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Foreword 

Once again, it is a great pleasure for meto present the Annual Report of the 
Institute for Transuranium Elements. I do this with somewhat mixed feel
ings, since 1999 is the last year of my almost 14 year period as Director. 

During this period at the Institute there have been many changes. In a time 
where we have seen interest in nuclear energy wane, the Institute has 
equipped itself to face a much more competitive environment, to venture 
into new areas, and to support the policies of the European Union. 

We have seen "third party" work introduced, and this now accounts for 
about 15% of the Institute's total budget. Our customer base comprises of 
research organisations, industry,authorities, and inspectorates.This is a ma
jor achievement and a great credit to the staff.To achieve this, quality man
agement techniques have been introduced.This has led to certification of 
standards in our laboratories and to a "stamp of approval" which enables us 
to compete effectively and guarantee quality in the work for our customers. 

ITU supports increasingly Commission Directorates in the areas of nuclear 
safety for Eastern countries (DG External Relations), radioactivity in the envi
ronment (DG Environment) and safeguards (DG Energy). A milestone in this 
respect has been the inauguration this year of the'On-site-Laboratory" at 
Sellafied (U.K) for safeguards measurements. The design and installation 
work for this laboratory for nuclear material accountancy was carried out by 
ITU staff. 

During 1999, new experimental facilites have been developed and reflect a 
concentration of our mainstream activities. Of great interest here is the abil
ity to investigate advanced aqueous and pyroprocessing techniques for 
processing spent fuel to separate or partition the more harmful radioactive 
by-products from nuclear waste. Once separated, these by-products can 
then be fabricated into targets in a new Minor Actinide laboratory.There
after, they will be irradiated in dedicated reactors in which they will be con
verted into less harmful products. Success in these activities may have con
siderable impact on the problem of radioactive waste disposal and 
ultimately lead to better acceptance of nuclear energy. 
A spin-off activitiy, i.e. alpha-immunotherapy, continue to expand to meet 
increasing interest from hospitals.This activity underlines again the benefi
cial effects that radiation can have - in this case the treatment of patients 
with cancer. 

Our mainstream in-house activities in the field of basic actinide research con
tinues to provides the necessary scientific platform upon which such new 
activities can be launched. We attract a large number of young researchers 
through our reputation and publications in actinide science and the first 
class research facilities that ITU has at its disposal. 

Finally, I feel deeply satisfied that I leave with the Instititue in a healthy state. 
The new 5th Framework Programme of the European Union will require 
once again a shifting of priorities within the Institute programme and de
mand a continuing flexibility among the co-workers. I do not hesitate when 
I say that ITU will rise to meet these challenges with all the energy and fer
vour that have been so apparent over these last 14 years. 

J. van Geel 
Director 

ITU Annua l Repor t 1999 - (EUR 19054) -^ 3 





Institute for Transuranium Elements Annual Report 1999 

Foreword 

ITU's Programme 7contribution to 
5th Framework Programme 

1 5 Competitive Activities 

Highlights '99 1 6 Growth of single crystals of mixed 
actinide dioxides 

Ί 8 New crystal phase of americium metal 

2 0 "Switching" on nuclear reactions: laser 
induced fission of uranium 

2 2 Volatile molecule of Pu03 observed 
by subliming plutonium dioxide 

2 4 Application of the micro-X-ray 
diffraction of the rim zone in high 
burn-up fuels 

2 6 Separation of minor actinides from 
lathanides 

2 8 α-decay damage in U02: 
Long term storage behaviour 
in spent fuel 

3 0 A milestone in nuclear safe-guards 
Inauguration of the 
"On-Site" laboratory in Sellafield 

3 2 Plutonium round-robin test 

Review Article 
3 4 Partitioning and Transmutation 

Studies at ITU 

Input & Output 5 0 Resources 

5 2 Quality Management 

5 3 Institute Organigram 

5 4 Publications & Patents:Overview 

5 6 Information Dissemination 

B - Activities in Progress 

Projects 61 Index 

6 3 Alpha Immuno-therapy 

6 9 Basic Actinide Research 

9 5 Safety of Nuclear Fuels 

1 0 9 Partitioning and Transmutation 

1 1 7 Measurement of Radioactivity in the 
Environment 

1 1 9 Spent Fuel Characterisation for Long 
Term Storage 

1 2 7 Safeguards Research and 
Development 

Annexes 1 4 1 Publications and 
Conferences Contributions 

1 5 2 Collaborations with External 
Organizations 

1 5 7 Contributors 

1 5 8 Glossary & Acronyms 

1 6 1 Previous Annual Reports 





ITU's Contribution to the 5th Framework Programme 

Economy and acceptability remain keywords for long-term nu
clear developments. Acceptability implies safety, proliferation 
resistance, low or negligible health impact. In response to these 
remarks made by the Scientific Audit Team in their report on 
the Institute's activities, ITU scientists will continue to concen
trate their efforts on making a useful contribution in the 5th 
Framework Programme. 

Changes were introduced into the new research pro
gramme, following extensive discussions with other 
Commission Directorates who were involved in the concep
tion, monitoring and implementation of nuclear related EU 
policies.One result of these consultations was the establish
ment of a new research direction, i.e. Radioactivity in the 
Environment. 

In support of the European Commission's programme 
"Serving the Citizen" through Medical and Health 
Applications, ITU performs 

- Alpha-lmmunotherapy studies. 

In support of the EAEC (Euratom) programme "Nuclear 
Fission Safety','ITU activités centre on 

- Basic Actinide Research 

- Safety of Nuclear Fuel 

- Partitioning and Transmutation 

- Measurement of Radioactivity in the Environment 

- Spent Fuel Characterisation in View of Long-Term Storage. 

In the interest of Euratom's "Control of Nuclear Materials 
and Safeguards" and the EC's non-proliferation commit
ments, ITU does 

- Safeguards Research & Development work. 

ITU continues to provide services to other Directorates-
General, to network with other research centres, to do work 
forthird parties.With these activities ITU earns some 15% of 
its budget. 

ITU's ambitions, in line with the Audit team's recommen
dations are to: 

- remain a source of advice in the sensitive field of nuclear 
technology and 

- remain a centre of excellence in research, 

with a view of guaranteeing quality service for the benefit of 
the European citizen. 

More details on ITU's activities over the reporting period can 
be found in the following pages. 

I 
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ITU's Contribution to the 5th Framework Programme 

Alphalmmunotherapy 
Developing, testing, and validating a new type of drug 

against various forms of cancer presents a challenge to sci

entists and raises hope in patients. ITU has been studying 

the use of highenergy lowrange alpha particles,coupled to 

suitable antibodies. Bismuth213, a daughter product of ac

tinium225, has been packed into a "magic bul lef ' to combat 

cancer. 

Collaboration with universities, hospitals and the pharma

ceutical industry in Europe and in the U.S. was intensified in 

the search for additional suitable alphaemitting nuclides, 

cancerspecific carriers, e.g. antibodies or peptides, and ap

propriate chelators (the "glue" holding the nuclide and the 

carrier together). 

With demand for alphaemitters for clinical tests rising, 

largescale production of actinium225 from radium226 

has become necessary.Therefore, ITU is exploring new pro

duction paths for these radionuclides. Facilities were creat

ed for preparing radium targets, treating them after irradia

tion in a cyclotron, and separating the actinium. A sufficient 

number of actinium / bismuth generators can be sent to 

hospitals in Europe and elsewhere once the ongoing tests 

have been successfully completed. 

The short halflife (45 minutes) of bismuth213 has proved a 

handicap in certain assessments of the therapy's effective

ness. ITU has designed and created a novel, longerlived 

mixture of other bismuth isotopes. The product is being 

tested at the German Cancer Research Centre, Heidelberg, 

where specialists are also performing preclinical tests with 

bismuth213 for nonHodgkin lymphoma. 

Investigations to treat various other types of cancer are also 

underway at hospitals and universities in New York (U.S.), 

Nantes (F),Gent (B), Basle (CH),Göttingen,and Munich (D). 

'■■: V '*.< H | 

»« 

Demands are high on Roger Molinet's con

centration and skills when labelling anti

bodies with bismuth213 for targeted tu

mour therapy. 
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ITU's Contribution to the 5th Framework Programme 

Basic Actinide Research 
Good knowledge of fundamental physical, chemical and 
materials science data on actinides and actinide-containing 
products, i.e. nuclear fuels and nuclear waste, is the basis for 
addressing nuclear issues. 

ITU scientists aim at developing an understanding of the 
properties, especially the electronic structure, of these ac
tinides and actinide compounds. Activities range from 
preparing and purifying the elements to studying single 
crystals by sophisticated physical techniques, some of 
which involve the use of intense synchrotron beams, neu
tron or muon beams.Theoretical research on the electronic 
properties of the actinides backs up experiment and sug
gests new avenues for investigation. 

With new fuel materials for advanced reactors under discus
sion, materials science data are urgently required.The sup
ply of data such as phase diagrams, thermal properties, pres

sure behaviour and irradiation behaviour is a genuine task 
for basic actinide research. Findings of investigations can al
so help to answer questions arising in connection with the 
management of highly active waste. 

Characteristics of ITU Basic Actinide Research are high-qual
ity scientific publications, visibility at international confer
ences, and world-wide collaboration with academia and na
tional research centres.The Group has traditionally hosted 
scientists for well-defined experiments. With the creation of 
the Actinide User Laboratory, its attractiveness has grown. 

Particular attention is given to training the next generation 
of scientists, especially those from Member States which 
lack fissile materials handling installations. Results are en
couraging with the number of students, doctoráis and post-
docs, spending up to three years at ITU, remaining at a con
stant level - despite scepticism of nuclear sciences among 
the general public. 

New directions in actinide science: preparation of thin films for 
surface studies. Valérie ¡chas (right) and the doc and post-doc 
grantees Frédéric Miserque, Monique Idiri, Andreas Lindbaum, 
Karsten Litfin (from left) 
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ITU's Contribution to the 5th Framework Programme 

Safety of Nuclear Fuel 
Safety of nuclear installations is a major public concern, af
fecting operators of power reactors, fuel fabrication plants, 
national and international licensing and regulatory authori
ties alike. Demand on research for solutions is multi-layered: 
regulators insist on improved safety, plant operators strive 
for increased operational efficiency. 

Leaving fuel rods inside the reactor for longer operation pe
riods seems a viable compromise. However, there may be 
limits to subjecting fuel rods to so-called higher burn-up. 
ITU is,therefore, investigating these phenomena and factors 
that may endanger the integrity of the fuel and thus set lim
its to extended burn-ups. 

ITU has concentrated on mechanical and chemical interac
tions at the fuel / cladding interface and on enhanced fis
sion gas release and related modifications of the mi
crostructure of the fuel. 

Through participation in PHEBUS, the reactor meltdown 
simulation project, ITU has gained new insights into the be
haviour of melted fuel rod bundles and of the behaviour of 
aerosol deposits in the primary circuit. 

Modelling remains an integral part of safety studies. The 
TRANSURANUS fuel performance code has been comple
mented with new data.Training of users has continued, in
cluding scientists from East European countries. 

Another approach to improve fuel safety and reduce civil 
and military stockpiles of plutonium is the development 
and use of advanced fuels. Together with European part
ners, ITU is developing advanced fuel fabrication techniques 
based on the Sol-Gel process and carbo-thermal reduction. 

Safety-relevant studies with a bearing on advanced fuel fab
rication techniques and protection of operating personnel 
were continued. 

Safety research often needs its own instruments. ITU's latest 
development is a compact and user-friendly precision tool 
for recording a full thermal spectrum in a few milliseconds and 
obtaining information on the temperature of the emitting 
surface.The device can be used under difficult conditions, 
e.g.for measuring materials with high evaporation rates. 

ITU specialists guiding telemanipulators in 
shielded hot cells: Giorgio Palglosa and 
Kuno Römer (left and right); Oliver Courson 
(middle) monitoring his PC screen. 
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ITU's Contribution to the 5th Framework Programme 

Partitioning and 
Transmutation 
Lowering the radiotoxicity of waste by reducing the quanti
ty of actinides and other long-lived radioactive elements in 
the fuel cycle means reducing potential long-term hazards 
arising from growing stockpiles of spent fuel and separated 
civil and military plutonium. 

Separating long-lived nuclides from the waste, recycling 
them in reactors for transmuting or "burning" them by neu
tron capture or fission is considered an important waste 
management option. 

Under its Partitioning and Transmutation programme, and 
in close co-operation with its European partners, ITU has 
been testing and evaluating processes that permit an effi
cient separation (partitioning) of radiotoxic elements from 
spent fuel with a minimum of losses. Advanced aqueous 
and dry reprocessing techniques have received particular 
attention. 

ITU has also been studying techniques appropriate for pro
cessing the resultant product. It aims at optimising fuel fab
rication technology for novel, minor-actinide containing fu
els for the transmutation or "incineration" of long-lived 
actinides and fission products. It has, therefore, tested exist
ing and new fabrication techniques for fuels and targets 
used in irradiation experiments. Also inert matrices, i.e., ura
nium-free fuels, for effective burning of excess civilian or 
military plutonium were produced and studied at ITU. 

Further, ITU has started developing and testing new analyti
cal techniques for measuring minor actinide fuel solutions 
and compounds. 

Minor actinide containing materials cannot be fabricated in 
conventional facilities. Remote handling and shielded cells 
are necessary to protect operators from intense radiation. 
ITU's Minor Actinide Laboratory meets all of these require
ments. The laboratory will be commissioned soon and can 
open its doors to its partners in 2001. 

Michel Ougier testing the newly installed 
glove-box for pyrochemical studies on ra
dioactive waste. 
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ITU's Contribution to the 5th Framework Programme 

Measurement of 
Radioactivity in the 
Environment 
"We agree to prevent pollution of the maritime area from 
ionising radiation through progressive and substantial re
ductions of discharges, emissions and losses of radioactive 
substances . ..."is the objective of Art. 15 of the SINTRA state
ment released by the Ministerial Meeting of the Oslo Paris 
(OSPAR) Commission on 23.7.1998 for the Protection of the 
Marine Environment of the North-East Atlantic. 

In response to the needs, especially of the Environment DG, 
ITU has embarked on this new activity. 

It is applying its expertise in trace analysis to tasks of verifi
cation of radioactive discharges and emissions from nuclear 
installations, the identification and characterisation of ra
dioactive scrap material and sources. Work also includes 
studies on migration patterns of actinides in the biosphere. 
Also, technical assistance in radiological emergencies is 
foreseen under the programme. 

After carefully defining the development programme 
among the partners and assessing the suitability of avail
able equipment, work has started at ITU. Minute particles 
containing actinides were successfully selected and sepa
rated for chemical analysis. 

This new project is gaining momentum. ITU scientists'ambi-
tions are focused on becoming a European reference labo
ratory in this field. 

Laura Aldave de las Heras preparing hot 
swipes in a "clean"glove box. 
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ITU's Contribution to the 5th Framework Programme 

Spent Fuel Characterisation 
in View of Long-term 
Storage 
The two approaches for waste management favoured by 
the Member States of the European Union are intermediate 
storage with subsequent conditioning for final disposal and 
intermediate storage with subsequent reprocessing before 
final disposal in geological formations. 

The behaviour of irradiated fuel under conditions of direct 
long-term disposal requires further investigation with re
gard to basic processes involved. Safety relevant data on the 
corrosion and dissolution behaviour of waste under realistic 
conditions are of utmost importance to determine the ra-
diotoxic potential and assess the consequences of storage 
over extended periods of time. 

In this context, ITU, continues to study the leaching behav-
iourof real high burn-upspentfuel, including MOXmaterial. 

Particular attention is given to the different types of ground
water and other parameters as they prevail under realistic 
conditions. 

After about 500 years' storage the radioactivity of the spent 
fuel stems mainly from alpha decay, and alpha radiolysis 
plays a key role. It will damage the structure of the fuel and 
influence its dissolution behaviour. For studying the influ
ence of radiolysis on spent fuel dissolution, ITU has prepared 
and studied samples of U02 containing different concentra
tions of short-lived actinides (mainly Pu-238). New speci
mens are being fabricated with the much longer lived U-233 
as the source of alpha-radiolysis. 

Also, the influence of agglomerates rich in plutonium oxide 
on the dissolution mechanisms of MOX fuels was further in
vestigated. 

In performing its work, ITU will remain in close contact with 
national research centres and agencies as well as Member 
State authorities in charge of long-term storage of waste. 

Thierry Wiss investigating α-damage accu
mulation in (U,Pu)02 using the Transmission 
Electron Microscope (TEM). 

ITU A n n u a l R e p o r t 1 9 9 9 - (EUR 1 9 0 5 4 ) - 4 1 3 



ITU's Contribution to the 5th Framework Programme 

Safeguards Research and 
Development 
Preventing proliferation of nuclear material is a world-wide 
task shared by the European Commission's Euratom and the 
International Atomic Energy Agency (IAEA) inspectorates. 
They are responsible for implementing safeguards meas
ures to control the use of nuclear materials within the 
European Union and world-wide. 

As a long-time partner, ITU has been providing assistance 
with expertise on plutonium handling facilities, such as re
processing or MOX fuel fabrication plants. As the Com
mission's Analytical Reference Laboratory in Safeguards it 
has developed new analytical tools to analyse and charac
terise different nuclear materials, perfecting them to per
form forensic analysis and identify seized, illicit material. 

ITU has fulfilled its commitment for designing and installing 
an in situ laboratory for safeguards measurements: the first 
On-Site Laboratory was inaugurated at BNFL's Sellafield 
reprocessing plant in October.Work for a second installation 
of this kind at Cogema's La Hague plant is making good 
progress. 

ITU's participation in a round robin test on nuclear forensics, 
organised by the P-8 International Technical Working Group, 
was successful with the identification of the origin of an 
unknown plutonium sample. In the same context, a model 
action plan for the seizure of nuclear material was devel
oped and demonstrated in the Ukraine. 

The ITU nuclear materials databank was extended by inte
grating data received from industry in the Member States. 

Progress was made in the environmental monitoring field 
by refining analytical techniques and instrumentation.The 
circle of inspectors trained in safeguards on high-perform
ance trace analysis (HPTA) has widened: the Brazilian-
Argentine Agency for Accounting and Control of Nuclear 
Materials has sent its delegates to Karlsruhe forthe ITU courses. 

The first tour of the On-Site 
Laboratory in Sellafield after 
its inauguration; (from left to 
right): Professor Jacques van 
Geel together with Hans 
Günther Schneider (ITU), and 
Mr. Wilhelm Gmelin (Euratom 
Safeguards Office, Luxem
bourg). 
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ITU's Contribution to the 5th Framework Programme 

Competitive Activities 
In this first year of the 5th FWP, ITU submitted 15 new 
Shared-Cost Action proposals in the nuclear field. One new 
proposal - a "Cluster" with the JRC Institute for Health and 
Consumer Protection, Ispra is in the field of alpha-immuno-
therapy. 
Four Competitive Support Activities (focussed on technolo
gy transfer and validation) were started under the competi
tive action scheme with several hospitals and research part
ners; one Innovation Programme Proposal entered the 
implementation phase and includes both international and 
regional collaboration (German Cancer Research Centre, DK-
FZ, in Heidelberg). 

In the field of Safeguards, a large effort was made to satisfy 
the request for analyses by our customer DG Energy. This 
covers enrichment,fuel fabrication and reprocessing plants 
and the relatively new area of detecting clandestine or un
declared activities through the analysis of "swipes" from en
richment plants or hot cells. 

In the related area of combatting illicit trafficking of nuclear 
materials, several PHARE / TACIS projects were completed 
for DG External Relations.This includes the demonstration 
of the on-the-spot use of the transferred know-how and 
equipment,such as in Hungary, Bulgaria and the Ukraine. 

ITU's core competences in safety of nuclear fuel research, 
partitioning and transmutation, spent fuel behaviour char-
acteristion also gave rise to a large volume of Third Party 
Work in 1999. Many European industrial nuclear organisa
tions are included in ITU's customer book. 

Outside Europe, ITU is collaborating with EPRI in the US and 
KAERI in Korea. Long-lasting relations with the Japanese 
CRIEPI were continued and strengthened in 1999 with a 
new activity in the field of pyrometallurgical processing.The 
addition of European research partners working for ad
vanced / alternative reactor concepts, such as ADS, have also 
expressed interest in this direction. 

Finally, 1999 was a year of major challenge for the installa
tion, on-site testing, and commissioning of the on-site safe
guards laboratories in Sellafield and La Hague, which, start
ing from 2000, will be operated by a qualified team of ITU 
technicians, supporting DG Energy, Luxembourg. 

I 

Fig. All smiles after signing an
other important contract: Dr. 
Mitsuo Fukushima of CRIEPI, 
Japan, and Professor Jacques 
van Geel, ITU Director. 
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Highlights'99 

Growth of single crystals of 
mixed actinide dioxides 

Despite receiving considerable attention for the past 
50 years, the actinide dioxides continue to provide signifi
cant scientific and technological challenges. By far the 
greatest effort has been made with U02 , for which large 
single crystals have existed for many years. Ostensibly sim
ple compounds with the CaF2 face-centered cubic structure, 
the dioxides may exist in many stoichiometric forms with 
both excess and reduced oxygen content. From a technical 
perspective the interaction with oxygen (e.g. distribution of 
vacancies or interstitials, their mobility etc.) as well as how 
other atoms (e.g. fission products) react in U0 2 are the 
central questions.These problems are naturally even more 
complex in mixed actinide oxides [e.g. the fast neutron 
reactor fuel MOX, (U08Pu02)O2] and in potential fuels 
planned for the transmutation of the minor actinides such 
as Np, Am, and Cm in fast neutron reactors. A more complete 
knowledge and characterisation of these mixed oxides is 
therefore necessary, and a pre-requisite for these investiga
tions is the availability of single crystals. 

In basic research on the electronic and magnetic properties 
of these materials there are still major questions remaining; 
for example, in 1999, papers appeared on the basic proper
ties of all three actinide dioxides U0 2 [1], Np0 2 [2], and 
Pu02 [3]. 

Returning to a process developed some 20 years ago, we 
have used the vapour transport method involving TeCI4 to 
grow a wide series of mixed actinide dioxides, as well as the 
stoichiometric dioxides themselves. Fig. 1 shows a single 
crystal of Pu02 and Fig. 2 one of (U088Pu012)O2. Single 
crystals have also been achieved of other mixed oxides, 
e.g. (Np,U)02 and even mixtures containing small amounts 
of Am. 

Although the crystals produced by this method are small, 
the crystal quality is very good. Modern techniques are able 
to extract a considerable amount of information from ex
periments on such crystals. 

As an example of the studies that can be performed on 
these small crystals, we show in Fig. 3 the energy depend
ence of the magnetic scattering of x-rays from a 0.73 mg 
crystal of Np0 2 compared to that from a similar size crystal 

Fig. 7 Scanning electron microscope image of Pu02 single 
crystals grown by the chemical vapour transport 
method. 

Fig. 2 Single crystal of(U088Pu012)02 isolated from the materi
al by mechanical fragmentation. 

of NpRu2Si2 (also grown at ITU).The results from these stud
ies have established the ground state of Np02 , although the 
form of the energy dependence as shown in the Fig. 3 is not 
yet understood. Such studies, and others involving different 
techniques, will now be extended to the single crystals of 
mixed oxides grown at ITU. 
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Highlights '99 
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Fig.3 The figure shows the dependence of the intensity of magnetic scattering from the antiferromagnetic arrangement in these 
crystals as a function of incident photon energy.The two peaks represent transitions from the spin-orbit split core 3d electron 
shell to the two possible 5f configurations - the M5 at 3.66 keV, and the M4 at 3.84 keV in the case of neptunium. The blue 
curve for NpRu2Si2 is similar to that found for other actinides. It consists of two interfering resonances represented by 
Lorentzians. The solid line is a fit to the open points. On the other hand, the shape of the resonances in Np02 is quite different 
from any previously found. At the M4 (3.84 keV) we find that a Lorentzian-squared curve best fits (red line) the data, whereas 
a Lorentzian is needed at the M5 (3.66 keV). 

References 
[1] R.Cacluffo et al., Physical Review B 59 (1999) 13892 
[2] D. Mannixet al., Physical Review B 60 (1999) 15187 
[3] S. Kern et al., Physical Review B 59 (1999) 104 
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Highlights^ 

New Crystal Phase 

of Americium Metal 

The physicochemical properties of the actinide metals at 

ambient pressure vary widely across the series, due largely 

to the changing nature of the 5f electrons. In principle, the 

filling of 5f orbitais begins after thorium and it is generally 

accepted that the 5f electrons are involved to varying de

grees in the bonding (itinerant 5f electrons) for protactini

um, uranium, neptunium and plutonium. These four ele

ments display quite different properties from the elements 

with nonbonding (localised 5f electrons) such as americi

um and the remaining elements of the actinide series. In this 

sense americium occupies a pivotal position in the 5f series. 

New insights into the nature of americium's felectrons with 

regard to its metallic bonding and the relationship to that in 

other f elements have been acquired through studies of the 

metal under pressure up to 100 GPa.The experiments were 

performed by a team from ITU, Karlsruhe and Oak Ridge 

National Laboratory, USA on a 5 μg sample at the ID30beam 

line of the European Synchrotron Radiation Facility in 

Grenoble France. 

The initial structure of the americium used in the highpres

sure studies was the standard dhcp form (P63mmc; Am (I), 

a=0.3467, c=1.1240 nm). At 6.1 GPa, the dhcp form of ameri

cium converts to an fee structure (Fm3m;Am (ll),a=0.454nm 

at 9.0 GPa). With additional pressure, we observed that the 

fee Am (II) phase transformed to an Am (III) phase at 

10.0 GPa (Fig. 1), which was retained up to 15.0 GPa. 

Given the quality of our diffraction data for this phase, espe

cially using N2 as the hydrostatic pressuretransmitting 

medium, we determined that the structure has a face cen

tred orthorhombic cell (space group Fddd, Am on 8a sites). 

At pressures above 15 GPa we observed the formation of a 

fourth phase Am (IV) which was accompanied by a 7% vol

ume collapse. 

Using Rietveld refinement programs, we were able to assign 

this Am (IV) structure as being orthorhombic, but in contrast 

to Am (III), with a primitive orthorhombic cell (space group 

Pnma, Am on 4c sites). Rietveld fits and difference profiles 

are shown for the Am (III) and (IV) phases in (Fig. 2). 

Americium III at 10.9 GPa, =0.2022 A 

Rietveld refinement (using FULLPROF) 
orthorhombic Space Group Fddd 
Am on 8a sites 
a=10.1153 Å, b=5.6699 Å, c=3.1160 Å 
BraggR Factor = 7.2% 

c 
co 

ra 

— Amer ic ium IV at 17.6 GPa, =0.3066 A 

Rietveld refinement (using FULLPROF) 
orthorhombic Space Group Pnma 
Am on 4c sites (x=0.4034,y=1/4,z=0.1007) 
a=5.0932 Å, b=4.6790 Å, c=3.0275 Å 
BraggR Factor = 8.3% 

Fig. 1 2D diffraction image of the 3rd phase of americium 

metal at 10.9 GPa. 

10 12 14 16 

Diffraction angle 2Θ 

Fig. 2 Rietveld fit and difference profiles of the face centred 

orthorhombic Am (III) structure (space group Fddd) and 

the primitive orthorhombic Am (IV) structure (space 

group Pnma) to the integrated profiles obtained at 10.9 

and 17.6 GPa. The tick marks under the profile indicate 

the reflections allowed for this space group. 
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The four different americium structures observed in this 
work are shown as dhcp (Am (I),fee (Am (II), Am (III) and Am 
(IV) in (Fig. 3), and permit one to envision the transformation 
process occurring under pressure. In principle, the struc
tures are composed of close-packed hexagonal or distorted 
close-packed hexagonal planes with a certain stacking se
quence that changes from one structure to the next. In the 
case of Am (IV) there is an additional "ZIG-ZAG" bending of 
the hexagonal planes. 

the Am (III) phase has the same structure as the γ-phase of 
plutonium [1 ] where the bonding involves itinerant 5f elec
trons. Second, the Am (IV) structure is a primitive ortho
rhombic structure, rather than the base centred orthorhom
bic α-uranium structure as reported previously,and is stable 
up to at least 100 GPa.The Am (IV) structure shows a rather 
small compressibility with pressure, as expected for a metal 
having 5f-electron character in its bonding. 

This work has established two critical findings about the Am 
(III) and the Am (IV) structures formed under pressure. First, 

Reference 
[1] W.H.Zachariasenand F.H.EIIinger, Acta Cryst. 8 (1955) 431-433 

A m I (dhcp) Am II (fee) 

D 

b 
Amili 

Orthorhombic 
space group Fddd 

(8a sites) 

b 
Am IV 

Orthorhombic 
space group Pnma 

(4c sites) 

Fig. 3 Models of the four crystal structures of americium. 
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„Switching" on Nuclear 

Reactions: Laser Induced 

Fission of Uranium 

Through a collaboration involving the Institute for Trans

uranium Elements, with various university groups in the U.K. 

(universities of Glasgow, Oxford, Imperial College, Scottish 

Universities Reactor Centre), and the Rutherford Appleton 

laboratory, laser induced fission of metallic uranium has 

been demonstrated using the very high power VULCAN 

laser.The role of ITU in this collaboration is in sample prepa

ration and post irradiation fission track analysis.The results 

of these experiments have been published recently [1,2], 

The possibility of accelerating electrons in focussed laser 

fields was first discussed by Feldman and Chiao [3] in 1971. 

In this work, the authors showed that in a single pass across 

the diffraction limited focus of a laser power of 10
12

 W, the 

electron could gain 30 MeV, and become relativistic within 

an optical cycle. With a very high transverse velocity, the 

magnetic field of the wave bends the particle trajectory 

through the Lorentz force into the direction of the travelling 

wave. In very large fields, the particle velocity approaches 

the speed of light and the electron will tend to travel with 

the wave, gaining energy as it does so. 

In 1988, K. Boyer et al. [4] investigated the possibility that 

such laser beams could be focussed onto solid surfaces and 

cause nuclear transitions. In particular, irradiation of a urani

um target could induce electro and photofission in the fo

cal region. With laser intensities of approximately 10
21 

W/cm
2
, approximately 8000 electrofission events are esti

mated, well above the detection limit.The authors conclud

ed that the total neutron production is probably dominated 

by photofission since the active volume for photofission is 

much greater than that for electrofission. In the immediate 

focal region, however, electrofission dominates. Fission 

product ions leaving the surface would be the result prima

rily of electrofission. 

These developments open the possibility of „switching" 

nuclear reactions on and off by high intensity ultraviolet 

laser radiation and providing a bright point source of fission 

products and neutrons [5]. 

A
 238

U (depleted uranium) sample of dimensions 

~10x10x2mm (~3g) with a fission fragment 3005m polycar

bonate foil on the front and back sides, prepared at ITU, was 

targeted. This sandwich was shrink wrapped in plastic to 

contain any gaseous radioactivity and enclosed in an alu

minium container. The sample was irradiated with 3 con

secutive laser shots, twenty minutes apart, of nominally 

10
19

 Wem
2
 intensity and analysed using the Ge detector. 
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Some of the characteristic y rays emitted by three of the princi

pal fission fragments following a
 238

U(y, f) reaction. 

The principal fission fragments amount to about 56% of the 

total fission yield. Evidence for fission events is normally 

carried out by detecting the characteristic γrays from the 

principal fission fragments, detection of fission fragment 

tracks or fission neutrons. In the case of
 238

U with a (y,f) 

cross section which peaks at about 150mb the most abun

dant isotopes produced include
 1 3 4

l ,
 138

Cs and
 92

Sr shown in 

the figure with suitable γray energies and halflives. The 

background activity from fissile materials is normally suffi

ciently large that very careful background measurements 

must betaken. 
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Two Ge γ-ray spectra in the region of 850 keV and 1400 keV References: 
are shown in the figure after background subtraction was [1] P.A. Norreys et al. Phys. Plasmas 6, (1991) 2150. 
performed. The unambiguous characteristic γ-rays of the [2] K.W.D.Legingham et al. Phys. Rev. Lett. 84 (2000)899. 
fission fragments 1 3 4 l , 138Cs and 92Sr are indicated. [3] M.J. Feldman and R. Y. Chiao, Phys. Rev A4 (1971 ) 352-358. 

[4] K. Boyer.T.S. Luk, CK. Rhodes, Phys. Rev. Lett. 60 (1988) 557-560. 
Thus it has been demonstrated experimentally that a laser [5] J.E.Lynn,Nature,333 (1988) 116. 
based source of nuclear radiation is a possibility at intensi
ties >1019 Wem2 . With intensities at 1021 Wcnr2 available 
from petawatt lasers, pion production, energetically possi
ble with γ-rays >140 MeV, is a distinct possibility and can be 
demonstrated using similar activation experiments to those 
described in this letter. 

I 
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Volatile Molecule Pu03 

Observed from Subliming 

Plutonium Dioxide 

Although plutonium can assume a hexavalent form in 

halides (e.g.fluorides and oxylchlorides) or oxocompounds 

(e.g. plutonates), only valences II, III and IV are observed in 

solid oxides. Shortly after its discovery, several reactions of 

the new element with highly oxidising agents were investi

gated. It was found, that in the exploitable temperature and 

pressure range, PuO200 represents the highest oxide form in 

the condensed phase diagram of PuO. Thus, at the end of 

the sixties, any systematic quest of plutonium oxides higher 

than Pu02 was practically abandoned. 

Recently, the possible existence of higher plutonium oxides 

was considered again, and investigated by thermochro

matographic techniques. The analysis of the experimental 

results suggest that an oxidising gas flowing over hot pluto

nium dioxide may carry molecules of type PuOn/ with n>2. 

However, no direct proof of their existence could be pro

duced so far. 

More direct evidence was obtained, from experiments con

ducted at ITU in 199899, which corroborated the hypothe

sis of the existence of a volatile plutonium trioxide vapour 

molecule, sublimating from the solid dioxide. 

Experiment 

During Knudseneffusion experiments on MOX (uranium

plutonium mixed oxide nuclear fuel), presently in progress 

at JRCITU, mass spectrometer (MS) analysis of the vapour 

unexpectedly revealed the presence of masses correspon

ding to Pu03. 

The experiment was therefore repeated with high purity 

stoichiometric Pu02.The results confirm the previous obser

vations: at temperatures of approximately 1800 K, at which 

the vaporisation rate of Pu02 becomes measurable, an im

portant component of Pu03(g) was found in the effusing 

beam. 

The sample was treated in the Knudsencell according to a 

thermalannealing programme suitable for measuring the 

equilibrium partial pressures of the vapour as a function of 

temperature.The results are plotted in Fig.1 : the starting to

tal effusion rate was found to be more than one order of 
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Fig. 1 Effusion studies ofPu02 oxidised in air. 
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magnitude higher than in Pu02 under thermodynamic 

equilibrium conditions. In the mass spectrometer, the ob

served ion composition is completely different from that of 

the equilibrium vapour.The observed effect corresponds to 

a transitory vaporisation stage whose nature was unknown. 

In fact, at constant temperature, the measured concentra

tion of the trioxide in the vapour decreases, whilst that of 

Pu02 increases in relative weight, so that when Pu03 effec

tively disappears, the former becomes the major species. 

Though the fractional amount of Pu03 vaporised in these 

experiments is very small, it appears that, under unwanted 

oxidation conditions, this rather volatile oxide may repre

sent a non negligible source of airborne dispersion of plu

tonium. 

To investigate this further, a second experiment was carried 

out: a sample of Pu02 was heated in the Knudsencell at 

1990 K.The electronicallycontrolled gas inlet valve of the 

cell was then opened to allow C02 flow, onto the sample, at 

the maximum rate compatible with the differential pump

ing system of the device. During circa 20 seconds, the vacu

um in the MS chamber could be stabilised just below 10"
5 

torr, whilst in the furnace vessel the pressure was of the or

der of 10 torr. 

The MS measurements of the effusing vapours are plotted 

in Fig. 2. One can see that the current of all Pubearing ions 

increases approximately by a factor of 50. This cannot be 

caused by a change in stoichiometry of the sample, since 

the total pressure over Pu203 and Pu02 at this temperature 

is almost the same. Therefore, the increase in sublimation 

rate is due to formation of Pu03 on the surface, whilst the 

other oxide ions, whose current is simultaneously increas

ing, are ionisation fragments of the trioxide. Contrary to the 

case of Fig. 1, the Pu02 component is here larger than PuO. 

This is due to oxidation of PuO(g) in the gas phase. 

Analysis of the vaporisation rates of the various compo

nents indicates that the oxidation conditions were far from 

equilibrium and only surface atoms of plutonium were in

volved in the formation of Pu03. 

An additional proof that only surface atoms of plutonium 

are involved in the detected sublimation "burst" is furnished 

by the signal of U03  approximately 1 % uranium was pres

ent in the sample as a decay product of plutonium  that is 

evidently unaffected by the applied transient conditions. 

In conclusion, these results disclose new aspects of the oxi

dation mechanism of PuOx. Under certain conditions,the vola

tility of this oxides is more complex than commonly assumed. 
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Application of the 

MicroXray Diffraction 

Technique to the Rim Zone 

in High Burnup Fuels 

Following the development of the MicroXray Diffraction 

technique, reported in TUAR 96, p. 1819, we present the first 

radial high resolution lattice distortion measurements in 

high burnup U0 2 fuels. 

The distortion of the U0 2 crystal lattice through neutron 

irradiation has been studied in detail in the low burnup 

range 10
6
1 GWd/tM [13] and to a lesser extent in the 

range 6100 GWd/tM [49]. In the very low burnup range, 

it was shown that neutron damage caused lattice expansion 

and Bragg peakbroadening that were maximum at about 

0.01 GWd/tM and practically disappeared at ~1 GWd/tM 

[13]. For burnups above 6 GWd/tM, a renewed increase 

of the lattice expansion and peakbroadening has been 

confirmed [49], with a trend to a saturation around 

80 GWd/tM [4,6]. 

The main reason for the appearance of the rimstructure at 

high burnups has been assigned to the accumulated lattice 

damage [59]. It is hence considered important to determine 

quantitatively the local profile of this fission damage in the 

fuel and to investigate any correlation with the other prop

erty changes. For this purpose, a special microXRD instru

ment was developed to allow the focusing of the primary 

Xray beam in a region not wider than 30 μπι, thus making 

possible the acquisition of nonoverlapping diffraction 

spectra at intervals of 50 μιη in the pellet radial direction. 

The results obtained for a fuel with 67 GWd/tM average 

burnup are shown in the figure in terms of the peak shift 

(A9hk|) and the line broadening (AFWHMhk|/FWHMhk!) across 

the pellet radius for various (hkl)reflections. 

The figure shows a more or less constant peak broadening 

for all (hkl)reflections over the pellet radius, but maximum 

peakshifts (A9hk| < 0, lattice dilatations) in the region 

adjacent to the rimzone.The decrease of this lattice expan

sion towards the pellet centre is attributed to thermal heal

ing effects, whereas the decrease towards the cold fuel 

periphery is assigned to the formation of the rimstructure. 

Indeed, the region of maximum latticestrain concentration 

r/ro~0.9 is found coincident with the onset of the porosity 

increase and the hardness decrease [10] as well as the 

Xedepletion[11]. 

Thus, the conclusion is that during the rimstructure forma

tion, the previously accumulated lattice strain is fully re

leased. Studies on the connection of these results with oth

er property changes; namely, the lattice contraction due to 

fission products dissolution, the pore formation, the Xede

pletion,etc, are in progress. 

Thus, the conclusion is that during the rimstructure forma

t ion, the previously accumulated lattice strain is fully re

leased. Studies on the connection of these results with oth

er property changes; namely, the lattice contraction due to 

fission products dissolution, the pore formation, the Xede

pletion,etc, are in progress. 

References 

[1 ] L.E. Roberts et. al, 3
rd

 UN lnt.Conf.,P/155 Geneva, 1964, 

[2] E.Waitet.al, Radiation Damage in Solids,Vol.2, IAEA (1962) ρ 231 

[3] N.Nakaeet.al.,1 Nucl.Mater.71 (1978)314319 

[4] J.H.Davies,FT.Ewart,J.Nucl.Mater.41 (1971)143155 

[5] K.Une, Y. Tominaga, 5. Kashibe, J. Nucl. Sci. & Technol., 

28(1991)409417 

[6] K. Une, K. Nogita.S. Kashibe, M. Imamura, J. Nucl. Mater. 188 

(1992)6572 

[7] K. Nogita, K.Une, J. Nucl. Sci. STechnol., 30 (1993) 900910 

[8] K. Nogita, K. Une, Nucl.lnst. and Meth. ¡n Phys.Res., B91 (1994) 

301306 

[9] K.Nogita,K.Une,J.Nucl.Sci.&Technol.,31 (1994)929936 

[10] J. Spino, K. Vennix, M. Coquerelle, J. Nucl. Mater. 231 (1996) 

179190 

[11] C.T.Walker,J.Nucl.Mater.275 (1999) 5662 

2 4 ^ ITU Annual Report 1999  (EUR 19054)  Appl icat ion of the MicroXray Dif fract ion Technique 



Highlights '99 

0.04 

0.02 

0.00 

2 0.02 
CD 

< 

¡fcf 

1c -0.04 

CO 
CO 
CL 0.06 

0.08 

-0.10 

AFWHMnk|/FWHM hkl 

(HD 
9 s α ü Q 3p.P..a. 

(200) * v Q 
— f t ' — ^ ' ^ Τ Γ ^ - ^ ί & Α ί 

(311) 

Δθ hkl 
(111) 

■ 
ÜJ (200) 

PWRfuel (67 GWd/tM) 
Radial zone with 
maximum lattice 
distortions 

0.0 0.2 0.4 0.6 
■ 

Pellet radial position (r/r0) 

0.8 

■ ' <■ 

400 

300 

200 3" 
o 

100 2 

o i 

en 
c 
' c 
ω 

ro 
o 
k_ 

.α 
J¿ 
ro 
ω 
o_ 

1.0 

Κ ν 'κ , ; ν Λ . 

r/r0=0.504 r/r0=0.874 r/rn=0.980 

ßragg Peakbroadening and peakshift for various (hkl)reflections across the pellet radius of a high burnup fuel, as determined by 

microXRD (30 pmbeam) and SEM micrographs at three radial positions. 

A p p l i c a t i o n of t he M ic ro X  ray D i f f r a c t i o n Techn ique  ITU Annua l Repor t 1999  (EUR 19054) 4 25 



Highl ights '99 

Separation of Minor 
Actinides from Lanthanides 

The potential harmfulness of the wastes generated by re
processing and also non-reprocessed fuel reactor operation 
are primarily due to the presence of minor actinides.These 
radioactive by-products of nuclear power generation re
quire special attention with regard to the separation (parti
tioning). Different systems based on liquid-liquid extraction 
for the purpose of minor actinides partitioning are being 
tested using a 16-stage continuous counter-current extrac
tor set-up installed in the hot cells. 
In the previous report (TUAR-98, p.89) the successful separa
t ion of lanthanides (Ln) from minor actinides (MA) using 
chlorophenyl substituted dithiophosphinic acid was de
scribed.The method was tested using a genuine MA/Ln ef
fluent from the DIAMEX process. Recent advances in high 
acidity MA/Ln separation chemistry has made two more 
SANEX (Selective ActiNides(lll) Extraction) systems avail
able. During the present reporting period the two processes 
have been tested. Both processes are based on the use of ni
trogen polydendate ligands as extractants, the first system 
being a tri-synergistic mixture of BADPTZ, a-CNC10 and 
DMDBTDMA [T], the second a BisTriazinylPyridine (BTP) 
System [2].In contrast to the dithiophosphinic acid,which is 
an organophosphorous sulphur bearing acid, these 
reagents follow the so-called CHON principal, ;'. e. they 
consist only of C, H, O, N atoms and are therefore completely 
combustible.This minimises the amount of solid secondary 

waste generated in a future advanced partitioning process. 
A number of preparative experiments have been carried out 
followed by a hot verification test using a genuine DIAMEX 
MA/Ln fraction of the waste stream.The hydraulic behaviour 
was studied in inactive experiments (cold tests) using 8 cen
trifugal extractors (4 extraction and 4 back-extraction 
steps). These experiments were also carried out to investi
gate distribution factors and to optimise process schemes. 
The organic tri-synergistic mixture of 0.1 M BADPTZ, 1M 
a-cyanodecanoic acid and 0.46M DMDBTDMA in TPH was 
tested with a aqueous synthetic Ln solution in 0.2M HN03. 
Due to poor phase separation, both in the extraction and 
the back-extraction section, this system needs further 
improvements before a hot verification test can be per
formed. For the BTP system the cold phase separation and 
the hydraulic behaviour was proven to be fully satisfactory, 
and thus a hot verification test using a flowsheet composed 
of 5 extraction stages, 3 acid scrubbing stages and 8 strip 
stages (see Figure) was carried out. 

Reasonably good results were achieved as can be seen from 
the obtained decontamination factors and recovery rates 
(see Table). 

For Am and Cm, decontamination factors of 122 and 64, 
respectively were achieved in only 5 extraction stages.The 
back-extraction was more efficient for Am (99.1% recovery) 
than for Cm (97.5%).The small amounts of co-extracted lan
thanides were efficiently removed in the acid scrubbing sec
t ion. However, the scrubbing efficiency decreases with the 
increase in the atomic number of the lanthanide. Higher 
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Decontamination factors of the feed. Also tabulated are the 

amounts recovered of the elements in the raffinate and in the 

MA fraction 

FP 
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1.00 
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64 
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0.1 

1.1 

4 

0.05 

99.1 

97.5 

lanthanides (Eu, Gd) were therefore to some extent back

extracted with the minor actinides. Of the lighter fission 

products Pd and to same small degree Tc, were accumulat

ed in the organic phase. As a consequence, the process 

scheme has to be improved and optimised to increase the 

recovery of Cm, to decrease higher Ln coextraction and 

prevent Pd accumulation in the organic phase. Nevert

heless, this experiment, using the BisTriazinePyridine mole

cule is the first successful demonstration of the separation 

of MA from Ln in a genuine MA/Ln fraction with a nitric acid 

concentration of ca. IM . It represents an important break

through in the difficult field of minor actinide partitioning. 

References 

[1] Cordier P.Y.; François N.; Bulbals N.; Madie C; Hudson MJ.; 

LiIjenzin O.; ISEC '99 Internat. Conf., Spain 11 16 July (1999) 54 

[2] Kolarik Ζ.; Müllich U., Gasner F.; Solv. Extr. Ion Exch. 17(1999) 23 

Sepa ra t i on of M i n o r A c t i n i d e s f r o m Lan than ides  ITU Annua l Repor t 1999  (EUR 19054) ^ 2 7 



Highlights '99 

αDecay Damage in U0 2 : 

Long Term Storage 

Behaviour of Spent Fuel. 

Unirradiated U0 2 containing shortlived αemitters, the 

socalled αdoped U02, can reproduce the type (essentially 

αdecay) and the level of activity of the fuel after thousands 

of years in a final repository, i.e. at the time when the fuel 

surface might become exposed to groundwater (this report, 

chapter6.2JUAR98,p.98100,and [1 ]).The accumulation of 

damage [2,3], and also of He, which is directly produced by 

the αdecays, causes modifications in the fuel, e.g. thermal 

conductivity, hardness, and lattice parameter changes. The 

impact of these modifications on the fuel performance dur

ing storage is an important issue, which is currently the ob

ject of investigations in several laboratories. 

Pellets of αdoped U0 2 containing  10 w/o
 238

Pu with an 

αactivity of 3.7610
10

 Bqg~' were fabricated and character

ized (this report, chapter 6.2 [1]). Since its fabrication 

(November 1997), approximately 2.710
18

 αdecays g"
1
 have 

occurred, corresponding to the decay of one atom in every 

800 atoms of metal present in the material and to about 

0.6 displacements per atom. The αdecays have produced 

4.410"
6
 mol g

1
 of He, or ~1 cm

3
 of gas per cm

3
 of material. 

Fig. 1 shows the production of He calculated using the 

ORIGEN2 code as a function of t ime of storage for different 

types of irradiated fuel and for αdoped U02.The amount of 

He produced in αdoped U0 2 in slightly more than two 

years corresponds to that for spent PWR fuel wi th 

40 GWd/tM during several hundred years of storage, or for 

spent MOX fuel after several decades, depending on the 

burnup.The amount of He produced in αdoped U02 after 

10 years of storage is also shown in Fig. 1, to illustrate the 

rapid accumulation of decay damage in this αdoped 

material compared to irradiated fuels. Fig. 2 reproduces 

Transmission Electron micrographs of the microstructure of 

αdoped U02 after 2 years of storage, showing a matrix char

acterized by a large concentration of dislocation loops. 

Nanometersized bubbles were also observed in the very 

thin regions of the specimen. 

The monitoring of the evolution with t ime of the properties 

of αdoped materials will continue and will be extended to 

lower αactivities,to evaluate possible dose rate effects.The 

results will be used to integrate data obtained from the 

characterization of irradiated fuel with the aim to extrapo

late the longterm behaviour of spent fuel during storage. 
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Fig. 1 Helium production in U02 and MOX spent fuels with 

different burnups, and in αdoped U02 (labeled UO210) 

calculated using the 0RIGEN2 code. The dashed horizon

tal lines represent the He produced after 2 and after 

10 years in the αdoped material. 
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F/g. 2. Transmission Electron Microscopy micrographs showing the microstructure of a

doped U02 after 2 years of storage. A high density of dislocation loops with an average 

size of 20 nm is visible (indicated by the white arrows on the figure). Micrographs a) 

and b) shows loop contrast for two different tilting angles of the specimen in the elec

tron beam. On micrograph b) a high concentration of defect clusters (black dots), pre

cursors of the loops, can be observed. 
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A Milestone in Nuclear 
Safeguards -
Inauguration of the 
On-Site Laboratory' 
at Sellafield 

The start-up of the large reprocessing plant THORP at 
Sellafield represented a challenge for the Euratom 
Safeguards Office (ESO), particularly in view of the number 
of samples to be analysed. The idea of performing these 
measurements locally without transporting them to a spe
cialised laboratory, resulted in the concept of the 'On-Site 
Laboratory'(OSL). 

ITU accepted the task to design, install and commission the 
OSL.The project took almost a decade from the cradle to 
maturity, it's growth permanently being supervised and 
controlled by ESO, by the plant operator (BNFL), by the 
National Nuclear Corporation (NNC) and by the British safe
ty authorities (Nll).On 13 October 1999 the OSL came of age: 
the laboratory was officially inaugurated by the Directors of 
ESO and ITU . 

The OSL is a significant contribution in improving the effec
tiveness and efficiency of safeguards verification measure
ments at the BNFL Sellafield reprocessing plant. Almost 
a thousand samples are planned to be analysed in the OSL 
using advanced measurement techniques. The OSL has 
gradually entered the operational phase by stepwise 
accepting different types of samples and by increasing their 
number. 

Much research and development work was carried out at 
ITU in order to further improve measurement instrumenta
tion and software, to streamline analytical procedures and 
optimize the sample flow in the laboratory.The spectrum of 
analytical techniques covers the following range: 

• High level neutron coincidence counting combined 
with-high resolution gamma spectroscopy 
is applied for the analysis of Pu02 and MOX samples.The 
samples are measured without any treatment, therefore 
the sample material can be returned to the plant, no 
waste is created. 

Mr. Gmelin, Director of ESO, (front) starting a measurement of 
plutonium nitrate solution using the product hybrid K-edge un
der guidance of Mr. Ottmar (ITU). 

K-edge absorption in combination with X-ray fluo
rescence, the so-called hybrid product K-edge instru
ment 
measures Pu and Am concentration and the Pu isotopie 
composition in liquid samples. Again, any excess sample 
is returned to the plant. 

Combined uranium enrichment and element assay, 
the COMPUCEA instrument 
is used for the analysis of low enriched uranium from the 
product streams of THORP or from other installations in 
the UK. 
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• Robotised chemical sample preparation prior to 
mass spectrometry 
comprises sample spiking, the separation of U, Pu and 
fission products, alpha spectrometry and filament 
preparation. 

• Thermal Ionisation Mass Spectrometry 
using the total evaporation technique is applied for 
highly accurate isotope ratio measurements in all kind of 
samples. 

These techniques are applied by highly skilled analysts who 
acquired their know-how through training in the pre-OSL, 
a specialised facility at ITU very similar to the OSL analytical 
installations. I 

A M i l e s t o n e in Nuc lear Safeguards - ITU Annua l Repor t 1999 - (EUR 19054) 4 3 1 



Highlights '99 

Plutonium Round-Robin Test 

Nuclear forensic science is a new multidisciplinary area, 
which uses the characteristics inherent to a nuclear material 
for obtaining information on the origin and the production 
route of the sample under investigation. A very l imited 
number of laboratories work in this field and exchange their 
experience on an international level regularly. In this context 
the International Technical Working Group on Nuclear 
Smuggling (ITWG), where ITU Karlsruhe is represented by 
the group's co-chairman, was established in early 1996 and 
holds its meetings annually. 

The ITWG initiated and organized an international exercise 
("Round Robin") on the analysis of nuclear material of 
unknown origin. Its main purpose was to compare the 
approaches of different laboratories and gather further 
experience on the most suitable experimental methods and 
reference data. Rather than comparing standardized proce
dures (as in safeguards analytics), it was intended to priori
tize analytical methods stemming from a wide range of 
scientific areas and to make recommendations for their 
improvement and application. Nuclear forensic science 
requires a step-by-step analysis which is very case-specific 
and built on the principle of individual diagnosis. 

The next stage of the examination was a chemical and 
isotopie analysis, and the material was identified in the 
Institute to be Pu02 containing Am and a characteristically 
high concentration of Np. The sample finally underwent a 
microscopic analysis by SEM and TEM to identify its 
''Microstructural Fingerprint" and was found to consist of a 
mixture of different components, as in previous real cases of 
seized nuclear materials. 
The results obtained in the ITU enabled the fabrication plant 
and the fuel fabrication date, the reprocessing plant that 
recovered the plutonium from the spent fuel and the 
nuclear reactor which had discharged the fuel to be estab
lished. Further details can be found in chapter 7. 

In the follow-up meeting at the Euratom Safeguards Office, 
Luxembourg in October the Institute emerged as the parti
cipant to have made a correct identification of the source re
actor and reprocessing plant, and came closest in the esti
mates of the sample age. In addition the Institute provided 
significant work on the morphology and microstructure of 
the powder particles.The actual conclusions are subject to 
confidentiality agreements. 

The aim of the first exercise was to determine the fabrica
t ion date and location for a Pu02 powder sample, and the 
Institute was one of six participating laboratories, which 
were identified only by volcanic codenames. All of the 
participating laboratories succeeded in producing a 
"Twenty-four Hour Report" identifying the sample as 
containing plutonium. This report is essential to guide the 
law enforcement agencies as to how the material should be 
handled and to establish whether an infringement against 
various laws in a state has been committed. 
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reference material of known origin. 
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Partitioning and Transmutation 
Studies at ITU 
L. Koch, J.-P. Glatz, R.J. M. Konings, J. Magill 

1. Background 
In this sixth decade of nuclear power, the issue of waste dis
posal strongly dominates public opinion. In the eyes of the 
public, the problem of waste disposal is not fully solved, es
pecially in terms of environmental and social acceptability. 
The public attitude to developing sites for waste disposal 
has been succinctly summarised in suitable acronyms - NIM
BY (not in my back yard), NIMTO (not in my term of office) 
and BANANA (build absolutely nothing anywhere near any
one) [1 ]. However, it must also be added that scientific issues 
related to the disposal problem do indeed need further clar
ification. Evidence given to the House of Lords Committee 
[2,3] by the science and engineering community clearly 
state that "friere is a need for developing the sciences relevant 
to a detailed assessment, at a fundamental level".The source 
of public attitude seems to be the very long times involving 
many generations during which this waste must be separat
ed from the biosphere to avoid possible harmful effects.To 
address this problem, scientists are looking for ways to sig
nificantly reduce both the volumes and the radiotoxicity of 
the waste, and to shorten the very long times for which this 
waste must be stored safely. For this reason various so-called 
Partitioning and Transmutation (P&T) techniques are being 
investigated in most countries with significant nuclear pow
er generating capacity. 

In this article we describe briefly how radioactive by-prod
ucts are unavoidably formed during normal reactor opera
t ion. Some of these by-products are very long-lived and 
radiotoxic and, if untreated, must be separated from the 
biosphere for very long times. Various international con
cepts on how these by-products could be separated (parti
tioned) from the waste and converted (transmuted) into 
shorter-lived, less harmful products are discussed. In 
sections 3 and 4 activities at the Institute for Transuranium 
Elements (ITU) are described. In the field of partitioning, 
both advanced aqueous and pyro-processing techniques 
are under investigation. For transmutation studies, fabrica
tion techniques for various fuel and target concepts are 
being investigated. 

2. Introduction 

At the present level of nuclear power production in Europe, 
approximately 2500 tons of fuel is required each yearfor 145 
reactors in operation in the European Union (EU).This fuel 
generates about 127 gigawatts of electricity (GWe) thereby 
providing 36% of the total electricity requirements [4,5]. 
Based on an average consumption of electricity in countries 
of the EU of approximately 6400 kilowatt-hours per capita 
per year [6] the amount of nuclear fuel required is approxi
mately 14 grams per person per year. Since energy produc
tion results in an insignificant loss of mass, it follows that the 
waste generated is also approximately 14 grams per person 
per year. 

The fresh fuel consists essentially of uranium oxide and heat 
is generated from the fissioning of uranium atoms in the 
reactor. In addition to heat generation from fission, various 
other by-products are generated by nuclear reactions in the 
reactor. These by-products consist mainly of the elements 
plutonium (Pu), the so-called Minor Actinides (MAs) neptu
nium, americium, and curium, and fission products (FPs). 
During reactor operation, the fission products build-up to 
such a level that they start to "poison" and reduce the 
mechanical integrity of the fuel. At this stage the spent fuel 
has to be removed from the reactors and be replaced by 
fresh fuel. Following removal from the reactor, most of the 
radioactivity in the spent fuel is in the form of the fission 
products 137Cs,90Srand other short-lived nuclides.The radio
activity of these products decreases significantly on time-
scales of a few decades. Thereafter, the long-lived by-pro
ducts determine the radioactivity. An estimate of the amounts 
of these by-products and their half-lives is given in Tab. 1. 

For this reason, their disposal requires isolation from the 
biosphere in a stable deep geological formation for at least 
tens of thousands of years. Since these products are embed
ded in the oxide matrix, this means that all 2500 tons per 
year have to be isolated. If it were possible to separate these 
products from the spent fuel, and use nuclear reactors or 
other mean to convert them into stable or shorter-lived 
nuclides, this would greatly facilitate the disposal and man
agement of wastes and raise public acceptance of nuclear 
energy. 

This is the motivation behind the Partitioning and 
Transmutation activities worldwide and in particular at the 
Institute forTransuranium Elements. 
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Tab. 1 Estimated annual production rates of plutonium, minor 
actinides and selected fission fragments from all reac
tors operating in the EU*. 

Element 

plutonium 

minor actinides MA: 

Amount 
(tons per year) 

23 

4 

Half-life (years) 
(most abundant 

isotope) 

2.41x104(239Pu) 

2.14x10a (237Np) 

433 (24lAm) 

18.1 (244Cm) 

selected fission products 

technetium-99 

iodine-129 

caesium-137 

strontium-90 

2.3 

0.8 

2.3 

1.0 

2.13x10s 

1.57x107 

30.0 

29.1 

* Burn-up assumed to be 37.2 MWd/kg, 25001 spent fuel/y. 

2.1 How hazardous is nuclear waste? 

A measure of the hazard of nuclear waste is provided by the 
toxicity of spent nuclear fuel and in particular its radiotoxicity 
(see box) arising from its radioactive quality rather than the 
chemical toxicity. Despite the high radiotoxicity of plutoni
um, americium, neptunium and curium, they contribute rel
atively little to the long-term risk posed by the geological 
storage of spent fuel in evolutionary scenarios where 
ground water transport is important. These elements (ac
tinides) are relatively insoluble under anaerobic conditions 
and therefore not mobile. However, in human intrusion sce
narios where the effect is related to the inventory (e.g. salt 
consumption), the actinides Am and Pu dominate the risk. 

On the other hand, the activation product 14C and the fission 
products 135Cs and 129l are less radiotoxic but long-lived, 
produced in significant quantities in the fission process, 
soluble, and can migrate relatively quickly through ground 
water. "Tc can form monovalent ions, similar to some of the 
actinides under oxidising conditions, and migratecorres-
pondingly. 

These isotopes, therefore, can also contribute significantly 
to the long-term risk and should be considered as candi
dates for partitioning and transmutation. So although the 
hazard associated with nuclear waste is more complicated 
than the radiotoxicity alone, the radiotoxicity is the starting 

The radiotoxicity of a nuclide is determined by 
the product of the activity and the effective dose 
coefficient e for a given isotope 

radiotoxicity = activity χ e 
The activity is the number of disintegrations per 
second and is measured in units of Becquerel, 
Bq (1 Bq = 1 disintegration per second).The effec
tive dose coefficient e is a measure of the damage 
done by ionising radiation associated with the 
radioactivity of an isotope. It accounts for radia
tion and tissue weighting factors, metabolic and 
bio-kinetic information. It is measured in units of 
Sievert per Becquerel (Sv/Bq) where the Sievert is 
a measure of the dose arising from the ionisation 
energy absorbed. 
The Annual Limit of Intake (ALI) of an isotope is 
defined as the activity required to give a particu
lar annual dose.This annual dose is usually taken 
as 0.02 Sv corresponding to that obtained from 
background radiation i.e. 

ALI = (0.02Sv)/e 
The Sievert, Sv, is the unit describing the biologi
cal effect of radiation deposited in an organism. 
The biological effect of radiation is not just di
rectly proportional to the energy absorbed in the 
organism but also by a factor describing the 
quality of the radiation. An energy deposition 
of 6 J per kg of gamma radiation (quality = 1) 
i.e. 6 Sv is lethal. This same energy deposited in 
the form of heat (quality = 0) will only increase 
the body temperature by 1mK and is therefore 
completely harmless. The difference between 
the two types of radiation is due to the fact that 
biological damage arises from ionisation. 

point for risk evaluations which account for pathways for 
these products into the biosphere.Tab. 2 gives the effective 
dose coefficients and annual limits of intake for the main ra
dioactive by-products in nuclear waste. 
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Tab. 2 Effective dose coefficients (ingestion) for adults [7] for 
the main radioactive by-products of nuclear waste. Also 
listed are the annual limits of intake (ALI) of these 
isotope required to give a dose (of 0.02 Sv) equivalent to 
that arising from background radiation. 

Isotope 

plutonium-239 

minor actinides MA: 

neptunium-237 

americium-241 

curium-244 

Selected fission 
fragments 

technetium-99 

iodine-129 

caesium-135 

Committed effective 
dose coefficient 
e(50) for adults 

(Sv/Bq) 
2.5x10"7 

1.1x10"7 

2.0x10"7 

1.2x10"' 

6.4x1010 

l . l x lO ' 7 

2.0x10"9 

Annual Limit 
of Intake 

(Becquerel) 

8.0x10" 

1.82x105 

1.00x10s 

1.67x10s 

3.13X107 

1.82x10s 

I.OOxlO7 

Annual Limit 
of Intake 

(mass) 

30 pg 

7 mg 

0.8 pg 

0.06 pg 

40 mg 

30 mg 

0.2 g 

Additional advanced aqueous processes have been pro
posed (TRUEX, DIDPA, TRPO, DIAMEX) in which americium, 
and curium can be separated. The effectiveness of these 
separation processes has been investigated at ITU. The re
sults of these investigations are given in the section 3.1. 
where it has been shown that aqueous methods are techni
cally feasible.Optimisation, however, is required for industri
al scale operation. 
So-called "dry" (in contrast to "wet" or aqueous) processing 
techniques on the other hand may offer a way to avoid 
problems encountered with aqueous processes. In these 
techniques the actinides are separated using electrochemi
cal and pyro-chemical separation in molten salts. A key ad
vantage of such processes is that higher levels of radiation 
can be tolerated. A consequence of this isthat reprocessing 
becomes feasible in which spent fuel that has been cooled 
for short periods. In addition, pyro-processing promises 
compactness, simplicity, low cost (less transport when 
reprocessing is on-site), and proliferation resistance (due 
to low product purity). At ITU a pyro-processing laboratory 
is under construction for such investigations. The progress 
is reported here in the section 3.2. 

It follows that although the absolute amounts of nuclear 
waste are relatively small (approximately 14 g per person 
per year), this waste is highly radiotoxic. From the values 
shown in table 2 one sees that incorporation of microgram 
quantities into the body is sufficient to give a dose equiva
lent to that received from background radiation. 

2.2 How can the radiotoxic by-products be separated 
(partitioned) from spent fuel? 

If all spent fuel in the EU were to be reprocessed, approxi
mately 2500 tons will have to be treated annually.This is by 
far in excess of current reprocessing capacities. Current re
processing technology is based on the aqueous PUREX 
process in which the spent fuel is dissolved in nitric acid. 
Using an organic solvent, uranium and plutonium are recov
ered and can be used for fresh fuel fabrication. Thereafter, 
the aqueous raffinate containing the minor actinides and 
fission products is vitrified for disposal. The technique can 
also be extended for the extraction of neptunium, but 
americium and curium cannot be separated directly in this 
process. 

2.3 How can the separated by-products be converted 
(transmuted)? 

Already in the sixties, the transition from Light Water 
Reactors (LWRs) to Fast Neutron Reactors (FNRs) was fore
seen in which plutonium generated in the LWRs would be 
separated through aqueous processing and used to fabri
cate fuel for fast reactors. Recent studies have shown that 
such an approach can be extended to the minor actinides 
Np, Am, Cm. However, for various technical and economical 
reasons, such a transition has not been realised and LWRs 
still are and will continue to be the preferred nuclear power 
generating reactors. 
Accelerator driven systems (ADS) open the possibility of 
"burning" or incinerating the waste material from LWRs in 
dedicated actinide burners.These actinide burners can burn 
large quantities of minor actinides (in contrast to critical re
actors) safely, and generate heat and electricity in doing so. 
In addition, schemes have been proposed, in which the 
long-lived fission products are also destroyed. An advantage 
of ADS is that, since there is no criticality condition to fulfil, 
almost any fuel composition can be used in the system. 
Although these ADS are usually based on the use of fast 
neutrons, epithermal neutron systems are also being con
sidered. 
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2.4 Partitioning and Transmutation (P&T) Scenarios 

Themain international P&T concepts [8] are thefol lowingrin 
France [9] and Japan [10], the fast reactor concept is extend
ed to the recycling of self generated MAs. In addition the so 
called Double Strata Fuel Cycles have been proposed. In 
these latter fuel cycles, the first stratum is based on a con
ventional fuel cycle and consists of standard LWRs (France) 
and FNRs, fuel fabrication and reprocessing plants. Also in 
this first stratum, the recovered plutonium is recycled as 
mixed oxide fuel in thermal and fast reactors.The remaining 
plutonium, MAs and long-lived fission products (Japan only) 
are partitioned from the waste and enter the second stratum 
where they are transmuted in a dedicated ADS. 

In the second stratum, which is devoted primarily to waste 
reduction, the Pu, MAs, and long-lived fission products 
(Japanese concept, Fig.1) are fabricated into fuels and tar
gets for transmutation in dedicated ADSs.The use of dry re
processing in this stratum allows for multiple reprocessing 
of the fuel. A key advantage of this is that higher levels of ra
diation can be tolerated in the molten salts and allows re
processing of spent fuel which has been cooled for periods 
as short as one month. 

suiting from transmutation in a fast reactor. Generally, fast 
neutrons are more efficient than thermal neutrons, because 
the latter favour neutron capture processes which leads to 
the formation of higher actinides. For example, if the Pu is 
exclusively recycled in LWR, one third would not fission and 
hence be transmuted in minor actinides. However, an inter
mediate solution is the Double Strata Concept, where Pu is 
recycled in LWR and minor actinides, MAs (Np, Am, Cm) and 
fission products, such as "Tc, are transmuted in an accelera
tor driven fast reactor (see Fig. 1). The fast reactor burner, 
when fuelled only with minor actinides possibly in an inert 
matrix, has to have a sub-critical core, which is driven by 
neutrons from a spallation source. To obtain a sufficient 
strong spallation reaction in lead or lead-bismuth targets 
one needs accelerated protons of an energy of about 1 GeV. 
The need to operate a fast reactor in a sub-critical mode 
with such an accelerator driven system rises from the insuf
ficient Doppler and void coefficients of minor actinide 
fuelled fast reactors. 

In the "Energy Amplifier" concept proposed by CERN [11], 
the objective is to burn actinides and fission products with
in the thorium fuel cycle. The advantage of using thorium 
lies in the fact that less transuranium elements are pro
duced. In the Minimum Scheme [11], waste from a LWR is 
processed and some of the separated plutonium is recycled 
into the thermal reactor.The remaining plutonium, the MAs 
and FPs together with thorium are used to fabricate fuel for 
the ADS waste burner. 

In the U.S. [12], P&T is foreseen for treatment of the spent 
fuel arising from a once-through fuel cycle. Hence, rather 
than being an integral part of the fuel management 
scheme, the spent fuel is processed (using a UREX process) 
to initially separate the uranium, stable and short lived FPs 
which are disposed of as low level waste.The remaining Pu, 
MAs, and FPs are then sent for transmutation in the ADS or 
ATW system (accelerator transmutation of waste). 
By keeping the long-lived radiotoxic isotopes contained 
"within" the fuel cycle, they transform, by neutron induced 
fission and/or capture, faster into less toxic or even stable 
nuclides than by decay in a geological repository.This is es
pecially true for the mosttoxic alpha-emitters listed inTab.3 
where the half-life by natural decay is compared to that re-

Tab. 3 Half-lives (y) of actinides due to natural decay* and by 
fission with fast neutrons (fission spectrum) [13]. 

Actinide 

237Np 
2 3 8 p u 

2 3 9 p u 

2 4 0 p u 

241 p u 

2 4 2 P u 

24 lAm 
2 4 2 m A m 

243Am 
M 2Cm 
M 3Cm 
244Cm 
! 4 5Cm 

Half-life due to 
natural decay 

2x106 

88 
2x104 

6x103 

15 
4x10s 

433 
152 

7x103 

0.45 
30 

18 
8x103 

Half-life due to 
fission with fast 

neutrons 
2.46 

1.61 
1.76 

2.35 
1.95 
2.83 

2.40 
1.72 

2.89 
1.93 
1.46 
1.97 

1.60 

note that some relatively short-lived actinides (e.g. of Cm, Pu, Am) decay to 
very long-lived actinides. For this reason one can regard the effective half-
lives of all actinides as being very large. 
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Fig. 1 International partitioning and transmutation (P&T) concepts. 
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3. Partitioning Studies at ITU 

3.1 Aqueous Reprocessing 

The partitioning of MA is normally done by advanced repro

cessing of high level liquid waste (HLLW) coming from the 

PUREX extraction of spent nuclear fuel in a two cycle 

process. Group separation of lanthanides (Ln) together with 

MA is followed by MA separation from the Ln fraction (see 

Fig. 2).This separation is necessary because of the high neu

tron capture crosssections of the lanthanides. 

An alternative route could be the direct selective separation 

of MA from HLLW. At ITU the 2 cycle process has been 

extensively investigated up to now and will be described 

below. Future research will concentrate on the 1 cycle route. 

dissolved fuel 

FP. 

Ln 

2 cycle process 

' ■ 

Ln/MA separation 

* 

PUREX 

HLLV / 1 cycle process 

I Ln/MA 

<— MA separation 

MA 

MA separation 

MA 

rp 

Ln 

Transmutation 

Fig. 2 Main routes for the separation of MA from HLLW 

The highlevel waste stream of LWR spent fuel reprocessed 

in a PUREXtype process was partitioned by centrifugal con

tactors [14] intoa residual fraction containing U,Pu,and part 

of the Npand a fraction containing Am,Cm, lanthanides (Ln) 

and the remaining Np. 

For the Ln/MA group separation, several extraction process

es were investigated, the best known being the TRUEX 

process [15]. A similar process has been developed recently 

in the RR. of China, the socalled TRPO process, which uses 

atrialkyl (C6C8) phosphine oxide extractant [16].Diisodecyl 

phosphoric acid (DIDPA) is an extractant used in a process 

developed at Japan Atomic Energy Research Institute 

(JAERI);this solvent extracts actinides from feed solutions at 

0.5 M HNO3 and thereby offers possibly the potential to 

achieve also a separation of Am and Cm from lanthanides 

[17]. The French DIAMEX process uses dimethyldibutyl

tetradecylmethylendiamide (DMDBTDMA) as reference 

molecule [18]. The four solvents investigated are shown 

in Fig.3. 

For all four extractants, continuous countercurrent extrac

tion tests were carried out in a 16 stage centrifugal extractor 

battery. As shown in Tab.4,the extractants investigated have 

reasonably good extraction properties and should allow 

achievement of the target Decontamination Factors (DFs) 

proposed by Koch et al. [19].The most efficient stripping and 

the highest recovery rates are achieved in the DIAMEX and 

theTRPO processes.The DIAMEX process, has the additional 

advantage that no acidity adjustment (denization) of the 

feed solution is needed. 
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30% TRPO 
in dodecane 

IMHNO3 
ri,, R2, R3: 68 carbon atoms 
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0.2 M CMPO 
1.4 MTBP 
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Fig. 3 Characteristics of the four solven ts used for 

dissolving spent fuel. 
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As a result of this study, the DIAMEX process represents the 
best compromise of all four processes studied, showing 
good extraction and excellent stripping properties. 

Tab. 4 Decontamination factors (DF) determined for the differ
ent extractants. 

Isotope 
measured 

"Tc 
1 4 4 N d 

2 3 7 N p 

238IJ 

2 3 9 P u 

2«Am 
244Cm 

TRUEX 

>180 

> 30000 

> 30000 
>100000 
>4000 
>15000 

>1500 

DIDPA 

-
>4000 

> 5 
> 20000 
> 150 
>10000 

>1500 

TRPO 

> 1760 

> 22000 

12.4 (> 4100*) 
>5400 

>760 
>900 

>600 

DIAMEX 

>30 

> 50000 

>29 
>2300 

> 1250 
>25100 

>600 

*HN03 concentration in the feed increased from 0.7 to 1.35 M 

Unfortunately, none of these processes allow the separation 
of Lanthanide (Ln) fission products from MAs. 

For the Ln/MA separation, a first group of methods uses low 
acidic selective back-extraction of MA from Ln using an 
aqueous complexant. 

A second group of methods is based on a two step parti
tioning principle in which the aqueous MA/Ln fraction gen
erated from the processes mentioned above (i.e. TRUEX, 
DIDPA, TRPO and DIAMEX) is subjected to the so-called 
SANEX process (Separation of ActiNide(lll) elements by 
Extraction), where the MAs are selectively extracted from 
the Ln/MA fraction. 

The performance of several solvents was compared at ITU 
and excellent results were obtained for the BTP process [20] 
using the n Propyl-Bis-TriazinylPyridine (nPr-BTP) molecule. 
The experiment, carried out in a centrifugal continuous 
counter-current set-up, achieved an MA/Ln separation with 
an efficient scrubbing of Ln and produced a MA fraction al
most free of Ln. MA extraction and back-extraction was effi
cient and a reasonably good recovery of Am (>99%) was 
achieved. Nevertheless, this process scheme has still to be 
improved to increase the recovery of Cm (at present 97.6 %). 

By means of these tests it could be demonstrated, that an ef
ficient separation of minor actinides from genuine spent 
fuel is possible in a 3-step process (PUREX, DIAMEX, BTP) 

For transmutation in fast neutron fluxes one would not 
need such an extreme purification of the fissile material 
from thermal neutron absorbing elements (as is the case for 
the extended PUREX process). Enhanced parasitic neutron 
capture of certain fission products does not exist in a fast 
neutron spectrum. 

3.2 Pyro-processing 

Compared with aqueous methods, dry reprocessing of fuels 
results in less pure fractions of Pu, Np or Am. Due to the 
higher radiation resistance of the proposed electrolysis in 
molten salts, the reprocessing of short-cooled spent fuel is 
possible. This has two benefits: The out of pile t ime of the 
fuel is reduced and as a result the decay of 241Pu producing 
241 Am (during storage of the fuel) is reduced. Cooling times, 
as short as a month, of the spent fuel seem possible com
pared to the present seven years and longer needed for 
aqueous reprocessing. If the dry partitioning is made 
on-site, the present difficulties encountered for frequent 
nuclear material transportation are eliminated. 

The dry reprocessing technique can be applied as well for 
the recycling of the homogeneously distributed minor 
actinides in a fast reactor fuel as in the accelerator driven 
systems where the minor actinides with concentrations of 
up to 40% as oxides, nitrides, metals or even in inert matri
ces. It should be pointed out however, that in order to obtain 
physical stability of the fuel, good separation of minor 
actinides from the lanthanides is needed to reduce their 
content in the fuel matrix. For the minor actinide fuels, con
taining up to 20% of minor actinides, the separation of lan
thanide has to be better (by a factor of 10), compared to the 
homogeneous fuel cycle for fast reactors where the minor 
actinide content is only a few percent.There are also hybrid 
concepts, where for instance americium in inert matrixes is 
burnt in the thermalised blanket of a fast reactor. 

Compared to aqueous reprocessing, pyro-processing of 
spent nuclear fuel is far less developed. Originally, both tech
nologies were applied for military purposes: The PUREX 
process to extract pure enough Pu, the electro-refining to 
clean Pu-metal from in-grown Am. This latter process was 
extended to reprocess Zr alloy based-uranium-plutonium-
a l l oy -a test fuel of the fast reactor prototype EBR-II. A simi
lar approach was taken for Russian fast reactors. Here, the 
Pu02 was the product instead of Pu-metal. For both the 
processes it is claimed that they could also separate the 
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minor actinides. 

In the Russian DOVITA-process [21] being developed in 
Dimitroffgrad, the oxide fuel is converted into chlorides, and 
U02as well as Np0 2 are separated by electrolysis in a melt of 
NaCI-KCI at 650 C.The transuranium elements are precipitat
ed sequentially as the oxo-chlorides or oxides out of the 
NaCI-KCI melt by gassing with CI2/02 and adding Na2C03. 
Since lanthanides and the transplutonium elements 
(Am, Cm) have similar behaviour, a fractionated precipita
tion of the chlorides is proposed in order to have a pure Am, 
Cm fraction. From the technological point of view, this is a 
cumbersome step.Therefore it was proposed to adopt the 
same process as outlined in the metal refining approach. 

The electro-refining of minor actinide metals in molten 
LiCI-KCI at 450 C seems feasible except for Am.This is the 
result of studies carried out by CRIEPI, Japan [22] and with 
the University of Missouri [23]. An alternative approach will 
be the combination of electro-refining with the reductive 
multistage extraction from the molten salts into molten Bi. 
So far, the tests have been made on trace levels with prom
ising yields of 99.9%. 

A larger installation, shown in Fig. 4, is being set up at ITU 
where, jointly with CRIEPI, the technical feasibility of the 
electro-refining - reductive extraction concept will be 
demonstrated, and also the conditions to improve the elec-
trorefining of Am from lanthanides.The installation will be 
the first to operate in the gram-scale (the present condition
ing of the EBR-II fuel at Argonne National Laboratory in 
Idaho separates only uranium by electro-refining and dis
poses off the transuranium elements unseparated from 
each other, together with the fission products). 

The installation at ITU consists of a stainless steel box, which 
fits behind the lead shielding of our cells. The atmosphere 
inside is pure Argon with less than 10 ppm H20 and 0 2 each. 
We are prepared to process MA containing alloys, described 
below, but also high level liquid waste from the PUREX 
process, which we will convert into dry halides. In order to 
process also oxide fuels, the actinides have to be converted 
into chlorides or, possibly by reduction with Li, directly 
to the metals. In preparing the fuel for reprocessing or dur
ing different process steps, the separation of long-lived 
radiotoxic fission products can be achieved. If a voloxidation 
of the spent oxide fuel is included in the pre-treatment, 
several fission products are distilled off including 1 2 9 l , which 
could be collected with 99.9 % yield. During the electro-
refining process, 95% of the " T c is collected together with 

the noble metal fission products 
in the bottom Cd layer of the 
electrolysis cell. For the transmu
tation of the two fission prod
ucts, special targets have to be 
fabricated. 

Fig. 4 
Stainless steel hot cell inner box 
equipped with Ar purification unit. 
Insert shows the electro-refiner for 
metal fuel containing MAs. The in
sert (courtesy ofT. Koyama, CRIEPI) 
shows a micro-graph of the target 
in which the helium-containing 
gas bubbles, which caused the 
swelling of the target pellets, are 
clearly visible. 
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ITU Studies on Fuels and Targets for 
Transmutation 

At present, the research on fuels and targets for transmuta
tion actinides is focussed mainly on three types of materials: 
oxides, nitrides and metals.These materials all have advan
tages and disadvantages,depending on the fuel cycle strat
egy (e.g. type of reactor, reprocessing method) that is envis
aged. The research on targets for transmutation of 
long-lived fission products has been concentrated on tech
netium. ITU has strongly contributed to the development of 
fabrication methods for fuel and targets, as summarised in 
Table 5. Details of these experiments are given below. 

4.1 Oxide Fuels 

The fabrication of oxide fuels for MA transmutation is often 
based on the existing technology for U0 2 and mixed oxide 
(U, Pu)02 fuel, which comprises powder blending, compact
ing into pellets and high-temperature sintering. This tech
nology, used commercially for LWR fuels (< 10 w/o Pu) and 
FNR fuels (up to 30 w/o Pu), has been tested for fuels with 
high Pu-content (up to 45 w/o Pu) for dedicated fuels for 
incineration of plutonium in fast neutron reactors in the 
CAPRA-TRABANT project. In principle, the minor actinides 
can be mixed into MOX-fuel.When existing facilities for MOX 
fabrication would be used, the dose to the workers would 
significantly increase due to increased gamma and neutron 

Tab. 5 Programme on transmutation and incineration showing fuels and targets fabricated in ITU. 

Programme 

FACT 

MTE2 

SUPERFACT1 

POMPEI 

TRABANTI 

EFTTRA-T1 

EFTTRA-T4 

EFTTRA-T4bis 

TRABANT2 

ANTICORP 

METAPHIX 

Reactor 

FR2 0981) 

KNK II (1984-85) 

Phénix (1986-88) 

HFR (1993-94) 

HFR (1995-96) 

HFR (1994-95) 

HFR (1996-97) 

HFR (1997-99) 

HFR 

Phenix 

Phénix 

Fuel/Target 

(Uo.5Am0.5)02 

NpO2;(U0.5Am05)O2 

(U0.73PUo.2sNPo.02)02 

(U0.73Pu025Am0.o2)02 

(U0.74PU0.24NP0.02)O2 

(U0.74Pu0.24Am002)O2 

(Uo.5sNPo.45)02 

(U0 6Am0 2Np0 2)O2 

Tc metal 

Tc-50% Ru metal 

Tc-80% Ru metal 

(U055Pu040Np0.05)O2 

(Pu047Ce0.53)O2.x [two O/M] 

Tc metal [three pins] 

MgAI204 -12%Am 

MgAI204 -12%Am 

(Uo.55Puo.«)02 

(Ua5Pu04)O2 [two pins] 

Tc metal 

U,Pu,Zr 

UPuZrMA2%RE2% 

UpuZrMA5%RE5% 

Method 

sol-gel 

sol-gel 

sol-gel 

sol-gel 

sol-gel 

sol-gel 

sol-gel 

sol-gel 

casting 

casting 

casting 

sol-gel 

sol-gel 

casting 

INRAM (pellets) 

INRAM (pellets) 

sol-gel 

mech.mix. 

casting 

casting 

casting 

casting 

Status 

PIE complete 

PIE complete 

PIE complete 

PIE complete 

PIE complete 

PIE complete 

PIE complete 

PIE complete 

PIE in progress 

PIE in progress 

PIE in progress 

PIE in progress 

PIE in progress 

PIE complete 

PIE complete 

PIE in progress 

Irrad, to be started 

Irrad, to be started 

Irrad, to be started 

Irrad, to be started 

Irrad, to be started 

Irrad, to be started 
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emission rates, especially in case of americium and curium. 

Therefore special shielded facilities are needed for the fabri

cation of minor actinide fuels, and this leads to increased 

fabrication costs. Under these circumstances it might be 

more practical to fabricate a limited number of fuel pins/ele

ments with higher content of minor actinides (e.g. 20 w/o) 

rather than adding small quantities (< 2 w/o) to each fuel 

pin. In that case, one could also consider the use of dustfree 

aqueous processes for the powder fabrication such as the 

SOLGEL technique. At ITU, the feasibility of the fabrication 

of such fuels has been demonstrated in the SUPERFACT 

experiments and the fuels have been irradiated successfully 

in the Phénix reactor [24]. 

Alternatively, the minor actinides could be mixed with an 

inert matrix such as MgO, MgAI204 or Zr02 . This would 

enhance the radiotoxicity reduction by avoiding production 

of new minor actinides from uraniumfree host materials or 

with thorium oxide in which smaller quantities of minor 

actinides are bred. However, one has to consider that in crit

ical reactors the absence of uranium has an impact on reac

tivity and kinetic parameters such as Doppler and modera

tor void coefficients and delayed neutron fraction. In an ADS 

this would be less problematic. In addition, not every inert 

matrix allows for multiple recycling because the reprocess

ing of some of these materials (e.g. MgAI204 or Zr02) by 

either aqueous or pyrochemical methods will be difficult. 

In any case, such fuels would require the development of a 

new and separate fuel cycle. 

Inert matrix concepts are being investigated experimentally 

in Europe and ITU is participating in the fabrication of 

targets for irradiation experiments. For these targets, dust

free fabrication methods are being developed and tested. 

In addition to SOLGEL, infiltration of actinide solutions into 

ceramic hosts is being considered. The latter method has 

been used for the fuels of the only irradiation experiment on 

an americiumcontaining inertmatrix target,the EFTTRAT4 

experiment [25]. In this experimenta target of americium in 

magnesium aluminate spinel MgAI204, fabricated at ITU by 

the infiltration method, was irradiated in the HFRPetten. 

During 358 full power days 96% of the
 241

Am was transmut

ed, mainly to curium and plutonium isotopes of which 

about 28% were destroyed by fission [25]. Postirradiation 

examinations revealed significant swelling of the target due 

to the accumulation of helium, produced by the decay 

of
 242

Cm (see Fig. 5).This effect was also observed to a lesser 

extent in the americiumrich targets of the SUPERFACT ex

periment [24]. 
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Fig. 5 The change in the diameter of the cladding of the 

EFTTRAT4 target showing its expansion in the area 

where the target pellets were located (curve reproduced 

by courtesy of NRG). 

4.2 Nitride Fuels 

The actinide nitrides, which can only be used in LMRs, have a 

higher thermal conductivity than actinide oxides whereas 

the melting temperatures are similar. This results in a lower 

central fuel temperature or, alternatively, allows a higher 

actinide content in the target. This makes them attractive as 

fuel material. Moreover, the actinide mononitrides form a 

cubic solid solution in the complete composition range. 

However, to avoid the production of
 ,4

C through (n,p) 

reactions, the targets or fuels should be produced with 

nitrogen enriched in the isotope
 15

N.This raises the cost of 

the fuel pins although, when pyrochemical reprocessing of 

the fuel is used,a significant part of the enriched
 15

N can be 

recycled. 

The fabrication of actinide nitrides is generally done by car

bothermic reduction of the oxides. This is a hightempera

ture process that produces powders with relatively low sin

tering activity. As a result, high pellet density is difficult to 

achieve. The process has been applied successfully for 

(U, Pu)N fuels with low oxygen (< 1000 ppm) and carbon 

content (< 1000 ppm) in the NILOC, NIMPHE and POMPEI 

programmes at ITU. For the minor actinide nitrides, re

searchers of JAERI have shown that NpN can be prepared in 

a similar way as UN and PuN [26]. For AmN, however, uncer

tainty exists due to the much poorer thermal stability of 

AmN compared to the other actinide nitrides [27]. 
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As for the oxides, mixing of the actinide nitrides with an in
ert nitride matrix could enhance the radiotoxicity reduction 
of the actinides. ZrN is considered to be one of the most in
teresting matrices as it forms a solid solution with the ac
tinide mono-nitrides and has favourable properties. 

4.3 Metallic Fuels 

Actinide metals (similar to the nitrides) have a much better 
thermal conductivity than the actinide oxides.They cannot, 
however, be used in water reactors but are suitable for liquid 
metal and gas-cooled reactors. Due to the complex al-
lotropy of the actinide metals, the alloys of pure actinides 
undergo several phase transitions in the temperature range 
of operation of the fuel that results in swelling starting at rel
atively low burn-up.This can be avoided by increasing the 
space between the fuel and the cladding.This has only small 
penalties with respect to temperature of the fuel because of 
the excellent thermal properties of the metallic fuel and the 
possibility of applying sodium bonding.The swelling can be 
limited by adding a non-fissile metal to the alloy (e.g. molyb
denum or zirconium), which has the additional advantages 
that the chemical compatibility of the fuel is further im
proved and the melting point of the alloy is increased (rais
ing the margin to melting). In the framework of the fast 
breeder programme in the USA and the evolving IFR con
cept of Argonne National Laboratory, U-Pu-Zr fuels have 
been tested successfully in the EBR-II reactor [28]. Irradiation 
tests with minor actinide containing alloys have not been 
done. CRIEPI is preparing the METAPHIX irradiation test of 
(U, Pu, Zr) with up to 5% minor actinides in the Phénix reac
tor. The metallic fuel for this experiment was fabricated at 
ITU [29]. 

The most common fabrication process for metallic fuel is in
jection casting of the alloy. If pyro-chemical reprocessing is 
applied,the cathode product obtained is already an alloy of 
uranium, plutonium and the minor actinides.This can be rel
atively easily processed to new fuel pins. However, in the 
case of americium-containing alloys this method poses 
some problems since Am metal is relatively volatile and may 
evaporate. Powder metallurgy is therefore also being con
sidered for the fabrication. Because the cathode product 
contains small amounts of fission products, the fabrication 
requires remote handling. 

4.4 Targets for transmutation of long-lived fission 
products 

The long-lived fission products that are most frequently 
considered in transmutation studies are "Tc, 129l and 135Cs. 
They can be transformed into stable isotopes by a single 
neutron capture. 

Technetium metal has been found to be an excellent target 
material for transmutation in reactors. As part of the EFTTRA 
collaboration, irradiation tests of this material were per
formed in the High Flux Reactor (HFR) at Petten and an irra
diation test in the Phénix reactor is in preparation.The fabri
cation of the targets for these tests was done at ITU where a 
technique was developed to make cylinders/pellets by cast
ing liquid technetium metal in a water-cooled copper 
mould.The targets each contained two such cylinders.The 
EFTTRA-T1 andT2 irradiation tests [30-33] showed good be
haviour of the technetium in which about 18% was trans
muted to the stable 100Ru isotope. In the rim of the cylinders 
the extent of transmutation was considerable higher (30-
40%) due to contribution of neutrons from the resonance 
region, where neutron capture cross section of "Tc is much 
larger than for thermal or fast energies, typical for LWRs and 
FNRs, respectively. To make use of this effect, at CERN exper
iments on the transmutation of " T c were performed [34,35] 
applying the adiabatic resonance crossing (ARC) method in 
lead where neutrons lose their energy in small decrements. 
This allows access to the resonance energy region and, thus, 
the efficiency of the transmutation process may be in-
creased.The CERN researchers have shown that "Tc can be 
introduced in the lead volume of an ADS in a parasitic mode, 
and transmuted without affecting the operation in a signifi
cant way. 

For iodine targets, metal iodides such as Nal and Cel3 are being 
considered and have been tested in irradiation experiments 
by the EFTTRA group [30,36]. However, they do not seem to 
be very well suited for transmutation in reactors. Caesium 
transmutation in reactors does not seem feasible from the 
point of view of the neutron economy.The neutron absorp
t ion cross section of 135Cs is low and separated cesium is not 
a single isotope but a mixture of the long-lived 135Cs, the 
short-lived 137Cs and the stable 133Cs, as a result of which 
parasitic neutron capture in especially 133Cs will occur. 
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5. Partitioning and Transmutation-
The Way Forward 

The extent to which partitioning and transmutation tech
nologies can reduce the burden placed on geological dis
posal (in terms of volumes, decay heat, radiotoxicity, isola
tion times, etc.) cannot at present be fully assessed. Before 
this can be done, three key issues have to be resolved: 

1. Suitable "back-end" technology to separate the MA and 
LLFP by-products from the spent fuel. 

At ITU, aqueous processing of MA at laboratory scale by 
partitioning of genuine spentfuel has been demonstrat
ed. Pyro-processing of simulated fuel containing trace 
amounts of MAs has also been achieved. Future efforts 
must concentrate on pyro-processing of irradiated fuels 
and on the scaling-up of both aqueous and dry proces
ses. 

2. Development of dedicated fuels and targets to host 
MAs, and LLFPs for irradiation in transmutation reactors. 

Fabrication of advanced fuels and actinide targets is be
ing tested at present in various laboratories and many dif
ferent options (oxides, metals, nitrides, homogeneous, in-
homogeneous) are under investigation. Because limited 
information from irradiation experiments is available to 
evaluate these options and, moreover, such experiments 
are relatively time-consuming and expensive, it is not yet 
possible to concentrate the international efforts in this 
field, as one would wish. It is thus clear that this area re
quires much effort and attention in the coming years. 

3. The design and testing of transmutation devices such as 
FNRsorADSs. 

The very promising ADS require reliable, high intensity 
accelerators and associated spallation sources for neu
tron production. Experiments on the coupling of accele
rator and spallation source are a major requirement to 
demonstrate engineering feasibility. 

For the already developed FNRs, ITU and CRIEPI have fab
ricated MA containing fuel that would allow transmuta
tion in a homogeneous recycling scheme i.e. the self-
generated MAs will be returned to the reactor without 
affecting criticality safety. Nine fuel pins will be testet 
after the restart of Phénix. 

Some of these issues were addressed in the 4 t h Framework 
Programme (1995-1998) of the European Commission, and 
specific results have been reported in this paper. In the 5 th 

Framework Programme (1999-2002), an extension of these 
activities can be expected and ITU will participate in several 
key projects in the field of fuel and reprocessing technology. 
In addition to the framework programme activities, eight 
European countries and the Joint Research Centre have 
formed a Technical Working Group (TWG) on ADS to: 

• Develop a "roadmap" for a European waste transmuta
tion facility 

• Pursue and extend the present co-ordination activities 
of the TWG to a European Network 

• Co-ordinate European participation in emerging proj
ects, mainly outside Europe 

• Propose the planning, design, and construction steps for 
adequate funding in the 6th Framework Programme 

Only with such a common European approach can the com
plex and innovative technology for P&T be transferred from 
the scientific arena to mature industrial technology. 

6. Conclusions 

Partitioning and transmutation techniques offer the possi
bility of removing those by-products from spent nuclear 
fuel that contribute to the long-term risks of storage, and 
transmuting them in fast breeders and dedicated waste 
burners to less harmful products. Research in this area could 
have a considerable impact on the long-term technical de
mands placed upon sites for the disposal of radioactive 
waste, because the radiotoxicity of the by-products, and the 
very long times that they need to be separated from the 
biosphere, can be reduced. This may also lead to a better 
acceptance of nuclear energy. 

The ongoing activities at the Institute for Transuranium 
Elements are closely related to the development of schemes 
for partitioning and transmutation of these by-products. 
Partitioning activities involve the investigation of advanced 
aqueous and pyroprocessing techniques for separation of 
plutonium and minor actinides from the spent fuel. 
Transmutation activities deal wi th the development of tech
niques for fabrication of dedicated fuels and minor actinide 
targets and involves the fabrication of materials for irradia
tion experiments and their post-irradiation analysis. 
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These act iv i t ies, wh i ch are descr ibed in mo re detai l in this re

por t , w i l l con t inue as a ma in l ine of research at t he Inst i tu te 

du r i ng t h e cur ren t 5
t h

 F ramework Programme. 

A c k n o w l e d g e m e n t s 
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p repara t ion of t h e manusc r ip t . l n add i t i on , J .M .wou ld like t o 

t hank Dr. Enr ique M igue l González Romero for discussion on 
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Glossary /Acronyms DIAMEX Diamide Extraction Process. An advanced 
aqueous process for separating americium 
and curium from spent fuel. 

ADS 

ALI 

Accelerator Driven System. An essential feature 
of the fission process is that more neutrons 
are produced than absorbed.This opened the 
possibility of arranging the fissile material to 
produce a chain reaction and led to the design 
"critical" reactors to extract energy on a large 
scale. There is, however, an alternative way of 
extracting energy from the nucleus. By bom
barding heavy nuclei with high-energy protons 
from an accelerator, a high yield of neutrons 
results. These neutrons can then interact with 
fissile material, to produce energy. With such 
an accelerator driven system, the arrange
ment of fissile material in the reactor need not 
be critical. A key advantage of ADSs over 
conventional critical reactors lies in the fact 
that large amounts of MAs can be transmuted 
safely. 

Annual Limit of Intake 

ANTICORP Americium, Neptunium, Technetium Incinérés 
dans Couvertures Radiales de Phénix 

ATW Accelerator Transmutation of Waste usually 
refers to the U.S. ADS programme 

BTP process using Propyl-Bis-TriazinylPyridine for 
separation of antinidesfrom lanthanides 

CAPRA is the acronym for Consommation Acme de 
Plutonium dans réacteurs Rapides. It is the 
name of the programme of the French 
Commissariat à l'Energie Atomique (CEA) on 
plutonium incineration in fast reactors. 
TRABANT is the name of an irradiation experi
ment in the HFR-Petten. 

CERN Conseil Européen pour la Recherche Nucléaire 
or European Organization for Nuclear Re
search in Geneva, Switzerland. 

CRIEPI Central Research Institute of the Electric 
Power industry,Tokyo, Japan 

DF Decontamination Factor of an element is the 
concentration of that element in the feed 
divided by that in the raffinate. 

DIDPA Diisodecylp_hosphoricacid:an extractant used 
in advanced aqueous processing to separate 
actinides. 

DOVITA Dry reprocessing, Oxide fuels, Vibropac, Inte
gral, Transmutation of Actinides, Dimitroff-
grad, Russia 

EFTTRA is the acronym for Experimental Feasibility of 
Targets for Transmutation. It is a co-operation 
between CEA, EDF (France), Forschungs
zentrum Karlsruhe (Germany), NRG (Nether
lands), JRC-IAM and JRC-ITU (European Com
mission) . 

Extraction removal of elements from the aqueous solu
tion to the organic solvent. See stripping, the 
opposite process. 

FACT Eormation of actinides in pile 

fp or FP fission rjroducts 

HLW High Level Waste refers to the liquid waste 
from reprocessing which contains fission 
products and the minor actinides and, as a 
result, requires massive shielding and provi
sion for cooling. 

IFR Integral Fast Reactor - a compact reactor de
sign based on metallic fuel fabrication and py
ro-chemical reprocessing at the reactor site. 

ILW Intermediate Level Waste: The nuclear cycle 
also generates materials described as inter
mediate waste "ILW". An example is the 
cladding around the fuel. ILW materials are 
sufficiently radioactive as to require a barrier 
between them and the biosphere. Cooling is 
not required. 
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JAERI Japan Atomic Energy Research Institute 

LLW Low Level Waste: a mixed bag of items such as 
protective clothing, which can be safely dis
posed of by shallow burial. 

LLFP Long-Mved fission rjroducts 

LMR Liquid metal reactor 

LWR Light Water Reactor 

MA Minor Actinides - This expression refers main
ly to the elements neptunium,americium and 
curium. These minor actinides (MA) are pro
duced as radioctive by-products in nuclear re-
actors.The term "minor" refers to the fact that 
they are produced in smaller quantities in 
comparison to the "major" actinide plutonium. 

METAPHIX Metal Transmutation of Actinides in Phénix 

NIMPHE Nitrures Mixtes dans Phénix à joint Helium. 

NILOC Nitride fuel with Low Oxygen and Carbon 
content (irradiation experiment). 

POM An irradiation capsule for mixed oxide pellets 
(Pellets Oxyde Mixte), where the pellet axis is 
not parallel but transverse to the fuel pin axis. 
This device was used in the past for oxide fuel 
experiments in the BR2, Mol (BE) and later for 
nitride fuel in the HFR, Petten (NL) test reac
tors. 

POMPEI POM Petten irradiation experiment to study 
the structure of nitride fuel. 

PUREX An aqueous process for Plutonium and 
Uranium Recovery by Extraction from spent 
fuel. 

SUPERFACT minor actinide irradiation in Phénix (follow up 
of FACT). 

Raffinate the refined fraction which results after re
moval of the actinides by solvent extraction. 

SLFP Short-lived fission rjroducts. 

Spallation refers to the process in which a particle with 
high energy strikes a nucleus.The particle im
parts some of its energy to the nucléons 
which may then be ejected from the nucleus. 
Above lOOMeV, a dozen or more nucléons 
may escape. 

Stripping removal of elements from the organic solvent 
to the aqueous solution. See extraction, the 
opposite process. 

TRABANT Transmutation and Burning of Actinides in 
Triox 
(Triox is an irradiation capsule used in the HFR 
test reactor, Petten, NL). 

TRPO Trialkyl Phosphine Oxide: an extractant used 
in advanced aqueous processing to separate 
americium and curium. 

TRUEX An advanced aqueous process for Trans-
Uranium Extraction from spent fuel 

UREX An Aqueous process for Uranium Extraction 
from spent fuel 
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Institute Staff 
The staff situation as of December 1999 is presented in the 
chart below. The total statutory staff, i.e. employees of the 
European Commission, was 194. In addition 12 post-docs 
and 10 doctoral grantholders worked during 1999 in the 
Institute. 

The distribution of staff by category and status is given in 
the chart below. Category A grade means scientists and en
gineers with an university degree, category Β corresponds 
to technicians and category C/D means laboratory atten
dants or craftsmen. 

Statutory staff by category and status 194 Staff Situation 
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Budget 

Two major categories of activities are performed in the 

Institute. Socalled "institutional" activities are activities car

ried out on behalf of the European Union and paid by the 

European Commission. These activities include research in 

the area of alphaimmunotherapy, fuel cycle safety, nuclear 

safeguards and scientific technical support to the different 

Directorate Generals of the Commission. 

The second category of activities comprises socalled "com

petitive" work, covers activities performed against payment. 

This category includes work for third parties, technology 

transfer actions, shared cost actions (DG Research) and work 

for other Directorate Generals of the Commission following 

a call for tender. 

The distribution of the institutional budget to the different 

research and support activities and the source of competi

tive income for 1999 is shown below. 

Institutional Budget 35.8 M€ 

Safeguards R&D 

(Support DG 

Energy, IAEA) 

35% 

Spent Fuel 

Characterisation 
7% 

alpha

Immunotherapy 

4% 

/ 

~ - L _ ^ 

7j \ 
Radioactivity in 

he Environment 

1% 

[■ 
L
 Tr 

artitioning & 

ansmutation 

10% 

Basic Actinides 

ι— Research 

/ 30% 

Safety of Nuclear 

Fuels 

13% 

Technology 

Transfer 

17% 

Income from Competitive Activities 7.1 M€ 

Shared Cost 

Actions 

7% 

Support to the 

Commission 
18% 

Third Party 

Work 

58% 
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Quality Management 

Following a control audit, the 'Deutsche Gesellschaft zur 
Zertifizierung von Qualitätssicherungssystemen' (DQS) con
firmed its certification that the Quality Management (QM) 
system at ITU fulfils the requirements of the ISO 9001 norm 
for contractual work. Considering the positive effects of the 
system in terms of transparency and efficiency in solving 
problems, and for reasons of internal coherence, it was 
decided to continue the implementation of the system to 
cover all activities of the Institute. In particular, the QM sys
tem now extends to the institutional work; because of the 
many common procedures and services of the contractual 
and institutional projects, this was straightforward. For 
example, the project management approach had to be only 
slightly adapted to take into account the fact that institu
tional projects are defined from the JRC work programmes, 
and not directly from customer requests. Concretely, a good 
way of achieving this extension of the QM system was by 
including the institutional projects in the audit plan. 

The control audit was completed by a so-called "delta-
audit", consisting of an evaluation of the QM system at ITU 
with respect to the new ISO 9001:2000 norm, which is in 
preparation. Following this evaluation, six adaptation 
actions were defined, and are now being ¡mplemented.They 
will be reviewed at the next control audit. 
Finally, and in agreement wi th the quality policy defined by 
the Directorate-General, stating that the EFQM model will 
be used as a framework for continuous improvement in the 
general organisation of the Joint Research Centre (JRC), ITU 
initiated, like the other establishments and services of the 
JRC, a self-assessment campaign. A team was constituted, 
representative of the staff distribution of the ITU, and 
trained in the EFQM model and in the technique of self-
assessment. The team is gathering information on the nine 
criteria of the EFQM model, and will evaluate the Institute in 
a two-day workshop. The main outcome will be the defini
tion of areas for improvement. 

^Identification 
of the 
needs 

complaints 
bottlenecks 

evaluation meetings 
review meetings 

external audits 
internal audits 
self-assessment 

V 

Continuous ¡mprovement at ITU 
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actions 

individual initiative 
action list 

action to remedy 
to a deviation 
management 

decision 

Improvement actions 

Follow-up of actions 
Preventive and 

torrective actions 
Improvement teams 

planning carrying 
out 

Assessment 
of the 
results 

Increase of 
customer 

satisfaction 

V 
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Institute Organigram 

Director 
Jaques VAN GEEL* 

Tel: (++49) (0)7247 951 350 
Fax: (++49) (0)7247 951 591 

E-mail: jacobus.van-geel@jrc.org 

Deputy Director 
Programme Office 
Roland SCHENKEL 

Tel: (++49) (0)7247 951 350 
Fax: (++49) (0)7247 951 591 

E-mail: roland.schenkel@jrc.org 

1 . Management Support 
Jean-Pierre MICHEL 

Tel: (++49) (0)7247 951 352 
Fax: (++49) (0)7247 951 590 

E-mail: jean-pierre.michel@jrc.org 

3.Materials Research 
Hansjoachim MATZKE 

Tel: (++49) (0)7247 951 273 
Fax: (++49) (0)7247 951 591 
E-mail: matzke@itu.fzk.de 

5. Nuclear Chemistry 
Lothar KOCH 

Tel: (++49) (0)7247 951 424 
Fax: (++49) (0)7247 951 596 

E-mail: koch@itu.fzk.de 

2. Hot Cell Technology 
Jean-Paul GLATZ 

Tel: (++49) (0)7247 951 321 
Fax: (++49) (0)7247 951 561 

E-mail: glatz@itu.fzk.de 

4. Nuclear Fuels 
Didier HAAS 

Tel:(++49) (0)7247 951 367 
Fax: (++49) (0)7247 951 566 

E-mail: dhaas@itu.fzk.de 

6. Actinides Research 
Gerard LANDER 

Tel: (++49) (0)7247 951 382 
Fax: (++49) (0)7247 951 599 

E-mail: lander@itu.fzk.de 

7. Nuclear Safety & Infrastructure 
Werner WAGNER 

Tel: (++49) (0)7247 951 330 
Fax: (++49) (0)7247 951 502 
E-mail: wagner@itu.fzk.de 

* until 31.1.2000, since 1.2.2000 Roland Schenkel February 2000 
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Publications and Patents: Overview 

Informing scientific circles and 

customers 

Three Doctoral grantees from the 
Institute have obtained their PhD 

In Annex I of part Β a list of 56 publications is given which 

have appeared in refereed journals together with informa

tion on 96 contributions to various conferences. 

In addition 48 technical reports have been issued to our dif

ferent customers under various competitive activities. 

Bibliograpical data along with abstracts of previous publica

tions from the Institute can be retrieved from the database 

"Publications" of the Community Research and Develop

ment Information Service (CORDIS) located in Luxembourg: 

h ttp://www. cordis. Iu/EN_ PUBLI_search.html 

More information about the Institute for Transuranium 

Elements (ITU) and the JRC in general can be found on the 

Web server of the JRC: http://www.jrc.org. 

ITU's previous annual reports 19951998 (in PDF format) are 

also available on this site under the header 'Publications' 

(More information —> Publications). 

More detailed information on the Institute at: 

http://itumagill.fzk.de 

Asunción Fernández Carretero 

Preparación de matrices inertes y su infiltración con materiales 

radioactivos para la fabricación de blancos para la trans

mutación e incineración de actinidos. 

Universidad Complutense de Madrid, Madrid, ES, 1999 

Manuela Musella 

Development and test of a method for the simultaneous meas

urement of heat capacity and thermal diffusivity by laserflash 

technique at very high temperatures. Application to uranium 

dioxide. 

University ofWarwick,UK,June 1999 

Heinrich Ziegler 

Advanced concepts for task automation in nuclear extraction 

chemistry. A contribution to the optimization of automated 

column extraction chemistry and establishment of a corre

sponding database. 

Technische Universität Wien, September 1999 
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Patents 

During 1999,the Institute has submitted 4 patent proposals; 3 patents have been deposited (first application) and 5 patents 
have been granted. 

First Application (with priority data) Patents granted 

Haas D.;Somers J. 
A Method for tailoring the density of nuclear fuel pellets 
18/01/1999 99100387.2 EP 

Magill J., Peerani P. 
A neutron amplifier assembly 
20/04/1999 99107327.1 EP 

Charollais F.; Somers J.; Fourcaudot S., Fuchs C; Haas D. 
Method for producing nuclear fuel pellets of the MOX 
type 
06/09/1999 99116886.5 EP 

van Geel J.N.C.; Koch L.W.; Fuger J. 
Verfahren zur Erzeugung von Actinium-225 
03/07/1995 88636 LU (Priority) 
24/03/1999 0752709 EP 

van Geel J.N.C.; Koch L.W.; Fuger J. 
Verfahren zur Erzeugung von Aktinium-225 und 
Wismut-213 
23/02/1990 7684 LU (Priority) 
23/07/1999 2955884 WO JP 

van Geel J.N.C., Peerani P.; Nicolaou G.; Matzke Hj; Magill J. 
A method for the destruction of plutonium by irradia
tion in a light water reactor 
04/07/1995 95110397.7 EP (Priority) 
12/10/1999 5966418 WO US 

Nicolaou G.;Koch L.; Abbas K. 
A monitor for measuring both the gamma spectrum and 
neutrons emitted by an object, such as spent nuclear 
fuel 
15/10/1996 96116506.5 EP (Priority) 
03/11/1999 0888621 EP WO/B 

van Geel J.N.C.; Koch L.W.; Fuger J. 
Verfahren zur Erzeugung von Actinium-225 und 
Wismut-213 durch Bestrahlung von Radium-226 mit 
hochenergetischen Gammaquanten 
01/07/1995 88637 LU (Priority) 
10/11/1999 0752710 EP 
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Information Dissemination 

Tapping ITU expertise 

ITU continues to widen its circle of contacts and to search 
for new target groups by offering its expertise in the fields of 
nuclear technology and actinide research. Around 600 visi
tors came to the Institute for one or several days, for discus
sions, workshops, and to participate in courses or tour the 
laboratories. 

During these visits, representatives of 

• Commission services could inform themselves of ITU 
competence and reliability in the nuclear field which 
could be of benefit to their particular policy efforts and 
that sound technical assessments on pertinent issues of 
a European dimension can be supplied "on call" if and 
when needed. 

• Member State authorities and international organisa
tions could satisfy themselves of ITU's impartial scientific 
and technical support. 

• national research centres, universities and industry 
could get an impression of the potential for networking 
with ITU, using its nuclear safety relevant databases, 
know-how and facilities, training opportunities for the 
next generation of scientists and, seconding specialists 
to the Institute's user facilities for specific tasks. 

The network of contacts now spans Europe, Eastern coun
tries such as Bulgaria, the Czech Republic, Hungary, Russia 
and members of the Community of Independent States, the 
U.S., Argentina and Brazil, Japan and, most recently, Korea. 

The main nuclear topics dealt with were: waste manage
ment, safety of fuels, safeguarding nuclear material, detect
ing illicit trafficking and discharges in the environment, and 
also alpha-immunotherapy - a new approach to treating 
cancer. Basic Actinide Research results were presented to 
expert circles in international scientific conferences and 
journals, (see Annex I of this report) 

Some major ITU conferences and courses: 
• 'Technical collaboration on accounting and control of 

nuclear materials between the Russian Federation and 
the JRC', Joint Steering Committee Minatom -
Gosatomnadzor - JRC meeting (January) 

• 'Counteracting non-authorised transfer of nuclear mate
rial' (January, April, July, October) 

• 'On Site Laboratory operation' (April) 
• ISO Working Groups workshops including MOX group 

and plenary session (June/July) 
• 'Hot Laboratories and Remote Handling'(October) 
• 'High performance trace analysis and environmental 

sampling techniques'(November). 

ITU presented itself at the JRC stand during the launch of 
the 5 th Framework Programme in Essen. It also presented its 
activities under the new programme to research partners, 
authorities and Commission services during the interna
tional seminar"S&T Support to European Policies -Towards 
a New Partnership" at Ispra, where delegates from the 
Central and Eastern European Countries countries were in
vited. 

Information dispatched on the inauguration of the first On-
Site Laboratory, designed, developed and installed by ITU 
for a more efficient control of nuclear material, caught the 
attention of the media. The event at BNFL's reprocessing 
plant at Sellafield received good and fair coverage in gener
al and triggered interest with the local branch of national 
television. 

Offering information at an ITU stand during the launch of the 
5th Framework Programme in Essen : ITU co-workers Ursula 
Huber and David Haiton. 
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Presenting latest scientific findings to guests and colleagues: 
Vincenzo Rondinella from ITU. 
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Who says nuclear engineering is a man's world? Students from 
Delft University with their Professor Jacques van Geel (at left) 
touring ITU labs. 

Creating acceptance 

ITU's research and support activities are considered useful 
by Commission services, Member States authorities, interna
tional organisations, and academic circles, alike.The general 
public, however, remains a challenge. ITU tries to demon
strate its usefulness when it comes to, e.g., solving questions 
of nuclear waste treatment and disposal, detecting clandes
tine nuclear activities,or monitoring radioactive pollution of 
the environment. Again, national television reported briefly 
on such activities. 
Arousing interest and deepening insight among the next 
generation of scientists remains a special ITU concern. 
Groups of students were invited fortours of the laboratories 
and discussions. 

Local authorities were invited likewise to form an opinion 
on the activities, get a feeling for the multinational working 
atmosphere, fathom fields for co-operation, and last but not 
least appreciate the economic impact of the European insti
tut ion and its officials on the local economy, mainly small 
and medium-sized businesses. 

In-house transparency through 
information 

Only well informed co-workers can be expected to make a 
contribution to innovation, be it in the form of new ideas, 
processes, or products. In addition to traditional scientific 
seminars a series of 19 lectures were held for co-workers in 
the framework of "Education Permanente'.'Topics covered: 
the role of the JRC in the 5 th Framework Programme, the nu
clear fuel cycle, non-proliferation, large ITU projects,etc.,and 
lecture notes were distributed.These activities will be con
tinued in 2000. 

On their way to the sophisticated laboratories under the gui
dance of ITU Director Prof. Jacques van Geel (left): Mayor of 
Karlsruhe Heinz Fenrich (middle) and Deputy Mayor of 
Karlsruhe Dr. Elmar Kolb (front row, right), Dr. Roland Schenkel 
of ITU, Dr. Dirk Radloff of Forschungszentrum Karlsruhe, 
Dr. Peter Fritz, new board member of Forschungszentrum 
Karlsruhe (second row from left) 

I n f o r m a t i o n D i s s e m i n a t i o n - ITU A n n u a l Repor t 1999 - (EUR 19054) - ^ 5 7 





ACTIVITIES 
IN PROGRESS 

PART Β 

1' Institute for 
Transuranium 
Elements 





Β - Activities in Progress 

1 . Alpha- lmmunotherapy 
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AC-225 by a (p,2n) Reaction 63 
1.2 New Bifunctional Chelators 63 
1.3 Cooperation with Hospitals 64 
1.4 Hospital Grade Bi-213 66 

2. Basic Actinide Research 
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2.2 Solid-state Physics Studies 72 
2.3 Surface Science Studies 75 
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2.5 Scattering Studies 82 
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1. Alpha-lmmunotherapy 

Alpha-immunotherapy uses the high selectivity of dedicat
ed monoclonal antibodies (mAb) or peptides,that are linked 
to an alpha emitting isotope through a bifunctional chelator 
for the selective irradiation of cancer cells. ITU's role in de
veloping alpha immunotherapy ranges from the produc
tion of 2,3Bi-generators for ongoing trials, to co-operation 
with hospitals and other institutes on: chelates, large scale 
isotope production for pre- and clinical testing, and in vitro 
and in vivo testing for new biomolecules for alpha im
munotherapy. 

1.1 Target Production for Irradiating 
226Ra in a Cyclotron, to produce 
225Ac by a (p,2n) Reaction 

Based both on the experience achieved in small scale irradi
ations of 226Ra in the cyclotron (up to 5 mCi of 226Ra) [1,2] 
and the associated evaluation and calculations, it was ex
pected that the irradiation of 30 mg (mCi) 226Ra, under prop
erly adjusted irradiation conditions, would result in the pro
duction of about 30 mCi 225Ac. 

The evaluation of the irradiated target of 30 mCi 226Ra 
showed however an 225Ac production efficiency of only 1 1 % 
(i.e. 3,3 mCi). It was diagnosed that the main reason for the 
lower efficiency was the sub-optimal target fabrication 
method. It is not straightforward to distribute only 30 mg 
226Ra (as 39,2 mg RaCI2) homogeneously on a 2 cm2 surface. 

Therefore a new target fabrication method was developed 
and a new facility was set up, in order to prepare for larger 
scale irradiations (up to 500 mg of 226RaCI2). (see Fig. 1.1). 

The 30 mCi 226Ra is added to about 300 mg BaCI2 to simulate 
the future larger amount of 226Ra. BaCI2 is used because its 
chemical and physical properties are very close to those of 
RaCI2.Both components are mixed and heated, evaporated, 
and dried at 450 °C (to remove the crystal water) and 
pressed into a pellet (thickness 7 mm, radius 0,8 cm).This 
pellet is welded into a leaktight Ag envelope. In a similar 
manner, in the future, the larger targets of RaCI2 will be pro
duced, without diluent. 

The ¡rradation of this newly fabricated target will be per
formed at the beginning of the year 2000. 

References: 
[1] L. Koch, J. Fuger , J. van Geel, "Verfahren zur Erzeugung von 

225Ac (durch Bestrahlung von 226Ra mit Protonen)','Patent No EP 
0752709B1,grantedon24.3.1999inAT,BE,CH,DE,DK,ES,FI,FR, 
GB,GR, IE, IT, LI, LU, MC, NL, PT, SE. 

[2] C. Apostolidis,W. Janssens, L. Koch, J. Mc Ginley, R. Molinet, M. 
Ougier, J.Van Geel, J.Möllenbeck, H. Schweickert,"Method for 
producing 225Ac by irradiation of 226Ra with protons',' Patent 
filed under Provisional No 98109983.1 on 2.6.1998 for AT, BE, 
CH, CY, DE, DK, ES, Fl, FR, GB, GR, IE, IT, LI, LU, MC, NL, PT, SE.1. : 
Patent WO9963550, published 9.12.1999. 

1.2 New Bifunctional Chelators 

Ra-226 Hot Cell 

Fig. 1.1 Radium-226 target production in the hot cell. 

With the collaboration of INSERM in Nantes and 
Kantonsspital Basel, Radiological Center, new bifunctional 
chelates for 213Bi and 225Ac have been developed.225Ac work 
is devoted to the synthesis of macrocyclic chelators to stabi
lize 225Ac3+ under physiological conditions and coupling it 
to biomolecules. A good candidate appears to be 
1,4,7,10,13,16-hexaazacyclooctadecane, 1,4,7,10,13,16-he-
xaacetic acid (HEHA), which was synthesized as a mono-
functional version using a new and elegant synthetic route. 
Recently, the chelate has been also synthesized in a bifunc
tional version of HEHA by modification of the carbon back
bone. The preliminary in vitro tests with the monofunction-
al version have been promising.The final in vitro and in vivo 
testing is going to start during year 2000. 
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For bifunctional chelators for
213

Bi two strategies have been 

followed so far: 

a) Transcyclohexyldiamine based 13membered tetraaza

tetraacetic acid derivatives; the first step in the synthesis 

was to make corresponding tetraamines by peptide syn

thetic methods followed by carbonyl group reduction. 

Two such precursors were successfully synthesized. 

b) TranscyclohexylDTPA based open chain chelators; like 

above a strategy has been chosen to form preorganised 

bifunctional chelators. The starting material was again 

transcyclohexyldiamine which was monoprotected 

with BOC and monoalkylated with bromoethylamine

Ν,Νdiacetic acidtbutyldiester. In the following step the 

secondary amine was then alkylated with abromosuc

cinic acid1tertbutylester4benzylester. The synthesis 

was successful up to this step and will be followed in the 

future. 

1.3 Cooperation with Hospitals 

The phasel study at Memorial SloanKettering Cancer 

Center (MSKCC), New York, using the HuM195 antibody la

beled with
 213

Bi has now been completed.The highest toler

ated dose for the treatment of relapsed or refractory of 

myeloid leukemia has not been reached even with dose lev

el 50 MBq/kg.The main results of the phasel study are: 

1. HuM195CHXADTPAbismuth213 construct is stable 

and safe. 

2. The absorbed dose ratio between marrow, liver and 

spleen volumes and whole body for
 2 l3

BiHuM195 is 

1000fold greater than that commonly observed with ß~ 

emitting radionuclides used for radioimmunotherapy. 

Based on these encouraging results, the Phasell study with 
213

BiHuM195 construct is going to be started during the 

year 2000 [1]. 

In the "Abteilung Nuclearmedizin der GeorgAugust

Universität Göttingen" new peptides for alpha therapy are 

studied. CCKB receptors are expressed in high amounts in 

medullary thyroid and small cell lung cancer. However,they 

have been demonstrated on a variety of other cancers, such 

as some ovarian tumors, astrocytomas, colon, stomach, or 

pancreatic tumors as well. Medullary thyroid and small cell 

lung cancer appeared as very attractive candidates for 

proofofprinciple of alpha therapy, since both stand at op

posite ends of the radiosensitivity spectrum of solid tumors, 

colorectal cancer being somewhere between them. The 

same holds true for the incidence, social medical impor

tance, and frequency of these cancer types. On the other 

hand, with the exception of the stomach mucosa, the physi

ological CCKB receptor expression is rather low in peripher

al normal organs. 

A variety of peptides, all bearing the CCKreceptor binding, 

were tested in order to develop an optimal ligand which 

unites in itself both high affinity to and selectivity for the 

CCKB receptor. Also a novel DTPAbased chelator DTPAD

Glu has been developed which combines the advantages of 

DTPA and DOTA without sharing the respective disadvan

tages. DTPADGlu showed improved metabolic stability for 

a variety of radiometals, such as β (
90

Y,
 153

Sm), Auger/con

version electron V
11

 In,
 140

Nd), or αemitters (
213

Bi/
213

Po) [2]. 

One of the most promising peptide in the respect of im

proved metabolic and increased radiometal chelation sta

bility was the minigastrin derivative: DTPA°[DGlu
1
]Glu5

AlaTyrGlyTrpMetAspPheNH2 and it was chosen as 

carrier for all subsequent experiments. 

The aim of the subsequent work was to compare the toxici

ty and antitumor efficacy of these peptides, labeled with 

high linearenergytransfer (LET) emitters, e.g., Auger/con

version electron or αemitters, as compared to convention

al lowLET ßemitters [2]. The minigastrin derivative had 

shown high affinity to and selectivity for the CCKB receptor. 

It rapidly internalizes after receptor binding. Biodistribution 

studies were performed in nude mice bearing subcuta

neous TT medullary thyroid cancer xenografts. For therapy, 

groups of mice were injected with the various radiolabeled 

peptides, whereas controls were left untreated or were giv

en equal amounts of unlabeled peptide.The maximum tol

erated dose (MTD) of each agent was determined. Myelo, 

second organ (e.g. renal) toxicity and tumor growth were 

monitored at weekly intervals. In accordance with kidney 

uptake values as high as > 30% of the injected dose per 

gram (ID/g), the kidney was the first doselimiting organ, re

gardless of the label used. With all β and αemitters, renal 

doses of > 90 Gy led to acute, > 60 Gy to chronic radiation 

nephropathy.However,with
 , n

ln , rena l doses approximate

ly twice these thresholds were tolerated. All highLET (i.e., 

Auger electron and αemitters were ~23fold more thera

peutically effective than the conventionally ßemitter la

beled conjugates. Whereas lowLET emitters merely led to 

growth retardation, permanent cures were observed with 
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Auger electron and α emitters at their MTDs. We concluded 

that highLET (Auger and a)emitters are therapeutically 

more effective than conventional ßemitters. Surprisingly, 

maximum tolerated doses were very similar between a and 

β, but higher with the Augeremitters, which may be due to 

their short path length, selectively irradiating the renal 

tubulus cells, but sparing the much more radiosensitive in

terstitial tissues of the kidney [24]. 

The aim of a pilot clinical study was to investigate the clini

cal role in the staging of metastatic medullary thyroid carci

noma (MTC) and to obtain human biodistribution and 

dosimetry data. Thirtyfive patients with MTC were studied 

using a
 n i

 Inlabeled DTPAderivative of minigastrinno. 

Physiological uptake was observed in any other organ, such 

as the liver or spleen. All tumor manifestations known from 

conventional imaging were visualized as early as 1 hour 

post injection (h.p.i.),with increasing tumortobackground 

ratios over t ime; at least one lesion was detected in 15/16 

patients with occult disease. Among them were local recur

rences, lymph node, pulmonary, hepatic, splenic and bone 

metastases. 

Summarizing, these data suggest that CCKB receptor lig

ands are a promising new class of receptor binding peptides 

for the staging and treatment of MTC. HighLET emitters, 

such as alpha or Auger electron emitters seem to have clear 

therapeutic advantages over the conventionally used low

LET beta emitters. 

Under the Commission's "Innovation" program, a project 

(TNHLARIT IN30848I) in collaboration with the university 

hospitals of Heidelberg, Ghent, Hasselt and Deutsches 

Krebsforschungszentrum Heidelberg has been contin

ued. Studies of specific and unspecific cytotoxicity of
 213

Bi 

labeled antiCD19 and CD20 antibodies were carried out. 

Dr. M. Brechbiel from the National Institute of Health, USA 

has provided new bifunctional chelate CHXA"DTPA for our 

studies. Biodistribution studies with antiCD20CHXA"DTPA 

antibodies coupled with
 205

/
206

Bi were shown to result in 

similar biodistributions than other published radiobismuth 

labeled antibodyconstructs with the same chelators. The 

conclusion,that there is no extra bismuth uptake on the kid

neys during first hours, could be confirmed using
 n i

l n la

belled antibody constructs. The maximum tolerated dose 

in normal mice was studied after intravenous injections 

of escalated activities of
 213

Bilabeled antiCD20 antibody 

(2.9 to 13.1 MBq).The preliminary results obtained in 5 to 22 

mice per each activity level showed a high toxicity for the 

three highest activity levels (9.5 MBq to 13.1 MBq) with 

70100% mortality after three weeks. At the 6.5 MBq activity 

level 25% deaths were observed whereas no death was ob

served with the two lowest activity levels (2.9 MBq and 4.9 

MBq). The hematological toxicity data and pathological re

sults are not yet available. Several hundred milligrams 

CHXA"DTPA chelated antibodies were produced for clinical 

Phase trials, which are planned to start during year 2000. 

The tumor binding and therapeutic efficiency of
 213

Bi la

beled specific monoclonal antibody against ΕCadherin mu

tation was studied in vitro and in vivo in a human intraperi

toneal (i.p.) gastric cancer model with the Nuclear

medizinische Klinik und Poliklinik der Technischen 

Universität München. In vitro experiments showed approx

imately one log specific cell killing of the
 213

Bi labelled 6H8

antibody. In vitro experiments were investigated: biokinet

ics, tumor binding and therapeutic efficacy of a
 213

Bi 

labelled 6H8. After i.p. injection of
 2 ,3

Bi labelled 6H8nAb 

into mice bearing tumor cells biokinetics and tumor binding 

in i.p. tumor nodules were determined. These small tumor 

nodules in the intraperitoneal cavity bound 62% injected 

dose/g tumor within 1 h p.i. In tumor nodules expressing 

wildtype ΕCadherin the uptake was less than 6% injected 

dose/g.The therapeutic efficacy was evaluated by determi

nation of tumor and ascites development depending on 

time after i.p. injection of 22.2 MBq
 213

Bi6H8 in comparison 

to untreated animals. 96% of the untreated animals devel

oped large tumor masses and/or ascites within 68 weeks af

ter tumor cell inoculation, whereas only 43% of the animals 

treated with 22.2 MBq of
 213

Bi labelled antibody showed tu

mor development within 12 weeks after tumor cell inoccu

lation.57 % of the treated animals are still alive with no sign 

of tumor 20 weeks after tumor cell injection. The results 

show that the
 213

Bi coupled to a mutation specific antibody 

binds selectively to tumor tissue or tumor cell clusters ex

pressing the mutated ΕCadherin and therefore has a high 

potential for radioimmunotherapy of disseminated tumor 

growth after locoregional administration. 

In the two projects of CSA 96202/96P04 and CSA 

96114/96P03 carried out together with INSERM / SUBA

TECH in Nantes have been determined the optimal condi

tions for radioinduced cell death in multiple myeloma (MM) 

cell lines targeting with
 213

Bilabelled BB4 antibody within 

the scope of potential use for ex vivo bone marrow purging 

[5]. Complementary studies, using fresh bone marrow sam

ple from patients, showed a high nonspecific cell death rate 

when the cell concentration was high, whereas cell death 

decreased with a dilution. 

I 
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The same study has been performed with another antibody, 

MA5 (antiMUC 1 antigen), which is an alternative candidate 

for clinical alphaimmunotherapy study.The same labelling 

conditions have been validated with an efficient targeting 

of MM cells. 

The aim of the study of analysis of biological mechanisms 

involved in alpha particle irradiation was to compare the ef

fects of β" irradiation from
 131

l or
90

Ylabeled antibodies (cur

rently used in radioimmunotherapy clinical studies) with 

those from an irradiation from
 213

Bilabeled antibodies. It 

has been demonstrated first that a much more efficient ceil 

killing effect is present with alpha than with beta particles, 

and secondly that a G2M cell cycle arrest is induced by alpha 

and not by beta particles. This G2M arrest was correlated 

with the cell death rate in contrast with the accepted state

ment that this arrest was associated with the cell repair 

process. 

Within the scope of future preclinical alphaimmunothera

py in mice bearing human carcinoma,the maximum tolerat

ed dose in normal mice has been studied after intravenous 

injections of escalated activities of
 213

Bilabelled anti carci

noembryonic antigen antibody (1.85 to 14.8 MBq).The pre

liminary results obtained in 5 mice per each activity level 

showed a high toxicity for the highest activity (14.8 MBq) 

with 100% mortality after 15 days. With the 7.4 MBq activity 

level 2 / 5 deaths were observed whereas no death was ob

served with the lowest activity level. In the three groups, 

high hematological toxicity was seen and was transient with 

the lowest level.
 213

Bi toxicity in this mouse animal model 

was resulting similar toxicity than in studies of Heidelberg 

with bismuth213 labelled antiCD20 antibody in healthy 

mice. 

Targeted alpha particle therapy has now passed the initial 

proof of principle, the tests have successfully demonstrated 

that it is feasible to manufacture and reliably deliver mono

clonal antibodies radiolabeled with alpha emitting atoms to 

human cancer cells in patients. Based on ongoing preclini

cal trials it is expected rapid expansion of this approach into 

a variety of other tumor types and possibly nonmalignant 

conditions. Areas for rapid growth will include those tumor 

types for which established antigen antibody systems exist. 

This includes antibodies to lymphomas, prostate cancer,and 

possibly breast cancer and colon cancer. In addition, the use 

of alpha particles to kill virusinfected cells, such as HIV in

fected cells, may also be tested in humans. Significant ob

stacles to the widespread use of alpha particle therapy, such 

as the limited supply of isotope or inadequate chelates, ap

pear to be largely overcome at this point. Continued efforts 

at producing large quantities of lowcost isotope will be a 

key to the most rapid expansion of this therapeutic modali

ty [6]. 

1.4 Hospital Grade
 213

Bi 

During the reporting period hospital grade
 213

Bi was pro

duced and carefully separated at ITU for clinical studies. For 

biodistribution studies
 2

°5/206g¡ n u c | ¡des were used because 

of their longer half lives. The hospitals that were provided 

with such material are listed in Tab. 1.1. 

Tab. 1.1 Overview of the ongoing trials and number of
 225

Ac/
2,3

Bi generators provided by ITU in 1999 

Partner 

Memorial SloanKettering 

Cancer Center, New York (USA) 

INSERM, Nantes (F) 

University of Heidelberg (D) 

Clinic Hasselt, Univ. of Gent (B) 

University of Göttingen (D) 

Kantonsspital Basel (CH) 

Universitätsklinik München (D) 

Cancer type 

Acute myelogious leukaemia (AML) 

Prostate cancer 

Multiple myeloma 

NonHodgkin's lymphoma (NHL) 

NonHodgkin's lymphoma (NHL) 

Colon cancer 

Low grade glioma 

Stomach cancer 

m Ab or peptide 

HuM195 

J591 

BB4, MA5 

CD19.CD20 

CD19,CD20 

C0171A 

somatostatin 

6H8 

225
Ac/

213
Bi generators 

2 

2 

1 + 2 * 



5 

2 

8 

*
 205

/
206

Bi for biodistribution studies 
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2. Basic Actinide Research 

Projects 

Introduction 

This project has as its main goal the understanding of the 
physics and chemistry of Actinide Systems. Our level of 
knowledge of actinide metals and compounds is far inferior 
to that of the rest of the periodic table, mainly because of 
the difficulty of handling transuranium materials, but also 
because of the inherent difficulty of understanding the be
haviour of the 5f electrons.Their spatial extent and tenden
cy to interact with electrons on ligand sites give actinide 
materials a complexity unique in the periodic table. 
Experiments and theory are performed with a view to im
proved understanding rather than applications. The long-
term impact may be viewed in terms of a database for fuels 
development, for the treatment of waste, and as a contribu
tion to our knowledge of materials in general. 

First and foremost in our tasks is the preparation of materi
als, both in polycrystalline and single crystal form. A second 
major task is to develop measurement capabilities that can 
be used both to characterise the material and reveal inter
esting properties. Since many laboratories are now unable 
to work with transuranium elements (and sometimes not 
even with uranium), we have undertaken to construct a 
"User's laboratory" in Karlsruhe. Interested staff from univer
sities and other institutes come to ITU and use these facili
ties. In particular, this last year we had a strong collaboration 
with scientists from Charles University, Prague. 

ticular, are cement bonds between our work and that in uni
versities, and help to sustain and spread the knowledge of 
actinide science.The progress of our work is documented in 
papers in the open literature, conference reports, seminars, 
and review chapters. 

2.1 Preparation 
and Characterisation 

The main effort of our programme is on the synthesis of new 
actinide compounds for solid state physics studies for both 
internal projects and collaborations with external organisa-
tions.This activity includes the preparation, characterisation 
and encapsulation of samples directly driven by "customers" 
requests for specified types of compounds, or in more sys
tematic investigations of new phases. Our facilities permit 
the preparation of transuranium systems in various states 
from amorphous to single crystalline samples. 

2.1.1 Preparation and characterisation of ΡυΊ.χΑηΊχ 

solid solutions 

In the pure metals the transition from itinerant to localised 
5f electrons occurs between Pu and Am, so that there is a 
special interest in alloys of these metals. 

Following the characterisation and initial measurements, 
usually at ITU, the further understanding of the basic prop
erties often requires the use of other measuring techniques 
that are available only at large facilities (e.g. neutrons, syn
chrotron X-rays, and muons) or to perform specialised 
measurements at other laboratories. In most cases the sam
ples must then leave ITU, and for this aspect we have devel
oped a large number of different capsules. Encapsulation 
and transportation are then arranged by staff at ITU. 

Another important aspect of the work is the training of stu
dents and postdoctoral candidates, and we have -10 at
tached to the group at any one time.The students, in par-

From a structural point of view, the ageing of Pu produces 
non-negligible amounts of Am which produces Pu-Am al
loys. Samples of solid solutions offer the opportunity to 
study the effect of ageing on the properties of these materi
als. 

Samples with various concentrations of Am were prepared 
by arc melting pure metals. For the investigation planned 
(electrical resistance, mechanical properties, ...) a special 
geometry of the samples was required. We prepared then 
"square" rods of 2x2 mm cross section and several cm 
length, and a special casting technique had to be devel
oped. Fig. 2.1 shows a resulting rod. 
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Fig. 2.1 PuAm rod obtained by direct arc melting casting. 

The samples obtained were characterised by Xray diffrac

tion on powders. Although at ambient laboratory condi

tions metallic plutonium has a monoclinic phase and ameri

cium a hexagonal one, the solid solutions with low Am 

content are stabilised in a fee cubic phase isostructural with 

δPu and ßAm. 

Fig. 2.2 Micrograph of a Pu092Am003 rod sample as cast. One 

can notice the difference of structure on the edges of 

the sample due to the high cooling rate. The autoradi

ography is presented in insert and shows the homoge

neous distribution of Am in the sample. 

Micrograph and microprobe analyses were also performed 

on the samples to ensure of their homogeneity and compo

sition. An example of micrograph is given in Fig. 2.2. 

Further investigations on these samples are under progress 

in collaboration with external organisations. 

2.1.2 Chemical transport reaction crystal growth of 

mixed oxides 

As presented in the highlights, single crystals of mixed ox

ides were grown by chemical transport reaction. This 

method, widely used to grow crystals of large number of re

fractory oxides, was successfully applied with TeCI4 some 

years ago to grow pure U02 and Np0 2 and the process pre

viously described in detail [1]. This technique, briefly illus

trated in Fig. 2.3, was only recently applied to grow mixed 

oxides due to the increase of interest in these materials. 

M u l t i  z o n e f u r n a c e 

N u t r i e n t 
ft/1 O X  p o w d e r 

M O X 
Single Crys ta ls 

Fig. 2.3 Experimental setup for the growth of actinide mixed 

oxide single crystals. 

Wellformed single crystals could be obtained (see high

lights) and characterised by Xray powder diffraction 

(crushed single crystals) and 4circle diffraction to ensure on 

the homogeneity and determine the lattice parameters. 

Systems studied and their lattice parameters are given in 

Tab. 2.1. 
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Tab. 2.1 Mixed oxides prepared and their lattice parameters 
(v determined on single crystal, ® refined by Rietveld 
on powder). 

Sample 

(U055Np045)O2 

(U0.75Npo.25)02 

(U050Pu0.50)O2 

Sample (1) 
Sample (2) 

(U0.8oPuo.2o)02 

(U075Pu023Am0o2)02 

(U0g6Pu0.02Am002)O2 

(U0.7sPUa23NPo.02)02 

Pu02 

uo2 

Lattice parameter 
(pm) 

544.52 v 

546.09 v 

543.58 ® 
543.70 ® 

545.78® 

545.63 ® 

547.22 ® 

545.63 ® 

540.30® 

547.25 ® 

in the literature show that the corresponding binary phase 
diagram with neptunium and plutonium are not well char
acterised. Therefore we have started to investigate the cor
responding binary phase diagram, and the preliminary crys
tallography results are shown in Tab. 2.2. 

Tab. 2.2 Np-Si and Np-Ge binary phases. 

Compound 

NpSi3 

NpSi l i 88 

Np3Si5 

Np3Si2 

NpGe3 

Np3Ge5 

Np3Ce5 

NpGe 
Np5Ge3 

Np3Ge 

Structure 
Type 

AuCu3 

ThSi2 

AIB2 

U3Si2 

AuCu3 

ThSi2 

AIB2 

USi 
W5Si3 

AuCu3 

Space 
Group 

Pm3m 
14,/amd 

P6/mmm 
P4/mbm 

Pm3m 

14,/amd 
P6/mmm 

14/mmm 
14/mcm 

Pm3m 

a 
(pm) 

397.0 

384.46 
742.5 

421.4 

408.06 
396.6 

1089.64 
1148.4(2) 

c 
(pm) 

1370.0 

408.93 
393.0 

1390.96 
416.8 

2538.70 
554.7(1) 

2.1.3 Investigation of Np-X (X = Si, Ge) binary phases 

Intermetallic compounds R-T-X, where R is either a rare-
earth or an actinide,T a transition metal and X a metalloid el
ement have been intensively studied during the past twen
ty years. Many new compounds with different compositions 
and crystallising with distinct structure types have been dis
covered. Particular interest has been devoted to special ter
nary family of compositions such as RT2X2, R2T2X or R2T3X4. 
As a result of the intensive experimental and theoretical in
vestigations it was established that their electronic proper
ties are mainly governed by the strength of the f-(spd) hy
bridisation, i.e. the interaction of the f electrons with the 
conduction electrons. However many conflicting results 
were reported on the same compound due to the fact that 
these physical properties are sensitive to history of the sam
ple like heat treatment, homogeneity or presence of impuri
ties. To establish the intrinsic physical properties, the first 
step is to determine their relation with the neighbouring 
phases, and to evaluate their homogeneity range. As a con
tribution to this subject the correct determination of the bi
nary phase diagram itself is a prerequisite, and recently, bi
nary uranium phase diagram, like U-Si [2], U-Ge [3] and U-Sn 
[4] were reported, showing interesting properties ranging 
from paramagnetism, long range magnetic order and su
perconductivity. Taking account of these new results, a look 

The new phases, not reported in the literature, are in italic. 
The lattice parameters ofNpSi3 and Np3Ge were not reported. 

2.1.4 Encapsulation for Collaborative Studies 

Compounds encapsulated for various physical properties 
measurements performed in house or in external institu
tions in collaborative studies are listed in Tab. 2.3. 

References 
[1] TUSR 25, ITU-Progress Report Jan-Jun. 1978, EUR 7459 EN, 

(1978) p. 86-88 
[2] K. Remschnig,T. LeBihan, H. Noël, P. Rogl, Journal of Solid State 

Chemistry 97 (1992) 391 
[3] P. Boulet, A. Daoudi, M. Potei, H. Noël, G.M. Gross, G. André, 

F. Bourrée, Journal of Alloys and Compounds 247 (1997) 104 
[4] P. Boulet and H. Noël, Solid State Communications 107, 

n°3 (1998) 135 
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Tab. 2.3 Samples prepared, characterised and encapsulated in 1999 for the indicated measurements. 

Measurements 

Resistivity 

MagnetoResistance 

Mössbauer 

Spectroscopy 

Neutron Scattering 

Magnetisation 

Magnetic Xray 

Scattering 

HighPressure 

Xray Diffraction 

HighPressure 

Resistivity 

XPSUPS 

Laboratories 

ITUKarlsruhe 

ITUKarlsruhe 

ILLGrenoble 

Argonne Nat.Lab. 

ITUKarlsruhe 

ESRFGrenoble 

BNLBrookaven 

ITUKarlsruhe 

ITUKarlsruhe 

ITUKarlsruhe 

Compounds 

Np2Tc3Si4,NpNi2B2C, 

(Uo.5NPo.5)2Rh2Sn,(Uo.75Np0.25)2Rh2Sn, 

(U0.25Np0.75)2Rh2Sn,U0.95Np0.05Ru2Si2, 

Np2Tc3Ge4, Np2Nb3Ge4 

Np(As08Se0.2),(Np0.gU01)4Ru7Ge6, 

Np2lr2ln,(U0.,Npo.9)Ni2AI3, 

(U0.55Np0.45)O2, (U0.75Npo.25)02 Np3Si5, 

(Uo.25Npo.75)2Rfi2Sn,(U0.5Np0.5)2Rh2Sn 

(U0.75Npo.25)2Rh2Sn, Np3Ge5, 

(U0.96Pu0.02Am0.o2)02 

UCU5AI, U2Ni2Sn, U2Pt2Sn, UPtGe 

ThO2,U0.4Th06O2 

Np2Tc3Si4, Np2Mo3Si4, Np2Tc3Ge4 

UPtGe, U2Ni2ln,UGa3,UNi2AI3 

242
PuSb, PuxY,.xSb (x= 0.4,0.6), 

PuxU,.xSb(x= 0.25,0.5,0.75) 

ThMn2,ThAI2 

PuSe 

PuSe,PuS 

Form 

AcM 

AcM & GSC 

SC 

Ρ 

AcM 

SC 

SC 

Ρ 

SC 

SC 

AcM = arc melting SC = single crystal Ρ = powders, polycrystalline sample GSC = grinding single crystals 

2.2 Solidstate Physics Studies 

Since many laboratories are now unable to work with 

transuranium elements (and sometimes not even with ura

nium), we have undertaken to develop inhouse facilities for 

solidstate studies on transuranium compounds.These facil

ities are open to external users in the frame of a"User's labo

ratory" This complements also the efforts of preparation 

and characterisation in allowing a first estimation of bulk 

physical properties of new materials. Mainly Mössbauer 

spectroscopy experiments, transport (resistivity) and mag

netic measurements at cryogenic or elevated temperatures 

(from 1.5 Κ to 800 K) are performed. 

2.2.1 Magnetic Studies 

The investigation of the magnetic properties of PuxU,_xSb 

single crystals, started in 1998 [1], continued in 1999 with 

the study of new compositions and the development of 

SQUIDmeasurements at elevated temperatures. 

We investigated the magnetisation and magnetic sus

ceptibility of single crystals of the pseudobinary system 

PuxU,.xSb with χ = 0.25,0.50 and 0.75 at low temperatures 

with a commercial SQUID magnetometer. In the samples 

with low plutonium concentration the antiferromagnetism 

already known from USb remains stable.However,in the case 

of Pu075Uo.25Sb another phase transition is present at 55 K. 

Some of the results obtained in 1999 are described in the 

following sections. 

The paramagnetic susceptibility follows the CurieWeiss law. 

The average effective magnetic moment changes almost 
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linearly with concentration between the values for USb and 

PuSb.To measure the susceptibility up to 800 K we devel

oped sample holders and studied their magnetism.The sam

ple holders consist of two quartz rods within a tube with an 

inner diameter of 2 mm.The samples can be put between the 

two rods and the sample space can be evacuated, Fig. 2.4. 

Single Crystal 

Anchor 

Fig.2.4 Sample holder for high temperature susceptibility 

studies on radioactive compounds. 

2.2.2 Mössbauer Studies 

Using the
2 3 7

Np we investigated a number of interesting ac

tinide compounds.There are mainly two ways to classify our 

results: "Horizontally", if one considers the kind of com

pounds and the family it belongs to  NpX, Np2T2X, Np4T7X6, 

Np2T3X4  and "vertically", if one considers the stage of in

vestigations  preliminary measurements, intensive studies 

or complementary experiments. In this paragraph we will 

deal with the "horizontal" classification and briefly review 

the main compounds studied in 1999 (results are sum

marised in Tab. 2.4). In the next paragraph, the "vertical" ap

proach has been chosen with the example of the Np2T3X4 

series, first investigated last year and further early this year 

by Mössbauer spectroscopy and then completed with mag

netisation and resistivity measurements. 

Np2 l r2 ln 

In the frame of the general investigation of magnetic and 

electronic properties of the large isostructural An2T2X 

(An=U,Np,Pu,Am;T=transition metal;X=ln,Sn) family which 

allows in particular the observation of general trends, and 

the comparison of similar systems containing different ac

tinide elements, we measured Np2lr2ln in order to complete 

the systematic Mössbauer study of so far available Np2T2X 

compounds [2], It is worth mentioning that the fitt ing of the 

4.2 K spectrum requires 5 distinct Np sites. 

 (NpxU,.x)4Ru7Ge6 ( x=0.995,0.95,0.9) 

We have undertaken Mössbauer measurements in these 

solid solutions in order to tune the competing RKKY and 

Kondo interactions and investigate the intermediate sys

tems between the ferromagnetic Kondo lattice URu7Ge6 

(Tc = 12K) and the possibly heavy fermion Np4Ru7Ge6 which 

does not order magnetically but is close to a magnetic in

stability [3]. Other values of χ will also be investigated. 

Tab. 2.4 Local magnetic moment μΝρι isomer shift δι5/ quadrupolar interaction parameter e
2
qQ, line width W, relative intensity 

¡¡elative, magnetic ordering temperature Tord and asymmetry parameter at 4.2 Κ and above Tord, for Np2T2X, NpX, Np4T7X6 

and NpT2X3 compounds and solid solutions investigated by Mössbauer spectroscopy. Isomer shifts are given relative to the 

standard absorber NpAI2. (a) Only 4.2 K Mössbauer investigations were required in this collaborative measurement, (b) No 

ordering occurs in these compounds, then the values given for Τ > Tord are those obtained at 100 K. 

I 
Compound 

Np2 lr2 ln 

NpASo.eSeo.2 

(Np0995U0.005)4Ru7Ge6 

(
N
Po.95

U
0.05)4Ru7Ge6 

(Npo.gUo ,)4Ru7Ge6 

Np09U0.,Ni2AI3 

T = 4.2K 

MNP (MB) 

0.93(1) 

0.81(1) 

0.68(1) 

0.56(2) 

0.30(2) 

2.51(1) 

0 

0 

0 

1.20(2) 

0.90(2) 

0.44(2) 

(mm/s) 

15.0(1) 

17.8(8) 

8.4(4) 

8.5(4) 

8.3(4) 

0.9(3) 

e
2
qQ 

(mm/s) 

+10(2) 

+6(1) 

7(1) 

25(4) 

28(7) 

30(1) 

70.4.(3) 

70.6.(3) 

70.1.(3) 

35.7(4) 

w 
(mm/s) 

5.3(2) 

4.9(2) 

2.7(2) 

2.6(2) 

2.7(2) 

9.1(3) 

'relative 

18% 

37% 

34% 

6% 

5% 

100% 

100% 

100% 

100% 

39% 

4 1 % 

20% 

Tord 

(K) 

30 

(a) 

(b) 

(b) 

(b) 

18 

T > T o r d 

5is 

(mm/s) 

14.5(1) 

(a) 

8.3(4) 

8.2(4) 

8.3(4) 

0.2(2) 

e
2
qQ 

(mm/s) 

31.6(2) 

(a) 

69.7(3) 

69.6(3) 

69.3(3) 

37.8(2) 

w 
(mm/s) 

3.6(2) 

(a) 

2.8(2) 

2.7(2) 

2.8(2) 

3.1(1) 

'relative 

100% 

(a) 

100% 

100% 

100% 

100% 

η 

0.49(5) 

0 

0 

0 

0 

0 
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2.2.3 Electronic and magnetic properties of Np2T3X4 

compounds 

We report here on the first electronic and magnetic meas

urements in the Np2T3X4series.Three compounds of this se

ries, Np2Mo3Si4, Np2Tc3Si4 and Np2Tc3Ge4, were investigated 

by Mössbauer spectroscopy using the
 237

Np resonance. 

Np2Mo3Si4 crystallises in the monoclinic U2Mo3Si4type 

structure (space group P2,/c), Np2Tc3Si4 in the Np2Tc3Si4

type structure (space group P2,/c) and Np2Tc3Ge4 in the or

thorhombic Np2Tc3Ge4type structure (space group Pbcn). 

These structures are very similar to each other and it is 

worth noticing that there is only one crystallographic Np 

site with almost the same environment in all cases [4]. 

impurities phases observed on the susceptibility plots at low 

field (see (a) and (b) on Fig. 2.5) not seen by other techniques 

but they do not complicate the interpretation of the data. 

As a conclusion, Np2Mo3Si4, Np2Tc3Si4 and Np2Tc3Ge4 exhib

it interesting magnetic properties. From Mössbauer experi

mentset is inferred that all three compounds of this newin

vestigated series order into modulated magnetic structures 

with a surprising dominant zero field component in 

Np2Tc3Ge4. The resistivity and magnetisation measure

ments suggest the occurrence of two magnetic phase tran

sitions in Np2Mo3Si4 and one in Np2Tc3Si4 but no clear hint 

of intrinsic ordering in Np2Tc3Ge4. For this last compound, 

further studies are in progress to elucidate this apparent 

contradiction. 

Mössbauer investigations as reported last year, show order

ing temperatures of 47 K and 19 K for Np2Mo3Si4 and 

Np2Tc3Si4, respectively, and a rather complex situation for 

Np2Tc3Ge4/with possible ordering around 15 K. 

These results were confirmed by resistivity measurements 

which show for Np2Mo3Si4 the occurrence of magnetic or

dering around 39 K and for Np2Tc3Ge4 display a broad max

imum around 30Kand a slight slope break around 15 ^co r 

responding to the ordering temperature deduced from 

Mössbauer measurements. 

The study of these compounds was complemented by mag

netic measurements with our SQUID apparatus. Np2Mo3Si4 

shows a ferrimagnetic transition at Tc = 38 K in agreement 

with the resistivity data and an antiferromagneticlike tran

sition at TN » 47 K  i.e. the temperature at which the onset 

of magnetic ordering is observed in Mössbauer spectra.The 

moment saturates around 0.42 μΒ in magnetisation curves 

anda modified CurieWeiss fit of the susceptibility yields θρ 

= 30 Κ,με ( ΐ« 2.81 μΒ and χ 0 = 0.00112 emu/mole. 

Np2Tc3Si4 exhibits an antiferromagnetic-like transition at TN 

= 19 K, remaining antiferromagnetic up to 7 Τ The Curie-
Weiss parameters are θρ = -60 Κ, μθ ί ί = 2.51 μΒ and χ0 = 
0.00127 emu/mole. 

No occurrence of magnetic order could be inferred from the 
magnetisation and susceptibility behaviour of Np2Tc3Ge4, 
which may be explained by the fact that the ordered con
tribution observed in the Mössbauer spectra of this 

compound is dominantly paramagnetic. The modified 

CurieWeiss fit yields θρ = 80 K, peff = 2.88 μΒ and χ0 = 

0.00168 emu/mole. 

It should also be mentioned that the very high sensitivity of 

the SQUID measurements allowed the identification of minor 

< 

0.52 

024 

SO 100 150 200 

Temperature (K) 

250 :oi

Fig.2.5 Magnetic susceptibility and resistivity of Np2Mo3Si4. 

Antiferromagnetic (TN and ferrimagnetic Tc) ordering 

temperatures are shown. The (a) and (b) contributions 

are due to impurities ordering at higher temperatures. 
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2.3 Surface Science Studies 

The main issue of actinide surface science is to investigate 

the electronic structure and surface reactivity of actinides 

and, on a broader scale, nuclear systems. In the study of the 

electronic structure we concentrate on the behaviour of the 

5f states in highly correlated systems, and their extent of lo

calisation. Also the role of surface and interfaces in 5f délo

calisation is addressed. Assessment of the reactivity of ac

tinide surfaces is particularly important, because the surface 

is the contact between the solid and the environment, and 

critical properties of nuclear systems such as their resistance 

to corrosion directly depend on surface reactions. In this 

context we have to consider that nuclear systems are gener

ally very complex, inaccessible to mechanistic studies, while 

any long term prediction of chemical behaviour should be 

based on an understanding of the reactions involved. To 

bridge the gap between simple model and complex real 

world systems, thin film techniques are especially well suit

ed, because they allow us to produce well characterised sys

tems of varying complexity. 

In 1999 we deposited thin films of PuSb,UGa2 and UGa3and 

studied their surface composition and electronic structure. 

Also thin films of U02 were deposited and their surface re

activity was assessed by electrochemical methods. First at

tempts to dope Cs into U02 were successful. Finally, we used 

reactive sputtering to produce films of U nitride (UN) and 

oxynitrides, and studied their chemical reactivity by adsorp

tion studies. 

2.3.1 Study of the electronic structure of thin films of PuSb 

This work complements the previous study of PuSe [1]. 

Although PuSe and PuSb belong to a family of NaCI type 

PuX compounds (X = Chalcogenide or Pnictide), they differ 

in many of their physical properties. The magnetic proper

ties of PuSb point to a localised 5f state, weakly hybridised 

to conduction band states. For PuSe, on the other hand, the 

high electronic specific heat points to a high density of 

(quasiparticle) states (DOS) at the Fermilevel, and photo

emission confirms this [1]. Our goal was to study the con

trast between the two by photoemission [2]. 

Fig. 2.6 shows the 4f corelevel spectra of PuSe and PuSb 

compared to data obtained on bulk αPu.The positions of 

the 4f5/2 and 4f7/2 correspond to the final state with the 4f 

photohole screened by 5f electrons (socalled good screen

ing), implying thus their itinerancy [3].The satellites on the 

high binding energy (BE) side correspond to the final state 

with the 4f photohole screened by nonf conduction band 

electrons (poor screening). In case of 5f localisation, this is 

the only screening channel. Relatively weak poorly screened 

satellites in αPu reflect a situation found, for example, in 

most U intermetallic compounds with undoubtedly band

like character of the 5f electrons states, and is for αPu fully 

corroborated by electronic structure calculations. PuSe 

shows an increase of the poorly screened peak, while in 

PuSb it replaces completely the well screened feature. This 

indicates the transition of the 5f states from delocalised ia

Pu) to localised (PuSb) behaviour. 

450 440 430 420 

Binding Energy (eV) 

Fig. 2.6 Pu4f spectra of αPu, PuSe and PuSb. 

Fig. 2.7 compares valence band spectra of αPu, PuSe and 

PuSb. Hell spectra of αPu show a maximum at the Fermi

level, also found in the valence band spectra of the other 

early actinide pure elements (U and Np). It is attributed to 

the bandlike response of delocalised 5f states.ln PuSe there 

is still a maximum at the Fermilevel, but additional 5f fea

tures appear at high BE. A temperature dependent study 

showed [4], that the threepeaks at low BE (including the 
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PuSb 

h = 21.2eV 

2.3.2 Deposition of thin films of U 0 2 and study of their 

electrochemistry in contact with water 

The motivation for this work is the assessment of the long 

term storage behaviour of nuclear waste in contact with 

ground water. In many cases the waste consists of a U02 ma

trix, loaded with various fission products, and an under

standing of the dissolution mechanisms is important. For 

this we simulate the waste by U02 films with varying degree 

of complexity, whose dissolution behaviour is studied by 

electrochemistry. We started with the simplest possible sys

tem, i.e. pure U02 . U0 2 films have been prepared by reactive 

sputter deposition, and their electrochemical properties are 

compared to pure bulk single crystals. In future work, U02 

films containing fission products will be prepared and stud

ied electrochemically. 

In a first step, we determined the conditions for preparation 

of stoichiometric U02 films. We studied the oxygen compo

sition of the films and the oxidation state of U as a function 

of the oxygen pressure during the deposition process. Fig. 

4 2 

Binding Energy (eV) 

I 
Fig. 2.7 Hell Valence Band spectra of αPu, PuSe and PuSb. 

peak at EF), belong to one same final state, attributed the de

localised 5f states.The broad peak at 2 eV BE is attributed to 

the localised 5f peak. Valence band spectra are thus inter

preted along the same lines as the core level data, i.e. there 

is a well (f ) screened response at low BE, and a poorly (non

f) screened response at high BE. In PuSb, the three peak 

structure is completely missing and the intensity at EF is 

strongly reduced. The remaining intensity is in agreement 

with the metallic properties of PuSb and should be attrib

uted, at least partially,to Pu6d states. 

Both corelevel and valencelevel spectroscopies show a 

transition from delocalised to localised 5f behaviour, when 

going from αPu to PuSe and PuSb. In general the valence 

band spectra show a more intense well screened peak, than 

the core level, pointing to a more delocalised 5f response. 

This may be understood when considering that a photohole 

in the corelevel is more strongly felt by the valence elec

trons,than a hole in the valence band, and the stronger local 

potential should result in a more pronounced 5f localisa

tion.Thus final state localisation effects should be more pro

nounced for corelevel lines. 

υ oxide 

0 2 part ial pres 

1 .10"
4
mbar 

2.10 mbar 

1.10 mbar 

U meta l 

— ι — ■ 1—■—ι—■ 1 — ' 1 ' 1—> 1— 
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Binding energy (eV) 

Fig. 2.8 U4f spectra of U films deposited at increasing 02 par

tial pressures. 
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2.8 shows U4f spectra of U-0 films, deposited at different 0 2 

partial pressures. With increasing 0 2 pressure, the U metal 
lines are replaced by U02 oxide lines, identified by their 
characteristic higher binding energies. As long as U metal is 
present, only substoichiometric U02.x is formed. When the 
metal disappears (at 6 105Torr 02) , the U02.x is further oxi
dised to U02+x , as shown by a slight shift of the oxide line to 
lower binding energy.When deposited as pure U-0 films, hy-
perstoichiometric U 0 2 + X ( X H 0.1) is the highest possible oxi
dation state we can reach under ultra high vacuum condi
tions. This changes drastically when the oxide films are 
doped with Cs: oxidation states up to U6+,corresponding to 
U03, have been observed in a first set of experiments. This 
would have a strong influence on the dissolution behaviour 
of the U oxide, and will be investigated in detail in the near 
future. 

In the electrochemistry experiments the films are exposed 
to water solutions characteristic of the various ground water 
systems. pH, carbonate and chloride concentrations, etc. are 
varied and their influence on the dissolution process is as
sessed. First studies of thin U0 2 films were done by electro
chemical impedance spectroscopy (EIS).The immersed sam
ple is brought to a positive electrical potential which favours 
oxidative dissolution of the surface layers. The dissolution 
process is measured by superimposing a small ac potential 
and measuring the ac current, i.e. the impedance of the 
system. This gives information on the dissolution reaction 
and the diffusion of surface species into solution [5]. 
Fig. 2.9 shows the impedance spectra (imaginary versus real 
part) of a U02 thin film electrode in KCl 0.1 M at various 
pH values. 

2.3.3 Study of thin films of UN 

Studies of thin films of UN are motivated by the interesting 
electronic structure of the various nitrides and oxynitrides, 
and by their possible use as advanced fuels. Previous studies 
in literature, performed on bulk UN compounds, were only 
partly successful and reliable in describing formation of UN 
and its reactivity towards oxygen. In particular, preparation 
of clean stoichiometric UN surfaces was difficult. We used re
active sputtering of metallic U, in presence of a partial pres
sure of N2,to produce thin films of UNx.Our films were supe
rior in purity to the bulk samples. We then exposed these 
films to 0 2 and studied the formation of the different oxides 
and nitrides during the reaction. 
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Fig. 2.9 Electrochemical Impedance Spectra of U02 films at 
different pH values. The curves form semicircles, whose 
diameters directly depend on the charge transfer re
sistance, i.e. the rate of the anodic oxidation reaction. 
A lower diameter corresponds to a higher dissolution 
rate. This takes place as the solutions become more 
acidic, which is in agreement with the dissolution 
studies of U02 pellets [6]. 
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First we studied the formation of UN at room temperature as 
a function of N2 partial pressure (Fig.2.10),similartothe U02 

films discussed above. Formation of a nitride is shown by the 
growth of the NI s lines, and by the replacement of the U4f 
lines of metallic uranium by lines at higher BE. The ratio of 
the N1s/U4f intensities saturates between 5 10"5 Torr and 
5 10"4 Torr, and stays constant over two orders of magnitude, 
which is an indication for the formation of a stable com
pound.Quantitative analysis of the ratio indicates formation 

Of UNn.99+0.05· 

-9 

Ί -
Ε 

430 420 410 400 390 380 

Binding Energy (eV) 

370 360 

Fig. 2.10 U4f spectra of U films deposited at increasing N2 par
tial pressures. 

However this stability of UN seems to be closely related to 
the deposition temperature. Films deposited at higher tem
perature (573 K) show a significantly increased nitrogen 
content when compared to the films deposited at room 
temperature. This is seen in Fig. 2.11 by the growth of the 
N1s intensity, and by the shift of the U4f to higher binding 
energy, both pointing to the formation of a higher nitrides, 
probably U2N3. All nitride films showed a high reactivity to
wards oxygen, which also explains the difficulties in prepar
ing clean UN bulk compound surfaces. We found indications 
that the early oxidation,even at room temperature, does not 
proceed via formation of U02 but rather a UO surface 
species.This would correspond to the formation of a surface 
oxycarbide UOxNy, which should still have metallic proper
ties. Valence band studies are planned for next year to study 
this in more detail. 

420 410 400 390 380 

Binding Energy (eV) 

370 360 

Fig. 2.11 U4f spectra of U-N films deposited at 300 and 473 K 
are compared toaU film. 
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2.4 High-Pressure Studies 

2.4.1 High-pressure resistivity study on the Pu 
monochalcogenides 

Last year, we reported on a high-pressure resistivity study 
on PuTe up to 24.3 GPa (TUAR-98, p. 14-15). This study re
vealed striking features in the transport properties of both 
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the NaCI (lowpressure) and CsCI (highpressure) structural 

phases.This year we performed a careful measurement of 

the lowtemperature resistivity of PuTe up to around 10 GPa. 

This allowed us to propose a model for the temperature 

variation of the resistivity in the NaCI phase. We also present 

preliminary results on PuS for which there is no structural 

transition. 

In Fig. 2.12, we show the temperature variation of the resist

ance R of PuS up to 9.5 GPa. At 0.56 GPa, the temperature 

variation of R agrees well with the ambient pressure result 

[1].With the application of pressure, we observe an anom

alous enhancement of the lowtemperature resistance.This 

feature is very similar to the behaviour that we previously 

observed in PuTe [2] (see inset of Fig. 2.12).The temperature 

variation of R in the Pu monochalcogenides suggests an ac

tivated behaviour i.e.the existence of a gap in the density of 

states causing the resistivity to increase at low temperature. 

Under pressure, conduction and valence bands normally 

broaden, which should thereby decrease any semiconduct

ing gap.The opposite behaviour observed in PuTe and PuS 

suggests that the lowtemperature upturn may have anoth

er origin. 

To extract the lowtemperature activation energy from our 

data we propose the following model where the lowtem

perature conductivity σ is composed of 2 contributions 

PBT-- O~BT = o-oer + crVRH = σ0ΒΤ + σ, BT χ exp-w 
σ0 is temperature independent and accounts for the small 

density of states predicted by the semimetal description 

and the γ value [3,4].GVRH ¡S the Mott's variablerange hop

ping term. In our model, we suggest that the conductivity at 

lowtemperature is caused by hopping conduction be

tween localised impurity states and mediated by phonons. 

Mott first addressed this mechanism for noninteracting 

electrons in glasses containing transition metal ions [5]. We 

can well fit our data to this law over a broad temperature 

range (1.5100 K) (Fig. 2.13).The pressure dependence of T0 

is shown in the inset of Fig. 2.13 as well as for PuS for which 

we used the same model. In PuTe, kBT0 increases from 

22 meV up to 110 meVat 5 GPa and is nearly constant up to 

10.7 GPa. In the discussion of the variation of T0 we have to 

take into account two parameters which are the density of 

states and the localisation length of the impurities. 

In PuS,T0 is rather constant (10 meV) and tends to decrease. 

At 9.5 GPa, this description is no longer valid for this com

pound. 
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Fig. 2.13 Variable Range Hopping fit between 1.5 Κ and 100 Κ 

for PuTe. The inset shows the extracted activation en

ergy T0 for PuS and PuTe. 
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2.4 .2 Structura l studies u n d e r pressure
 2

·
4
·

2
·

2
 structures of uMn2 and ThMn2 

2.4.2.1 U S ^ o ^ L a o ^ L a S 

These compounds form part of our detailed investigation 

into the properties of the US/LaS phase diagram. We have 

performed a number of experiments using helium, argon 

and silicone oil as the pressure transmitting media at the 

ID30 highpressure beamline of the ESRF synchrotron in 

Grenoble France.The pure LaS sample has not been studied 

under pressure before and shows two phase transitions 

from the initial fee (B1) to a rhombohedral distorted struc

ture at around 4 GPa and eventually to a bec (B2) phase at 

between 25 and 28 GPa.The transition to the B2 phase was 

accompanied by a 9.5% volume decrease. The U04La05S 

compound showed the same sequence of phase transitions 

as LaS with the B2 phase appearing sluggishly between 

33 and 45 GPa.The volume decrease was also identical to 

that of LaS at 9.5%. Experiments were also performed on 

pure US using He as the pressure transmitting medium as 

well as in a Cornell type megabar cell to understand the ex

act nature of the rhombohedral distortion and to identify a 

possible very high pressure phase transition.These experi

ments showed that the distortion is much more pro

nounced for US than for LaS but also depends strongly on 

the nonhydrostatic stresses related to the choice of pres

sure transmitting medium. A phase transition was identified 

for US at above 80 GPa but the structure of this phase has 

yet to be resolved. 

A partial summary of the results on these samples can be 

seen in the pressurevolume diagram shown in Fig.2.14. 
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Fig. 2.14 Relative volume vs pressure of US, U04La06S and LaS. 

Under ambient conditions UMn2 is characterised by the cu

bic Lavestype structure (MgCu2type), but it is also known 

foran orthorhombic distortion of this highsymmetry struc
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Fig.2.15 In the upper part of the figure the Xray diffraction pat

tern ofUMn2 at 0 GPa before application of pressure is 

shown. The lower part shows the splitting of the (111) 

and (220) cubic lines at 9 GPa and the recovery of the 

cubic structure after pressure release. The indices of 

the lines at 9 GPa correspond to the orthorhombic de

scription of the distorted cubic cell. 
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ture below 230 K, which is not associated with magnetic or
dering [1].We performed high pressure X-ray diffraction ex
periments in order to re-investigate the pressure-induced 
structural transition occurring above about 3 GPa, which we 
observed last year at HASYLAB (TUAR-98, p. 58).The experi
ments were performed at the high-pressure beamline ID30 
at the European Synchrotron Radiation Facility ESRF 
(Grenoble, France) with an angle dispersive detector system, 
using a Syassen-Holzapfel-type diamond anvil cell. 

In order to improve the resolution of the line splitting, we 
used nitrogen as the pressure transmitting medium, which 
remains more hydrostatic at high pressures. Fig. 2.15 shows 
the integrated X-ray pattern and selected reflections at dif
ferent pressures. As can clearly be seen the (111) cubic re
flection is split into two peaks, and the (220) into three 
peaks, at 9 GPa.This kind of splitting can be explained by as
suming an orthorhombic distortion, i.e. a distortion along a 
face diagonal of the cubic cell, which is qualitatively the 
same as the above mentioned low-temperature distortion. 
The pressure vs. volume curve obtained from the HASYLAB 
data below the transition point and from the new ESRF data 
is shown in Fig. 2.16. As can be seen there is a normal com
pression curve with a bulk modulus K0 = 149 ± 7 GPa and a 
pressure derivative K0'= 2.5 ± 0.5. 
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ThMn2 has been investigated in order to find a possible 
pressure-induced change of the C14-type crystal structure 
(hexagonal Laves phase).The experiments were performed 
at the ESRF with silicone oil as the pressure transmitting 
medium, all other experimental details are the same as for 
UMn2. Fig. 2.17 shows the pressure dependence of the c/a 
ratio and of the relative volume. The bulk modulus KQ is 
66 ± 2 GPa and its first pressure-derivative K0' is 6.2 ± 0.2, 
which indicates a relatively high compressibility, as com
pared to UMn2. In contrast to UMn2 the symmetry of the 
structure does not change up to pressures of more than 
50 GPa, but there is a pronounced change of the c/a ratio at 
low pressu res, fro m about 1.629 at 0 GPa to 1.620 at 10 GPa. 

0 5 10 15 20 25 30 35 40 45 50 

Pressure [GPa] 

Fig. 2.17 The c/a ratio and the relative volume of ThMn2 are 
shown as a function of the applied pressure. The differ
ent symbols denote the results of different runs. The 
line represents the fit of the Murnaghan EOS to the ex
perimental data. 

Fig. 2.16 The relative volume ofUMn2 is shown as a function of 
the applied pressure. The full symbols denote the val
ues obtained from the ESRF experiment with nitrogen 
as pressure transmitting medium, the open symbols 
denote the values obtained at HASYLAB with silicone 
oil and an 4:1 methanol-ethanol mixture as pressure 
transmitting media. The line represents the fit of the 
Murnaghan EOS to the experimental data. 
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2.4.2.3 Optical reflectivity under pressure 

As a complementary measurement to those reported on 

the structures under pressure, we are now measuring the 

optical properties of certain compounds. 

The measurements have been performed in a Syassen

Holzapfel Diamond Anvil Cell (DAC) with optical diamonds 

up to 40 GPa. 

As shown in Fig.2.18 for the uranium monochalcogenidesat 

low pressures a peak around 1 eV and a shoulder around 

3 eV can be observed that agrees with UHVspectra [1]. LaS 

shows a peak at 1.5 eV and a shoulder at 2.5 eV. 

With increasing pressures all the compounds show an in

creasing intensity for the second peak. 

For those compounds that have a crystal phase transition 

(USe at 31 GPa, UTe at 10 GPa and LaS at 24 GPa) this second 

peak splits into two and a dramatical increase in the metal

liclike behaviour can be observed by the increasing reflec

tivity in the low energy range. 
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Fig.2.18 Highpressure reflectivity of US, LaS, USe and UTe at 

40 GPa in DAC. Full arrows show increasing intensity 

with pressure, open arrows show new peaks induced 

by phase transition. 

2.5 Scattering Studies 

A number of neutron experiments have been performed 

this year at the Institut LaueLangevin (ILL, Grenoble) and at 

Risø National Laboratory in Denmark. New efforts, initially at 

Risø,concern the discovery of a magnetic response in UBe13, 

the one heavyfermion superconductor that up to now has 

seemed devoid of any sign of magnetism. Progress was also 

made on the characterisation of the of the (U,La)S system,in 

which theory has made a number of predictions.The use of 

polarisation analysis continued with experiments on 

UNi2AI3 and U02 . Experiments at the ILL were performed on 

Np(As,Se) and (Pu,U)Sb crystals in collaboration with out

side users. In this report we present work on UGa3 single 

crystals. 

Xray magnetic scattering investigations have continued at 

both Brookhaven Nat. Lab., USA and at the European 

Synchrotron Radiation Facility (ESRF) in Grenoble. 

Experiments at ESRF on the (NpxU^JRu^S^ series were com

pleted in 1999, and an initial effort on Np02.This is briefly 

mentioned in the highlight. Here we describe work on UGa3 

and on the mixed samples (Pu,U)Sb. 

2.5.1 Neutron scattering from itinerant UGa3 

Magnetic moments in solids arise from two possible 

sources. First, the unpaired electron spins create a spin mo

ment, μ5, and then the motion of their charges around the 

nucleus induces a current resulting in an orbital m o m e n t ^ . 

Models for cooperative magnetism in metallic systems start 

from one of two relatively well understood hypotheses.The 

3d transition metals and their compounds (Fe, Ni, & Co) are 
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itinerant systems that are best described with a band-elec
tron approach and the orbital moment is almost always 
quenched, i.e. <μ,_> ~ 0. In the 4f~series (lanthanides) the un
paired 4r~electrons are well localised, the spin-orbit interac
tion is large, and the crystal field is small.This results in lo
calised magnetism and large orbital moments.The actinides 
(5f electrons), and some cerium compounds, prove difficult 
to fit into these schemes, and much effort has been expend
ed in developing models for the actinides that test our fun
damental understanding of magnetism.The difficulty is that 
the spin-orbit interaction is large in the actinides, but many 
aspects of their magnetism can be described by band mod
els. Of particular interest is the theoretical prediction that 
certain actinide systems with 5f electrons may best be de
scribed as itinerant, but,at the same time,a large orbital mo
ment exists [1]. 

We have also performed neutron inelastic scattering (at 
both LLB - Saclay and ILL) experiments on single crystals of 
UGa3. These experiments established an inelastic response, 
with a gap of about 6 meV. Most puzzling is that this excita
tion, despite its relatively steep dispersion,exists over only a 
small part of the magnetic zone and thus cannot be classed 
as a spin wave. Working with a cold-source triple axis (IN14) 
we find an additional low-energy response. Fig. 2.19 shows 
this at Q„ as function of temperature (a) and as a function of 
wavevector at 15 K(b).As with the inelastic part of the spec
trum, the quasielastic part dies away rapidly away from the 
zone centre.The solid lines in Fig. 2.19 are deduced from a 
parametric model we have developed previously for 
UPd2AI3 [2] and consists of two modes, one with its pole at 
E = 0 (quasielastic) and one with its pole at a finite energy. 
The two modes are coupled in a mean-field approximation 
to yield a total susceptibility. 
The temperature dependence at Q0 is given in the colour 
plot. Fig. 2.20.This shows, for Τ < 35 Κ, the clear resolution of 
two features in the excitation spectra.The distinct gap be
tween the quasielastic and inelastic modes washes out as 
the temperature is raised.The two component spectrum of 
UGa3 may be associated with the propagating (inelastic) 
and over-damped (quasielastic) part of the 5f-conduction 
band response. The finite energy gap in the propagating 
part of the response (Fig. 2.20), which in part may be attrib
uted to the spin-orbit interaction, decreases together with 
the staggered spin polarisation on approaching TN. How
ever, even above TN (in fact up to at least 2 TN) there are still 
strong quasielastic correlations of the dynamic magnetic re
sponse around the incipient antiferromagnetic wave vector. 
The Fermionic part of the spectral weight may be associated 

5 1 0 15 
Δ E (meV) 

Fig. 2.19 (a) Temperature dependence of the scattering at the 
antiferromagnetic wavevector Q0 = i j j j ) 
(b) Q-dependence of the scattering in the [111] direc
tion at Τ = 15 Κ. 
Note the displaced axes in both panels. The solid lines 
are fits to the interacting two component model as 
described in the text, and more fully in Ref. [2], 

with excitations across the quasiparticle Fermi surface, thus 
confirming the itinerant nature of the 5f states in UGa3. 
Taking this response to have the similartopology as derived 
in the one particle calculations [3], it appears that the "rugby 
ball" surface near the magnetic zone centre may play a pre
dominant role - the strong curvature would suppress the 
low energy excitations for wave vectors substantially differ
ent from Q0.The weak temperature dependence of the spa
tial extent of the quasielastic scattering may likewise be ra
tionalised (T <<TFermi). 

I 
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Fig. 2.20 Colour representation of the scattering in UGa3 at Q0 

as a function of Τ and as measured on IN 14. Note that 

distinct inelastic feature disappears around 40 K, and 

the response is then dominated by the quasielastic 

component. (TN = 67 K.) 

early 2000 to examine another Pucontaining compound. 

Unusual effects are also observed in the synchrotron data 

from (U0.25Puo.75)Sb as a function of temperature. Neutron 

experiments are being used to study the phase diagram so 

that the details revealed by xrays can be properly interpreted. 

As described above the resonant xray magnetic scattering 

(RXMS) technique at synchrotron sources has been applied 

toa wide variety of elements throughout the periodic table, 

but in almost all cases these elements have been magnetic. 

In the few cases in which nonmagnetic elements have been 

examined the signals have been small and compatible with 

a small induced signal at the nonmagnetic element. 

However, recent experiments at the ESRF have found sur

prisingly large signals at energies associated with nonmag

netic elements in uranium compounds.These signals have 

been found in both xray magnetic circular dichroism (XM

CD) and in scattering.The XMCD signals were first found at 

the sulphur Κ edge in the ferromagnet US, and subsequent

ly at the Ga Κ edge in UGa2, also a ferromagnet [5]. 

Scattering experiments were first performed on single crys

tals of UGa3. As discussed above in this Annual report UGa3 

is an antiferromagnetic material (TN = 67 Κ with a moment 

of ~ 0.6 μΒ on the U site) and initial experiments were per

2.5.2 Synchrotron magnetic scattering 

We first reported unsuccessful efforts to find magnetic scat

tering from samples containing Pu in 1995 and 1996 [4]. 

After discussion with a number of chemists we suspected 

that gas released as a result of radiolysis of the epoxy used 

to stick the crystals to the copper base might be the cause of 

the surface degradation.The latter was confirmed when the 

samples were returned from Brookhaven and their surface 

examined optically. To avoid this problem a new sample 

mounting procedure was used in which the samples were 

welded with indium to the holder.These samples were then 

sent to Brookhaven and magnetic scattering from a sample 

of PuSb was observed in March 1999. We show in Fig. 2.21 

the intensity as a function of incident photon energy scat

tered from the ordered antiferromagnet (U0.25Pu075)Sb. 

These data show that, as expected, both Pu and U atoms car

ry magnetic moments. What appears quite new in this ex

periment is the additional feature on the highenergy side 

of the Pu Ms resonance. Such an effect has not been ob

served so far in any U or Np compounds. It is almost 12 eV 

above the M5 position, and this is too large an energy differ

ence for the structure to be associated with the intermedi

atestate multiplets. Further experiments are planned for 
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Fig. 2.21 Intensity of the 1 st-order antiferromagnetic Bragg 
peak from a sample of(U025Pu075)Sb as a function of 
incident photon energy.The individual resonant ener
gies are marked. Note the extra small peak on the 
high-energy side of the Pu M5 peak. 
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formed on the large M edge resonances of U (3.55 and 

3.78 keV).The photon energy was then tuned to the K edge 

of Ga (10.37 keV). A very large (by a factor of 1000) en

hancement of the small nonresonant magnetic scattering 

intensity was observed.This is demonstrated by plotting the 

integrated intensity as a function of incident photon energy 

in Fig. 2.22a.The energy width is ~ 4 eV, close to the expect

ed corehole lifetime of the intermediate state. Superposed 

on this is the fluorescence spectra measured in the same ex

periment. The position of the peak in energy strongly sug

gests that the resonance is dipole in nature, i.e.involves the 
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Fig. 2.22 Resonant intensity associated with Ga K edge in the 

antiferromagnet UGa3. 

(a) Data points are integrated intensity as a function of 

incident photon energy. The dashed curve super

posed is the fluorescence. 

(b) Intensity at a photon energy of 10.365 keV for the an

tiferromagnetic Bragg reflection as a function of the 

longitudinal wavevector [ξξξ], where these are coor

dinates in reciprocal space. The peaks occur at exactly 

the same positions as those from the uranium moments, 

and their narrow width (in qspace) indicates long

range real space correlations. The higher background 

in the σ —> σ channel comes from the fluorescence. 

4p electron states of Ga.The signal hasa periodicity identical 

to that of the uranium magnetic structurels long range in 

real space,and disappears aboveTN. Fig.2.22b shows the in

tensity as a function of position in reciprocal space.The sig

nal is present only in the σ —» π channel with σ incident po

larization from the synchrotron, again consistent with a 

dipole transition. Similar effects were observed in UAs when 

photons were tuned to the Κ edge of arsenic. In these exper

iments at the Kedges enhancements of the scattering as 

compared to the nonresonant signal from the uranium mo

ment exceed factors of 1000, which is much greater than 

found in even magnetic 3d elements. 

In all experiments reported here the signal does not arise 

from a simple dipole situated at the nonmagnetic element 

 its size would have to be so large that it would have been 

seen easily by neutron scattering.The effect is undoubtedly 

more subtle than that, involving the hybridisation of the ρ 

with the uranium 5f states.Theory continues to address the 

underlying physics, but the experiments open new perspec

tives using resonant effects, which will certainly be the sub

ject of future efforts. 
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2.6 Magnetic Xray Circular Dichroism 
in Uranium Sulphide 

Interest in the integrated xray magnetic circular dichroism 

(XMCD) signals at the M 4 5 edges of uranium compounds is 

partially due to the existence of sum rules [1] which relate 

the integrated XMCD to the spin and orbital magnetic mo

ments of these compounds. However recent experiments 

[2] have shown that the application of the sum rules to ura

nium compounds is ambiguous since they involve the ex

pectation value of the dipole operator, <TZ>, which has not 

been measured. For lighter elements, where spinorbit inter

action is small, <TZ> is small and may safely be neglected  as 

demonstrated with calculations of <TZ> for Fe, Co and Ni. 
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In order to resolve the ambiguities in experiments calcula

tions have been made of the XMCD, orbital and spin mag

netic moments, and <TZ> for uranium sulphide ab initio. 

Although the evaluation of these quantities is complex al

most perfect consistency is found between the computed 

values and measurements. Firstly calculations show that the 

integrated magnetic linear dichroism can be neglected, as 

was assumed in the analysis of the experiments. Secondly 

the calculated integrated XMCD at each edge vanishes if the 

spin is set to zero (the paramagnetic case).Thirdly the calcu

lated sum of the integrated XMCD at the M4 edge cancels 

the integrated XMCD at the M5 edge and the orbital mag

netic moment vanishes when the spinorbit interaction is 

setto zero, as required by the sum rules. Finally we comput

ed <TZ> = 0.26, an orbital moment of 3.2 μΒ, a spin moment 

of 1.63 μΒ and a total moment of 1.57 μΒ from both the 

ground state and the integrated XMCD. These values are 

also in excellent agreement with the results of elastic neu

tron scattering experiments [3]. 
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2.7 INTAS Project on the Equation of 

State of U0 2 successfully terminated 

An international Project supported by the International 

Association for the Promotion of Cooperation with 

Scientists from the Independent States of the Former Soviet 

Union (INTAS) was started in 1994 under the coordination 

of ITU with the intent of constructing an Equation of State 

(EOS) for liquid and gaseous U02 , which fully reproduces the 

consolidated thermodynamic database of this compound, 

and further, provides trustworthy extrapolations up to the 

critical point. 

The equation of state of fluid U02 was first needed in the 

analysis of hypothetical reactor accidents where tempera

tures are expected, at which the vapour pressure of the fuel 

is sufficiently high to produce liquid mass displacements. In 

the last decade, however, increasing attention was directed 

on the effects of the atmospheric environment on the va

porisation rate of the molten fuel. In this context, empirical 

thermodynamic properties of urania at high temperatures 

are presently restricted to the nearstoichiometric or con

gruentvaporisation compositions.Therefore,the new equa

tion of state was devised for applications encompassing 

hypo and hyperstoichiometric compositions under both 

equilibrium and nonequilibrium conditions over a broad 

temperature range. 

The typical example of hypothetical accident, where ex

tremely high temperatures can be achieved, is a reactivity

initiated accident in a Liquid Metal Fast Breeder Reactor 

(LMFBR),e.g.a supercritical excursion, caused by a loss of liq

uidmetal coolant. In such an excursion, the release of ener

gy isso rapid that the action of the fuel vapour pressure can 

result in the explosive disassembly of the molten core. 

The connection between pressure and temperature is pro

vided by the thermodynamic equation of state, p(T,V), in 

which the volume, V, of the system enters; however, like the 

internal energy, U, the volume is not fixed by the thermal 

Equation of State, but requires, instead, a caloric E OS, such as 

is afforded,for example, by the heat capacity at constant vol

ume, CV(T). It is thus this equation which provides the essen

tial link between the nuclear aspects of a supercritical excur

sion and the dynamic response of the molten core; for a 

given density, T(U,V) controls the nuclear crosssections via 

the Doppler coefficient, whilst p(U,V) controls the timede

pendence of the fuelmass geometry via hydrodynamics. 

The reliability of reactor safety analyses is thus contingent 

on the accuracy to which the EOS of the U0 2 is known  in 

particular, in the liquidvapour coexistence region which ex

tends to the Critical Point  a most important invariant point 

on the phase diagram of any material. 

Despite considerable effort over the past 30 years, the phase 

diagram of the UO system in the vicinity of U02 was still 

very incomplete in 1993, when the project was started, due 

primarily to three features  (i) the very high melting temper

ature (~ 3100 K), which, until the advent of rapid, laser heat

ing techniques, not only restricted the acquisition of experi

mental data, but also posed problems for the containment 

of the sample, with the attendant possibility of sample con

tamination, (ii) the rather wide range of stoichiometries over 

which Urania, (U02±x) can exist as a single phase system, and 

the related problem of controlling the stoichiometry of any 

given sample throughout the course of an experiment, and 

(¡ii) the possible noncongruency of the melting and vapori

sation of the material under conditions of thermodynamic 

equilibrium. 
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Given, however, the recent advances both in high tempera

ture experimental technology and in the theoretical under

standing of binary systems of variable composition, the pos

sibility of further progress presented itself  involving not 

only further refinements, but also, more importantly, the 

possibility of exploring hitherto experimentally inaccessible 

regions of the phase diagram. With this prospect to hand, 

the present INTAS Project was conceived as an integrated 

programme of experimental and theoretical work, in which 

the best 'State of Art' equipment and expertise would be 

brought to bear on this fundamentally important problem 

of over 30 years standing. 

To date, the objective of the Project has been achieved: a 

new equation of state of U0 2 has been constructed on ade

quate physical fundaments, which make it possible to pre

dict the thermodynamic properties of the system under the 

most general environmental conditions. 

Results 

A socalled "Chemical Plasma Model"approach was used for 

the theoretical description of liquid urania.This model de

scribes, in a unified formalism, a multicomponent mixture of 

chemically reactive, strongly interacting neutral and 

charged molecules and atoms (see Tab. 2.5). Their interac

tion parameters were first expressed theoretically, and then 

"calibrated" to reproduce sufficiently well established prop

erties of molten UO200 at the melting point. 

Tab. 2.5 Salient features of the INTASEquation of State ofU02. 

TYPE OF "ANSATZ" 

 Quasichemical representation of both liquid and gaseous phases 

MODEL ELEMENTS  (Gaseous and Liquid Phases) 

Neutrals: UO + U02 + U03 + U + O + 0 2 

Ions: U02
 w

 + UO
 w

 + U
<4

' + U 0 3
H
 + U 0 2

H
 + 0

H
 + e

H 

INTERACTIONS 

R  Intensive ShortRange Repulsion 

C  Coulomb Interaction between Charged Particles 

A  ShortRange Attraction between all Particles 

FORMULATION OF THE INTERACTIONS 

R  HardSphere Mixture with varying diameters (») 

C  Mean Spherical Approximation (MSA) (*) 

A  Thermodynamic Perturbation Theory (TPT  σ,ε) (*) 

{ σ = σ(Τ) and ε = ε(Τ)) 

(»)  Modilied for mixtures 

Comparing the predicted equilibrium vapour pressure with 

the literature data provided a first validation of the model 

up to temperatures of the order of 5500 K. A further, positive 

result is the good agreement of the predicted heat capacity 

(Fig. 2.23) with the experimental values of Ronchi et al. [1], 

which extend up to 8000 K. 
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Fig. 2.23 The heat capacity of liquid U02 predicted by the 

INTAS model compared to experimental results of 

ITU. The results of the Equation of State of Fischer, KfK 

[2] are also plotted. 

Up to now, none of the existing liquid U02 models was able 

to correctly reproduce the observed dependence of Cp on 

temperature. The calculations were finally extrapolated to 

the highpressure and hightemperature region (p < 10 GPa, 

Τ < 20000 Κ). 

A relevant result is the unusual structure of the gasliquid 

phase transition boundary (Figs. 2.24 and 2.25), which ex

hibits a striking difference with respect to that of ordinary liq

uids.This feature is caused by the noncongruency of the co

existing phases in U02 ± x . Both the total vapour pressure and 

the degree of oxygen enrichment of the vapour phase 

strongly depend on the evaporation regime. Two distinct 

pressuretemperature functions p=p(T) were, therefore, cal

culated (Fig. 2.24), corresponding to the limiting cases of: a) 

boiling, i.e. slow evaporation under "global equilibrium con

ditions','and b) saturation, i.e. fast, nonequilibrium evapo

ration (the socalled "forcedcongruent mode"). 

A characteristic feature of noncongruent vaporisation in 

U0 2 ± x i s the production of a very high maximal vapour pres

sure (pmax ~ 1 GPa) as well as a substantial oxygen enrich

ment of the vapour phase over boiling U02 ((0/U)ma>< ~ 7),as 
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shown in Figs. 2.24 and 2.25. The implicit correlation of the 

total vapour pressure with the effective oxygen chemical 

potential is obviously of great importance for a correct pre

diction of the fuel vaporisation rate in a real reactoracci

dent scenario. 

The critical point of truly noncongruent phase transition in 

U0 2 was also calculated. This point essentially differs from 

that defined for a gasliquid phase transition in simple 

liquids; in particular, we have here (dp/dV)c ~ (p/VQ ^ 0 . The 

predicted critical parameters are: 

Tc = 10120 K,pc = 965 MPa, pc = 2.61 gem
3 

There is no doubt that the new model represents a substan

tial progress with respect to those used in the past. First, be

cause of its better reproduction of new, recently discovered, 

empirical data of the liquid (in particular the heat capacity), 

secondly because of its inherent features, which provide a 

superior description of very important properties. In this 

context, the following topics should be mentioned: 

 Satisfactory accounting for the twofold character  ion

¡c/covalent  of the examined material: though the cho

sen formalism is necessarily based on idealisation of the 

constituents, its thermodynamic justification is based on 

rigorously demonstrated theorems. 

 Transparent calibration procedure:the model contains a 

number of physical parameters, which are taken from re

liable experimental measurements. Tuning was there

fore restricted to a few unknown parameters (whose 

physical meaning is, however, clear), which may be ex

perimentally measured in the future. 

 The EOS extends over a broad composition range of 

U02 ± x : i t is known that deviations from 0/U=2 produces 

dramatic effects in the high temperature solid. 

Extension of the stoichiometry dependence to the liquid 

EOS represents a substantial progress, especially in view 

of reactorsafety engineering applications. 

 The concept of thermodynamic criticality in the pres

ence of variable stoichiometry, entailing noncongruen

cy of vaporisation, was redefined on a more general ba

sis.The related considerations are valid, independently of 

the presently assessed values of the critical temperature, 

pressure and density  whereby the first two are 

markedly higher than those assumed up to now. 

A detailed monograph on this subject is in preparation. 
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Plot of the p(T) diagram corresponding to par

tialcongruent evaporation mode (PCE) and to 

the distinct boiling and saturation modes 

(respectively, BC and SC). The "banana" shaped 

curve is typical for noncongruent vaporising 

systems. Curve 3, predicted by Fischer's model [2], 

follows the INTAS saturation curve forT= 7000 K, 

whilst at higher temperatures a large discrepancy 

is found. 
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2.8 Relevance of Atomic Diffusion in 
Fission Gas Release from LWR fuel 
as a Function of Burnup 

One of the great concerns in operating LWR fuel at very high 
burn-ups is the enhancement of fission gas release, which 
deteriorates the fuel/cladding gap conductance, in large 
part sustained by the high thermal conductivity of the pure 
helium filling the pressurised rod. Since fission gas is effec
tively insoluble in U02, release is primarily the result of an in-
solid diffusion process.Collisions with fission fragments and 
long residence times in reactor, favours athermal diffusion. 
However, accumulation of fission damage and fission prod
ucts does finally affect the state of gas-in-solid and, hence, 

its intrinsic mobility, causing consequences which are not 
yet fully understood. 

In the last few years, a number of irradiated U02 fuel sam
ples at various burnups have been submitted to accurate fis
sion-gas release tests in the ITU Knudsen-cell facility. Release 
of fission gas was measured in vacuo, together with effusion 
of less volatile fission products, by a mass spectrometer 
placed at a distance of a few centimetres from the heated 
sample. Almost all fission fragments were detected, in con
junction with the uranium and actinide-bearing species. 
Isochronal annealing tests were performed up to tempera
tures at which substantial fuel vaporisation occurs,and were 
terminated by complete vaporisation of the sample. The 
analysis of the results was performed based on a sufficiently 
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realistic model [1] which describes release in terms of a 
combined diffusion/trapping mechanism. 

The measured parameters of the three different stages are 
reported in Tab. 2.6. 

Three thermally activated release stages can be identified: i) 
diffusion along extended defects (grain boundaries or dislo
cation networks), ii) volume diffusion in the intragranular 
range, and Hi) gas in bubble release - in this case due to pro
gressive sublimation of the sample. The analysis of the em
pirical fractional release curves provides for each stage both 
the enthalpy of diffusion and the corresponding pre-exponen-
tial entropy factor. In the case of atomic diffusion this latter 
is a function of the competing sink strengths (respectively of 
the intragranular bubbles and of the vented pore network). 
Fig. 2.26 shows a typical curve obtained from the model. 

The function, Z, plotted is the logarithm of the fractional rate 
of change of the gas retained. Independently of the anneal
ing history,this function has the property of manifesting the 
various release stages as quasi-linear segments. 

The examined samples were taken from different LWR fuel 
rods, and extracted from pellet regions whose irradiation 
temperature was sufficiently low to prevent important in 
pile release. At low and moderately high burnups,the fission 
gas was dynamically dissolved or finely dispersed or in the 
form of small intragranular bubbles (with sizes of the order 
of 10 nm and concentrations of 1017 cm3 ) . At very high 
burn-ups, the samples exhibit the typical RIM re-structuring 
with formation of sub-grains of size of less than one micron, 
on whose boundaries larger bubbles are formed. Fig. 2.27 
shows the release curves at two different burnups. 

Release stage I, involving gas migrated to the grain bound
aries during irradiation, is limited to less than 7% at low bur
nups, and does not exceed 15% at 100GWd/t. As for stage II, 
where release is described as controlled by volume diffu
sion, an evident shift of the onset of release towards lower 
temperatures is observed with the increasing of burnup. 
Inspection of the dependence of the release rate on tem
perature indicates that the process is reasonably described 
by single-energy thermally activated atomic jumps.The dif
fusion enthalpy decreases continuously from approximately 
106 kcal/mole at 25 GWd/t burnup down to less than 70 
kcal/mole at 95 GWd/t.The high value, confirmed by previ
ous measurements [2], is near to that of diffusion of vacan
cy-stabilised rare gas in fresh U02.The decrease of the diffu
sion enthalpy of circa 30 kcal/mole is here certainly 
significant, although in the literature the data range from 
120 to 70 kcal/mole.The effect is very likely due to defects in 
the lattice associated to chemical impurities, whose pres
ence tends to reduce the formation energy of cation vacan
cies. This would explain, at least qualitatively, the effect of 
burn up on the diffusion enthalpy of highly stabilised gas-
in-solid. 

The second relevant aspect is the increase with burnup of 
the gas amount (absolute as well as fractional) reaching the 
fuel free surfaces without precipitating into the densely dis
persed intragranular bubbles. In fact, this fraction increases 
from 25% up to 83% in the explored burnup range. 

Tab. 2.6 Fission gas (*) release after isochronal annealing of irradiated U02. 

Structure 

Normal 

Normal 

Normal 

Normal 

RIM 

RIM 

Burnup 

(MWd/ton) 

25000 

35000 

55000 

65000 

80000 

95000 

STAGE 1 

% released (2) 
of initial grain 
boundary gas 

5-7 

5-7 

6-8 

7-8 

9-10 

12-15 

STAGE II 

% released 
from volume 

diffusion 

25 

51 

58 

61 

76 

83 

Enthalpy 
(kcal/mole) 

106.7 

97.5 

83.2 

88.0 

70.0 

68.5 

STAGE III 

% released 
via sample vaporisation 

after trapping in bubbles 

68-70 

39-42 

30-32 

25-29 

9-14 

1-5 

(*) :The values in the Table represent the measured average for the isotopes: 84Kr, 85Kr, 86Kr, u1Xe, U2Xe, nAXe, 136Xe. 
(2) :ln percent of the retained gas (that is almost equal to the burnup inventory) 
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Fig. 2.26 

Model prediction of release for a typical 

Knudsen vaporisation experiment. The 

initial conditions correspond to a fission 

gas repartition at endoflife of 30% on 

the grain boundaries and 70% frozen 

from dynamical solution during irradia

tion. 
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Fig. 2.27 

Fractional release of a Xenon isotope 

from U02 irradiated at low and high 

burnup, as a function of temperature. 

Analysis of the fraction of gas precipitated during random 

diffusion in a heterogeneous medium shows thatthis is pro

portional to the relative sink strength of the intragranular 

bubbles, ksc, compared to that of the vented sinks, kgb, (inter

nal free surfaces and open pores) [3].The intragranular bub

ble sink strength is proportional to the size of the bubbles 

and to their concentration, as well as to a bias term, L, which 

depends on the stress field around the bubble surface and 

on the vacancy availability in the lattice [2].The sin k strength 

of the vented sinks has a more complex expression. Hence, 

for simple thermal annealing conditions, the ratio of the gas 

amount arriving to the vented sinks to that trapped in the 

bubbles, in a first approximation, is independent of the mo

bility of the gas. At sufficiently large bubble concentrations, 

if α is the cell size of the ventedpore network, the approxi

mate relation holds: 

kgbs(6Lk5C/cc)
1/2

where 

R=kgb/(Lk5C)=(6/Lksca)
1/2 

= 0.36 at25GWd/t 

=40 at95GWd/t 
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In fact, the releasetoprecipitation rate increases by two or

ders of magnitudes from low to high burnup; hence,accord

ing to the equation above the product L ksc a should de

crease by four orders of magnitude. We know that the cell 

size α in the RIM structure is much smaller than the initial 

sintered grains, however not so that it can explain such a 

large factor. On the other hand, bubble concentration and 

size certainly do not decrease with increasing burnup. 

Furthermore, high values of fraction R are observed even at 

medium burnups, where the RIM structure is not yet formed. 

Finally, the only factor that can be responsible for the large 

increase of R is then the bias term L. This factor represents a 

fundamental condition for gas precipitation, i.e. that gas 

precipitates into intragranular bubbles at the rate predicted 

by a random collision model only in the case where vacan

cies are sufficiently available to keep the bubble close to 

elastic equilibrium with the capillary forces: otherwise, a 

compressive stress field around the bubble is created, which 

delays precipitation, with respect to other sinks (e.g. extend

ed defects) where vacancy availability is higher. 

From the reported results, one must conclude that the effec

tive number of free vacancies per gas atoms frozen in the 

lattice decreases with burnup. Very likely, at high burnup 

most of the vacancies created are captured by permanent 

defects dispersed in the lattice, so that a sort of hardening of 

the matrix is produced. Consequently, gas swelling occurs 

only through growth of pores on extended defects, which 

act as structural sources of vacancies. 

References 

[1] F.Capone, J. RHIernaut,M.Martelleng h i, C. Ronchi, Nucl. Sci. Eng. 

124(1996)436454 

[2] C. Ronchi, I. Sakellaridis, Nucl. Sci. Eng. 95 (1987) 282295 

[3] C Ronchi, J. Nucl. Mater. 148 (1987) 316323 

Contact (2.8): Claudio Ronchi · tei.: +49 7247 951402 · fax: 

+49 7247 951 591 · ronchi@itu.fzk.de 

2.9 Nuclides 2000: An Electronic Chart 

of the Nuclides on CDROM 

The first edition of Nuclides 2000 was successfully completed 

in June 1999.This is a commercial multimedia product con

sisting of a CDROM and an 82 page User Guide. Apart from 

providing basic nuclear data on over 2600 nuclides, the user 

can solve decay equations with a mouse"click".The package 

has been designed to be extremely user friendly and to ap

peal to both nonexperts and experts alike. Nuclides 2000 

has its own website at: 

http://itumagill.fzk.de/nuclides_2000/ 

where the latest information on the product can be found 

together with further information, frequently asked ques

tions (FAQs), Case Studies, ordering information etc. In the 

first six months on the market, we have over 200 registered 

users. 

From the mainstream nuclear area customers include: 

LANL, BNL, ORNL, LBL, GA, FZK, FZJ, FZ Rossendorf, EnBW, 

GR5,GSI,EDF,CEA,CNRS,ESRF,COGEMA,CERCA,CRIEPI,NOK, 

ENEA, Empr. Agrupados, CIEMAT, SCKCEN, NRG, IAEA, 

UKAEA, PSI, VTT, Hungarian AEA, Studsvik Nuclear, ABB 

Atom,AEC,BARC. 

From the field of medicine & medical isotopes: 

Deutsches Krebsforschungszentrum, CIS Biointernational, 

MDS/Nordion, Mallinkrodt,Zentralklinik Bad Berka,Glostrup 

Hospital,The Royal Marsden NHS, etc. 

Others organisations include: 

The universities of Liège, Glasgow, Tohoku, Madrid, 

Hamburg, West of England, Bialystok, Institute Jozef Stefan, 

and Ohio State. Also Defence Research Establishment, 

Nuclear Cargo + Service GmbH,The Andriey Soitan Institute 

for Nuclear Studies, National Radiological Protection Board, 

Bundesamt für Strahlenschutz Institut für Strahlenschutz, 

GSF Forschungszentrum für Umwelt und Gesundheit, 

Neuherberg, SEIKO EG&G. 

At present we are involved in the marketing of the product 

through the Nuclides 2000 website, information brochures, 

product announcements in magazines, product reviews in 

specialist journals, presentation at conferences, etc. Existing 

customers have been asked for feedback on the product 

through a questionnaire. An initial poll indicates customer 
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satisfaction and a s t rong interest in fu r the r d e v e l o p m e n t o f 
the p roduc t . On this basis, a n e w ed i t i on is p lanned for t h e 
end of 2000. In th is n e w ed i t i on , based on user feedback, t h e 
main new features wi l l be 

• the inclusion of averaged cross sect ion data, and 

• the possibi l i ty to d o sh ie ld ing calculat ions. 

Other features, w h i c h are be ing cons idered, inc lude 

• a "w i za rd " fo r genera t ing charts.This wi l l a l low t h e user 
t o generate co lour charts based on the p rope r t y o f 
choice (e.g. radiotoxic i ty) 

• v i r tua l nucl ides. At present calculat ions can be made 
w i t h on ly a single nucl ide.This faci l i ty wi l l a l low calcula
t ions w i t h an nuc l ide inven to ry 

• nuclear react ion Q-values.This gives t h e user t h e possi
b i l i ty t o invest igate a var ie ty of neutra l and charged par
ticles react ions. This power fu l and f lex ib le m o d u l e wi l l 
g ive i n fo rma t i on on w h e t h e r par t icu lar react ions are 
exo- or endo the rm ic , th resho ld energies, and a l low the 
user t o invest igate unusual decay modes (e.g. heavy ion 
radioact iv i ty) 

• i n fo rma t ion on f ission p roduc ts and y ie ld data 

Contact (2.9): Joseph Magill · tel.:+49 7247 951 366 
fax: +49 7247 951 591 · magill@itu.fzk.de 

Nuclides 2000 on the Web 

Enclose phrases in parentheses " " . e.g.: "radioactive decay" Help: Searching effectively on the Web! 

introduction Information What can I do with 
brochure Nuclides 2000? 

res order form FAQs 
;rfor Support Casestudies 

Download 
Nuclides 2000 User Guide 
Nuclides2000 1.1 upgrade 

Nuc l ides 2000 N e w s : ve rs ion 1.1 coming soon.. . . 

New/ Improved features. . . Improved user defined charts, 
decay calculations now possible with numbers of atoms, 
stable nuclides indicated in the element list box, 

I 
and more... .download available soon!.. 

Data Sheets 
nuclear constants, decay 
data, derived data, 
averaged cross-section 
data 

Articles database 
full text articles, 
radioactivity, radiaiton 

Online Features 
related websites, 
historical, new elements 

Nuclide Explorer 
Periodic table, Nuclide Chart 

Nuclide Charts 
Karlsruhe, Strasbourg, GE, 
JAERI, Build Your Own 

Decay Engine 
full decay calculations to obtain 
activities, radiotoxicities, dose 
rates, isotopie powers etc. 

Search Data Sheets 
for halflives, decay mode, 
alpha, beta, gamma, X-ray, 
electron energies 

Features in the 2nd Editon 

Shielding Calculations 
gamma dose rate, shield thickness, 
info 

Virtual Nuclides 
Nuclide Inventories, Fission Parents 

Fission Yields 
ind. and cumul, yields from JEF, ENDF, 
JENDL 

Q-values 
decay, neutral particles, charged 
particles nuclear reactions 

Fig. 2.28 Nuclides 2000 Home Page 
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3. Safety of Nuclear Fuel 

3.1 Structural Investigations and Basic 
Studies at High Burn-up 

3.1.1 Installation of two new microscopes in the hot cell 
facility 

In the course of 1999 the equipment for the microscopic ex
amination of irradiated nuclear materials in the hot cell lab
oratory has been renewed. The capabilities and perform
ance of both electron and optical microscopy could thus be 
considerably improved. 

Scanning Electron Microscope 

In the early eighties a JEOL 35C scanning electron micro
scope (SEM) was installed in the hot cell facility at ITU.The 
microscope was especially adapted to analyze highly irradi
ated nuclear materials [1]. 

After nearly twenty years of service its performance had greatly 
deteriorated and therefore its replacement was necessary. 

After decontamination of the existing beta-gamma glove 
box facility, a new JEOL JSM 6400 scanning microscope has 
been installed (see Fig. 3.1).This microscope operates at a 
variable accelerating voltage from 0.2 to 5 kV (100 V steps) 
and from 5 to 40 kV (1 kV steps). It is equipped with a shield
ed secondary electron detector for the examination of high-

Fig. 3.1 
View of the JSM 6400 
microscope in the SEM 
beta-gamma facility of 
the Hot Cell Technology 
department, showing 
the glove box contain
ing the column and 
specimen chamber (up
per part) and the vacu
um system with a tur
bo molecular pump 
(lower part). 

Fig. 3.2 Telatom III optical microscope equipped with the 
Leica-QWin image analysis system in a beta-gamma 
hot cell facility. 

ly radioactive materials. It is used for surface characteriza
tion and its resolution varies according to the radiation level 
of the samples: for highly irradiated fuel pellets it is in the or
der of 20 nm and for non-irradiated materials it is in the or
der of 5 nm. 

In the year 2000 the instrument will be equipped with a Peltier 
cooled detector for energy dispersive X-ray analysis (EDX). 

Optical microscope 

The installation of a shielded remote-controlled optical mi
croscope, Telatom III (Reichert-Leica) was completed. The 
lead shielded (15-25 cm wall thickness) beta-gamma -glove 
box shown in Fig. 3.2, is especially conceived for highly irra
diated nuclear materials, mainly nuclear fuels. The optical 
microscope is equipped with a radiation resistant set of ob
jective lenses, a Vickers micro-hardness testing device and 
the most recent version of a Leica-QWin,image analysis system. 
The transfer and displacement of the samples in the glove 
box is done by means of a computer controlled robotics sys
tem. Up to ten metallographic samples can be stored in the 
microscope compartment at any one time. They are trans
ferred from the neighbouring cell, where they are polished, 
by means of a" La Calhène" connecting channel. 

Reference: 
[1] M.Coquerelle,P.Knappik,J-C.Perrier,J.Physique45(C2)(1984)84 

Contact (3.1.1): Achilleas Stalios · tel.: +49 7247 951 376 · 
fax: +49 7247 951 561 · stalios@itu.fzk.de 
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3.1.2 Performance of commercial PWR fuel rods at high 

burnup 

Since 1993 the Institute and SiemensKWU have been co

operating in the study of the performance of high burnup 

PWR fuel.The focus of the work is on fission gas release and 

swelling behaviour of the fuel and the contribution made by 

the high burnup structure [1] to these quantities. In 1999,as 

part of this research cooperation, a fuel rod with an unusu

ally high average burnup of 98 MWd/kgU was examined at 

the Institute. It was seen that fuel microstructure changes in 

a continuous manner up to a pellet burnup of at least 102 

MWd/kgU.This finding is important because it means that 

existing computer codes can be used to predict fuel rod be

haviourat ultrahigh burnup.Most significantly,no burnup 

limiting phenomena were encountered. The fractional fis

sion gas release determined by rod puncturing was about 

28% at 100 MWd/kgU. (It is normally less than 10% at 50 

MWd/kgU.) It was concluded that a large fraction of the gas 

released came from the inner regions of the pellet between 

the fuel centre and r/r0 = 0.7. In the outer regions of the pel

let the high burnup structure penetrates progressively 

deeper into the fuel with burnup, and at 102 MWd/kgU, the 

highest burnup seen,it extended overa distance of 1.15 mm 

to about r/r0 = 0.75. Above a pellet burnup of about 70 
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Fig. 3.3 Decrease in the density of PWR fuel with increase in 

pellet burnup (after Manzel and Walker, ref. [2]). The 

solid line shows the density change resulting from a 

matrix swelling rate of 1 % per 10 MWd/kgU (the stan

dard value). Above 70 MWd/kgU, the widespread for

mation of the high burnup structure in the outer re

gion of the fuel causes the swelling rate to increase to 

1.5% per 10 MWd/kgU. This is detected as a change in 

the rateai which the fuel density decreases with burnup. 

MWd/kgU, the presence of the high burnup structure leads 

to a change in the fuel swelling rate from the standard value 

of 1 % per 10 MWd/kgU to 1.5% per 10 MWd/kgU (see Fig.3.3). 

Electron probe microanalysis revealed that the concentra

tion of the fission gas xenon in the recrystallised grains of 

the high burnup structure did not increase with burnup, 

but remained at a low level over the whole range of burnup 

studied. In fuel pellets with burnup greater than 80 

MWd/kgU, it was observed that within a 100 μιτι of the fuel 

surface the gas pores of the high burnup structure experi

enced enhanced growth (Fig. 3.4). At present, this growth is 

assumed to occur because there is a large reservoir of va

cancies at the pellet rim where the fission density is two to 

three times higher than in the body of the fuel. At a pellet 

burnup of 102 MWd/kgU,the growth of the gas pores at the 

pellet rim, where the burnup was greater than 200 

MWd/kgU, was apparently accompanied by the release of 

fission product caesium from the pellet. 
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Fig. 3.4 Photomicrograghs showing the high burnup struc

ture at the surface PWR fuel pellets irradiated to a 

burnup of 67 and 102 MWd/kgU. The gas pores have 

grown markedly in size with increased in burnup. 

References 

[1 ] CT.Walker, J. Nucl. Mater. 275 (1999) 56. 

[2] R. Manzel, C.T.Walker, Proc. ANS Internationa I.Topical Meeting. 

on Light Water Fuel Performance, Park City, Utah, USA, 913 

April 2000, p. 604 

Contact (3.1.2): Clive Walker- tel.: +49 7247 951 477 · fax: 

+49 7247951 591 · clive.walker@itu.fzk.de 
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3.1.3 Analysis of the corrosion properties of zircaloy 
cladding in LWR reactors (Siemens-KWU) 

The different types of particles in an unirradiated cladding 
sample KWU 702-01, have been analysed to obtain a better 
understanding of their influence on the corrosion behav
iour. This was a very extensive analysis involving the meas
urement of 1000 FeCr-rich (Laves phase) and FeNi-rich (Zintl 
phase) particles by TEM. In addition to this measurements 
have been made on larger FeNi-rich particles using SEM on 
a lightly etched surface of the cladding since many of the 
larger particles were lost in the electropolishing process and 
could not be seen by TEM. 
For the first time the particles were also distinguished by 
their morphologies in cases where they were too small for 
EDX analysis.This enabled the full size range from 20 nm to 
0.5 pm to be covered. 
These results constitute a database with which the results 
on two specimens of cladding from high burn-up fuel rods 
are being compared. 
Fig. 3.5 shows an example of a transmission electron micro
graph of this material demonstrating the typical morpholo
gies of the two types of particle. 

Fig. 3.5 Transmission electron micrograph of the unirradiat
ed cladding reference sample KWU 702-01 showing 
the characteristic morphological differences between 
the FeCr-rich and FeNi-rich intermetallic particles. 
This enabled a type distinction to be made in cases 
where EDX analysis was not possible. 

Contact (3.1.3): Ian Ray · tel.: +49 7247 951 378 
fax: +49 7247 951 591 · ray@itu.fzk.de 

3.1.4 Post-irradiation examination of pressurised and 
boiling water reactor fuel rods. 

In the framework of the contract with Siemens AG-Bereich 
Energieerzeugung (KWU), non-destructive and destructive 
examinations of power reactor fuel rods were carried out. 
The work performed and described in the previous annual 
reports [1] has continued and a list of the types and number 
of examinations carried out on different fuel rods in 1999 is 
given in Tab. 3.1. 

Tab. 3.1 Type and number of examinations performed on 
PWRandBWR fuel and cladding during 1999. 

TYPE OF EXAMINATION 

Visual examination 

Defects (cladding) 

Gamma scanning 

Fission gas analysis 

Free volume determination 

Metallography 

Ceramography 

Burn-up determination 

ΕΡΜΑ 

TEM 

Re-fabrication 

Creep test 

Glow discharge 

Chemical analysis 

Creep (long term) 

TOTAL: 

PERFORMED 

4 

3 

4 

5 

5 

14 

1 

1 

1 

2 

5 

2 

2 

2 

1 

52 

I 
In 1999 five fuel rods from a commercial PWR were trans
ferred to our hot cells.The goal of the examinations was the 
study of the dimensional stability and oxidation behaviour 
of advanced cladding materials. In addition, 8 segments 
were re-fabricated and sent to the High Flux Reactor in 
Petten to examine their behaviour under Loss of Coolant 
Accident (ramp) conditions. 
A new type oftest was developed to examine the mechani
cal properties of high burnup fuel rods under intermediate 
storage conditions. It will enable the determination of the 
long-term creep properties of irradiated fuel rods.Cladding 
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material from pressurised and boiling water reactor fuel 
rods will be examined in a two year programme. 

3.2 High Burn-up MOX Fuel 

13 capsules containing fuel rods segments were shipped 
back to the pool of the reactor in which they had been irra
diated. 

Reference: 
[1] EUR 14493(TUAR-91),p.199;EUR15154(TUAR-92),p.199;EUR 

15741 (TUAR-93), p. 227; EUR 16152 (TUAR-94), p. 205; EUR 
16368 (TUAR-95), p. 199; EUR 17296 (TUAR-96), p. 127; EUR 
17746 (TUAR-97), p. 74; EUR 18715 (TUAR-98), p. 74. 

Contact (3.1.4): 
Enrique H. Toscano · tel.: +49 7247 951 409 
fax: +49 7247 951 591 · toscano@ltu.fzk.de 

3.1.5 The RIM effect irradiation 

The PIE investigations for the International High Burnup Rim 
Project, HBRR were continued and are near to being con-
cluded.The aim of this project is to study the threshold val
ues of burnup bu, temperature T, pressure ρ and type of fuel 
for the formation of the rim structure [1,2]. The project is 
managed by the Central Research Institute of Electric Power 
Industry, CRIEPI, and is sponsored by 23 different organisa
tions. 
Ceramography, scanning and transmission electron mi
croscopy, XRD analyses, density and oxygen potential meas
urements, Knudsen cell effusion and hot cell annealing tests 
as well as thermal diffusivity measurements were all per
formed on a larger number of fuel disks with selected values 
of bu,Tand p.The work will be concluded in the year 2000. 

References 
[1] M. Kinoshita, S. Kitajima,T. Kameyama,T. Matsumura, E. Kolstad, 

Hj. Matzke, ANS Int.Topical Meeting on LWR Fuel Performance: 
"Going Beyond Current Burnup Limits", Portland, March 2-6, 
1997, Proceedings ANS (1997) p. 530 

[2] T. Sonoda, Hj. Matzke and M. Kinoshita: „High Burnup Rim 
Project: Threshold Burnup of Rim Structure Formation", 
Enlarged Halden Project Meeting, Loen, May 1999, Proc. Paper 
F 1.1 

Contact (3.1.5): 
Hansjoachim Matzke · tel.:+49 7247 951273 
fax:+49 7247 951 591 -matzke@itu.fzk.de 

3.2.1 Introduction of large-area quantitative X-ray 
mapping in electron probe microanalysis 

The reporting period saw the introduction of a new electron 
probe microanalysis technique: large-area, false-colour, 
quantitative X-ray mapping. The technique, which reveals 
the variation in concentration of a given element in a select
ed area, has been successfully employed to assess the ho
mogeneity of BNFL's SBR MOX fuel after irradiation, and the 
homogeneity of MIMAS MOX fuel prepared at the Institute 
by three different fabrication routes. The technique has 
been found to be greatly superior to X-ray line profiling 
which is used for the same purpose, but can only provide in
formation in one dimension.The technique also has the ad
vantage that, in addition to supplying quantitative data on 
the distribution of an element, information on the size, mor
phology and volume fraction of the different phases pres
ent can be obtained through image processing. 
The greatest challenge in making a large area (>1 mm2) X-
ray map is to obtain a high resolution image. This was 
achieved by producing a collage of X-ray maps acquired us
ing classical conditions; magnification X 400, spatial resolu
tion 256 χ 256 pixels, and each covering an area measuring 
roughly 250 χ 250 μιτι.Τη.θ individual maps are converted to 
quantitative images using a standard and by applying back
ground and matrix corrections to the measured X-ray count 
in each picture element (pixel). The matrix correction was 
made using the Himax® software package and the Xmas® 
program from SAMx.The background correction, although 
acknowledged to be an important step, was not performed 
because its usefulness is limited for elements of high con
centration.The composite area picture was produced using 
the "Multiple Image Alignment" function of the AnalySIS® 
image processing software. A compositional map for Pu in a 
MIMAS MOX fuel pellet is shown in Fig. 3.6. 

Fig. 3.7 shows histograms for the distribution of the Pu con
centration in the pellet by area fraction and cumulative area 
fraction. 

3.2.2 Post-irradiation examination of BNFL's first com
mercially irradiated SBR MOX fuel 

British Nuclear Fuels (BNFL) has entrusted the Institute with 
the detailed non-destructive and destructive examinations 
of seven fuel rods with average burn-ups of 33 GWd/tM 
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Fig. 3.6 False colour quantitative Xray map for the distribution of Pu in a (U,Pu)02 MOX 

fuel fabricated by the MIMAS process at the Institute. The local Pu concentration 

varies from less than 4 wt% to up to 60 wt%. Resolution 950 χ 920 pixels. Total 

dwell time 14.5 hrs 
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Fig. 3.7 Histograms for the distribution of Pu in a (U,Pu)02 MOX fuel fabricated by the 

MIMAS process as revealed by imaging processing of the quantitative Xray 

map in Fig. 3.6. Areas containing 1014 wt% Pu constitute about 23% of the fu

el. Specified Pu concentration 12 wt%. 
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(where M = heavy metal). In 1999 the nondestructive exam

ination of these rods was completed. A wide range of exam

inations were performed including: 

• Visual examination and rod length measurement 

• Cladding oxide thickness measurements and defect 

testing by eddy current 

• Fuel rod diameter profilometry at high resolution 

• Grossand isotopie gammascanning 

• Rod puncture to determine the percentage of fission gas 

release and the isotopie composition of the gas; the in

ternal rod pressure and the free volume reduction. 

It was confirmed that the performance of the fuel rods had 

been very good with significant margins to the design lim

its. No clad defects were detected by the visual examina

tions and eddy current testing. Eddy current measurements 

revealed that the thickness of the oxide layer on the outer 

cladding surface was 30 pm or less in all cases. Over most of 

the rod length the oxide thickness was well below 20 μιτι. 

Profilometry showed creepdown of the cladding along 

most of the rod length and creep reversal due to fission 

product swelling (see Fig.3.8).The increase in fuel rod length 

during irradiation was in line with what would be expected 

for U0 2 rods at a burnup of 35 GWd/tM. 

The gross gammascans displayed a generally flat burnup 

profile with local intensity reductions at the spacer grids 

and a steep fall off in gammaactivity at the ends of the rods 

(see Fig. 3.9). 
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filling due to fuel creep was also limited. 
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An example of a diameter profile from one of the SBR 

MOX fuel rods. Clad creepdown has occurred along 

the entire length of the rod. The profile shows evi

dence of fuelclad contact and creep reversal due to 

fuel swelling. 

The isotopie gammascans present a similar picture to the 

gross gammascans. Most importantly, there is little if any 

evidence for the migration of fission product caesium. 

Detailed analysis of the gross gammascans using the com

puter program "Gamble" which was specifically developed 

for this purpose at the Institute, revealed that in all seven 

rods the fuel stack was intact wi th no large interpellet gaps. 

The increase in the fuel stack length was also determined 

from the gamma scans and indicates that the fuel swelling 

rateis similar to that of other types of MOX fuel irradiated in 

commercial power reactors. 

The rod puncture results showed that clad creepdown was 

mainly responsible for the increase in the rod internal pres

sure during irradiation and that fission gas release was low 

(<0.6% in six of the rods). In the one rod to show any signifi

cant thermal release (1.1 %), the temperature at the fuel cen

tre had just exceeded the Vitanza threshold [1] at the end of 

life. This suggests that the mechanisms of gas release are 

similar to those operating in U02 fuel. 
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A detailed account of the non-destructive examination re
sults was given at the IAEA International Symposium on 
MOX Fuel Cycle Technologies in Vienna in 1999 [2] and a fur
ther report which included the results of optical ceramogra-
phy and electron probe microanalysis was made at the ANS 
International Topical Meeting on LWR Fuel Performance in 
the USA in April this year [3]. 
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p.366. 
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3.3 Interaction of Structural Materials 
with Irradiated U02 Fuel 

3.3.1 Corium interaction thermochemistry project (CIT) 

In the previous annual report (TUAR '98, p. 78-79) the exper
iments carried out with 3 mm high, cladded, irradiated U02 

fuel segments and 3 mm high, cladded non-irradiated U02 

segments at 2000 °C under inert atmospheres for 25s to 
190s were reported.The irradiated U02 was BR3 fuel with 53 
GWd/tU burn-up.This year's report will outline the results of 
optical phase analysis and microprobe analysis of the melts 
used to assess the kinetics of the irradiated U0 2 dissolution 
by zircaloy dissolution 

The irradiated fuel melt (see Fig. 3.10) showed two main 
phases: an U-rich ceramic phase and a Zircaloy-rich metallic 
phase.These corresponded to compositions of 77 w/o U and 
12 w/o Zr ((U0 73Zr0 27)02) for the ceramic phase and 8 w/o U 
and 91 w/o Zr (Zr097U003) for the metallic phase. 
Additionally some occasional very dense U,Zr phases were 
noted with 2 w/o Mo. 

The fuel showed no penetration by diffusion of Zircaloy. 
Small metallic spherical precipitates were observed in the 
heat-treated fuel that contained Tc, Ru, Mo and sometimes 
Pd (occasional, very fine, metallic precipitates had been ob
served in the fuel matrix before the test). These were evi
dently the so-called 5-metal fission product precipitates. 
These had rapidly grown during the heat treatment at 
2000 °C, often forming within the grains. These have often 
been observed in the Phebus corium [1]. Sometimes they 
may have continued to exist after dissolution of the fuel, 
sometimes they have dissolved up and interacted with 
stainless steel components (especially Ni) to form new inter-
metallic precipitates. 

I 
Fig. 3.10 Macro-photograph of an irradiated fuel segment af

ter 190s at 2000 °C under inert Ar atmosphere (5xmag). 

The porosity of the CIT fuel is very high (reaching 30%) due 
to the fission gas bubble formation and its release.The fuel 
itself fractures into smaller pieces dueto cracks and fissures 
pre-existing in the irradiated state.This compares with larg
er, slower break-up seen in the corresponding non-irradiat
ed fuel sample (Fig. 3.11).Thus, the faster attack of the irradi
ated U02 compared to the non-irradiated fuel is due to its 
cracked state and to the fission gas bubble formation form
ing a larger surface area for fluxing by the liquid Zircaloy. 
The phase analysis of the ceramic and metallic phases was 
combined with the microprobe analysis of the irradiated 
U02 to determine the total U content of the melt. This was 
compared with the U content in U-Zircaloy melts from non-
irradiated U02-Zircaloy dissolution experiments performed 
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Fig. 3.17 Macro-photograph of a non-irradiated fuel segment 
after 190s at 2000°C under inert Ar atmosphere (5x 
mag). 

Fig. 3.12 Macrograph of the low temperature irradiated fuel 
segmen t after heating for 600 s to 1740 °C under inert 
He atmosphere. The swelling of the cladding and its 
interaction with the fuel is clearly evident. (5x mag.) 

at 2000-2200 °C by other partners in the project. The U 
content for irradiated fuel dissolution by Zircaloy melt at 
2000 DC appeared to be similar to the U content in Zircaloy 
melts dissolving non-irradiated fuel at about 2150 °C. This 
implies that the dissolution rate of irradiated fuel is some
what higher than that of non-irradiated fuel. 

Modelling based on the non-irradiated fuel indicates a rapid 
initial U02 dissolution phase followed by a precipitation 
phase of a ceramic (U, Zr)02 phase in the saturated liquid 
Zircaloy,during which the U02 dissolution is much slower.ln 
contrast, we noted no saturation phase of slowed U0 2 disso
lution for the irradiated fuel. However, the testing times may 
need to be extended to observe this saturation. 

A further test at approximately the melting point of Zircaloy 
(~ 1750 °C) was also carried out with a 3 mm thick segment 
of the cladded irradiated fuel for 600s under inert (He) at
mosphere. It is seen (Fig. 3.12) that the cladding has become 
considerably thicker (~ 1.1 mm thick instead of approx. 
0.64 mm thick) with large bubbles and that it contains two 
phases: a darker ceramic phase of approx. 8 w/o Zircaloy 
((U075Zro.25)02) and a lighter metallic phase of composition 
89 w/o Zr and 4 w/o U (Zr099U001). 

The swelling may have contributions from the Zircaloy 
slumping from above,as well as from large bubbles of either 
fission gas from the fuel (which is also seen to be very 
porous) or from the hydrides formed in the Zircaloy 
cladding during the irradiation that exsolve during the heat
ing. As to the smaller bubbles at the fuel/cladding boundary 
these are almost certainly due to fission gas release.Thus, 
the interaction between Zircaloy and irradiated fuel appears 
to commence directly upon zircaloy melting with the for
mation of the same phases as at 2000 - 2200 °C. 

References 
[1 ] P.D.W. Bottomley, S. Bremiér, J.-P. Glatz, C.T.Walker,6th European 

Microbeam Analysis Society Workshop, 3-7 May '99, Konstanz, 
(Mikrochimica Acta, in press) 

3.3.2 Phebus FPT1 bundle post-irradiation examina
tion (PIE) 

The cutting of the FPT1 bundle into discs, followed by cut
ting out of selected samples from these discs for optical mi
croscopy and microanalysis, along with the first optical mi
croscopy results, was reported in the previous annual report 
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(TUAR '98, p. 73-74). The microscopic examination and mi
croprobe analysis of the remaining samples were complet
ed during this year. 

The samples examined came from the upper and lower cori
um pool, the cavity above the pool as well as from severely 
degraded remnants from the mid-height zone. Microprobe 
line and spot analyses were performed across the central 
zone of the corium pool. These indicated that the co
rium composition was uniform and corresponded to 
(U052Zr044Fe003Cr001) 02±x.This represents a melting togeth
er of the U02 fuel and Zircaloy and its oxidation along with 
some incorporation of Fe and Cr from the steel and nickel-
based structural materials.The oxygen content was difficult 
to establish but showed no consistent large deviation from 
stoichiometry.Thus despite a steam atmosphere, there has 
been no significant oxidation of the fuel to higher, more 
volatile oxides such as U03. No such oxides were observed 
as separate phases in the corium or elsewhere in the bundle. 

Minor amounts of secondary phases were observed at the 
grain boundaries of the corium.These usually contained Fe, 
Ni,and Crfrom the structural materials,from the cladding or 
thermocouples, and were usually in the oxide state. 
Additionally spherical metallic inclusions were observed in-

Fig.3.13 Section across a half-melted fuel rod surrounded by 
corium at the outer edge of the cavity just above the 
corium pool (+261 mm from bottom of the bundle) 
(Mag. 6x) 

tragranularly as well as at the grain boundaries of 1-10 pm 
size, this compares with a size of 1 pm for similar spherical 
precipitates observed in fuel fragments nearby the corium. 
Microprobe analyses of the fuel precipitates showed these 
to contain Pd, Ru and Tc and so these are assumed to be the 
5-metal fission products that had precipitated out in the 
overheated fuel grains before dissolution. Microprobe 
analyses of the larger corium precipitates revealed them to 
be Ni-rich but containing Ru,Tc, and Pd.This latter observa
tion indicates that at least some of the 5-metal precipitates 
have undergone reactions with structural materials in the 
melt. Moreover, fission and activation products such as Nd, 
Ce and Pu were also detected in the melt by microprobe 
analysis-unlike FPTO, where the trace-irradiated fuel did not 
have them in detectible quantities. Similarly the non-irradi
ated instrumented fuel rods had no 5-metal precipitates. 

The very high porosity of the irradiated fuel as it is dissolved 
by the (U,Zr)02 corium heated to at least 2500 °C has already 
been commented on in the previous Annual Report TUAR 
'98 (p. 73-74), as well as its role in accelerating the attack by 
increasing the surface area for interaction.The cavity above 
the corium showed semicircular cross-sections of attacked 
fuel rods with high porosity at their inner edges (Fig. 3.13). 

The clearly defined melting edge across the rod indicates a 
high thermal gradient and thus the corium must have suffi
cient superheat above its minimum melting temperature 
(estimated at 2500°C) to rapidly attack U0 2 fuel (even non-
irradiated fuel rods). This probably represents the hottest 
zone of the fuel bundle before it fused and relocated down
wards as a corium. 

The mid-bundle contained inner fuel rod remnants above 
the cavity (Fig. 3.14). 
These show little corium present.The fuel is porous and frac
tured and the cladding remnants are completely oxidised 
and have deformed.The oxide has two layers of columnar 
grains due to simultaneous inner and outer attack and indi
cates the cladding had already ruptured to allow steam to 
oxidise the inner surface of the cladding. No higher oxides of 
uranium were observed in these fuel fragments. The fuel 
however, had become very porous reaching well over 50% 
in some places. Some local liquefaction of the U02 fuel was 
observed which was due to the melted Zircaloy running 
down the interface.The large metallic inclusions observed 
within some fuel fragments could be liquefied Zircaloy-Ni-
Fe intermetallics that had penetrated the fuel via fissures. 

I 
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Fig. 3.14 Section through fuel rod remnants and oxidised and 
deformed cladding fragments at mid- height in the 
test assembly (+473 mm from bottom of the bundle) 
(Mag. 5x) 

However, liquefaction was not as important in general as at 
the lower heights, and physical fracturing and collapse of 
solid materials also contributed to the relocation downward 
from the bundle mid-height whereas the corium pool is ev
idently a cumulation point. The remaining structures have 
evidently undergone substantial degradation in a solid 
state for long periods at high temperatures since most of 
the remaining Zircaloy was fully oxidised to Zr02 . 
The remaining measurements are a final microprobe analy
sis of a fuel fragment at the bundle mid-height, as well as a 
series of melting point determinations by laser flash pyrom-
etry of the irradiated and non-irradiated fuel from the cori
um pool and the fuel at mid-height.The corium pool's melt
ing point will also be determined. 

Contact (3.3): David Bottomley · tel: +49 7247 951 364 · 
fax:+49 7247 951 561 · bottomley@itu.fzk.de 

3.4 The Fuel Performance Code 
TRANSURANUS 

The TRANSURANUS research network 

TRANSURANUS is a computer program for the thermal and 
mechanical analysis of fuel rods in nuclear reactors which 
has been developed at the European Institute for Trans
uranium Elements [1]. It is fully described in the literature 
and has been outlined in previous Annual Reports.The code 
is in use in several European organisations, both research 
and private industry and is under continuous development. 

The close collaboration with several groups, especially from 
Eastern European, continued. Version V1M1J99 of the 
TRANSURANUS code, has been released to all users togeth
er with the pre- and post processors as well as a revised 
handbook. 

Within the IAEA "Third International Seminar on WWER 
Fuel Performance, Modelling and Experimental Support" 
4-8 October 1999, Pamporovo, Bulgaria, the Third 
TRANSURANUS User's Meeting was held. Approximately 30 
participants from 12 countries discussed WWER related 
problems,the application of theTRANSURANUS-WWER ver
sion and its application to safety criteria. The course was 
supported by the IAEA under the regional technical co-op
eration program RER 4/019 ("Licensing fuel and modelling 
codes for WER reactors"). 

Specific TRANSURANUS model developments and 
results 

The work on the development of high burn-up models con
tinued.The question raised in the previous annual report 

"Where does the increased fission gas come from that is ob
served at extended burn-up in all reactor irradiations: 

1. from the inner hot regions by thermal gas release 
processes or 

2. by an athermal process from the outer cold regions that 
show the High Burn-up Structure?" 

could not yet be answered. From the analysis of WWER-440 
irradiations up to a very high burn-up (KOLA-3 data from the 
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IFPE database) it is concluded that the maximum tempera
tures at end of life are far below the presently accepted 
Vitanza threshold. If gas release from the high burn-up 
structure is assumed in our theoretical fission gas release 
model, a good agreement between measured and predict
ed fission gas release is obtained. However, the predicted 

Xe/Kr ratio is in disagreement with other (but similar) irradi
ations. 

Analysis of the thermal conductivity at high burn-up 

In view of its relevance, an extensive review of the degrada
tion of the thermal conductivity with burn-up was per-
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formed. In order to compare the various correlations from 

the literature, a conversion to the simplest form of the 

phononterm 

λ = 1 / (a 0 + a,bu + bT) 

was made, where λ is the thermal conductivity,Τ the tem

perature and a0,a, and b are parameters.Fig. 3.15 shows that 

there is a very consistent picture of the coefficient a¡. In ad

dition, it can be seen that the results from Simfuel measure

ments gave a significantly lower value, due to the fact that 

radiation effects such as the formation of bubbles are not 

accounted for. 

Several correlations for the thermal conductivity from the 

open literature have been incorporated into the 

TRANSURANUS code. An own correlation, developed from 

ITU measurements of C. Ronchi and M. Sheindlin, summa

rizes our presentday knowledge. This correlation includes 

the effect of gadolinium. Fig. 3.16 shows the good agree

ment between this correlation and measured data for a 

wide range of conditions. 

Further development of the transient TRANSURANUS 

version 

A simple onegroup point kinetics model has been incorpo

rated into theTRANSURANUS code version v1m2j99. Several 

different numerical techniques to solve the very sensitive 

feedback between temperature and reactivity have been 

carefully investigated.Two sample calculations demonstrate 

the capabilities of the model for a WWER440 reactor at be

gin and end of life atful l power conditions.The RIA analysed 

is initiated by the ejection of a rod within 0.15 s.This is a con

servative value compared with realistic values that are in the 

range of 0.5 s. During this time of 0.15 s a reactivity of 0.01 is 

injected, corresponding to 1.56 $ at BOL and 1.79 $ EOL, re

spectively. Typical WWER440 conditions were applied.The 

emergency scram is assumed to occur after 2 s. As can be 

seen in Fig. 3.17a and 3.17b, however, the transient is over 

long before the scram occurs. Details of this investigation 

are given in Ref. [2]. 

The main goal of this work is to better analyse the failure 

propensity under all conditions up to very high burnup. 

Clearly, details of the fuel rod such as gap size, burnup, em

brittlement of cladding etc. need to be taken into account. 

 8 0 

Ξ 

Time ( s ) 

Fig. 3.17 Relative power P/P0 (full line, left scale) and average 

enthalpy difference (dashed line, right scale) in the 

highest rated fuel section during the RIA as calculated 

by the builtin point kinetics model of the TRANU

RANUS code; The data refer to WWER440 conditions 

followed by a reactivity injection of 0.01. 
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3.5 Development of Advanced Fuels 

The attainment of high fuel burnups is one way by which 

the economy of the nuclear fuel cycle could be improved. 

Reactors would require less fuel element recharging and the 

volume of spent fuel to be conditioned for direct geological 

disposal or reprocessing would be reduced. In the case of 

U02, such savings must be offset against larger fuel costs 

due to the higher initial enrichment. For MOX no such addi

tional cost is ensued. 

The present burnup limit in commercial light water reac

tors, for U02 fuel 5060 MWd/kgHM and for MOX 

4050 MWd/kgHM, is determined by a number of factors. 

One of these is fission gas release, which is higher in MOX 

than in U02.One possibility considered to improve the reten

tion of fission gases is the fabrication of fuels with larger 

grains (ca.50 pm).For U02 several such fuels are being irradi

ated to determine their performance at higher burnup [1]. 

In a first step, the solgel process provides a means to fabri

cate homogeneous MOX reference fuel directly.The process 

involves the preparation of a solution containing Pu and 

Uranyl Nitrate in the desired composition, which is convert

ed into beads in a droplet to particle conversion step.The re

sulting particles are dried,calcined and compacted into pel

lets which are sintered at elevated temperature (ca 1650 °C) 

under an Ar/H2 atmosphere. Fig. 3.18 shows a ceramograph 

of a (U085Pu015)O2fuel prepared by sintering for 4 hours un

der a dry Ar/H2 atmosphere. This fuel has a grain size of ca. 

12 pm (Mean Linear InterceptMLI method without correc

tion). 

Larger grains can be obtained bytheaddit ion of small quan

tities of water vapour to the sintering gas and extending the 

sintering time. In Fig. 3.19 the ceramograph corresponds to 

the same fuel, but sintered for 24 hours in a humid (PH /PH O 

= 33) Ar/H2 atmosphere. A grain size of 35 μιη is obtained. 

Unlike U02 or MOX produced by the sol gel process, indus

trial MOX fuels produced by powder metallurgy (e.g. MI

MAS) exhibit an inhomogeneous distribution of the fissile 

material in the fuel pellets, as the micronised master blend 

(with typically 30% Pu) is diluted to the required fissile com

position by mixing with U0 2 prior to pelletisation. Thus, 

higher burnup fuels probably necessitate homogenisation 

of the Pu distribution along with increasing the grain size. 

Addition of mullite (3AI203.2Si02) to the diluting U02 en

hances both effects. Fig. 3.20 shows the ceramographs fol
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Fig. 3.19 Micrograph of a MOX fuel produced by the sol gel 

method following sintering under a humid (PH /PH O 

= 33) Ar/H2 atmosphere for 24 hours. 

lowing U0 2 and (U,Pu)02 etching of a MIMAS fuel obtained 

following addition of 1000 ppm of mullite. In contrast to a 

traditional MIMAS fuel without additives, isolated regions of 

U02 are found dispersed through a (U,Pu)02 matrix. In addi

t ion, the grain size of the (U,Pu)02 matrix is increased to 

about 20 pm. A similar result has been obtained without re

course to additives, but when an advanced U0 2 powder is 

used in the dilution step. 
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Fig. 3.20 Micrographs of an homogenised MOX fuel produced 
by the MIMAS process with addition of mullite 
(1000 ppm) in the diluting U02 (U02 etching above; 
(U,Pu)02 etching below). 

Further ΕΡΜΑ investigations are underway to quantify the 
homogenisation of these fuels. Additional experiments will 
be performed to understand the phenomena causing the 
diffusion processes leading to homogenisation so that the 
process can be optimised for the production of fuels with 
specific grain sizes, and distributions of the fissile material 
throughout the fuel. 

Reference 
[1 ] M. HiraiJ. Hosokawa, R.Yuda, K. Une,S. Kashibe, Κ. Nogita,Y.Shirai, H. 

Harada, T. Kogai, T. Kubo, J.H. Davles, Proceedings of the 1997 
International Topical Meeting on LWR Fuel Performance (1997) 490 

Contact (3.5): Joseph Somers · tel.: +49 7247 951 359 · 
fax: +49 7247 951 566 · somers@itu.fzk.de 

1 0 8 ; ITU Annua l Report 1999 - (EUR 19054) - Safety of Nuclear Fuel 



Projects 

4 Partitioning and 
Transmutation 

4.1 Advanced Reprocessing of 
Irradiated Fuels 

pellet (3%) but is closely correlated to the extent of swelling 
deduced from the non-destructive examinations. It is there
fore concluded that the accumulation of helium in the 
target is the major cause for the swelling [2].Thisisan intrin
sic characteristic of americium transmutation in reactor fu
els or targets which should be taken ¡not account in the op
timisation of the target design. 

Two contributions to this chapter can be found in part A: 

- Separation of Minor Actinides from Lanthanides 
(see highlight, p. 26) 

- Partitioning Studies at ITU (see review article, p. 39) 

4.2 Fabrication and Irradiation 
Behaviour of Fuels and Targets for 
Transmutation of Actinides 

4.2.1 The EFTTRA-T4 experiment on americium 
transmutation 

The experimental feasibility of transmutation of americium 
has been studied in the EFTTRA-T4 experiment, a shared-
cost action project in the specific programme on Nuclear 
Fission Safety of the Fourth Framework Programme of the 
European Union (1994-1998). The EFTTRA-T4 target was 
produced at ITU by the infiltration technique (see TUAR-96, 
p. 77 or ref. [1 ]) and contained about 11 w/o americium dis
persed as small particles in a matrix of magnesium alumi
nate spinel.The target was irradiated in the HFR Petten dur
ing 358 full power days. The extent of transmutation of the 
americium was 96% (with mainly curium and plutonium iso
topes being produced), while 28% of the initial americium 
content was destroyed by fission. Destructive post-irradia
tion examination of EFTTRA-T4 target was performed at ITU, 
supplementing the non-destructive examinations of the 
target performed by NRG in Petten, which had revealed a 
considerable swelling of the target pellets [2]. 

Ceramography indicates a significant increase of the poros
ity of the target pellets due to the formation of gas bubbles 
(see Fig. 5, review article, p.43). The major component in the 
gas bubbles is most likely helium produced by the alpha 
decay of 242Cm, one of the actinides formed in the transmu
tation scheme of 241Am (see Fig. 4.1).The overall porosity in 
the sample after irradiation was about 18%, which is much 
larger than the mean initial porosity of the unirradiated 

-
HTsS" 

90% 

< 
10% 

2 4 3Cm 

242Am 

2 4 2 m A m 

Fig. 4.1 Transmutation scheme for 241Am in a thermal flux. 
Because of the very short half-life of 242Am (t1/2 = 
16 h) most of it decays to 242Cm, even though its fission 
cross section is high (Of = 2900 barn). The decay prod
uct 242Cm has a low fission cross section (Of < 5 barn) 
and decays with a short half life of 163 days, produc
ing 238Pu and emitting an alpha particle. 

4.2.2 New concepts for heterogeneous actinide targets 

Homogeneous (solid solutions) and heterogeneous target 
designs are considered for transmutation of actinides. In a 
heterogeneous target the actinide phase is dispersed in a 
non-fissile matrix which is relatively inert against neutron 
activation.The role of this inert matrix is to act as a support 
and to improve the thermal and mechanical properties of 
the target. Presently, most attention is given to oxide matri
ces, especially magnesium oxide (MgO), stabilised cubic zir
conium oxide (Zr02) and magnesium aluminate spinel 
(MgAI204). In the case of americium the dispersed phase 
could be Am02 .x but this compound has the disadvantage 
of a high oxygen potential and a high chemical reactivity.To 
overcome these difficulties the incorporation of americium 
in a zirconia-based host phase is proposed [3]. 

In a heterogeneous target the matrix will suffer from the im
pact of neutrons, alpha decay and fission fragments, which 
have different effects depending on the energy loss and 
range of energy deposition. Energetic neutrons cause isolat
ed collision cascades throughout the material. Alpha decay 

P a r t i t i o n i n g and T r a n s m u t a t i o n - ITU Annua l Repor t 1999 - (EUR 19054) ' 1 1 0 9 



Projects 

causes isolated displacements within the range of the alpha 

particle (20 pm) and a very dense short (25 nm) collision cas

cade produced by the recoil atom (e.g.
 238

Pu in the decay of 
242

Cm) at the site of the decay. Fission products create fis

sion tracks of about 810 mm length. The latter effect will 

dominate the damage to the matrix as it will cause most 

atomic displacements. This can be minimised, however, by 

increasing the size of the dispersed phase to about 100

300 pm,as a result of which the damaged volume of the ma

trix phase is relatively small [2]. A schematic presentation of 

the design for heterogeneous targets is shown in Fig.4.2. 

As an alternative, a homogeneous target of (Zr,Y,Am)02.x is 

being considered.This is simpler to fabricate, but has the dis

advantage of a low thermal conductivity. Methods to fabri

cate both types of targets are being investigated in order to 

prepare targets for irradiation experiments in HFR Petten 

and Phénix in Marcoule in which the irradiation behaviour 

can betested. 

The first step of the process involves the fabrication of 

porous spheres of yttriastabilised zirconium oxide [4] by 

the external gelation process using a vibrating nozzle dis

perser to obtain spheres of uniform size (Fig. 4.2). In this 

process step no radioactive materials are used and it can be 

realised outside glove boxes. In the second step the spheres 

are infiltrated with a cerium nitrate solution. The infiltrated 

spheres are dried and the metal nitrate formed in the pores, 

is decomposed by thermal treatment. Experiments have 

shown that up to 35 w/o of cerium can be infiltrated into the 

spheres. The third step of the process involves the mixing of 

the infiltrated spheres with the matrix material, followed by 

pressing and sintering of the pellets. In Fig.4.2,a ceramogra

phy of a target composed of (Zr,Y,Ce)02 spheres in a magne

sium aluminate spinel matrix (MgAI204) is shown. Although 

the feasibility of this process has been demonstrated in 

these laboratory experiments, a more homogeneous distri

bution of the spheres in the matrix has to be pursued. 

4.2.3 Fabrication of heterogeneous targets 

A fabrication process for heterogeneous targets for americi

um transmutation is being developed now and will be im

plemented in the Minor Actinide Laboratory in the future. 

The method is based on aqueous processes to avoid the for

mation of radioactive dust that can accumulate in the glove 

boxes. In the test phase, the experiments are performed 

with cerium as a standin for americium. 

4.2.4 Fabrication of homogeneous targets 

In addition to the heterogeneous targets, a process for the 

fabrication of homogeneous targets has been developed 

using again a combination of the solgel and infiltration 

methods. In this process porous spheres of yttriastabilised 

zirconium oxide are produced by the external gelation 

method using the rotating cup atomiser, which yields parti

cles with a size distribution between 20 and 180 pm.Similar 

to the process for heterogeneous targets, the spheres are in
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Fig. 4.2 Schematic representation of the "hybrid" fuel concept of a heterogeneous fuel for transmuta

tion of americium. On the right side a ceramography of (Zr,Y,Ce)02 spheres in MgAI204 as pre

pared at ITU is shown. 
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filtrated with the required quantity of cerium and,afterther

mal treatment, they are compacted into pellets. Pellets have 

been produced containing about 12 w/o Ce with a density 

of greater than 94% of the theoretical value. In the next 

phase, the process will be qualified with plutonium instead 

of cerium before the first targets containing americium are 

produced. 
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4.2.5 Postirradiation examination of high plutonium 

content fuels (Trabant 1 ) 

Within the CAPRA (Consommation Accrue de Plutonium 

dans les RApides) and CADRA (Consommation Accrue des 

Déchets dans les RApides) programmes, the Institute for 

Transuranium Elements, the Commissariat à l'Energie 

Atomique and the Forschungszentrum Karlsruhe are inves

tigating the incineration of Pu and other actinides within 

the frame of a trilateral agreement. The objective of this 

programme is the optimisation of reactor cores for the in

cineration of Pu and minor actinides. 

In the first experimental programme for the Transmutation 

and Burning of Actinides in Triox (TRABANT 1 ), four different 

high Pu content fuels with annular pellets were irradiated in 

HFR Petten. The irradiation of the (U055Pu045)O2_x fuel pin 

and the CePu fuel pins were halted prematurely due to a 

failure of the (U,Pu)02 fuel pin and melting of the 

(Ce056Pu044)O1 93 fuel [1].The melting of the latter fuel was 

most likely due to the poor thermal conductivity of the Ce

Pu oxide at low O/M ratios. The cause of the failure of the 

(U055Pu045)O2.xfuel pin is the subject of debate. 

The postirradiation examinations on the failed pin started 

in 1998 (TUAR98, p. 9294) and were completed in 1999. 

The fuel pin was sectioned and it was observed that the cen

tral channel in the ruptured zone was full of material.This 

led to the hypothesis that the pin failed due to an excess re

activity caused by the condensation of highly Puenriched 

(U,Pu)02 in the central void. Hence, detailed ΕΡΜΑ analysis 

of a metallographic sample from the ruptured zone was 

carried out to determine the composition of this deposited 

material. Fig.4.3 shows the zones analysed by ΕΡΜΑ, and the 

fuel composition in the different zones (1,3 and 5) are given 

in Fig. 4.4. 

An increasing Pu content from the centre to the periphery 

of the fuel was measured with a value substantially below 

the original 45 w/o in the material which filled the central 

hole in contrast to the expected higher Pu concentration. 

Whether the 2535 w/o Pu concentration in the pellet centre 

are still sufficient to explain the failure of the pin or whether 

an excess of tellurium, produced as a consequence of the 

high linear power at the beginning of the irradiation, was re

sponsible for ¡ntergranular corrosion of the cladding needs 

further investigations. In both cases, however, it is postulat

ed that a burst of fission gas was released into the liquid 

sodium, leading to inefficient cooling of the cladding which 

melted asa consequence of this process. I 

Fig. 4.3 Positions of ΕΡΜΑ in the ruptured zone of pin 1 of 

Trabant 1. 

Part i t ioning and Transmutation  ITU Annual Report 1999  (EUR 19054) ^111 



Projects 

area 1 area 3 

position 

area 5 

Fig.4.4 Pu content in the ruptured 

zone of pin 1 of Trabant 1 from 

EPMApoin t analysis. 

NI Mo Tc 

elements in area 6 

Fig. 4.5 Composition of the solidified 

melton the outer surface of the 

cladding. 

The optical microscopy and ΕΡΜΑ of the solidified melt at

tached the outer surface of the cladding indicated the exis

tence of a fine eutectic structure which would suggest that 

the material had been exposed to temperatures higher than 

1900°C. ΕΡΜΑ revealed that the material contained high 

amounts of the metallic fission products Ru, Mo, Pd, Rh and 

Tc (Fig. 4.5). With intact cooling of the pin the temperature at 

the outer cladding/sodium interface should not have ex

ceeded 600°C, while the temperature at the outer fuel sur

face would have reached approximately 900°C (in the centre 

approx. 2500°C). 
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4.3 The Minor Actinide Laboratory 

The Minor Actinide laboratory is a unique facility that is be

ing build to fabricate fuels and targets containing signifi

cant quantities of minor actinides such as americium and 

curium (e.g. 50 g of
 24 ]

Am). It consists of 10 shielded glove 

boxes that form a complete fabrication chain in rooms F105 

(boxes 1 to 5) and F106 (boxes 6 to 10).The operators of the 

chain are protected by a steel wall containing up to 5 cm 

lead to shield the gamma radiation and up to 50 cm waterto 

shield neutron radiation. The processes in the glove boxes 

are partly automated by the use of robots and remote con

trol, but work is also carried out using telemanipulators. 

For 1999 the following achievements can be reported: 

• The decommissioning of the existing glove boxes in 

F105 has been started and is nearing completion.This in

volved the removal and storage of all radioactive materi

als and cleaning of the glove boxes prior to their re

moval. 

• The shielded walls in laboratory F106 have been in

stalled (see Fig. 4.6). 

• The first two glove boxes (no 6 and 7 hosting the press 

and the sintering furnace respectively) have been com

missioned in the Central Workshop. 

• The design of the transfer systems between box 5 in 

room F105 and box 6 in room F106 as well as the transfer 

systems between boxes 6, 7 and 8 have been finished 

and approved.Their construction has been started. 

Completion of the laboratory is now foreseen for 2001, 

which is a little later than planned. The delay is due to the 

highly innovative character of the facility, which requires 

very careful planning and evaluation to achieve the high 

safety standards for its operation. 

Contact (4.3): Rudy Konings · tel.: +49 7247 951391 
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4.4 Fission Damage and 
Helium Behaviour in Inert Matrices 

Spinel 

The work on basic properties [1] of inert matrices, and par

ticularly on their radiation stability against fission products 

as well as alphaparticles, was pursued. 

Spinel single crystals consisting either of bulk specimens 

(1 cm
2
 χ 0.3 cm) or of 3 mm diameter prethinned TEM disks 

were irradiated at the TANDEM accelerator at TU München. 

The irradiations (their conditions are summarised in Tab.4.1 ) 

were performed in vacuum at room temperature with a 

mean dose rate of 10
9
 ions/cm

2
.s.The ionbeam current was 

monitored each 10 min. and the different fluences calculat

ed by integrating these values over the irradiation times. 

After swelling measurements, i.e. profile measurements us

ing a HommelwerkeT10G2 profilometer,the single crystals 

with the implanted areas were used for preparing crosssec

tional TEM specimens.The irradiated crystals were glued on 

virgin samples and cut transsectionally. Disks of 3 mm thick

ness were extracted, dimpled and thinned with a double 

Ar+beamof6kV(seeTUAR95,p.71). 

Tab.4.1 Irradiation conditions and main observations of 

spinel single crystals. 

I 

Fig. 4.6 Installation of the protection wall in laboratory room 

F106. 

Fluence, 

ions/cm
2 

10" 

10
13 

5.10
13 

5.10
14 

5.10
15 

Specimen 

type 

TEM foil 

TEM foil 

Bulk 

Bulk 

Bulk 

Swelling, 

% 





7.25(11.4) 

13.5(22.2) 

21 (33.1) 

TEM observations 

tracks 

tracks/no 

amorphization 

amorphization 

for dE/dx > 6 keV/nm 
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This technique allowed one to observe the nature of the 
damage along the path of the fission products in the mate
rial and to investigate the influence of the energy loss of the 
ions. Fig. 4.7 shows some TEM diffraction patterns recorded 
at different depths of the penetrating ions indicating amor
phization up to a depth of about 5 mm based on the origi
nal surface. 

The corresponding threshold energy loss for amorphization 
of spinel is 6 keV/nm. Formation of nanocrystals in amor-
phized spinel due to the electron beam of the microscope 
has also been observed in these experiments, as shown in 
the two micrographs in Fig. 4.8.The inset in the left micro
graph shows the diffraction pattern revealing the polycrys-
talline nature of the specimen. 

Spinel is very resistant against neutron damage. In contrast, 
recent work at ITU has shown that it swells significantly un
der fission product impact (TUAR-97, p. 85 and [2]). The 
above results prove that this swelling is due to the (unex
pected) amorphization. The former swelling values have 
been recalculated by assuming that only amorphization (i.e. 
only 2/3 of the irradiated volume) is responsible for the vol
ume changes. These values are reported in parenthesis in 
table 1 together with the (underestimated) values reported 
previously (seeTUAR-97, p.85 and [2]). 
Work on He behaviour in spinel has been continued [3]. New 
crystals have been implanted with 100 and 260 keV He-ions 
to large fluences (up to 1.2x1017 He/cm2).The damage has 
been monitored using the Rutherford Backscattering tech
nique in the Channeling mode. A small damaged area was 
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Fig. 4.7 Electronic energy loss (gray area) and distribution (dashed curve) of 70 MeV iodine-ions in MgAI204 calculated using the 
SRIM2000 code. The energy loss threshold for amorphization ((Se)amorph) was determined to be around 6 keV/nm corre
sponding to a penetration depth of the ions of r ~ 5 μm, compared to their range ofR = 8.2 pm. An EDX spectrum con
firming the implanted iodine location at the end of the ion range is shown as inset. Diffraction patterns taken at different 
depths of the irradiated layer indicate the amorphous zone (diffuse halo) corresponding to the light gray area while the 
dark gray area corresponds to the unrestructured crystal. The diffraction patterns with multiple reflections spots (on the 
originally amorphized layer) indicate the recrystalisation of the previously amorphized spinel due to the electron beam 
(see also Fig. 4.8). 
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found at the end of the range of the Heions (see Fig. 4.9 for 

penetration depth of the He in spinel). However, no signifi

cant damage was found neither on the surface of the im

planted specimens nor along the major part of the path of 

the ions. Spinel was thus shown to be structurally stable 

against impact of alphaparticles. 

Helium release from implanted samples was measured us

ing the Knudsen cell technique (TUAR98, p.85, [3]). Fig.4.10 

shows the release and the heating schedule for a spinel 

single crystal implanted with 100 and 260 keV Heions 

to fluences of 510
15

 and 1.210
17

 ions/cm
2
 respectively. 

Release started at 600 °C and was almost complete at 

around 1400 °C.The release profile seems to indicate diffu

sionlike processes for Herelease as well as burst release 

processes. Optical microscopy revealed formation of blisters 

~^r 

t * , 

*r 
.■ ' .► 

♦ »*J 50 nm 

Λ. v — 
Fig. 4.8 TEM micrographs showing a dark field (left) and a 

bright field picture (right) of electroninduced recrys

tallized spinel following amorphization due to irradi

ation with 5.10'
5
 lions/cm

2
 of 70 MeV energy. The up

per left micrograph indicates the diffracted spot used 

for the dark field image as well as the multiple reflex

ions indicating the polycrystallinity of the original 

single crystal. 

threshold energy loss for track formation. Herelease meas

urements are underway in a similar way as with spinel. 
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Fig.4.9 He distribution in spinel for two energies and two 

fluences (φ) calculated with SRIM2000. 

2000 

1800 

1600 
■XL 

φ 

j; 1400 

| 1200 

E 
Φ 

1000 

800 

600 

— 

■ / f 
r~ 

— temperature vs lime 

release vs time 

Irradiation conditions 

260keV1.2x10
, 7

ions/cm
I 

+ 100 keV  5x10
lG

 ions/cm



s~*~ ι 
.—' :

 *J 
i\ /'; • A r — '.; i. 

/ 

ί"1 

' ί*.Λ· 

j " 

1000 2000 3000 
time, s 

4000 
0 

5000 I 
Fig. 4.10 Release of He from a He-irradiated spinel crystal as a 

function ottime. The temperature profile used for the 
experiment is plotted as a dashed line. 

and of bubbles in the implanted crystal following annealing. 
On two small areas, spalling of the blisters was observed. On 
the release curve Fig. 4.10, two pronounced peaks were 
found at around 1200 °C, attributed to spalling. 

Zirconia 

Cubic zirconia is known to be radiation resistant (TUAR-98, 
p. 85 and [4]). Irradiation with 70 MeV iodine-ions did not 
produce tracks as observed in spinel. Irradiation at higher 
energies (energy losses) are ongoing to determine the 
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5. Measurement of 
Radioactivity in the 
Environment 

An extensive literature search has been carried out on the 
transport and diffusion mechanisms of radionuclides in the 
marine environment, which is of primary interest for the DG 
Environment since the OSPAR strategy is related to the ra-
dioprotection of the North-East Atlantic Ocean. 

In the the Fifth Framework Programme, a new project 
"Measurements of Radioactivity in the Environment" has 
been started at ITU to support the DG Environment of the 
European Commission. This project will take into account 
the implementation of Articles 35 and 36 of the Euratom 
treaty and the OSPAR (OSIo-PARis convention) strategy on 
the management of radioactive substances. 

The first task within this project is to establish a standardisa
tion between the Member States for the methodology cov
ering the environmental monitoring of the atmospheric, ter
restrial and aquatic environments.Therefore the nuclides as 
well as the environmental media (sediments, water, particu
late etc.) and different species (algae, biota and so on) will be 
classified according to their importance as transport and 
diffusion media of radioactivity in the environment. 

Agreement between the member states on harmonisation 
of procedures for sampling, sample preparation, analysis 
and reporting of results should be achieved. ITU will provide 
its expertise to assist the DG Environment and upon their re
quest also the Member States, other OSPAR partners or EU 
candidate member states. 

The DG Environment may call upon ITU for technical assis
tance in order to carry out sampling and/or to plan analyti
cal campaigns, in particular in pursuance of verification ex
ercises conducted by DG Environment related to Article 35. 
Another important aspect of this programme is the inter
vention in the case of accidental releases of radioactivity, in 
which circumstances reproducibility and rapidity are more 
important than absolute sensitivity. 

ITU will use its analytical techniques and facilities already ex
isting for the detection of trace radioisotopes.These consist 
of methods for bulk and particle analysis based on mass 
spectrometric techniques as well as radiometric methods 
such as low background γ- and α-spectrometry, low-level 
liquid scintillation counting. A method based on electro-
deposition prior to a-spectrometric determination has 
been validated and implemented. In the clean laboratory 
the methods for the preparation of different kinds of sam
ples will be tested and wet and dry sample decomposition 
techniques will be used working with microwave digestion 
system and an oxygen plasma ashing device in a 100 - 10 
class clean laboratory. 

I 
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6. Spent Fuel Characterization in View 
of Long Term Storage 

6.1 Development of a Flow Through Reactor to Study the Dissolution Rates of 
U02 and Irradiated Fuel. 

Under oxidising conditions U0 2 is thermodynamically un
stable. Surface oxidation of the U0 2 is followed by dissolu
tion; both processes being influenced by a number of pa
rameter like surface to volume ratios, pH, carbonate 
concentration. Furthermore depending on the redox condi
tions, precipitation of secondary uranium phases can be im
portant [1,2]. 

The aim of the present work is to study the dissolution rates 
of U02 as a function of hydrogen carbonate concentration 
and to avoid,at the same time,any reprecipitation.Therefore 
a dynamic leaching set-up was used under oxidizing condi
tions at room temperature (Fig. 6.1). The dissolution rate is 
determined following the methods used for the analysis of 
mixed flow reactors (continuously stirred tank reactors) 
[3,4].This equipment avoids secondary phase precipitation 
inherent to study of reaction kinetics in batch reactors. 

The experiments were carried out using dense sintered ma
terial (p ~ 95%TD) and powders with different particle sizes 
(100-300 pm). Fig. 6.2 shows the linear range obtained from 
0.025 to 0.08 ml min"1 in two carbonate media.The equilibri
um dissolution rates obtained from the experiments under 
these conditions are 1.4x10~10 mol m 2 s"1 for the fragments 
and 5.0x10"10 mol m -2 s-1 for the powders.The small differ
ence between these normalised dissolution rates is the re
sults of the assumptions (constant diameter,spherical shape 
of the powders) used to calculate the surface area of the two 
types of sample. In these flow tests it is important to ensure 
that the measured uranium concentrations correspond to 
steady state, condition where aqueous uranium concentra
tion must increase linearly with a decreasing flow rate and 
not to a solubility equilibrium [5,6]. 

I 

Fig. 6.1 Flow through reactor developed for dynamic leaching experiments on spent fuel. 
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Fig. 6.2 Uranium concentration as function of the flow rate. 
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idizing conditions near the fuel surface, which would en

hance the dissolution of uranium.The activity of the spent 

fuel available today is dominated by β and γdecays; hence, 

it is not representative of aged fuel in the repository. In order 

to study the effects of radiolysis caused by αemissions on 

the dissolution behaviour of U02based fuel in contact with 

water, sintered unirradiated U02 pellets containing 0.1 w/o 

(labeled UO201) and 10 w/o (labeled UO210) of an oxide 

constituted mainly by the shortlived
 238

Pu were fabricated 

and tested.The results were compared to those obtained for 

undoped unirradiated U0 2 (labeled UO20). In parallel to 

leaching tests, characterization and radiation damage stud

ies were performed on the αdoped U02 , in order to investi

gate the build up of αdecay damage (Heion and 100 keV 

daughter recoil ion) in the structure. 

The results of static batch leaching tests in deionized water 

at room temperature under an inert atmosphere have been 

described previously (TUAR98, p. 98100 and [1 ]). 

A key factor in determining the dissolution behaviour of the 

fuel is the surface area exposed to water. During irradiation 

the structure of nuclear fuel is changed: cracks and bubbles 

are formed, and also modifications of the grain structure oc

cur, e.g. the socalled rim structure, which is characterized by 

a significant amount of grain subdivision (~10
4
 subgrains 

formed from each preexisting grain) and increased porosi

ty at the radial periphery of the fuel pellet.These modifica

tions, which cause an increase of the surface area potential

ly exposed to water, are not reproduced in the unirradiated 

analogues used for laboratory experiments, including the 

αdoped U02.This work extends the results obtained previ

ously to the investigation of aradiolysis effects on the dis

solution of U in the case of higher surface areas. 

Experimental 

6.2 ocRadiolysis and αRadiation 
Damage Effects on U02 Dissolution 

Introduction 

By the time the spent fuel containers in a geological reposi

tory may fail, i.e. after a few hundred years, αdecay will con

stitute almost entirely the radiation field in and around 

spent nuclear fuel. Although the repository is characterized 

by reducing conditions, the presence of products of the ra

diolytic process like H 20 2 ,0 2 and OH radicals may cause ox

The doping oxide used to fabricate the U0210 and UO201 

had a specific αactivity of ~3.76T0
U
 Bqg~' and was homo

geneously distributed in the U02 matrix.The composition of 

the doping oxide, and the fabrication procedure of the sin

tered pellets have been described elsewhere (TUAR98, p. 

98100 and [1]).Two types of specimens were prepared for 

these experiments: discs and powders. The discs, approxi

mately 1 mm thick, were cut from the original pellets.Oneof 

the faces of the discs was polished, in order to perform 

meaningful surface characterization before and after leach

ing. The powders were prepared by crushing and sieving 

sintered pellets of the two doped materials and also of un
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doped UO2-0 to obtain particles, labeled with the suffix "f", 
with particle size d <63 pm.Tab.6.1 summarizes some prop
erties of the samples. 

Tab. 6.1 Summary of the samples used for the leaching experi
ments. The suffix "f" indicates the crushed samples. As 
an indicative value, the ratio of the sample surface to 
the leachant volume, SN, calculated from the geomet
ric area and assuming that all crushed particles are 
spheres and have the largest diameter is also reported. 

Label 

U O r 0 f 

U02-01f 

UO2-10f 

UO2-0 

UO2-01 

UO2-10 

Additives 
(w/o) 

0 

0.1 

10 

0 

0.1 

10 

α-activity 
(Bqg1) 
1.10-104 

3.76-108 

3.76-1010 

1.10-104 

3.76-108 

3.76-1010 

Particle size,d 
(μιη) 
d<63 

d<63 

d<53 

d i sc ,~6mmdiam 

disc, ~6mm diam 

disc, ~6mm diam 

Weigth 
(mg) 
77.2 

84.4 

90.5 

390.0 

316.4 

317.7 

S/V 
m·1 

65 

71 

76 

4.1 

3.9 

3.9 

The handling and the experimental procedures were the 
same for all the materials. In particular, before the leach
ing tests, the samples were annealed for several hours at 
1000 °C in the sintering atmosphere to recover α-decay 
damage and the mechanical stresses accumulated during 
the sample preparation. 

Static sequential leaching at room temperature in deionized 
water was performed on the samples in a glove box with N2 

atmosphere (< 10 ppm 02). Care was taken to minimize the 
uptake of oxygen by the leachant.The leaching vessels were 
Pyrex glass tubes.The volume of leachant was 11 ml for the 
crushed samples,and 20 ml for the discs.The leaching times 
were 1,10,100, and 1000 h. At the end of each contact pe
riod, the liquid phase was separated from the powder by 
centrifuging. Fresh leachant solution was then introduced in 
the vessel for the next leaching time.The leachates were fi l
tered through 0.50 pm membrane filters and acidified to 
stock until analysis.The leachates were analyzed using ICP-
MS. In the case of U02-10 and UO2-01 chromatographic sep
aration was performed on line before ICP-MS in order to 
separate the 238U and 238Pu fractions.The next section will 
focus on the U results.The Pu results will be reported later. 

The build up of α-decay damage in the material was analyzed 
by measuring the lattice parameter evolution as a function 
of time (hence of cumulative damage) using X-ray diffrac-
tometry (XRD).The evolution with time of the hardness of 
the material was measured using Vickers indentation. 

Results 

Figs. 6.3 and 6.4 show the amounts of U measured in the 
leachates as a function of leaching t ime for the crushed ma
terial and the discs, respectively. The data are expressed in 
mole nr2 and as cumulative values.The geometric surface 
was used for the normalization. In the case of crushed sam
ples, it was tentatively assumed to have spheres with a di
ameter of 63 pm. Note that due to the logarithmic scale 
used, the error bars are smaller than the data points. 
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Fig. 6.3 Cumulative amounts of U per unit area released from 
the crushed materials as a function of leaching time. 

The values shown in Fig. 6.3 for UO2-01f and UO2-10f are 
clearly higher than those for UO2-0f except after 1 h of 
leaching.The initial release for the three samples is very sim
ilar. However, after longer leaching times the cumulative val
ues for the α-doped materials increase, while those for un-
doped U0 2 remain essentially constant.The release after 10 
and 100 h for UO2-0f is in fact close to the detection limit of 
the set-up used to analyze the solutions. After 1111 h of 
leaching, the cumulative amount of U released by the 
α-doped samples is at least one order of magnitude higher 
than that for undoped U02.The highest cumulative release 
is measured from UO2-01f. 
Fig. 6.4 shows an even larger difference between the a-
doped samples and the undoped U02 . Differently from the 
behaviour of the crushed materials, which shows significant 
scatter of the datapoints, and similarly to the previous re
sults from batch tests on monoliths (TUAR-98, p. 98-100 and 
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Fig. 6.4 Cumulative amounts of U per unit area released from Fig. 6.5 Lattice parameter, a, as a function ottime and displace

disks of αdoped and undoped U02 as a function of 

leaching time. 

ments per atom (dpa axis) for the U0210 material. 

[1]) the behaviour of UO210 and UO201 shown in Fig. 6.4 is 

almost indistinguishable. 

The normalized values of U released for UO201f shown in 

Fig.6.4 converge with those for the αdoped discs except for 

the shortest leaching time. Also the normalized values for 

UO20fand UO20 converge after the initial leaching period. 

The normalized values for UO210f show instead a different 

behaviour and remain below those of UO210 after all leach

ing times. 

The conventional means of measuring radiation damage is 

to follow the increase of the lattice parameter. Fig. 6.5 shows 

the results of the XRD measurements on the UO210 material. 

On the lower abscissa, the storage t ime is shown, while the 

upper abscissa shows the corresponding numbers of dis

placements per atom, dpa. On the left axis, the absolute val

ues of the lattice parameter, a, are reported, and the right 

one shows the fractional changes, Aa/a0, expressed in per

cent unit. The expected initial lattice parameter value, a0, 

was calculated assuming that each fluorite type phase (i.e. 

U02 and Pu02) contributes proportionally to its concentra

tion to the resulting lattice parameter.The experimental re

sults show an increase of the lattice parameter with time 

(corresponding to increasing damage). After 1 year, the lat

tice parameter value had increased by 0.28%, to a dpa 

level of approximately 0.32.The UO201 did not show, during 

the same time interval, appreciable variations of the lattice 

parameter.This was expected because of the 100fold lower 

decay rate. 

A similar behavior was observed by performing periodical 

Vickers hardness measurements. Whereas the UO201 did 

not show significant variations of the hardness, the values 

measured for UO210 increased, and after approximately 2 

months reached a maximum value, corresponding to an in

crease of hardness o f  20%. After 12 months, it seemed that 

the hardness had reached an asymptotic level (similartothe 

saturation value in the case of the lattice parameter). Future 

measurements will determine if the hardness values will 

eventually decrease. 

Conclusions 

Enhanced U release from U0 2 samples containing different 

concentrations of a shortlived αemitter was observed by 

performing static sequential leaching tests under anoxic 

conditions at room temperature in deionized water.This ef

fect was observed on discshaped samples and also on 

crushed material. In the case of powders, the enhanced U re

lease becomes apparent after leaching times longer than 1 

h. A tentative normalization of the U concentration values to 

the geometric surface area produces convergence of the 

datapoints for αdoped U02 with increasing leaching times. 
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with the exception of UO2-10f. The data for undoped U02 

also tend to converge with increasing leaching periods. 
However, the normalized values for undoped U02 are clear
ly at least one order of magnitude below those for the a-
doped samples. Ongoing and future work will extend the 
available information concerning radiolysis and surface area 
influences, including possible chemical effects due to the 
composition of the α-doping additive. 

Reference 
[1] V.V. Rondinella, Hj. Matzke,J.Cobos,T. Wiss; Mat. Res. Soc. Symp. 

Proc. 556 (1999) 447-454 

Contact (6.2): Vincenzo V. Rondinella · tel.: +49 7247 951279 
fax: +49 7247 951591 · rondinella@itu.fzk.de 

holder followed by vacuum impregnation of the sample 
with a low viscosity resin. After mechanical polishing of the 
electrodes (see Fig. 6.6) they were used for the experiments. 

6.3 Corrosion Measurements on 
α-doped U0 2 with Electrochemical 
Techniques 

The determination of the leach rates of spent fuel in 
groundwater is essential for the evaluation and design of a 
repository for final fuel storage. Given the limitations related 
to the handling of irradiated fuel, spent fuel dissolution ex
periments combined with more detailed studies using non-
irradiated chemical analogues are very useful. Irradiated fu
el is characterised by intense radioactivity that increases 
with burn-up. This causes the radiolysis of the surrounding 
leachant and leads to the formation of oxidising chemical 
species like 02 , H202 or OH radicals, which can enhance fuel 
dissolution [1,2]. But the radiation inventory of today's spent 
fuel is different from aged fuel ina repository after 500-1000 y 
where α-emitters will predominate over β- and γ-emitters. 
The study of the effect of a-radiolysis on spent fuel dissolu
tion is therefore of high importance. Leaching results on 
non-irradiated U0 2 fuel and non-irradiated U02 fuel doped 
with 0.1 w/o and 10 w/o of the α-emitter 238Pu fabricated at 
ITU have shown an increase of the leaching rate by almost 
two orders of magnitude in the presence of α-radiation (TU
AR-98, p. 98-100). 

In the present study, electrochemical free corrosion poten
tial measurements were carried out in groundwater under 
anoxic conditions using the same materials. Electrodes were 
prepared by glueing fuel pieces onto a gold-coated brass 

Fig. 6.6 Micrographs showing the surface of electrodes used 
for electrochemical free corrosion potential measure
ments: a) non-irradiated U02, b) non-irradiated U02 

containing ~0.1 w/o 238Pu with an α-activity of 
2.7-106 Bq-cm2 at the surface, c) non-irradiated U02 

containing -10 w/o 238Pu with an α-activity of 
2.7-108 Bq-cm'2 at the surface. 

The groundwater (composition see Tab. 6.2) was purged 
with argon or nitrogen for 1 h to reduce the oxygen content. 
The experiments were carried out in a glove box under pure 
nitrogen atmosphere. 

Fig. 6.7 shows the free corrosion potentials of α-doped U0 2 

compared with non-irradiated U02 . 

Comparing the results obtained from non-irradiated U0 2 

and the 10 w/o 238Pu-doped U02 a strong effect on the cor
rosion potential is visible. The potential of the highly Pu-
doped specimen is -200 mV higher than that of U02. 
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Tab. 6.2 Average composition of the groundwater used for free 
corrosion potential measurements. 

Ion 

Ca2+ 

Mg 2 + 

Na+ 

K+ 

ei
se* 

S042-
HC03-

Concentrat ion mg / l 

9.9 
6.1 
9.4 
5.7 

8.4 

30.0 

6.9 

65.3 

These high corrosion potentials are of course explained by 
the presence of oxidising species or oxygen in the solution. 
Comparing the redox potential Eh in solution, which is a 
measure of the oxidative behaviour of the solution, no sig
nificant difference is visible.Therefore it has to be concluded 
that due it's short range, the intense α-irradiation of 238Pu 
has formed oxidising species very close to the surface.Those 
species should have cause an oxidation of the U02 surface 
demonstrated by the increased corrosion potential. 
The corrosion potential is proportional to the logarithm of 
the dissolution rate of U02. Assuming a factor of 
80 mV/decade [3] an over two orders of magnitude higher 
dissolution rate for the highly α-doped specimen is found, 
similar to the increase detected in the leaching experiments 
[TUAR-98, p. 98-100]. 

In contrast to the leaching test, the free corrosion potential 
of the low doped U02 is in the first two days even lower than 
that of the undoped U02 ,and after 56 hours the potentials 
are not significantly different.The slight differences might 
be explained by the redox potential in case of the 0.1 w/o 
238Pu-doped specimen which is 50 mV higher. Furthermore 
there are indications for an electrochemical effect of Pu, 
which will lower the corrosion potential [TUAR-99, Ch.6.4]. 

More detailed investigations at α-doped material contain
ing e.g. 233U instead of 238Pu are necessary to separate the 
chemical from radiolysis effects. Differential measurements 
wi th doped and undoped material carried out under the 
same conditions in the same solution will also be very useful 
to clarify the influence of the different parameters. 

References 
[1] H. Christensen, S. Sunder, D.W. Shoesmith, J. Alloys Comp. 

213/214(1994)93 
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Mat. 190 (1992) 78 
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term for performance assessment of spent fuel as a waste form, 
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6.4 Source Term for Performance 

Assessment of Spent Fuel as a 

Waste Form 

During the present reporting period the SCA programme 

on a Source Term for Performance Assessment of Spent Fuel as 

a Waste Form was concluded. ITU contributions to this pro

ject were focussed on the dissolution behaviour of spent 

U02 and MOX fuel, or of unirradiated U0 2 and SIMFUEL by 

experimental and by modelling techniques in a large num

ber of groundwater compositions typical for European 

repositories in salt, granite and clay formations.The experi

mental data and models are integrated in a consistent de

scription of the electrochemistry, geochemistry and radia

tion chemistry process involved in spent fuel dissolution. 

Electrochemical dissolution mechanism are relevant for 

groundwaters under oxic and anoxic conditions, in certain 

cases even at negative redox potential, whereas solubility 

controlled dissolution prevails under reducing conditions. 

Under oxidising, and possibly also under anoxic conditions, 

in the strong radiation fields of fresh spent fuel, the dissolu

tion mechanism comprises an oxidation of the fuel surface 

followed by the dissolution of the oxidised layer. An oxida

tive dissolution threshold was defined kinetically at the po

tential where equal rates of electrochemical and solubility 

limited dissolution are measured. This threshold is Ecorr 

= 150 mVNHE free corrosion potential for unirradiated U0 2 in 

groundwater. 

The free corrosion potential of spent fuel with burnups 

higher than 20 GWd/tU were measured for the first t ime at 

Tab. 6.3 The free corrosion potentials measured on spent fuels and unirradiated U02. 

fue 

type 

uo2 ; 

uo2 

uo2 ; 

uo2 ; 

MOX 

U 0 2 

uo2 

uo2 

uo2 

I 

bum up 

GWd/tU 

31.5 

45.2 

53.1 

53.1 

21.1 

CI 

electrolyte 

synthetic 

groundwater 

synthetic 

groundwater 

synthetic 

groundwater 

9 5 % sat. NaCI 

95% sat. NaCI 

synthetic 

groundwater 

synthetic 

groundwater 

95% sat. NaCI 

95% sat. NaCI 

Dnditic 

ppm 

<2 

< 2 

< 2 

< 2 

< 2 

< 2 

0.05 

0.05 

0.05 

2 

0.2 

3.4 

0.2 

ns 

initial 

pH 

β 

7.6 

8 

7.6 

7.2 

7.2 

8.4 

7.7 

7.5 

6.8 

6 

6 

3.8 

3.8 

T . 

C 

2 2  2 6 

2 2  2 5 

2 2  2 8 

2 2  2 5 

2 2  2 8 

22  2 8 

23 

60 

60 

22 

25 

25 

25 

25 

free cc 

J S n i L , 

mV S H 6 

321 

379 

291 

384 

341 

rrosion ι 

alter electr 

redu 

mV
SHE 

168 

204 

260 

239 

190 

225 

364 

226 

299 

543 

otential 

ochemical 

ction 

mearir; 
t r n r r 

mV S H £ 

158 

162 

209 

180 

272 

296 

346 

328 

200 f 

2977) 

254 

527?) 

373 

extrapolation 

initial 

mgiTi "
2
»d"' 

3.3 

17 

1.4 

20 

5.8 

corros 

Dl anodic Tafel 

max 

__ÌLU02_i 

mgnn ~
2
*S' 

0.04 

0.11 

0.56 

0.31 

0.08 

11.2 

0.21 

1.7 

1940 

on rate 

ine to E coc, 

mean 

Ü ü u c c i 

rng tn '
2
*cT' 

0.03 

0.03 

0.13 

1.6 

6.7 

4.0 

0.1 

1.6 

0.5 

1220 

14 

derived from 

impedance 

data 

eis 
Ï .U02^ 

mgfn"
2
«d ' ' 

(22) ' 

(4) ' 

1.3 

5.8 

17.5 

I 

ƒ :samples with conductive pathways to underlying metal holder {) : surface area estimated A (ll0, = 0.15 cm * 

Spent Fuel C h a r a c t e r i z a t i o n in View of Long Term Storage - ITU Annua l Repor t 1999 - (EUR 19054) 125 



Projects 

ITU. Tab. 6.3 shows a summary of free corrosion potentials 
and corrosion rates of irradiated U02 and MOX fuels in com
parison to unirradiated U02. 

6.5 Spent Fuel Characterisation for 
Interim Dry Storage - STEP 2 

The free corrosion potentials measured on spent U0 2 fuel 
are in the same range as those of unirradiated U02 and 
higher than the oxidative dissolution threshold indicating 
an electrochemical dissolution mechanism. MOX fuel has a 
different behaviour with a very low free corrosion potential. 
Areas of Pu-rich agglomerates are surrounded by the nor
mal U02 phase.Therefore a galvanic coupling between the 
different phases seems to be possible. As a result, a mixed 
potential between the free corrosion potentials of the pure 
phases, Pu-rich agglomerates and U02, will be obtained.This 
also influences the dissolution rates. The corrosion rate of 
the more noble partner (U02) will be decreased while the 
other (Pu-rich agglomerates) will dissolve faster. In the case 
that the two materials have different active surface areas 
the one with the larger surface will be less affected. Such an 
effect was observed during the leaching tests on spent fuel 
rodlets with pre-set defects (TUAR-98, p. 101 ).To clarify this 
behaviour further investigations are necessary. 

Corrosion rates obtained from free corrosion potential 
measurements and impedance measurements are in good 
agreement. But to compare these results with those from 
chemical leaching experiments the active surface area must 
be known. Initial porosity measurements show that this in
ner surface area can be very large relative to the outer geo
metric surface, which will result in much lower effective cor
rosion rates. 

Contact (6.4): Detlef Wegen · tel.: +49 7247 951 364 
fax: +49 7247 561 detlef.wegen@itu.fzk.de 

The objective of the project is the study of the behaviour 
and interaction of fuel with its surroundings during inter
mediate storage.The project is carried out under a contract 
with the Central Research Institute of Electric Power 
Industry (CRIEPI) Japan and has been previously 
(September 1999) extended for two years, covering now a 
seven years period,from 1997 until 2003. 

The work has proceeded this year with the investigation of 
BWR-U02, PWR-U02 and PWR-MOX spent fuels under realis
tic storage conditions, including the following studies: 
• Isotope composition of actinides and fission products. 

• Fuel thermophysical properties, such as specific heat 
and thermal diffusivity. 

• Leaching tests on powder and spent fuel fragments have 
started, as well as sample preparation for fission gas re
lease measurements during thermal annealing and me
chanical tests (microindentation). 

• Long-term oxidation experiments have begun. Results 
on the oxidation of irradiated U02 fragments up to the 
transformation to U308 powder have been obtained at 
350 °C, while the experiments at 400 °C were already 
started. XRD analyses for examination and identification 
of the appeared intermediate phases were proposed. 

Contact (6.5): Dimitrios Papaioannou, +49 7247 951 375, 
fax: +49 7247 951 561, dimitri.papaioannou@itu.fzk.de 
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7 Safeguards Research 

and Development 

With the 5
th

 framework programme, the emphasis of the 

Institute's safeguards activities has changed. More impor

tance has been given to actual research work, however still 

continuing service oriented tasks.This is reflected in the fol

lowing chapters, which cover research results of immediate 

relevance to the traditional safeguards area, environmental 

sampling and high performance trace analysis which are in 

direct response to needs expressed by the safeguards au

thorities (Euratom and IAEA), and to nuclear forensics and 

covering also the analytical support. 

7.1 Improvement of Measurement 

Technology and Methodology for 

Fuel Cycle Facilities 

Plutonium dioxide and plutonium nitrate are the most im

portant products from nuclear fuel reprocessing.The accu

rate assay of this material is of strategic importance to nu

clear material safeguards. Neutron coincidence counting 

has proven to be a very elegant, nondestructive method. 

However, the uncertainty of some coefficients used in the 

evaluation of results limit the achievable accuracy.Therefore 

research work was carried out to redefine these parameters. 

7.1.1 Accurate measurement of the 

specific
 240

Pueffective mass of
 238

Pu and
 242

Pu 

The concept of a
 240

Pueffective mass, m240eff, commonly 

adopted as measured in passive neutroncoincidence 

(PNCC) measurements on Pubearing materials accounts for 

the fact that three plutonium isotopes 
 238

Pu,
 240

Pu and 
242

Pu  contribute to the measured neutron coincidence 

rate.The quantity m240eff is expressed as a weighted sum of 

the spontaneously fissioning Pu isotopes 238,240 and 242: 

m
240eff = Y238 "

 m
238 +

 m
240 + Ï242 *

 m
242 

where the coefficients γ238 and γ242 proportion the contribu

tions of the isotopes 238 and 242 per unit mass to the neu

tron coincidence response relative to that from
 240

Pu. 

In the course of previous parameter studies on PNCC at ITU 

it had been realized that the uncertainties associated with 

available coefficients γ238 and γ242 might represent a source 

of potential systematic error in highaccuracy PNCC meas

urements.This has led us to undertake a careful experimen

tal determination of the specific
 240

Pueffective masses of 
238

Pu and
 242

Pu from measurements on isotopically en

riched
 238

PuO2,
240

PuO2 and
 242

Pu02 samples containing be

tween 20 mg and 440 mg of the respective enriched Pu iso

tope. Effective γcoeffidents were determined at ITU for the 

Euratom OSL neutrongamma counter and,for comparison, 

at AEA Harwell for the Harwell N95 highefficiency neutron 

coincidence counter. Table 7.1 summarizes the results for 

the obtained empirical ycoefficients. 

Tab. 7.1 Results for the determined empirical γcoefficients. 

Coefficient 

Y238 

Y242 

OSLCounter 

GW=64ps 

2.707 

±0.011 

1.658 

±0.005 

GW=128ps 

2.714 

±0.011 

1.667 

±0.005 

N95 

GW=88ps 

2.718 

±0.010 

1.664 

±0.003 

Previous 

Values 

2.52...2.57 

1.66... 1.71 

For the OSL counter the coefficients were determined for 

two different coincidence inspection intervals (gate width = 

GW) of 64 and 128 ps. Measurements with the Harwell N95 

counter were carried out at a gate width of 88 ps.The close 

agreement of the measured ycoefficients for the two coun

ters suggests an encouraging insensitivity to details of the 

respective counter assemblies.To good approximation, the 

determined specific
 240

Pueffective coefficients for
 238

Pu 

and
 242

Pu can therefore be viewed as universal constants in 

the determination of m240eff,and they are recommended for 

general use in the assay of plutonium by means of PNCC in 

chambers of similar moderator design. 

7.1.2 Improved methodology for highaccuracy Pu 

assay by passive neutron coincidence counting 

In the Euratom onsite laboratories passive neutron coinci

dence counting (PNCC) is utilized as the main routine ana

lytical technique for the Pu assay in powder and pellet sam

ples. Previous careful measurements and model calculations 

performed at ITU have revealed that the effect of neutron 

multiplication cannot be ignored even for the small sample 

sizes (gram) involved in the respective measurements, and 

I 
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that the measured instrument response needs to be cor

rected for it in order to reach unbiased Pu assay results of 

high accuracy. 

The magnitude of the neutron multiplication depends on 

numerous sample parameters such as sample amount, den

sity, isotopie composition, U/Pu ratio etc. Such a multipa

rameter dependence makes it difficult or impractical to fol

low the traditional procedure of using calibration curves for 

the quantification of measurement results. Instead, we have 

adopted an approach of calculating samplespecific correc

tion factors for each measured sample, based on the com

putermodeling of the neutronic behaviour of the sample 

using the neutrontransport code MCNP.The necessary in

put information on relevant sample properties are obtained 

from the parallel gamma and neutron measurements on the 

samples. 

The ultimate goal of this approach is to reduce and to sim

plify the calibration efforts of analytical PNCC measure

ments to a normalization measurement against a single ref

erence sample.This procedure has been successfully tested 

with PNCC measurements on a series of Pu02 samples, 

where the Pu content of the samples could be determined 

with an absolute accuracy of better than 0.2%. 

7.1.3 Improvement of sample preparation for thermal 

ionisation mass spectrometry 

Modern analytical requirements challenge instrument sen

sitivity and chemical sample preparation. Decreasing sam

ple size calls for improved chemical separation techniques. 

Thermal ionisation mass spectrometry is a very accurate 

method, however requiring chemically pure samples. The 

application of trioctytphosphineoxide (TOPO) as column 

based extractant on silica gel support was implemented for 

the separation of U and Pu with high recovery rates. Pu back 

extraction is achieved with a combination of ascorbic and 

formic acids. Fig. 7.1 shows the elution curves of Pu using 

different media. The method was validated for samples 

down to 10 pg of Pu and 100 pg of U. Filament preparation 

from formic acid media results in an improvement of sensi

tivity by a factor of three due to much higher ionisation 

yields, consequently opening the possibility to further re

duce the amount of material required for a measurement. 

Contact (7.1.3): 

Klaus Mayer · tel.: +49 7247 951 545 

fax:+49 7247 951 191 · mayer@itu.fzk.de 

Contact (7.1.1-7.1.2): 

Herbert Ottmar · tel.: +49 7247 951 372 

fax: +49 7247 951 191 · ottmar@itu.fzk.de 7.2 Environmental Sampling 

7.2.1 Implementation of techniques for particle charac

terization and detection of radioactive traces 
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3 
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I \X 
/ V -ft 

Pu stripping [ml.I 

Fig. 7.7 Backextraction of Pu from TOPO column using formic 

acid/ascorbic acid 

In the framework of the programme 93+2 started in 1993 by 

IAEA for the detection of undeclared nuclear activities from 

the analysis of environmental samples, methods for the 

detection of particles containing fissile materials have been 

implemented. Of particular importance is the analysis of 

particles containing nuclear material in swipe samples. 

According to Article 9 of the Model Protocol Additional 

(INFCIRC/540) to the agreement between States and IAEA 

for the application of safeguards, Member States shall 

provide the Agency with access to locations specified by 

the Agency itself to carry out "widearea environmental 

sampling" Some of the Member States have already ratified 

the additional protocol and the environmental sampling 

has been added to routine safeguards inspections. 
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In order to further develop and improve the methods for 

particle analysis, working standards were produced at ITU 

using reference uranium oxide powder. In 1999,uranium ox

ide particles of ~1 pm diameter with four different enrich

ments (
235

U weight percentage 0.5%, 1%,3% and 10%) were 

produced; starting from certified reference materials U005, 

U010,U030 and U100 (NBS standard).These particles were 

characterised by Scanning Electron microscopy (SEM) for 

their morphological properties and verified by Secondary 

Ion Mass Spectrometry (SIMS) for their isotopie composition 

[1]. (see Fig. 7.2). Both techniques reveal no agglomeration 

effects are present. 

These control particles were used in order to develop a 

method based on fission tracks compatible with SIMS/SEM 

analysis. The method has been applied to a swipe sample 

collected in an enrichment plant. In Fig. 7.3, an example of 

fission tracks produced by particles containing uranium is 

given. Subsequently, the particles will be analysed by 

SEM/SIMS.This new development will be implemented in 

2000. 

a) SEM ¡mage 

b) SIMS ¡mage 

Fig. 7.2 Images obtained by Scanning Electron Microscopy (a) 

and by Secondary Ionisation Mass Spectrometry (b) 

on control particles 

A method based on the development of αtracks has been 

used to detect hot particles which then have been charac

terised by SIMS [2]. The same method will be applied to 

swipe samples collected in hot cells in order to identify par

ticles from αemitters in the samples. 

x(mm) 

1,68 

3,45 

7,25 

8,29 

10,21 

12,08 

2,51 

10.45 

7,91 

15,59 

1,36 

0,59 

16,23 

14,55 

12,30 

7,73 

3,60 

9,50 

14,34 

y(mm) 

0.66 

2,08 

2,58 

2.18 

2.20 

3.28 

3,93 

3,65 

5,47 

5.24 

7,30 

7,24 

9,01 

8,55 

8,44 

9,12 

9,50 

9,41 

9,43 

Tracks 

ca.25 

20 

20 

10 + 20 

14 
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9 

17 

12 

ca. 40 

15 

ca. 30 

11 

12 

10 

27 
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22 

30 
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5 

0/ 

'3,60 ♦ 14,34 , ,r, ♦ 9,50 
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♦ 12,30 ♦ 14,55 

♦ 15,59 I 

Fig. 7.3 Example of fission tracks produced by particles containing uranium. 
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A systematic study of the parameters affecting the prepara
t ion of swipe samples for particle analysis by SIMS has been 
started.The aim of this investigation is to find the recovery 
rate of particles from the swipe by determining the reparti-
t ioning of particles between swipe and solvent used for sol
id/liquid extraction of the particles from the swipe tissue. In 
order to increase the sample throughput, a prototype of an 
automatic sample changer for the SIMS that can load eight 
samples, has been constructed and will be installed in 2000 
for testing. 

Real swipe samples collected outside hot cells were provid
ed by Euratom and lAEA.They have been analysed for their 
total content in fission products and actinides by low back
ground y-spectrometry and by ion chromatography induc
tively coupled plasma mass spectrometry (IC-ICP-MS) in or
der to understand if samples collected outside hot cells 
provide an indication of the activity performed in the cell it
self. The results are still under evaluation. 

References 
[1] N. Erdmann, M. Betti, O. Stetzer, G. Tamburini, J.V. Kratz, 

N.Trautmann,J. van Geel; "Production of monodispersed urani
um oxide particles and their characterisation by SEM and 
SIMS"; Spectrochimica Acta Part B, (submitted for publication). 

[2] G.Tamborini, M. Betti, P. Carbol , L. Koch, "Secondary ion Mass 
Spectrometry for the detection of Radionuclides in particles 
from soil samples", in "Environmental Radiochemical Analysis" 
(Ed.) G.W.A. Newton, Royal Society of Chemistry, Cambridge 
1999,382-393 

Contact (7.2.1): Maria Betti · tel.: +49 7247 951 363 
fax: +49 7247 951 186· betti@itu.fzk.de 

7.2.2 Particle analysis with the Philips XL 40 scanning 
electron microscope 

The new Philips XL40 scanning electron microscope (SEM) 
has been equipped with a "Gun Shot Residues" programme 
enabling automatic operation of the SEM in a combination 
of back-scattered electron (BSE) and energy dispersive X-ray 
fluorescence (EDX) modes for identifying and analysing se
lected particles of interest.The software has been adapted 
to allow the range of elements identifiable to extend to plu
tonium and uranium. 

The program enables the microscope to operate unattend
ed, for example, overnight, and to scan up to eight different 

swipe-test samples, providing a separate protocol for each 
with a list of the particles of interest. The sample is divided 
up into fields, each of which is scanned by the beam and the 
heavy metal particles detected by the BSE signal.The micro
scope then returns to each particle individually and makes 
an elemental analysis by EDX, producing a printout of parti
cle composition, position and size. It can also automatically 
produce a secondary electron image of each particle if re
quired. 

An example of such an analysis is reproduced in Fig.7.4.This 
shows a schematic image of the sample with the particles 
containing uranium indicated by the yellow crosses, and a 
summary protocol of the number of particles found. One 
particle has been chosen as an example and the high reso
lution secondary electron image is shown, revealing a com
plex surface structure, together with the EDX spectrum re
vealing the particle to contain uranium. 

A new EDX detector is being fitted to the Philips XL 40 which 
also enables the analysis of the light elements carbon, nitro
gen, oxygen and fluorine to be made. 

Contact (7.2.2): tan Ray · tel.: +49 7247 951 378 
fax: +49 7247 951 191 · ray@itu. fzk.de 

7.3 Illicit Trafficking and 
Forensic Analysis 

Nuclear forensics deals with the identification and determi
nation of characteristic parameters that help to identify the 
origin of nuclear material. Studies have been carried out to 
optimise the analytical methodology and to further im
prove international collaboration in this area. In parallel the 
compilation of known parameters from open sources and 
confidential information into the database continued. 
Furthermore, ITU provided essential contributions to the 
work of the International Technical Working Group on 
Nuclear Smuggling. 

7.3.1 Relational database for identification of nuclear 
material of unknown origin 

In the framework of ITU's activities for analytical identifica
t ion of nuclear material of unknown origin, the relational 
database system dedicated to support and guidance of 
such analyses was updated and extended. Continuing the 
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Fig. 7.4 Example of the automated identification and preliminary analysis of particles of interest using the modified "gun shot 

residues" programme. 

cooperation with the Bochvar AllRussia Research Institute 

for Inorganic Materials (VNIINM) in Moscow, two guest scien

tists again stayed at ITU for one month each and made essen

tial contributions for extending the database structure to 

 timedependent distribution parameters of nuclear ma

terials and to 

 update on analytical methods 

In addition, the user interface of the database system was 

upgraded and now includes graphical output of nuclear fu

el dimensions. A complete update of open literature data on 

macroscopic characteristics of fuel used in European power 

reactors has been done as well. All corresponding data have 

been crosschecked and transformed to the relational table 

system used as database backbone (TUAR96, p. 135; TUAR

98, p. 3335,104). A symmetric update of the common data

base sector was done at VNIINM Moscow in October 1999. 

Additional data covering characteristic parameters of spe

cial nuclear materials used in the Czech Republic, Hungary 

and Bulgaria are now available and are being implemented 

in the database. In the course of the stepbystep diagnostic 

analysis of a vagabonding material they allow for excluding 

a range of origins and intended use from the above men

tioned countries. 

Negotiations with Framatome and Belgonucleaire were 

completed and initiated important database contributions 

covering parameters characteristic for nuclear material 

manufactured in their respective production facilities. 

Contact (7.3.1): Arndt Schubert · tel.: +49 7247 951 406 · 

fax:+49 7247 951 191 'schubert@itu.fzk.de 
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7.3.2 International technical working group on nuclear 
smuggling (ITWG) 

At the last meeting of the International Technical Working 
Group on nuclear smuggling (Helsinki, 9 + 1 0 June 1999) a 
task to set up a Model Action Plan (MAP) was given to ITU. 
MAP should list all actions following the seizure of illicit traf
ficking of nuclear materials. From earlier reports given to 
ITWG by the FBI of US and the Metropolitan Police of 
London (Scotland Yard) the initial steps following the detec
t ion were defined. Further, the experience of ITU gained in 
analysing seized material were included. In a meeting of the 
task group complemented by STUK, Finland and the IAEA 

the structure of the MAP was laid down (see Tab. 7.2). It 
served as the basis for the two demonstration exercises de
scribed below. 

In the framework of the ITWG a round robin test on Pu02 , 
oxide powder was conducted to demonstrate the potential 
of nuclear forensics in identifying unknown nuclear materi
als. Fig. 7.5 explains the methodology used by ITU to identi
fy the fabrication plant and the date where the Pu02 was 
fabricated, the reprocessing plant that recovered the Pu 
from spent fuel and the nuclear power station that had dis
charged the fuel. ITU had the advantage of having an elabo
rated database to which the analytical results could be at-

Tab. 7.2 Key elements of the Model Action Plan (MAP) developed by a task group of ITWG 

Cordon off site and guard by law enforcement service present (customs or police) 

Call competent service (technical) to confirm the nuclear or radioactive nature of the material and to determine 
whether a nuclear or radiation hazard exists 

3. Inform a central authority authorized to initiate an action plan (in accordance with national institutions and 
legislation). Such an action plan should include institutions having competence in at least the following: 
- Public Health and environmental contamination 
- Radiation protection 
- Criminal investigation 
- Nuclear material categorization in the field 
- Nuclear material safeguards 
- Specialised laboratory for IMDA 
- Laboratory for in-depth analysis 
- Storage and transport of nuclear and radioactive material 
- Point of Contact for IAEA Illicit Trafficking Database 
Perform On-site actions which should cover: 
- Health physics examinations 
- Law enforcement actions 
- On-site categorization by mobile NDA instrumentation 
- Safe storing of the material until transportation 
- Preparation for and transport to (eventual re-packing) national central and specialised laboratory 

Perform investigations at the specialised national laboratory 
If the national laboratory is not in a position to carry out certain analysis a sample of the material could be shipped 
to an external specialised laboratory 

7. Compare results again with appropriate database. Possibly request for further investigations 
Write an analytical "expert opinion" of the analysed seized material for the national law enforcement authorities where 
the seizure occurred 

9. 
10. 
11. 

Compile a synopsis and evaluation of all evidence by the national legal authority where the seizure occurred 
Organize treatment and closure of the case by the national courts 
Return the the material to the last legal owner in accordance with an international agreement and existing 
non-proliferation legislation 
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tributed.This finally led to full disclosure of the Pu02 history, 

(see also highlight article p. !!!!). 

The microstructural examination led to the interesting re

sult that the material consisted of four different Pu02 com

ponents, which can be characterised as follows: 

Component A: Pu02 platelets in the size range 1.0 pm to 

16.0 pm with an unusually rough surface structure. This 

component formed the largest fraction of the total sample 

(> 90 %) and contained no Am which could be detected by 

EDX (< 1.0 at.%). The Pu02 grain size was very small, typical

ly 25 nm. 

Component B: Pu02 platelets in the size range 0.5 pm to 

5.0 pm with flat regular surfaces, and a much larger Pu02 

grain size,typically 0.2 pm. 

Component C: A fibrous form of Pu02 which had a very 

small grain size and was a very minor component of the 

sample. 

These three components are illustrated in Fig. 7.5.There was 

a further component consisting of irregular Pu02 platelets 

typically 5.0 pm in size which contained a significant Am lev

el ( > 3.0 at.% ) measured by EDX.This could represent a late 

fraction in the precipitation process. 
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Fig. 7.5 Three components contained in the Pu02 test sample 
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Since component A formed over 90% of the mixture the 
other components could not interfere with the analysis, but 
it seems unlikely that component Β with the significantly 
larger grain size came from the same original batch of material. 

Contact (7.3.2): Lothar Koch · tel.: +49 7247 951424 
fax: +49 7247 951 596 · koch@itu.fzk.de 

7.3.3 Assistance to Central and East European 
countries 

In the framework of the co-operation with Central and East 
European countries to combat nuclear trafficking of nuclear 
material three respective PHARE projects covering assis
tance to the Czech Republic, Hungary and Bulgaria under 
the acronym FONSAFE (FOrensic Nuclear analysis for 
SAFEguards) have been completed in 1999. To perform a 
maximum fraction of fissile material characterisation in the 
country of seizure, if possible directly on-site, the projects in
clude an appropriate upgrade of local nuclear analysis capa
bilities complemented with queries to the ITU nuclear mate
rial database. Upon request of the nuclear regulatory 
authority of the partner country in-depth analyses of sub-
samples are made at ITU's dedicated laboratories in order to 
reveal the origin of the material. 

After selection of the most appropriate technical solution 
for each project the delivered equipment has been thor
oughly tested on samples stemming from previous cases of 
vagabonding material seized in the respective countries. 

In the Czech Republic the updated capacity for trace analy
sis in nuclear materials was applied to generate comple
mentary trace element data characteristic for nuclear mate
rial available at the Nuclear Research Institute (NRI) Rez near 
Prague.Those data were filed to the ITU database as a guid
ance tool to support nuclear forensic analysis. A selected 
sample material was shipped to ITU and used for comple
mentary mass spectrometric analyses as well as for prepar
ing a routine transport procedure which in future can be in
voked on short notice.One mass spectrometry expert spent 
three stays at ITU to become acquainted with the working 
procedures for ICPMS, GDMS as well as TIMS. 

Bulgarian experts were invited to ITU and had the possibli-
ty to familiarize with the application of portable gamma 
spectrometry for U/Pu categorization. In Bulgaria-after test
ing of the equipment with HEU material previously seized in 

the country - a demonstration was organised applying the 
system to a non-destructive enrichment measurement of 
nuclear fuel pellets. 

In Hungary the same basic configuration was chosen for a 
more complex exercise aimed at demonstrating the full pro
cedure of response to a seizure of nuclear material of un
known origin at a simulated Hungarian border checkpoint. 
This demonstration exercise was organized and guided by 
the Hungarian Atomic Energy Authority calling on interven
t ion of the Hungarian border guards, customs, and police. 
For the first on-site analyses experts from the Frederic Joliot-
Curie National Institute for Radioprotection and Radio-
hygiene and for on-site characterization experts from the 
Institute of Isotopes and Surface Chemistry of the 
Hungarian Academy of Sciences were involved (Fig. 7.6). 

Fig. 7.6 L. Lakosi and J. Zsigrai (spectrometrists from the 
Institute of Isotopes of the Hungarian Academy of 
Sciences, Budapest) performing non-destructive cat
egorization using a portable gamma spectrometer. 

1 3 4 ITU Annua l Repor t 1999 - (EUR 19054) - Safeguards Research and D e v e l o p m e n t 



Projects 

They successfully applied the equipment provided within 
the project. The exercise was the first in the frame of the 
Model Action Plan of the International Technical Working 
Group on nuclear smuggling (ITWG), see Tab. 7.2. 

In all three projects, the basis for an efficient interface for 
complementary analyses to be performed at a dedicated EU 
laboratory (as ITU) with participation of experts from the 
partner countries was created.The projects can also be used 
as model for further broadening ITU's co-operation with 
other Central and East European countries, in particular with 
the candidates for EU extension. 

A TACIS project on counteracting the illicit trafficking of nu
clear materials in the Ukraine was started this year in col
laboration with the Ukrainian Ministry for Environmental 
Protection and Nuclear Safety.The project envisages to up
grade the capabilities of the Institute for Nuclear Research in 
Kiev in order to execute the on-site characterisation of nu
clear materials (U/Pu categorisation) and to do more de
tailed non-destructive analysis in that institute, being as
signed officially this role by government decree.The project 
is carried out in close collaboration with the Delegation of 
the European Commission and the TACIS monitoring team 
in Kiev and has two further beneficiaries: the Ukrainian 
Customs Authorities and the Ukrainian Law Enforcement. 
The training requirements of the latter two organisations 
with respect to reacting to real cases of seizure of nuclear 
material were assessed and a specific training programme is 
under development. Training courses will be organised in 
February 2000 in collaboration with the Finnish Radiation 
and Nuclear Safety Authority (STUK). A handbook for the 
Ukrainian Nuclear Regulatory Administration on the appro
priate response procedures, in line with the Model Action 
Plan of the International Technical Working Group (see Tab. 
7.2), will also be developed under the project. In order both 
to gather the essential input for this handbook and to vali
date the initial procedures, a demonstration exercise was or
ganised in Odessa, using seized material. The detection, ra-
dioprotection, criminal investigation and nuclear material 
characterisation were executed on the spot, involving all rel
evant authorities and using highly sensitive mobile equip
ment for the determination of the isotopie composition of 
the real material. Western participants came from IAEA, 
Scotland Yard, STUK and ITU. For this exercise the portable 
equipment was brought to the spot by the ITU representa
tives and operated by the trained spectrometrists from INR. 
Some INR personnel will also receive further training at ITU 
on nuclear analytical techniques for the more detailed (de

structive analytical) investigation of the material, after trans
port by IAEA of a representative subsample to ITU. Finally an 
agreement on the exchange of data on the civil Ukrainian 
nuclear fuel cycle was signed in order to complete the ITU 
database on nuclear materials (section 7.3.1 ). In addition, it 
gives the Ukrainian authorities the possibility to issue spe
cific queries to the database and to perform optimised 
source attribution of seized nuclear material. 

Improving the analytical capabilities at the Bochvar Institute 
(VNIINM) in Moscow, Russia, is the objective of another 
TACIS project.Three different laboratories are being set-up 
for nuclear forensic purposes,for safeguards analysis and for 
metrologica! support. Several Russian analysts were trained 
at ITU (see section 7.5). A conceptual study in the imple
mentation of the laboratories into VNIINM's existing struc
tures was successfully completed. Instrumentation for up
grading the laboratories was ordered. 

Contact (7.3.3): Klaus Mayer · tel.: +49 7247 951545 · 
fax:+49 7247 951 191 •mayer@itu.fzk.de 

7.3.4 New developments 

The concept of a "Microstructural Fingerprint" of a mate
rial has been developed in ITU as a complement to the 
"Isotopie Fingerprint" in the characterization of samples in 
Nuclear Forensic Science. In the examination of unknown 
specimens of nuclear materials the primary parameter of 
importance is the "Isotopie Fingerprint" of the sample, 
mainly the ratios of the different isotopes of U and Pu which 
are present. In some cases, however, where no clear isotopie 
signature is found, or where there is a mixture of materials 
present, the isotopie fingerprint alone is not sufficient for 
a unique identification to be made. 

The microstructural fingerprint of a material consists of a 
specific set of data resulting from a microscopic (optical, 
SEM, TEM, EDX) investigation which is characteristic of its 
physical and mechanical state and its mechanical and ther
mal history.This data comprises, for example: particle mor
phology and size distribution, grain size distribution, poros
ity, dislocation density, precipitation and crystallography. 
This fingerprint, once established, can be used for compari
son purposes for identifying an unknown illicit sample with 
a known reference, or for eliminating materials of known ori
gin as possible sources. Even where no reference samples 
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are available for comparison, much information about the 
material can be deduced from the microstructure using es
tablished principles of materials science. For example, the 
dislocation density and character gives information about 
whether the material has been deformed during manufac
ture and to what extent, and the grain size distribution pro
vides clues about process temperatures and reaction rates. 

The microstructural information is particularly important in 
the case of powder samples because they can be mixed 
with other compounds with the deliberate intention of con
fusing the chemical or isotopie analysis of suspect materials. 
However the microstructural fingerprint of a component 
cannot be altered unless the whole material is completely 
reprocessed. An example of the application of the mi
crostructural fingerprint is given in the highlight article 
p. 32, where a plutonium oxide powder of unknown origin 
is compared with a reference sample.Though the platelets 
size distributions determined by SEM are only slightly dis
placed, the Pu02 grain size distributions are very significant
ly different, thus excluding the unknown material as coming 
from the same source as the reference sample. 

II. I 

S 0.01 

D.IMKII 

Fig. 7.7 Isotopie ratios of plutonium as produced in different 
reactor types: calculated (solid lines) and measured 
(data points) 

The production mode and age of Pu are of primary inter
est in nuclear forensic investigations as this information is 
essential for the determination of the origin of seized nu
clear material. The isotopie composition of plutonium is a 
function of the conditions of irradiation (reactor type) and 
its duration. By comparing measurement results to calculat
ed isotopie ratios (obtained through codes like ORIGEN2 or 
SCALE), the production mode can be identified. Pu isotopie 
composition in the test samples was determined by ther
mal-ionisation mass spectrometry. In our investigations the 
following reactor types were considered: heavy-water-reac
tor (HWR), light-water-reactor (LWR), graphite-moderated-
reactor (RBMK),fast breeder reactor (FBR) and research reac
tors (MTR and Triga) (see Fig. 7.7).The age of the plutonium 
was determined by accurately assaying its daughter prod
ucts, i.e. 241Am, 234U, 2 3 5U, 236U using isotope dilution mass 
spectrometry and respective decay calculations. 

The n(1 80)/n(1 60) ratio in U 0 2 fuels may serve as a charac
teristic parameter in origin determination of seized nuclear 
material. Small variations in oxygen isotopie ratios are ob
served in nature.This reflects in uranium oxide produced at 
different geographic locations. The oxygen isotopie ratio 
measurements of U0 2 samples were carried out by two dif
ferent methods:Thermal Ionisation Mass Spectrometry (TIMS) 

and by Secondary Ionisation Mass Spectrometry (SIMS). 
Using the measured variations in n(180)/n(150) ratios sam
ples of different origin can clearly be distinguished (Fig. 7.8). 

+ SIMS 
DTIMS 

France Russia U.S.A 

Fig. 7.8 Normalised n('80)/n('60) ratios measured by TIMS 
and SIMS. 

Contact (7.3.4): Ian Ray · tel.: +49 7247 951 378 
fax: +49 724 7951 191 · ray@itu.fzk.de 
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7.4 Analytical Support to Euratom and 
IAEA 

Considerable effort was spent in the continuation of the an
alytical support to the safeguards authorities. Both on-site 
laboratories made significant progress, the installation 
phase in the LSS was completed while the OSL has been 
passing gradually into operation. Measurement of samples 
at ITU and in field was continued. 

7.4.1 Laboratoire sur site (LSS), La Hague 

General status of the project 

Fig. 7.9 LSS Ho t cell suite for the analysis of reprocessing input 
samples 

The LSS project is being executed according to schedule. 
The construction phase has been made under the supervi
sion of the engineering firm SGN (Société Générale pour les 
techniques Nouvelles) and was completed by the middle of 
the year. The testing of the infrastructure started in 
September and general safety relevant tests were per
formed within two weeks in October wi th the participation 
of ITU staff. The hand-over of the laboratory (Mise à 
Disposition) was officially announced on November, 6. This 
is a legal milestone where the responsibility of the LSS is 
transferred to COGEMA and further on EURATOM. The au
thorization to connect the Lab to active area was given by 
the French Safety Authority (DSIN) on November, 12. An 
agreement between COGEMA and EURATOM concerning 
waste treatment has been finalized. Scientific equipment 
was installed and first functional tests were carried out by 
ITU experts. Figs. 7.9, 7.10,711 show the implementation of 
the LSS [1] 

ITU contribution 

The on-site activities started in May 1999 with the imple
mentation of the entire EURATOM equipment including 
four Hybrid K-Edges,a gamma-ray measurement station (all 
equipped with sample changers designed by ITU), a com
bined neutron-gamma counter, a Compact K-Edge, three 
PAAR densitometers, the fully automated IDA box (Isotope 
Dilution Analysis) housing a specially adapted Zymark labo
ratory robot, a Thermal Ionization Mass Spectrometer and 
additional small analytical devices built mainly in house.An 
internal computer network used as expert system (TUI 

Fig. 7.10 LSS Mass Spectrometry Laboratory 

Fig. 7.11 LSS Robotised Isotope Dilution Analysis Box for 
preparation of samples prior to mass spectrometry 
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Analysis Management System, TAMS) developed at ITU for 
the specific application was also installed during the same 
period. All the electrical connections and specific assem
bling work,i.e. shielded integration of EURATOM material in 
the hot cell suite and use of telemanipulators in hot cell 
suite and Pu02 chain were performed by ITU specialists. In 
order to cope with site requirements, special training was 
organized. Site specific procedures were applied for access
ing the laboratory, still considered non-radioactive. 
Following the implementation, inactive commissioning 
started and was successfully completed by end of 
September. All the equipment listed above was powered, 
tested and calibrated where possible. At the end of the re
porting period,the LSS was ready for active commissioning, 
which is foreseen to start in early 2000.The laboratory is ex
pected to start operation by April 2000. 

After completion of safety relevant tests involving EU
RATOM analytical equipment, ITU concentrated on the man
agerial side of the project.The interfaces between Euratom 
and ITU as well as the respective responsibilities were de
fined in a note of understanding.The laboratory responsible 
and his deputy have been proposed by ITU for nomination 
by ESD to COGEMA. 

On the other side, ITU started together with COGEMA to im
plement a Quality Management system including specific 
procedures and working instructions. The interfaces be
tween the plant operator and the LSS have been estab
lished. This will be amended and completed during active 
commissioning taking into account operational aspects. 

The whole team of ITU inspector analysts successfully fol
lowed site specific training. Two sessions of a week duration 
were organized on site by INSTN (Institut National des 
Sciences et Techniques Nucléaires) followed by a general 
tour to the site of COGEMA La Hague. 

7.4.2 On Site Laboratory (OSL), Sellafield 

The OSL saw, during the reporting period, the finalisation of 
a long series of tests on equipment in the laboratory,aiming 
at the demonstration of safety, the so-called inactive com
missioning. Many of these tests were repeated after having 
introduced radioactive material in the laboratory in the 
framework of the active commissioning. By the end of 1999 
all types of samples apart from spent fuel solutions could be 
analysed in the on-site laboratory. 

Inactive Commissioning 

Early this year intense activities were carried out to allow to 
complete inactive commissioning. These were of technical 
and organisational nature, in particular: 

• inactive testing of scientific equipment and establishing 
of appropriate test reports 

• comprehensive testing of services vital to laboratory op
eration (electricity, ventilation, pressurised air etc.) 

• BNFL provides services to the OSL services such as sam
ple delivery, sample excess, waste disposal and mainte-
nance.This was formalised by amending the agreement 
(Doc.Ref.OSL/93/1) between BNFL and ESD. 

• a complete cycle of maintenance on OSL equipment was 
carried out to demonstrate its safe operation. 

This phase of OSL activities was completed with the presen
tation of the Inactive Safety User Commissioning Report 
(summarising results and observations) and an Active 
Safety User Commissioning Schedule (describing the 
planned activities) to the respective safety committee with
in BNFL. Both documents were approved. After connecting 
the OSL to the active ventilation, radioactive material could 
be entered into the laboratory. 

References 
[1] P. Daures, K. Mayer, H. Ottmar, , P. Richir, U. Blohm-Hieber, W. 

Kloeckner, Implemention of an on-site safeguards analytical 
laboratory: the "Laboratoire Sur Site" (LSS), Sixth International 
Conference on Facility Operations-Safeguards Interface, 
Jackson Hole,Wyoming, September 20-24,1999. 

Contact (7.4.1.): Pascal Daures · tel.: +49 7247 951211 
fax:+49 7247 951 191 · daures@itu.fzk.de 

Since then the OSL is considered to be an active laboratory 
leading into active commissioning phase. 

Active Commissioning 

The active commissioning was carried out gradually. It start
ed with a period where only uranium samples were handled 
and all related manipulations and procedures were tested 
with respect to safety, accuracy and practical applicability. 

1 3 8 ITU A n n u n i R e p o r t 1 9 9 9 - (EUR 190 54) - S a f e g u a r d s R e s e a r c h a n d D e v e l o p m e n t 



Projects 

Fig.7.12 Official inauguration of the OSL by W. Gmelin (left) 
and J. van Geel (second from left) 

The scientific instrumentation was calibrated using well 
characterised standards and reference materials. Quality 
control material was analysed prior to measurements of real 
samples. After having successfully completed all tests, 
Uranium Safeguards samples have been analysed routinely. 

Subsequently, plutonium commissioning was started. 
Again, first the equipment was calibrated, and the proce
dures were carefully verified. A intercomparison method us
ing all available techniques for plutonium analysis was per
formed, covering Neutron Counting, Product Hybrid K-Edge 
and Isotope Dilution Mass Spectrometry. Pu02 and Pu-ni-
trate safeguards samples have been analysed routinely. 

Commissioning of reprocessing input sample analysis, the 
most delicate type of samples to be handled in the OSL, has 
been started. 

Gmelin in the presence of the director of ITU, J. va n Geel and 
the director of Sellafield site, Gordon Adams (former 
Member of the European Parliament). 

—. Training of inspector analysts 

A series of lectures was organised for the inspector analysts 
on topics such as fundamentals of radiochemistry and nu
clear physics,fuel cycle, reactor types, analytical techniques, 
radioprotection and conventional safety.The training activi
ties in measurement techniques continued also this year in 
order to train new colleagues and to retrain other col
leagues to improve versatility. The lectures as well as the 
practical training was given by ITU senior scientists. 

Courses on OSL data management system and for the ac
countancy of fissile material were organised at ITU.Training 
on site specific-aspects was conducted by BNFL, being of 
fundamental importance for work in Sellafield's controlled 
areas. 

Data management 

The data management system of the OSL has been specifi
cally designed and developed. It was thoroughly tested in 
the pre-OSL at ITU. Some modules, however, are unique in 
the OSL: 

• Accountancy Management System (AMAS) to control fis
sile material holding and criticality 

• AMAS-satellite program (ASAT) to monitor transfers of 
radioactive material in barcoded containers 

These new modules were implemented before starting ac
tive commissioning and have been subject to validation 
processes. 

A large proportion of this year's activities was allocated to 
integrate the OSL into BNFL's system for sample delivery, re
turn of excess sample, waste disposal, accountancy and 
means of communication for these areas.These interfacing 
issues showed to be much more complex than expected, re
quiring the preparation of additional OSL procedures, up
dating of software modules and changes of managerial 
tools. 

Contact (7.4.2): Hans-Günther Schneider 
tel.: +49 7247 951211· fax: +49 7247951 191 
schneider@itu.fzk.de 

Finally the OSL was officially opened on the 13th of October 
by the director of the Euratom Safeguards Directorate, W. 
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7.4.3 In-field verification activities 

In order to carry out verification measurements on samples 
of reprocessing input solution, inspector analysts from ITU 
traveled on a regular basis to the reprocessing plant at La 
Hague, France. The measurement campaigns cover the 
whole year with ITU staff performing analyses on a weekly 
basis, perform instrument maintenance and calibration. 
Input samples are measured using the EURATOM Hybrid K-
Edge instrument. 

Last year, more than 800 samples have been measured at La 
Hague, leading to a total number of measurements of al
most 1300 as shown in Tab. 7.3 

Tab. 7.3 Evolution of the number of samples analyzed at 
La Hague 

Year 

1989 

1990 
1991 

1992 
1993 

1994 

1995 

1996 
1997 

1998 
1999 

Number of 

input 
samples 

15 

107 
175 

199 
305 
407 

573 
618 

663 
785 
898 

Number of 

measure
ments 
(total) 

33 

234 
317 

335 
435 

597 
917 

1067 
1068 

1246 
1298 

Effective 
working 

days 

11 

66 
98 

85 
104 

109 
144 

156 
171 

172 
154 

Measure

ments 
per day 

(average) 

3.00 

3.55 
3.24 

3.94 
4.18 

5.48 
6.37 

6.84 
6.25 
7.24 

8.43 

7.5 Training 

In the framework of the Environmental Monitoring and 
High Performance Trace Analysis (HPTA) projects, a two days 
training course was organised in 1999. Inspectors from IAEA 
and Euratom attended the course where lectures on strate
gy and objectives of the projects for safeguards implemen
tation, but also on swipe sampling, analytical methods, par
ticle characterisation and interpretation of results. A written 
exercise about planning a sampling campaign and a practi
cal exercise of swipe sampling, also inside hot cells, have 
been performed at ITU's laboratories to complement the 
theoretical part of the course. The inspectors also had the 
possibility to visit the laboratories (clean laboratory and 
SIMS laboratory) where the samples are analysed and to dis
cuss with the expert analysts. 

Training on the use of the hybrid K-Edge technique was pro
vided to Euratom using the instrument installed at COGEMA 
La Hague. Furthermore, specific training on the in-field ap
plication of the COMPUCEA was given to a Euratom inspec
tor. 

In the framework of a TACIS project, seven analysts from the 
Bochvar Institute in Moscow were trained in active and pas
sive radiometric measurement techniques. Alpha spectrom
etry, high resolution gamma spectrometry, neutron coinci
dence counting, X-ray fluorescence and K-edge densito
metry were subject to lectures and to many practical exer
cises in the laboratory. 

Contact (7.5): Klaus Mayer · tel.: +49 7247 951 545 · fax: 
+497247951 191 •mayer@itu.fzk.de 

The mobile COMPUCEA instrument was operated by spe
cialized ITU staff to directly support inspection campaigns 
at low enriched uranium (LEU) fuel production facilities in 
Spain, France, Sweden, Belgium and the UK.The instrument 
is specifically dedicated for uranium enrichment and con
centration measurements. More than 200 samples were 
measured in only 8 inspection weeks.The measurement re
sults were communicated to the inspectors within 2 days. 

Contact (7.4.3.): Klaus Mayer · tel.: +49 7247 951 545 
fax: +49 7247 951 191 •mayer@itu.fzk.de 
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International Waste Management Symposium '99 

February 284 March, 1999 Tucson, AZ (USA) 

Glatz J.P., Giménez J., Bottomley D. 

Leaching of High Burnup U0 2 and MOX Fuel Rods with 

Preset Cladding Defects 

Proceedings on CDROM 

90
t h

 Annual Meeting of the American Association for 

Cancer Research 

April 1014 Philadelphia, PA (USA) 

Behr T.M., Béhé M., Stabin M.G., Molinet R., Apostolidis C, 

Koch L, Becker W. 

Radioimmunotherapy (RIT) with alphaemitters: 

Therapeutic efficacy and doselimiting toxicity of
 213

Bi

versus
 90

Ylabeled C0171A Fab' in a human colonic cancer 

model 

Proceedings of the American Association for Cancer 

Research Annual Meeting,Vol.40 (March 1999) p.644 

29. Journées des Actinides 

April 1517,1999 Luso (Portugal) 

Amoretti G., Caciuffo R., Santini P., Lander G.H., KuldaJ., 

deV.duPlessisP. 

U02 Ten Years after: A Polarized Neutron Scattering 

Experiment on Single Crystal 

Bombardi Α., Grenier Β., Burlet P., Lander G.H., Regnault L.P, 

Mattenberger Κ, Vogt O. 

Observation of Ferromagnetic Correlation in Diluted UTe 

Bourdarot F., Bombardi Α., Burlet P., Calemczuk /?., Lander G.H., 

Lapierre F, Sanchez J.P., Mattenberger Κ., Vogt O. 

Magnetic Ordering and Structural Anomalies in the 

UxLai.xS System 

Brooks M.S.S. 

Calculated Properties of the UNC System 

Coad S., Hiess Α., McMorrow D., Lander G.H., Aeppli G., Fisk Ζ , 

Stewart G. 

Magnetic Response in UBe13 

Colinau E., Wastin F., Rebizant J. 

Mössbauer Investigations in Np2T3X4 Compounds 

Colineau £., Wastin F., Rebizant J. 

Electronic and Magnetic Properties of NpPd2Ge2 

Gouder T., Havela L, Wastin F. 

PuSe:Photoelectron Spectroscopy on Thin Layers 

Gouder T, Wastin F. 

Photoelectron Spectroscopy on Thin Films of Pu: 

Temperature Dependence 

Heathman S., Haire R.G., Le Bihan T., Lindbaum Α., Litfin Κ., 

Méresse Y. 

High Pressure Xray Diffraction Studies of Pure Americium 

Metal up to 100 GPa 

Kolberg D., Wastin F., Rebizant J., Schoenes J. 

Magnetic Properties of PuxU,_xSb Single Crystals 

Litfin K., Heathman S., Mattenberger Κ., Schoenes J. 

Optical Properties and Xray Diffraction of US, USe and UTe 

up to 40 GPa 

Mannix D., Caciuffo R., Bernhoeft N., Lander G.H., Rebizant J., 

Lidström E., Vettier,C 

Light on the Mysterious Magnetism on Np0 2 

Marmeggi J.C, Currat R., Bouvet Α., Lander G.H. 

TheTransition into the CDW State in AlphaUranium 

MartinMartin Α., Pereira L.C.J., Lander G.H., Rebizant J., 

Brown P.J. 

Neutron Scattering Investigation of Single Crystal U2Pt2ln 

Wastin F., Rebizant J., Colineau E. 

Short Review of the Transuranium Ternary Intermetallic 

Compounds Database 

Coad S., Paolasini L., Dervenagas P., Mannix D., Lander G.H., 

Bernhoeft N., Hiess Α., Brown P.J., Burlet P., Bourdarot F., 

Rebizant J., Kaczorowski D., Czopnik A.,Troc R. 

Neutron and Xray Studies of UGa3 Single Crystals 
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Performance and Technology, 14. Plenary Meeting 

International Working Group on Water Reactor Fuel 

April 2729,1999 Vienna (Austria) 

Matzke Hj. 

Research Related to Water Reactor Fuels at the Joint 

Research Centre of the European Commission 

Conference of the European Microbeam Analysis 

Society 

May 37.1999 Konstanz (Germany) 

Bottomley P.D. T., Brémier S., Glatz J.P, Walker C T. 

ΕΡΜΑ of Melted U02 Fuel Rods Irradiated to a Burnup of 

23 GWd/tU 

Proceedings Mikrochimica Acta Supplement 

2 1 . ESARDA Symposium on Nuclear Material 

Management 

May 46,1999 Sevilla (Spain) 

Bibilashvili Yu., Kositsyn V, Chorokhov N., Chkaboura I., Dolgov 

Yu., Koch L, Mayer K. 

Methodology of the Analysis of Nuclear Materials of 

Unknown Origin at VNIINM Moscow 

Proceedings EUR 18963 EN (1999) 821829 

Schenkel R., Mayer K. 

Measurement Methodologies and Modern Verification 

Systems  Similarities and Synergies 

Proceedings EUR 18963 EN (1999) 3945 

Schubert Α., Mayer K., Schenkel R., Koch L. 

The Bilaterial Workshop on Nuclear Forensics 1998, held by 

ITU Karlsruhe and VNIINM Moscow 

Proceedings EUR 18963 EN (1999) 839844 

IAEA Symposium on MOX Fuel Cycle Technologies for 

Medium and LongTerm Deployment: Experiences, 

Advances, Trends 

May 1721,1999 Vienna (Austria) 

Cook P., Palmer I., Walker C. T., Stratton R. 

PIE of BNFL's First Commercially Irradiated SBR MOX Fuel 

Proceedings IAEASM358/16 

Haas D., Somers J., Charollais F., Fuchs C, Fourcaudot S. 

Fabrication and Characterization of MOX Fuels with High 

Plutonium Content Using Alternative Processes 

Enlarged Halden Program Group Meeting 

May 2429,1999 Loen (Norway) 

Proceedings Halden Report 

BlohmHieber U., Mayer K., Ottmar H., Schneider H.G. 

Revised Analytical Strategy for the Euratom OnSite 

Laboratory at Sellafield 

Proceedings EUR 18963 EN (1999) 197204 

Dolgov Yu., Bibilashivili Yu., Chorokhov N., Schubert Α., Janssen 

G., Mayer Κ., Koch L. 

Installation of a Database for Identification of Nuclear 

Material of Unknown Origin at VNIINM Moscow 

Proceedings EUR 18963 EN (1999) 831838 

Mayer K., Ottmar H., Cromboom O., Castelyn Κ. 

Analysis of MOX Samples using Chemical and Radiometric 

Methods  A Method Comparison 

Proceedings EUR 18963 EN (1999) 605607 

Ottmar Η., van Belle P., Croft 5., Chard P.M.J., Bourva CA, 

BlohmHieber U. 

An Empirical Measurement of the Specific
 240

PuEffective 

Massof
2 3 8

Puand
2 4 2

Pu 

Proceedings EUR 18963 EN (1999) 311319 

Matzke Hj., Kinoshita M. 

Recent Progress in Investigations of high Burnup Fuel at 

ITU Karlsruhe in Relation to the Irradiation IFA601 

Sonoda T, Matzke Hj., Kinoshita M. 

High Burnup Rim Project (IV) Threshold Burnup of Rim 

Structure Formation 

International Workshop on Orbital and Spin Magnetism 

of Actinides (IWOSMA) 

June 45,1999 Warrington (United Kingdom) 

Brooks M.S.S. 

Orbital Magnetism in Itinerant Magnets 

Ichas V, Rebizant J., Spirlet J.C, Griveau J.C. 

Strong Pressure Effects on the Resistivity of PuTe 

Lander G.H. 

Spin and Orbital Moments by Neutron Diffraction 
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46 th Annual Meeting of the Society of Nuclear Medicine 
June 6-10,1999 Los Angeles CA (USA) 

Adam C, Schumacher C, Becker K., Handschuh G., Nikula T., 
Apostolidis CFischer K., Schwaiger M., 
Senekowitsch-Schmidtke R. 
Binding of a Bi-213 labeled monoclonal antibody targeting 
a tumor specific mutant E-cadherin in different tumour 
models 
Journal of Nuclear Medicine vol.40 No.5 SUPPL. (May 1999) 
p. 107 (abstract) 

BehrT.M., Sgouros G., Stabin M.G., Béhé M.,Angerstein C, 
Blumenthal R.D., Apostolidis C, Molinet /?., Sharkey R.M., 
Koch L., Goldenberg D.M., Becker W. 
Factors influencing the radiation-induced myelotoxicity of 
beta-, Auger/conversion electron- or alpha-emitters 
Journal of Nuclear Medicine vol.40 No.5 SUPPL. (May 1999) 
p. 314 (abstract) 

BehrT.M., Béhé M., Stabin M.G.,Wehrmann E., Apostolidis C, 
Molinet R., Koch L, Golden berg D.M., Becker W. 
Experimental studies of the therapeutic efficacy and 
toxicity of alpha- as compared to beta-emitters in 
radioimmunotheraphy. 
Journal of Nuclear Medicine vol.40 No.5 SUPPL. (May 1999) 
p.313 (abstract) 

3. International Conference on Accelerator Driven 
Transmutation Technologies and Applications 
June 7-11,1999 Prague (Czechoslovakia) 

Magill J., Peerani P., van Geel J. 
Basic Aspects of Sub-Critical Systems based on Thin 
Actinide Films 

Workshop on Impact of Fuel Chemistry on Fission 
Product Behaviour 
June 16-17,1999 Mol (Belgium) 

Gouder T., Black L. 
Sputter Deposition of U-Ni Films 

Miserque F., Gouder T., Wegen D., Bottomley D. 
Electrochemistry of U0 2 Thin Films 

Workshop on FMCT-Verification-Detection of 
Clandestine Activities 
June 21-22,1999 Stockholm (Sweden) 

Schenkel R. 
Is it Possible to Detect Clandestine Reprocessing Activities? 

Kozloduy NPP - Energy, Environment and Society 
July 1-3,1999 Sofia (Bulgaria) 

Lassmann K. 
Nuclear Power Reactors:Worldwide Status 

22. Rare-Earth Research Conference 
July 11-15,1999 Argonne, IL (USA) 

Paolasini L., Lander G.H. 
Iron Magnetism in Cubic Laves Phase Itinerant 
Ferromagnets 
Journal of Alloys and Compounds 

10. International Conference on Radiation Effects in 
Insulators 
July 19-23,1999 Jena (Germany) 

Fromknecht /?., HiernautJ.P., Matzke Hj., Wiss T. 
He-ion Damage and He-release from Spinel MgAI204 

Proceedings Nucl.lnstrum.Meth.in Phys. Research 

Matzke Hj., Lucuta P.G., Wiss T. 
Swift Heavy Ion and Fission Damage Effects in U0 2 Nuclear 
Instruments Methods in Physics Research 
Proceedings Nucl.lnstrum.Meth.in Phys.Research 

40. Annual Meeting of the Institute of Nuclear Materials 
Management 
July 25-29,1999 Phoenix, AZ (USA) 

Mayer, K., Ottmar, H. 
Certified Reference Materials for Radiometric Safeguards 
Analytical Measurements: A Demanding Issue 
Journal of the Institute of Nuclear Materials Management 

Ottmar H., Mayer K., Richir P., Daures P. 
Streamlined Reprocessing Input Verification Measurements 
in the Euratom On-Site Laboratory at La Hague 
Journal of the Institute of Nuclear Materials Management 
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International Conference on Strongly Correlated 

Electron Systems 

August 2428,1999 Nagano (Japan) 

Proceedings Physica Β 

Bernhoeft B., Roessli B., Sato N.,Aso N., Hiess Α., Lander G.H, 

Endoh Y, Komatsubara T. 

Order Parameter Symmetry in UPd2AI3 

Coad S., Hiess Α., Paolasini L, Bernhoeft N., Dervenagas P., 

Kaczorowski D., CzopnikA., Troc /?., Lander G.H. 

Magnetic Excitations in UGa3 

Lidström E., Hiess Α., Mannix D., Dervenagas P., Wastin F., 

Rebizant J., Lander G.H. 

The Magnetic Properties of (U1.xNpx)Ru2Si2 Investigated by 

Neutron and Resonant Xray Magnetic Scattering 

Paolasini L., Vettier C, De Bergevin F., Yakhou F., Mannix D., 

Neubeck W., StunaultA., Altarelli M., Fabrizio M., MetcalfP.A, 

Honig J.M. 

Direct Observation of Orbital Ordering in V203 by Xray 

Resonant Scattering Technique 

Paolasini L., Hiess A, Hennion B., Lander G.H., Panchula A , 

CanfieldP. 

FerroAntiferro Interactions in the Cobalt Doped CeFe2 

International Conference on Future Nuclear Systems 

Global '99 "Nuclear Technology Bridging the 

Millenia" 

August 29September 3,1999 Jackson Hole, WY (USA) 

Proceedings on CDROM 1999, American Nuclear Society 

(ANS) 

Boucharat N., Somers J., Haas D„ Walker CT. 

Fabrication of MacrosphereTargets using a Combination of 

SolGel and Powder Blending Techniques 

Chauvin Ν., Konings R.J.M., Matzke Hj. 

Optimization of Minor Actinide Fuels for Transmutation in 

Conventional Reactors (PWRs, FRs) 

Chauvin Ν., Matzke Hj., Konings R. 

Trends for Optimisation of MA Targets 

Cobos J., Rondinella V. V, Matzke Hj., MartínezEsparza Α., 

Wiss T. 

The Effect of AlphaRadiolysis on the Dissolution Behaviour 

o f U 0 2 

Conti Α., Ottaviani J.P, Konings R.J.M., Schram R.P.C. 

LongLived Fission Product Transmutation Studies 

Haas D., Somers J., Fuchs C, Fourcaudot S., Voet R., McGinleyJ. 

Fabrication of Fuels for Incineration and Transmutation: 

Review of Achievements and Ongoing Developments 

Haas D., Konings R.J.M., Konrad R., Heusener G., RouaultJ., 

Schram R.P.C., Vambenepe G. 

The EFTTRA European Collaboration for the Development 

of Fuels and Targets forTransmutation: Status of Recent 

Development 

Schram R.P.C, Bakker K., Boshoven J.G., Dassel G., Hein H., van 

der Laan R.R., Neeft E.A.C., Konings R.J.M., Konrad, R. 

Irradiation Experiments and Fabrication Technology of 

Inert Matrix Fuels for theTransmutation of Actinides 

Somers J., Glatz J.P., Haas D., Wegen D.H., Fourcaudot S., 

Fuchs C, Plancq D., Mühling G. 

Status of theTRABANT Irradiation Experiment 

8. International Conference on Muon Spin Rotation, 

Relaxation and Resonance 

August 3OSeptember 3,1999 Les Diablerets 

(Switzerland) 

Proceedings Physica B 

Lander G.H. 

Xrays and Neutrons as Complementary Probes to Muons 

in Magnetism: A View from Reciprocal Space 

European Conference on Neutron Scattering 

September 14,1999 Budapest (Hungary) 

Proceedings Physica B 

Bombardi Α., Grenier B., Burlet P., Lander G.H., Regnault L.P., 

Mattenberger K., Vogt O. 

Observation of Ferromagnetic Correlation in Diluted UTe 

Coad S., Hiess Α., McMorrrow D., Lander G.H., Aeppli G., Fisk Ζ , 

Stewart G., Hayden S., Mook H. 

Magnetic Response in UBe13 

Marmeggi J.C, Currat /?., Bouvet Α., Lander G.H. 

Incommensurate Phase Associated with Soft PhononMode 

Displacive Transition in AlphaU 
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European Research Conference on Strongly Coupled 

Systems 

September 410,1999 St. Malo (France) 

Seminar on "European R&D on Materials for MA and 

LLFP Transmutation" 

September 30October 1,1999 Cadarache (France) 

Gryaznov V, losilevski /., Yakub £, Fortov V, Hyland G.J., 

Ronchi C. 

Improved Ionic Model of Liquid Uranium Dioxide 

Secondary Ion Mass Spectrometry "SIMS XII" 

September 610,1999 Bruxelles (Belgium) 

Conti Α., OttovianiJ.P., Matzke Hj., Casalta S. 

Thermochemical Studies: Current Status on Amoxides 

Matzke Hj., Beauvy M. 

Simulation of FP and AlphaDecay by Ion Irradiation: 

Results and Transposition 

Tamburini G., Betti M., Erdman N., Stetzer 0., van Geel J. 

SIMS Characterisation of Inhouse Monidispersed Isotopie 

Standard Uranium Oxide Particles 

3rd International Conference on Isotopes 

September 610,1999 Vancouver (Canada) 

Magill J. 

Nuclides 2000: An Electronic Chart of the Nuclides 

International Conference on LWR Nuclear Fuel 

Highlights at the Beginning of the Third Millennium 

(TOPFUEL'99) 

September 1315,1999 Avignon (France) 

Haas D. 

Innovative Fabrications of Fuels and Targets for Pu 

Recycling and Minor Actinides Transmutation 

Haas D., Somers J., Charollais F. 

Innovative Fabrication of Fuels and Targets for Pu Recycling 

and Minor ActinideTransmutation 

7
th

 International Conference on the Chemistry and 

Migration Behaviour of Actinides and Fission Products 

in the Geosphere 

September 26October 1,1999 Incline Village, CA (USA) 

Rondinella V. V., Matzke Hj., Cobos J., Wiss T. 

Dissolution Behaviour of U02 Containing AlphaEmitting 

Actinides 

Proceedings Radiochimica Acta 

Matzke Hj. 

Highlights from GLOBAL '99 

Neeft E., Matzke Hj. 

Study of Damage Formation and Helium Diffusion in Spinel 

MgAI204 Following Ion Implantation 

3
rd

 International Seminar on WWER Fuel Perforance, 

Modelling and Experimental Support 

October 48,1999 Pamporovo (Bulgaria) 

Elenkov D., Lassmann K. 

The Development of the TRANSURANUSWWER Version 

Lassmann K., van de Laar J., Elenkov D. 

Analysis of RIA Accidents for WWER Reactor Employing the 

TRANSURANUS Code 

Manolova M., Elenkov D., Georgieva M., Boneva S., Simeonova 

V., Djourelov N., Georgiev S., Lassmann K., van de Laar, J. 

Validation of theTRANSURANUS Code  WWER Version by 

the Updated Kola3 Data Set 

European Association of Nuclear Medicine (EANM) 

congress 1999 

October 913,1999 Barcelona (Spain) 

BehrT.M., Béhé M., Stabin M.G., Angerstein C, Mach R., 

Hagemann L., Apostolidis C, Molinet/?., Koch L., Rösch F., 

Becker W. 

Radiopeptide therapy with cholecystokinin  B / Gastrin 

receptor ligands: doselimiting toxicity and therapeutic 

efficacy of Auger /Conversion electron (11ΊΙη,1<,0Να) versus 
alpha (213Bi) or conventional beta (90Y, 153Sm) emitters. 
European Journal of Nuclear Medicine 26 (1999) 1212 
(abstract) 
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9. ItalianHungarian Symposium on Spectrochemistry 

Urban Health: a Challenge for the Third Millennium 

October 11 15,1999 Siena (Italy) 

Betti M. 

Environmental Monitoring of Radioisotopes by Mass 

Spectrometric and Radiochemical Techniques 

Malmbeck R., Apostolidis C, Courson 0., Molinet R., Pagliosa, 

G., Römer K., Sätmark Β., Glatz J.P. 

Advanced Reprocessing of Irradiated Fuel Using the PUREX, 

DIAMEX and SANESProcesses 

9. International Conference on Radiation Shielding 

October 1722,1999 Tsukuba (Japan) 

Menichetti /.., Betti M., BarreroMoreno J.M., Fuoco R. 

Determination of Longlived Radionuclides in 

Environmental Samples by Ion Chromatography 

Inductively Coupled Plasma Mass Spectrometry 

(ICICPMS) (Poster) 

Righi S., Betti M., Bruzzi L. 

Monitoring of Natural Radioactivity in Working Places 

(Poster) 

Rondinella V.V., Betti M., Bocci F., HiernautT. 

ICICPMS applied to the Separation and Determination of 

Traces of Plutonium and Uranium in Aqueous Leachates 

and Acid Rinse Solutions of U0 2 Doped with
 238

Pu (Poster) 

Tocci U., Betti M., ActisDato Ol., Aldave de las Heras L, 

Fuoco R. 

Monitoring of Depth Distribution of Trace Elements by 

Glow Discharge Mass Spectrometry (Poster) 

Matsumura T., Sasahara A , Nicolaou G., Pellottiero D. 

Neutron/Gamma Ray Source Measurement and Analyses of 

High Burnup U02/MOX Fuel Rods 

Proceedings Journal of Nuclear Science and Technology 

5. Inert Matrix Fuel Workshop 

October 2122,1999 Paris (France) 

Wiss T, Matzke Hj. 

Radiation Damage Produced by Energetic Ions in Selected 

Inert Matrices 

OECD/NEA/JAERI Workshop on Evaluation of Speciation 

Technology 

October 2628,1999 Tokaimura (Japan) 

Wastin F.,Colineau £, Gouder, T., Rebizant, J., Lander G.H. 

Transuranium Compounds Characterisation Facility at ITU

Karlsruhe 

Meeting European Working Group on ot Laboratries 

and Remote Handling" 

October 1315,1999 Karlsruhe (Germany) 

Ronchi C, Sheindlin M. 

New Facilities for HighTemperature Physical Property 

Measurements in AlphaGamma Active Materials 

Wiss T., Ray I., Thiele H., Huber W., Matzke Hj. 

Electron Microscopy for PIE: New Developments 

5. European Commission Conference on Radioactive 

Waste Management and Disposai and 

Decommissioning (Euradwaste'99) 

October 1518,1999 Luxembourg 

Courson 0., Malmbeck R., Pagliosa G., Römer K., Sätmark B., 

Glatz J.P. 

Separation of Minor Actinides from a genuine An/Ln 

Fraction 

26. Annual Meeting of the Argentinian Nuclear Society 

November 912,1999 Bariloche (Argentina) 

Bevilacqua A.M., Matzke Hj. 

Propiedades mecánicas del U0 2 y del combustible irradido 

simulado SIMFUEL a alta temperatura 

Matzke Hj. 

Inert Matrix Fuel to Reduce the Radiotoxicity of Nuclear 

Waste 

IAEATC Meeting "Technical and Economic Limits to Fuel 

Burnup Extension" 

November 1519,1999 Bariloche (Argentina) 

Matzke Hj. 

Recent Studies on the Formation of the RIM Structure and 

on Polygonization in LWR Fuel 
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1 ggg Winter Meeting of the American Nuclear Society 

November 1418,1999 Long Beach, CA (USA) 

Report & Special Publications 

losilevski I., Hyland G., Ronchi C, Yakub E. 

An Advanced Equation of State of U02 up to the Critical 

Point 

ProceedingsTransactionsVol.81 (1999) 122124 

3. European ALARA Network Workshop 

November 1518,1999 München (Germany) 

Wagner W. 

ALARA in Fuel Element Production 

EU document: Radiation Protection Series 

25. Annual Conference SNE 

November 1719,1999 Granada (Spain) 

BabelotJ.F., Chauvin N. 

Joint CEA/ITU synthesis report on the experiment 

SUPERFACT 1 

Technical Note TN99/03 

Magill J. 

Nuclides 2000. An Electronic Chart of the Nuclides on 

Compact Disc 

EUR 18737 EN (1999),ISBN 9282865126 

Schenkel R.; Richter J.; Magill J., Pel D. 

Annual Report 98  Institute for Transuranium Elements 

EUR 18715EN (1999), ISBN 9282865890 

Cobos J., Giménez J., Glatz J.P., Matzke Hj., Casas I., De Pablo J. 

Development of Flow through Reactors to Study the 

Dissolution Rates of the U0 2 and Irradiated Fuel 

Fernandez Α., Somers J., Haas D„ Konings R.J.M., Boucharat N. 

Transmutation and Incineration of Minor Actinides 

Haas D., Fernandez Α., Somers J., Konings R.J.M., Boucharat N., 

Charollais F., FourcaudotS., Fuchs C, Voet, R. 

Advanced Fuel and Target Fabrication 

Rondinella V.V., Matzke Hj., Wiss T., Cobos J. 

Oxidation Behaviour and Hydrogen Production of an 

Oxidic Corium Melt in Contact with Water 
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Collaborations with External Organizations 

ARGENTINA 

BrazilianArgentine Agency for Accounting and Control 

of Nuclear Materials (ABACC), Rio de Janeiro: Safeguards 

(E. Palacio,C.Feu Alvim,O.Mafra Guidicini) 

Centro Atómico Bariloche: Simfuel mechanical properties, 

Pu sorption on rocks (A.M. Bevilacqua) 

CNEA Buenos Aires: Diffusion in solids (F. Dyment) 

ARMENIA 

Armenian Nuclear Regulatory Authority, Yerevan: 

TRANSURANUS fuel pin code development (A. Martiros

sian) 

AUSTRIA 

International Atomic Energy Agency (IAEA), Vienna: 

Evaluation and automation of techniques for safeguards 

analysis (K. Lessmon); Division of Safeguards Directorate: 

Environmental analysis (E. Kuhn); Seibersdorf Analytical 

Laboratory (SAL): Cooperative Support Programme (Y. Kuno); 

Division of Nuclear Fuel Cycle and Waste Management: 

TRANSURANUS fuel pin code development (M.Samiei) 

Technical University of Vienna: Resistivity of alloys and 

highpressure effects (E.Gratz) 

BELGIUM 

Belgonucléaire: Ariane project: Inventory of high burnup 

U02 and MOX fuel (M. Lippens); Post irradiation examina

tions (S. Pilate, Y. Vanderborck, M. Lippens, J. Basselier); 

Measurements of thermal conductivity of high burnup 

MOX fuel (GERONIMO) (M. Lippens) 

SCKCEN, Mol: Doping of U0 2 films (S. van der Berghe); Mox 

programme (M.Verwerft, P. d'Hondt) 

University Hospital Gent, Clinic for Radiotherapy and 

Nuclear Medicine: αimmunotherapy (F. Offner) 

University of Leuven: Xeimplantation (H. Pattyn) 

University of Liège: Single crystal growth, Xray diffraction, 

and analysis (J.F. Desreux, L.Martinot,M.R.Spirlet) 

University of Namur, Laboratoire Interdisciplinaire de 

Spectroscopie Electronique: Surface spectroscopy and 

electrochemistry (R. Caudano, J. Riga) 

Virga Jesse Clinik, Hasselt: αimmunotherapy (D.Vanstra

elen) 

BRASIL 

BrazilianArgentine Agency for Accounting and Control 

of Nuclear Materials (ABACC), Rio de Janeiro: Safeguards 

(E.Palacio,C. Feu Alvim,O.Mafra Guidicini) 

BULGARIA 

Committee on the Use of Atomic Energy for Peaceful 

Purposes, Sofia: TRANSURANUS fuel pin code develop

ment (P. Ardenska); Illicit trafficking; FONSAFE (N.Todorov) 

Institute of Nuclear Research and Nuclear Energy, 

Bulgarian Academy of Science, Sofia: Fuel rod modelling 

and performance, FERONIA (D. Elenkov); Illicit trafficking, 

FONSAFE (A. Strezov) 

CANADA 

AECL Chalk River: Gas release, SIMFUEL production and 

property studies, oxygen potential of U02 fuel (R.Verrall); 

behaviour of Rb and Cs in SIMFUEL (W. Hocking), 

University of Kingston: Inert matrices (P.G. Lucuta) 

CZECH REPUBLIC 

Nuclear Research Institute Rez pic, Rez: TRANSURANUS 

fuel pin code development (F. Pazdera); 

Central Analytical Laboratory: Illicit trafficking, FONSAFE 

(F.Sus) 

State Office for Nuclear Safety, Prague: TRANSURANUS 

fuel pin code development (P. Krs); Illicit trafficking, FON

SAFE (LBartak) 

University of Prague: Magnetic and electrical measure

ments (V. Sechovsky, L Havela, P. Jaworsky); Gas release 

measurements (V. Balek) 

DENMARK 

Risø National Laboratory: Neutron scattering (B. Lebech) 

FINLAND 

STUK: Finnish Centre for Radiation and Nuclear Safety: 

Illicit trafficking, FONSAFE (E.: Kainulainen) 

VTT Energy Aerosol Technology: shared cost actions 

'Revaporisation of Phebus PF samples' (J. lokiniemi, 

A. Auvinen); Spent fuel source term (K.Oilila) 
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FRANCE 

Commissariat à l'Énergie Atomique (CEA) 

CEA, Cadarache: Transmutation of actinides  irradiation 

experiments: DNR (Ch. Bonnet, J.L. Faugère, S. Piilon, 

J.C. Garnier, D. Warin, A. Languille, J. Rouault, M. Salvatores); 

PHEBUS PF programme, Th0 2 tube production (R. Zeyen); 

Bundle post irradiation examinations and sample posttest 

analysis (M. Schwartz, R. Zeyen); Melting point of PHEBUS pf 

corium (M.Schwartz); Examination of FP deposits of PHEBUS 

PF by mass spectrometry (M. Schwartz); Inert matrices 

(M. Beauvy and N. Chauvin); shared cost action 'Corium 

Interaction Thermochemistry' (B. Adroguer, M. Barrachin); 

Thermophysical measurements on ECRIX material 

'MgOAm02 '(T.AIbiol,YCroixmarie) 

CEA, Marcoule: Partitioning of actinides, DIAMEX process 

(C. Madie); Characterization of transuranium cyanocom

plexes (D. Meyer, C. den Auwer); behaviour of He in waste 

glasses (D.Ghaleb) 

CEN, Grenoble: Neutron diffraction, magnetic studies; trans

port properties and Mössbauer studies (P. Burlet, 

N. Bernhoeft, J.P. Sanchez, D. Braithwaite and F. Bourdarot) 

CEA Palaiseau: Radiation Damage (A. Dunlop) 

CEN, Saclav: Neutron diffraction (J.M. Mignot, B. Hennion); 

Postirradiation examinations (J.I. Blanc, F. Couvreur) 

CERCA, Romans: MTR fuel development (J.P. Durand, 

B.Lelievre) 

CNRS, Lab. de Cristallographie,Grenoble: Crystallography 

of phase transitions (J.C. Marmeggi); Orsay: Basic studies on 

spent U02 fuel (J.C. Dran); ARAMIS accelerator, radiation 

damage, ion implantation (L.Thomé) 

COGEMA, La Hague: Laboratoire sur Site (G. Decobert) 

Velizy: Branche Retraitement et Combustible: Development 

of MOX fuels (J. Nigon, J.L. Guillet, Mme M.Trotabas) 

Électricité de France (EDF) 

Septen, Villeurbanne: Transmutation of actinides 

(G.Vambenepe); Div. Recherche, Paris: RIM effect (M. Baron); 

Chemical and mechanical interactions fuel/cladding (ther

mal reactor) and determination of mechanical properties of 

irradiated U02 (M. Baron) 

ESRF,Grenoble:Synchrotron studies on actinides (C.Vettier, 

G.Grübel, P. Carra) 

FRAMATOME, Nuclear Fuel Division, Lyon: Postirradia

tion examinations (P. Blanpain, E.Van Schel, O. Gentil) 

Grand accélérateur National d'ions Lourds, GAÑIL, 

Caen: Radiation damage in inert matrices) 

(M.Toulemonde) 

ILL, Grenoble: Polarized neutron diffraction and neutron in

elastic scattering (PJ. Brown, A. Hiess) 

Institut National de la Santé et de la Recherche Médicale 

(INSERM), Nantes: αimmunotherapy by Bi213 (J.F. Chatal) 

OECD Nuclear Energy Agency, AENNEA, Paris: Database 

on fuel performance (E. Sartori) 

SICN, VeureyVoroize: automated bismuth213 generator 

(Mr. Huguet) 

Subatech, Ecole des Mines, Nantes: production of Ac225 

(H.Gutbrod) 

GERMANY 

Bundesministerium für Umwelt, Naturschutz, und 

Reaktorsicherheit: Vagabonding nuclear material 

(J. B. Fechner);Treatment of nuclear fuels (H. Dumpich); 

Bundesministerium für Bildung und Forschung: 

Environmental sampling (H.Remagen) 

Deutsches Krebsforschungszentrum, Biophysik und 

Medizinische Strahlenphysik, Heidelberg: 

αimmunotherapy (G.van Kaick) 

Forschungszentrum Jülich, Institut für 

Festkörperforschung: spin dynamics in U02 (U. Köbler) 

Forschungszentrum Karlsruhe (FZK) 

Hauptabteilung Zyklotron (HZY): production of Ac225 

(H.Schweikert) 

Institut für Nukleare Entsorgung (INE): shared cost action: 

Spent fuel source term (T. Fanghaenel) 

Institut für Nukleare Festkörperphysik (INFP): Radiation 

damage studies, RBS analyses,channeling, ion implantation 

(R. Fromknecht, G. Linker) 

Institut fürTechnische Chemie (ITC): Susceptibility and crystal 

preparation (B. Kanellakopulos) 

Projekt Nukleare Sicherheitsforschung fPSFJ: Irradiation exper

iment CAPRATRABANT (G. Heusener) 

Technologie Transfer: KEIM initiative (J.Wüst) 

HahnMeitnerInstitut (HMI), Berlin: Highenergy ion im

plantation (S. Klaumünzer) 

Heinrich Hein Universität Düsseldorf: Klinik für 

Hematologie, Onkologie und klinische Immunologie: 

αimmunotherapy (R. Haas) 

MaxPlanck Research Group 'Theory of Complex and 

Correlated Systems', Dresden: Theory of the Kerreffect 

(P.M.Oppeneer) 

Siemens/KWU, Erlangen: Postirradiation fuel rod exami

nation (R. Manzel) 

Technische Hochschule Darmstadt; Theory of actinides 

(L.Sandratskii) 

Technischer Überwachungsverein Bayern e.V., München: 

TRANSURANUS fuel pin code development (G. Sauer) 

I 
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Technischer Überwachungsverein Hannover/Sachsen

Anhalt e.V.: TRANSURANUS fuel pin code development 

(H.Märtens,D.Bour) 

Technischer Überwachungsverein Norddeutschland 

e.V., Hamburg: TRANSURANUS fuel pin code development 

(J.F.Schriek) 

Technischer Überwachungsverein Südwest e .V., 

Mannheim: TRANSURANUS fuel pin code development 

(I.Brestrich) 

Technische Universität München: Mössbauer and pSR 

studies (M.Kalvius,W.Potzel,L Asch) 

Nuklearmedizinische Klinik und Poliklinik der TU München: 

αimmunotherapy (R. SenekowitschSchmidtke) 

Universität Göttingen, Zentrum Radiologie: 

αimmunotherapy (T.M. Behr,W. Becker) 

Universität Heidelberg, Medizinische Klinik und 

Poliklinik V, Heidelberg: αimmunotherapy (G.Egerer) 

Universität Mainz, Institut für Kernchemie: Analytical 

techniques for particle characterization (J.V. Kratz) 

Universität MünchenGarching: 

Highenergy ion implantation (W.Assmann) 

HUNGARY 

Hungarian Academy of Sciences, Institute of Isotopes, 

Budapest: Forensic nuclear analysis for safeguards (J. Safar) 

KFKI Atomic Energy Research Institute, Budapest: 

TRANSURANUS fuel pin code development (S. Elo) 

Hungarian Atomic Energy Commission, Budapest: 

TRANSURANUS fuel pin code development (M.Gado), Illicit 

trafficking, FONSAFE (I.Czoch) 

ISRAEL 

Technion, Haifa: Waste glass studies ( Y. Eyal) 

ITALY 

Centro Ceramico Bologna: Leaching studies, Indentation 

techniques (L. Esposito) 

Centro Legnaro/Padova: RBS, Ion implantation, Hanalysis 

on leached waste matrices (G. Delia Mea, V Rigato) 

ENEA: Partitioning and Transmutation, Accelerator Driven 

Systems (G. Gherardi) 

TGW: Technical Working Group on accelerator driven sys

tems (ADS) (C. Rubbia) 

University of Ancona: Neutron and bulk magnetization 

studies (R. Caciuffo) 

University of Aquila, Physics Department: Theory of opti

cal properties (P. Monachesi) 

University of Bologna, Ravenna, Environmental Science: 

Measurements of environmental radioactivity (Prof. Bruzzi) 

University of Padova: Analysis of glass surfaces 

(P.Mazzoldi) 

University of Pisa, Chemistry Department: Instrumental 

analytical techniques for traces analysis (R. Fuoco) 

University of Parma, Physics Department: Theory of 

oxides (G. Amoretti) 

JAPAN 

Central Research Institute of Electricity Producing 

Industries (CRIEPI), Tokyo: Preparation and characteriza

tion of minor actinide alloys (T. Inoue); Pyroreprocessing 

studies (T. lnoue,T. Koyama); Spent fuel characterization for 

interim dry storage (T. Matsumura), Rim effect studies (M. 

Kinoshita), Measurements of thermal conductivity of irradi

ated fuel up to high burnup (M. Kinoshita) 

JAERI,Tokai Mura: Radiation damage in oxide fuels (K. 

Fukuda) 

Nuclear Material Control Center, Tokai: Safeguards 

(T.Tsujino) 

Tohoku University, Inst, for Materials Research, Sendai, 

Japan: Reduction of Np metal, solid states physics 

(Y. Shiokawa) 

Tokohu University, Sendai, Japan: Studies of heavy fermi

on uranium compounds (N.Sato,T. Komatsubara,Y. Endoh) 

KOREA 

Korean Atomic Energy Research Institute (KAERI): PIE of high 

burnup fuels (W.H. Kim) 

THE NETHERLANDS 

Interfaculty Reactor Institute, Delft: Gas release (A. van 

Veen);Neutronics of thin fissile layers (H.van Dam) 

Mallinckrodt, Medical bv, Petten: αimmunotherapy 

(G.Ensing): 

NRG, Petten: Transmutation of fission products (H.U.Staal, 

R.Schram) 

NORWAY 

OECD Halden Reactor Project: High Burnup Rim Effect 

irradiation (E.Kolstad) 
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POLAND 

Institute of Atomic Energy, Otwock/Swierk: 

TRANSURANUS fuel pin code development (M. Szuta) 

Institute for Low Temperature and Structure Research, 

Warsaw: Bulk properties and neutron scattering (R. Troc, 

W. Suski, D. Kaczorowski) 

PORTUGAL 

Instituto Tecnológico e Nuclear (ITN), Sacavém: Physical 

chemistry of actinides (A. Pires de Matos, M. Almeida, 

J.C.Warenborgh) 

University of Coimbra: Neutron and Xray studies 

(J.A. Paixão) 

ROMANIA 

Institute for Nuclear Research, Nuclear Fuel Perfor

mance Analysis, Pitetsi: TRANSURANUS fuel pin code de

velopment (G. Horhoianu) 

RUSSIA 

Academy of Sciences, IVTAN, Moscow: Equation of urani

um dioxide (I. losiliewski); Studies on highmelting materials 

(V. Fortov) 

All Russia Research Institute of Inorganic Materials 

(A.A. Bochvar Institute), Moscow: Setting up of three 

laboratories for safeguards, metrology, nuclear forensics 

(A.Petrov) 

ENIL, Moscow:Thermophysical properties of high tempera

tures (E.Volkov)) 

Flerov Laboratory, Dubna: Radiation damage in ceramics 

(V.A.Skuratov) 

GOSATOMNADZOR; Moscow: Nuclear Safeguards 

(A. Dimitriev) 

High Temperature Institute, Moscow: Thermodynamic 

database (V.Yungman, L.Gorokhov) 

Institute of Chemical Physics, Chernogolowka: Critical 

Point of U02 (V Gryaznov) 

MINATOM, Moscow: Nuclear Safeguards (N. Redin) 

Nuclear Power Plant, Leningrad: PIE, non destructive 

examinations (V.C.Shevchenko) 

Nuclear 

SLOVAK REPUBLIC 

Nuclear Power Plant Research Institute,Trnava: 

TRANSURANUS fuel pin code development (M.Cvan) 

SOUTH AFRICA 

University of Witwatersrand, Johannesburg: 

Transport measurements (P. du Plessis) 

SPAIN 

Ministerio de Industria y Energia, CIEMAT, Instituto de 

Technologica Nuclear, Madrid, 

TRANSURANUS fuel pin code development (J. Lopez 

Jimenez) 

ENRESA: Waste management, leaching tests (J.A. Esteban

Hernández) 

SWEDEN 

SKB: Spent fuel disposal (K. Spahiu) 

University of Uppsala: Solid state theory of actinides 

(B.Johansson, O.Eriksson) 

SWITZERLAND 

ΕΤΗ,Zürich: Single crystal growth, magnetic, optical and 

transport properties, preparation of U and Th compounds 

(O.Vogt, P. Wachter, Κ. Mattenberger) 

Katonsspital Basel, Institut für Nuklearmedizin, 

αimmunotherapy (H.R. Mäcke) 

PaulScherrerInstitut, Villigen TRANSURANUS fuel pin 

code development (C. Hellwig); Postirradiation structural 

investigations by electron microscopy, PHEBUS PF FPT1 

bundle post irradiation examination (D. Gavillet); Inert ma

trix studies (M. Burghartz) 

UKRAINE 

Ministry for environmental protection and nuclear 

safety of Ukraine: 

Illicit trafficking, FONSAFE (A. Smyshliaiev) 

State Scientific and Technical Centre on Nuclear and 

Radiation Safety, Kyiv:TRANSURANUS fuel pin code devel

opment (M.Yeremenko) 

University of Odessa: Liquid state models (E.Yakub) 

UNITED KINGDOM 

AE A Technology, Winfrith: shared cost action'Revaporisa

tion effects of PHEBUS samples (B. Bowsher) 

Birkbeck College: neutron and magnetization studies 

(K. McEwen) 

BNFL, Sellafield: Onsite laboratory (R. Strong, J. Reed); PIE 

examination of MOX spent fuel (S. Fisher); Melting point of 

irradiated MOX (S. Fisher); Fuel fabrication (J. Edwards, 

C. Brown) 

BFNL Eng. Department, Risley: Laboratory infrastructure 

(R.Johnson) 

NNC, Risley: Engineering design support (B. Rowney) 

NCC, Workington: QA consultancy (W.G. Smith) 

Rutherford Appleton Laboratory, Chilton: 

Neutron Synchrotron studies (N. Bull,S. Langridge) 
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University of Bristol, Interface Analysis Centre: Surface 

corrosion (G.Allen) 

University of Glasgow, Dept. of Physics and Astrono

my/Rutherford Appleton Laboratory: Laser induced fis

sion (K.W.D. Ledingham) 

University of Liverpool: Xray and neutron scattering 

(W.G.Stirling) 

University of Oxford: Preparation of multilayers (M.Wells, 

R.Ward); U0 2 surface properties (A. Castel I, C. Muggelberg) 

University of Warwick: Compton scattering (MJ. Cooper); 

Equation of state of irradiated fuel (G. Hyland); Radiative 

properties at high temperatures (G. Hyland) 

UNITED STATES OF AMERICA 

Argonne National Laboratory, IL: Neutron scattering and 

Xray arbsorption spectroscopy (L. Söderholm) 

Batteile Pacific Nothwest Laboratories, Richland, WA: 

Irradiation damage studies (W.Weber) 

Brookhaven National Laboratory, NY: 

Highresolution and magnetic Xray scattering (D. Gibbs) 

Colorado State University, Fort Collins, CO: Studies of 

oxides (S.Kern) 

Eichrom Industries, Inc. Actinium225 production 

(M.J.Gula) 

Lawrence Berkeley National Laboratory,CA: Synchrotron 

studies of actinide surfaces and thin films (D. Shuh) 

Lawrence Livermore National Laboratory, CA: Forensic 

nuclear analysis (S. Niemeyer) 

Los Alamos National Laboratory, NM: Materials prepara

tion and photoemission (B. Cort, A.J. Arko, A. Lawson); 

Radiation damage in ceramics (K. Sickafus) 

Memorial Sloan Kettering Cancer Center, New York, NY: 

αimmunotherapy by Bi213 (D.A.Scheinberg) 

National Institute of Health, Bethesda, MD: 

αimmunotherapy by Bi213 (M.W. Brechbiel) 

Oak Ridge National Laboratory, TN: Material preparation, 

high pressure Xray and optical studies (R.G. Haire, 

J.R. Peterson); Radiation damage in ceramics (S.J. Zinkle) 

Rennsselaer Polytechnic Institute, Gaerttner Lab. 

Actininium225 production (G. Xu) 

University of Maryland, Baltimore, MD: Studies of sur

faces (G.Watson) 

University of of Michigan, Ann Arbor, Ml: High resolution 

TEM, radiation damage (R. Ewing, L.M.Wang) 

University of WestVirginia, Morgantown, WV: Actinide 

theory (B.R.Cooper) 

UZBEKISTAN 

Physical Technical Institute, Tashkent: Radiative 

properties of U0 2 at high temperatures (T.Salikhov) 
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Annex III 

A The Institute in Overview 

ITU'S Programme 

U. Huber,W. Janssens 

Β  Activities in Progress 

1. Alphalmmunotherapy 

L KOCH, C. Apostolidis, W. Janssens, R. Molinet, T. Nikula 

Highlights 

F. Wastin, J. Rebizant, G. Lander (H1 ); S. Heathman (H2); 

J.Magill (H3);C. Ronchi, J.P.Hiernaut (H4); J.Spino, 

D. Papaioannou (H5); B.Sätmark,0.Courson, J.P.Glatz, 

R. Malmbeck (H6); V.V. Rondinella, Hj. Matzke, T. Wiss, 

J.CobosSabaté,M.Wallenius (H7); Κ. Mayer (H8);I.Ray, 

A.Schubert,K.Mayer,L.Koch (H9) 

Review Article 

L Koch, J.P. Glatz, R.J.M. Konings, J. Magill 

Input & Output 

W. Janssens, J.F. Babelot, J. Richter, U. Huber 

2. Basic Actinide Research 

G.H. LANDER, A.Bombardi, M.S.S. Brooks, 

S. Coad, E. Colineau, T. Gouder, J.C. Griveau, S. Heathman, 

V Ichas, D. Kolberg, Κ. Litfin, D. Mannix, A. MartínMartín, 

J. Rebizant, F. Wastin, 

Hj. MATZKE, M. Cheindlin, J.P. Hiernaut, C. Ronchi 

3. Safety of Nuclear Fuels 

J.P.GLATZ, D.W. Bottomley, S. Brémier, D. Papaioannou, 

J.Spino,A.D.Stalios, E.Toscano, C.T. Walker, D.H.Wegen, 

D. HAAS, F. Charollais, R. Konings, J. Somers, 

Hj. MATZKE, M. Cheindlin, K. Laßmann, M. Musella, I. Ray, 

C. Ronchi, V.V. Rondinella,T. Wiss 

4. Partitioning and Transmutation 

J.P. GLATZ, O. Courson, M.Ougier, R. Malmbeck, B. Sätmark, 

A. D. Stalios, C.T.Walker, D.H.Wegen, 

D. HAAS, N. Boucharat, 

A. Fernandez, R. Konings, J. Somers, 

Hj. MATZKE, T.Wiss 

5. Measurement of Radioactivity in the Environment 

L. KOCH, M. Betti, L. Aldave, 0. ActisDato, D. Solatie, Ν. 

Erdmann 

6. Spent Fuel Characterization in View of Long Term 

Storage 

J.P. GLATZ, D. Papaioannou, D.H.Wegen, Β. Sätmark, 

Hj. MATZKE, J.CobosSabaté, V.V. Rondinella,T. Wiss 

7. Safeguards Research and Development 

L. KOCH, J.M. Barrero, M. Betti, F. Bocci, P. Daures, P. Carbol, 

N. Erdmann, K. Mayer, H.Ottmar, H.G. Schneider, 

A. Schubert, O. Stetzer, G.Tamborim 
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Glossary, Acronyms and Abbreviations 

ABACC: Agência BrasileiroArgentina de Contabilização e 

Controlo dos Materiais Nucleares 

ArgentinianBrazilian Agency for Accounting and Control of 

Nuclear Material 

ACTINEAU: Incinération des actinides dans les réacteurs à 

eau 

ADS: Accelerator driven systems 

ALI: Annual limits of intake (of radioactive substances) 

ANS: American Nuclear Society 

a/o: (at.%) atomic percent 

BNFL: British Nuclear Fuel pic, Springfields 

(United Kingdom) 

BOC: tbutyloxycarbonyl 

BOL: Beginning of jife (of a fuel pin) 

BSE: Backscattered electron 

BTP: propylbistriazinylpyridine 

BWR: Boiling water reactor 

CAPRA: Consommation accrue de plutonium dans les 

(réacteurs) rapides 

CEA: Commissariat à l'Énergie Atomique (France) 

CEN: Centre d'Études Nucléaires 

CERN: Conseil Européen pour la Recherche Nucléaire, 

Geneva, Switzerland 

CIT: Çorium interaction thermochemistry 

COGEMA: Compagnie générale des matériaux nucléaires, 

Vélizy (France) 

COMPUCEA: Combined producturanium concentration 

and enrichment assay 

CORDIS: Community research and development informa

tion service, Luxembourg 

CRIEPI: Central Research Institute of the Electric Power 

industry,Tokyo (Japan) 

DAC: Diamond anvil cell 

DESY: Deutsches ElektronenSynchrotron, Hamburg 

(Germany) 

DIAMEX: Diamide extraction process 

DIDPA: diisodecyl phosphoric acid 

DIN: Deutsche Industrienorm; Deutsches Institut für 

Normung 

DMDBTDMA: Dimethyldibutyltetradecylmethylen

diamide 

DOTA: 1,4,7,10tetraazacyclododecane1,4,7,10tetraacetic 

acid 

DOVITA: Dry reprocessing, oxide fuels, yibropac, integral, 

transmutation of actinides 

DQS: Deutsche Gesellschaft zur Zertifizierung von 

Qualitätssicherungssystemen 

Deutsche Gesellschaft zur Zertifizierung von 

Managementsystemen mbH 

DSIN: Direction de la Sûreté des installations Nucléaires 

(France) 

DTPA: diethylenetriaminepentaacetic acid 

EAEC: European Atomic Energy Commission 

EBR: Experimental breeder reactor, Argonne National 

Laboratory (USA) 

ECN: Energie Centrum Nederland, Petten (Netherlands) 

ECSAM: European Commission's safeguards analytical 

measurements 

EDAX: Energydispersive analysis with Xrays 

EDF: Électricité de France 

EDX: Energydispersive Xray analysis 

EFQM: European Foundation for Quality Management 

EFTTRA: Experimental feasibility for targets and transmuta

tion 

EIS: Electrochemical impedance spectroscopy 

EMPA: Electron micropjobe analysis (also ΕΡΜΑ) 

EOL: Endoflife (of a fuel pin) 

EOS: Equation of state 

ΕΡΜΑ: Electron probe microanalysis (also EMPA) 

ESARDA: European safeguard research and development 

association 

ESD: European Safeguards Directorate, Luxembourg 

ESO: Euratom Safeguards Office 

ESRF: European Synchrotron Radiation Facility, Grenoble 

(France) 

ΕΤΗ: Eidgenössische Technische Hochschule, Zürich 

(Switzerland) 

EURATOM: European Atomic Energy Community 

EXAFS: Extended Xray absorption fine structure 

FACT: Formation of actinides 

FBR: Fast breeder reactor 

FCCI: Fuel clad chemical interaction 

FCMI: Fuel Clad Mechanical Interaction 

FERONIA: fuel rod modelling and performance project 

FNR: East neutron reactor 

FONSAFE: Forensic nuclear analysis for safeguards 

FP: Fission products 
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Annex IV 

FWP: Framework programme 
FZK: Forschungszentrum Karlsruhe (Germany) 

GDMS: Glow discharge mass spectrometry (spectrometer) 
GSP: Gel supported precipitation 
GWd/tM: Gigawatt-day per (metric) ton metal 
GWd/tU: Gigawatt-day per (metric) ton uranium (metal) 

HASYLAB: Hamburger Synchrotronstrahlungslabor 
(Germany) 
HBRP: High burnup rim project 
HEHA: 1,4,7,10,13,16-hexacarboxylmethyl-1,4,7,10,13,16-
hexaazacyclooctadecane 
HFR: High flux reactor, Petten (Netherlands) 
HLW: High level waste 
HLLW: High ievel liquid waste 
HPTA: High performance trace analysis 

IAEA: international Atomic Energy Agency,Vienna (Austria) 
IC-ICP-MS: ion chromatography inductively coupled plas
ma mass spectrometry 
IDA: isotope dilution analysis 
IDMS: isotope dilution rnass spectrometry 
ILL: Institut Max von Laue - Paul Langevin,Grenoble (France) 
IMF: Institut für Materialforschung, FZK (Germany) 
INE: Institut für Nukleare Entsorgungstechnik, FZK 
(Germany) 
INR: Institut für Neutronenphysik und Reaktortechnik, FZK 
(Germany) 
INRAM: Infiltration of radioactive materials 
INRNE: institute for Nuclear Research and Nuclear Energy, 
Bulgarian Academy of Science 
INSERM: Institut National de la Santé et de la Recherche 
Médicale 
INSTN: institut National des Sciences et Techniques 
Nucléaires, La Hague (France) 
INTAS: International Association for the promotion of 
Cooperation with Scientists 
from the Independent States of the former Soviet Union 
IPSN: institut de Protection et de Sûreté Nucléaire, 
Cadarache (France) 
ISO:international Organisation for Standardisation 
ISTC:international Science and Technology Center, Moscow 
(Russia) 
ITU: institute for Transuranium Elements, Karlsruhe 
(Germany) 
ITN: Instituto Tecnológico e Nuclear, Savacem (Portugal) 
ITWG: international technical working group on nuclear 
smuggling 

IVTAN: Institute for High Temperature Physics, Moscow 
(Russia) 

JAERI: Japan Atomic Energy Research Institute (Japan) 
JEF: Joint evaluated file, decay library, NEA-OECD, Paris 
JRC: Joint Research Centre, European Commission 

KAERI: Korea Atomic Energy Research institute, (Republic of 
Korea) 
KEDG: K-edge densitometer 
KNK II: Kompakte Natriumgekühlte Kernreaktoranlage 
(Germany) 
KWU: Kraftwerk-Union AG, Germany 

LET: Linear-energy-transfer 
LLB: Laboratoire Léon Brillouin, Gif-sur-Yvette, CEA-Saclay 
(France) 
LLFP: Long-Nved fission products 
LMR: Liquid metal reactor 
LSS: Laboratoire sur site, La Hague (France) 
LWR: Light water reactor 

MA: minor actinides (Np, Am, Cm) 
MIMAS: Micronized master blend 
MOX: Mixed oxide fuel of uranium and plutonium 
MS: Mass spectrometer (Mass Spectrometry) 
MSKCC: Memorial Sloan Kettering Cancer Center, New York 
(USA) 
MTC: Medullary thyroid carcinoma 
MTD: Maximum tolerated dose 
MWd/kgM: Megawatt day per kg of (heavy) metal 
MWd/kgU: Megawatt day per kg of uranium 

NDA: No n-destructive assay (analysis) 
NDT: Non-destructive testing 
NEA: Nuclear Energy Agency, OECD, Paris (France) 
NILOC: Nitride fuel with low oxygen and carbon content (ir
radiation experiment) 
NIMPHE:Njtrures mixtes dans Phénix à joint helium 
NNC: National Nuclear Corporation, Ltd. Risley (U.K.) 
NRI-CAL: Nuclear Regulatory Institute Rez near Prague, 
Central Analytical Laboratory 
NSLS: National Synchrotron Light Source, Brookhaven, NY 
(USA) 

OECD: Organization for Economic Cooperation and 
Development, Paris (France) 
ORACLE: Relational database program 

I 
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Annex IV 

ORIGEN:The Oak Ridge National Library-Isotope 
Generation and Depletion Code 
ORNL: Oak Ridge National Laboratory, Oak RidgeJN (USA) 
OSL: On-site laboratory 
OSPAR:joint meeting of the Oslo and Paris Commissions 

PCI: Pellet clad interaction 
PDF: Portable document format 
PHARE: Pologne-Hongrie: Aide à la Reconstruction 
Économique 
PHEBUS: French test reactor, Cadarache (France) 
PHEBUS-FP: Programme to study fission product release 
and their distribution in the primary circuit 
PHENIX: French prototype fast reactor 
PIE: Post-irradiation examination 
PIMPOM: Plutonium inert matrix in the POMPEI device 
PNCC: Passive neutron-coincidence counting 
PSI: Paul Scherrer institut, Würenlingen, (Switzerland) 
PUREX: Plutonium and uranium recovery by extraction 
PWR: Pressurized water reactor 

QM: Quality Management 

RBMK: Reactor Bolshoi Moshchnosti Kanalnyi (high-power 
channel, graphite moderated, reactor (Russia) 
RIAR: Research Institute of Atomic Reactors, Dimitrovgrad 
(Russia) 
RKKY: Rutterman, Kittel, Kasuya,_Yoshida interaction 
RXMS: Resonant X-ray magnetic scattering 

SANEX: Selective actinides(lll) extraction 
SBR: Short binderless route 
SCA: Shared cost action 
SCK-CEN: Studiecentrum voor Kernenergie -Centre d'Etude 
de l'Energie Nucleaire,Mol (Belgium 
SEM: Scanning electron microscopy 
SGN: Société Générale pour les Techniques Nouvelles, 
(France) 
SIMFUEL: Simulated high burnup fuel (with major non-
volatile fission products) 

SIMS: Secondary ion mass spectrometry 
SOLMAS: Sol gel master blend 
SONS: State Office for Nuclear Safety,Czech Republic 
SQUID: Superconducting quantum interference device 
SUBATECH: Laboratoire de physique subatomique et de 
technologies associés, Nantes (France) 

SUPERFACT: minor actinide irradiation in Phénix (France) 
TACIS: Technical Assistance to the Commonwealth of 
independent States 
TEM: Transmission electron microscopy 
THORP: Thermal oxide reprocessing plant, Sellafield (U.K.) 
TIMS: Thermal ionization mass spectrometry 
TOPO: Trioctyl ßhosphine oxide 
TRABANT: Transmutation and burning of actinides in TRIOX 
TRANSURANUS: Fuel behaviour code (ITU), Karlsruhe 
(Germany) 
TRIOX: HFR irradiation capsule, Petten (The Netherlands) 
TRPO: Trialkyl phospine oxide 
TRU: Transuranic waste 
TRUEX: Aqueous process for transuranium extraction 
TUAR: Institute for Transuranium Elements annual report, 
Karlsruhe (Germany) 

UREX: Uranium extraction 

VNIINM: All-Russia Research Institute of Inorganic Materials, 
Moscow (Russia) 
v /o : (vol %) volume percent 
WER: (also WWER) Voda-Vodyanoi Energetichesky Reaktor 
Pressurized Water Reactor (PWR) built by Russia 

w /o : (wt %) weight percent 
WWER: (also WER) Pressurized water reactor (PWR) built by 
Russia 

XMCD: X-ray magnetic circular dichroism 
XPS: X-ray induced photoelectron emission spectroscopy 
XRD: X-ray diffraction 
XRF: X-ray fluorescence analysis 
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Previous Annual Reports 

AnnexV 

TUSR Period COM Nr. EUR-Nr. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

Jan 
Jul-
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul -
Jan 
Jul-

- Jun 1966 
Dec 1966 
-Jun 1967 
Dec 1967 
-Jun 1968 
Dec 1968 
-Jun 1969 
Dec 1969 
-Jun 1970 
Dec 1970 
-Jun 1971 
Dec 1971 
-Jun 1972 
Dec 1972 
-Jun 1973 
Dec 1973 
-Jun 1974 
Dec 1974 
-Jun 1975 
Dec 1975 
-Jun 1976 
Dec 1976 
-Jun 1977 
Dec 1977 
-Jun 1978 
Dec 1978 
-Jun 1979 
Dec 1979 
-Jun 1980 
Dec 1980 
-Jun 1981 
Dec 1981 
-Jun 1982 
Dec 1982 
-Jun 1983 
Dec 1983 
-Jun 1984 
Dec 1984 
-Jun 1985 
Dec 1985 

1580 
1522 
1745 
2007 
2172 
2300 
2434 
2576 
2664 
2750 
2833 
2874 
2939 
3014 
3050 
3115 
3161 
3204 
3241 
3289 
3358 
3384 
3438 
3484 
3526 
3582 
3657 
3714 
3822 
3846 
3898 
3927 
3990 
4048 
4094 
4117 
4150 
4165 
4201 
4263 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

6475 EN 
7209 EN 
7459 EN 
7227 EN 
7483 EN 
7509 EN 
7857 EN 
8230 EN 
8447 EN 
8777 EN 
9581 EN 
10251 EN 
10266 EN 
10454 EN 
10470 EN 
11013 EN 
11835 EN 
11836 EN 

TUSR 

86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

Period 

Jan-Dec 1986 
Jan-Dec 1987 
Jan-Dec 1988 
Jan-Dec 1989 
Jan-Dec 1990 
Jan-Dec 1991 
Jan-Dec 1992 
Jan-Dec 1993 
Jan-Dec 1994 
Jan-Dec 1995 
Jan-Dec 1997 
Jan-Dec 1997 
Jan-Dec 1998 
Jan-Dec 1999 

COM Nr. 

4302 

EUR-Nr. 

12233 EN 
11783 EN 
12385 EN 
12849 EN 
13815 EN 
14493 EN 
15154 EN 
15741 EN 
16152 EN 
16368 EN 
17269 EN 
17746 EN 
18715 EN 
19054 EN 

I 
Previous Programme Progress Reports were confidential 
fora period of two years. Between 1977 and 1987 they had 
been made freely accessible after that period as EUR-
Reports (on microfiches) and since 1988 they have been 
issued as regular EUR-Reports. 
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European Commission 

EUR 19054 EN - Institute for Transuranium Elements-Annual report 1999 
Editors: R. Schenkel, J. Richter, J. Magill, D. Pel 
Luxembourg: Office for Official Publications of the European Communities 
2000- 164 pp.-21.0x29.7 cm 
Scientific and Technical Research series 
ISBN 92-828-8985-8 

Abstract 

The 1999 annual report of the Institute forTransuranium Elements (ITU) of the JRC decribes progress made during the first 
year of the 5 th Framework Programme. 

In the first part of the report, an overview of the organisational structure together with staff and budget resources is given 
together with publications and patents for the reporting period. A brief description of the institutional and competitive 
activities is given. In addition to a review article on Partitioning and Transmutation studies at ITU,a series of highlight articles 
on important progress made during 1999 are presented on: 

Growth of single crystals of mixed actinide dioxides; 

New crystal phase of americium metal; 

"Switching'On nuclear reactions: laser induced fission of uranium; 

Volatile molecule of Pu03 observed by sublimating plutonium dioxide; 

Application of the micro-X-ray diffraction technique to the rim zone in high burn-up fuels; 

Separation of minor actinides from lathanides; 

α-decay damage in U02: Long term storage behaviour in spent fuel; 
Inauguration of the"On-Site"laboratory in Sellafield; Plutonium round-robin test, 

together with a review article on Partitioning and Transmutation studies at ITU is presented. 

In the second part of the report, a more in-depth technical description of progress made in the last year is given. Topics 
covered focus on: Alpha-lmmunotherapy Studies, Basic Actinide Research, Safety of the Nuclear Fuel, Partitioning and Trans
mutation, Measurement of Radioactivitiy in the Environment, Spent Fuel Characterisation in view of Long-Term Storage, and 
Safeguards Research and Development work. 

A detailed list of publications and collaborations is given in the annex. 
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The mission of the JRC is to provide customer-driven scientific and technical support for the conception, develop
ment, implementation and monitoring of EU policies. As a service of the European Commision, the JRC functions as 
a reference centre of science and technology for the Union. Close to the policy-making process, it serves the com
mon interest of the Member States, while being independent of special interests, whether private or national. 

' EUROPEAN COMMISSION 
JOINT RESEARCH CENTRE 
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