (half
life 14.08 min), respectively.
Recently our group developed a sensitive
monitoring system (3), where we directly

collected the fission-originating rare gases, 89Kr
and 138Xe, from the deep portion of the reactor
cooling water into a bottle on the pool surface
by purging with nitrogen gas bubble. After the
collected gas stood in the bottle for decay, the
daughter nuclides were extracted to water by
shaking with water in the bottle. The units of
gas collection and transportation is semiautomated, but the system is still sophisticated
and costly.
Quite recently we have got an idea of a simpler,
more economical, fully-automated continuous
monitoring system.
The system consists
basically of a large column with packing
materials just as in a fractional distiller, where
the collected rare gas and a washing water flow
counter-currently. In the column, the rare gas
decays and the daughter nuclides are
transferred to water continuously. The effluent
water is led through a tubing to the top of the
detector for the measurement of radioactivity.
This paper reports the idea for the construction
of the simple fully-automated continuous
monitoring system searching fuel failure in a
nuclear reactor.

Washing Water Supply

Decay Column with
Inert Packing Materials

• j Gas
• *f Bubbles

N 2 Gas
Outlet

Daughter
Nuclides
Solution

Sample Room for
Flow-thru Detection

Detector Head

Primary
Cooling Water
Waste

Nuclear Reactor with water Pool
Figure 1. Layout of continuous monitoring system for detection of fuel failure in a pool-type nuclear
reactor.
2. LAYOUT OF MONITORING FACILITY
Figure 1 shows the design of a monitoring
system together with a pool-type nuclear
reactor. The system consists of a nitrogen gas
bubbling unit for rare gas purging from a
reactor pool, a gas collection unit, a decay
column unit which transfers daughter nuclides
to a water phase, a water supply to the column,
and a gamma-ray detection unit.
The nitrogen gas bubbling unit has a sintered-

plastics bubbling head at the outlet. The depth
of the head is adjusted to an optimum.
The gas collection unit is just a plastic funnel
placed inversely and dipped in the water pool.
The pipe portion of the funnel may be widen
and elongated in order to increase gas pressure
owing to the water level difference between
outside and inside the funnel. The pressure
help the gas flow through the column against a
flow resistance.

In the decay column, in order to increase the
surface area of washing water, suitable inert
materials are packed, where introduced rare
gases and carrier nitrogen gas flow upward, and
water flows down counter-currently to the gas.
Water wets the surface of the packed materials
and contact well with gases to collect daughter
nuclides efficiently.
As the packing materials, any kind of
hydrophilic materials are usable. High fraction
of wet/dry void is favorable for making a
compact column.
The water from the column flows through a
narrow tubing to the detector unit, where the
water gets into a spiral zone to keep enough
volume of water staying on the surface of a
detector for efficient detection. Couples of
layers of spiral tubing can be stacked, in series,
with each other for further increase in the
effective volume for the detection.
Instead of the spiral tubing, we can use a
column of cation-exchange resin which
accumulates the daughter nuclides, and can
measure the activity integrally. In the steady
state, the activity saturates and more counting
rate is recorded than in the spiral tubing system,
but the integral detection has slower response
to a rapid activity change than the differential
one.
Determination of column volume: The total
volume of the decay column (Vj) is expressed
by Eq (1) using a required residence time in the
column for the decay of rare gases (fr), the flow
rate of gases (i?g), and the fraction of wet void
(Fwv), which is the fraction of the gas volume in
the column (Fg) to the total column volume.

(1)
where
(2)
which is determined independently.
After staying (traveling) in the column for tr,
the rare gases decay, and the residue leaks away
from the column. The fraction of the leaking

portion, L is
(3)
Assuming that the efficiency of transfer of
daughter nuclides to the water phase in the
column is 100%, L represents the fraction of
loss of the daughter nuclides from the column
as well as that of parent rare gases. The
assumption is reasonable because the daughter
alkali metal ions are soluble in water and
behave similarly to sodium ions added to a
washing water for the column as a non-isotopic
carrier. Eliminating t, from Eqs (1) and (3),
we get Eq (4), and then V-x can easily be
determined, if we specify the required value of
L, Re, and F w :

R^lnL

(4)

According to a previous paper (3), an effective
value of R6 for purging was about 1 L/min.
Assuming that the value of Fwv is 0.7 and L is
0.5, the calculated value of V-x are 3.3 liter for
89
Kr and 14.5 liter for 138Xe.
Concentration of daughter nuclides a t
detector head: In the steady state, the
production rate of daughter nuclides at the
distance V#, in volume scale, from the bottom
of the column in the gas phase is
where \ , and Cpo, are a decay constant of a
parent nuclide, and the concentration of the
parent nuclide at the gas inlet of the column,
respectively.
The daughter nuclides are
transferred to the water phase and then decay
during traveling to the bottom of the column,
so that the concentration of daughter nuclides
connected to the Eq (5) at the water outlet
(bottom) (Cdi) is

Qi=A^e-WV^"\(6)
where X&, and V^ are the decay constant of the
daughter nuclide, and the volume of the water
phase which is the counter part of the gas phase
volume V&, and the sum of V$ and F^ is
constant in the same column with the same

packing materials. In the Eq (6), R^ is not
independent of Kw, which is not independent of
Rw, so that it is not simple to integrate the Eq
(6) over the entire volume of the column.
At the extremely low flow rate of washing
water (7?w), the slower the rate become, the less
the daughter nuclides come to the detector. On
the other hand, at the extremely high /?w, the
faster the rate, the less the activity comes to the
detector. Therefore, an optimum /?w carries the
most activity to the detector. The optimum can
be determined by experiments more easily than
by theoretical calculations.
3. CONCLUSION
The proposed simple system seems to work

sensitively for the detection of a fuel failure in
a nuclear reactor. The major part of the system
is a decay column, whose volume is easily
determined. The other parameter such as Flow
rate of water can be determined experimentally.
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K. FRANKE, W. TROGER, T. BUTZ, H. KUPSCH, and the ISOLDE Collaboration*
Fakultat fur Physik und Geowissenschaften, Universitat Leipzig
Linnestrafie 5, D-04103 Leipzig, Germany
* CERN, CH-1211 Geneve 23, Switzerland
SUMMARY.The interaction of Hg with humic acids was studied in the pmol to nmol range by
measuring the nuclear quadrupole interaction of 199mHg via time differential perturbed angular
correlation of gamma-rays. Up to five different coordination geometries were observed. Tentative
assignments are based on results on model compounds including Hg-derivatives of small blue
copper proteins. Two-fold linear and distorted three-fold planar geometries are predominant
with sulphur and nitrogen in the first coordination sphere.

1. Introduction
Humic substances play an important role
in life- and geosciences because of their
ubiquitous occurrence. They derive from
dead organic matter and are described as
weakly associated macromolecular units or
colloids with a molecular weight of 100 100.000 Dalton [1]. Because of their polyfunctional properties they can act as carriers
of inorganic and organic toxic substances.
Of particular interest is the interaction of
heavy metals like mercury and cadmium
with humic substances. Of primary interest is the speciation of the mercury in
humic substances in a wide range of Hgconcentrations from 10~10 M to 10~8 M or
higher. Conventional techniques like gel filtration, pH-gradient adsorption chromatography [2], UV/VIS-adsorption and fluorescence spectroscopy [3], or nuclear magnetic
resonance [4] are only applicable in a metal
concentration range exceeding the natural
level by 2-3 orders of magnitude. Even modern laser spectroscopic techniques like laser
induced photo acoustic spectroscopy [5] and
time-resolved laser fluorescence spectroscopy
[6] are only applicable at metal concentrations exceeding 10~7 M. On the contrary,
time differential perturbed angular correlation of 7-rays (TDPAC) utilizing radioactive nuclear probes is extremely sensitive
and proved already very useful in the case of
199mjjg p-j Here, the nuclear quadrupole interaction (NQI) allows to identify the metal
coordination geometries. In this paper we
describe an extension of such investigations

towards the pmol range using the on-line isotope separator ISOLDE at CERN, Geneva.
2. Experimental
2.1. TDPAC
The short-lived isomeric state of 199mHg
(71/2 = 42.6 min, / = 5/2 + ) decays to the
groundstate via the successive emission of
two 7-rays with energies of 375 keV (71) and
158 keV (72). For randomly oriented nuclear
spins - as it is the case in the present studies each 7-ray is emitted isotropically. However,
the coincidence countrate is anisotropic, i.e.
it depends on the angle between both emitted 7-rays. The reason for this anisotropy is
the conservation of angular momentum for
each of the decay processes. The intermediate level (/ = 5/2+) of the 7-7-cascade has
a half-life of T^J2 = 2.45(5) ns and a nuclear
quadrupole moment of Q = 0,67(8) barn
[8]. If the nucleus interacts via its quadrupole moment with the electric field gradient
the angular correlation between both 7-rays
is periodically perturbed due to the nuclear
spin precession. Hence, the time resolved
coincidence countrate can be written as [9]:

4 t) ~
P2 (cos 9) + ...),

A22G22(t)-

(1)

Here, the vectors k\ and k2 are the emission directions of 71 and 72 with 9 denoting
the angle between them, r/v is the nuclear
lifetime (rjv = Ti/2/ln2), A22 denotes the
anisotropy (A22 = 18.4(6) % [10]), G22(t) is
the perturbation function and P2 is a Legendre polynomial. The perturbation function

for pure NQI and / = 5/2 can be written as
[11]:
3

G 2 2 (0 = £/»(»?) <*»(<*(»?)*)•

(2)

«'=0

Here, fi(rj) are intensities which depend on
the asymmetry parameter TJ of the electric
field gradient tensor (EFG) and which have
well-defined values for a given r). The asymmetry parameter is defined as:

\vxx\ < \vyy\ < \vz

(3)

where Va denote the EFG-tensor components in the principal coordinate system.
The frequencies w,(r/) are related to the energy splittings between the sublevels with
m = ±5/2, ±3/2, ±1/2. The connection
to VQ — eQVzz/h, the nuclear quadrupole
coupling constant, is given as follows [11]:

and /? = 52il^!i
(4)
Note, thatw3 = wi-j-^2 by definition. Hence,
there are two parameters {u>\,rj) to be extracted for a unique probe geometry. In
the case of a superposition of several probe
geometries each site is characterized by its
pair of (u>x, rj). In addition, the site populations are treated as adjustable parameters.
In practice, solid angle correction factors
reduce A22 (also treated as a free parameter). Furthermore, the finite time resolution of the spectrometer - we used the
6-detector TDPAC-camera [12] - of about
700 ps FWHM has to be taken into account.
It reduces the intensity of high-frequency
components (> 2 . . .3 Grad/s).

with a = yJf

2.1. Isotope preparation
At the on-line isotope separator ISOLDE at
CERN, Geneva, an isotopically pure beam of
199m
Hg is produced with the only significant
contamination being 199gHg. We implanted
« 1010 atoms of 199mHg in ice at ~ 100 K.
This activity was used either without addition or with addition of inactive carrier in
the form of a Hg 2+ /5% HNO3 standard solution.
'American Society for Testing and Materials

2.3. Humic Acid Preparation
The starting material was water from the
"Kleiner Kranichsee", a moor in the upper
Westerzgebirge at the border between Germany and the Czech Republic. This site was
chosen because it provides refractory humic
substances with a low load of heavy metals
and other organic substances. In particular,
it is low in Fe-content which is important
for the present purpose. The characteristic geochemical parameters of this area are
pH= 3.2...3.5, redox potential ~ 200 mV,
conductivity 100 — 150 /iS/cm. In this area
the content of humic substances is 20 times
higher than normal. For the isolation and
purification of humic acids we followed the
procedure of the International Humic Substance Society (IHSS)[14j. We obtained
about 2 mg humic acid per litre of water.
2.4. TDPAC Sample Preparation
We dissolved about 50 mg of lyophilized humic acid in 10 ml of 1 M NaOH and adjusted
the pH to 4 by addition of 1 M HNO3. In
some cases we added 5 ml 0.1 M KC1 in order to adjust the ionic strength. We then
added "type I" ultrapure water (A.S.T.M.)1
up to 100 ml volume. The mother liquid
was stored in ice and protected from light.
We subsequently added carrier-free 199mHg
(about 370 kBq) to 50 /il mother solution.
In this way, a stoichiometry of about 107 :1
for humic acids : metal was obtained. All
stoichiometries are related to the total acidity of humic acids of 5 mmol/g, as obtained
by pH-titration after Ba(OH)2 exchange according to Stevensen [15]. Incubation times
were between 10 to 20 minutes. In order to
avoid molecular tumbling motions or intermolecular reorientational motions, the samples were frozen to temperatures between
-60 °C and -30 °C.
Seven different experiments - denoted Hgl
. . . Hg7 - were performed, the first three
under identical conditions with the sample
age being the only difference. We then compared the results for no carrier added and
carrier added incubations. Since the addition of KC1 could have led to the formation

Soi
of HgCl2 or related species, we refrained
from adding KC1 in the later experiments
(Hg4 - Hg7). Table 1 summarizes the preparation conditions.

3. Results
Figure 1 shows the observed time spectra
(left) and their Cosine transforms (right) for
all seven samples. There is a prominent peak
at about 1.5 Grad/s in all spectra. Differences are visible in the range from 2.0 Grad/s
to 4.0 Grad/s where the first harmonic u>2
or the sum frequency u>3 is expected. In addition, there are occasionally shoulders on
the low and high frequency side of the main
peak.
Keeping in mind that the line intensities are
not adjustable parameters, it is possible to
extract hyperfine parameters u> and r\ for up
to three different Hg2+-sites per spectrum.
A least squares fitting analysis yielded the
NQI parameters listed in table 2.
We found it useful to introduce the following five categories for the observed Hg-sites,
listed in table 3:
Figure 2 shows the relative populations of
the sites denoted A-E for all seven experiments.
It is clear that site A is observed only in those
cases where no carrier was added. This site
becomes dominant with age (Hgl-3), Hg3
being recorded 10 hours after Hgl. It is also
evident that site B is observed only when
KC1 was added. Site E seems to appear only
when carrier is added, with Hg7 being exceptional. It is rather surprising and elucidating
to plot all observed hyperfine parameters together with a selection of model compounds
in a so-called Czjzek diagram [16]. This is
essentially a linear plot of one EFG-Tensor
component (Vxx) versus a linear combination of Vzz and Vxx.
Figure 3 shows the resulting plot. There are
clearly clusters for each type of sites which
are encircled with a larger scatter for the
type E site (not encircled). In fact, those
clusters were the motivation for the intro-

duction of the categories A-E.
- Figure 3 -

4. Discussion
The close agreement of site A NQIparameters with those observed in Hgderivatives of the small blue copper protein
plastocyanin (wild type) [17] or the type 1
Cu-site in ascorbate oxidase [18] strongly
suggests that we are dealing with a rather
similar coordination geometry, i.e. essentially a three-fold, nearly planar coordination with one sulphur and two nitrogen
atoms. This is a rather surprising result
because it is believed that no model compounds for the type 1 copper site in blue
copper proteins exist thus far. On the other
hand, there are functional groups in humic
acids of the mercapto- and amino-type. In
fact, the sulphur content of our own humic
acid from the "Kleiner Kranichsee" was determined to be 0.33 %, more than enough to
form a "type-1-coordination" with Hg, especially in cases where no carrier was added.
The type D site is rather similar to the type
A site. Nevertheless, the NQI-parameters
agree better with those of a Hg-derivative
of mutants of the small blue Cu-protein
azurin [18], in particular with azurin mutants M121D and M121L [17]. A characteristic difference between these sites and the
plastocyanin (wt) site is the lack of the distant axial ligand methionine with a concomitant distortion of the three-fold-coordination
and the metal moving out of plane. Possibly,
glycine on the other side of the S-N-N-plane
at a rather large distance also plays a role.
Therefore, we tentatively assign the type D
site as distorted trigonal with S and two N in
the first coordination sphere plus additional
axial (but distant) ligands. These could
derive from carboxyl or hydroxyl groups.
The type B signal exhibits axial symmetry and therefore is most likely attributed
to a two-fold linear coordination geometry.
It is much lower in frequency than typical
S-Hg-S signals [19] or N-Hg-N signals (cf.
D-penicillamine, see below). Since it is observed only when KC1 was added and since
it is in the vicinity of the signal of crystalline HgCl2 we tentatively assign this site

to HgCb or related species. We do not consider it to be related to a specific binding
site in humic acids.
On the contrary, the type C signal is observed in all samples but Hg6. It certainly
belongs to an almost (or exactly) linear twofold-coordinated Hg. The most likely Uganda
are two S atoms (cf. Hg(cysteine)2 [19]), two
N atoms (cf. type 2 site in ascorbate oxidase
[18]), or are one S and one N atom (cf. Dpenicillamine [20]).
The type E signal is more difficult to assign
due to the lack of model compound data.
One example, i.e. tert-buthyl-mercaptide,
is shown in fig. 3. Here, Hg is four-fold coordinated by S in a distorted tetrahedral
geometry. We do not expect this to occur in
humic substances, too. However, the rather
low EFG at the type E site strongly suggests a four-fold-coordination in a distorted
tetrahedral geometry, possibly with N and
O as atoms in the first coordination sphere.
There is some indication of an ageing effect
(compare Hg4 and Hg7, the only relevant
difference being the age of Hg7 which was
70 hours).
Our observations are in qualitative agreement with our previous data using much
higher Hg-loads [7]. Higher coordinations
are found at higher Hg-loads whereas threeand two-fold coordinations are preferred at
lower loads. A similar observation was reported for the interaction of Hg with the
oligopeptide AACAA [21].
Summing up, we presented strong evidence for two-, three- and four-fold-Hgcoordination geometries with the most important ligands being S, N, and 0. The socalled type 1 Cu-geometry observed in blue
copper proteins seems to play an essential
role in mercury binding to humic acids, too.
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Table 1: Preparation of 199mHg-humic acids.
sample

volume

KC1

Hg carrier

measuring
temperature [°C]

Hgl
Hg2

200
200
200

yes
yes
yes
no
no
no
no

no
no
no
no

-50
-60
-60
-50

Hg3
Hg4
Hg5
Hg6
Hg7

200
100
100
100

5 • 10~ u mol
5 • 10~9 mol
no

-30
-60
-55

Table 2: Fitted NQI parameters of 199mHg-humic acids.
sample u>i [Grad/s]
1.48(3)
Hgl
1.00(1)
1.34(1)
Hg2
1.42(2)
1.00(1)
1.39(1)
1.49(2)
Hg3
0.99(2)
1.33(3)
Hg4
1.58(1)
1.33(2)
Hg5
1.23(3)
1.38(3)
0.64(4)
Hg6
1.26(1)
0.36(2)
Hg7
1.54(3)
1.39(2)
0.33(3)

V

0.88(3)
0
0
0.78(2)
0
0
0.85(2)
0
0
1
0
0.73(4)
0.26(4)
0.4(1)
0.83(1)
0.51(7)
0.84(2)
0
1

Pop. [%]
33
34
33
40
25
35
63
19
18
60
40
38
39
22
63
37
48
38
14

type
A
B
C
A
B
C
A
B
C
A
C
D
C
E
D
E
A
C
E

Table 3: Different coordinations of Hg2+ in humic acids.
type w [Grad/s]
V
A
0.79-1
1.44-1.58
B
0.999-1.01
0
C
1.33-1.39
0...0.26
D
1.2-1.26
0.73... 0.83
E
0.39-0.64
0.4... 1

proposed coordination
distorted trigonal planar
Hg-chlorine species
two-fold linear
distorted trigonal
four-fold
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Figure 1: TDPAC time spectra and their Cosine transforms of 199mHg humic acids.
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Figure 2: Site populations in 199mHg-humic acids.
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FRM-II: A new Reactor also for Isotope Production

H. GERSTENBERG AND W.WASCHKOWSKI
ZBE FRM-II, Technische Universitat Munchen
Lichtenbergstrasse, D-85747 Garching, Germany
SUMMARY. The "Forschungsreaktor Munchen II" (FRM-II) is a multipurpose research reactor
which is being built by the Technical University of Munich and which will be available in 2001. Its
single fuel element reactor core being operated at 20 MW thermal power will be installed within a heavy
water moderator tank. Besides the well thermalized neutron spectrum this design provides the particular
advantage that the maximum of the flux density ( O ^ « 8xlO 14 c m ' V 1 ) will be located outside of the
core volume and thus be available for experimental purposes. The FRM-II will mainly be used for
beamtube experiments; in addition, however, it will be equipped with various irradiation facilities
among these a pneumatic dispatch system and an automatically operated fast pneumatic dispatch setup
for the investigation of short-lived isotopes. A hydraulic dispatch system will offer the possibility of
high dose irradiations. Finally the FRM-II will be equipped with a silicon doping facility to be operated
on an industrial scale. Optionally the corresponding irradiation channels will also be available for the
insertion of a rotating sample holder or the irradiation of voluminous specimens.
1. INTRODUCTION
Since almost 40 years the Technical
University of Munich (TUM) is operating the
"Forschungsreaktor Munchen" (FRM), a light
water moderated 4 MW swimming pool
reactor of the MTR-type. Among other
purposes like the education of students or
systematic investigations in the field of
neutron scattering the conduction of
irradiation experiments for the benefit of basic
research and industrial applications is an
important task of the FRM. This statement is
supported by the number of more than 53,000
irradiations which have been conducted at the
FRM so far.
With respect to today's requirements regarding
the neutron flux density and the neutron
spectrum, however, the FRM is under certain
aspects not competitive any more. Therefore
the Technical University of Munich has
designed a new reactor - the "Forschungsreaktor Munchen II" (FRM-II) - which is being
built presently in close vicinity to the FRM.
The main purpose of the FRM-II is the supply
of neutrons for beamtube experiments. On the
other hand, however, it will be equipped with

various irradiation facilities which will cover a
broad
band of potential
irradiation
requirements.
The FRM-II is under construction since
summer 1996. According to the present
schedule it will be available for first
experiments in 2001.
2. GENERAL DESIGN OF THE FRM-II
The central component of the FRM-II is a
very compact single fuel element core
containing approximately 8.1 kg of high
density uranium silicide fuel contained in an
aluminum dispersion. The U-235 enrichment
is 93%. The reactor will generate a thermal
power of 20 MW.
Geometrically the core is designed in form of
two concentric cylinders with inner and outer
diameters of 113 mm and 243 mm,
respectively, and an active height of 700 mm.
A total of 113 identical fuel plates being
curved to involute shape are welded between
the concentric cylinders thus providing cooling
channels of a constant width of 2.2 mm. In
order to limit the power density in the

y\
vicinity of the outer periphery of the core the
fuel density within each plate is reduced
steplike at a radius of 105.6 mm from 3 g/cm3
in the inner region to 1.5 g/cm3. For the same
purpose the bottom part of the fuel element is
equipped with a boron ring acting as a
burnable poison.

control rod

Al

fuel element
core channel tube
lines of

equal flux density
DjO-

The fuel element of the FRM-II is designed to
be placed in a vertical core channel tube
which separates the light water cooling circuit
from the heavy water moderator tank
surrounding the core. The cooling water will
be taken from the light water reactor pool and
pumped downwards through the core at a flow
rate of approximately 1000 m3/h. The
corresponding temperature increase of the
coolant is estimated to be about 15 K.
The FRM-II reactor will be controlled by a
single hafnium control rod which will be
moved within the inner tube of the fuel
element. The lower part of the control rod is
connected to a beryllium follower. The Hf-rod
can be decoupled from the control rod drive
mechanism to fall down and act as a fast
shutdown system. A diverse and redundant
fast shutdown system is provided by five
hafnium rods which are fully withdrawn
during reactor operation. Four of- the five
hafnium shut down rods suffice to shut down
the reactor even in the hypothetical case that
the control rod would totally move out of a
fresh fuel element. In addition the compact
core design offers pronounced inherent safety
features which would make the reactor
subcritical under all postulated severe accident
conditions.
As mentiond above the FRM-II reactor core is
embedded within a large heavy water
moderator tank which is cylindrical in shape
with equal height and diameter of 2.5 m. After
generation more than 70% of the fast fission
neutrons are leaking into the moderator tank
where they are thermalized. Consequently, the
maximum of the thermal neutron flux density
is located outside the reactor core. Thus it is
in a position which is available for
experimental purposes. Its numerical value
has been calculated for undisturbed
conditions, i.e. neglecting the influence of the
beamtubes and other moderator tank
installations, to be about 8xlO 14 ernes' 1 . It is
noteworthy that the corresponding flux density
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35
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Figure 1. Lines of equal thermal neutron flux
density (given in ernes'*) in the vicinity of the
FRM-II reactor core. Note that the maximum
flux density is located outside the core volume
within the moderator tank.
of fast neutrons (E>0.1 MeV) is lower by a
factor of roughly 1000. A sketch of the
thermal neutron flux profile is given in Figure
1. The FRM-II will be operated in fuel cycles
of approximately 50 days at full reactor
power. It is scheduled to offer 5 cycles per
year after each of which the fuel element will
have to be changed.
The concept of the FRM-II and its compact
core is described in more detail in (1,2,3,4).
3. IRRADIATION FACILITIES
The FRM-II will be equipped with a variety of
irradiation facilities offering very flexible
irradiation conditions. In particular important
parameters like the neutron flux density, the
integrated neutron fluence or the size of
specimens can be varied in a wide range. All
of the irradiation positions offer an almost
pure thermal neutron spectrum characterized
in addition by a low y-heating. In addition to
the setups for material irradiation the FRM-II
will be equipped with a facility for the cancer
therapy by fast neutron irradiation.

The irradiation service of the FRM-II will be
open for interested parties from universities,
research institutes and industry as well. In
particular the silicon doping and eventually
the isotope production for applications in
medicine and technique is scheduled to be
carried out on a commercial base.
In the following sections some of the various
irradiation setups will be presented in more
detail.
3.1 Pneumatic dispatch facility
The pneumatic dispatch facility is assigned to
the short term irradiation of small specimens.
One of its major tasks will be to provide
samples for neutron activation analysis or
tracer experiments. Since the neighbouring
institute for radiochemistry of the TUM is one
of the most important users in these fields of
science it will be connected to the unloading
station of the irradiation facility by means of
an underground transportation tube allowing
the fast and easy delivery of specimens. The
corresponding
data
will
be
sent
simultaneously via a computer network.
The facility will consist of six independent
irradiation channels being arranged in two
bundles. The corresponding irradiation
positions are located within the heavy water
moderator tank in a distance of 550 mm (1.
bundle) and 700 mm (2. bundle) from the
central axis of the cylindrical reactor core.
According to their different height coordinates
the six irradiation channels will offer thermal
neutron flux densities between 5xlO* 2
c n r V 1 and 2xlO 14 c m ' V 1 . All of the near
core installations will be manufactured from
AlMg3, a low activation and easy machinable
material. The facility will be suited for
specimens with a maximum volume of 13 cnP
which will be contained in polyimide capsules
(diameter » 24 mm, length «110 mm) during
irradiation. This material offers the particular
advantage of negligible activitation and
temperature stability up to more than 100°C
whereas according to finite element
calculations even under saturation conditions
the empty capsule is heated by about 5 K only
due to B- and y-radiation. On the other hand
because of radiolysis the maximum applicable

dose is limited by the capsule material to
approximately 10*** cm'2.
A separate control and handling room for the
pneumatic dispatch facility will be available in
the reactor building. It will contain the two
central components of the facility, namely the
control computer and the pneumatic system.
The latter will consist of the gas supply, a
blowing, machine, the connecting tubes
between the handling room and the irradiation
positions and two glove boxes containing the
setups for loading and unloading. High purity
CO2 gas was choosen for the operation of the
entire pneumatic system because of its low
activation properties and its chemical inertia.
In order to avoid to load the system
accidentally with an unacceptable excess
presssure the necessary volume of gas for
each transportation process will be supplied
from two pressure vessels of 2 1 (insertion of
the capsule) and 8 1 (extraction), respectively,
both of which will be kept at 2.5 bars. The
expansion of these pressure vessels will
produce a pressure peak which will accelerate
the capsule on its first meters to a velocity of
about 10 m/s. For the remaining distance the
capsule will be slided with constant velocity
by the gas stream produced by the blowing
machine. The loading and unloading devices
for each irradiation channel will be arranged
in a lead shielded glove box which will be a
part of the pneumatic system. According to
this design the entire handling of the
specimens will be done in a controlled CO2
atmosphere. Consequently the danger of a
parasitic Ar-41 production due to the
unintended irradiation of air being contained
in the capsules is minimized. In addition due
to the installation of the unloading device
within a glove box any possible contamination
by e.g. rupture of a capsule will be restricted
to the irradiation facility alone. Finally a
permanent contamination control is foreseen
by means of an aerosol monitoring system
being installed within the off-gas of the
pneumatic dispatch facility.
In order to guarantee a proper function of the
entire pneumatic dispatch facility a permanent
computer control will be available. Besides
the detection of general malfunctions like e.g.
a loss of pressure or the input of humiditity

into the pneumatic system a complete
supervision of each irradiation specimen will
be realized. For this purpose any movement of
a capsule with respect to the loading and
unloading device, the irradiation position or
the decay position contained in each of the
irradiation channels will be registered by
means of a light barrier. A peculiarity of the
control unit is the use of an acoustic sensor
being mounted onto the irradiation tube
outside the pool water which will register the
strike of the specimen upon arrival at the
irradiation position. The corresponding signal
will indicate the begin of the exposure time.
After accumulation of the desired neutron
fluence
the
control
computer
will
automatically initiate the return of the
specimen from the irradiation position into the
decay position or the unloading device.
The future demand for irradiations at the
pneumatic dispatch facility was estimated by
means of an analysis carried out at the present
FRM to be about 500 irradiations per year. It
is however supposed that the demand will
increase after the FRM-II will be in routine
operation. Therefore the facility was designed
to allow a throughput of up to 5000
irradiations per year.

a rotary pump, a regulation valve, a flowmeter
and a bidirectional valve which allows to
change the flow direction. This unit will be
installed within a water-tight container to be
mounted within the storage pool. The
container will also be equipped with the inflow
and outflow of the circulating water.
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reactor pool

instrumennation
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f i moderator
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3.2 Hydraulic dispatch facility
In many respects the hydraulic dispatch
facility is a complementary setup to the
pneumatic system described above. It is,
however, assigned to the long term irradiation
of small and medium sized specimens (V <
30 cm^). Like for all the facilities presented
in this paper its irradiation position will be
located within the heavy water moderator tank
offering a thermal neutron flux density of
about 4.5x10*4 cm'^s'l. The corresponding
y-dose rate was calculated to be about 4x10^
Sv/h. Two identical facilities will be used in
parallel.
The general design of the hydraulic irradiation
facility is schematically shown in Figure 2.
The facility wiH be operated using light water
from the storage pool of the FRM-II as
transportation medium. The water will be
circulated in an open circuit which will be
driven from an instrumentation box containing

Figure 2. Operation scheme of the hydraulic
dispatch facilty. The numbers indicate:
1: rotary pump, 2: regulation valve, 3:
bidirectional valve, 4: flowmeter, 5: acoustic
sensor, 6: loading and unloading device, 7:
irradiation insert, 8: irradiation position, 9:
reactor core
Samples will be manipulated from a handling
platform being located at the rim of the
storage pool. The loading and unloading
device will have the form of a rotating
cylinder offering three positions for insertion
of specimens, transportation
into the
irradiation channel and extraction from the
facility. For radiation protection reasons it
will be located in a depth of about 2.5 m
below the surface level of the pool. The
loading capacity will allow the simultaneous
irradiation of up to 5 specimens per channel.
During exposure the samples will be

contained in standard Al-capsules which are
suitable for multiple use. Outside of the
moderator tank two separate tubes will be
available for the transportation of
the
capsules and the backflow of the circulating
water. In contrast, within the heavy water tank
both of the above tubes are combined to a
single insert and the circulation is maintained
in form of a concentric arrangement.
The control instrumentation of the hydraulic
dispatch facility will be similar to the one for
the pneumatic setup. Light barriers will be
available in the loading and unlaoding device
in order to register outgoing and incoming
irradiation capsules and an acoustic sensor
will be used for the proper registration of the
irradiation start.
3.3 High flux pneumatic dispatch facility
The FRM-II will be equipped with a high flux
irradiation facility being designed as a
"medium-fast" pneumatic dispatch system. It
will primarily be used for the neutron
activation analysis of short-lived radioisotopes
exhibiting decay times in the order of few
seconds. Under standard conditions these
isotopes will be activated up to saturation.
Consequently
the
sensitivity
of the
measurement is directly correlated- to the
neutron flux density. Therefore the irradiation
position of the facility will provide the highest
available flux density, namely O « 6 x 1 0 ^
cm'^s'l. Alternatively the same setup will be
used for the high sensitivity detection of
fission materials via delaied neutrons.
The main requirement for the facility is to
guarantee a rapid delivery of the activated
specimen
to the
measuring
device.
Consequently all handling will take place in
the reactor building thus keeping the
transportation lengths short and the delivery
times below 2 s. In order to fulfil this request
a capsule design of an outer transport capsule
exhibiting a lateral slit and an inner sample
holder containing the specimen has been
developed. Upon arrival at the measuring
position the route of the transportation tubes
is curved in a way that will lead to the
automatic separation of both capsules by
means of the centrifugal force. Finally the

sample holder containing the specimen will be
slowed down dynamically by transformation
of transversal into rotational kinetic energy,
and it will be stopped softly at the measuring
position which of course will be lead shielded
in order to minimize the background radiation.
Simultaneously a light barrier will start the
measurement.
For the construction and operation of the high
flux facility mostly the same materials will be
used as for the standard setup, i.e. the
irradiation insert will be manufactured from
AlMg3 and CO2 will be used for the
transportation. The irradiation insert within
the moderator tank, however, will be
constructed in form of a thimble. Thus light
water from the pool will be used as coolant.
The transport capsules will be made from
polyimide. They will, however, be rectangular
in shape in order to guarantee a fixed
geometry for the separation of the inner
sample holder. In addition this design
guarantees the abrasion from the capsule to be
small even in case of high velocities.
3.4 Silicon doping facility
The neutron transmutation doping (NTD) of
silicon [Si-30 (n,y) Si-31—B->P-31] is an
application of the FRM-II which will be
carried out on an industrial scale. The reactor
will offer two irradiation channels for the
NTD of Si crystals with diameters of up to 4"
and up to 8", respectively. All of the crystals
are supposed to be 500 mm in height. The
total doping capacity of both channels is
scheduled to be approximately 10 t/year.
Each of the irradiation channels will be
installed in a vertical tube. In order to achieve
the required high homogeneity of the doping
profile the crystals will be moved twice
through the irradiation channel while they will
be rotated with respect to their central axis.
The lead of the resulting helical motion will be
matched to the vertical gradient of the neutron
flux density. The desired doping concentration
can be controlled in a wide range via the
velocity of the vertical motion: The minimum
exposure time is about 3 minutes
corresponding to a P-doping of 7x10^ cm"l
On the other hand there is no upper limit for

the exposure time from the engineering point
of view.
The axial distance of the irradiation channels
from the fuel element will be approximately
1 m. In this distance even the introduction or
extraction of large Si crystals is estimated to
change the reactivity of the reactor by 0.05%
only. Moreover the change in reactivity will be
slow enough that it can be compensated by the
reactor control. In addition the crystals will be
subject to a heat load the maximum value of
which will be approximately 6.7 kW for an 8"
specimen
contained
in
an
AlMg3
transportation cask. This heating power will
be dissipated to the light water from the
reactor storage pool to be used as coolant. The
corresponding power density at the crystal
surface is calculated to be about 1 W/cm^.
Thus at a constant flow rate of 0.2 1/s the
cooling water will be heated by 8 K only.
It is evident that the loading and unloading of
the Si doping facility will be possible at full
reactor power. The entire handling of crystals
to be doped will be done remotely by means of
handling tools which will be installed on a
movable bridge spanning over the reactor
pool.
Finally it has to be noted that the silicon
doping facility can be used for other purposes
too. Alternatively a rotating sample holder
suitable for the irradiation of a large number
of small specimens under identical conditions
can be inserted into its irradiation channels. A
further application will be to provide an
irradiation position for large volume
specimens or in particular for liquids.
4. STATUS OF THE PROJECT
The project group FRM-II of the Technical
University of Munich is working since 1987.
The application for a nuclear license was
submitted in 1993 after the general concept of
the reactor and the safety analysis report had
been worked out in collaboration with the
company
Sie'mens/KWU
(the
former
Interatom) which was appointed general
contractor for the construction of the FRM-II
in 1994. In 1996 the first partial nuclear

license was granted covering the acceptance of
the safety concept, site development and
construction of the reactor building.
Right now the project group FRM-II and
Siemens/KWU are working out the detailed
design documents for the installation of all
components of the reactor facility. It is
expected that based on these documents the
second step of nuclear licensing will be
awarded by the German authorities still in
1997.
The third and final partial nuclear license will
cover the full reactor operation and is
estimated to be obtained in 2001. The nuclear
start up will be followed by a 50 days test run
at full power and finally by routine operation.
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SUMMARY. By now we have the 5-year experience of usage of the extractive centrifugal
semicountercurrent 90Y-generator for radiopharmaceutical purposes. The advantages of this method in
compare with well known others are: in principal the productivity of the equipment is not practically
limited - from tracer quantities to some tens of curies per one run; limits may be required by chemical or
radiation damage of using materials and substances; the separation process would be realized during 3060 min; the low 90Sr-contamination - about 10'9 % on the calibration date. The described method of
90
Y-separation is based on the semicountercurrent extraction process with phases inversion, that is
made on two consequently connected centrifugal contactors.
1. INTRODUCTION
Yttrium-90 was one of the first radionuclide
used for open sources therapy. Nowadays
more than 30 radionuclides are used for this
purpose, but the interest to the yttrium-90 does
not decrease yet. This is due to its convenient
nuclear physical properties: half-life is 64,2
hours and maximum p-energy is 2,27 MeV.
90
Y is used for different therapeutic purposes,
including radioimmunotheraphy with labeled
antibodies, treatment of the liver tumors and
rheumatic arthritis.
During last twenty years the Institute of
Biophysics produces and delivers according to a
special
order
the
colloidal
radiopharmaceuticals of 90 Y for therapy of the
inoperable and relapse craniopharyngiomas.
The radionuclide is obtained during the decay of
fission strontium-90. The main problem of the
safety clinical usage of 90 Y is its complete
separation from 90 Sr. 90 Sr main cause the bone
marrow depression due to its accumulation in
the skeleton (1). Besides, as in the other cases
of radionuclide production for medical usage,
there are stringent requirements to the quantity
of the chemical impurities which can terminate
the labeling. It is impossible to obtain the final
product with such stringent requirements in one
stage. So the technology of 90 Y separation from
90
Sr includes several stages of separation and
purification.

Wike et al, (1990) briefly describe the
application of different multi-stages systems for
90
Y production of high quality for medical
usage (1). Each of these methods has its own
limits. So the usage of organic ion-exchangers
is limited by the low radiation stability of the
sorbent. An application of the coprecipitation
techniques requires the carrier addition (nonradioactive yttrium). The authors describe the
technology of 90 Y production of high quantity
(about 50 Ci per run), using the extraction
90
Y from 90 Sr with the following additional
purification of the final product on the ionexchange sorbents. The extraction of 90 Y is
carried out with 1,0 M solution of D2EHPA
[di-(2-ethylhexyl)-phosphoric acid] in dodekane
from 0,1 M solution of hydrochloric acid,
containing 90 Sr. Then the extract is washed
thrice with equal volumes of 0,1 M solution of
hydrochloric acid for the removal of the 90 Sr
tracers. 90 Y is stripped with two portions of 6
M HC1 at phase ratio 1:1. After stripping an
aqueous phase is evaporated and the residue is
dissolved in 0,1 M HC1. Then 90 Y is extracted
again with 1,0 M solution of D2EHPA in
dodekane and is washed four times with 0,1 M
HC1. 30 ml 9 M HC1 is used twice for second
stripping. The obtained aqueous solution of
90
Y is passed through anion-exchange sorbent
for impurities removal. The eluate is
evaporated, dissolved in 0,1 M HC1 and passed
through the column with cation-exchange
sorbent for removal of the organic impurities

and phosphates.
An eluate and washing
solutions (HC.1) are combined, evaporated to
dryness and dissolved for the production of the
final product according to the customer
requirements. The above described process is
used
regularly since 1987 in Oak-Ridge
National Laboratory. Usually they produce
from 5 to 15 Ci of 90 Y in 10 ml 0,1 M HC1.
The impurity of 90 Sr in the final product does
not exceed 0,015 % and the total impurities of
the heavy metals are less than 20 ppm.
An
extraction
with
phosphor-organic
extragents especially with D2EHPA consider to
be the most effective method of 90 Y- separation.
Factor of separation can be 106 (Peppard et al.,
1957). In 70th~80th Malinin et al, (1984) used
an extractive-chromatographic method for 90 Y90
Sr separation (2). Teflon, impregnated with
D2EHPA is used as a sorbent. Because of the
different distribution coefficients the radioactive
yttrium completely separates from strontium
with small volumes of extragents and
concentrates in the upper layer of the column.
The distribution coefficient (D) is about 104
in O,1MHC1. The column is washed with 0,1
M HC1 for
more complete removal of
strontium-tracers. The stripping of 90 Y from
the column is made by 6 M HCl. The flow
rate of solutions is 1-5 ml/min. This method
allows to separate 90 Y from 90 Sr not less than
103 separation factor. The factor can be
(103)3=109, when the separation is repeated
once again. From our experience of this method
usage for many years we can conclude that the
coefficient of separation can be not less than
2,5x10* ^ when the purification is repeated 3
times, so the content of 90 Sr in the final
product does not exceed 4xlO 10 %. The
quantity of the impurities of 90 Sr in these
experiments was determined (after each
column) both as by direct 90 Sr measurements
after sample cooling till the complete 90 Y
decay during 2-3 months and by the adding of
85
Sr as y-indicator on each stage of,
purification. The method of 90 Y production
described above was very simple in operation.
But, the yield of the product on each stage of
purification was 60-80 %. So the final yield
was 35-40 % as. a rule. Besides the total time
of the production was 18-20 hours, which cause
the significant losses of 90 Y due to its decay.

We decided to use
semicountercurrent
centrifugal extractor
for the separation
improvement. The above technique enables the
most efficient implementation of all the routine
extractive operations such as recovery,
concentration and separation with the least of
extractive stages.
2. EXPERIMENTAL
2.1. Characteristic features of the
semicountercurrent extraction technique
This technique is the process of a solvent
continuous feeding into initial aqueous solution,
containing components that should be extracted.
When passing through a mixture chamber and
separator (see fig. 1), the solvent extracts the
mixture components consecutively according to
the decrease of their distribution coefficients.
(D 2 ; D ^ . An organic phase can be scrubbed in
the same manner, but in such a case the less
extractable component is scrubbed first (1/Dj;
1/D2). Both processes can be defined by the
following equations:
Extraction
C
WD 2
_ = exp(
)
(i)
a
aq~
V°(l+r aq D 2 )
Washing
c

Vl/D,

- = exp(-•)
(2)
W°
(l+r
0
c°
where're
a a q, a 0 - relative concentrations of extracted or
washed components in aqueous (in the case of
extraction) and organic (in the case of washing)
phases;
C°, C - initial and final concentration of the
extracted component;
c°, c - initial and final concentration of the
scrubbed component;
D,, D2 - distribution coefficients;
W - flow rate of extragent;
W°- initial volume of extragent;
V° - initial volume of aqueous phase;
V - flow rate of the washing solution;
r a q, r 0 - phase ratio in emulsion at extraction
and washing correspondingly
r o = V/W°;
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Figure 3. Typical output curves for
operations conducted in the centrifugal
semicountercurrent 3-stage single-unit
contactor.
Operations: 1 - the main product extraction, 2 - extract
scrubbing, 3 - extract collection, 4 - semicountercurrent
scrubbing from contaminants, 5 - stripping and the final
product release.

Figure 1. First centrifugal extractor of
the 90Y-generator
(extraction
and
washing)
1 - rotating body 2 - central fixed tube for entering and
removing of ^ S r s tock solution, 3 - the tube for
entering and removing washing solution, 4 - the tube for
extract removing, 5 -extraction chamber, 6 - washing
chamber, 7 - extract removing chamber, 8 and 11 mixing chambers, 9 and 12 - stirrers, 10 and 13 separators of extraction and washing chambers

Figure 2. Second centrifugal extractor of
the 90 Y generators
(scrubbing and
stripping)
1 - rotating body, 2 - fixed envelope, 3 - central fixed
tube for extract and scrubbing solution entering and for
spent solvent removing, 4 - hydrostopper tube, 5 extraction chamber, 6 - stirrers, 7 and 8 - separator with
hydrostopper, 9 - flute for scrubbing and stripping
solutions removing, 10 - collector for scrubbing and
stripping solutions, 11- tube for scrubbing and stripping
:
solutions removing

The main advantage of semicountercurrent
extraction is that the least extracted or washed
component can be separated with any purity in
one stage. Typical output curves for operations
conducted in the centrifugal semicountercurrent
contactor are shown in Figure 3.

2.2. Radionuclides and reagents
0,5 M solution of nitric acid, 0,1 M and 6 M
solutions of hydrochloric acid were used. They
were prepared from commercial chemicals of
chemical grade and doubly deionized water. The
solution 90 Sr no-carrier added was delivered by
V/O "ISOTOP". The solution 90 Sr was purified
preliminary from Zr and Fe by extraction
D2EHPA: it was passed through the column
with teflon-4 covered D2EHPA or in centrifugal
extractor after the first contact with D2EHPA,
as will be describe below. The solutions of 85 Sr
and 88 Y delivered V/O "ISOTOP" were used
for the more precise definition of the
distribution coefficients of yttrium and
strontium in the systems H N 0 3 " D2EHPA and
D2EHPA - HC1 and also for the determination
of the purification coefficient of 90 Y from
90
Sr.
2.3. Separation and purification of
yttrium-90
The generator of extractive type for production
of 90 Y- radiopharmaceuticals with high purity
was developed and prepared during this work
together with Laboratory of Extraction of the
Institute of Physical Chemistry of the Russian
Academy of Sciences. Generator is the cascade
of the equipment which includes: two-stage
centrifugal extractor; one-stage centrifugal
exractor; peristaltic pump; intermediate glass
devices.
The equipment layout is presented on Figure 4.
The construction of the two-stage centrifugal
extractor is shown on Figure 1. An extractor is
a barrel made from stainless steel with mixers
situated on two levels and chambers with forced

phase separation. Volumes of the first and
second stages are calculated theoretically and
are equal to 130 and 55 ml correspondingly.
The construction of one-stage extractor - 8" is
shown on Figure 2. An extractor is an original
construction barrel made from Plexiglas. In
contrast to first extractor in this one a heavy
(aqueous) phase is removed from it, but an
organic phase is always staid in extractor. The
chamber volume of the second extractor is
calculated theoretically and it coincides with
experiment. The dependence of extraction
efficiency of 90 Y and its stripping in 6 M
HCl on the reagents volume is shown on Figure
5. According to these data the optimal volume
of 0.25 M D2EHPA in dodekane passed
through the initial solution is 40 ml. 95 % of
90
Y is extracted in this case. 50 ml of 6 M HCl
is enough for 95 % stripping of 90 Y .

Figure 4. Equipment layout of
generator

90

Y-

1 , 2 , 3 , 4 , 5 , 6 - vessels for the solutions, which pass into
extractors, 7 - two-stage centrifugal extractor, 8 - onestage centrifugal extractor, 9 - waste collector, 10 evaporator, 11 - cooler, 12 - heater
90

Y is separated according to the following
technological way. The vessels 1, 2, 3, 4 and 5
are filled with 43 ml of 0,25 M D2EHPA in
dodekane, 55 ml of 0,5 M HN0 3 , 80 ml of 0,1.
M HCl, 50 ml of 6 M HCl and 20+40 ml of
0,1 M HCl, correspondingly by mean of
peristaltic pump (see Fig. 4). Vessel 6 is filled'
with 130 ml of 0,5 M HN0 3 containing 90 Sr.
The solution from the vessel 6 is carried on the
first stage of two-stage extractor arid the
washing solution from the vessel 2 (0,5 M

40

50

V, ml .
Figure 5. The influence of flowing
volume phases passed on 90 Y-extraction
x - extraction, • - stripping

HNO3) is carried on the second stage of this
extractor. Then extractor 7 is switched on and
the solution from the vessel 1 (0,25 M
D2EHPA in dodekane) is carried into extractor
7. Flow rate of the solution is 500-1000
ml/hour. The velocity of the extractor is 2500
revolutions per minutes (rpm). An organic
phase is transferred on the first stage of
extractor and dispersed in the aqueous phase by
mixer. Then the mixture is carried to the
separation chamber, force-separated and an
organic phase is carried on the second stage,
where it is washed and transferred to the second
extractor 8. At this time the extractor 8 is
switched on. After all an organic phase gathers
in the second extractor, the first extractor is
switched off. 80 ml 0,1 M HCl is pumped to
the second extractor. For 90Y-stripping 50 ml
of 6 M HCl is pumped from the vessel 4 (flow
rate 200 ml/hour). The solution of 0,1 M HCl
after extractor is discharged to waste. The strip
solution is collected in a separate barrel and is
carried under vacuum into the vessel 9 for
evaporation. The strip solution is evaporated
and then 5 ml of 0,01 M HCl is added in the
evaporation vessel, and evaporated again to
dryness. nf is washed from vessel walls with
0,1 M HCl and dispensed into the vials. 0,5 M
HNO3 from the second stage of the first
extractor and 0,25 M D2EHPA in dodekane
-' from the second extractor are gathered in the
waste collector 12 after finishing the work.
Solutions of 90 Y, separated from 90 Sr by
chromatography, (or solutions of 88 Y) were
used for the development of the separation
method. Several experiments with 90 Y, were
carried out. The final stage of these experiment

was 90Y-stripping from 0,25 M D2EHPA in
dodekane with 6 M HC1. The results of the
analysis after each separation stage (see table
1) show the typical 90 Y (88Y) distribution:
Table 1. Distribution of 90 Y (88y) in the
treatment in centrifugal extractor
Description of the
Relative
solutions after each
activity, %
stage of separation
100
Initial solution of 90 Y
in 0,5 M HNOq, 130 mCi
Initial solution after 9(?Y
extraction
0,01
Extract - 0,25 M D2EHPA
-100
in dodekane
Extract after stripping of
90y
0,75
6X10-4
Washing, 0,1 MHC1
98
Stripping, 6 M HC1
Total separation run time is 30-60 min. It
depends upon solutions rate flow into extractor.
Technological yield of 90 Y is 98 %. The
analysis of this solution shows the presence of
the following impurities, ppm:
I-rst lot
2-nd lot
Fe - 30
Fe - 5-10
Mn- 0,2
Mn- 0,5
Ni - 0,5
Ca - 2,5
Zn - 3
The high content of Fe was found.
The following experiments were carried out in
extractor that has the internal surface from
Teflon. The results of the distribution 9OY(88y)
were identical as described above. The solution
of 90 Sr (85Sr) nitrate was used in these
experiments as an initial. The results of analysis
of the intermediate solutions are shown in the
table 2.
The spectral analysis of the final product is
shown the content of Fe after 1-rst treatment
was 3,5 ppm and it decreased after several
treatments till 0,5-1 ppm. That is why in the
future after generator loads with 90 Sr solution
we never use first portion of the 90 Y final
product for the preparation clinical radiopharmaceuticals.

Table 2. Distribution of 90 Sr( 85 Sr) in
the treatment in centrifugal extractor
Description
of
the
solutions after each
stage of separation
Initial solution of 90 Sr in
0,5 M HNCh, 120 mCi
Initial solution after 90 Y
extraction
Extract
0,25
M
D2EHPA in dodekane
Extract after washing by

Relative
activity, %
100
99,99
0,01

~ lxl(H

0,5MHNCh
~ lxlO' 7

Extract after washing by
0,1 M HC1
Strip solution, 6MHC1

< lxlO- 9

3. RESULTS AND DISCUSSION
Usually the requirements of our customers were
not more than 60 mCi totally per one-two
weeks. So routinely we made the 90 Yseparation from nitric acid solutions involved
100-200 mCi 90 Sr. The technological
separation run was remade each two weeks. The
new stock solution of 90 Sr in 0,5 M nitric acid
was prepared each a half-year. Results of same
runs are shown in Table 3.
Table 3. Separation of
semicountercurrent
technique
Initial
90
Sr
activity, mCi

90

Y from 9 0
centrifugal

yuy

yuy

yield
from
I
extractor,

yield
from

Impuri
ties of
90
Sr

n

xlO 9 ,

extrac
tor,

%

VUy.
losses
after
evaporation,

Final

90y.
activity,
mCi

88,1 99,3 97,8
4,4
9,8
83,1
166,2 98,9 97,7
1,2
13,1 139,6
127,0 96,8 98,3
0,8
8,8
110,2
132,4 94,3 97,2 <0,2
7,5
112,2
265,9 93,6 98,5
7,0
11,4 218,0
121,6 97,0 97,3 <0,2 10,5 102,7
* These are average data from 8-12 runs after
the loading of new 90 Sr
solution.
Decontamination factors of 90 Sr to 90 Y is
calculated after the adding of 85 Sr on each
stage.
Main losses of 90 Y we observed during the
evaporation 90 Y in 6 M HC1 solution

(sometimes up to 20 %). Special construction of
evaporation vessels and slow solution flow into
evaporator were used to prevent the losses.
According to the rules of Russian State
Pharmacopoeia (RSF) it is necessary to perform
the chemical analyses on 18 elements impurities
in radiopharmaceutical for in vivo usage. There
are
corresponding
requirements
for
radionuclides solutions used in radiopharmacy.
Product solutions were analyzed for these trace
elements by spectral emission method. The
results are shown in Table 4.
Table 4. Average trace elements in
solutions (10-50 mCi/ml)
Element

As
Ba
Be
Bi
Cd
Cr
Cu
Fe
Hg
Mn
Mo
Ni
Pb
Sn
Sb
Te
Zn
Al

Detectable
limits,
ppm

1,0
0,1
0,002
0,05

0,5
0,05
0,02

0,1
1,0
0,01

0,1
0,1
0,1
0,1
0,5
1,0
1,0
0,5

90

Y-

Concentration,
ppm

None detected
None detected
None detected
None detected
None detected
None detected

0,1

0,5
None detected
0.05
None detected

this time we have not got any negative results
with radiopharmaceuticals preparation and their
clinical usage. Taking into account literature
data about D2EHPA radiation stability one can
believe the possibility of this method usage for
90
rather large
Y quantities separation.
Nowadays, the setup for 90Y-production about
10 Ci per run is made and its testing is started.
It is assumed to be performed fully autom
atically process.
Rather short production run time in coincidence
with satisfy quality of the obtained product
should be considered the main advantage of this
method. Besides, the process can be fully
automatizied. However it is not inconceivable,
that additional higher purification will be
necessary in the case of antibodies labeling (for .
example, by ion-exchange methods).
Acknowledgments. - The authors are indebted
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A New Radioisotope Facility for Thailand
K R HORLOCK
ANSTO, Private Mail Bag 1, Meriai NSW 2234, Australia
The Thai Office of Atomic Energy for Peace (OAEP)is planning a new Nuclear Research Centre
which will be located at Ongkharak, a greenfield site some 100 km North of Bangkok.
General Atomics (GA) has submitted a bid for a turnkey contract for the core facilities comprising
a Reactor to be supplied by GA, an Isotope Production Facility supplied by ANSTO and a Waste
Processing and Storage Facility to be supplied by Hitachi through Marubeni. The buildings for
these facilities will be provided by Raytheon, the largest constructor of nuclear facilities in the
USA.
The proposed Isotope Facility will consist of a 3000 m2 building adjacent to the reactor with a
pneumatic radioisotope transfer system. Hot cells, process equipment and clean rooms will be
provided, as well as the usual maintenance and support services required for processing
radiopharmaceutical and industrial products. To ensure the highest standards of product purity the
processing areas will be supplied with clean air and operated at slightly positive pressure.
The radioisotopes to be manufactured include Phosphorus 32 (S-32 [n,p]P-32), I-131(Te-130
[n,g]Te-131[p]I-131) for bulk, diagnostic capsules and therapeutic capsules, Iridium 192 (Ir191[n,g]Ir-192) wire for radiotherapy and discs for industrial radiography sources and bulk Iodine
125 (Xe-124[n,g]Xe-125[beta]I-125 for radioimmunoassay.
The bid includes proposals for training OAEP staff during design and development at ANSTO's
radioisotope facilities, and during construction and commissioning in Thailand.
The entire project is planned to take four years with commencement anticipated in early 1997.
The paper will describe the development of the design of the hot-cells, process equipment,
building layout and ventilation and other services.
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Highly-Enriched Actinide and Stable Isotopes for Scientific Research in
Russian Federal Nuclear Center
S.P.VESNOVSKII
Russian Federal Nuclear Center - All-Union Experimental Physics Research Institute
607190, Sarov (Arzamas-16), Nizhny Novgorod region, Russia

SUMMARY. The report presents information and capabilities of production on highly enriched stable
and actinide isotopes for scientific research and applied utilization. Electromagnetic separator and radiochemical methods provide obtaining of superpure isotope samples for nuclear-physical experiments,
for manufacturing standard materials and radiation sources used in calibrating of radiometric and
mass-spectrometric equipment, and also as tracers when analyzing environmental contamination. The
data on nomenclature of stable and highly enriched isotopes produced and delivered is presented. The
brief information on the possibilities of manufacturing targets, layers and also sources containing highly
enriched and superpure isotopes is given.
1. INTRODUCTION
The Russian Federal Nuclear Center founded in
1946 to design Russian nuclear weapons has
turned into the largest scientific research center,
to great extent influencing the modern science
development in the various fields of the fundamental and applied research. The research in the
field of experimental nuclear physics performed
on the experimental base and measuring technique concentrated in the Center for nuclear and
radiation research are of great importance in
RFNC activities.
The main fields of the research are as follows:
• Study of fission and fusion nuclear reactions, measurement of nuclear data for a wide
range of elements and construction materials,
measurement of critical mass, study of critical
mass configurations, measurement of integral
nuclear constants.
• Creation, development and application techniques of radiation characteristics measurement
for pulse and stationary regimes.
• Research in the field of radiochemistry,
mass-spectrum and isotope analyses using superpure actinide isotopes, including transuranium elements, development of radiochemical
measurement techniques and technologies for
different purposes.

• Design and creation of the laboratory experimental base for nuclear physics research on
the basis of electrophysics and nuclear physics
facilities, using radioisotopes.
• Study of possibility of transuranium elements transmutation, the latter containing in
radioactive wastes of nuclear power engineering, measurements of nuclear constants, necessary for transmutation process development.
Monitoring of environmental contamination
(soil, underground waters, etc.) with actinide
elements, creation of technology for the contaminated areas, decontamination, monitoring
of residual actinide content.
To provide this research program, the actinide
isotopes electromagnetic separation laboratory
that operates a mass-separator, S-2 type,
equipped with personnel radiation protection to
produce superpure isotopes of uranium, plutonium, americium and curium was set up in
1967 in the Radiochemical Department. There
is also a group dealing with production of layers and targets of these isotopes for nuclear
physics experiments. The isotope production of
the Radiochemical Department was delivered to
different Russian research institutes to perform
the state program on nuclear constants measurements for actinide elements. Not long ago
this production became available for the foreign
laboratories, as well.

Table 1. Basic parameters of the S-2 mass separator
Magnetic field form
Average trajectory radius, r0
Average intensity of magnetic field, Ho
Ion beam angle in magnetic field
Total length of average trajectory
Dispersion for 1 % relative mass difference
Accelerating voltage
Ion source
Maximum temperature of crucibles
Crucible capacity (large)
(small)
Ion source current
Isotope receiver
Material utilization factor during separation
Evacuation system
Working vacuum
Electromagnet weight
Power

H=H0ro/r
1000 mm
4500 Oe
114.6° (2 rad)
6000 mm
20 mm
up to 45 kV
plasma-type with filamentary longitudinal cathode, bicrucible
1000°C
lOg
Ig
up to 10 mA
slit-type with a variable number of boxes
-5%
four steam-oil apparatus of 5000 1/s
pumping rate and mechanical pumps
2-10"6-10-5Torr
18 t
50 kW

2. THE MAIN CHARACTERISTICS OF S2 MASS-SEPARATOR

nected with chromatism and dispersion in the
electromagnetic system of S-2 installation.

The main characteristics of mass separator S-2
are described in a series of publications and are
shown in table 1. As the working substance in
the ionic source of S-2 mass-separator the anhydrous trichlorides of the actinide elements
used in the amount of about 1 gram are utilized.
The efficiency of the working substance application in the one separation cycle is in the average about 5% of the initial mass, all the isotopes of the element separated accumulating
simultaneously in the isotope receivers. The
mass-separator configuration envisages the possibility of the dispersed substance collection
from the inner surfaces, thus, from 50 % to
80% of the initial mass can be reused for separation. The enriched isotopes are accumulated
in the receivers made of superpure copper or
aluminium. The isotopes are collected with the
help of the nitric or hydrochloric acids. The radiochemical methods provide obtaining superpure preparations, free from mould materials
and radioactive contamination by the other elements, the chromatographic and extraction
methods to determine the separating substance
content being used. The quality of the isotopes
enriched and the isotopes contamination content are determined only by the effects con-

3. THE NOMENCLATURE OF THE ISOTOPES PRODUCED.
To certify the highly-enriched preparations produced, the methods of mass- and alphaspectrometry are used. The mass-spectrometer
MI3340 type with the source of thermal ionization allows to determine isotope contamination
at the level of 5-10'7, the sensitivity of the
analysis for uranium being 1500 atoms/ion. The
accuracy of the isotope analyses reaches 0.1%
relat.( 2v ) for ratios > 10"2, and 1-3% relat.(2v)
for ratios<10'4. To determine isotopes like 232U,
236
Pu, 238Pu, 242Cm, 244Cm, alpha-spectrometry
methods are applied in the highly enriched
preparations.
For some nuclear-physical experiments it is essential to possess isotopes preparations of high
chemical purity, the content of contamination
being at the level not more than 10'7-10'8. The
methods developed in the Radiochemical Department provide such a degreee of purification
from contamination with the other actinides.
The content of the other elements in the preparations delivered is not more than 0.1 %. The
monitoring of

Table 2. Isotope contents of highly enriched samples
Isotope
Main isoto pe contents and impurities (as atoms. %)
232
233
234
235'
236
Uranium
3
2
3
<10"
U-233
99.97
0.03
0.1-10"
0.5-10" act.
U-234
15.3
84.52
0.13
1.3- 10"3
U-235
99.9923
1.7-10"4
2.6-10"3
4.5-10"3
< 1.27-10"2

U-236
U-238

< 1.8-10"*

Neptunium
Np-237

99.6

239
0.4
99.5
99.997
4-10-3
3-10"2
<10"3
<10"4

Pu-241

io-

Pu-242

3

5-10"4
5-10'2
3-10"4

Pu-244

Isotope

97.81
<2.82-10"4

99.9990

236

237

<0.01

99.99

240
0.015
0.5
2-10"3
99.9
90.7
0.17
3-10-4
0.1
5-10"4
0.4
0.3

241

242

2-10"4
6-10'2
0.2
99.6
99.998*
2.0
0.04

M0" 4

5-10"2
7-10°

244

0.23

1.610" 3
97.8
99.96
1.8
0.7

<10"3
<10"4
7-10"4
5-10"4
97.8
98.9

Main isotope contents and impurities
(as atoms. %)
241
243
242m
99.99
30.5
55.1
18.2
13.0
85.6
1.6
0.7
0.1
99.2
99.998
1.6-10"3
4-10"4

Americium
Am-241
Am-242m
Am-243

Cm-244
Cm-245

<4.03-10"

4

4.3-10"4
0.763

Main isotope contents and impurities (as atoms. %)

238

Pu-240

Isotope
Curium
Cm-243

1.41

0.1-10"2
4-10"2

Main isotope contents and
impurities (as atoms. %)

Isotope

Isotope
Plutonium
Pu-238
Pu-239

<1.58-1Q-

4

238

Main isotope contents and impurities (as atoms. %)

243
93.3
99.99*
1.5-10"2

Cm-246
Cm-247

0.5

Cm-248

0.1
0.1

244
0.6
8-10"3
99.3
1.3
6-10"3
<10"2
<10"2
12
2.7
2.8
1.7

245

246
4

4-10"
5-10 5
6-10"2
98.4
99.998*
6
8-10'3
7
0.8
0.04

0.6

io- 4
4-10"3
0.3
2.5103
98.0
99.8
7
5
1.24
0.7

247

248

<10~
<10"4

<io- 2

<10"3

<io-2

<10"2
<10"2
72.3
90.2

<10 2
<10"2
1.4
0.5

2

<10"4

0.1
97.5

chemical contamination is exercised through
mass-spectrometer usage with a spark ionic
source and absolute measurements of contaminators concentration.
The nomenclature of the isotopes delivered and
their characteristics are shown in the table 2. In

the lines *) the characteristics of the preparations obtained by the double fusion process are
shown. To monitor the environmental contamination and purification technologies, the following superpure isotopes are suggested (see
table 3.):

Table 3. Isotopic contain of uranium, plutonium and americium tracers for
environment measurements
Uranium-233
Uranium-232
Uranium-234
Uranium-235
Uranium-238

99,9472%
(0,5 ±0,1)
(0,503510,0019)
(0,108±0,002)
(0,133+0,002)

(mass)
-10-3%
-10-'%
-10-2%
-10-2%

Plutonium-238
Plutonium-239
Plutonium-240
Plutonium-241
Plutonium-242

99,98%
(5±1)
(6+1)
(7±1)
(8±1)
<(2±1)

(mass)
-10"5%
-10"3%
-lO^/o
-10"3%
-lO^/o

Americium-241
Americium-242m
Curium-244

99,998%
(l,6±0,4)
(4 ±1)
<(7 ±2)

(mass)
-10-3%
-lO^/o
-10"2%(act.)

Plutonium-242

Americium-243

4. METHODS OF SAMPLES
PRODUCTION
Depending on nuclear-physical experiment
designation and edition, various configurations
of the targets and sources, not to mention the
methods of plotting the active substance on carrier of different material are being used. The
application of the plotting methods with volatile
organic compounds of transuranium elements in
the vapour phase are of impressive results.
Such methods were developed for thorium, uranium, americium, curium and provided highlyefficient and even precipitation of the substance
on the carrier of various materials: aluminum
and its alloys, nickel, copper, bronze, titanium,
zirconium, glass, quartz, ceramics. For americium the most considerable results were obtained on ferrum and steel.

The technologies of the plotting uranium and
trasuranium isotopes on the super thin (~ 2u.m)
metal carrier with the additional protection by
polymeric and metal coverings are developed.
This helps to increase the safety of the activities
performed with such layers and decrease the
substance wastes during the measurements.
5. STABLE ISOTOPE PRODUCTION
For the last years RFNC has turned a new leaf
in its work: in 1993 the activities on stable isotopes and extremely pure substances production
were organized with participation of firm
"Rinvers-N" (N.Novgorod).

.333.
In RFNC-VNIIEF an experimental area of
high-speed centrifuges for isotope separation by
centrifugal method has been already put into
operation. The main task of the experimental
area is mastering isotope centrifugal separation
by RFNC-VNIIEF specialists and training staff
for fulfilling the basic project on creation of the
powerful production, the realization of which
started in 1996.
The project purpose is to utilize the equipment
and technology developed by Design Office
"GAZ", the city of Nizhny Novgorod. The production being organized uses the new gas cen-

trifuges models capable to efficiently separate
both heavy and light isotopes.
The centrifuges are united into the technological
blocks, designed constructively in such a way
that they allow to actively reorganize the lines
on different isitopes production. It, in its turn,
will help to meet the demands of the market and
enlarge the range of the isotopes production.
The initial programme of our experimental production envisaged the simultaneous output up
to 6 different isotopes of sulfur xenon, crypton,
cadmium and zink. The capacities of the main
production will allow to simultaneously produce
up to 30 different isotopes, see table 4.

Table 4. Main characteristics of producing stable isotopes.

Ge-76

Isotope or
compound
metal

Atom's ratio
of isotope (%)
65-95

Mass ratio of
substance (%)
99.8

Ge-76

oxide

85-99.7

99.8

Cd-112, Cd-114, Cd-116

metal

60-99

99.95

Cd-112, Cd-114, Cd-116

oxide

40-96

99.95

Kr-78, Kr-80, Kr-82,
Kr-83,Kr-84, Kr-86
Xe-124, Xe-126, Xe-128,
Xe-129, Xe-130,Xe-131,
Xe-132,Xe-134,Xe-136
Ni-58

elementary

90-99

99.9

elementary

90-99

99.9

metal

77-99.9

99.95

Ni-58

oxide

88-99.9

99.93

Se-78

elementary

74-98

99.9

S-33, S-34, S-36

elementary

10-98

99.8

Te-126

metal

60-99

99.95

Te-126

oxide

60-94

99.95

Cr-50

metal

80-97.7

99.85

Cr-50

oxide

80-97.7

99.85

Zn, impoverished in isotope Zn-64
Zn-64, Zn-66, Zn-67,
Zn-68, Zn-70
Zn-64, Zn-66, Zn-67,
Zn-68, Zn-70

metal

<1

99.9

metal

>34-99.5

99.95

oxide

>34-99.2

99.85

Substance
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laboratories and research centers both of
Europe and Asia, with which we are in close
contact and buisness relations. We possess
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SUMMARY. In recent, years a revolution in radiotherapy has been developing based on more
sophisticated targeting methods, including radioactive intra-arterial microspheres, chemicallyguided bone agents, labeled monoclonal antibodies, and isotopically-tagged polypeptide receptorbinding agents. The isotopes of choice for these applications include reactor-produced beta
emitters such as Sm-153, Re-186, Re-188, Ho-166, Lu-177, and Rh-105. The University of
Missouri Research Reactor (MURR) has been in the forefront of research into means of
preparing, handling, and supplying these high-specific-activity isotopes in quantities appropriate
not only for research, but also for patient trials in the U.S. and around the world. Considerable
effort has been expended to develop techniques for irradiation, handling, and shipping
radioisotopes worldwide. The MURR has also served as a highly reliable production source for
radioisotopes, with one of the best operating histories of any radioisotope production reactor in
the world.
1. INTRODUCTION
Nuclear medicine today is primarily
diagnostic, but it has been pointed out that
diagnosis of an incurable disease is of limited
value. With competition from other
diagnostic modalities, recent progress in
nuclear medicine has focussed on its unique
ability to provide radiotherapy for
malignancies and other maladies. Supply of
radioisotopes for these purposes is crucial
because more activity is required per patient
(typically at least 100 mCi, or 3.7 Gbq) and
the specific activity may have to be very
high. In addition, beta emitters are highly
preferred because their 1-10 mm ranges in
tissue are appropriate to lesion sizes and the
inhomogeneity of typical isotope
distributions.
High powered research reactors are
appropriate for making therapy isotopes
because neutron bombardment produces beta
emitters and because copious amounts of
isotope can be made in many targets
simultaneously.
Although (n,gamma)
reactions tend to produce low specific
activity radioisotope, judicious choice of
high cross-section targets and very high
thermal fluxes often makes the radioisotope

high enough in specific activity to be useful
for techniques such as radioimmunotherapy.
In addition, reactors can produce no-carrier
added (NCA) isotope by indirect production,
in which (n,gamma) reactions are followed by
beta decay and a chemical separation, and also
through production of isotope generators,
such as the W-188/Re-188 system.
2. DEVELOPMENT OF THERAPEUTIC
ISOTOPES
Nuclear medicine therapy requires physical,
chemical, or immunological guidance to
deliver radioisotope to the sites where it may
destroy diseased tissue. An example of
physical guidance which MURR has been
heavily involved in is the use of labeled
microspheres directed by catheter or syringe
to areas of lesions. Researchers at MURR, in
conjunction with other University of Missouri
(MU) scientists and a pharmaceutical
company, developed 64.1-hr. Y-90
T h e r a S p h e r e ™ , an activatable glass
microsphere(l) injected via catheter through
the hepatic artery to treat liver tumors.
Clinical trials of this agent from 1986-1989
in Canada and the U.S. resulted in its approval
in Canada in 1991. Other work at MU has
suggested the applicability of this technique to

pre-surgically sterilize kidney tumors, using
46.3-hr. Sm-153 activated glass
microspheres. Work at MURR has also
been performed on Re-186/Re-188 labeled
protein or polypeptide microspheres for
radiation synovectomy(2).
About 15 years ago MURR became part of
two projects to develop therapeutic bone
agents to palliate the pain of osseous
metastases. This represents what some have
called the "small, labeled molecule"
approach to radiotherapy, in which the
chemical characteristics of the compound
determine its targeting. In particular, high
metabolic rates at bone cancer sites are
believed to lead to concentration of
phosphonate compounds. Production at
MURR supplied and continues to supply
development and trials of 89.3-hr. Re-186
HEDP (hydroxyethylidene diphosphonic
acid) for this purpose(3). In addition, a
project arose at MU and MURR to
investigate Sm-153 for this purpose,
culminating in the development of Sm-153
EDTMP (ethylenediaminetetramethylene
phosphonic acid)(4,5). With the success of
Phase I clinical trials of this agent, it went
on to become an approved drug in the U.S.
in March, 1997, with MURR being the
principal supplier of radioisotope. This
project in particular demonstrates what can
be accomplished with a multidisciplinary
university effort (reactor, chemistry
department, veterinary school, and medical
school) in conjunction with good industrial
support. A related effort is MURR's
current supply of Curie (37 Gbq) quantities
of Ho-166 for small-molecule, controlled
ablation of diseased bone marrow in
leukemia patients prior to marrow
recolonization(6). Although these Re-186,
Sm-153 and Ho-166 agents do not require
extremely high specific activities, the large
neutron cross sections of their precursors
permit production of Curie (37 Gbq)
quantities of activity per mg of target.
Much work is now being conducted at
MURR to develop, prepare and supply highspecific-activity isotopes for research and
clinical
trials
involving
radioimmunotherapy and receptor-guided
therapy. In such treatments, antibodies,
fragments of antibodies, or short-chain
polypeptides are used as the targeting
vectors. Radiosotopes can be attached
either through direct labeling to amino acids

(e.g., Re-186 or Re-188) or via bifunctional
chelates (radiolanthanides and Rh-105).
For about 6 years MURR has been producing
1-3 Ci (37-110 Gbq) quantities of Re-186 at a
specific activity of about 3.5 Ci (130 Gbq) per
mg of rhenium for radioimmunotherapy trials
in the U.S. and Europe(7); development of
new rhenium targetry greatly aided this
process(8) and simplified labeling by
clinicians.
Related to this has been
development at MURR of W-188/Re-188 gel
generators able to supply no-carrier-added
(NCA) Re-188 (tl/2=17hr) using low specific
activity, W-188 (tl/2=69.4hr) produced by
double neutron capture on W-186(9). This
technology, in which target material is
processed into a column packing in which the
Re-188 diffuses efficiently into saline eluate,
permits gram quantities of tungsten to be
loaded onto small columns producing the very
compact elution profiles (i.e., high activity
concentrations) of Re-188 needed for
radioimmuno- and receptor agent labeling.
The extensive experience at MU with
radiolanthanides has led to work with Lu-177,
which has a very large cross section for
neutron capture on Lu-176, and with the DyI66/H0-I66 generator system. The Lu-177
(t 1/2=6.72 day) irradiated in the MURR high
flux (flux trap) position of about 4.5 X1014
neutrons/cm2/sec activates about 1 in 5 Lu
atoms to Lu-177. At such specific activities,
this radioisotope is being produced by MURR
for clinical trials in the U.S.(10). Similarly,
while Dy-166 must be produced by double
neutron capture, MURR is able to achieve a
specific activity of over 1 Ci (37 Gbq) Dy166/gm dysprosium. As Ho-166 is the
daughter of Dy-166, this has led our group to
propose an in-vivo, delayed dose generator, in
which Dy-166 is separated from its Ho-166
daughter and injected as a component of a
therapeutic radiopharmaceutical. During
localization, the weak beta of Dy-166 would
do relatively little damage to healthy tissue,
while after localization and ingrowth of highbeta-energy Ho-166 the dosage to target
tissue would be much higher. Supplying Ho166 (t]/2=26.8hr) via Dy-166 (t, /2 =81.6hr)
permits generator supply of NCA, Ho-166
while reducing decay losses during shipment.
Work at MURR has shown that the generator
separation may be achievable by a hot-atom
process.
Rhodium-105, with its 35.4-hr, half life, low

energy beta emissions, and inert complex
formation, has been suggested as an ideal
radiopharmaceutical isotope similar in some
respects to the difficult-to-obtain Cu-67.
For a number of years MURR has produced
research quantities of NCA Rh-105 for use
at MU and other universities.
This
production involves irradiation of Ru-104
to produce Ru-105 (tl/2=4.5hr), which
decays to Rh-105. Separation is complex,
requiring oxidation of ruthenium target to
RUO4 and subsequent distillation, leaving
Rh-105 in the original solution. This
radioisotope has so far been supplied only
for animal trials.
3. OTHER REACTOR
ISOTOPES

PRODUCED

In addition to the above nuclear medicine
isotopes, MURR produces large quantities of
radioisotope for other purposes, principally
as biomedical research tracers. Many curies
(37 Gbq quantities) of P-32 and S-35 are
produced by irradiation of natural isotopic
enrichment sulfur and potassium chloride,
respectively. Indeed, MURR is one of the
world's leading sources of these raw
radioisotopes, produced via (n,p) reaction.
Recently, development of a propriety
process using isotopically enriched S-33 has
led to MURR supply of large quantities of
P-33. This radioisotope, which has a longer
half life than P-32 (25.3 vs. 14.3 d) and a
lower beta energy, is more convenient and
safer than P-32 and thus has found favor
for labeled compound research.
4.

CONCLUSIONS

High power research reactors capable of
supplying short-lived radioisotopes have a
vital role to play both in biomedical
research and in the upcoming field of
therapeutic nuclear medicine. A network of
these reactors throughout the world is
important to progress in human health and
biomedical research.
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Ir Using the SM and MIR Research Reactors
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SUMMARY. The reactor and technology basis available at SSC RIAR allows the application of
several iridium irradiation procedures including the use of two reactors. The following procedure
appeared the most preferable one: at the first stage - iridium irradiation in the MIR reactor for about 15
days followed by a short-time (about 10 days) irradiation in the SM reactor. Such a procedure provides
the achievement of the desired specific activity of l92Ir (~580Ci/g) and in this case it is possible to spare
neutrons (power), achieving the desired value of I92Ir specific activity, or with the same amount of
neutrons to produce 192Ir with a higher specific activity.
1. PECULIAR FEATURES OF 1WIR ACCUMULATION
The accumulation features of Ir on irradiation with nuclear reactor neutrons are determined, in the
first place, by the high values of neutron absorption cross-sections in the thermal and epithermal energy
regions. At a relatively large half-life (Ti/2=74.2 days) it means that in a wide range of neutron flux
densities the required specific activity can be achieved by selecting the irradiation time.
Fig. 1 shows 192Ir maximum specific activity and the time required for its achievement as a function of
thermal neutron flux density on the surface of a specimen under irradiation. I92Ir maximum specific
activity changes from ~ 490 up to ~ 680 Ci/g in the thermal neutron flux value range of 1014-10l5cm"2
while the time required for its achievement decreases by eight. On the other hand, even at a thermal
neutron flux density of ~1.5xlO14 CITIES"1 the time required for the achievement of the maximum activity
is equal to 192Ir half-life. At low values of neutron flux the loss of useful 192Ir radionuclide is determined
to a similar extent by the contribution of neutron capture and radioactive decay, hence, at high fluxes
the contribution of neutron flux becomes overwhelming and the «potential» has no time to be
implemented as the maximum specific activity is achieved fast.
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Thus, a relatively weak dependence of the maximum specific activity on the neutron flux density allows
for the production of 192Ir of the required quality (specific activity is ~500 Ci/g) during an acceptable
time period in the majority of research reactors including those having a relatively low flux. A certain
irradiation procedure of indium is chosen on the basis of the reactor available.
2. BASIC IRRADIATION CYCLES OF IRIDIUM IN THE MIR AND SM REACTORS
The reactor and technological basis available at RIAR provided the development and practical
implementation of several indium irradiation procedures using both the SM-high-flux reactor and the
MIR-low-flux channel-type reactor and their combination as well.
The MIR reactor is characterized by the ability of a local power control in certain fuel assemblies (FA)
and, hence, in irradiation channels. The maximum possible power can be changed in each particular
irradiation channel from one campaign to another and it is determined by the power limits both in the
reactor as a whole and in each particular FA. The basic indium irradiation cycle in the MIR reactor
comprises: 25-day operation of an irradiation channel at 1.8 MW power, shutdown for fuel reloading
followed by the next 25-day operation of the irradiation channel at 1.8MW (in this case the thermal
neutron flux density achieves 2xl014cm"2 s'1).
In the SM reactor the basic irradiation cycle assumes the iridium irradiation in the nearest-to-the-core
reflector channels (the thermal neutron flux density is 1.5xl015cm'2s'') during two micro-campaigns (10
days each followed by a 2-day shutdown for the fuel reloading).
In this case 192Ir specific activity achieved in both reactors is approximately the same and achieves
-580 Ci/g (e.g. commercial specific activity for the disks of 0.3mm thick is ~520 Ci/g) at the end of
irradiation cycles.
Both procedures have some disadvantages:
• in order to provide 192Ir delivery every month, double quantity of iridium is loaded into the
MIR reactor because of the long duration of its operation cycle. Besides, such operation
conditions lead to an increased power density of FA in the irradiation channel and also in the
FA surrounding it as compared to the average value of the reactor;
• frequent prolonged shutdowns of the SM reactor for iridium reloading determine the
operating conditions of the reactor which are not optimum for the fulfillment of other
parallel tasks.
These considerations and also the intention to improve the reliability of deliveries defined the selection
of more «intellectual» irradiation procedures for iridium including a possibility to combine two reactors.
One of these procedures that includes time profiling of power of the MIR irradiation channel was
validated in detail (Toporov, Tarasov (1)).
3. SENSITIVITY OF
VARIATIONS

192

IR ACCUMULATION PARAMETERS TO THE NEUTRON FLUX

In order to investigate in detail the dynamics of 192Ir accumulation a dependence of the radionuclide
specific activity to a preset irradiation time on the variation of neutron flux was defined. The
investigations were performed using methods of the disturbance theory which was formed using the
formalism of adjoin functions. The method is based on the joint solution of a system of differential
equations describing the change in the nuclide concentration with time «t»:
dn
- = [A] n(t)
dt

implemented by the fast achievement of a high power of the reactor (or of the irradiation channel [1]) or
by the reloading of specimens into a channel with a high neutron flux (another reactor is possible too).
4. COMBINED IRIDIUM IRRADIATION PROCEDURES
The reactor and technology basis available at SSC RIAR allows the application of several iridium
irradiation procedures including the use of two reactors. The following procedure appeared the most
preferable one (Fig.3): at the first stage - iridium irradiation in the MIR reactor for about 15 days
followed by a short-time (about 10 days) irradiation in the SM reactor. Such a procedure provides the
achievement of the desired specific activity of I92Ir (~580Ci/g) and in this case it has no disadvantages
of the basic irradiation cycles. A reverse procedure: irradiation in the SM reactor followed by the
irradiation in SM is less efficient and can be used only if it is necessary as an alternative.
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Thus, on the basis of the investigation of 192Ir accumulation dynamics a combined procedure for iridium
irradiation has been validated and implemented in practical work using two reactors (SM and MIR).
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and system of corresponding adjoin functions
dn*
- - = [A]T n*(t)
dt
where: n(t) - nuclide concentration;
[A] - velocity matrix of nuclear reactions;
T - transposition;
n*(t) - value function.
The formalism used is described in detail in A.Gandini et al. (2), J.M.Kallfelz et al. (3).
The authors developed a special computer code that, using averaged values of nuclear reactions as
initial data, allows defining' of concentration, value function of nuclides, change in the useful nuclide
concentration (or other accumulation parameter, e.g. specific activity) on disturbance of one of the
irradiation parameters (e.g. reactor power, group neutron fluxes and cross-sections of nuclides).
Fig.2 presents the dependence, based on the basic iridium irradiation cycle in the MIR reactor, of the
sensitivity (sensitivity is a ratio of the relative change of an accumulation parameter of a useful nuclide
to the relative change of the parameter under variation, %) of I92Ir specific activity to the time of the
disturbance introduction (neutron flux density varied). It was detected that the response degree to
disturbances made at the beginning of the cycle is small and it increases sharply if disturbances are
introduced at the end of the cycle.
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The analysis of the data (Fig.2) allows for an important qualitative conclusion - it is worthwhile to
reduce the neutron flux density at the beginning of the irradiation cycle and due to its disproportional
increase at the end of the cycle (as the response degree is higher, s. Fig.2) it is possible to spare neutrons
(power), achieving the desired value of 192Ir specific activity, or with the same amount of neutrons to
produce l92Ir with a higher specific activity.
Thus, it is undoubtedly efficient to apply iridium irradiation procedures including gradual (in practice,
of course, it is stepwise) increase of neutron flux in the process of irradiation. Such conditions can be

