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Abstract

Safety of Actinides in the Fuel Cycle concentrated in 1994 on the study of effects which could influence the
safety of nuclear fuel materials at extended burn-ups, under variable load conditions and extended operation
periods.

Progress was achieved by performing in parallel work on i) simulated high burn-up UO,-based fuel, so-called
SIMFUEL, ii) evaluating and modelling the large data base on post-irradiation examination of high burn-up fuel
ii1) continuing the tailormade irradiation of different UO;-based fuels to 100 000 MWD/t burn-up and iv) study-
ing radiation damage effects by using fission products with high energies in various accelerators. Emphasis in
these activities was placed on the “grain-subdivision process” producing the so-called “Rim” structure in high
burn-up UO;.

High temperature thermophysical properties of UO; were measured, analysed and critically reviewed.

The fuel performance code TRANSURANUS was further improved and applied in cooperation with an increas-
ing number of organisations and licensing bodies.

The work on partitioning of actinides from waste solutions was continued with genuine high level waste. Poten-
tial extractants were tested in centrifugal contactors. Actinides, apart from neptunium, were extracted from high
level waste with very high yields.

Preparatory work was done on fuel targets for the transmutation of minor actinides in a fast reactor. The irradia-
tion of 3 technetium samples, fabricated at ITU and of 6 iodine samples, fabricated at ECN started in 1994 in the
High Flux Reactor in Petten.

For different transmutation recycling schemes, radiation dose levels have been calculated during fabrication and
after reactor discharge. The extension of the minor actinide laboratory progressed with the development of pow-
der preparation equipment based on the sol-gel process.

Fuel behaviour under accident conditions concentrated on the delivery of ultrasonic thermometers for the PHEBUS
reactor safety project and on source term studies on radionuclide release from irradiated fuel.

Characterization of Nuclear Waste Forms continued with the characterization of the properties of nuclear
waste forms including high burn-up fuels relevant to their behaviour under irradiation or under conditions of long
term storage. Electrochemical techniques were used to investigate the dissolution and corrosion behaviour of
these materials. Electrochemical experiments were carried out on sintered UO; and single crystal UO,.

Possible high temperature reactions during a reactor accident between fuel and structural materials were exam-
ined. The results show the effect of structural materials on fuel at temperatures that are below those of the melting
points of the main components and how material interaction can create liquid mixtures at low temperatures
(1200 °C) with rapid attack on irradiated UO,.

UO; power reactor fuels irradiated to a burn-up of over 50 000 MWd/t display new aspects of the fuel chemistry.
A reaction between Cs and UO; at the cladding-fuel interface was found resulting in a modification of the fuel-
cladding mechanical interaction and thermal properties of the fuel pellet periphery.

The chemical interaction between sodium and fuels used in the Superfact experiment was analysed by means of
thermogravimetry and differential thermal analysis.

Basic Actinide Research concentrated on the preparation and characterization of actinide metals and compounds.
An improved “mineralisation” technique allowed the production of large single crystals of UsPt,Sn and UsRu,Sn
which are needed for the determination of their physical properties.

Examples of highlights can be taken from such varied topics as the study of Np diluted into the now “famous”
heavy-fermion superconductor NpPd;Alj, to the production and study of uranium overlayers on graphite, to the
use of resonant magnetic X-ray scattering to examine magnetism, to the unusual properties of NpAs under pres-
sure, and, finally, to the drawing together of many experiments (on uranium sulphide) and understanding them
with one theory.
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The Actinide Group was also involved in a large number of collaborations with outside organisations. These
collaborations take a number of forms. Some 50 samples were provided in 1994 to about 20 different organisa-
tions. Another, relatively new, venture is to create a so-called “user laboratory” in which scientists from outside
the Institute can come for short visits to perform measurements. There were about 10 such visitors last year. This
operation recognizes the increasing difficulty of working on actinides in many places, and provides a central
European laboratory for such an endeavour. New equipment (in some cases brought from other institutions) is
being added to the laboratory to increase its utility.

Under Exploratory Research work was performed in the area of aerosol agglomeration studies with ultrasonic
and infrasound waves, the study of magnetic anisotropy of rare earth-transition metal magnets, alternative fuel
cycles, partitioning of actinides from molten salt media, property studies with uranium-aluminium cermets, two
dimensional heat transfer mapping and on the feasibility of manufacturing a new high density fuel for Material
Test Reactors.

The majority of the Institute’s Scientific-Technical Support to Community Policies concerned work for the
safeguarding of fissile materials. Major progress was achieved in the preparation for the installation and opera-
tion of on-site analytical laboratories in Sellafield and Cap la Hague. New nondestructive measurement equip-
ment was tested and the internal staff training programme continued. The Institute provided scientific-technical
assistance in the area of analyses and characterization of vagabonding nuclear materials seized by Member State
authorities.

As a new activity, a laboratory for the Analysis of Radioisotope Traces for the Identification of Nuclear Activities
(ARTINA) is being established.

Under Work for Third Parties work was pursued along several lines: alpha-radioimmunotherapy, fabrication of
minor actinide bearing multi-component alloys as targets for transmutation, and the assessment of spent fuel
behaviour under interim dry storage. Major work was performed in the area of examination of commercial high
burn-up fuel and fuel cladding performance. Contract work also covered electron microscope investigations on
irradiated zircaloy cladding materials.
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Foreword
by J. van Geel, Director

The Annual Report for 1994 provides an account of the activities performed and the progress achieved in the
various scientific and technical disciplines covered by the Institute’s mission, the work schedules and the most
significant tasks performed under contracts with third parties.

From the large amount of data and results presented and from discussions and requests from our customers, the
major trends and orientation for our future work are perceived as described below.

In the area of safety of nuclear fuels, the Institute concentrates on the measurement and the modelling of thermo-
dynamic and mechanical properties of high burn-up uranium and mixed oxide fuels and their interaction with the
fuel cladding. A high portion of work performed is on request or under contract from nuclear authorities or
nuclear industry.

A further important area is the contribution of the Institute to the efforts to minimise the radiotoxicity of spent
fuel and highly active waste. The activities in this area concentrate on:

- the test of suitable partitioning and transmutation schemes, including fabrication techniques and post-irradia-
tion examinations of actinide and long-lived-fission product containing fuels. This work is performed in
close collaboration with European and other international partners

- the design, construction and operation of a minor actinide laboratory

In the area of spent fuel characterization, in view of long-term storage and final disposal the Institute continues to
concentrate its activities on the following major subjects:

- improvements of destructive and non-destructive measurement technology for the determination of impor-
tant fuel parameters like burn-up, actinide content as well as data affecting the physical integrity of spent fuel
under long-term storage conditions

- improvement of the basic understanding of the mechanisms of leaching and its kinetics
- the evolution of radiotoxicity of spent fuels and different waste forms

An essential asset for the scientific and technical vitality of the Institute remains the expertise and know-how in
basic and applied actinide research. The Institute is extending its role as the leading Actinide User Laboratory and
as a European Actinide Information Center in line with the requests and recommendations from its customers and
advisory bodies.

In the area of nuclear safeguards, the Institute concentrates the available resources on the following major tasks:

- analytical support to the Euratom Safeguards Directorate has been and will continue to be a major opera-
tional task for the Institute’s staff. A high degree of accompanying development will be needed to further
improve and robotise the applied analytical technology

- improvement and implementation of new measurement technology for nuclide trace analysis. This capability
is required for forensic analysis of seized materials from illicit trade and, even more important, for environ-
mental monitoring

The Institute for Transuranium Elements will continue to adjust its activities to the changing requirements, in line
and in collaboration with its European and international partners and customers from authorities, industry and
research organisations. It will thus continue to provide major and highly relevant contributions to the improve-
ment of the safety of the nuclear fuel cycle.
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Executive Summary

Introduction

The major task of the Institute in 1994 was the execution of the European Commission’s third framework pro-
gramme in its last year.

The most important area of activity was the specific research programme, now called institutional research,
which accounted in 1994 for about 58% of the Institute’s resources. The activities covered predominantly safety
of actinides in the nuclear fuel cycle, fuel behaviour under accident conditions, characterization of nuclear waste
forms and exploratory research.

Another important area was scientific and technical support to other Directorates General of the Commission to
support the formulation and implementation of policies of the European Union. These activities accounted in
1994 for about 34% of the Institute’s resources. The activities covered assistance and support to the Euratom
Safeguards Directorate in Luxembourg, assistance and support to the International Atomic Energy Agency (IAEA)
through the Directorate General for External Relations and activities related to technology transfer and utilisation
of research results in collaboration with the Directorate General for Telecommunication, Information Market and
Utilisation of Research Results.

Finally the Institute has continued to offer its scientific/technical expertise to external customers. During 1994,
the Institute has carried out and invoiced work corresponding to about 2.5 MEcu. This corresponds to about 8%
of the Institute’s resources.

1. Safety of Actinides in the Fuel Cycle

1.1 Safety of nuclear fuel at high burn-up

The research activities aimed at improving the safety of nuclear fuels were continued along the lines of the
previous reporting period. Emphasis was placed on modelling and understanding the physical and chemical
processes and mechanisms of importance for the behaviour of LWR oxide fuels up to very long operation peri-
ods, i.e. up to high burn-ups of ~ 60 000 MWd/t and above. Progress was achieved by performing in parallel work
on i) simulated high burn-up UO;-based fuel, so-called SIMFUEL, ii) evaluating and modelling the large data
base on post-irradiation examination of high burn-up fuel iii) continuing the tailormade irradiation of different
UO;-based fuels to 100 000 MWD/t burn-up and-iv) studying radiation damage effects by using fission products
with high energies in different accelerators. Emphasis in these activities was placed on the “grain-subdivision
process” producing the so-called “Rim” structure in high burn-up UO;.

As in previous years important results were obtained, evaluated and published within the reporting period. These
include the following:

- an electron microscope study of the Rim structure in a fuel with a very wide Rim zone, and modelling of
these zones

- oxygen potential measurements on high burn-up UO; fuel

- modelling of the high temperature A-transition in UO; and of the thermal conductivity of molten UO,

- further theoretical and experimental work on the thermal conductivity of SIMFUEL, extended to oxidized
fuel

- measurements of creep and hot hardness of SIMFUEL

- further theoretical and experimental work on fission gas release and on the behaviour of bubbles containing
volatile fission products other than the rare gases.

Studies of the high temperature properties of UO, were continued. In particular the heat capacity and diffusitivity
data for UO, were critically reviewed and evaluated.
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The fuel performance code TRANSURANUS was further improved and applied in cooperation with an increas-
ing number of organisations and licensing bodies.

The laser flash device for measurement of the thermal diffusivity of irradiated fuel was tested with several stand-
ard samples and with semi-transparent materials which presented particular difficulties. The apparatus constructed
in our laboratory proved to give an outstanding performance, thanks to the very sophisticated optical and me-
chanical alignment system.

1.2 Partitioning and transmutation

The work on partitioning of actinides from waste solutions was continued with genuine high level waste. Poten-
tial extractants were tested in centrifugal contactors. Actinides, apart from neptunium, were initially extracted
from high level waste with very high yields. By changing the process conditions, the decontamination factors for
Am, Cm and Np could be improved to better than 99.9%.

In relation with the project CAPRA (Consommation Accrue de Plutonium dans les Rapides) fuel pins for the
irradiation experiment TRABANT (TRAnsmutation and Burning of ActiNides in TRIOX) are fabricated. Due to
the unusual composition and the high specific radioactivity it was necessary to develop special fabrication proce-
dures for the new fuel materials.

Preparatory work was done on fuel targets for the transmutation of minor actinides in a fast reactor. (Experimen-
tal Feasibility of Targets for TRAnsmutation - EFTTRA). It has been decided to focus efforts on technetium-99
(metal), iodine-129 (compound) and to americium-241 (in an inert matrix).

The irradiation of 3 technetium samples, fabricated at ITU and of 6 iodine samples, fabricated at ECN started in
1994 in the High Flux Reactor in Petten.

For different transmutation recycling schemes, radiation dose levels have been calculated during fabrication and
after reactor discharge. In order to assess the accuracy of these predictions, measured radiation doses of irradiated
fuel, for example from the SUPERFACT programme, have been compared with those calculated.

The extension of the minor actinides laboratory progressed, with the development of powder preparation equip-
ment based on the sol-gel process. First fuel powder specimens were prepared. In parallel, the design of a new
fabrication chain for the preparation of fuel pins containing minor actinides was continued.

In the frame of the PADIT project (Particle Agglomeration and Deposition in Turbulence), experiments were
carried out to study the influence of turbulence on the agglomeration of particles. It was observed that transport
in a highly turbulent flow strongly increases the agglomeration of uranium oxide particles. Direct observation of
particles smaller than the original size on the filters indicates that the turbulence can also have the opposite effect
and agglomerates can be broken up.

2. Fuel Behaviour under Accident Conditions

2.1 Studies of problems related to reactor safety

A total of 16 multi-section ultrasonic thermometers and the thermometer control and evaluation unit were trans-
ferred to CEA-CEN Cadarache for use in the PHEBUS reactor safety project.

2.2 Source term studies on radionuclide release from irradiated fuel

Laboratory measurements were carried out on vaporization/effusion effects of irradiated nuclear fuels at high tem-
perature. The aim of these experiments was twofold; first, to collect data on the release of fission gas and less
volatile fission products enabling their diffusion coefficients in the fuel as well as their respective release pathways
to be identified. Second, to analyse the vaporization rate of the various species in order to reconstruct the
thermochemical properties of the system fuel plus fission products including reaction products, and fuel stoichiometry.
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3. Characterization of Nuclear Waste Forms

The studies on radioactive waste carried out at the Institute are centred on the characterization of the properties of
nuclear waste forms including high burn-up fuels relevant to their behaviour under irradiation or under condi-
tions of long-term storage.

Electrochemical studies of UO; and nuclear fuels in aqueous solutions are essential to understand the dissolution
and corrosion behaviour of these materials in groundwaters. The knowledge of the mechanisms (e.g. rate deter-
mining steps, intermediate species involved, precipitates, etc.) is important in assessing the stability of nuclear
fuels in final or intermediate storage.

In the current electrochemical experiments, sintered UO; and single crystal UO, were used as electrodes of
non-irradiated fuels. Electrodes from irradiated UO; with 26.4 and 68 GWd/t burn-up, UO; from a failed fuel rod
~ with abnormal grain size (20 - 25 GWd/t) and MOX fuels (21.1 GWd/t) with Pu particles containing 25% Pu
were used for the studies on irradiated fuels. Measurements were carried out in aerated and deaerated 3 w/o
Na,;COj solution at room temperature (25 + 2 °C). For measurements in the hot cells the electrolyte was deaerated
by N, bubbling to about 0.1 ppm O and kept under a N; - 5% O, atmosphere during the course of the experiment.

Because of their high resistivity, UO, samples are subject to pitting attack at grain boundaries or inclusions.
Irradiated fuels display a more heterogeneous behaviour and suffer about 50 times higher corrosion than non
irradiated UO;.

High temperature reactions are possible during a reactor accident between fuel and structural materials as the fuel
bundle degrades. The investigation of these interactions and their kinetics is important as they can result in low
melting point eutectics or mixtures which are liquid at temperatures substantially below those of the individual
melting points and can cause a severe and accelerated degradation of the reactor core even below the UO; melt-
ing point.

The results show the effect of structural materials on fuel at temperatures that are below those of the melting
points of the main components and how material interaction can create liquid mixtures at low temperatures (~
1200 °C) with rapid attack on irradiated UO,. The zirconium penetration into UO, was about 10 - 20 microns
after 30 mins. at 1500 °C. The comparison of results between non-irradiated and irradiated UO- fuels indicate
significant differences, both structural and compositional.

UO, power reactor fuels irradiated to a burn-up of over 50 000 MWd/t display new aspects of the fuel chemistry.
A reaction between Cs and UQ; at the cladding-fuel interface was found resulting in a modification of the fuel-
cladding mechanical interaction and thermal properties of the fuel pellet periphery. UCs;04 was synthesised and
its thermal conductivity was measured by means of the comparison method in the temperature range of 100 to
600 °C. Initial determinations of the micro-hardness of high burn-up fuel were carried out at room temperature
concentrating in particular at the pellet periphery.

Cladding rupture during irradiation in a Fast Breeder Reactor could lead to a chemical interaction between so-
dium and mixed oxide fuels containing Am and Np used for transmutation. The chemical interaction between
sodium and fuels used in the Superfact experiment was analysed by means of thermogravimetry and differential
thermal analysis.

4. Actinide Research

Actinide research is basic, and therefore long term, in nature. It has definite goals aimed at understanding the
behaviour of the 5f electrons in actinide compounds; a subject of much current interest in condensed-matter
science, but also it aims to develop and sustain the expertise needed to work on actinide systems.

Examples of highlights can be taken from such varied topics as the study of Np diluted into the now “famous”
heavy-fermion superconductor NpPd,Als, to the production and study of uranium overlayers on graphite, to the
use of resonant magnetic X-ray scattering to examine magnetism, to the unusual properties of NpAs under pres-
sure, and, finally, to the drawing together of many experiments (on uranium sulphide) and understanding them
with one theory.

Institute for Transuranium Elements - Annual Report 1994, EUR 16152 EN



16

In the area of preparation and characterization of actinide metals and compounds, an improved “mineralisation”
technique allowed the production of large single crystals of U;Pt;Sn and U;Ru;Sn which are needed for the
determination of their physical properties.

In the area of solid state physics and high pressure studies, the investigation of the physical and structural prop-
erties of the heavy-fermion superconductor UPd;Al3 and its isostructural compounds NpPd;Alz and NpNiyAls
was continued, including solid solutions between the first two compounds with two different Np/U ratios.

Theoretical work on the optical and magnetic properties of actinide materials was continued. In particular, a
newly developed program for calculating circular dichroism was applied to various materials, e.g. US. The pres-
sure dependences of the Curie temperatures of Cm and Gd were calculated and compared.

Another group of materials on which experimental effort was concentrated (M&8bauer study, structural and elec-
trical properties) were the uranium and neptunium compounds of the AuCus structure type. All of the uranium
compounds exhibit anomalous compression without any structural change which is not the case for the neptu-
nium compounds. The origin of this phenomenon is not yet clear, but may indicate pressure-induced electron
transfer in uranium.

Other interesting effects of pressure observed were the enhancement of superconductivity in amercium and the
strong increase followed by a decrease of the magnetic ordering temperatures in some uranium, neptunium and
plutonium compounds.

The Actinide Group is also involved in a large number of collaborations with outside organisations. These col-
laborations take a number of forms. In many cases they involve providing samples upon which work is done.
Some 50 samples were provided in 1994, to about 20 different organisations. In addition in 1994, a major pro-
gramme funded from Japan used much of the expertise of the Actinide Group in producing materials containing
minor actinides for irradiation. Another, relatively new, venture is to create a so-called “user laboratory” in which
scientists from outside the Institute can come for short visits to perform measurements. There were about 10 such
visitors last year. This operation recognizes the increasing difficulty of working on actinides in many places, and
provides a central European laboratory for such an endeavour. New equipment (in some cases brought from other
institutions) is being added to the laboratory to increase its utility.

5. Exploratory Research

The Institute has pursued exploratory research in the areas of aerosol agglomeration with ultrasonic and infrasound
waves, the study of magnetic anisotropy of rare earth transition metal magnets, alternative fuel cycles, property
studies with uranium-aluminium cermets and two dimensional heat transfer mapping.

The feasibility of manufacturing a new high density fuel for Material Test Reactors was demonstrated in collabo-
ration with the industry. These developments support non-proliferation objectives to convert high enriched ura-
nium fuel to lower enrichments.

The acoustic agglomeration rate of aerosols has been shown to depend linearly on the applied acoustic power.

This result has important implications for acoustic agglomeration models and for the design of effective agglom-
eration cavities.

6. Scientific-Technical Support to Community Policies
6.1 Support to DGI

The field test of a robotised system for the chemical treatment of diluted spent fuel solutions at the Gatchina
reprocessing facility south of St. Petersburg in Russia was concluded. The robot system worked well under the
conditions experienced at this reprocessing plant.

In the framework of safeguards monitoring for detection of undeclared activities, ITU has been requested to
analyse radioisotopes at trace levels in environmental type samples. A series of experiments and improvements
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of instruments were carried out in this field including the preparations for the construction of the ARTINA labo-
ratory (Analysis of Radioisotope Traces for the Identification of Nuclear Activities).

6.2 Support to DG XiIlI

The development of a process using acoustic waves to treat airborne particles so, that they can be separated with
high efficiency in conventional gas cleaning devices was continued. Experimental work performed demonstrates
that the acoustic agglomeration of titanium dioxide can be enhanced by the addition of inertial droplets of glycol
fog.

6.3 Support to DG XVII

Important steps forward have been taken concerning the design and implementation of the on-site laboratory
(OSL) in Sellafield. Major progress was achieved in the following areas:

- completion of the Hazards of Procedures Study

- finalisation of the Precommencement Safety Report

- introduction of a quality assurance system in accordance with ISO 9001 (EU 29000)
- start of purchasing of instruments and glove-boxes

- testing of new non-destructive measurement equipment

- training of ITU analysts for operation of OSL

Concerning the on-site laboratory in Cap la Hague, technical discussions continued to define in more detail the
scope of the project.

Routine analyses of safeguards samples for the Euratom Safeguards Directorate in Luxembourg continued: About
500 chemical analysis were performed in 1994.

A portable compact K-edge absorptiometer for uranium solutions and a neutron-gamma counter for plutonium
oxide samples was built for use by inspectors. A hybrid K-edge apparatus, installed at La Hague for routine
measurements of input samples was maintained and used for routine inspection measurements by Institute staff.

Also in support of DG XVII the ICP/MS technique has been combined with a high pressure liquid separation
(HPLC) column for the on-line measurement of actinides and fission products. A high sensitive glow-discharge
mass-spectrometer (GDMS) has been installed in a glovebox and calibrated for a wide range of materials.

The scientific and technical assistance of the Institute for Transuranium Elements in the area of analysis and
characterization of nuclear materials seized by German authorities reached a culmination point during 1994. The
number of samples transported to and analysed in the Institute was higher than in previous years, and the quality
of the material found was remarkably variable.

The work carried out by the Institute can be considered as an example on how the facilities and expertise of the
Joint Research Centre can be of benefit to authorities and institutions in Member States of the European Union.

7. Work for Third Parties

Under contract work for Alphamedical Holdings BV a breakthrough was achieved in the preparation of 10mCi
amounts of oi-emitting agents for a new radioimmuno-therapy. The chemical separation scheme for Ac-225 from
U-233/Th-229 feed, based on sorption on titanium phosphate followed by cation exchange, was brought to a
routine stage. First charges of Ac-225 were shipped to New York, where clinical studies are being performed in
the Memorial Sloan Kettering Cancer Center.

Contractual work for the Central Research Institute of the Electric Power Research Institute (CRIEPI) in Japan
continued. The fabrication of minor actinide bearing multi-component alloys to be used as targets for a transmu-
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tation experiment in the Phenix fast reactor was successfully finished. The fuel is presently being characterized.
The characterization of UO; and MOX spent fuel with burn-ups of about 60 GWd/tHM and 45 GWd/tHM was
continued. Destructive and non-destructive examinations are necessary for the assessment of the spent fuel be-
haviour under conditions of interim dry storage.

Contractual work for CRIEPI also included experiments on in-situ monitoring of the dissolution of spent fuel.

A passive neutron interrogation device for spent fuel measurements is being tested in the ITU hot cells under
contract from the Gesellschaft fiir Nuklearservice, Hannover (GNS).

In the Institute’s hot-cells major work on the assessment of commercial fuels and cladding performance of fuel
under high burn-up continued in cooperation with Siemens-KWU. Transmission electron microscopy investiga-
tions of irradiated zircaloy cladding materials are performed for Siemens and the Paul Scherrer Institute, in
Wiirenlingen. Fuel cladding chemical and mechanical interactions are the focal point of research performed in
cooperation with Electricité de France.

Non-destructive and destructive testing was performed on a further 28 BR3 fuel rods . These rods will be used for
the Phebus reactor safety experiment, coordinated by the Commissariat 4 1'Energie Atomique. Post-test analysis
of aerosol deposits from coupons coming from the first Phebus PF experiment FPTO was also carried out under
third party work.

The total volume of third party work performed and invoiced in 1994 amounted to about 2.5 MECU.

8. Scientific Infrastructure

Work performed at the Institute in 1994 resulted in 60 publications in books, periodicals or in the from of reports
(published or submitted) and in 82 contributions to conferences, workshops or seminars held during the reporting
period. 6 patents were granted; 6 patent applications & proposals have been submitted.

During 1994, twenty-seven new doctoral grantees, post doctoral grantees and visiting scientists were welcomed
at the Institute. Close collaborative contacts were maintained in 1994 with some 80 scientific and industrial
institutions in 20 countries in Europe and overseas.

The stepwise introduction of a quality management system was pursued in 1994. Quality plans and procedures

have been introduced for the post-irradiation examination of fuel rods, for the installation of on-site laboratories,
for the production of a-sources for cancer treatment and for the treatment of vagabonding materials.
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1. Safety of Actinides in the Nuclear

Fuel Cycle

1.1 Safety of Nuclear Fuels at High Burnup

1.1.1 Introduction

The research activities aimed at improving the safety of
nuclear fuels were continued along the lines of the previ-
ous reporting period. Emphasis was placed on modelling
and understanding the physical and chemical processes and
mechanisms of importance for the behaviour of LWR ox-
ide fuels up to very long operation periods, i.e. up to high
burnups of ~60 000 MWd/tM and above. Progress was
achieved by performing in parallel work on i) simulated
high burnup UO,-based fuel, so-called SIMFUEL, ii) evalu-
ating and modelling the large data base on post-irradiation
examination of high burnup fuel iii) continuing the tailor-
made irradiation of different UO;-based fuels to 100 000
MWd/tM burnup and iv) studying radiation damage ef-
fects by using fission products with high energies in dif-
ferent accelerators. Emphasis of these activities was placed
on the “grain-subdivision process” producing the so-called
“Rim” structure in high burnup UO,.

As in previous years important results were obtained,
evaluated and published within the reporting period. These
include the following:

- an electron microscope study of the Rim structure in
a fuel with a very wide Rim-zone, and modelling of
these zones

- oxygen potential measurements on high burnup UO,
fuel

- modelling of the high temperature A-transition in UO;
and of the thermal conductivity of molten UO;

- further theoretical and experimental work on the thermal
conductivity of SIMFUEL, extended to oxidized fuel

- measurements of creep and hot hardness of SIMFUEL

- further theoretical and experimental work on fission
gas release and on the behaviour of bubbles contain-
ing volatile fission products other than the rare gases

Studies of the high temperature properties of UO, were
continued. In particular the heat capacity and diffusitivity
data for UO; were critically reviewed and evaluated. Fi-
nally, the fuel performance code TRANSURANUS was
further improved and applied in cooperation with an in-
creasing number of organisations and licensing bodies.
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1.1.2 Structural investigations and
basic studies on fuels

A scanning electron microscope investi-
gation of the variations in fuel structure
at the rim of high burnup LWR fuel

It has been known for some years that important changes
occur in the microstructure at the periphery of LWR UO;
pellets when the average cross-sectional burnup exceeds
40000 MWd/tU [1]. These microstructural changes lead
to a “cauliflower structure” caused by a grain subdivi-
sion process, each grain of the original sintered structure
transforming into some 10000 new subgrains, and this is
usually referred to as the “Rim effect”. The possible con-
sequences of this process on the thermal behaviour and
gas release and the possible mechanism have been de-
scribed before [2,3].

Often this structural change is confined to a shallow zone
of 150 - 200 wm at the Rim of the pellet. In this zone the
burn up is locally increased due to fission of Pu-239,
formed by resonance capture of neutrons by U-238. The
question of to what extent this grain subdivision process
can extend into the interior of the fuel is at present of
great interest. The fact that it is not restricted to this shal-
low zone at high burnup has also been recognised for
some time. An irradiation experiment (TUAR-93, p. 227)
in cooperation with CRIEPI, Tokyo, and the OECD
Halden project, Norway, will provide results on the de-
pendence of the onset of grain subdivision on parameters
like burnup, fuel temperature and applied pressure.

The results of this irradiation will not be available before
1996. Therefore we have extended our previous trans-
mission electron microscope (TEM) and scanning elec-
tron microscope (SEM) study obtained on very small
pieces of fuel taken from the outermost periphery of a
high burnup fuel which was irradiated to an average
burnup of 7.6%, but with a local peripheral burnup ap-
proaching 20%. The investigation of the fuel structure


















Wnot = molar weight of the oxide (g)
I = current intensity (A)
= time (s)

The changes of composition are verified by measuring
the emf potential after each current insertion. Quite long
equilibration times (hours, or even days) are often neces-
sary before obtaining a stable reading of the emf poten-
tial: these times decrease with increasing temperature and
decreasing intensity of the insertion current (larger oxy-
gen diffusion coefficient and smaller amounts of oxygen
to diffuse into the specimen ). Oxidation and reduction
were performed on unirradiated UO,,x by varying the
oxygen/metal ratio between 2.03 and 2.09, at constant
temperatures (in the interval between 800 °C and 1050 °C)
in order to calibrate the device. The results obtained show
good reproducibility and are in good agreement with the
expected values, particularly those obtained at higher tem-
perature. Oxygen to metal ratios around stoichiometry
are currently being tested. SIMFUEL specimens will be
analyzed in the next reporting period.

The apparatus currently in use is in a contaminated glove
box; a second apparatus is being set up in a non-contami-
nated laboratory, in order to be able to perform surface
characterisation analysis on the specimens after the cur-
rent insertions.
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Thermal conductivity of simulated
high burnup UO; fuel (SIMFUEL)

Measurements of the thermal conductivity A of UO; and
1.5, 3 and 8 a/o simulated burnup UO; (SIMFUEL, [1])
were reported previously (TUAR-91 p. 26 and TUAR-
92, p. 24). A modelling activity of these results was re-
ported in TUAR-93, p. 30. The results included a correc-
tion for precipitated phases and the evaluation of the in-
trinsic thermal conductivity of the UQ;-based fluorite
matrix. Also, the strength of phonon scattering by dis-
solved fission products (f.p.) could be evaluated, based
on two approaches: i) considering the effect of the fis-
sion products on the phonon heat current and ii) consid-
ering the effect of the mass difference between the host
U atoms and the dissolved fission products.

These theoretical approaches described and explained the
important degradation of A of UO; due to dissolved f.p.

The work, performed in cooperation with Chalk River,
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AECL, Canada, was extended and concluded in the re-
porting period. The final results were published [2]. The
analysis revealed the following features of the thermal
conductivity of near-stoichiometric SIMFUEL

- the effect of the solid precipitated phases in SIM-
FUEL and irradiated high-burnup fuel can be ac-
counted for in the same manner as spherical poros-
ity, using a combined porosity-precipitates correction
factor (gas bubbles were not considered here);

- the effect of the phonon scattering by the dissolved
fission products explains the reduction in the matrix
thermal conductivity for various burnup composi-
tions; and

- the linear parametric dependence of thermal resis-
tivity with burnup could describe the overall burnup
effect (dissolved and precipitated fission products),
or only the burnup effect on the fluorite matrix (dis-
solved fission products) for computer code model-
ling.

The experimental work was extended in the reporting
period towards measurements of A in hyperstoichiometric
UOa,.« and in slightly oxidized SIMFUEL, again in co-
operation with Chalk River, AECL, Canada.

Though our oxygen potential measurements have shown
that normal LWR fuels do not oxidize during irradiation
(see contribution above), excess oxygen strongly affects
fuel properties and behaviour in defected fuels. Also, fuel
with graphite inside coating of the clad (CANLUB con-
cept) may possibly oxidize slightly during irradiation.
There are limited data available for UO2,« [3, 4], but no
results exist for high burnup UO,,. We have therefore
measured the thermal diffusivity of UO; and 3%
SIMFUEL preheated in different atmospheres and at dif-
ferent temperatures. Annealing in Ar+4 % H; at 1700 °C
(A(T(O2 y=~530kJ / mol) yielded stoichiometric speci-
mens for comparison, annealing in CO2/CO =9 at 1310
°C (AG(0,)=-232kJ / mol) yielded UO;.007. Two fur-
ther anneals in CO,/CO =99 at 1220 and 1380 °C yielded
UO3.035 and UO, g4, respectively.

Thermal diffusivity was measured by the laser-flash
method from room temperature to 1500 °C. The thermal
diffusivity was determined from the rear-surface tempera-
ture rise, after the front surface of the sample was heated
by the laser beam at various temperatures obtained by
heating the sample in a graphite furnace, and the results
were checked during the cooling cycle. The measurements
were performed in vacuum (106 torr). No major changes
in the oxidation state (O/U ratio) of the specimens were
detected after the thermal diffusivity.

The specific heat of SIMFUEL was also measured be-
tween 25 and 1500 °C using a differential scanning calo-






e The thermal conductivity of hyperstoichiometric
SIMFUEL at high oxygen potentials is also reduced
compared with the samples annealed in reducing con-
ditions.

e Simulated burnup does not play any major role at
high oxygen potentials, or alternately, excess oxy-
gen is the dominant factor contributing to thermal
conductivity degradation at high oxygen potentials.
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Mechanical properties of SIMFUEL

Very little knowledge exists on the mechanical proper-
ties of high burnup UQ; fuel though these properties are
of utmost importance for fuel performance. As shown
before for other thermophysical properties (e.g. melting
behaviour, gas release, etc.) SIMFUEL is a good stand-
in for fully active reactor irradiated UO; to perform high
temperature property measurements. For instance, creep
machines are not available in any hot cell at present
whereas SIMFUEL can be investigated in an actinide
laboratory. To fill this important gap in the present knowl-
edge, creep measurements were started on SIMFUEL and
the hot hardness was measured, both relative to UO,.

Creep measurements
Experimental

An existing Tinius-Olsen testing machine was to be used
to measure the thermal creep of UO, and of SIMFUEL
under compression. In first preliminary tests, SIMFUEL
showed very low creep rates. A number of improvements
had to be carried out on the testing machine before the
very low creep rates of SIMFUEL could be reliably meas-
ured. Such experiments need high precision in displace-
ment measurements which have to be stable for long times
(a few days at the set temperature).

Effects of the day/night temperature variations produced
by the laboratory ventilation system had to be eliminated

by heating the four structural columns of the testing ma-
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chine and operating the ventilation system during the full
duration of the test. The creep machine operated with SiC
pistons contacting the sample. At the experimental tem-
perature of 1350 °C and the stresses used (15 to 200 MPa),
the UO; showed a slight reaction with SiC and a defor-
mation on the SiC piston occurred which was larger than
the deformation of the UO; specimen. In order to simul-
taneously reduce the tension, and so the deformation, on
the SiC-piston, it was decided to use discs of a refractory
metal or metal alloy with a very low creep rate and a
diameter about 3 times greater than the sample, giving a
stress reduction factor of almost one order of magnitude.
The tungsten alloy with 2% ThO, was selected because
of its availability and very low creep rate [1,2].

With these improvements, very low creep rates of de/dt
~10 h'! could be measured. This limit is identical with
the lowest creep data reported in the literature and is due
to some remaining deformation of SiC. The modified and
improved machine uses three displacement gauges, both
mechanical and electrical. As an example, all gauges
showed displacements of about 20 pm after 50 h in an
experiment with 8 a/o SIMFUEL at 20 MPa, although
the SIMFUEL was not measurably deformed (measure-
ment error 2 um). To extend the creep detection range
down to rates of 10° h'!, the SiC-pistons will be replaced
by tungsten alloy pistons.

Results

In the present first series of experiments, the temperature
was kept constant at 1350 °C and the stress was varied
between ¢ = 15 and 200 MPa. UO; pellets from different
batches were used to compare the results with those for
SIMFUEL with 8 a/o simulated burnup. A typical exam-
ple for an intermediate stress of 80 MPa is shown in Fig.
1.12. 1t is evident that SIMFUEL creeps much less than
UOy; its creep rate is lower by about a factor of 50 (at 6 =
80 MPa) than that of UO; (a small displacement within
the test machine caused the step of 5 um after 2 h). The
results obtained so far are given in Fig. 1.13. The present
values for UO; are in good agreement with existing val-
ues [1, 3, 4]. All creep rates for 8 a/o SIMFUEL are lower
than those for UO, and are all at the conventional detec-
tion limit for creep at 1350 °C. Because of the reasons
described above, and because of the low creep rates, the
experimental scatter is rather large. Note that the two higher
points were obtained in shorter experiments (as in Fig.
1.12). Therefore, there might have been a contribution of
primary creep to the very small total strain. The lower
points are thus thought to be the most representative.

Hot hardness
Experimental and results

Vickers indentations (16.8 or 21 N, 15 sec) were made in
UO; and SIMFUEL for 3, 6 and 8 a/o burnup between






ties. Just as the thermal conductivity (see above), hard-
ness and creep rates become less favorable with burnup:
UO, shows reduced thermal conductivity, reduced creep
rates and increased hardness with increasing burnup.
Whereas the present hot hardness results indicate a con-
tinuous degradation with burnup up to 8 a/o as observed
for the thermal conductivity, there are not enough data
available so far for a similar conclusion for creep to be
reached. Such data will be measured in the next report-
ing period with the modified, improved machine.

Whenever deformations are produced at constant stress,
at elevated temperature, and over an extended period of
time, a creep curve is obtained, i.e. a curve of the change
of strain with time. Following an initial elastic extension,
usually two types of creep behaviour can be distinguished:
primary (or transient) creep in which the creep rate de/dt
decreases with time, followed by a period of a (smaller)
constant creep rate (secondary or steady-state creep). Only
the latter type is discussed here. Primary creep can be
clearly seen in about the first hour in Fig. 1.12. Both types
of creep were much slower in SIMFUEL.

It is known for UO; [1,3,4] that there is a transition point
in the stress dependence. Plots of creep rate de/dt versus
© (at constant temperature) show a slope n= 1 to 1.4 at
low stresses and a slope of n = 4.5 to 6 for high stresses.
The relation used to describe the creep rate is

de/dt=A - d™.g" e (QRD)

where A is a constant, d is the grain size and Q is the
activation energy. Diffusion controlled creep has a stress
exponent n = 1, whereas creep rate-controlled by dislo-
cation climb has a stress exponent of n = 5 [6]. Thus a
change of creep mechanism from rate control by U-dif-
fusion to dislocation climb is expected for UO, and is
indeed indicated in the present results for UO, as well
(see Fig. 1.13), where slopes of n = 1.2 and n = 5.3 are
represented by the two lines through the data points for
UQo. The transition occurs between 30 and 40 MPa, again
in agreement with literature data. For SIMFUEL 8 a/o,
much lower rates are found. Also, though only three
stresses were used, the expected stress exponent of n = 1
is indicated to be valid to higher stresses than for UOs.
Future experiments with higher stresses up to 200 MPa
will be carried out to define more satisfactorily the tran-
sition stress for SIMFUEL.
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Behaviour of volatile fission pro-
ducts in UO;

The theoretical model developed to study the evolution
of fission gas bubbles in UO;, [1, 2], which had been used
to analyse the size distribution of fission gas bubbles in
reactor-irradiated UQ, following furnace anneals (see
TUAR-92, p. 27, and [3]), has now been applied to ana-
lyse experimental data [4] on bubbles containing Rb, Cs,
I or Te as fission products. Despite the considerable ef-
fort devoted to studying the behaviour of volatile fission
products (VFPs) in oxide nuclear fuel, the rate-control-
ling processes of VFP release are still not completely
understood. A reduction of the gap in our knowledge of
VFP release mechanisms is very important for the cor-
rect estimation of the rates of VFP release under steady-
state, transient or accident irradiation conditions. The
behaviour of the volatiles Rb, Cs, I and Te is of special
interest in fuel chemistry because of their radiotoxicity.
So far only few well-characterized data exist for the re-
lease of VFPs other than fission rare gases (Xe and Ki).

Taking into account the complexity of the matter trans-
port processes in irradiated nuclear fuels, separate effect
studies are needed to reduce the existing uncertainties.
Ion implantation has been shown to be a very valuable
experimental approach for this purpose: Ion implantation
data are ideally suited for the theoretical modelling of
the development of fission product porosity because the
type and concentration of VFPs can easily be varied and
controlled.

Transmission electron microscopy (TEM) studies of UO,
specimens ion-implanted with Kr, Rb, Cs, and Te [4, 5]
and subjected to annealing treatments were used for com-
parison with model predictions. Ion implantation was
performed at energies of about 40 keV and total doses of
5x 10! (Rb, Te and 1), 1x10' (Kr, Cs and Iy and 2 x 10'6
(Te) ions/cm?. All implantations were done at ambient
temperature. Following implantation, the specimens were
annealed for one hour in the temperature range from 773
to 1773 K. Available TEM data of matrix bubble size dis-
tributions for Rb and I for different annealing tempera-
tures were chosen for the comparison with model predic-
tions. Fig. 1.15 shows a typical example of the available
micrographs. These careful TEM studies allowed size
distributions for spherical bubbles, for faceted bubbles in
the UO; matrix as well as for bubbles linked to disloca-
tions to be determined. Only the first of these three classes
is considered in the following.









matrix can be controlled and only one VFP is implanted
into a given specimen. This allows a separate study of
the influence of different VFPs on bubble evolution which
is completely impossible under reactor irradiation when
bubbles are filled with the mixture of different VFPs. The
composition of this mixture is not constant and depends
on burnup and temperature.

The model predictions show that for the condition of in-
solubility of VFP in the fuel matrix, the development of
bubble size distributions is practically insensitive to the
VFP diffusion properties. This is evident because after a
relatively short time (its value depends on the VFP diffu-
sion coefficient in the fuel matrix), the majority of VFP
atoms will be precipitated into bubbles. Due to their low
solubility, thermal resolution of VFPs back into fuel ma-
trix is unlikely and bubbles grow only due to the migra-
tion and coalescence mechanism (mass transport due to
only the diffusion of fuel matrix atoms).

It is seen from Figs. 1.16 - 1.18, that at low temperatures
there is some difference between model predictions and
experiment. Bubble migration due to the volume diffu-
sion mechanism for T = 1373 K alone is insufficient to
completely explain the experimental data. However, the
specimens were preannealed at a number of lower tem-
peratures (773 K, 1023 K, 1173 K), where recovery of
excess defects, in addition to radiation-enhanced diffu-
sion during implantation, could have contributed to bub-
ble growth. In fact, large concentrations of bubbles with
radii between 1 and 4 nm were already seen at 1023 and
1173 K. In Fig. 1.18 it can also be seen that the volatiles
can be divided into two groups (Cs with Rb and I with
Te). Reasoning from the model assumptions, this is
connected with the form of the EOS. For the reduced Van
der Vaals EOS used in the model, a relatively weak de-
pendence on Van der Vaals constants was obtained. In
spite of great uncertainties in using such a form of EOS
for the VFPs other than fission rare gases, the predicted
tendency does not contradict the available experimental
data (Fig. 1.18). Reasons for the fact that at the lower
temperatures the experimental bubble density is smaller
and the bubble radii are larger than expected have been
given above.

Generally, a reasonable good agreement was found be-
tween model predictions and experiments at higher tem-
peratures. The bubble migration concept is most useful
justin this temperature range for which the observed bub-
ble size distributions can be better reproduced by model
calculations. The model shows that the surface diffusion
mechanism has only a minor influence under the condi-
tions considered.

It is interesting to note that three of the four main reasons
for suppression of surface diffusion in reactor-irradiated
UO, are not applicable in the present study on ion-im-
planted UO,. This is the case for
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i) contamination of the bubble surface with other fis-
sion products and

ii) pinning of bubbles on metallic precipitates (so-called
five metal particles consisting of the fission products
Pd, Ru, Rh, Tc and Mo). Such fission products were
not present in the ion-implanted specimens.

a further well documented mechanism reducing sur-
face diffusion is that of faceting of bubbles. Faceted
bubbles were excluded by careful TEM analysis as
were bubbles pinned at dislocations.

iii)

This leaves the suppression due to the inhibition of the
mobility of surface adatoms by the space required for the
jump-step being occupied by VFP atoms as likely reason.

Conclusions
The main conclusions of the present study are as follows:

(1) The behaviour of different volatile fission product
bubbles in UO, has many similar features regardless
of the type of fission product (including fission rare
gases).

(2) Bubble migration and coalescence can be considered

as the main mechanism of VFP bubble growth in ion-

implanted UO; at annealing temperatures higher than

1373 K.

(3) Migration of volatile fission product bubbles is caused

mainly by the volume diffusion mechanism.

It should be emphasized that a better knowledge of the
solubilities, of the equation of state in the gaseous phase
of VFPs and their diffusion properties will probably in-
fluence to some extent the conclusions made. Therefore,
a study of these quantities would be extremely useful to
obtain a more reliable basis for model predictions.
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The effect of gas concentration on
the behaviour of Xe in UO;

Atomistic computer simulation in combination with a sim-
ple statistical mechanics treatment was used to investi-
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gate the importance of gas concentration for the behav-
iour of Xe in UO,. As one of the major fission products,
the behaviour of Xe in uranium dioxide has been a focus
of considerable experimental and theoretical attention
since the early days of the nuclear industry. Concern has
particularly centred on its important role in fuel swelling
and this has accordingly led to a desire to obtain a greater
understanding of the basic processes governing its mi-
gration and trapping within the fuel.

There are many factors which determine the behaviour
of Xe in nuclear fuels. A review of the most important
points has been published previously [1]. In the present
activity, we confined ourselves, in the main, to an inves-
tigation of the behaviour of single isolated atoms of Xe
in stoichiometric UO,. It became apparent that in the proc-
ess of doing this, some insights into the experimental work
on non-stoichiometric UO,4x can also be obtained.

Itis well known [e.g. 1], that trapping of Xe occurs rather
fast during irradiation due to Xe atom interaction with
fission induced radiation damage. It is also well known,
that Xe diffuses faster in UO4x than in stoichiometric
UOs; - at least as long as no bubbles are formed [e.g. 1-3].
Experimental [4] and computational work [5] lead to the
conclusion that isolated Xe atoms are located in
trivacancies (that is, bound Schottky trios consisting of a
uranium vacancy and two oxygen vacancies), whereas in
UO24x, Xe would be most likely to occupy single ura-
nium vacancy sites.

Computational procedure

The formation energies of defects in uranium dioxide
(such as the energies required to form vacancies, vacancy
clusters, and interstitials etc.) were calculated based on
the well-documented Mott-Littleton method for the com-
putation of defect energies. The essential approach is to
divide the host crystal into two regions. In the inner re-

gion, surrounding the defect, all the displacements and.

forces of interaction between the ions are calculated ex-
plicitly (in the present work, this region contains about
800 ions). Surrounding this inner region, the crystal is
assumed to extend to infinity and interactions with ions
of the inner region are assumed to be purely Coulombic
in nature. The ionic displacements here are calculated by
assuming that this outer region can be modelled as a di-
electric continuum which may be polarised by any effec-
tive charge due to the defect centre. For these calcula-
tions, the computer program CASCADE has been used
(6].

To calculate interactions between ions of the Xe-UO,
system, a set of empirical potentials developed for the
UO; system [7] was used. A set of potentials for the Xe
interactions was then derived in a way aiming at compat-
ibility with these. The approach used was to employ the
electron gas method [8] to calculate Xe-U, Xe-O and U-
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O interactions. Essentially, the differences between these
Xe-host and U-O interactions were used to modify the
empirical U-O potential to give the “empiricised” Xe-U
and Xe-O interionic potentials. Van der Vaals type forces
were calculated separately using the formula of [9]. In
this way, potentials were obtained for the short range part
of the interaction potentials. For the long range Coulombic
interactions, full formal ion charges are assumed. Ionic
polarizabilities were handled via a shell model [10].

Results and discussion

The basic defect energies derived from the computer
simulations are summarized in Tab. 1.2. In UQ,, the
trivacancy site is found to be slightly more favourable
than the divacancy. The tetravacancy consists of two U
and two O vacancies bound together. It was not found to
be an important Xe-site. For UO;.4, Xe atoms were found
to be positioned in trivacancies, and for UO2.y, Xe was
found to be located at uranium vacancies. The interesting
point arises, when we consider the predicted concentra-
tions of Xe at each particular site. By introducing
stoichiometry and gas concentration, we can investigate
the effect of continually varying these parameters upon
the behaviour of Xe.

Tab. 1.2 Basic defect energies of the system Xe-
stoichiometric UO; calculated via computer simulation.
The calculated lattice energy for UO, was -103.1 eV.

Defect Energy (eV)
O interstitial -12.26
O vacancy 17.09
U vacancy 80.22
Divacancy 94.87
Trivacancy 110.47
Tetravacancy 187.69
Xe interstitial 18.67
Xe at O vacancy 32.23
Xe at U vacancy 86.05
Xe at divacancy 99.26
Xe at trivacancy 113.77
Xe at tetravacancy 191.12

In Fig. 1.19, the proportion of Xe occupying divacancy
sites is plotted against the gas concentration at 1400 °C
in stoichiometric UQ,. Above a certain gas concentration
there is a sharp decrease in the amount of Xe in
divacancies, virtually all the Xe atoms are then found at
trivacancy sites. This transition coincides with the ex-
perimental data showing a pronounced decrease in the
diffusion coefficient for Xe with increased gas concen-




































ment would imply that the lattice conductivity at this tem-
perature is by a factor ten lower than the extrapolated
value. In the light of the considerations reported in the
following sections, this could be justified. The same can
be anticipated for the total conductivity between 2500 K
and the melting point: the slight decrease of the small
polaron contribution is likely compensated by an increase
with temperature of the vibrational contribution in disor-
dered lattice above the A-transition.
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On the thermal conductivity and
diffusivity of solid and liquid UO,

For a long time in the past the large discrepancy between
the various measurements of the thermal conductivity k
of liquid UO; has represented an insoluble difficulty. The
stand of the controversy is summarized in Tab. 1.5 and
Fig. 1.32.

The recent experimental determination of the heat capac-
ity of this material at temperatures from 2500 K to above
the melting point. makes it possible to evaluate the heat
diffusivity, @, in this temperature range.

This section shows that the dependence of & on tempera-
ture indicates that the lowest measured value of k, meas-
ured in the Institute [3,5], is probably the right one.

Analysis of the data

The properties of the heat capacity of UO, between 2000
K and the melting point have been recently measured and
analyzed (8, 91. The empirical function Cp = C,(T) in the
solid is characterised by:

1) a pronounced increase with temperature due to crea-
tion of lattice and electronic defects,

2) the appearance of a -transition at 2670 K, caused by
cooperative defect formation in the oxygen sub-lattice.
The experiment shows that this transition is absent in
hyperstoichiometric UO24x, whilst in the hypo-
stoichiometric oxide the transition is of the first order,
that is to say, the oxygen Frenkel-pair concentration in-
creases continuously in the former case, whereas in the
latter a transition occurs at a temperature 7; = T{x) from
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Tab. 1.5 Thermal conductivity of liquid UO,.

Ref. | k Method Sample
W/mK
Tungsten-
encapsulated
{1 11 Periodic heat flow 0.8-1.2 mm
thick
sample:
"three -layers"
mounting,
Tungsten-
encapsulated
21 | 85 Flash 0.7 mm thick
sample:
"three-layers"
mounting.
Melting front Self crucible:
Bl 25 penetration partly molten
under surface sample.
laser-heating.
Re-evaluation
of experiments
55 (1]  ofrefs. [1,2,3]
[4] |16.7 12] using a 3-D -
45 [3]| transient
heat transfer
computer code.
Melting front
penetration under
surface laser
[5] 2.5 heating; Self-crucible:
2-D scanning of the | partly molten
temperature field sample.
top and bottom.
F.e.m. analysis
under
unsteady
conditions.

an “ordered-oxygen” phase to a disordered one, with a
sudden increase in defect concentration of nearly one or-
der of magnitude [9].

Between these two behaviours, the stoichiometric oxide
is found to undergo a second-order transition at 7. = 2670
K: the defect concentration n = n(T) is continuous across
the transition temperature, but dn/dT = o at T,. The meas-
ured heat capacity in the stoichiometric oxide is shown
in Fig. 1.33 as a function of temperature in an interval
around the A-transition.

The data of the liquid heat capacity, taken from ref. [7]
are shown in Fig. 1.34 from the measured solidus tem-
perature up to 4500 K. A sharp drop in C, is observed
from the experimental point nearest to the solidus (640









sition appears to be an important discriminating feature
for several physical properties, which, in the interval be-
tween T, and T, are affected by the anion-sublattice dis-
order to an extent which has not been fully appreciated.
For instance, there is experimental evidence that in UO;
also cation mass transport coefficients and mechanical
properties are affected by the A-transition [12].

It is therefore not surprising that thermal diffusivity is so
much affected by oxygen lattice defects that under con-
ditions of pronounced oxygen disorder created by the A-
transition this quantity exhibits a temperature dependence
which is typical for most glassy structures, whose pas-
sage from solid to liquid state occurs without solution of
continuity in their dynamical properties.

In this context. the thermal diffusivity value obtained by
Tasman et al. [3,5] and plotted in Fig. 1.33, is conform
with the observed behaviour of a set of analogous solid
and fluid systems and, therefore, appears to be the cor-
rect one.
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1.1.4 Modelling work

Fuel performance code development
(TRANSURANUS)

TRANSURANUS is a computer program for the thermal
and mechanical analysis of fuel rods in nuclear reactors
which was developed at the Institute [1]. The
TRANSURANUS code is fully described in the litera-
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ture and was outlined in previous Annual Reports. The
code is in use in several European organisations, both
research and private industry. Preparatory work to release
TRANSURANUS and the related know-how to several
Eastern countries has been initiated.

The TRANSURANUS code consists of approximately
200 subprograms which have their own test programs.
The total number of files to be maintained is more than
3000. In 1994 many subroutines have been carefully
checked, revised and documented. The work on the
TRANSURANUS handbook which contains at present
400 pages continued. A specific Windows-type user in-
terface is under development.

A first step towards the development of a specific
TRANSURANUS-VVER version has been made by in-
troducing WWER cladding data and a specific WWER
correlation for the thermal conductivity of the fuel. Sev-
eral WWER fuel rod analyses have been performed [2],
however, further verification is needed.

Probabilistic analyses

After more than 25 years of research of fuel rod model-
ling, the basic concepts are well established and the limi-
tations of the specific approaches are known. However,
the widely used mechanistic approach leads in many cases
to discrepancies between theoretical predictions and ex-
perimental evidence indicating that many of the physical
processes encountered are not sufficiently understood and
are too complex to be modelled exactly. Some of these
processes may even be of a stochastic nature. Generally,
the material behaviour is far too complex to be character-
ised by models or correlations consisting of a few pa-
rameters. Therefore, for a better understanding of the
uncertainties involved and their technological conse-
quences, the influence of the various parameters needs to
be investigated which is best done by probabilistic meth-
ods.

Probabilistic methods have not been used frequently un-
til now and there are only a few publications in the area
of modelling the fuel rod behaviour. However, with the
advent of cheap and fast workstations, the situation will
certainly change. Probabilistic standard techniques are
sensitivity methodologies, response surface techniques
and Monte Carlo methods.The fuel rod performance code
TRANSURANUS includes two such probabilistic ap-
proaches: the Monte Carlo method and the further devel-
oped Numerical Noise Analysis. The Monte Carlo method
must be considered as a very flexible, general approach
whereas the Numerical Noise Analysis is more specific
and limited. At present this method is applied within the
TRANSURANUS code to three relevant parameters
which dominate the fuel rod behaviour: linear rating, gap
conductance and thermal conductivity of the fuel. The
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Tab. 1.7 Description of the six FUMEX cases
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FUMEX 1

slightly with burn-up.

This dataset represents the irradiation of production line PWR fuel type
under benign conditions. Temperatures remained low but increased

FUMEX 2

pressure and puncturing.

This was a small diameter rod designed to achieve rapid accumulation of
burn-up. Assessment of fission gas release by measurement of internal

FUMEX 3

This case consisted of 3 short rods equipped with centreline
thermocouples each with a different gap and fill gas composition. After
steady-state irradiation to approximately 30 MWd/kg UO,, they were
given a severe increase in power.

FUMEX 4

Two rods filled with 0.3 MPa He and 0.1 MPa He/Xe mixture were
irradiated to approximately 33 MWd/kg UO,. Both rods experienced a
period of increased power during part of the irradiation.

FUMEX 5

This test comprised a single rod base irradiated at low power with a ramp
and hold period at the end of life. The main purpose of this case was to
assess PCMI and fission gas release under ramp conditions.

FUMEX 6

Two rods were base irradiated at low power. The rods were refabricated
to include pressure transducers. Rod internal pressure was monitored
during power ramps, one fast, one slow.

Specific model development

The model TUBRNP (TransUranus BuRNuP Model) pre-
dicts the radial power density distribution as a function
of burnup (and hence the radial burnup profile as a func-
tion of time) together with the radial profile of uranium
and plutonium isotopes [6]. This model has been utilised
to make significant advances to the understanding of both
MOX and UQO; fuel behaviour [7, 8].

Plutonium Isotopic Composition of MOX fuel

A collaboration with the Paul Scherrer Institute (PSI) and
access to Belgonucleaire data, see Tab. 1.8, has led to the
development of an improved version of the TUBRNP model
for the prediction of the total plutonium and radial isotopic

Tab. 1.8 Range of relevant pellet and pin design charac-
teristics

pellet radius (mm) 4.00 - 5.53
pellet density (%TD) | 94.0 - 95.6
233y (wi%) 0.23-0.72
Pu/(U+Pu) (wt%) 2.8-11.5
burnup (GWd/tM) 15-55

composition [7]. It is well known that neutron capture in
the resonances of 238U (with a high absorption cross-sec-
tion) leads to a large build-up of plutonium near the fuel
pellet surface (neutronic rim effect). TUBRNP includes
this effect with the result that it models accurately the total
plutonium radial profile. The crucial factor for describing
the isotopic radial distribution was recognising that there
is also significant neutron capture in the resonances of 24°Pu
which leads to a build-up of 2*'Pu near the edge of the
fuel, see Fig. 1.39. It can be seen that calculated profiles
are in reasonable agreement with the Secondary Ion Mass
Spectometry (SIMS) measurements done at the PSI.

The predicted burnup profiles are in good agreement with
the SIMS results, for example see Fig. 1.40. Details of
the TUBRNP results compare favourably with the results
of radiochemical analysis and with those of ORIGEN?2
[9] and KORIGEN [10] calculations (Tabs. 1.9, 1.10).

Work on improving the model by using better values for
the cross-sections and treating the flux depression is in
progress. Given the complexity of MOX fuels, the model,
even in its present form, is a valuable tool for the analy-
sis of mixed oxide fuel data.

High burnup effects

Change in the structure of high burnup fuels (average
burnup greater than 40 GWd/t) is a complex phenom-
enon which results in the formation of subgrains, the loss
of matrix fission gas and an increase in porosity. The ba-
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1.2 Partitioning and Transmutation

1.2.1 Actinide partitioning from
HLW in a continuous di-
isodecylphosphoric acid
(DIDPA) extraction process
by means of centrifugal
extractors

A series of comparative experiments is being carried out
at the Institute to select a suitable partitioning process for
the reprocessing of dissolved spent fuel stored in the
chemical hot cell facility and especially also for the sepa-
ration and recovery of non-transmuted radiotoxic ele-
ments from SUPERFACT dissolver solutions. It is evi-
dent, that the transmutation of these nuclides achieved in
a single irradiation cannot sufficiently reduce (e.g. by a
factor of 100) the radiotoxicity. Hence recycling of the
remaining minor actinides becomes necessary [1,2,3]. In
case of homogeneous, self-generated recycling, the same
partitioning process can be applied as was used for the
original separation from the HLW.

After the Chinese (TRPO) and the American CMPO
(TRUEX) process (TUAR-92, p. 80, TUAR-93, p. 76),
the Japanese extractant diisodecylphosphoric acid
(DIDPA) was tested using the centrifugal extractor in-
stallation. The process was developed at the Japan Atomic
Energy Research Institute (JAERI) [4,5]. DIDPA'is an
acidic extractant similar to hexyl di(2-ethyl)phosphoric
acid (HDEHP), but in contrast to this solvent it can ex-
tract trivalent actinides from solution at higher HNO;
concentrations (0.5 M).

During 1993, the partitioning process developed had been
tested on a genuine HLW (1.2 1, 200 Ci) using mixer-
settler equipment [6] with very satisfactory results for the
recovery of Am and Cm. In the DIDPA process, the Np
extraction is determined by the rate of the extraction proc-
ess, not as for most other extractants by the distribution
ratio at equilibrium. This rate can be increased by the
addition of H,O, [7,8] leading to good extraction results
for Np. It was thus interesting to see whether in centrifu-
gal extractors (under conditions similar to those used for
TRPO and CMPO) the shorter contact time between
acqeous and organic phase would still be sufficient to
obtain the same results.

The HLW used in the experiment was similar to that of
the previous experiments, originating from a HLW con-
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centrate from the reprocessing of different LWR fuels.
After separation of the fines by centrifugation, the solu-
tion was diluted about 11 times to adjust the HNOj con-
centration to 0.5 M and the specific volume to ca. 3000 I/
t U. The HLW feed was stored 4 days prior to the experi-
ment to let Np reach equilibrium.

The extractant, DIDPA, produced by the Daihachi Chemi-
cal Industry Co., Ltd. in Japan was used without further
purification. The composition of the solvent was 0.5 M
DIDPA - 0.1 M TBP in n-dodecane.

The centrifugal extractors used in the present experiment
were developed at the Institute of Nuclear Energy and
Technology in Beijing, China and modified for hot-cell
operation at the Institute. The characteristics of the ex-
tractors were described previously [9]. The operating
conditions of the centrifugal extractors are shown in Fig.
1.43. Similar to the previous experiments, the 12 extrac-
tors were used twice. After cleaning the equipment, Am
and Cm were stripped from the loaded solvent in the first
stripping step with 4 M HNOj followed by Np and Pu
stripping with 0.8 M oxalic acid (H2C;04) after 3 hours
when the process had reached equilibrium. Samples were
prepared and analysed by ICP-MS from each outlet stream
and from each stage.

Results and Discussions

The concentration profiles of the actinides in the aque-
ous phase of the extraction section are shown in Fig. 1.44.
Apart from Np, actinides (as shown from the concentra-
tion decrease in Fig. 1.44 from stage 8 to 1), were ex-
tracted with a very high yield. Their concentration in the
raffinate fraction reached the detection limit by ICP-MS.
Decontamination factors of actinides from the raffinate
are given in Tab. 1.11.

The low DF value for Np can be explained by the short
contact time between the aqueous and organic phase in
the centrifugal extractors. As mentioned above, the Np
extraction is determined by the reaction rate and thus a
recovery of only 84 % was achieved after 8 stages at room
temperature. Experiments carried out in JAERI using
mixer-settlers gave 99.95 % recovery of Np in 12-stages
extraction at 45 °C.









Tab. 1.12 Fractional distribution of elements into differ-
ent process streams.

Raffinate Strip 1 Strip 2 Used DIDPA

(Am,Cm) (Np,Pu) )

Cr 96.9 0.043 0.24 2.8

Fe 8 0.46 41 50

Ni >99,1 <0.9 <0.009 <0.009

Rb >99.99 <0.01 < 0.0001 < 0.0001

Sr 99.79 0.21 <0.0021 <0.0021

Y 0.01 1.9 0.66 91.4

Zr <0.7 <0.5 7 93

Mo 99.47 0.017 0.31 0.20

Tc 99.99 0.01 < 0.0001 < 0.0001

Ru 98.5 0.32 0.19 1.0

Rh 99.92 0.028 0.031 0.021

Pd 93.8 0.74 048 50

Cd 96.4 0.43 2.5 0.63

Sb-Te >984 <1.6 - -

Te >99.81 <0.17 <0.02 <0.02

Cs >99.993 < 0.007 <0.00007| <0.00007

Ba 99.5 0.5 <0.005 <0.005

La 0.17 99.2 0.47 0.13

Ce-Nd 0.025 97.0 2.5 0.54

Sm-Gd 0.023 914 53 33

Ln Total 0.042 96.9 2.4 0.68

U 0.005 <0.04 0.72 >99.2

Np 15.8 < 0.0025 72.6 11.6

Pu <0.6 <0.44 91.9 8.1

Am <0.01 97.9 2.1 <0.002

Cm <0.13 98.4 1.5 <0.1

influence on the stripping as one of the degradation prod-
ucts, monoisodecylphosphoric acid (MIDPA), makes the
stripping difficult [11]. To improve the Np stripping, it is
necessary to decrease the flow rate ratio, to raise the tem-
perature and/or to modify the extractors to increase the
contact time. The first approach increases the volume of
the solutions to be treated. Raising the temperature ex-
erts two positive effects: the distribution ratio of Np de-
creases and the stage efficiency increases. The use of ex-
tractors with longer mixing time seems to be the most
practical approach, because the radiation level is very low
in this section.

The decontamination factors of corrosion and fission
products in the three actinide fractions are given in Tab.
1.13. Since the U stripping was not included in the present
experiment, the used solvent was regarded as the U frac-
tion in this table.

Yttrium and lanthanides were quantitatively found in the
Am-Cm fraction. The main contaminating elements in
the Np-Pu fraction were Fe, Zr, Pd and Cd. From cold
experiments Zr was expected to be quantitatively stripped
with HyC;04 [10]; in the present study only 7% was back-

60

extracted, probably due to a different chemical form. The
modification of this step for the quantitative recovery of
Np and Pu would decrease the DF values of Fe and Zr.
Therefore, an additional separation of Fe - Zr from Np -
Pu would be required. A possible solution for instance
would be an oxalate precipitation of Np and Pu with the
additional benefit of converting these two elements into
a solid form.

Conclusions

Actinides, apart from Np, were extracted from HLW with
very high yields. Although only 84% of Np was recov-
ered in the present experiment because of the short con-
tact time, the recovery would be improved to 99.6% or

Tab. 1.13 Decontamination factors of elements from the
three actinide fractions.

* : DFs that will be improved by the optimisation of the
preceding step

Am,Cm| Np,Pu U
(Strip 1) | (Strip 2) (Used
DIDPA)
Cr 2300 410 35
Fe 200 2.4 2%
Ni >110 { >11000 | > 11000
Rb > 1000 |> 1000000| > 1000000
Sr 470 > 47000 | > 47000
Y 12 150 1
Zr > 200 14 1*
Mo 5800 320 500
Tc 10000 |> 1000000 > 1000000
Ru 310 520 100
Rh 3500 3200 4700
Pd 130 200 20
Cd 230 40 150
Te > 580 | >5000 > 5000
Cs > 14000|> 1400000| > 1400000
Ba 200 >20000 | > 20000
La 1 210* 760*
Ce-Nd 1 40* 180*
Sm-Gd 1 18* 30*
Ln Total 1 41* 140*
U 2500 130 -
Np > 33000 - 8.6*
Pu > 220 - 12*
Am - 47* > 50000
Cm - 66* > 1000
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further to 99.96% by increasing the number of stages and
the H,O; concentration and by raising the temperature.
About 98% of Am and Cm were recovered from the
loaded solvent in the first stripping step with 4 M HNOs.
The recovery would be also improved to more than 99.9%
by changing the process conditions. The situation of the
second stripping step for Np and Pu with 0.8 M H,C,04
was similar to that of the first stripping. Tc and heat-gen-
erating Cs and Sr were not extracted and were separated
from the actinides with high decontamination factors. The
present results show that the centrifugal extractors are
applicable also to the DIDPA extraction process, but that
a small modification of the extractors seems to be re-
quired.
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1.2.2 Fabrication of fuel pins for
the HFR irradiation experi-
ment TRABANT (TRAnsmu-
tation and Burning of Acti-
Nides in TRIOX)

In the frame of the project CAPRA (Consommation Ac-
crue de Plutonium dans les R Apides), irradiation experi-
ments are planned to study the transmutation of actinides
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and long-lived fission products and the behaviour of the
new fuel types, which are either defined by a very high
content of plutonium (> 40 wt%), uranium and minor
actinides (MA) or by the complete absence of uranium
(in order to avoid additional breeding).

The irradiation experiment TRABANT is planned and
executed in a trilateral cooperation with CEA and KfK.
The Institute activities are concentrated in the fabrica-
tion of fuel pins to be irradiated in a TRIOX capsule in
the HFR reactor at Petten. The purpose of the irradiation
is to study the behaviour of the new materials under neu-
tron irradiation in order to get information on such pa-
rameters as Pu- and MA-distribution, separation processes
and solubility behaviour in nitric acid.

The TRIOX capsule allows the simultaneous irradiation
of 3 pins under comparable flux and temperature condi-
tions. Based on that, 4 fuel columns were designed con-
taining the following different fuel types. The fuel types
a) and d) are fabricated by CEA Cadarache, the fuel types
b) and c¢) by ITU.

a) mixed (U,Pu)O, with a Pu-content of 45 wt%

b) mixed (U,Pu,Np)O, with 40 wt% Pu and Swt% Np
¢) mixed (Pu,Ce)O, with 41 wt% PuO; and 59 wt% CeO,
d) mixed PuO,-MgO with 52 wt% PuQO; and 48 wt% MgO

Fuel and fuel pin specifications have been established.

For all TRABANT pins an austenitic cladding material
(15/15 Ti) is used; the main geometrical data are:

outer cladding diameter: 6.55 mm
inner cladding diameter: 5.65 mm
total pin length: 632.00 mm
fuel column length: 340.00 mm

The fuel columns consist of fuel pellets, either in annular
or in a solid form. In case of one pin (pin No. 3) two half-
columns are used, one half consisting of (Pu,Ce)O; fuel
pellets, the other having the PuO,-MgO fuel type.

It was necessary to develop special fabrication procedures
for the new fuel materials, both because of their unusual
composition and the high specific radioactivity. Problems
arose with the handling of the Np-containing mixed ox-
ide in a Pu-glove box line from the radiation of the Np;
and in case of the (Pu,Ce)O, where no fuel experience
existed before.

After additional shielding of the glove boxes fuel prepa-
ration was started. In order to assure a solid solution of



the (Pu,Ce)O; and the (Pu,U,Np)O; fuel the starting ox-
ide powders were prepared by a ,,Sol-Gel“ technique. This
technique also minimizes the formation of dust during
the fabrication steps. The other mixed oxide fuel pellets
are under fabrication by pressing and sintering techniques.

1.2.3 POMPEI mixed nitrides and
technetium irradiation exper-
iment

The investigations of operational limits for future fuels were
continued. The high burn-up irradiation experiment
POMPEI (POM PEtten Irradiation) in HFR-Petten has
achieved the goal burn-up (27.8 a/0) and was unloaded from
the reactor for post irradiation examination (PIE).

The transport of the irradiated pins of the NILOC 3 and
NILOC 4 experiment in HFR-Petten to ITU-Karlsruhe was
postponed to 1995.

The additional destructive examination of selected fuel
section of the 19 carbide-pin bundle, irradiated to 7 a/o
burn-up in the KNK reactor was started at the end of this
reporting period.

The high bumn-up irradiation experiment POMPEI, con-
taining targets loaded with mixed nitride fuel and
technetium has reached its goal burn-up > 20 a/o after 270
days of irradiation in HFR Petten. The aim of this experi-
ment is to obtain data on the evolution of structure, fission
products and the chemical behaviour at high burn-up.

9 mixed nitride fuel discs, with an oxygen content varying
from 500 ppm to 7000 ppm and prepared by two different
fabrication processes were individually sealed in small cap-
sules and assembled together with 3 encapsuled discs of
technetium and technetium-ruthenium alloys (TUAR-92,
p. 56-57). The (U,Pu)N fuel irradiation is complementary
to the joint investigation on mixed nitride fuels of the French
Commissariat 4 I’Energie Atomique (CEA) and the Insti-
tute. The technetium specimens were later included to ob-
tain information on the irradiation behaviour which will
be needed for future transmutation.

The temperature of each specimen was individually meas-
ured on the capsule surface with thermocouples. The cal-
culated surface temperature of the nitride fuels was 800 -
900 °C and 400 - 420 °C for the technetium specimens at
the beginning of the irradiation. The peak fissile power was
954 W/g. The burn-up for the nitride fuels varies from 21.3
to 27.8 a/o and the transmutation for the technetium speci-
mens between 6 and 7.5 a/o. The experiment was unloaded
from the reactor in August 1994, After the non-destructive
examination to be done in Petten, the capsule will be trans-
ported to ITU Karlsruhe for destructive postirradiation
analysis.
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1.2.4 Experimental feasibility of
targets for transmutation
(EFTTRA)

In the field of research on nuclear waste management,
the possibility of separating and transmuting the long-
lived radioactive nuclides, with the aim of reducing the
radiotoxicity of the final waste, is being investigated. In
order to contribute efficiently to the development of ma-
terials for the transmutation, the Institute is collaborating
with CEA (France), ECN (The Netherlands), EDF
(France), and KfK (Germany), with the aim of setting up
joint experiments. The group was named “Experimental
Feasibility of Targets for TRAnsmutation” (EFTTRA) [1].
Following a series of meetings, held regularly since Sep-
tember 1992, a contract has finally been signed, and sup-
port from the Human Capital and Mobility programme
of the European Commission is under consideration. In
November 1994, the extension of the collaboration to a
further partner, namely the Institute for Advanced Mate-
rials in Petten (JRC), was agreed upon.

The goal of the EFTTRA collaboration is the study of
materials for transmutation, including the fabrication and
characterization of fuels and samples, their irradiation,
and test of their in-pile behaviour. The work should be
limited to the basic study of fundamental aspects of the
problem. Being the subject of other programmes, the
reprocessing and the partitioning as such are not consid-
ered in EFTTRA, but their interrelation with transmuta-
tion should of course be taken into consideration. This ap-
plies to strategies, where the type of reactor to be used for
transmutation is, among others, an important parameter.

It has been decided to focus efforts on the study of mate-
rials for the transmutation of Tc (metal), of 12°I (com-
pound), and of Am (in an inert matrix); the homogeneous
recycling of Am is the field of other international col-
laborative efforts, as illustrated for example by the irra-
diation experiments SUPERFACT 1 ([2] and
SUPERFACT 2 (in preparation). The first phase of the
EFTTRA collaboration was defined as the irradiation of
Tc samples, [ compounds, and “empty” (without Am, but
partially using U to simulate Am) inert matrices, and the
related post-irradiation examinations.

The irradiation of 3 Tc samples, fabricated at ITU [3],
and of 6 iodine compounds, fabricated at ECN, started in
April 1994 in the HFR in Petten. The irradiation will be
stopped by the mid of January 1995, after 8 cycles. The
objective of the irradiation of Tc is the knowledge of its
behaviour under irradiation, the determination of the im-
portance of the self-shielding effect, and a first estima-
tion of the transmutation rate. The expected transmuta-
tion for Tc is of the order of 5%. The irradiation of sam-
ples of Pbly, Cels, and Nal (replacing the initially fore-
seen YI3) aims at the verification of the transmutation
rate, and at the investigation of the chemical interaction
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with the cladding. After the transportation of the irradi-
ated samples to the different laboratories, the post-irra-
diation examination (PIE), will take place: non-destruc-
tive (metrology, X-radiography, gamma scanning), and
destructive (gas analysis, chemical analysis, microgra-
phy, microprobe analysis).

A second experiment, called MATINA (MATrices pour
INcinération d’ Actinides) [4], will supply information on
the irradiation effects on inert matrices. The MATINA
capsule, containing the candidate inert matrices for Am
transmutation (heterogeneous recycling mode), has been
mounted in the Phenix reactor for irradiation. For the
MATINA experiment, the matrices are ,.,empty“, i.e. they
contain no americium, but some of them contain uranium
to simulate americium. After 2 cycles in Phenix (MATINA
1), 3 pins will be removed for a destructive analysis, and
replaced by new samples. The rest of the pins will un-
dergo a non-destructive examination. The irradiation will
then be pursued for 2 more cycles (MATINA 1 bis). The
nature of the new matrix samples to be irradiated will be
discussed among the EFTTRA partners.

New matrices, not yet included in the MATINA experi-
ment, have been proposed as candidates for the fabrica-
tion of Am targets. For these matrices, a lack of knowl-
edge of their properties hindered a straightforward irra-
diation in Phenix; preliminary out-of-pile studies are re-
quired, and have been started. A bibliographic study let to
a first selection of these new matrices; ion implantation
experiments have been started for a better understanding
of possible irradiation damages both in matrices already
selected for MATINA (like spinel), and in new matrices.
At a later stage, compounds of these matrices with Am
will be examined for defects after 1 year storage.

A long-term irradiation of 3 Tc samples, identical to the
samples of the HFR irradiation will be performed in
Phenix from 1995 to 1998 (ANTICORP 1 irradiation).

The fabrication of these 3 samples will be carried out by

ITU.
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1.2.5 Radiation dose aspects of
fuels used for the transmu-
tation of minor actinides (MA)

introduction

Nuclear waste, either in the form of spent fuel or high
level waste from fuel reprocessing, is associated with a
radiotoxicity potential due to minor actinides (MA) and
fission products (FP). The possibility of partitioning mi-
nor actinides out of the waste and transmuting them into
less hazardous nuclides has been proposed andits tech-
nical feasibility is being studied [1]. Several concepts of
MA transmutation, relying on existing nuclear power sta-
tions, are being studied theoretically and experimentally.
In one, the recycling of MA with plutonium in the “self-
generated mode” is being studied either in thermal (PWR)
or fast reactors (FR) [2,3]. Another concept, the
transmutaion of minor actinides in a fast reactor has been
investigated in practise in the irradiation in the fast reac-
tor PHENIX [4].

Radiation dose levels have to be calculated at fabrication
and discharge for the different recycling schemes. In or-
der to assess the accuracy of these predictions, measured
radiation doses of minor-actinide-containing fuel irradi-
ated during, e.g. the SUPERFACT programme, can then
be compared wth those calculated.

Fuel cycles under consideration

Nuclear fuel cycles for the self-generated
recycling of Pu and minor actinides

Several concepts, relying on existing nuclear power sta-
tions, have been proposed for the self-generated recy-
cling of the nuclides of Np, Pu, Am, Cm and Tc [5]:

1. PWR and Fast Reactor reference fuel
cycles (R1)

A BIBLIS type PWR reactor is considered, fuelled with
UOX or MOX (U, Pu) and enriched by either 4 wt % in
235U or by 3.7 wt % fissile Pu. The inventory of the spent
fuel was calculated after a burnup of 50 and 33 GWd/t
respectively and a cooling time of 7 years [2]. As fast
reactor, a PHENIX type, fuelled with 25% first genera-
tion Pu and burnt to 60 GWd/t is considered.

2. PWR self-generated transuranium (TU)
recycle (R2)

All self-generated transuranium nuclides together with
9Tc are recycled in the same reactor and under the same
conditions as above.



3. FR self-generated transuranium recycle
(R3)

The inventory of spent fuel, having a burnup of 80 GWd#t,
was calculated after the 16th cycle of transuranium nuclide
recycling in the fast reactor SUPERPHENIX [3]. An out-
of-pile-time of 2 years was considered in this case.

The fuel compositions corresponding to the above nu-
clear fuel cycles are given in Tab. 1.14 [5].

the characterization of spent fuel inside a hot cell at the
Institute [4]. The experimental arrangement comprises a
shielding for the detectors made of 25 mm polyethylene
and 60 mm lead.

Theoretical calculations

The computer code KORIGEN [6] was used to calculate
the evolution of the fuel during irradiation for each of

Tab. 1.14 Fuel compositions of different reference nuclear fuel cycles.

PWR-UOX and -MOX, FR
reference cycles R1)

U0, (Up.95Pup 05)02.x, (Ug.75,Pu0.25)02.x

PWR self-generated TU recycle (R2)

(Up.95Pug 04Npo 004aAmyg 002Cmg 001 T¢0.003)O2x

FR self-generated TU recycle (R3)

(Uo.sPuo.186NPo .001AMg 067Cmg 006)O2x

Minor actinide containing fuel for fast
reactors: a case study (experiment SUPER-
FACT)

Minor actinide recycling in a Fast Reactor has been stud-
ied on a series of oxide fuels containing 3’Np and #!Am
at low and high concentrations [4]. Four types of mixed
actinide oxide fuels (Tab. 1.15) were prepared at the In-
stitute in accordance with the homogeneous (SF13, SF16)
and heterogeneous (SF14, SF15) fuel concepts. The fu-
els have been irradiated in the PHENIX power station
and are currently undergoing post-irradiation examina-
tions at the Institute [4].

Tab. 1.15 Fuel compositions of the SUPERFACT irra-
diation experiment.

Fuel | Fuel composition burnup
SF13 | (Up.74Pug24NPg.02)Oax 6.4 a/o
SF14 | (U goAmy 2gNDy 20)O; 4.1 a/o
SF15 | (Up.s5NPo.4s) 0, 4.5 alo
SF16 | (Ug74Pug24Amg,)0, 6.4 a/o

Methodology

Experimental

The gamma dose rates of the four SUPERFACT pins were
measured during fabrication using a portable ionisation
chamber. After discharge (cooling time 57 months), the
gamma and neutron dose rates were measured using a
passive neutron-gamma interrogation unit developed for

the recycling concepts and minor-actinide-containing
fuels. Appropriate burnup-dependent fission and capture
cross-sections were used for the studies in PWR. The
cross-section libraries were adjusted to those for the
PHENIX reactor in the case of the SUPERFACT fuels.
The neutron and gamma dose rates were calculated for
the different fuels using the computer program PUDOL
[7]. The calculations were performed on the basis of the
fuel composition and the physical properties of the fuel
and cladding. The spent fuel compositions obtained by
KORIGEN were used as input to PUDOL for the
dosimetry calculations. The program considers self-
shielding effects in the fuel itself and attenuation in the
cladding. Furthermore, it allows the use of a range of
shielding materials for radiation protection purposes.

Results and discussion

Comparison of the nuclear fuel cycles

In the present study, it is assumed that the fuels are fabri-
cated one year after reprocessing. Thus, the buildup of
large amounts of 208T] (2.6 MeV gamma) from the decay
of 236Py (half-life 2.6 years) is avoided.

The dose rates per unit mass of the fresh fuel material
corresponding to the recycling schemes for Pu and MA
are compared to the PWR and FR MOX reference cycles
(Tab. 1.16). The distance of 50 cm corresponds to the
working conditions when pellets are handled manually
inside a glove-box. An dose rate limit for a radiation
worker of 2 uSv/h is considered. The results confirm the
expected increase in dose rates at fabrication due to the
inclusion of Pu and minor actinides.

The difference between PWR MOX and self-generated Pu
recycling schemes is due to the change in the Pu isotopic
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Tab. 1.16 Dose rates at 50 cm for one gram of fresh fuel
material.

Material Gamma Neutron
dose rate dose rate
(mSv/h) (mSv/h)
PWR-UOX 2.0E-7 4.0 E-11
PWR-MOX 35E4 5.0E-7
FR-MOX 2.0E-3 3.0E-6
R2 3.0E-3 1.5E-4
R3 93E-3 7.5E-4

composition. Multiple recycling of self-generated Pu in
PWR results in a Pu composition with a significant increase
in the even isotopes. The 238Puy, increased by 3-4 times, con-
tributes greatly to both gamma and neutron dose rates. The
inclusion of minor actinides contributes to a further increase
of the dose rates of the fuels R2 and R3 over the corre-
sponding reference MOX fuels. The soft gamma spectrum
from Pu and 2! Am which is important to the dose rate, can
however be easily shielded by 1-2 mm of lead. In normal
industrial practice, remote handling may be necessary when
a large number of pellets are present inside the box.

The handling of a single PWR or FR fuel pin at fabrication
involves dose rates which exceed the working limit by fac-
tors of up to twenty (Tab. 1.17). Although the soft gamma
spectrum is again easily shielded by thin Pb, the neutron
dose rate demands up to 150 mm polyethylene. The above
analyses have been performed for one year after reproc-
essing. At longer times, 2°*T1 builds up and may eventu-
ally require the use of further Pb shielding. In the case of
the R2 recycling scheme, the dose rate for one pin due to
208T] is just below (1 mSv/h) the working limit. At dis-
charge, the gamma dose rate is determined by the burn-up,
i.e. the fission product content of the fuel. Dose rates com-

parable to the PWR- UOX and MOX fuels are observed at

Im from the fuel, requiring 100-150 mm Pb of shielding.
However, the inclusion of minor actinides in the charge
composition of the fuels results in an increase of the neu-
tron emission after irradiation. Polyethylene shielding of
200 mm is now required.

Tab. 1.17 Dose rates at 1 m and necessary shielding for
fresh fuel.

Fuel Gamma emission Neutron emission
Dose Pb Dose polyethylene
rate shielding rate shielding
(mSv/h) (mm) (mSv/h) (mm)

PWR-UOX 2.0E-5 - 1.0 E-7 -
PWR-MOX | 4.0E-3 1 20E-4 -
FR-MOX 6.5E-3 1 1.8 E-4 -
R2 4.0E-2 2.5 6.7 E-2 150
R3 2.5 46E-2 130
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Verification of dosimetry predictions

The availability of computer programs enabling the pre-
diction of dose rates is essential to estimate possible haz-
ards in a given fuel cycle. Future industrial scale fabrica-
tion of minor actinides fuels will be planned according to
calculations using computer programs. Verification of
such predictions is therefore needed using the minor-ac-
tinide fuels available from small-scale irradiation experi-
ments.

In order to assess the reliability of the dosimetry compu-
ter codes, measured radiation doses from fresh and spent
fuels are compared to the calculated ones. The gamma
dose rates during fabrication are given in Tab. 1.18 for
the minor-actinide fuels used in the SUPERFACT pro-
gram. The calculations were performed on the basis of
the fresh fuel compositions obtained by chemical analy-
ses. The level of agreement is within 30%, which is an
acceptable accuracy for radiation protection purposes. The
high radiation doses from the mixtures containing ameri-
cium can be seen in the results. The increased concentra-
tion of 2*'Am in the SUPERFACT fuels causes an in-
creased gamma dose of 40 times for SF14 and 7 times for
SF16. The former exceeds the dose limit by two and the
latter by one order of magnitude. However, the soft
gamma spectrum emitted by the fuels can be easily
shielded by 1-2 mm Pb.

Tab. 1.18 Predicted and measured dose rates at 1 m from
a fresh fuel.

Fuel Gamma dose rate (mSv/h)
Measured Predicted

SF13 7.0 E-3 8.0 E-3

SF14 2.6 E-1 2.5E-1

SF15 <1.0E-2 2.0E-4

SF16 40E-2 5.6 E-2

The presence of PWR and MA spent fuels in the hot-
cells at ITU, provided the opportunity to study their
dosimetry. Furthermore, it allowed an assessment of the
accuracy in predicting these rates by a computer code on
the basis of the fuel compositions obtained by KORIGEN.
The experimental and theoretical neutron and gamma dose
rates for the spent fuels are shown in Tab. 1.19. The cor-
responding final burnup and cooling times are included
since they determine the radiation emissions at measure-
ment.

The increase in the dose rate following the inclusion of
MA in the charge composition of fuels is demonstrated
in Tab. 1.19. The total radiation dose is dominated by the
gamma dose rate. This is due to the large cooling times,
particularly for the SUPERFACT fuels, and the conse-



Tab. 1.19 Predicted and measured dose rates from spent fuel

Fuel Burnup | Cooling Gamma dose rate Neutron dose rate ||
(a/0) | time (a) (mSv/h) (mSv/h) |
Predicted | Measured | Predicted | Measured |
SF13 6.4 5 3.0E2 2.7E2 22E-2 43 E-2
SF14 4.1 5 1.0 E2 1.5E2 5.5E-2 9.0 E-2
SF15 4.5 5 1.0 E2 1.5E2 3.0E-2 42 E-2
SF16 6.4 5 3.0 E2 2.5E2 2.4E-2 40E-2 |
PWR-MOX 4.7 3 4.2 E2 7.0 E2 3.0E-1 84E-1 |

quent decay of 22Cm and **Cm. Even for the SF14 fuel
which contains 20% 2*!Am and for which most of the
curium isotopes are expected to be produced, the gamma
dose dominates. Nevertheless, at discharge the neutron
dose rate is considerable, although still lower than the
gamma dose rate. A shielding of 100-150 mm
polyethylene would be required to reduce the occupational
exposure at 1 m from SF14 and SF16 during unloading.
In order to assess the PUDOL predictions, the experi-
mental and theoretical dose rates have been compared
(Tab. 1.19). An agreement within 50% is observed. The
discrepancy can be attributed to different sources includ-
ing the reproducibility of the experimental setup and the
fuel compositions obtained from KORIGEN predictions.
The reliability of KORIGEN, for the source term nuclides,
has been checked by the comparison of its predictions
with chemical analyses [4]. The agreement is within 25%
for the actinides and 50% for the fission products. This
agreement, although sufficient for dose-rate calculations
indicates limitations in its basic nuclear data libraries. The
latter should be considered when neutron-physics calcu-
lations are performed.
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1.2.6 Transmutation of long-lived
radionuclides: Require-
ments for and review of tech-
nical possibilities

Public acceptance

Accelerator-Driven Transmutation Technology (ADTT)
is presently being discussed in a situation where nuclear
energy generation in some countries faces an acceptance
problem. The intention of expanding this technology for
future nuclear energy generation would, therefore, have
to give answers to the three main acceptance problems:

1. reactor safety, which is under discussion since the
accident in Three-Mile-Island and the catastrophe of
Chernobyl

2. fissile material safeguards, now in the focus of inter-
est because of increasingly observed vagabonding of
nuclear material

3. disposal of nuclear waste, of which the on-going
search for geological disposal sites initiated a debate
on long-term radiotoxic hazards.

In the public opinion, there is a distinct ranking order on
the possibilities of waste treatment in general:

Most welcome would be a technique that produces less
waste. In the case of nuclear fission, energy is always
generated together with fission products, the yields of
which vary slightly with the fission source. Only the build-
up of radiotoxic actinides changes, and it is obvious that
232Th-based fuel produces by far less transuranium ele-
ments than 238U-containing fuel.

The second best choice is the possible re-use and recy-
cling of waste back to the process where it was produced.
One would expect Pu recycling to fall under this category.
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tricity is needed to drive the accelerator itself. Though
the ADTT can rely to some extent on existing technol-
ogy: accelerator, fission reactors, nuclear fuel reprocess-
ing, there are still considerable tasks ahead to be accom-
plished, such as the construction of high current accel-
erators (ca. 100 mA), cooling and replacement of
spallation targets and of structure material damaged by
irradiation, etc.

The neutron fluxes expected in accelerator-driven reac-
tors are up to 100 times higher compared to correspond-
ing thermal or fast reactors. Consequently, the transmu-
tation rate is higher, and waste (including weapons plu-
tonium) will be transmuted faster. One ADR could trans-
mute the same amount of waste as tens of nuclear power
stations that are operated on the self-generated waste re-
cycling mode.

Concluding remarks

Since worldwide research on partitioning and transmuta-
tion has just begun, it would be premature to draw con-
clusions on technical feasibility and cost/benefit of the
different concepts. Moreover, the development status of
the various approaches does not yet allow a meaningful
comparison. It should be pointed out that spent nuclear
fuel has to be stored for tens of years. Also decades will
be needed to disassemble nuclear warheads and the re-
covered Pu has to be stored intermediately, because of
the lack of facilities in the US and Russia to feed the Pu
into the commercial fuel cycle. Partitioning and trans-
mutation, including the accelerator-driven transmutation
technology - if feasible -, could offer the next generation
an option to solve a waste problem being generated now.
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1.2.7 Working group meeting on
minor actinide containing
targets and fuels, ITU Karls-
ruhe, 28-29 June 1994

This was the fourth in the series of meetings of the Work-
ing Group on Targets and Fuels initiated following the
Workshop on Partitioning and Transmutation of Minor
Actinides held in the Institute in October 1989 (TUAR-
90, p. 71). The meeting was attended by 32 participants,
including representatives from national organisations,
IAEA, EC, OECD/ NEA, and 9 from the Institute. The
following countries were represented: Belgium, Canada,
Germany, France, Japan, S. Korea, Netherlands, Spain,
Switzerland and UK.

These meetings provide an international forum for the
discussion of technical problems associated with all as-
pects of partitioning and transmutation. Presentations in-
cluded national programmes, international co-operation
and conceptual studies on different transmutation
schemes, partitioning studies, post-irradiation examina-
tions of minor actinides targets and fuels and different
matrices containing minor actinides.

A major issue still to be resolved is that of determining
the target nuclides to be transmuted. This compilation will
influence the choice of partitioning techniques and trans-
mutation schemes. It was clear that in the field of parti-
tioning one of the main goals remaining is the separation
of actinides and lanthanides. Two aspects of the fabrica-
tion of minor actinide targets and fuels were considered:
losses, which can be as little as 0.1% using the sol-gel
process, and dosimetry aspects, which indicate the need
of remote handling. A fuel type that would not produce
any plutonium and americium during irradiation, was
proposed in the form of an inert matrix. Basic structural
studies on such material are in progress.

The working group, set up in 1990, has evidently served
the scientific community in offering a platform to arrange
joint studies. Studies on a network level have already been
setup, e.g. EFTTRA, and ITU - EDF. Outcomes of these
studies are regularly discussed in dedicated meetings be-
tween the partners involved. As a consequence of this
and in view of the many meetings taking place nowadays
in the field of partitioning and transmutation (e.g. Global
’95), it has been decided not to hold a working group
meeting in 1995.
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1.3 Minor Actinides Laboratory

The Minor Actinides (MA) laboratory has been extended
to include equipment for powder preparation based on
the sol-gel process; first fuel powder material was pre-
pared.

In parallel, the design of a new fabrication chain for the
making of fuel pins containing minor actinides work has
continued on. The arrangement of the different working
stations was based on the model of the existing water-
shielded cells. The new chain will be installed in a spe-
cially constructed caisson. The glove-boxes, with the
equipment for the different fabrication steps, will be
placed in the centre of the caisson, and surrounded by
protecting walls of water and lead. After an estimation of
the quantities of radioactive nuclides to be handled in the
frame of the foreseeable fabrication campaigns in the
coming years, the required biological protection was cal-
culated to be 50 cm water, covered with 5 cm lead. Win-
dows having an equivalent protecting factor will be in-
stalled at the front of each box. Normal operations will
be performed using manipulators or through automatic
remote devices. For maintenance of the equipment, or
for special reasons, direct access to the glove boxes will
be possible for short periods of time after the removal of
the highly radioactive material from the boxes. It was
decided to equip each box -even those with remote con-
trol devices- with at least one manipulator, which should
allow the removal of the material from outside in case of
a failure of the automatic devices. Wells, protected with
lead and water, will be installed for storage of the radio-
active material during rear operations. :

At present, the decommissioning of the equipment to be
removed from the future site of the caisson is underway.

Six glove-boxes will first be installed in the caisson: for .

special preparations, pressing, sintering, pellet control,
pin filling and welding and pin control. Two further sta-
tions are planned for a later stage, for machining of the
pellets, and for waste storage and conditioning. The in-
stallation of equipment in the first glove-box, for special
preparations, has also been postponed; the box will ini-
tially serve for introducing material (normally sol-gel
powder) into the chain. The microscope equipment, with
image processing and archiving system, is presently be-
ing tested for later implementation in the pellet control
box. The connection between the boxes will be through
stainless steel cylinders of 250 mm diameter, with dou-
ble-cap apertures at both ends.

The conceptual study of the fabrication chain is well ad-
vanced, and should be completed by the beginning of
1995. A powder container for the feeding of the press
has to be transferred from box 1 (entry) to box 2 (press-
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ing), and back. After pressing, the pellets, individually
identified, will be checked and sorted; the pellets in ac-
cordance with the specifications will be arranged on a
tray, and transferred to box 3 for sintering (the discarded
pellets will be pushed in a waste container). The pellets
to be produced, and consequently the related handling
devices, are classified into 3 categories according to their
diameter: 5-8 mm, 9-12 mm, and larger than 12 mm. The
final control of the pellets, and their preparation for pin
filling, will occur after sintering. For pin filling, welding
and control, two stations are foreseen; the pellets will be
handled in the first glove-box, while the second box will
be kept as a non-contaminated zone for final control of
the closed pins before shipment. A detailed description
of the various stations, with technical specifications, is
under preparation.
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1.4 Particle Agglomeration and Deposition In

Turbulence (PADIT)

Introduction

Turbulence is a phenomenom present in most industrial
and environmental flows. From a review of the litera-
ture, it appears that a few studies, mostly theoretical, show
that micron or sub-micron size aerosols agglomerate un-
der these conditions so that the initial size distribution is
modified. This effect will have a significant influence on
the conditions of deposition of particles at the bounda-
ries of the flow. Experimental data are needed on this
agglomeration process, particularly in order to model the
deposition process during accidental release of radioac-
tive aerosols and to manipulate aerosols in restricted
spaces where turbulence takes place (e.g. duct flows).

The earlier experimental study of Duct Transport of Big
Particles (TRABI) (see TUAR-93, p. 64) done with non-
active bismuth oxide particles confirmed the importance
of the agglomeration process for the transport of big par-
ticles (30-40 im) in a highly, but well controlled, turbu-
lent flow (Re>100,000). More than 25% of the particles
counted on the sampling filters were significantly larger
than those originally injected.

In the frame of the present PADIT project, it was planned
to verify the occurrence of this agglomeration process
during the transport of nuclear aerosols, under the same
turbulent conditions as in the TRABI experiments. As
plutonium was excluded for safety considerations,
polydisperse aerosols from natural uranium oxide were
used as a substitute.

Experimental

For these experiments, the TRABI test facility was modi-

fied. Parts of the wind channel (sections A, B, C and D,
see Fig. 2.1 in TUAR-91, p. 62) and the analytical equip-
ment were mounted inside a conventional steel glove box
as described in TUAR-93, p. 64. As in the previous TRABI
experiments (see description and results in TUAR-92, p.
59) the sampling Nuclepore 10 um porosity filter was
located along the axis of the plexiglass section located at
the downstream end of the test duct.

Loss of large particles is avoided by minimizing the trans-
port of the filter samples to the analysis station. For this
purpose, a special construction permitted in-situ exami-
nation of the Nuclepore sampling filters, using a micro-
scope located outside the glove box. The microscope was
connected to a color-video copy processor system
(QUANTIMET). A quantimetric evaluation of the mi-
crographs was carried out with a GALAI CIS-1 Macro-
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Viewer. In this way, the particles could be characterized
as a function of the Ferret diameter (TUAR-93, p. 64).

Sintered natural uranium oxide was ground and particles
were divided by ultrasonic sieving into two size fractions:
25-30 um and 30-65 pm. These particles are similar in
size to those generated in the fabrication of nuclear fuel
materials. Aerosol injection into the wind channel was
achieved by means of a spray bulb. The aerodynamic data
and the particle collection system were the same as that
described in TUAR-91, p. 61 and TUAR-92, p. 58.

Results and discussion

In spite of attempts to vary the optical contrast with the
background, the GALAI Macro-Viewer does not allow
small uranium oxide particles and the perforations of the
Nuclepore filter itself to be distinguished. In fact, there is
a significant percentage of irregular or adjoining perfo-
rations which are much greater than the nominal size (10
pum). Nevertheless, direct observation of the loaded fil-
ters with the microscope shows clearly that UO, parti-
cles, recognizable by their colour and shape, smaller than
30 um are always present in significant but variable quan-
tities. This suggests that the fraction resulting from sieving
consists of aggregates of poor mechanical stability which
are broken up during the injection and/or in the turbulent
flow.

Numerous duct transport experiments were carried out
during the reporting period with both size fractions. In
each run, a 100 mg sample of test powder of the given
size range was injected into the turbulent flow, so that
after complete dispersion of the sample, the particle
number concentration of the transported aerosol may be
estimated at between 1.5 and 2.5x10° particles m™3 in an
air volume of about 0.3 m3, Nevertheless only in a few
experiments were sufficiently well loaded filter samples
obtained for valid quantimetric evaluation (at least 50
objects). The results are given in Tab.1.21 for the size
fractions (A) 25-30 um and (B) 30-65 pm. For the rea-
sons discussed above, the particles smaller than the origi-
nal size range were not counted. Fig. 1.51 shows micro-
graphs of the UO; particles collected on a Nuclepore 10
m porosity filter for (A) an original test sample of the
size fraction 30-65 um and (B) a sample of the same size
fraction after transport in the turbulent flow.

These data are in agreement with those obtained from
TRABI with bismuth oxide powder. Transport in a highly
turbulent flow strongly increases the agglomeration of
uranium oxide particles. Direct observation of particles
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2. Fuel Behaviour under Accident

Conditions

2.1 Studies of Problems related to Reactor Safety

2.1.1 Ultrasonic thermometer
sensors for Phebus

A total of 16 7-section ultrasonic thermometer sensors
were fabricated and calibrated [1,2] and delivered to CEA-
Saclay for use in the Phebus experiments FPT1 through
FPTS5.

Technology transfer

The Black Box Mark 3 (ultrasonic thermometer control
and evaluation electronics) and the corresponding oper-
ating software [3,4] were transferred to CEA-CEN-
Cadarache for use in the PHEBUS project. The software
runs under WINDOWS on a standard 486DX33 compu-
ter, which is equipped with a commercial 100 MHz dig-
ital-to-analogue converter card and a second parallel port
LPT2.
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2.1.2 Source term studies on
radionuclide release from
irradiated fuel

Laboratory measurements were carried out on transpira-
tion/effusion effects in irradiated nuclear fuels at high tem-
perature. The aim of these experiments was twofold: first,
collection of data on release of fission gas and less vola-
tile fission products, enabling their diffusion coefficients
in the fuel as well as their respective release pathways to
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be identified. Second, the analysis of the vaporization rate
of the various species makes it possible to reconstruct
the thermochemical properties of the system fuel+fission
product (F.P), including reaction products and fuel
stoichiometry.

Experimental method

A Knudsen cell effusion method was adopted. This con-
sists of heating the sample in a cell provided with a small
aperture through which the vapors escape as a molecular
beam which is analyzed by a mass spectrometer. In our
apparature, the cell is located in a tungsten resistance fur-
nace surrounded by five thermal cylindrical screens. To
align the effusing molecular beam the furnace is installed
on a micrometric x-y table. At the top of the furnace hous-
ing, 5 cm above the outer screen, an externally adjust-
able diaphragm separates the furnace from the mass-
spectrometer chamber.

A window at the top of the spectrometer enables the align-
ment of 1) spectrometer head, 2) diaphragm, 3) screen
holes-Knudsen cell aperture to be adjusted by sequentially
focussing a TV camera on these items; the axis position
of the cell is controlled by using a vertically fixed He-Ne
laser beam.

The mass-spectrometer is a quadrupole with a mass range
1-500. This can be operated both with a continuous scan-
ning of a mass interval, or with sequential measurements
of a set of selected masses. The shortest measurement
time per mass is 0.5 ms, however, in our experiments,
where most signals are low, this time is normally chosen
to lie between 1s and 10 s.

The temperature is measured through a lateral window
by using a linear pyrometer. This window is internally
protected by optical glasses mounted on a revolving disk,
so that only one glass is permanently exposed to acci-



dental vapor deposition, whilst the other ones are kept in
a sheltered position for temperature measurement pur-
pose; one is never exposed during heating, and maintained
clean for calibration purposes of the pyrometer at room
temperature.

The system is evacuated by three turbomolecular pumps
attaining a vacuum of better than 108 torr.

In the primary vacuum stage, a beta-counter is installed
for measuring the flow rate of radioactive gases (mostly
85Kr); furthermore, the evacuated gas of the furnace be-
fore reaching the dry rotary pump passes through a flow
counter and, finally, through a liquid nitrogen cooled trap
where 8°Kr is retained and measured to obtain the inte-
gral release value. This furnishes an additional check for
the calibration factor of the mass-spectrometer (it is
known that in effusion experiments the calibration of the
concentration of gaseous species has to be carried out
independently of that of condensable species).

Since in most cases the annealing of the sample is pro-
tracted until complete evaporation, the fractional vapori-
zation of the various components is measured with good
accuracy as a function of temperature and time.

The annealing times are chosen according to the meas-
ured vaporization rates and to the required accuracy. At
temperatures below 1500 K a mass-spectrum measure-
ment was made within a few minutes, whilst above 2000
K the scanning times are of the order of a few tens of
seconds. The main features of the apparature are listed in
Tab. 2.1.

Samples

The irradiated fuel samples were obtained from cross-
sections of BR3 fuel rods similar to those to be used in
the PHEBUS experiments (Tab. 2.2).

Their weight varied between 10 and 30 mg and their meas-
ured gamma-activity was less than 30 mSv at 8 cm dis-
tance. At this radioactivity levels the operators are allowed
to remove the eventual contamination in the vessel by us-
ing normal glove box procedures, whereas during the
measurements the box containing the apparatus is com-
pletely surrounded by a biological shielding of 5cm lead,
and all operations are automated and remotely controlled.

With a Knudsen cell hole diameter of 0.5 mm the sam-
ples vaporize at variable rates up to 2500-2600 K. Above
this temperature a nearly complete depletion in fission
products is attained, accompanied by marked changes in
the stoichiometric composition of UO;. At these tempera-
tures total evaporation is achieved within 10-20 min.

In the experiments it is difficult to predict under which
conditions thermodynamic equilibrium is effectively at-
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Tab. 2.1 Features of the shielded “Knudsen” cell.

ThO,-coated tungsten
Cylindrical 10x10 mm
Hole: 0.5 mm
Hole distance from the MS: 82
mm

1000-2800 K

Knudsen Cell

Temperature
range

Vacuum 10 8torr

Monochromatic (700 nm)
1000-3000 K
Two Plastic Scintillators
beta (flow counter): 1-10000 /s
gamma (LN trap): 100-10000/s

Pyrometer

Counters

Balzers QMA 420 Quadrupole
Counter: electron multiplier
Used E-Energy: 20 eV
Counter: electron multiplier
E-Current: 0.5 mAmp
VSEV: 1800V
Resolution: 20
Threshold: 0.01%
Range of Mass: 1-500
Used Range of Mass: 80-290
Maximum Noise level:

at 2300 K: 10 " Amp

at 2600 K: 10 '9Amp

Counting time per mass: 1 to 10 s

Mass
spectrometer

tained, since these may be different from species to spe-
cies; actually, strictly speaking, the chemical composi-
tion of the fuel varies continuously during annealing. The
analysis of the data is too complex to be carried out on
line, and is therefore conducted in the following subse-
quent steps. In the first, to which this report refers, the
gross release spectrum at different temperatures is meas-
ured, and the distinct stages are identified. In a second
set of measurements only a few selected masses will be

Tab. 2.2 Characteristics of the examined fuel.

Reactor cycles 2 (4D1,4D2)

Linear power 140 to 180 W/cm

Irradiation time at 593 days

full power

Burnup 23-30 GWd/t

Cooling time 7 years in June 1994

U-235 enrichment 6.85%

Fuel composition UO; 4

Fuel form Sintered pellets; 8mm
diam. 85% th. d.

Rod Pressurized with 23 bar He
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One of the salient points of the analysis is the identifica-
tion of the low temperature release stage. Since the fuel
samples were taken from zones with in-pile temperatures
of less than 1000K, most of the fission products in the
spent fuel are frozen in the UQ; lattice as point defects or
small clusters, which are not in thermodynamic equilib-
rium. Only very small fractions of the most mobile ele-
ments could diffuse to the fuel grain boundaries. There-
fore, the principal effect of annealing consists of short-
range redistributions of both inert and chemically active
species, with simultaneous growth of the intergranular
fission product concentration (in gas-filled pores and con-
densed phases). Since interconnection and/or microcrack
venting of these phases, with creation of new free sur-
faces is a necessary condition for low temperature release,
this phenomenon will be investigated by parallel scan-
ning electron microscopy (SEM) investigation of the an-
nealed samples.

Finally, at higher temperatures, equilibrium partial pres-
sure of several fission product elements can be measured
in a reasonably extended temperature range, and be di-
rectly compared with those of the UO, vapours, enabling
a first tentative of fission product speciation to be carried
out.
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3. Characterization of Nuclear Waste

Forms

3.1 Introduction

The studies on radioactive waste carried out at the Insti-
tute are centred on the characterization of nuclear waste
forms including high burn up fuels with respect to prop-
erties relevant to their behaviour under irradiation or un-
der conditions of long term storage.

Properties to investigate include thermal conductivity,
chemical and mechanical stability, redistribution of acti-
nides and fission products within the waste materials,
resistance to corrosive agents and investigation of the
leaching behaviour with various leachant compositions.

1. Electrochemical studies of UQ; and MOX fuels in
aqueous solutions are essential for the understand-
ing of the dissolution and corrosion behaviour of these
materials in groundwaters. The knowledge of the
mechanisms (e.g. rate determining steps, intermedi-
ate species involved, precipitates, etc.) is important
in assessing the stability of nuclear fuels in final or
intermediate storage.

Electrochemical testing has been continued and
potentio-dynamic experiments (cyclic voltammetry)
were used for an overview of the redox behaviour
and to estimate the corrosion current densities of the

materials investigated. Additional impedance meas- .

urements under potentiostatic conditions gave infor-
mation about electric conductivity, corrosion rate and
the inner resistance of the sample, which is used to
correct the potential drop across the sample. In the
future potentiostatic long term experiments will be
suitable to compare electrochemical and analytical
dissolution rates.

In the current study sintered UQ,, and single crystal
UO, were used as electrodes of non-irradiated fuels.
Electrodes from irradiated UQO; with 26.4 and 68
GWd/t burn-up, UO; from a failed fuel rod with ab-
normal grain size (20 - 25 GWd/t) and MOX fuels
(21.1 GWd/t) with Pu particles containing 25% Pu
were used for the studies on irradiated fuels. Meas-
urements were carried out in aerated and deaerated 3
w/o Na,CQOj solution at room temperature (252 °C).
For measurements in the hot-cell the electrolyte was
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deaerated with N, bubbling to about 0.1 ppm O; and
kept during the course of the experiment under a Nj
- 5% O; atmosphere.

A leaching test on UO, powder in an autoclave at
200 °C for a short duration (one month) was repeated
using Ti containers because this material is expected
to display a neutral behaviour.

The goal of this experiment was to quantify the in-
fluence of oxidation conditions on the leaching rate.
A clear difference was seen: in presence of Fe (re-
ducing conditions) the lowest values were observed
and an increase of the amounts leached was noted
when the tests were carried out under oxidizing con-
ditions in H>O or H,0,.

High temperature reactions are possible during a re-
actor accident between fuel and structural materials
as the bundle degrades. The investigation of these
interactions and their kinetics is important as they
result in low melting point eutectics or mixtures which
are liquid at temperatures substantially below those
of the individual melting points. This can cause a se-
vere and accelerated degradation of the reactor core
even below the UO; melting point.

This study was done in two parts:

« structural material interactions with natural UO,
e structural material interaction with irradiated UO,.

The structural materials tested were 304L stainless
steel, zircaloy 4 cladding and Ag-In-Cd from absorber
control rods.

The techniques used were annealing, differential ther-
mal analysis (DTA), dilatometry, optical and elec-
tron scanning microscopy.

The results show the effect of structural materials on
fuel at temperatures that are below those of the melt-
ing points of the main components and how material
interaction can create liquid mixtures at low tempera-
tures (~ 1200 °C) with rapid attack on irradiated UQ,.



Further work should be carried out together with that
on natural UO; to clarify the influence of certain
mixtures and to identify the critical liquefaction tem-
peratures and the effective threshold of attack both
for natural UO; and for irradiated UO,. The influ-
ence of the enlarged grain boundaries and secondary
precipitates on liquefied mixture penetration between
the grains should also be measured (e.g. testing with
lower burn-up fuel).

UO; power reactor fuels irradiated up to a burnup of
50.000 GWd/t and more display new aspects of fuel-
clad interaction. A reaction between Cs and UO; at
cladding-fuel interface was found resulting in a modi-
fication of the fuel cladding mechanical interaction
and thermal properties of the fuel pellet periphery.

UO4Cs; was synthesised and its thermal conductiv-
ity was measured by means of the comparison method
in the temperature range 100 to 600 °C. The experi-
mental data indicate that this compound has a poorer
conductivity than that of UO; by a factor 2.

Initial determinations of the micro-hardness of high
burn-up fuel in particular at the pellet periphery were
carried out at room temperature. The results are of
the same order of magnitude to those obtained on
simulated fuels. This suggests that the deleterious
effect of porosity on hardness might have been com-
pensated by Hall-Petch strengthening due to the
smaller grain size in this region.

The determination of the porosity distribution of vari-
ous irradiated UO; fuels up to 80.000 GWd/t indi-
cate the existence of at least three modes of restruc-
turing:

* in-pile sintering during the first irradiation phase
with progressive decrease of the initial porosity.

» two further restructuring modes are associated
with the formation of fission gas pores with two
strong local increases as the burn-up increases.

a. atthe pellet periphery (100 - 200 um depth).
The local increase of the pore concentration
can reach a factor 2 to 3 and seems to be
very sensitive to the burn-up profile in this
thin zone.

b. in the central part of the fuel the formation
of intergranular porosity results from gas dif-
fusion to the grain boundary and coalescence
mechanism on the grain boundary.

Cladding rupture during irradiation in a FBR could
lead to a chemical interaction between Na and mixed
oxide fuels containing Am, Np used for transmuta-
tion (SUPERFACT experiment). These interactions
were analysed by means of thermogravimetry and
differential thermal analysis.
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The extent of this reaction was studied in the tem-
perature range of 600 - 700 °C and the reaction prod-
uct characterization was carried out by X-ray diffrac-
tion. Although equilibrium conditions were not com-
pletely achieved the results suggest that after total
disappearance of Na;0O;, the compound formed is
Na;;MsO1s (M = U; UggPug2; Ug,74Pug.24Amg 02;
Uo.7aPug 24 Npg.o2; UgsNpo2Amg 2; U ssNpo.as).

The reaction temperature (684 to 692 °C) increases
as actinide content increases.
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3.2 Characterization of Spent Fuel in View of

Long Term Storage

3.2.1 Study of natural UO, and
spent fuel in aqueous car-
bonate solutions by electro-
chemical techniques

Electrochemical studies of UO; and nuclear fuels in aque-
ous solutions are essential to understand the dissolution/
corrosion behaviour of these materials in ground waters.
Knowledge of the mechanisms (e.g. rate determining
steps, intermediate species involved, precipitates ...) are
important in assessing the stability of nuclear fuels in fi-
nal storage.

Potentiodynamic experiments (cyclic voltammetry) were
used to get an overview about the redox behaviour and
an estimation of corrosion current densities of the mate-
rials under investigation. Additional impedance measure-
ments under potentiostatic conditions gave information
about electric conductivity, corrosion rate and the inner
resistance of the sample, which must be used for correc-
tion of the potential drop across the sample. Potentiostatic
long term experiments are suitable to compare
electrochemical and analytical dissolution rates.

For electrochemical measurements with irradiated nuclear
fuels it was necessary to develop a sample holder for re-
mote handling in the hot cells. Fig. 3.1 shows the result-
ing working electrode assembly. Pieces (0.2-0.5g; @ =
2 - 4 mm) from the fuel edge were mounted on a flat
brass screw in the head of the electrode using nickel con-
ductive glue. Then the samples were embedded in epoxy
resin and polished down to | um. After preparation the

head could be mounted on the electrode holder and placed -

in the electrochemical cell. Measurements were started
after ~5 minutes immersion.

The following electrode materials were used:

non-irradiated: - natural UO,, sintered (95% density)
- natural UO;- single crystal (JRC
Ispra)
irradiated: - commercial UQ; fuel, 6.85% 235U
(burnup 26.4 GWd/tU)

- UQO; fuel from defective pin with ab-
normal grain size (burnup 20/25
GWd/tu)

- high burnup commercial UQ; fuel
(burnup 68 GWd/tU)

- commercial MOX fuel, approxi-
mately 7.5% Pu; Pu-rich particles
25% PuQO; (burnup 21.1 GWd/tU)
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Measurements were carried out both in aerated and
deaerated 3 w/o Nay;COs solution at room temperature
(25 £ 2 °C). For use in the hot cells the electrolyte was
deaerated with N, bubbling to ~0.1 ppm O; and kept dur-
ing the experiment under Nj - 5% O, atmosphere.

Cyclovoltammograms (CV) were recorded with a maxi-
mum potential scan of 0.3 mV/s. Resulting polarization
curves (i.e. potential (E) versus logarithmic current den-
sity (log i) diagrams) for commercial UO; (26.4 GWd/
tU) and MOX (21.1 GWd/tU) fuel are shown in Figs. 3.2
and 3.3. The polarisation potential E is corrected for the
ohmic resistance of the circuit; the so-called ‘iR’ drop. In
the case of semi-conducting UO, its substantial resist-
ance causes a large potential drop across the electrode
itself. The general form of the irradiated UO, curve is
similar to that of the non-irradiated UO; curve (see also
TUAR-93, p. 90). It could be seen that UO, has an anodic
curve rising in two stages; this shows it oxidises in a 2
stage oxidation process. The first stage seems to be irre-
versible and is followed by a second reversible step. At
high anodic potentials O, evolution is possible.

Characteristic parameters of these polarisation curves
(loglil vs. E) are the zero current or corrosion potentials
(E at the points i=0) and the exchange current densities i,
at the zero current potential (E(i=0)). The latter can be
obtained by extrapolation of the tangents of the anodic
and cathodic curves (Tafel lines) to the zero current po-
tential. The slopes of the tangents or Tafel lines b, and b,
can be used to calculate the correlation factor B between
the reciprocal polarisation resistance 1/R, (determined
from ac impedance measurements of the UQ; electrodes)
and the corrosion current density icor (determined from
the exchange current density above). This will give an
indication of the rate-determining step at the electrode
surface. Values of these parameters for various experi-
ments are collected in Tab. 3.1.

The potential E(i=0) in the cathodic range that is reached
first with rising anodic polarisation seems to be strongly
dependent on oxygen concentration. The most negative
potential (-800 / -900 mVsyg) is reached for the single
crystal electrode and approaches the true UO; Ecq po-
tential (no hidden oxygen in pores and cracks). E(i=0)
downward, that is with decreasing anodic polarisation, is
more constant at +200 mVsyg to +350 mVsye and is re-
lated to the free corrosion potential at long term meas-
urements.

The values of the correlation factor B are for most ex-
periments between 20 mV and 36 mV except for MOX
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M 1:1 i

Fig. 3.1 Working electrode assembly for electrochemical experiments performed on spent fuel. 1) grip for manipulator,
2) flange fitting adapter for holder, 3) electrode holder, 4) Cu wire with contact head, 5) banana plug, 6) plug connector,
7) spring, 8) O-ring, 9) electrode head, 10) brass sample holder
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Fig. 3.7 Polarisation curve (loglil vs. E) of polished UO; fuel from defective pin (burnup 20/25 GWd/tU) in 3 w/o
NayCOj; solution (max. scan 0.3 mV/s; pH 11.2; [O2] ~2 ppm; 25 °C; after vacuum reimpregnation of the sample).

impedance measurement current measurement
sample CO)| by | B | _Eon oo b, | B | Eon o
ppm [mV/dec{ mV | mVgy uA/cm2 mV/dec| mV | mVgy uA/cm2

nat. UO, 6 13510 | 40+ 4 | 140+£50 1 0.16+£0.06 )] 85+2 | 29+ 5 | 185+25 | 0.07+0.03
pellet 0,01 | 1014 150+50 | 0.04+0.05f 80+3 150+50 | 0.01+0.01

stirred > 0,02 | 127411 15050 | 0.3 +0.3 811 150+50 | 0.02+0.02
UO, single 0,3 | 122+40 80+50 | 0.06+0.08 | 91+9 180+50 | 0.3+0.3
crystal
U0, fuel =2% 1100£13 | 35+ 9 | 259+35 | 0.4+0.5 | 8910 | 26+ 5 | 240+26 | 0.2+0.2
(26.4 GWd/tU)
high burn up =2* | 142441 | 50+28 | 175+45 | 0.4+0.5 80+3 | 31+3 | 27213 | 0.3+£0.1
U0, fuel
(68 GWd/tU)
U0, fuel =2% | 143+ 8 160+£30 | 0.8+0.5 | 131+4 160+£30 | 0.9+0.3
defective pin
(20725 GWd/tU)
MOX fuel =2 | 233£28 150£50 | 2 +2 281+50 150£50 | 5 45
(21.1 GWdtU) =2* | 212440 -8+20 | 0.4+0.2 | 282+50 -8+20 | 1.448

# .
: vacuum impregnated samples

Tab. 3.2 Corrosion currents, potentials and Tafel parameters from potentiostatic impedance and current measurements
performed on natural UO; and spent fuel in 3 w/o Na;COjs solution at room temperature.
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Fig. 3.12 Design of a Densimet-18 furnace chamber with
a parallel closing hinge and vertical adjustment. (1) fur-
nace chamber, (2) sample holder, (3) stainless steel disk,
(4) Kevlar foil, (5) O-ring, (6) setting screw, (7) dovetail
guide, (8) double-hinge, (9) platinum tape-heater

than 500 °C was necessary. Such a study includes oxida-
tion tests under controlled atmosphere on well character-
ised specimen, thermogravimetric analysis, characteriza-
tion of the oxidized specimens by means of microstruc-
ture examinations and in situ X-ray diffraction analysis.
The present equipment in the hot cells, particularly in the
fields of X-ray diffraction and thermogravimetry has to
be updated. For this purpose a lead-shielded glove box
has been designed (TUAR-93, Fig. 4.11, 4.12) and meas-
urements on irradiated specimens are planned for spring
1995. During this year a goniometer and a thermobalance
have been installed in the glove box, while further devel-
opments concern the shielding of the high temperature
chamber of the goniometer and sample holders for both
devices permitting the safe transport of samples between
the hot-cells and the shielded glove-box.

Shielding of the high temperature chamber

Most oxidation tests will be long-term experiments, con-
ducted in a specially constructed furnace chamber (Fig.
3.12), manufactured in Densimet-18, a high density al-
loy with a y-ray shielding equivalent to 50 mm lead.
The sample is held in a a-tight holder designed in such a
way that appreciable X-ray absorption is avoided and the
oxidizing gas flow to the sample is ensured by using po-
rous materials.

The furnace chamber (1) is screwed on a water-cooled
stainless steel disc which acts as a heat sink.

The X-ray beam from the tube to the sample and the dif-
fracted beam to the detector pass through a slit 12 mm
wide and 200° angle located in the upper half of the fur-
nace; the vacuum tightness of the sample is assured by a
Kevlar foil (4) which allows the transmission of the inci-
dent and diffracted X-ray beam. The correction in the zero-
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straight-line between X-ray beam, sample surface and
detector slit, is achieved firstly with a micrometer which
moves the stainless steel disc (3) of the diffractometer
and secondly by a setting screw (6) which adjusts the
level of the furnace chamber (1) with the aid of the dove-
tail guide (7). The use of the parallel-acting double hinge
(8) ensures the vacuum tightness of the furnace chamber
(1). This is designed for temperatures up to 500 °C, al-
though inner furnace temperatures up to 1000 °C can be
accepted. However a water-cooled aluminium flange has
been already designed and can be additionally fitted on
the front-side of furnace chamber (1) with a screw at-
tachment, to reach sample temperatures of about 1400
°C.

The heating system of the sample consists of a platinum
tape-heater (9) on which the sample-holder (2) is placed.
The desired temperature is controlled by a thermocou-
ple, directly welded on the heater, and by a
thermocontroller.

Thermobalance sample holders

The shielding previously foreseen for the thermobalance
oven, in order to reduce the high y-activity background
on the X-ray goniometer from samples used for the
thermogravimetric analysis, appears not necessary as €x-
pected, because a) the sample weight is about 5-10 mg
(lower limit) and consequently its y-dose rate is quite low
(< 100 mrem per hour), b) the goniometer detector is well
protected by its own shielding and c) such a shielding
does not protect the sensitive parts of the thermobalance.
Damage to these can be avoided by using a special sam-
ple holder, as illustrated in Fig. 3.13. This holder consists
of a Densimet-18 cylinder (1) 30 mm high, whose 20 mm
thick base provides ¥-shielding for the thermobalance. The
potential oxidation of the holder material (W-Cu alloy)
above 400 °C is prevented by a gold coating. The sam-
ples are positioned in a small cavity (2) at the top of the
cylinder and kept in position by a screwed cap (4)
equipped with a 150 mm stainless steel sintered filter (5)
which allows the contact between the sample and the sur-
rounding atmosphere.

Goniometer sample holder

Another closed stainless steel specimen holder is shown
in Fig. 3.14. It consists of two parallel semicircular discs
(3), one of them made of sintered stainless steel, mounted
on an horizontal base plate (4). The sample is put in a
cavity located in the middle of the base plate as illus-
trated in Fig. 3.14. A cylinder (1) can be screwed down-
wards through a nut fixed at the top between the two disks
to keep the sample in position. After transfer to the glove
box, the cylinder is screwed upwards and the sample
holder is placed for measurement in the high temperature
chamber. In order to reduce the contamination possibili-









weight gain data, will require information on the micro-
structure and density of the oxidised samples. The sam-
ples will be analysed by optical, and scanning electron
microscopy and X-ray diffraction. Weight change data of
UO; samples will be compared for samples of various
burn-ups, and for LWR MOX fuels.

Based on the assumption that the oxidation of UO; to
U,40y is controlled by O diffusion through a U4Oy layer,
then the layer thickness y increases with time t according
to a parabolic law : y2 =C-t (where C is a constant).

Assuming that the grains are spherical, the final reaction
rate equation can be expressed as:

[1-(1-a)"3]z =k-exp(-E/R-T)-t

a = fraction of UO, converted to U409
k = rate constant

E =reaction activation energy

T = temperature

R =ideal gas constant

By fitting the experimental data of Fig. 3.16 to this equa-
tion a value of 124 kJ/mol is obtained for the activation
energy E and 4x107 (min™') for the coefficient k. The ac-
tivation energy E = 124 kJ/mol is in the expected range
of 100-130 KJ/mol found by other authors and compara-
ble with reported activation energies for O; diffusion in
U409 [4,5].
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Fig. 3.18 Thermal conductivity measurements of Cs;UQq.

pared to UO; (at least a factor 2). The reproducibility of
the measurements is relatively good at temperatures >
500 °C with a few percent scatter and worse between 100
and 300 °C where the scatter rises up to 20%.

Chemical Interaction between Cs,UQ,4 and
molybdenum and zirconium oxide

This study is aimed at determining possible interactions
between phases which are formed during the last irradia-
tion period in a thermal reactor.

During the irradiation ZrO; results from the interaction
between UO; and zircaloy and a possible reaction at the
inner side of the cladding between ZrQO, and Cs,UQ, can
be envisaged. Furthermore, an interaction between me-
tallic Mo and Cs;UQy can be expected as well as long as
oxygen potential is not high. The following experiments
were carried out:

a) Annealing at 600 °C for 48 hours under He flow of a
pressed mixture of UO; and metallic Mo in contact
with Cs;COs. In microstructure examinations and
EDX analysis, Cs;UQy4 as well as small amounts of
CsyMoQy4 were determined.

b) Annealing (U, Zr);Og in contact with Cs,CO5 at
600 °C for 30 hours under He flow. (U, Zr);0g was
obtained by oxidation under air of a mixture of me-
tallic U and 10% Zr. The characterisation of the com-
pounds formed is presently being determined; first
results indicate the formation of (U, Cs, Zr)O.

¢) Introducing Cs,COs3 in a cavity drilled into a UO,
pellet. The mixture was annealed at 600 °C under He
flow for a week. The microstructure of the interac-
tion zone supposes a mechanism based on
intergranular attack. The compound built up was ana-
lysed by EDX and appears to be Cs,UQ,.

The major information from these tests is the evidence of
intergranular attack of UQ; by Cs and the formation of
Cs uranate at the grain boundary level, which could

100

modify the mechanical properties of the fuel. The chemi-
cal interaction tests between Cs uranate and MoO; or ZrO,
need more detailed experiments before drawing conclu-
sions.

3.3.2 Na-Superfact-fuel compati-
bility tests

Introduction

Laboratory tests were designed to simulate the conditions
and analyse the consequences of the potential contact of
Na with fuels of the Superfact experiment - (U, Pu,
Am)QO,, (U, Pu, Am, Np)O, (U, Pu, Np)O; - in the case
of cladding failure during the irradiation in a fast breeder
reactor.

The aim of the measurements is to determine principally
the extent of reaction between liquid Na and irradiated
Superfact fuel samples, in the temperature range 600-
700 °C, and to characterize chemically and crystallo-
graphically the reaction products formed at different ex-
posure times. Since the reaction can occur via intermedi-
ate formation of sodium oxides at the contact interface, it
is also of interest to study the reaction between Na;O,
and the Superfact fuel for comparison. Besides, the use
of Na,O; allows the characterization of the reaction un-
der conditions of maximum oxygen availability.

In order to check the experimental set up, a preliminary
series of tests was performed with unirradiated fuel-ma-
terial in glove-boxes in an o-laboratory. Once the test
parameters are settled a final test series will be performed
with irradiated fuel samples in hot-cell laboratories.

Experiments with liquid Na were performed in gas-tight
steel capsules under an inert atmosphere containing an
oxygen getter (Zr-foil) to reduce the oxygen content of
Na to 5 ppm, and the experiments with Na,O, were per-
formed in a thermobalance equipped for differential ther-
mal analysis (DTA).

Materials

Materials used were Na and Na;O, (Fluka), and fuel pel-
lets of the type MO, (with M= Uy, Pu, Amy, Np,),
which were prepared using the standard cold pressing and
sintering route. The O/M ratio was determined from lat-
tice parameter measurements; all analysed fuels were
slightly hypostoichiometric except UO; which has a
stoichiometry of 2.05 [1].

Characterization of the fuels

Fuels were characterized by X-ray diffraction and the lat-
tice parameters measured are given in Tab. 3.7.
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Tab 3.8 Temperature of the reaction between Superfact
fuel and sodium oxide.

(Put+Act.) | Reaction

Composition U Temp. °C
0 0 684
(Ug s Puy )0, 0.25 688
(Uo.74 Pug 24 Amg 0»)0O, 0.35 689
(Ug 74 Pug 24 Npg)) O, 0.35 690
(Uos Npg.21 Amy,19)0, 0.67 693
(Ug.ss NPo.4)O; 0.82 692

After completion of the reaction (i.e. after complete
disappeareance of the initial NayO,), the X-ray diffrac-
tion results show that traces of the phases UO;.4 and Na
still coexist with the reaction product phase, which was
identified as a compound of the type Naz M ,x04. Un-
der these conditions, the system analysed corresponds to
the triangle A illustrated in Fig. 3.21.

at. % N ———————

Fig. 3.21 Isothermal section of the ternary Na-U-O sys-
temat 1000K [ 2].

Final structure assessment and lattice parameter determi-
nation of the reaction products, as well as determination
of the reaction kinetics are on the way.
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3.3.3 High temperature interac-
tions of structural material
with fuel

Introduction

These reactions are possible during a reactor accident as
the bundle degrades and structural materials make con-
tact with the fuel. The investigation of these interactions
and their kinetics is important as they result in low melt-
ing point eutectics or mixtures which are liquid at tem-
peratures substantially below those of the individual melt-
ing points, and result in severe and accelerated degrada-
tion of the reactor core even below the UO; melting point
(~ 2600 °C).

This study in the reactor safety programme was done in
two parts:

1) Interactions of various materials with natural (non-
irradiated) UO>.
2) Interactions of various materials with irradiated UQO,.

Another part of this study that examined the fission gas
release during structural material interaction with irradi-
ated UO; was reported in the previous Annual Report
(TUAR-93, p. 104-112). A description and diagram of
the apparatus and oven used for this work was given there.

Interactions of various materials with non-
irradiated UO,

Materials and methods

The structural materials used were:

i) 304L austenitic stainless steel which is used as the
cladding for the Ag-In-Cd absorber control rods.

ii) Silver-based (Ag-15In-5Cd) alloy.

1ii) Zircaloy4 fuel cladding.

The composition and melting points of these materials is
given in Tab. 3.9a. These materials were machined in the
form of either 1 mm thick discs (5 mm dia.) or 5 mm high
cylinders (also 5 mm dia.). Natural UO; pellets (95%
density) of approx. 5 mm diameter and 6 mm length were
also used.

The materials were placed in an alumina crucible in a
dilatometer. In the first series of experiments (INT 1-6:
see Tab. 3.9b) the materials were examined in pairs using
2 cylinders of materials one placed on top of the other in
the crucible with the tip of the dilatometer probe resting
on the upper surface. In the second set of 3 experiments
(INT 7-9) 3 materials arranged as one cylinder of the first
material then a disc of the second material and then a
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in the intermediate Zr and U layer that both UO; grains
and other smaller grains were visible, the latter being prob-
ably ZrO,, as well as spheres of lower-melting silver ab-
sorber alloy. Again the UO; grains had a rounded appear-
ance indicating a dissolution of the UQO; by the zircaloy
and absorber.

Concluding comments

These results show the effect of structural materials on
fuel at temperatures that are below those of the melting
points of the main components and how material interac-
tion can create liquid mixtures at low temperatures
(~ 1200 °C) with rapid attack on irradiated UQO;. The
above example showed zirconium penetration into the
UO; of 10-20 microns after approximately 30 mins. at
1500 °C.

Comparison of results with non-irradiated
and irradiated UOo fuels.

There are results of the very significant differences (both
structural and compositional) between the irradiated and
non-irradiated fuels: thus the grain boundary and
intragranular porosity is higher after irradiation, and there
is the presence of many secondary phases (principally
metallic fission products: e.g. Ru/Rh, Tc, Nb, Zr) in the
irradiated fuel. The fission products are also present in
solid solution along with higher lattice defect densities
compared with non-irradiated fuels. Of these differences
the presence of Zr in the UO; fuel grains implies that Zr
volume diffusion is enhanced in irradiated material. (The
increased porosity at the fuel grain edges also implies
that fission gas volume diffusion may also be enhanced
in the irradiated UO; lattice). '

However the greatest difference appears to be the pen-
etration depth by the structural material down the grain
boundaries as a consequence of the increased grain bound-
ary porosity. A rough comparison (since there are differ-
ences in temperature, duration, and atmosphere) implies
a doubling of penetration in the irradiated compared to
the non-irradiated UQO,. A further factor is the metallic
fission product precipitates at the grain boundaries which
also interact or are dissolved by the molten structural

material and hence aid the grain boundary penetration
(TUAR-93, p. 104-112).

Further work should be carried out to clarify the influ-
ence of particular mixtures and to identify the critical lig-
uefaction temperatures and the effective thresholds of
attack both for natural UO, and for irradiated UQ, and to
quantify the influence of the enlarged grain boundaries
and secondary precipitates on liquefied mixture penetra-
tion between the grains (e.g. by testing with lower burn-
up fuel).
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4. Actinide Research

4.1 Introduction

The central objective of actinide research in ITU and in
its numerous collaborations is the elucidation of the elec-
tronic structure of actinide metals and actinide com-
pounds, in particular of the behaviour of the 5f electrons.
The dualism between localized and itinerant characteris-
tics as it is particularly clearly demonstrated in the acti-
nide series, is a key problem in these studies.

These goals are approached by experiment and theory.
Experimental studies are either selective investigations
on the basis of theoretical or other experimental informa-
tion which indicates that a particular material and method
are promising, or they can involve a systematic approach
to a whole class of compounds. Theoretical calculations
can indicate to the experimentalist where he can expect
to find important results, and theory can on the other hand

Institute for Transuranium Elements - Annual Report 1994, EUR 16152 EN

115

try to combine experimental evidence from different
sources into a general picture. An important basis for the
experimental study is the preparation of polycrystalline
and single crystal samples of actinides of high specific
activity, and their careful characterization by X-ray dif-
fraction, chemical, and electron microprobe analysis. As
far as possible, study of physical properties concentrates
on the most interesting of the available actinide com-
pounds, and an attempt is made to study them by several
different methods to obtain a maximum of information
on their physical behaviour. Many of the experimental
investigations take place at the special facilities in ITU,
but we also make use of unique large facilities, such as
neutron, X-ray synchrotron, and muon sources, in other
locations. '



4.2 Preparation and Characterisation of Actinide Metals

and Compounds

4.2.1 Methods for preparation of
' americium and curium metal

As part of our actinide metals preparation activity, as well
as on request of outside contracts, we made a consider-
able effort in 1994 to prepare Am and Cm metal.

The preferred method for the preparation of high purity
americium and curium metal is the metallothermic re-
duction of the oxide by lanthanum or thorium in a high
vacuum.

Any0O3 + 2La — La03 + 2An”
2Any03 +3Th — 3ThO; + 4An”

The actinide metal is separated from the reaction prod-
ucts and from the excess of reductant by selective evapo-
ration and condensation. During the reporting period, 0.85
g of 2“Cm metal, 10 g of 2! Am metal and 8.65 g of >**Am
metal were prepared and refined for contractual work.

Americium and curium are emitters producing consider-
able self-heat. The produced heat is 0.11 Watt/g for am-
ericium-241 and 2.8 Watt/g for curium-244. The tempera-
ture of a small piece of curium metal can reach several
hundred degrees if it is not cooled. Self heating consider-
ably increases the reactivity of the samples. The corro-
sion risk by the surrounding atmosphere and self-igni-
tion of exothermic reactions in mixtures must be avoided.

Americium and curium are also vy emitters. The emitted
dose rates measured on the americium and curium pur-
chased for this work are shown in Tab. 4.1. In addition,
curium-244 is a neutron emitter. The measured neutron

Tab. 4.1 <yand neutron dose rates ineasured on 1 g at 10
cm (mSv/h).

v neutron
Pa 231 10 -
Am 241 20 -
Am 243 30 -
Cm 244 20 6

dose is of 6 mSv/h for 1 g of curium at a distance of
about 10 cm. The handling of those isotopes in the quan-
tities needed for this work requires water- and lead-
shielded glove-boxes with telemanipulators. The shielded
glove-box is equipped with a device for mixing powders,
with a balance (Fig. 4.1), and with a press to pelletize the
powder mixtures. The reduction and distillation take place
in a vacuum chamber. The tantalum crucible and distilla-
tion column are heated by electron bombardment and the
temperature is monitored by optical pyrometry.

Metallothermic distillation procedure

Two different types of distillation columns were used.
The distillation column shown in Fig. 4.2 was used for
the preparation and refining of americium metal.

To prepare americium and curium metal, a pelletized
mixture of americium or curium sesquioxide with lan-
thanum or thorium is heated under a high vacuum (106
Torr) at temperatures above 1000 °C. At these tempera-
tures the vapour pressure of americium and curium metal
is high enough and the metal evaporates out of the reac-
tion products with an acceptable speed (greater than 1 g/
h for americium and greater than 100 mg/h for curium).
The americium and curium metal vapour is condensed
on the coldest part of the distillation column: the
condensor.

It is preferable to condense the metal as a solid to avoid
its contamination by the reaction of the liquid actinide
metal with the tantalum. The melting point and vapour
pressure of americium metal are high enough to be pre-
pared in the distillation column (Fig. 4.2). For curium, a
reaction temperature of 1700°C is required. It is more
difficult to keep the temperature of the condensor lower
than the melting point. If the condensed metal melts on
the condensor, the condensor welds to the distillation
column and the recovery of the metal is impossible. To
decrease the temperature of the condensor, a water-cooled
support was installed in the electron beam furnace.

Preparation of 2#'Am and 2**Am

Three runs were made with americium-241 oxide as start-
ing material. The first two runs were made with about 5 g
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4.2.2 Preparation and charact-
erization of actinide com-
pounds and alloys

During the reporting period, more than 77 samples were
prepared, characterised and encapsulated for different
studies in collaboration with external organizations. The
samples are listed in Tab. 4.4.

Progress in the following groups of materials is reported:

* Synthesis and characterisation of LaAm alloys

*  Preparation of compounds with the AnT2X3 compo-
sition

*  Preparation of NpBe)3

¢ Preparation of uranium compounds with AuCus struc-
ture

*  Compounds with the An;T,X composition

4.2.3 Synthesis and characte-
rization of La-Am alloys

Am exists in a pivotal position in the actinide series of
elements in that it lies at the transition point for elements
normally displaying either itinerant (delocalized) or lo-
calized 5f electron states. Although its f electrons are lo-
calized, Am is non-magnetic and even displays supercon-
ducting properties [1]. Recently, a new interesting aspect
on the superconductivity of Am was given by Link et al.
[2], who studied its superconductivity under pressure. To
further understand the properties of pure Am, we have
extended our collaborative studies to La-Am alloys. Hill

et al. [3] reported previously the synthesis of dilute La-

Am alloys. In order to perform electrical resistivity meas-
urements under pressure of these alloys, new samples of
LaAm with 1 and 2 ?/, Am were synthesized by arc-melt-
ing the constituent metals in stoichiometric ratio under
Ar atmosphere. Both samples were analyzed by
metallography, autoradiography and microprobe analy-
sis in order to check their homogeneity, and were found
to be single phase. Both alloys were cold-worked into a
shape suitable for the experiments, then annealed at 200°C
and 400°C for one week to stabilize the dhcp and fcc
phases. After annealing, X-ray characterisation revealed
single-phase samples with the following lattice param-
eters: Lagg9Amge; annealed 200°C: dhcp a= 376.7 (2)
pm c= 1218 (1) pm; Lag.9gAmg g2 annealed 200°C: dhcp
a= 377 (1) pm c= 1214 (4) pm; Lagg9Amg g annealed
400°C: fec. a= 530.9 (1) pm and LaggsAmg o, annealed
400°C: fcc. a= 530.3 (1) pm. A slight difference of
crystallographic parameters of fcc phases is observed,
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compared with previous reported values [3]. The dilata-
tion of the lattice in our samples may be a self-irradiation
effect. Further experiments are under way to analyse this
fact. The electrical resistivity of the fcc Lag 9gAmg,g2 sam-
ple was measured and a superconducting transition ob-
served at around 5 K. Further experiments will be reported
later.
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4.2.4 Preparation of compounds
with the AnT, X, composition

Since the discovery of the two heavy fermion supercon-
ductors UPd;Al; and UNi>Als [1] many investigations
have already been carried out on these compounds, and a
consistent scheme of their properties is beginning to
emerge [2]. In order to extend our understanding of these
systems, we have investigated the isostructural Np and
Pu compounds [3]. Syntheses of samples of NpPd,Alj,
NpNiAls, PuPd;Al; and of the solid solution Uj.
«NpxPd2Al3 with x = 0.5 and 0.3 were already reported
(TUAR-92, p. 151 and TUAR-93, p. 145). We continued
our efforts and prepared U.x\NpxPd»Als with x =0, 0.01,
0.1 and 0.8. The results of the crystallographic charac-
terisation of the full series are summarised in Tab. 4.5.
The ¢ parameter is equal to the shortest interactinide dis-
tance. A slight contraction of the cell is observed from
NpPd,Al; to UPd;Als. The cell parameters of the solid
solutions U .xNpxPd,Als follow Vegard’s law (Fig. 4.4).
The compounds were encapsulated for resistivity meas-
urements, Md&ssbauer spectroscopy, magnetic suscepti-
bility and neutron diffraction studies. The results are re-
ported below (4.3.3).
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Tab. 4.4 Samples prepared, characterized and encapsulated in 1994 for the indicated measurements (77

samples).
Measurements | Laboratories Compounds Form
Tl
. YA
U2Ni2Sn AcM
Np2T28n (T = Ni, Co, Ru, Rh, Pd, Pt) AcM
Np2TzIn (T=Pd, Pt) AcM
Resistivity ITU-Karlsruhe U1xNpxPd2Al (x = 0, 0.01, 0.1, 0.3,
0.5,08,1) ﬁcx
c
PuPd.2A13 AcM
NpNi2Al3 M-SC
Lap.98Amg.02 AcM
NpX (X = As, Sb, Bi)
NpGa3s
CEN Grenobl Np2T2Sn (T = Ni, Co, Ru, Rh, Pd, Pt ) ﬁcx
renoble _ c
Maéssbauer Np2T2In (T =Co, Rh)
Spectroscopy U1-xNpxPd2Al3 (x = 0.1, 0.8) AcM
TU-Miinchen NoBe M
prels AcM
NpX3 (X =Ga,In)
NpPd2AD AcM and SC
CEN Grenoble NpBe AcM and SC
Neutron pre1s
Scattering Hahn-Meitner
Inst. -Berlin U2Pt2Sn AcM
TesAl11 ﬁcx
s c
CEN Grenoble Np2T2Sn (T=Ni, Pd, Pt) AcM
NpPd2Al3 M
NpBe13 AcM
Magnetic properties Y1xNpxPd3 (x= 0.25, 0.5, 0.75)
ITC.KEK NpT2Al3 (T= Ni, Pd) 201\1\2
- c
Karlsruhe PuPdzAl3 AcM
Pu2T2Sn (T= Ni, Pd, Pt) AcM
PupT2In (T= Ni, Pd, Pt)
. U(InxSnix)3 (x= 0, 0.01, 0.02, 0.1, AcM
PAC Univ. Leuven 0.3,0.45,0.5,0.7,0.8,0.9, 1)
U(Gao.8Ge0.2)3 AcM
m-Sr TU-Miinchen U(Gao.9Ge0.1)3 AcM
HPXRD DESY-Hamburg UX3 (X= Ga, Ge, In, Si, Al) AcM
- High Flux Reactor .
Irradiation Petten Tc metal Casting

AcM = arc melting M = mineralisation SC = single crystal P = powders, polycrystalline sample
Cz = Czochralsky method PAC = perturbed angular correlation p-Sr = muon spectroscopy
HPXRD = high-pressure X-ray diffraction
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for Ulns and 460.1(2) for U(Ing sSng 5)s.

The study of the U(In,Snj.x)3 compounds is in progress
at the Institut voor Kern en Stralingsfysica (University of
Leuven) using the perturbed angular correlation method.

For temperatures above the magnetic ordering tempera-
ture, the electric quadrupole hyperfine interaction strength
follows a linear temperature dependence, whereas the
magnitude reveals a reduced electronic enhancement. In
the pseudo-binary compounds, we conclude that the va-
lence difference between In and Sn is small. The low-
temperature perturbed angular correlation spectra for the
indium-rich compounds are understood in terms of a two-
site model with temperature-dependent relative
populations and confirm the triple-k antiferromagnetic
ordering earlier suggested to reconcile Mdssbauer and
neutron scattering data. In the pure Ulns a spin
reorientation is observed [2].

Another interesting system could be U(Pb,Sn;)3. The
preparation of these solid solutions is in progress.
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4.2.7 Compounds with the An,T,X
composition

During the reporting period, the main effort was to deter-
mine the stability domain of the 2:2:1. family of com-
pounds by extending our investigation to Pu and Am and
in growing single crystals of some well selected com-
pounds. Their synthesis and the crystal structure were
described in detail previously (TUAR-93, p. 130).

Uranium compounds

A superstructure derived from the tetragonal U;Si; type-
structure, with doubling of the ¢ axis, was found in two
compounds, U;Pt;Sn and U;Ir2Sn. These compounds are
isotypic with the tetragonal Zr;Al;-type structure (space
group P4,/mnm, Z=4) and the atomic positions are the
following:U, in 4g(x), -x1, 0) U in 4f(x2, X2, 0) T in 8j(x3,
X3, z) and Sn in 4d(0, 1/2, 1/4). The main differences be-
tween the two structures are:

- The shift of the Pt and Ir atoms from the ab plane, in
contrast to their positions in the U3Si,-like structure.

- Inthe superstructure, the U atoms occupy two differ-
ent crystallographic positions and are not in a straight
line along the c axis.

In the solid solution U,PtaSn,In i« (x = 0.25, 0.5, 0.75),
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the intensities of the superstructure peaks decrease regu-
larly with x, leading to the hypothesis that the superstruc-
ture could exist in other 2:2:1. compounds, even if the
additional peaks are not intense enough to be detected.
The lattice parameters (pm) are:

X a (&
1 766.8(1) 738.9(1)
0.50 768.9(2) 738.1(3)
0.75 768.3(2) 737.8(3)
0.25 769.8(3) 736.4(4)

Two methods have been used to obtain single crystals:
Czochralski and mineralization. By the first method, crys-
talline blocks (possibly single crystals) of U,Pt,Sn,
U,Pd3Sn, U2C0o28n and U;Rh,Sn with a length of 3-4 cm
and diameters of 0.2-0.4 cm were obtained. Crystals of
U,Pd;In and U,Co,Sn were obtained by the classical
mineralization method. A modified radiofrequency heated
crucible, allowing the determination of the melting point
of the material in situ during the crystal growth process,
led to single crystals of good quality in a much shorter
time (5 hours of mineralisation). Good quality crystals of
U,Ru5Sn, UsIrSn and U,PtIn of sizes (2-6 mm?) were
obtained. The single crystals are characterised by the X-
ray Laue diffraction technique taking the Laue photo-
graphs from various points of the sample.

Progress in the study of the bulk magnetic properties and
heavy-fermion behaviour in the U,T,X compounds were
made with polycrystalline samples [1,2]. For further
progress, measurements on single crystals are required.
References
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Plutonium and americium compounds

Attempts were made to synthesize Pu;T2X compounds
with the same compositions which were easily obtained
with U and Np: T=Fe, Ru, Co, Rh, Ir, Ni, Pd, Pt and X=Sn,
In. It was only possible to prepare the 2:2:1 compounds
(see Tab. 4.6) with T=Ni, Pd, Pt; X=Sn, In. This shows
that the degree of stability of this family decreases with
the substitution of the actinide element in the order U —
Np — Pu, probably due to the increasing degree of locali-
zation of the 5f-states. Indeed, for most of the U and Np
compounds studied up to now, the 5f localization increases
within each T metal series towards the heavier end of the
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Tab. 4.6 Lattice parameters of Pu,T>X intermetallics
compounds.

Compounds | Lattice Parameters
a (pm) ¢ (pm)
Pu,NiIn 733.6(3) | 369.0(2)
Pu,Pd,In 765.7(2) | 381.8(1)
Pu,PtIn 766.3(4) | 389.5(1)
PuRhIn 744.4(6) | 373.7(2)
Pu,Ni,Sn 727.2(2) | 374.5(1)
Pu,Pd,Sn 760.7(2) | 386.7(1)
Pu,PtSn 762.9(2) | 380.6(1)

periodic table and Sn-containing compounds have a
stronger tendency to order magnetically than the corre-
sponding In compounds.

The new Pu;T>X compounds have the tetragonal U3Si,-
type structure (space group P4/mbm, Z=2). The atomic
positions are: An in 4h(x, x;4+0.5, 0.5), T in 4g(x, x2+0.5,
0) and X in 2a(0, 0, 0) with the average values of x; =
0.17 and x; = 0.37. No superstructure such as found in
U,Pt,Sn was detected in Pu,Pt;Sn.

Americium compounds with the Ni group were
synthetised, using Sn as p-element: Am;Ni;Sn,
Am;Pd;Sn, and Am,Pt;Sn. Their investigation by single
crystal X-ray diffraction is in progress.
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suggest that the [inp are aligned along the c-axis forx =1,
0.8 and 0.5 but are strongly deviated from this axis for
the other compounds, probably lying on the ab-plane as
was found for the U magnetic moments in UPd,;Al; [2].
Preliminary results of a neutron powder diffraction study
on NpPd,Al; seem to confirm the results deduced from
the Mossbauer spectra of this compound particularly the
alignment of the Uy, along the ¢ axis, see below.

The strong suppression of magnetic properties observed
in the x = 0.1, 0.3 and 0.5 in comparison to the pure U-
and Np- compounds may thus be related to the different
anisotropic coupling of the magnetic moments in
NpPd;Alz and UPd>Als.
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Study of the Np(Sn Ge, ), compounds with
x=0.95,0.9,0.8and 0.5

In the literature the effects of the “chemical pressure” on
the physical properties of actinide compounds are often
compared with the effects resulting from the application
of external pressure (e.g. [1]). NpSny and NpGes are
isostructural compounds (cubic AuCus structure type)
with different cell parameters, 4.627 A and 4.212 A, re-
spectively. The Np ligands, Sn and Ge, have the same
external electron configurations.

The observed unit cell parameters of the Np(SnyGe.x)3
compounds follow the Vegard law, decreasing linearly

with increasing x. According to the measured isomer

shifts, the electron densities at the Np nuclei were found
to increase with decreasing unit cell volume, as expected.
However, pressure measurements of the Np(SnxGej.x)3
alloys showed that both the magnetic ordering tempera-
ture and the Np magnetic moments decreased with the
decreasing unit cell volume in contrast to what was found
for NpSns under pressure up to 6 GPa [2].

These results emphasize the importance of Mdssbauer
measurements under pressure which cannot be replaced
by the study of the effects of “chemical pressure”. As far
as the present study is concerned the difference in the
energy- and space-distribution of the valence p electrons
of Sn and Ge may have a much stronger influence on the
hybridization of the 5f electrons with the conduction band
than the volume reduction due to the application of ex-
ternal pressure. In the latter case the decrease of the iso-
mer shifts with the unit cell volume might rather be due
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to the increase of conduction-band electron density at the
Np nuclei rather than due to the increasing hybridization
of the 5f electrons. The experimental results further sug-
gest that NpSnz and NpGes behave like highly correlated
5f electronic systems.

In agreement with the Méssbauer results the variation with
temperature of the magnetic susceptibilities of these com-
pounds (Curie-Weiss behaviour at high temperatures, fol-
lowed by a decrease at low temperatures [3]), point to
mainly localised 5f electrons, whose magnetic moments
are reduced at low temperatures probably due to a Kondo
mechanism or al; electronic ground state [4]. The high
value of the paramagnetic electronic specific-heat coef-
ficient found for NpSn3 [5] is consistent with a strong 5f
- conduction band exchange interaction which could lead
to the establishment of a Kondo resonance. High pres-
sure resistivity measurements on this compound may
show if the increase in the magnetic ordering tempera-
ture coincides with a suppression of the Kondo behav-
iour as was found for NpGaj [6].
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4.3.4 Synthesis and spectrosco-
pic studies of actinide layers

Introduction

The study of layers of actinides and actinide compounds
is interesting both from a practical and a fundamental point
of view. Even though they contain only a minute amount
of actinide material, many of the chemical and solid-state
physical properties of layers are already representative
for the bulk. As such, they allow the chemical interaction
of solid actinide compounds (e.g. metals, alloys, oxides,
carbides) with surrounding materials such as fuel
claddings or waste containers to be investigated. Because
of the small thickness of overlayers, from below one
monolayer to several micrometers, surface spectroscopy
can penetrate them and give detailed information on the
interface between the actinide phase and the substrate.
Interface stability and dissolution, surface corrosion and
bulk diffusion of actinides and fission products may be
investigated on such systems [1]. From a more funda-









ample of a UO, pellet polarized at 842 mV for 17
hours in 3% Na,COj after slight (Fig. 4.13a) and af-
ter heavy (Fig. 4.13b) sputtering. After heavy sput-
tering the U4f;,, level lies at 391.4 eV, which is typi-
cal for stoichiometric UO,. After slight sputtering the
peak is shifted to 0.4 eV higher BE indicating further
oxidation of UO, to hyperstoichiometric UO34x (x
= 0.13). Surface oxidation is also shown by the sat-
ellite at high BE , which after slight sputtering con-
sists of two small peaks (Fig. 4.13a) [7] typical for
hyperstoichiometric UO,.«, and after heavy sputter-
ing has BE and shape characteristic for stoichiometric
UO;,.
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4.3.5 Calculated bulk, magnetic
and spectroscopic proper-
ties of uranium sulphide as
a function of lattice constant:
seven experiments, one
theory

US has a relatively small lattice constant of 5.47 Aanda
correspondingly high bulk modulus [1]. We have used
self-consistent, ab initio, energy band calculations [2] to
calculate the zero temperature equation of state for US
and the results are shown in Fig. 4.14a. For a paramag-
netic ground state the calculated lattice constant is 5.35
A whereas for a magnetic ground state it increases to 5.43
A, the difference being a magnetovolume effect.

Not only is the calculated lattice constant within 1% of
the measurements but the bulk modulus is accurate to
better than 10%.

US becomes ferromagnetic below 177 K with a zero tem-
perature moment of 1.55 g [3]. Under pressure, the Curie
temperature decreases by -0.23 K/kbar [4]. The calcu-
lated spin moment as a function of lattice constant is
shown in Fig. 4.14b, which is the magnetic equation of
state with spin-orbit interaction absent. The sizeable drop
in the moment as the lattice constant is reduced to 5.2 A
is responsible for the reduction of the magnetovolume
effect at high pressures seen in Fig. 4.14a.
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There is ample evidence that US has, although it is cubic,
enormous magnetic anisotropy at low temperatures [5].
The anisotropy is due to a relativistic effect - a large spin-
orbit interaction which couples the spin, via an orbital
moment, to the lattice. In light actinides the orbital mo-
ment is antiparallel to the 5f spin moment. The conduc-
tion electron moment is known to be antiparallel to the
total moment from a comparison of the measured rela-
tive magnitudes of 5f and total moments in neutron scat-
tering and magnetization experiments [3,6], from the in-
terpretation of spin polarized photoemission experiments
on uranium chalcogenides [7] and deduced from mag-
neto-optical spectroscopy [8].

We have calculated the magnetic equation of state includ-
ing spin-orbit coupling and interaction between the or-
bital moments ab initio and the results are shown in Fig.
4.14c. In the presence of both spin polarization and spin-
orbit interaction there is a net current, and it is from this
current that the orbital moment arises. We calculate a spin
moment of g =-2.10 ug and an orbital moment of pp =
3.60 g at ambient pressure leading to a total moment of
1.5 pp in excellent agreement with measurements [3].

In addition to the above mentioned integrated bulk prop-
erties the theory produces the actual spin and orbital
moment densities in the solid. These densities are meas-
ured in neutron diffraction experiments and the normal-
ized Fourier transform of the total magnetization density
is the magnetic form factor.

The calculated magnetic form factor of US is shown in
Fig. 4.14d where it is also separated into its spin and or-
bital contributions. Again, agreement with measurements
[6] is excellent and the difference between the spin and
total contributions demonstrates the importance of the
orbital moment.

We have calculated the interband reflectivity of US up to
12 eV and compared with the measurements [9]. The re-
sults are shown in Fig. 4.15. The calculated results are shown
for two values of lifetime broadening (0.27 and 0.4 eV).
The overall agreement between theory and experiment is
good. The reflectivity decreases from about 60 per cent at 1
eV to about 20 per cent at 4.5 eV with a shoulder (marked
B in Fig. 4.15a) at about 3 eV. The calculated reflectivity
has this shoulder in the same place in Fig. 4.15¢ whereas it
is a peak in the less broadened Fig. 4.15b. The measured
reflectivity subsequently rises to about 35 per cent with sev-
eral features between 5 and 9 eV. The calculated reflectiv-
ity is too high, but not by much, at 4.5 eV and some of the
features around 7 eV are missing but the shoulder (labelled
C,D) in Fig. 4.15a) is obtained. Finally the calculated re-
flectivity is too large at high energies, rising to 60 % at 10
eV compared with a measured 40 %. The change in reflec-
tivity as a function of lattice constant is also shown in Fig.
4.15d,e. The low energy peak diminishes with decreasing
lattice constant and the low reflectivity at 4 eV is increased.
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Fig. 4.18 The real component of the susceptibility ¥’
measured (at Ancona) during heating from 15 K for a
single crystal of composition UPdAl3 06 oriented with the
hexagonal c axis perpendicular to the field of H,. = 800
A/m (10 Oe) for two different applied DC fields. The fre-
quency of the AC field f=667 Hz. The insert shows Y’
above 200 K for different frequencies of the AC field at
Hy=0.

is much wider in spatial extent than the longitudinal scat-
tering (k Il ¢). This means that the magnetic correlations
are weaker in the planes perpendicular to the unique c
hexagonal axis than they are parallel to the c axis. Since
the crystal structure is planar, this is an unexpected re-
sult; the assumption being that the transverse correlations
are the stronger. Measuring these interactions more com-
pletely may allow a better understanding of why the su-
perconductivity and magnetism can co-exist in this ma-
terial.

To extend our research into the transuranium materials
that are related to heavy-fermion uranium compounds,
we have performed neutron diffraction (at the Silo€ reac-

tor, CEN, Grenoble) on polycrystalline samples of NpBe)3 -

and NpPd;Al;, both of which were prepared at ITU. Mag-
netic order has been found in both compounds; we shall
describe here the results of the study on NpBe3. The
powder-diffraction spectra, and their difference, are shown
in Fig. 4.20. The ordering temperature, Ty = 4.2 K, is in
good agreement with the results of the Mossbauer stud-
ies performed at [TU. The magnetic peaks can be indexed
on a commensurate unit cell 3 times larger than the chemi-
cal unit cell, thus k = (0, 0, 1/3). The presence of the first
peak shows that there is a component of the spin direc-
tion transverse to the propagation direction. With the sta-
tistics of the present experiment, it is difficult to say if
the magnetic arrangement is a square-wave (which would
involve weak 3rd-order harmonics) or a simple sine-wave
modulation. However, the M&ssbauer results show that
there are at least two different hyperfine fields present,
suggesting that the modulation is not a square wave even
at the lowest temperature. The amplitude of the modula-
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Fig. 4.19 The critical magnetic scattering around the
point (0, 0, 1/2) just above the ordering temperature (Ty
= 15.5 K) from a single crystal of UPd>Al; in two per-
pendicular directions. The upper graph shows the longi-
tudinal scan (k! ¢) and the lower one the transverse scan
(k L c). In each case the solid line is the high-tempera-
ture background, the small resolution-limited peak aris-
ing from second-order scattering from the strong (001)
nuclear reflection. Data taken at the Siloé reactor, CEN,
Grenoble.

tion determined from the neutron data is 1.5(2) ug, which
is slightly larger than that determined from the Mossbauer
experiments. Interestingly, the rare-earth Bej3 compounds
also exhibit the k = (0, 0, 1/3) magnetic structure, but
with a different arrangement of the individual moments
than found in NpBej3. This suggests that there is a defi-
nite maximum in the conduction-electron susceptibility
at this position, and that this is a property of the crystal
structure and the Be conduction electrons. This informa-
tion will be useful for further experiments on UBe;3. We
are hopeful that experiments on single crystals of NpBe3
can also be performed.

Dynamical studies

UFe; is a ferromagnet with Tc = 165 K, and a strong
interaction occurs between the uranium 5f and iron 3d
electrons. To understand this interaction we have been




































Comparison of high-pressure phase tran-
sitions in B1 type compounds of Th, U, Np,
Pu and Ce

The main aim is to compare Ce and Th on one side, and
the shifted homologues Ce-Pu on the other. Since the three
light actinides U, Np and Pu resemble each other in sev-
eral respects, uranium and neptunium compounds will
be included in the comparison with cerium.

In Fig. 4.38 the high-pressure phases and the phase-tran-
sition pressures obtained on increasing the pressure of
the CeX compounds, on one side, and in Th, U, Np and
Pu monopnictides and monochalcogenides on the other.
To facilitate comparison according to f-count homologues
as well as for shifted homologues, Pu and Th compounds
are presented on either side of the Ce compounds (Pu
compounds appear a second time in the increasing-Z se-
quence after Np).

The following restriction applies to this comparison:
While the actinide compounds have been studied up to
pressures between 45 and 60 GPa, the upper pressure limit
was 23-25 GPa (32 GPa in the case of CeAs) for the ce-
rium compounds. This means that structural evolution at
25 GPa and higher is in general not known for CeX, and
that e.g. phase transitions that might occur at higher pres-
sure remain undetected. In particular, no structural phase
transition was detected to 25 GPa in CeS; the transfor-
mation to a hexagonal phase observed at 23-33 GPa in
the f-count homolog ThS might suggest that CeS trans-
forms also somewhere below 60 GPa.

Comparison between Ce and. Th
compounds (f-count homologues)

For Ce as well as for Th compounds, B2 is the preferred

structure type for the high-pressure phases. There are two

exceptions among the 13 known compounds of these two
elements: 1) CeSb has no B2 type phase, but instead be-
comes tetragonal under pressure. 2) ThS has a hexagonal
high-pressure phase. The general tendency in transition
pressures is: for the light anion P, ThX transforms at higher
pressure than CeX; for the medium-heavy anions As, Se
and Sb, transformation of CeX starts at about the same
pressure as for ThX; for the heaviest anions implied, Te
and Bi, the pressure for transition to the high-pressure
phase is much lower, (i.e. at ambient, or if one likes even
“negative” pressure,) for ThX than for CeX.

Comparison between Ce and Pu
compounds (shifted homologues)

This comparison is limited to the arsenides, selenides,
antimonides and tellurides.
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It is obvious from the two leftmost columns of Fig. 4.38
that the plutonium compounds need higher pressure to
destabilize the B1 type structure than the cerium com-
pounds. The latter, in contrast, were seen to transform at
about the same pressure as the corresponding thorium
compounds, with the exception of ThTe which is already
B2 type at ambient pressure.

The B2 type appears as high-pressure structure in 7 of
these 8 compounds. CeSb has a tetragonal high-pressure
structure which also appears in the homologue PuSb as
the second high-pressure phase. The latter is formed when
pressure is further increased on the first-appearing (B2
type) high-pressure phase.
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5. Exploratory Research

5.1 Acoustic Aerosol Agglomeration Studies

5.1.1 Ultrasonic aerosol agglo-
meration in standing and
progressive waves

Introduction

The results presented here deal with the global param-
eters in the acoustic agglomeration process. This approach
was spurred on by the need for the determination of the
relationship between power consumption and acoustic
agglomeration efficiency. The first objective of this work
was the evaluation of the dependence of the agglomera-
tion rate on the wave amplitude U, . The second objec-
tive was the characterization of the influence of the ini-
tial particle concentration on the initial agglomeration rate.
A model has been devised which permits a full interpre-
tation of the experimental results obtained with two fre-
quencies under standing or progressive wave conditions.
This model provides the basis for the design of future
acoustic agglomeration chambers.

Installation for agglomeration tests

Acoustic aerosol agglomeration measurements were per-
formed in a facility described in detail elsewhere [1,2].
In an earlier experimental arrangement [3], the walls par-
allel to the acoustic source were not covered with sound
absorbing material, and an uncontrolled build up of stand-
ing waves in the cavity was possible. The newer experi-
mental chamber [1,2] was fitted with such material and
improved control of the wave, which was approximately
progressive, was achieved. The glycol fog used in these
agglomeration experiments has the same characteristics
as previously reported [2].

The sound sources (10 and 21 kHz), are described in de-
tail elsewhere , and their efficiency, 1\,, for conversion of
electrical to acoustic energy is about 75% [4]. The linear-
ity of the acoustic power P,c with respect to the input
electrical power, Pe, was checked before all sets of ex-
periments. The distribution of acoustic energy within the
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chamber is not homogeneous because the near field of
the acoustic sources comprises the entire chamber vol-
ume [5, pp 294-300] and because the oscillation ampli-
tude of the acoustic plate is not radially homogeneous. A
fan located near the top of the chamber provided effi-
cient mixing of the aerosol so that all particles were treated
in an identical manner in the sound field. The fan also
guarantees uniformity of the aerosol size distribution
within the cavity.

Scaling of the agglomeration rate as a
function of acoustic energy

The influence of the input electrical power, Pg, of the
source on the acoustic agglomeration rate at 10 and
21 kHz was investigated systematically, by keeping the
initial total particle concentration, NT , constant, and vary-
ing the electrical power in the linearity range of the acous-
tic sources. Agglomeration experiments were performed
at five different electrical powers at both frequencies. The
total particle concentrations during the course of an ag-
glomeration experiment are plotted in Figs. 5.1aand 5.1b
as a function of time, t. The data at 0 W corresponding to
Brownian agglomeration and particle losses to the walls
are shown for comparison. The effect of acoustic agglom-
eration increases with the applied power as expected.
Consideration of the models of the agglomeration proc-
ess permits a more detailed analysis of the data and test-
ing of the models themselves.

The orthokinetic model [6] is based on the impaction of
small particles, entrained in the wave, onto inertial parti-
cles which are stationary or near stationary in the acous-
tic flow. It predicts a linear dependence of the agglom-
eration rate K=d N / (NTdtj) on the velocity ampli-
tude, Uy, of the wave and thus on the square root of the
acoustic power,JP—m . Models based on hydrodynamic
interactions [7], which could arise between particles of
the same or different sizes, predict a dependence of K on
U, and thus on Py. As the agglomeration time, T, , is
proportional to K, the scaling of the time of evolution
in Figs. 5.1a and 5.1b can be investigated simply by mul-
tiplying t by /P4 or by Pyc.



In Figs. 5.1c and 5.1d, the total particle concentrations
are plotted as a function of ‘/F; x t (which is proportional
to U, xt), while in Figs. 5.1e and 5.1f, they are plotted
as a function of P,; Xt (which is proportional to U\ZV Xt).
The latter scaling gives best results, as all the curves cor-
responding to measurements made at different powers,
P, collapse on each other. Thus, these experimental ob-
. servations support the hydrodynamic model of acoustic
agglomeration. It is also worth noting that the instanta-
neous efficiency is given by the consumed energy, irre-
spective of the applied power.

Model of acoustic agglomeration in a
chamber

The model presented here includes the tuning of the acous-
tic cavity and attenuation of the wave due to the presence
of the aerosol. The aim is to find an expression describ-
ing the initial agglomeration rate as a function of the to-
tal number of particles, provided that the initial size dis-
tributions are in similitude. The following assumptions
have been invoked:

- The acoustic wave in the cavity is treated as a plane
wave.

- Effective agglomeration takes place within a cylin-
drical volume of cross-sectional area, Sp, which de-
pends on the geometry of the plate.

- Attenuation of the wave by the aerosol is included,
but its dispersion by the aerosol is neglected.

- In the case of a standing wave, perfect reflection of
the wave is considered.

The equation modelling the agglomeration process at ini-
tial times is given by:

_dN_ d In(N,)
N_dt dt

where K is a logarithmic acoustic agglomeration coeffi-
cient which characterizes the agglomeration at a given
point, and A is an integral parameter that characterizes
the efficiency of agglomeration at a given frequency f. In
expression (1), & characterizes the dependence of the ag-
glomeration process on the velocity amplitude of the

K =A|UW|5NT (1)

w‘ is the root mean square of the

acoustic velocity U at point x. As in the experimental situ-

wave, U, and, ‘U

ation, the fan ensures that variations in the aerosol size
distribution and concentration are small throughout the
chamber, the spatial variation of K is due only to the ve-
locity amplitude of the wave, Uy. The determination of
the average rate of agglomeration, Kp, in the volume, V,
in which agglomeration occurs, is given by:

Ky =)= L[ D1 g @
N_dt/ viNr&
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Within the simplifications introduced earlier, the agglom-
eration rate, Kp, in the central active agglomeration re-
gion, is expressed as:

— 1 /dN 1 L s
Kp=—=(—T V= AN.[|U . [Pdz
) <NTdt> L T{' ol

where T, is a characteristic agglomeration time and L
the chamber length. This expression of the agglomera-
tion rate applies in the effective volume of agglomera-
tion, and can be extended, by means of the particle con-
centration balance, to the global agglomeration rate in
the entire chamber volume, K¢. Thus

3)

— reduction in the number of particles
c= =

total number of particles

-IZp X—p—

Sc “)
where Sc is the cross sectional area of the agglomeration
chamber.

The attenuation coefficient, o, of a plane wave propagat-
ing through an aerosol is determined by the shape of the
aerosol size distribution and the total particle concentra-
tion [8]. When the size distribution functions are in si-
militude, this coefficient o is directly proportional to Nr.
Thus,

U, =U, il(e(ekz'i“") =Uge ™

cos(kz- wt)=U 0e_’(NTzcos(kz- wt) 3

where Y= 0/Nr is the attenuation coefficient per parti-
cle for an aerosol with a given size distribution,
K=k +1o=2nr/A +iyNr is the complex wave number
based on the wave length, A = ¢/f( where c is the veloc-
ity of sound in air and i =—1 ) and Kesignifies the real
part of the argument. In the case of a progressive wave,

lUw|=U0e_YNTZ/\/E (6)

In the following, the model is developed for progressive
and standing waves and comparison with experimental

data is made, for the case when all initial size distribu-
tions are in similitude.

Model for progressive waves

Introduction of expression (6) in equation (2) and inte-
grating gives:
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K; = L = RE (1_ e‘N;/Nm j )
T, T,
where
K, ( sinh(n)
— “'Xx) = (8)
R cosh(n)- cos (211: Xk)

Increasing the particle concentration favours the ag-
glomeratlon process, but it is counterbalanced at high N
(i.e. N >>N ) by the attenuation of the sound wave

by the aerosol Increasmg the length of the chamber (thus
the volume to be treated) also increases T, and thereby
decreases the effectiveness of the sound treatment.

-0 . .
The expression for K¢, corresponding to the entire vol-
ume of the chamber is analogous to expression (7), ex-
cept that T, needs to be replaced by T, , i.e.:

Sc 228y LS¢
S AUS s,

= Tsat - (9)

Model for standing waves

The expression for the velocity amplitude of the standing
wave is obtained directly from the boundary conditions
at each end of the chamber [5] such that

(z = 0):

at the perfect reflector (z=L):

at the source -iZnh

U, =Uge
U,=0
Thus the velocity amplitude of the standing wave is given
by:

t)=Ugu,(zt)=

U,(z
sin(&( z-L ))
ff)

where uy, is the non dimensional velocity. The following
non dimensional parameters are now introduced:

X, =kL/m=2L/A n=N$/N_ =8aL
=z/L

Ke er—i21rﬂ
(10)

sat

(1)

Of these parameters, X, expresses the number of half
wave-lengths in the chamber, it characterizes not only
the length of the chamber, but also its tuning (which oc-
curs every A /2). The parameter n, being the ratio of the
chamber length to the characteristic attenuation length,

\f . .
‘le =f {Uw (x,t)dt, characterises the amplitude of the
reflected wave.

When 8=2, equation 3, in which expression (10) has been
incorporated, can be integrated to give

Kp (nv,X1)=

sat

27 X, sinh(n)-nsin(2 © X, )
2r Xl(cosh(n)- cos(2n Xx))

(12)

~l
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K, /s depends onn= N3/N,,
and X, . When n is large, Kp/Ksat tends to unity and
the standing wave system in the cavity is similar to a
progressive wave system, since the amplitude of the re-
flected wave is negligible. The only physical difference
lies in the geometrical locking of the wave, which occurs
due to the boundary conditions. Thus for high values of
n, the standing or progressive wave cases are equivalent.
In the experimental arrangement considered here, X % >>
4, and:

Thus in this model,

sinh(n) __ sin2 X, )
>> 13)
n 2r X)\‘
Expression (12) then simplifies to:
K sinh(n)
P (nx) = (14)

K. cosh(n)-cos (211: Xx)

In this case Kp / Ksat is only influenced by the fractional
part, AX, , of X, , which characterizes the degree of tun-
ing of the cavity, and by n, which characterizes the at-
tenuation of the wave.

The non-dimensional agglomeration rate Kp / Ksat has
been plotted as a function of n in Fig. 5.2a, for values of
AXX ranging from 0 to 1/2 ( which corresponds to /4 ).
The limiting cases of perfect tuning (AXX =0) and of
perfect detuning (AX, = 1/2) correspond to the curves
which maximise and minimise Kp/Ksat for all values
of n. When 0 < AXX <1/ 4, the agglomeration rate reaches
a maximum, before decreasing to its asymptotic value,
Kex, at high values of n. When 1/4<AX, <1/2, which
corresponds to a negatively tuned cavity, Kp/Ksat is
never greater than unity.

The infinite value of Kp at n=0, when the cavity is per-
fectly tuned (AXX =0), is merely due to inclusion of per-
fect reflection at the boundaries in the model. This obvi-
ously does not correspond to practical conditions, but it
will be shown that this model, although idealised, is able
to describe the experimental results.

When 3=1, the presence of IUw| in expression (3) hin-
ders any easy analytical integration of this equation. A
numerical integration procedure has been used to perform
this task. The results shown in Fig. 5.2b indicate that

Kp/ Ksat increases monotonically to unity for all values
AX A

The structure of the solution to equation (3) depends on
the value of , thus this model combined with comparison
to experimental data provides a means to discriminate
between the dependence of the agglomeration rate on Uy
or |Uw|2.
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5.2 Computation of Curie Temperature and Magnetic
Anisotropy of Rare Earth - Transition Metal Magnets
using Density Functional Theory

We have shown that the interaction between the rare earth
magnetic moment and the transition metal magnetic mo-
ments can be derived from a variational principle. The
magnitude of the interaction depends on the induced R-
5d spin and local 5d-4f exchange integrals. Comparison
with experiment for rare earth intermetallics is excellent
and the theory is being extended to actinides, in particu-
lar the anti-ferromagnet, uranium dioxide.

Molecular field theory and the Onsager cavity field theory
have been implemented. The first principles molecular
field theory, based upon density functional theory, in-
volves subtraction - from the calculated susceptibility -
of the self-interaction of conduction electrons at a given
site since this plays no role in long range ordering , hence

phase transitions. The results are very promising with a
calculated paramagnetic Curie temperature for Gd metal
of 430 K compared with the experimental value of 319
K.

Calculations of the non-spherical spin and charge densi-
ties at the R-sites in rare earths have been started. Full
potential calculations were made for the Pr chalcogenides
and pnictides, including the non-spherical 4f charge den-
sity in the ground and excited crystal field states. The
total energies of the compounds in each of the crystal
field states was then calculated. The crystal field excita-
tion energies, measured in inelastic neutron scattering
experiments, were then computed as differences between
these total energies.
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5.3 Evaluation of Potentialities of Alternative Nuclear

Fuel Cycles

Introduction

In present day studies of nuclear fuels one of the main
concerns is the long term radiotoxic effects of spent fuel.
The possibility of reducing the toxic hazard by altering
the charge isotopic composition of the fuel itself for use
in existing LWRs is investigated. The radiotoxicities of
spent fuels of different charge compositions are calcu-
lated: the fuels studies are standard LWR uranium diox-
ide (UQO;), mixed oxide (MOX), thorium-uranium (Th-U)
and thorium-plutonium (Th-Pu) fuels. The study focused
on the potential radiotoxicity of the spent fuel (once
through) without considering any specific accident sce-
narios or treatment of the mobility and migration of
nuclides in the geosphere and biosphere.

The characterization in terms of radiotoxicity potential is
based on the inventory of actinides and fission products
in the spent fuel and the means to calculate the
radiotoxicity. Inventory data found in the literature or
specifically calculated for the purpose of this work were
used for the radiotoxicity predictions. The code
KORIGEN [1] has been used: it is a zero dimension code
predicting, for a given charge composition and neutron
spectrum, the evolution of a fuel under irradiation and
cooling. Consequently, the nuclide inventory as a func-
tion of irradiation and cooling times is obtained (1 year
up to 10 million years after discharge). This is a version
of the ORIGEN [2] code adapted for use with German
reactors and employed for the in-house calculations. The
data banks on reaction cross-sections used with the
KORIGEN code are coupled with three spectral indices
which characterize the thermal, resonance and fast com-
ponents of the neutron spectrum. The application of
KORIGEN to UO, and Th-U cycles has been shown to
be in agreement with the results of the Japanese code
SRAC [3].

The radiotoxicity is calculated using the Annual Limits
of Intake (ALI) values for both ingestion and inhalation,
for the various nuclides, set by the International Com-
mittee for Radiological Protection (ICRP-61, 1991) [4].
It is important to note that these values can change with
new information about how a particular isotope behaves
in the body. For example, the ALI values for plutonium
were increased by a factor of ten and those of americium,
curium and californium by a factor of two while that of
neptunium was decreased by a factor of ten [5]. Thus it is

Institute for Transuranium Elements - Annual Report 1994, EUR 16152 EN

always possible that the values used here may be changed
in the future.

The radiotoxicity is calculated in relation to the maxi-
mum permissible dose of 0.1 Sv over a five year period
for occupational exposure with a limit of 0.02 Sv in any
single year [4]. The radiotoxicity is defined by,

Radiotoxicity = 0.02A/ALI Sv/g

where A is the specific activity (Bq). Of course there are
other definitions of radiotoxicity but these will only give
different absolute results: the relative differences will re-
main the same since they are all based on the same ALI
values.

Results

Extensive calculations were done on the uranium and
thorium cycles. The final results are given in terms of the
radiotoxicity created in order to produce 1 GWe.yr of
energy. All data were compared to the radiotoxicity of
the natural uranium required to produce 1 tonne of 3.5%
enriched uranium (7.6 tonnes nat.U). There is a differ-
ence in the inventory of fission products produced in UO,
and 233U-Th fuels due to the slight differences in mass
between the fissile 233U and 23°U (on average the frag-
ments for 233U are one atomic mass smaller than those
for 235U). However the total radiotoxicities hardly differ.

UO, Fuels

In Fig. 5.7 the total radiotoxicity as a function of time is
given along with the significant contributions of the vari-
ous isotopes and fission products for ingestion and inha-
lation. In both cases, up to 10* years 238-241Py, 24! Am and
244Cm are the major factors in the radiotoxicity. Note that
fission products are significant for ingestion. Between 10*
and 107 years these are superseded by 219Pb, 229Th, 226Ra,
227Ac, 23'Pa, 23’Np, 242Pu for ingestion and 229-230Th,
227A¢, Blpa, 28U, 2'Np, 242Pu for inhalation. It was found
that for the standard LWR UQ; fuels the variation of
enrichment and burnup does not significantly alter the
radiotoxicity. The presence of Pu, Am, Cm, Np and their
decay products are the major contributors to the
radiotoxicity. These isotopes when combined produce a
cocktail of long-lived highly radiotoxic material: the same
is true for MOX fuels.






Thorium-uranium fuels

The presence of 28U, the major component of UO; fuels,
leads to the formation of plutonium, americium and
curium. In order to suppress the production of these highly
radiotoxic isotopes one must look to a different fuel cy-
cle. The obvious candidate is the thorium fuel cycle: this
can be substituted for UO, fuel in existing LWR reactors.
There are two possibilities that may be considered. First,
is the simple substitution of the 238U by 232Th in standard
fuels and second is the fuel cycle using 23*U and 22Th.

For the 233U-232Th cycle, up to 1000 years the
radiotoxicity for ingestion is dominated by fission prod-
ucts, 228Th, 224Ra, 238py, 231, 227 A ¢, 232,233 apd 232233,
228Th, 2%8Puy for inhalation. From 103 to 107 years 2*Th
(on the decay chain of 233U) is the major contributor for
ingestion and almost the sole factor for inhalation. In the
case of UO; fuels the total radiotoxicity steadily decreases
with time. In this case the toxicity at first decreases and
then rises to a maximum at about 10° years after which it
once more decreases (Fig. 5.8). This is due to the decay
of 233U which gives rise to the isotope 2?°Th, the main
factor after 103 years. The results for the Th-U fuels us-
ing *°U instead of ?**U are similar. Thorium-plutonium
fuels also give similar results with far higher values in
the first 10* years due to the presence of plutonium. As in
the previous case the variation of enrichment and burn-up
does not significantly alter the radiotoxicity of Th-U fu-
els.

Comparison between UO, and Th-U fuel

The results show that plutonium, americium and curium
dominate the radiotoxicity of UO; fuels while uranium
and protactinium dominate that of Th-U fuels. In Fig. 5.9
the radiotoxicity for ingestion of these fuels is compared.
Neglecting the contribution of fission products the
radiotoxicity of Th-U fuels can be as much as two orders
of magnitude less than that of UO; fuels up to 10* years
[6] . There is then a period, from 10* to 10 years, where
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the radiotoxicity of Th-U spent fuels exceeds that of UOs.
After that time the radiotoxicity of Th-U falls sharply
below that of UQO;. This is unchanged for inhalation when
the fission products are included. However, for ingestion,
the inclusion of the fission products means that the
radiotoxicities of both fuels is almost the same for the
first five hundred years.

In Fig. 5.10 the radiotoxicity of the Th-U fuel after the
removal of 99% uranium is displayed. The uranium must
be recovered in order to provide fissile 233U for the next
cycle. The case when 99% protactinium is removed is
also displayed. As can be seen it is well below that for the
standard UO,; fuel. Moreover it falls below the value of
the natural uranium required for 1 tonne of 3.5% enriched
fuel after 5000 years. '

Energy Amplifier

The Energy Amplifier (EA) has been proposed as new
type of reactor which would form part of a safer less
radiotoxic fuel cycle [7] . Detailed calculations have been
carried out in order to assess the radiotoxic impact of such
a system [8].
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5.5 Two-Dimensional Heat Transfer Mapping

Development of the Fast Transient
Thermography (FATT) method

In the last annual report (TUAR-93, p. 56) new methods
were described to investigate the feasibility of carrying
out thermal diffusivity measurements under non-conven-
tional conditions. A first set-up was constructed where
the sample is placed in a small chamber with a controlled
atmosphere, and supported by three ceramic pins. The
specimen disk is heated from two sides by a continuous
laser, and a Nd-YAG laser pulse is then applied. The ther-
mal diffusivity is then measured as in the case of the usual
laser-flash technique. Very high temperatures can be at-
tained both in vacuo and under chemically active atmos-
pheres.

Another advanced technique, called FATT, for the meas-
urement of the heat transport in heterogeneous systems
is being developed based on high speed CCD cameras
and 2D thermography processing. At the present time it
has been found possible to use a CW YAG laser instead
of CO;, laser both for the FATT and conventional laser
flash. This will considerably simplify the set-up made for
a hot-cell or for a glove-box because at the YAG wave-
length use of optical fibres is possible. It is also impor-
tant, that only one laser head is required with a beam split-
ting device, so the power ratio in two beams will remain
constant even in the presence of small instabilities of the
output power. A suitable laser was purchased: this can
deliver up to 500 W of CW power to the beam splitter
with a continuously adjustable power ratio. The impor-
tant advantage of CW YAG laser with a fibre optic beam
delivery system is that a very homogeneous power den-
sity distribution is achieved which helps to minimise tem-
perature gradients across the sample before applying in-
stantaneous probe laser shot. This YAG laser has been
tested and a dual beam heating system is being con-
structed.
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6. Scientific-Technical Support to

Community Policies

6.1 Support to DG |

6.1.1 Field test of robotized
system for the chemical
treatment of diluted spent
fuel solutions

Introduction

The initial proposal for a field test of the robotized sys-
tem developed at ITU was made in 1988, calling for the
installation of a system at the Gatchina reprocessing fa-
cility south of Leningrad in the USSR. Further discus-
sions resulted in a joint task proposal under the European
Community Support Programme and the Russia Support
Programme to the IJAEA.

The objectives of the joint U.S.S.R., EURATOM and
IAEA field test of the robot system were:

— To test the reliability of the robot system under rou-
tine field operation

— To evaluate the accuracy and precision of the meas-
urement performance obtained by on-site robotized
isotope dilution mass-spectrometry (IDMS).

— To check the adequacy of the authentication meas-
ures applied for sample preparation for IDMS.

— Toserve for inspector training purposes after the field
test was completed.

During the field test, the robot was to perform the chemi-
cal treatment of diluted spent fuel solution samples up to
the loading of filaments.

As originally foreseen, up to 40 batches of spent fuel
would be sampled in duplicate, diluted and spiked for
isotope dilution analysis of U and Pu by thermal ionisa-
tion mass-spectrometry. The robot system, as previously
described [1], would carry out all steps associated with
sample preparation, including the loading of mass-
spectrometer filaments. These filaments would be meas-
ured at the Seibersdorf Analytical Laboratory (SAL) and
parallel aliquots would be measured at the Khlopin Ra-
dium Institute (KRI) and ITU. The “total evaporation”
method would be performed at SAL and ITU and com-
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pared with measurements using the conventional mass-
spectrometric technique at KRI and ITU. A meeting held
in Gatchina in October, 1990 between representatives of
the three organisations summarised the progress of the
field trial at the time of the installation and first use of the
robot system.

Ultimately, four batches taken from a single spent fuel
solution were treated in duplicate by the robot and meas-
ured at SAL, ITU and KRI. Meetings were held in Vi-
enna in September of 1991 and in Gatchina in October of
1991 to discuss the results of the 1st phase and to iden-
tify follow-up actions. Based on these recommendations,
improvements were made in the equipment and proce-
dures and a follow-up exercise was planned.

The 2nd phase experiment as originally planned would
have involved single aliquots and replicate spiking of 24
separate batches of spent fuel. The actual experiment
which was carried out involved 4 input solutions from
each of which 6 aliquots were taken and diluted to give
24 solutions. Eight of these were sub-sampled, spiked in
duplicate and measured at all three institutes. A report of
the phase 2 experiment including only the results of the
KRI measurements was produced in 1993 [2].

Phase 1

The first phase of the testing of the robot began in Octo-
ber, 1990 using a diluted spent fuel solution (“master so-
lution”) containing approximately 500 u/g U and 5 p/g
Pu. Four batches were sampled from this master solu-
tion; from each batch, two sub-samples were spiked and
additional aliquots were taken for unspiked measure-
ments. The robot performed the sub-sampling, spiking,
isotopic equilibration step, separation using tributyl phos-
phate (TBP) in CCly, and filament loading. A control sam-
ple was also processed in parallel with the spent fuel so-
lutions.

The robot-loaded filaments were measured at SAL in
April, 1991. Replicate samples loaded from solutions were
measured at TUI in the same period and aliquots from



the 4 batches were measured at KRI in the period from
October, 1990 to January, 1991,

Several observations can be made from the results:

1.

Agreement between the 3 laboratories for the U re-
sults is acceptable and in the range of 0.06 to 0.5%
relative, except for sample 9956-08 where the SAL
and KRI results agree for each of the spikings, but
not between the 2 spikings. The ITU result in this
case seems to be an average of the 2 spikings.
Similar results are seen for the Pu, with the between-
laboratory agreement in the range 0.05 to 0.6% rela-
tive, except for sample 9956-08.

The problem for sample 9956-08 seems to be due to
a weighing problem, either of the sample or spike
aliquots. This is revealed by the consistency of the
Pu/U ratios which agree both within and between
laboratories at the 0.5 to 1.0% level, even though the
replicate spikings give U and Pu concentrations which
differ by 4.5%.

Similar weighing problems appear, to a lesser extent,
in sample 9956-06 (i.e. between-spiking differences
of 2.0 to 2.5%, with differences in the Pu/U ratios of
around 0.3%).

As aresult of the observations above, improvements
were made in the robot hardware and operating pro-
gramme and the analytical balance used by the robot
was replaced in May 1992.

Phase 2

An examination of these results yields the following ob-
servations:

For uranium, there are several cases where the agree-
ment between replicate spikings for the same batch
are outside of acceptable limits (1% relative) . These
batches are 9655-01 (SAL), 9655-05 (SAL), 9667-
04 (SAL) and 9667-02 (KRI). This indicates a prob-
lem with spike-sample equilibration or mass-
spectrometric measurement.

In general, the agreement between laboratories for
uranium is good with only two exceptions, 9667-02
(1.4% difference between SAL and KRI) and 9667-
04 (10.5% difference between SAL and KRI). For
sample 9667-04, there seems to be either a problem
of sample identification in the SAL data or else a
problem with the mass-spectrometric measurement.
For Pu, there are two apparent outliers in the SAL
data, 9655-01 and 9655-04, which are probably due
to mass-spectrometric measurement problems (too
little Pu on the filament for a good measurement).
Agreement between replicate spikings of the same
batch was generally acceptable, except for 9667-03
(SAL) where the difference is slightly greater than
1% relative.
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The agreement between laboratories was good, pro-
vided that the apparent outliers mentioned in point 3
are ignored. However, for samples 9655-01 and 9655-
04 the differences between the SAL and KRI and
between ITU and KRI are greater than 1%, relative,
indicating a possible problem with the KRI meas-
urements.

The differences between the average values for U and
Pu in samples 9667-03 and 9667-04 are greater than
1% in the KRI (U and Pu) and SAL (Pu only) data,
indicating a possible problem with weighing of the
sample or spike. This suggests that problems were
still observed with the balance used by the robot, simi-
lar to those in Phase 1, but with less serious effects.
The nature of the data makes it difficult to separate
such effects clearly.

Sample 9667-03 was apparently wrongly numbered
incase of ITU. Either it is a duplicate of sample 9667-
02 or the missing sample 9667-01.

Conclusions

It is possible to draw the following conclusions:

1.

The robot system worked well under the actual con-
ditions experienced at a reprocessing facility. There
were no major breakdowns of the equipment or de-
lays in processing samples. All sub-systems of the
robot worked equally well and mass-spectrometer
filaments were loaded successfully.

Problems with weighing of samples and spikes in-
side the glove-box enclosure created poor agreement
between replicate spikings, especially in Phase 1, but
also to a lesser extent in Phase 2. This problem may
be related to electrostatic charging problems or vi-
bration.

The chemical separation procedure used in the robot
system was the same as used at ITU which does not
provide sufficiently clean Pu fractions for measure-
ment at SAL, nor was the Pu recovery sufficiently
high. This revealed itself as poor signal strength in
the mass-spectrometer and a large 2*8U interference
on the 3°Pu peak. The reverse-phase chromato-
graphic procedure using trioctyl phosphine oxide
(TOPO) which has already been adapted at SAL to
the ITU-designed robot system would be a prefer-
able procedure.

The possibility of checking the adequacy of the au-
thentication measures by video cameras proved to
be successful.
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6.1.2 The ARTINA (Analysis of
Radioisotope Traces for the
Identification of Nuclear
Activities) laboratory

An important contribution to the identification of unde-
clared nuclear activities is the detection of nuclear signa-
tures by the analysis of environmental samples in the area
of the suspected activity. The analysis of such samples is
a highly specialised and exacting discipline requiring suit-
ably equipped and designed facilities and a high level of
analytical competence. Detection limits for U and Pu
should be of the order of 107 atoms [1].

A good part of the instrumental capabilities already exist
in the Institute but it was realised that a laboratory com-
pletely isolated from the contamination zone of the Insti-
tute was required, where samples can be received, han-
dled and prepared for measurements without cross-con-
tamination.

The ARTINA (Analysis of Radioisotope Traces for the
Identification of Nuclear Activities) laboratory was con-
ceived for this purpose and the design phase has been
started. A laboratory external to the Institute will be con-
structed using prefabricated techniques to arrive at a class
100 environment. The ARTINA design will provide:

— personnel access with appropriate clothing

— transfer and acceptance of samples with preliminary
cleaning and removal of the outer packaging

— chemical treatment to concentrate elements of inter-
est. Sample type include water, sediment, soils, veg-
etation and swipes. High purity spikes may be added
to allow subsequent quantification by isotope dilu-
tion mass-spectrometry.

— preparation of reference or control samples for inter-
nal quality control

The final design concept of ARTINA will be approved in
the beginning of 1995 and first operation is expected for
October 1995.

Reference

[1] D. Donohue, S. Deron, E. Kuhn; IAEA Bulletin 3 (1994) 20-23

6.1.3 Analysis of radionuclide
traces for the identification
of nuclear activities

In the framework of the safeguards monitoring for detec-
tion of undeclared nuclear activities, we have been asked
to analyse radioisotopes at trace levels in environmental-
type samples.

Institute for Transuranium Elements - Annual Report 1994, EUR 16152 EN

171

As reported previously (TUAR-93, p. 212-214) we have
started to adapt the procedures already existing and used
for other kind of samples to this type of samples. It was
also realised that new procedures needed to be developed
in parallel and therefore exploratory researches on new
methods have been started as well.

In March 1994 a liquid scintillator counter (LSC) was
installed. The instrument has been tested and analytical
procedures for tritium determination have been optimised.
It has been possible to measure tritium at low levels of
activity in different type of samples: natural waters (river
and sea water), on surfaces of copper/brass seals typi-
cally used in Safeguards inspections, and on filter paper
used as wipe tests. Methods for the measurement by LSC
of other radioisotopes: 129131, 14C, 133Xe, 83K, 103/106Ry,
144Ce, 134137Cg, 23912401241py 99T, present at low activity
levels in environmental samples are under investigation.

Until the planned ARTINA laboratory outside the con-
tamination control zone of the Institute has been com-
pleted, exploratory studies concerning the method of dis-
solution of environmental samples have been started in
an existing cold laboratory. In these studies certified en-
vironmental samples from the IAEA have been used.
These samples consist of soils, sediments and dried grass
containing very low activities with different isotopic ‘sig-
natures’. The characteristics of one of these samples as
an example are reported in Tab. 6.1. The activity level of
this sample is very low. As a consequence there is a real
possibility of cross-contamination during treatment.

Tab. 6.1 Measurement of IAEA-375 soil sample. The soil
(top soil to a depth of 20 cm) was collected on the field of
the collective farm “Starvi Vishokov” Novozybkov dis-
trict Brjansk region, Russia, in July 1990, reference date:
31-12-1991. There is evidence for the presence of small
hot particles which can seriously influence the measured
activity concentrations of transuranium nuclides.

Nuclide Bq/Kg g/Kg
Cs-134 463 9.5 x1012
Cs-137 5280 1.6x10°
I-129 1.7x10°3 2.6 x1010
K-40 424

Ra-226 20 5.4 %1010
Ru-106 56

Sb-125 77 2.0x10 12
Th-232 20.7 5.0x103
U-238 22.6 1.8x10°3
Am-241 0.13




A widespread literature survey has been made concern-
ing sample pre-treatment (grinding, homogenisation, dry-
ing) and dissolution methods. For the moment priority is
being given to the dissolution. Various methods are un-
der investigation. The aim is to determine the most ap-
propriate in view of the subsequent wet instrumental tech-
nique used: liquid scintillation spectrometry, inductive-
coupled plasma mass-spectrometry (ICP-MS), thermal
ionization mass-spectrometry (TIMS).

For the direct analysis of the solid, the same samples are
being investigated by glow-discharge mass-spectrometry
(GDMS) and electron micro-probe analysis (EMPA).
GDMS, which has detection limits in the ppt-ppb range,
is being using for trace elements analysis of the bulk
material. A complete survey of each sample is generally
performed using a resolution of about 5000. At this reso-
lution it is possible to separate molecular isobaric inter-
ferences arising from the complex matrices of the sam-
ples, from the analytes of interest. Subsequently, the ele-
ments of interest are selected and analysed in repetitive
scans. Isotopic analysis is also being carried out directly
on the solid samples. In this case the resolution is reduced
to 1000 in order to obtain flat peaks.

EMPA is being used to determine different mineral phases
in the soil and sediments and to carry out quantitative
analysis of the elements present. A combination of en-
ergy dispersive and wavelength dispersive analysis is
employed. Energy dispersive analysis is used for a rapid
overview and quantification with a standard analysis pro-
cedure. Wavelength dispersive analysis is employed for
quantitative analysis of light elements (Z< 10) and of the
actinide elements (Z>92).

Since the samples must be conductive for both the tech-
niques, various methods of sample preparation are being
investigated.

The problem of single particle characterization is being
investigated. A micro-manipulator and a microscope have
been ordered and will be installed at the end of this re-
porting period. The aim is to be able to separate single
particles from the bulk of the sample and then to charac-
terise them by mass-spectrometric techniques, whereby
it is hoped to be able to also apply secondary-ion mass-
spectrometry (SIMS). Experimental work on standard
particles and real samples will be performed during 1995.
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Tab. 6.2 Characteristics of the certified uranium solutions.

A set of reference materials, prepared for calibrating K-
edge instrumentation, was also used for internal quality
control. The materials, solutions with the same acidity
but different uranium concentrations, were used for ura-
nium assay by K-edge densitometry, potentiometric
titration and isotope dilution mass spectrometry. The re-
sults obtained by these three methods were used to as-
sess the quality of a measurement series, to compare
methods, to determine experimental variabilities between
different operators and to determine biases in one or other
measurement system.

The sample preparation and subsequent analysis were
carried out as outlined in the analytical scheme
(Fig. 6.5).

The reference solutions were prepared and character-
ized gravimetrically at IRMM, (Geel) from primary
reference material (uranium metal). The isotopic com-
position was certified at IRMM by mass-spectrometric
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uncertainty (2s)
uranium mass fraction: 0.99985 0.00005
molecular mass: 238.02886 | 0.00000045
nominal
concentration concentration uncertainty density uncertainty concentration uncertainty
gun gU/kg 2s g/ml 2s gun 2s
50 43.010 0.004 1.165 0.001 50.110 0.050
150 115.978 0.012 1.295 0.001 150.203 0.150
200 147.379 0.015 1.361 0.001 200,540 0.201
250 176.182 0.018 1.424 0.001 250.886 0.250
300 201.681 0.020 1.487 0.002 299.987 0.300
400 238.683 0.024 1.587 0.002 378.683 0.379
molar isotope uncertainty
abundance in % 2s
234-U 0.005508 0.00002
235-U 0.721831 0.000290
236-U 0.000015 0.000004
238-U 99.272646 0.000295

measurements using gas-source mass-spectrometry
(?33U/238U ratio, Varian MAT 511) and thermal-ioni-
sation mass-spectrometry (Finnigan MAT 260 and
Finnigan MAT 262 RPQ). The reference solutions
were delivered to the Institute in sealed glass am-
poules, each containing 10 ml of solution. One part
of the solution was directly used for K-edge
densitometry, another part was diluted by weight to
40 mg U per gram of solution for titration, and a third
aliquot was diluted to 800 g U per gram of solution
for isotope-dilution mass-spectrometry. The charac-
teristics of the certified uranium solutions are given
in Tab. 6.2.















Conclusions

KEDG and CKED

Both NDA techniques demonstrated accuracies of 0.1%
for intermediate concentrations (100 - 300 gU/1) and for
a counting time of 1000 s. Systematic deviations of about
0.3% are found at the boundary limits of the measure-
ment range arising from slight non-linearities in the cali-
bration curve.

Titration

The observed differences between the certified and the
measured concentrations are randomly distributed and
their absolute value (<0.1%) is usually smaller than the
standard deviation of the measurements (0.15%), and
much smaller than the overall accuracy of the results.
Consequently, one may conclude that the method is well
under control.

IDMS

The results obtained for the element assay show in general
alow standard deviation (0.15%). The biases observed were
usually small (< 0.1%) and most often within the measure-
ment uncertainty. However the biases tended to be posi-
tive, possibly indicating a small systematic error.

Isotope abundance measurements were carried out over
a period of six months. The precision of the isotope abun-
dance measurements on natural uranium was calculated
as 0.11% (2 s). However a systematic deviation of -0.21%
from the reference value for the isotope 235 was observed.
As this bias was highly reproducible and not dependent
of the measurement date or dilution factor, reasons such
as contamination or operator influence may be excluded.
The problem will be examined further and also other ura-
nium isotope reference materials will be measured, in
order to investigate the reasons for this bias.
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6.3.2 On-site laboratories

Progress of the on-site laboratory (OSL)
project, Sellafield

Introduction

Important steps forward have been taken concerning the
organisation of the on-site laboratory (OSL) which will
allow the construction of the gloveboxes and equipment
to be carried out as well as the necessary infrastructure at
Sellafield during the course of next year. The work has
included the following areas:

—  The hazards of procedures study, part 3 (HAZOP III)
was finished and the pre-commencement safety re-
port (PCSR) finalized

— Anagreement between DG XVII and the Institute on
the construction of the on-site labs was signed

— A quality assurance (QA) system, aimed at reaching
ISO 9001 standard, has been started for design, manu-
facture, testing and maintenance of the equipment and
gloveboxes

— The final laboratory design was finished

— Purchasing procedures for the instruments and
gloveboxes have been started

—~ Testing of new non-destructive equipment was car-
ried out

— Training of the OSL operators has continued

During the course of the year the recruitment of the on-
site teams continued. The new staff is undergoing exten-
sive training.

Precommencement Safety Report (PCSR)

The HAZOP (TUAR-93, p. 183) studies came to an end
early this year and they will be followed by the PCSR.
This report was considered and accepted by the Sellafield
Research and Development & Analytical Services Man-
agement Safety Committee (R&AMSC), an essential step
for the progress of the project. Changes to the design re-
quired by the HAZOP studies are now integrated in the
final design version, which is considered to be frozen as
from September 1994,

Construction of the laboratories

The design included in the PCSR is the basis for the labo-
ratories’ infrastructure and provision of services from
BNFL. It was the subject of several intensive discussions
with BNFL engineering department which had been
awarded a contract to install the infrastructure by DG X VII.
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Quality assurance

The laboratory will be the subject of appropriate quality
assurance arrangements for all phases of its life-cycle as
required for all undertakings covered by the Site Licence
of Sellafield. To comply with this requirements a QA sys-
tem, which is in compliance with ISO 9001 for design,
manufacture, testing and maintenance, has been started
in close co-operation with NNC Ltd, Risley, England.

It consists of a quality plan, project procedures and work-
ing instructions. The quality plan defines the organisa-
tion of the project, the interfaces with external organisa-
tions and the quality assurance measures to be taken. The
project procedures describe the implementation, respon-
sibility and internal interfaces for each of the twenty qual-
ity assurance elements of ISO 9001. Working instructions
give detailed information for the performance of special
production steps or testing procedures, e.g. welding, use
of adhesives, sealing tests for gloveboxes. The labora-
tory design will be subject to a design plan and safety
related software will be produced through a specially
written software design plan.

Some of the requirements of the standard are already daily
practice but need to be more formalised; a good part is
nevertheless totally new. This demands extra effort to
make sure we comply with the QA requirements.

Development of components

Status of the NDA equipment

The status of development for the NDA equipment to be
installed at the OSL: COMPUCEA, K-edge /gamma coun-
ter and neutron/gamma counter (TUAR-93, p. 185) - is
well advanced. Tested prototype versions now exist for
all 3 systems. In the course of the year these have started
to be used for the analysis of actual safeguards samples

in order to evaluate their performance. Only minor modi-

fications - mainly with regard to shielding and collima-
tion - had to be made to the previously assembled con-
figurations in order to achieve the desired operating char-
acteristics. The operational experience gained after this
optimisation work proved that the final equipment for the
OSL can be built according to the existing design and
layout of the prototype versions.

Remaining development work to be done for the final
OSL equipment mainly concerns the area of software. In
agreement with DCS Luxembourg it was decided to
choose for the COMPUCEA the Ethernet-based Genie
PC-version (Canberra) for data acquisition. This decision
implies that the existing software and user-interface for
the COMPUCEA will have to be adapted to the OS/2
operating system of this new configuration. The neces-
sary development work will be carried out under a con-
tract between DCS and KfK.
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Earlier in the year the new PROCOUNT software devel-
oped by Canberra for the neutron/gamma counter was
received and implemented into the DEC ALPHA machine,
which at the OSL will serve as common host computer
for the K-edge gamma/counter and neutron/gamma coun-
ter. Some deficiencies of the PROCOUNT software no-
ticed during subsequent test measurements were removed
in the revised version, which was received later in the
year. Some further modifications were proposed to make
the software more flexible in specific areas.

In order to harmonise the user interface for the K-edge
and neutron measurements, it is planned to adapt the ex-
isting K-edge software to the layout of the PROCOUNT
software, which utilises Motif windows for the user dia-
logue. The new K-edge software will also integrate the
Multi Group Analysis (MGA) software for combined K-
edge and Pu isotopic measurements.

Data processing upgrades

The automatic data analysis system has been continually
improved and modified for new demands, e.g. for the
parallel handling of a sample measured with various meth-
ods, such as is typically needed for standard materials.
The data handling of the results from the non-destructive
techniques, K-edge, COMPUCEA and neutron counting
has been improved so that the measurement techniques
are dealt with individually and not in the form of com-
bined results. The possibility of accepting special sam-
ples which do not fall into one of the pre-set analysis
schemes into the system has also been implemented.

The use of a ?*?Pu spike has now been included in the
system for Pu by IDMS and the calculations of Nd, Am
and Cm by IDMS as well. These latter calculations are
needed when for instance the burnup is required to be
determined: it is not envisaged, however, that they will
be needed for the on-site laboratories. The inclusion of
quality control samples in the system, which has also been
implemented, is a necessary part of the system for
Sellafield and La Hague.

The automatic data processing system runs under VMS
on a VAX 3100/90 computer. PC’s (personal computers)
are connected via TCP/IP for the direct input of results.
The central VAX and the VAX workstations (e.g. for the
K-edge and gamma spectrometers) are connected via
DECNET which allows a quick and automatic transfer
of results.

Evaluation of measurement performance
Introduction

The performance evaluation for the NDA instruments was
started in the course of the year with first intercomparison
measurements for element and isotopic assay on uranium
and plutonium safeguards samples.



Prior to their on-site installation the equipment designated
for the OSL has to pass a phase of thorough testing and
performance evaluation. The main objective of this work
is to ensure that the quality of measurements conforms to
established international targets for measurement per-
formance. At the same time it may also help to identify
possible weaknesses in certain measurement procedures
of both the DA and NDA techniques involved, which
could be the cause of systematic measurement errors.

Gamma stations for Pu isotopic analysis

The NDA equipment for the OSL incorporates two
gamma stations for Pu isotopic measurements: one at the
K-edge apparatus for the analysis of Pu nitrate, another
in the neutron counter for the analysis of Pu oxide and
MOX samples. Both stations utilise the gamma
deconvolution code MGA (Multi Group Analysis) for the
determination of the Pu isotopic composition. The K-edge
gamma counter is presently working with MGA version
7.4, whereas the neutron gamma counter incorporates the
later MGA version 9.12.

The performance of the MGA code for the analysis of
both types of samples, liquid and solid, was tested from
measurements on a set of 12 safeguards samples, which
were received at the Institute as gram-sized PuO; sam-
ples of typical reactor-grade material.

Weighed amounts of about 1g PuO; were first measured
in the neutron/gamma counter. A total of 6 to 8 different
1 hour runs were performed on each sample. Upon the
completion of these measurements the PuO, samples were
dissolved to prepare Pu nitrate solutions of suitable con-
centration for the K-Edge and isotopic measurements in
the K-edge/gamma counter. The Pu concentration of the
solution samples was adjusted to about 130 g Pu/l. For
the isotopic measurement each sample was counted 10
times for 4000 s to test the degree of repeatability.

The isotope abundances determined by gamma
spectrometry were compared with those from mass
spectrometry. A summary of the observed average differ-
ences and standard deviations for paired results from
gamma and mass spectrometry for the isotopes 238-241,
which can be directly measured by gamma spectrometry,
is presented in Tab. 6.7. It is evident from the data that
the results provided by MGA version 9.12 appear to be
significantly biased for all isotopes, whereas the results
provided by version 7.4 generally agree to within about
0.1-0.3% of the reference values from mass-spectrometry.
The latter data represent about the level of performance
that can reasonably be expected at best from gamma-
spectrometric isotopic measurements.

The above results were presented and discussed at an in-
ternational MGA user’s workshop held at IRMM, Geel
[1]. Reference spectra have been transmitted to R.
Gunnink, developer of the MGA code, and to the firm
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Tab. 6.7 Average relative difference and standard devia-
tion (%) for the paired comparison of isotope abundances
from MGA and mass spectrometry. MGA analysis with
declared **?Pu.

Isotope MGA 7.4 MGA 9.12
Pu-Nitrate PuO, Pu-Nitrate PuQ,
Pu-238 | -0.18+0.22 | -0.31+£0.21 | -1.93+£0.25 [ -1.69+0.30
Pu-239 | -0.18+0.10 | -0.08+0.06 | 1.11+0.15 | 0.62+0.15
Pu-240 | -0.27+0.20 | 0.31+0.18 | -2.01+£0.22 | -0.99+0.26
Pu-241 | .0.37+0.18 | -0.22+0.17 | -149+0.24 | -1.02+0.29

Canberra to resolve the observed inconsistency of results
given by different MGA versions.

Isotope correlations for 242Pu

The major drawback of the gamma technique for Pu iso-
topic measurements results from the lack of a detectable
gamma-ray signature from the isotope 2*?Pu. For this rea-
son the abundance of 2*?Pu is usually estimated from cor-
relations among the measurable Pu isotopes 238-241.
Different types of correlations have been used in the past
for this purpose, but none of them has proved to work
satisfactorily for all types of Pu materials.

We have therefore started a systematic performance evalu-
ation on correlations for 24?Pu. Isotopic calculations us-
ing the KORIGEN code available at KfK Karlsruhe are
being performed to understand the impact on accuracy
by passing from a multi-parameter relation (as in
KORIGEN where a large range of possible correlations
can be considered) to a two or three parameter descrip-
tion when only the measured Pu isotope data are avail-
able. Results from mass-spectrometric analyses made at
the Institute have also been investigated.

For a self-consistent algorithm, isotopic ratios which do
not depend on the final value for 2*2Pu will have to be
used. Isotopic data have been compiled in a 3D represen-
tation, 1242 = f(1238, 1240), where 1238 etc. stands for
the corresponding isotopic ratios Pu-238/Pu-239. We have
used the fit function 1242 = A*1240B*1238C [2].

For burnups above 25 GWd/t and with a data set cover-
ing different PWR types without further specification of
the fuel, 1242 has a standard deviation (fit - actual value)
of approximately 4%. We have proposed a mathematical
pre-test using 1238 and 1240 values to recognise poten-
tial candidates for large deviations. However, the remain-
ing “worst case” in such a data set still shows a deviation
of up to 11%.

More detailed studies to investigate the behaviour of
the coefficients A, B and C for different types of spent

fuel are underway. They will be used to quantify pos-
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sible improvements in accuracy by entering specific
parameters for different fuel batches. The impact of
the 242Pu error on the final accuracy of the neutron co-
incidence counting foreseen for the OSL will be quan-
tified, too.

Neutron Counter

The present scheme of analysis for the OSL assumes
that all solid Pu samples (PuO; and MOX) are submit-
ted to the neutron-coincidence counter (NCC) for Pu
concentration measurements. From previous tests [3] it
has been concluded that accuracies of 0.1-0.2% should
be achievable in principle for the determination of Pu
element concentration in gram-sized samples by neu-
tron-coincidence counting. However, this level of per-
formance still needs to be verified from measurements
on real samples.

To this end we have carried out first exploratory meas-
urements on realistic PuO; samples to assess the perform-
ance of the neutron counter. The samples used for this
study were safeguards PuO, materials containing about
1g of typical medium to high-burnup Pu. For this amount
and type of Pu the neutron counter provides a net coinci-
dence counting rate of about 30 cps. This means that a
counting time of about 3 h at minimum is required to
achieve a counting precision of 0.2% or better. The sam-
ples were therefore counted for 6-8 h, where the total
counting time was split into sub-runs of 1 h duration to
investigate the degree of repeatability. In general we
found that the precision determined from the individual
runs agreed perfectly with the precision calculated from
counting statistics, which proves the anticipated degree
of stability of about 0.1% for the counter. The same ob-
servation was also made from quality control measure-
ments, which were repeatedly carried out on a reference
sample over a period of 1 month.

A complete test for the absolute measurement accuracy
has not yet been possible because of the lack of suitable
calibration standards. The certified reference material
available from IRMM with a fissile content of 94 atom
% was not well suited for establishing a valid calibration
for reactor-grade Pu because of noticeable neutron mul-
tiplication effects. Attempts to calibrate the counter with
the Standard Material SM2 previously characterised at
the Institute (TUAR-93, p. 186 ) were unsatisfactory. For
still unknown reasons the neutron coincidence rate ob-
tained from this material turned out to be about 2% lower
than the rate observed for Pu of comparable, reactor-grade
isotopic composition.

The very first measurements on real Pu samples have
therefore mainly been used for an initial assessement of
random errors encountered in small sample assays. This
information was deduced from paired comparisons with
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results from parallel analyses performed by K-edge
densitometry (KEDG) and titrimetry (TITR).

The standard deviations for the differences between paired
results from different methods are given in Tab. 6.8.

Tab. 6.8 Standard deviations for paired results from meas-
urements on 12 reactor-grade samples.

Methods NCC/KEDG | NCC/TITR | KEDG/TITR

Stand. Dev. | 0.36% 0.44% 0.32%

The data suggest that there are no significant differences
in performance for the 3 compared techniques, which
show random errors of about 0.2-0.3%. It should be noted
that for KEDG and NCC the expected random errors due
to counting statistics alone were about 0.15-0.20% for
the underlying measurements.

For the neutron measurements a non-negligible error com-
ponent arises from uncertainties in the relative abundances
for the Pu isotopes 238, 240 and 242, which are required
for the conversion of the neutron-coincidence counting
rate into Pu mass. The uncertainties for the isotope abun-
dance estimation must indeed be as low as 0.5% for *3Pu,
0.1% for 2*%Pu and 0.25% for 2*2Pu, if their contribution
to the Pu element assay on reactor-grade material is to be
kept to 0.2% or below. The indicated accuracy levels for
240py and 2*2Pu should pose no problems for quality-con-
trolled mass-spectrometry (they correspond to interna-
tional target values). The required accuracy level of 0.5%
for 238Pu however represents a real challenge for the al-
pha spectrometry technique, used at the Institute as rou-
tine method for the determination of this isotope. With
current practice 238Pu is measured to between 1-3% ac-
curacy only.

Better measurement performance for 238Pu has been ob-
tained from gamma- and mass- spectrometry, which on
the average agreed within 0.2-0.3% for the present meas-
urements. We have therefore used the 2*®Pu abundance
values from mass-spectrometry for the interpretation of
the neutron measurements.

The availability of suitable and well-characterized cali-
bration standards is a matter of prime importance for the
further evaluation of the neutron counter. Work has there-
fore been started on the preparation of a new PuO; refer-
ence material of representative isotopic composition. The
characterisation and certification of this reference mate-
rial will be carried out in collaboration with the IRMM,
Geel.







Tab. 6.9 Performance evaluation of assay techniques and
instruments for the determination of the U metal content
in U oxide powders.

COMP1/2 | COMP/ | COMP/ | KEDG/
KEDG | TITR TITR
Stand. Deviation { 0.11% 0.14% | 0.16% [ 0.15%
Mean Difference [ 0.01% 0.06% | 0.06% [-0.02%
No. of Samples 29 29 29 29
No. of Outliers 0 0 2 2

Progress of the Laboratoire sur site
(LSS), La Hague

This project was suspended between March and Septem-
ber 1993 because of budgetary problems and reactivated
in November 1993. Since this time, DCS Luxembourg
has placed two contracts for the*Avant projet’ with the
Société Générale des Matiéres Nouvelles (SGN), one for
the high active and one for the low active area. The com-
plete ‘Avant projet’ is to be delivered to DCS by the end
of February 1995. It will include an estimated overall cost
and a time schedule for the project. The extension to the
building UP3, where the LSS will be situated has been
constructed and it was visited by representatives from the
Institute, SGN and DCS Luxembourg in November 1994,
Several technical meetings have taken place between rep-
resentatives of the Institute, Cogema and SGN in order
to define:

¢ the analytical methods to be employed

* the number of samples to be analyzed

* the distribution of samples between the different lo-
cations of the laboratory.

* the storage capacity necessary

¢ the maximum electrical power needed

The number of samples has significantly increased com-

pared to that declared in the ‘Avant projet’ of November-

1992. This is partly due to the start up of the units URP
(Unité de Redissolution de Pu Agé) and in the future the
unit UCD (Unité de Conditionnement des Déchets) for
which samples will have to be analysed, and partly due
to new requests from DCS.

On certain points no agreement could be reached up to
now and further discussions will be held to clarify the
situation.
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On-site verification measurements

On request from DCS Luxembourg support has been pro-
vided for on-site verification measurements with installed
and mobile NDA equipment. This work includes the op-
eration of the Hybrid K-edge (HKE) instruments installed
at the reprocessing plants in La Hague and Sellafield for
input verification measurements, and field tests with the
Compact Uranium Concentration and Enrichment Appa-
ratus (COMPUCEA) system in various nuclear facilities.

The involvement of personnel of this Institute in this work
has considerably increased during the past year for sev-
eral reasons:

— Upon a request from DCS Luxembourg , the input
verification measurements at La Hague with the HKE
instrument are now performed on a 100% basis by
ITU personnel.

— The HKE instrument at Sellafield has become op-
erational after the start-up of the THORP plant mid
of 1994.

— The participation in the field tests with COMPUCEA
is an additional item of support.

The new arrangement for the operation of the HKE in-
strument at La Hague, which became effective in August
1994, necessitates in practice the weekly presence of ITU
personnel at the facility in order to manage the number
of measurements to be done. The regime of instrument
operations practised since then involved on the average
3-4 days of measurement per week. The steadily increas-
ing flow of samples to be measured soon will require an
operating scheme of a 5-days-per-week basis.

The tight schedule of measurements, which pushes the
instrument near to the limits of its capacity, causes in-
creasing operational problems in that it leaves only lim-
ited time for instrument maintenance and measurement
control. Instrument breakdowns which occurred during
the past year further exacerbated this situation.

At the Sellafield plant the HKE instrument was brought
into a ready-for-use status. An initial calibration was car-
ried out using reference solutions supplied by IRMM
Geel. The existing calibration allows the U and Pu analy-
sis in input solutions from LWR and Magnox fuels. Only
a limited number of samples have so far been submitted
for measurement. Two training courses for safeguards
inspectors from the THORP plant were held at the Insti-



tute to familiarize them with the principles and the use of
the HKE instrument.

Three field exercises were conducted with the
COMPUCEA to gain further experience with this device
from different applications under field conditions. Meas-
urements were carried out on uranyl solutions at La
Hague, and on uranium oxide samples at the fuel fabrica-
tion plants of Siemens, Hanau and BNFL, Springfields.
The performance of the measurements was evaluated from
a comparison with results obtained from parallel analy-
ses with the mobile titration/mass-spectrometer equipment
of DCS Luxembourg. The feedback from the operational
experiences gained from these field tests will be used to
establish sound measurement procedures for the later of-
ficial use of COMPUCEA in the verification activities
of DCS Luxembourg [1].
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6.3.3 Analytical techniques

Application of Glow Discharge Mass-
Spectrometry (GDMS) for direct analysis
of non-conducting nuclear materials:
investigations on uranium oxide
specimens

Introduction

The elemental and isotopic analysis of conductive and
non-conductive nuclear materials is usually performed,
after dissolution of the sample, by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) [1-3] and Thermal
Ionisation Mass Spectrometry (TIMS) [4]. Since in some
cases, especially in the case of non-conducting material,
the dissolution of the sample can be difficult and time-
consuming the direct analysis of the solid sample can be
the preferable choice.

For the analysis of materials of nuclear origin, mass-
spectrometric techniques, because of their sensitivity and
multi-isotopic capabilities, offer unique application pos-
sibilities. Among the mass-spectrometric techniques di-
rectly applicable to solids with the potential for ultratrace
analysis, Glow Discharge Mass Spectrometry (GDMS)
is now widely accepted as the analytical tool of choice
and has been used for the determination of trace level
impurities in high purity metals, alloys and
semiconducting materials {5,6].
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Not only trace elements can be detected but also major
components can be measured by GDMS. And applying
the secondary cathode method [7] or the use of binders
[8], insulators can also be analysed. Similar to other solid-
state mass-spectrometric techniques, GDMS allows in situ
analysis without chemical preparation of the sample. Only
techniques such as cutting rods or discs, fracturing pins,
or compacting pellets from powders are applied before
analysis. Pre-sputtering allows surface contaminants to
be removed to a large extent, thus minimizing the prob-
lem of contamination.

Thus GDMS is an analytical tool ideally suited for the
analysis of solid samples of nuclear origin, requiring
minimum sample treatment. The elemental and isotopic
capabilities of GDMS can be fully applied to materi-
als having either non-natural or natural isotopic abun-
dances.

Glow discharges provide a steady-state source of exci-
tation and ionisation that is relatively free of matrix ef-
fects because of separate atomisation and excitation/ioni-
sation steps. Also, since the cathodic sputtering step is
non-thermal in nature, sample atomisation rates for vari-
ous species are quite uniform. Because of this fact, and
aided by the process of steady-state sputtering, the gas-
phase concentrations of sputtered species in the nega-
tive glow region of the discharge can be generally as-
sumed to be directly representative of the bulk solid
concentrations.

All these advantages that characterize the glow discharge
itself characterize also the application of the d.c. glow
discharge to the direct analysis of non-conducting sam-
ples.

Recently a GDMS VG9000 has been adapted to a glove-
box for the analysis of solid samples of nuclear origin [9]
(TUAR-93, p. 200) and it has been shown that the el-
emental and isotopic capabilities of glow-discharge mass-
spectrometry can be successfully applied to the charac-
terization of samples of unknown isotopic composition.
By comparing with other techniques, such as ICP-MS,
GDMS has a comparable precision and accuracy with the
major advantage of very quick and straightforward sam-
ple preparation.

In this investigation two methods, one based on the
use of a binder and a second using a secondary cath-
ode for the analysis of solid non-conducting nuclear
samples by d.c. glow-discharge mass-spectrometry
have been compared. Both these techniques are applied
directly to solids and though dilution of the analyte
with the host material is necessary in the first, none is
necessary in the latter. Results of the application of
both techniques for non-conductive uranium oxide
samples are reported.
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Experimental
Instrumentation

The VG9000 glow discharge mass spectrometer modi-
fied and adapted to a glove-box has been previously de-
scribed [9]. The instrument consists of a d.c. glow- dis-
charge ion source coupled to a double-focusing mass
spectrometer of reverse (Nier-Johnson) geometry. This
provides high transmission (> 75%}) and sensitivity whilst
operating at the high resolving power of 5000 with 10%
of valley definition.

Ton detection is accomplished by a dual detection system
comprised of a Faraday cup for the measurement of large
(typically > 10°!3 A) ion currents and a transverse mounted
Daly detector [10] for the detection of lower signals.

Materials

The argon discharge gas (BOC 99.9999%) enters the dis-
charge cell via a heated getter inlet system (SAES GP50).
The pressure is regulated using a leak valve (VG - UK)
and monitored using an ion gauge situated above the cryo-
genic pump (Edwards Coolstar 1500 - UK) serving the
source housing. The discharge cell is cooled using a flow
of liquid nitrogen to reduce background gases such as
water vapour.

Uranium oxide reference material NBL95-6 (USA),
Morille and Chantarelle (CEA, Paris, France); pure graph-
ite (Ringsdorff-Werre GmbH, Bonn, Germany) and sil-
ver powder (99.9995%, 22 mesh, A.D. Mackay, Red Hook
NY, USA) were used.

Disc and pin electrode samples were prepared using an

automatic hydraulic press (3630 X, SPEX, USA). Ura-.

nium oxide pin electrodes with a length of 20 mm and a
diameter of 2 mm were prepared by compacting the pow-
der transferred to a 5 ml polyethylene slug with 12 tons
for 5 minutes. Uranium oxide disc electrodes with a di-
ameter of 13 mm and 2 mm thick, were directly pressed
with 8 tons for 5 minutes.

Silver and graphite, when used as binders, were added
both to pins and discs in the amount of 50%. Around 100
mg of U3Og powder were transferred to a 5 ml poly-
ethylene sample bottle and the same amount of graphite
or silver was added. The sample bottle was sealed with a
polyethylene stopper and machine shaken for two min-
utes to promote efficient mixing.

The sample electrodes were degreased in acetone. All
manipulations were made in a glove-box. Once inside the

discharge cell, each sample was pre-sputtered for 15 min-
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utes with a 2 mA discharge current to remove any re-
maining surface contamination prior to analysis.

Results and discussion
Analysis of non-conducting materials

Non-conducting materials present glow-discharge mass
spectrometry with a new set of problems and opportuni-
ties compared to metals and have not been fully charac-
terized. Recently, radio-frequency (r.f.) discharges have
been used to analyse non-conducting materials:[11]. For
a direct current glow discharge, the requirement for a
conducting matrix is met by mixing the sample with pure
powders of materials such as graphite, silver, copper or
gold. A sample disc or pin can then be formed from the
mixture for the analysis in a glow discharge. In contrast
to metals and alloy targets, glow discharge sputtering of
compacted powder samples can create complex spectral
background and elemental interferences. Because of this,
some systematic studies to find suitable matrix materials
and optimum discharge conditions have recently been
carried out [8].

There are also some disadvantages inherent in the use of
binders in the sample preparation to be considered. For
example, mixing with an appropriate host material is
equivalent to analyte dilution and loss of sensitivity. Fur-
thermore, problems of contamination, loss of analyte, and
inhomogeneity may also result.

As well as this, for trace element determination the choice
of binder material is related to its level of purity. That is a
limitation in the use of this sample preparation technique
since the background from the binder might be higher or
of the same level of concentration than the sample con-
tent. As consequence, the detection limits of the analysis
become higher and traces in the range of ng/g cannot be
determined any more.

Another approach for the direct analysis of non-conduct-
ing materials by d.c. glow discharge is the use of a sec-
ondary cathode [7]. Such a system consists of a high pu-
rity metal disc, approximately 0.25 mm thickness, con-
taining an orifice, typically of 4 mm in diameter. This
disc forms the cathode for the discharge, and is placed
directly onto the non-conducting material to be analysed.
The discharge is formed as for a normal glow discharge
[12], with argon ions being attracted to the metal cath-
ode. Atoms are sputtered from this in the normal manner
[13] and diffuse into the discharge. In the discharge, these
atoms will suffer collisions with the species present [14].
Some of these collisions will result in the metal atoms
being returned to (and redeposited on) the surface of both
the metal and the exposed non-conducting material. Any
metal atoms redeposited onto the non-conducting mate-



rial will form a thin conducting layer and will conse-
quently attract argon ions causing sputtering in this re-
gion. The sputtering process is energetic enough to pen-
etrate the thin metallic film and remove atoms from the
underlying non-conducting sample. An equilibrium is
soon established between the redeposition of metal at-
oms and the sputtering of non-conducting atoms, result-
ing in a steady state discharge comprising ions representa-
tive of the insulating material and of the metal cathode.

Analysis of Uranium Oxide

For the analysis of uranium oxide spark-source mass
spectrometry has traditionally been used for the determi-
nation of impurities to ng/g (ppb) levels, when very pure
host material was available. Glow-discharge mass
spectrometry offers a faster and more quantitative ap-
proach to this requirement without the need for lengthy
and skilled interpretation of photographic plates.

Non-conducting uranium oxide powders were analysed
after mixing with a binder and also with the use of a sec-
ondary cathode to promote sputtering in a d.c. glow dis-
charge.

Use of binders: silver and carbon graphite

Conventional d.c. glow discharge devices can be applied
to the direct analysis of electrically non-conductive sol-
ids if the sample is first rendered conductive by
compaction into a conductive host matrix material. This
involves intimately mixing the sample with a conductive
host matrix material, both in powder form, and pressing
a portion of the resulting mixture to form an overall con-
ductive solid sample that can serve as the cathode in the
glow discharge.

Ahost material with high sputter rates is desirable. Among
the most suitable, considering the type of analysis nor-
mally required for nuclear materials and the possible iso-
baric interferences coming from the host matrix materi-
als, silver and graphite appeared the most promising and
in this investigation samples of uranium oxide were pre-
pared for the GDMS by mixing with silver or graphite
powder as binders.

The compaction of uranium oxide powder with graphite
resulted in pin electrode samples which were too fragile
to be handled. Since pin samples could be prepared only
by mixing with silver, only comparative results obtained
for disc electrodes are discussed here.

The results obtained when uranium oxide was analysed
using silver and carbon graphite powder as binder are
shown in Tabs. 6.10 and 6.11. The maximum intensities
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Tab. 6.10 Analysis of uranium oxide disc electrode sam-
ples using silver as binders: maximum peak intensity for
different discharge current values. (In brackets standard
deviation values in A units over 10 measurements are re-

ported).

Discharge | U (peak intensity) | Ag (peak intensity)
current (mA) Ax10™ Ax10™
0.2 5.2(2.9x10'2) 1.1(9.1x1013)
0.5 25(1.7x 10 2.5(1.5x10°1%)
1.0 84 (1.9x 10°19) 7.8(2.5x107')
1.8 190 (4.2x 10°'Y 30(1.0x 10°1)

Tab. 6.11 Analysis of uranium oxide disc electrode sam-
ples using graphite as binder: maximum peak intensity
for different discharge current values. (In brackets stand-
ard deviation values in A units over 10 measurements are
reported).

Discharge U (peak- C (peak-
current (mA) intensity) intensity)
Ax 101 Ax101

0.2 041(4.7x103) | 43(1.8x101)

0.5 1.0(22x10712) | 2.7(6.4x101?)

1.0 48(25x10"?) | 55(1.2x109)

1.8 8.8(9.8x101%) | 139(1.7x10°'%)

for the peaks corresponding to uranium, silver and car-
bon (expressed in Amperes) along with their standard
deviations over 10 different measurements for four ap-
plied discharge currents (0.2 - 1.8 mA) are reported. In
both cases, when increasing the discharge current from
0.2to 1.8 mA, the intensity of the uranium peak increased.
For values higher than 1.8 mA, the uranium peak was
completely quenched.

In Fig. 6.11 the ratios between the maximum intensity
peak of uranium/carbon (U/C) and in Fig. 6.12 those of
uranium /silver (U/Ag) are shown. Different trends of this
ratio with the applied current can be seen. For carbon a
maximum of the ratio U/C was found when a discharge
current of 0.5 mA was applied (Fig. 6.11).

In the case of silver, the trend of the U/Ag ratio was dif-
ferent. As mentioned previously, the maximum intensity

peak of uranium increased when higher discharge cur-
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tude of that obtained in the case of carbon. When a cath-
ode with a 5 mm orifice was employed, with a discharge
current of 0.5 mA the value of the ratio U/Ta doubled but
still remained lower than that obtained in the case of sil-
ver.

The use of a tantalum secondary cathode with an orifice
of 5 mm has a better sputtering efficiency for uranium
oxide than when carbon is used as binder. However, sil-
ver still remains the more efficient binder even though it
has a disadvantage of needing more sample manipula-
tion for the pellet compaction.

Analysis of trace elements in uranium oxide
specimens

Analyses of uranium oxide by GDMS have already been
made and the results obtained for a series of NBL stand-
ards of uranium oxide compacted with carbon graphite
powder in the form of pin electrodes have been reported
[15]. No external standards were employed since the
graphite matrix was used as internal reference element
and ion beam ratios, analyte versus carbon were utilised
for the quantification.

In our investigation different standards of uranium oxide
have been analysed using both silver or carbon graphite
powder as host matrix and also with a tantalum second-
ary cathode.

For the elements which were analysed, the proper ion
beam ratio (IBR) is defined as follows:

IBR(X)=(Xi /Cxi )/(Ak /Cak)

where:

Xi = total ion counts of the selected isotope i, of the
element X,

Cxi = isotopic abundance of the isotope i,

Ak = total ion counts of the selected isotope k of the
matrix element A

Cak= isotopic abundance of the isotope k.

In this particular case the matrix element considered is
uranium and its main isotope with mass 238. The Rela-
tive Sensitive Factors (RSF) were then obtained, accord-
ing to the following equation:

RSF(X) = IBR(X)/m(X)

where m(X) is the mass concentration of the element X
(i.e. mg/Kg).

In order to have information on the accuracy and preci-
sion of the method employed, samples of uranium oxide
obtained from the reference material “Morille” were ana-
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lysed by the use of binders and with a tantalum second-
ary cathode. The best results in terms of precision and
accuracy where obtained when a secondary cathode was
employed.

For this case, the experimental results along with the cer-
tified values are reported (Tab. 6.13). For all analytes,
the experimental concentration values have been calcu-
lated after tantalum background correction.

Tab. 6.13 Comparison between certified values (+ ©)
and experimental (+ ©) values obtained by GDMS for
Morille uranium oxide reference material using a tanta-
lum secondary cathode.

Element | Cert. value/ Exp.value/ Bias %
ppm ppm
Li 50 +0.2 48+09 -4
Be 54 + 0.6 59+0.3 +9.25
B 38 £1.6 3.5+0.1 -8.6
Mg 193 1.5 19.5+1.2 +1
Al 99+ 6 100£5 +1
Si 100 8 102+5 42
Ca 93+8 94+7 +1
Ti 492+26 486+5 -12
v 487+28 47+ 1.1 3.5
Cr 99+2 101+ 4 +2
Mn 24.5+0.5 25+2 +2
Fe 211.6+6.5 204+ 7 -3.6
Co 98+2 11%0.7 +12.2
Ni 1473 149 +2 +1.4
Cu 502%1 498+3.3 0.7
Zn 98.6+5.5 112+8.2 +13.6
Zr 59.9 +4.1 57+5 -4.8
Mo 1475 144+ 8.7 2
Ag 104+ 1.6 99+1.3 -4.8
Cd 49+0.7 43+0.3 -12.2
In 94+1.0 10.4+0.4 +10.6
Sn 185+5.6 20.8+2 +12.4
Ba 9.6+ 0.4 9.3+0.9 -3.1
Sm 0.50+0.12 0.55+0.04 +10
Eu 0.52+0.03 0.50+ 0.03 -3.8
Gd 0.56 +0.06 0.54+0.03 -3.6
Dy 0.50 £ 0.06 0.45+ 0.04 -10
w 1009 106 %9 +6
Pb 101 +3 103%5 +2
Bi 244+19 23.1+14 -5
Th 6.2%0.8 57%0.7 -8
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In Tab. 6.12 the bias values, calculated according to the
equation:

Bias % = [ (Exp - Cert)/ (Cert) ] x 100

have been also reported, where ‘Exp’. is the experimen-
tal and ‘Cert’ the certified values for each analyte. As
can be seen from the analyte concentration, good accu-
racy for all elements considered has been obtained the
bias values lying in the range from better than 1% to 14%.
When the method of sample compaction with a host ma-
trix was used the bias values varied from 5 to 30% and
when using carbon graphite the accuracy and precision
were worse than when employing silver powder. This may
be due to the fact that the electrodes formed with graph-
ite are less stable than those made using silver. Graphite
also has poorer sputtering properties than silver and pro-
duces many hydrocarbon and metal carbide interferences.

Conclusions

The analysis of non-conductive nuclear materials which
are difficult to dissolve can be performed directly on solid
pellets.

The use of a secondary cathode, compared with
compaction of samples in a host matrix was shown to
have some advantages. Using this method, not only the
problem of liquid waste is circumvented, but the mate-
rial can be reused after the analysis.

In the particular case of uranium oxide, a secondary cath-
ode of pure tantalum was employed and for the analysis
of 32 elements at trace level of concentration, accuracy
and precision better than the method of using host matri-
ces have been obtained.
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Determination of major elements in
nuclear samples by inductively-Coupled
Plasma Mass Spectrometry (ICP-MS)

Introduction

ICP-MS has traditionally been applied for trace and
ultratrace elemental analysis in view of its high sensitiv-
ity and multielemental capabilities. This came from the
basic concept that ICP-MS was a mere “detection im-
provement” on ICP-AES instruments. The fact that ICP-
MS can measure isotopic ratios however allows the use
of more sophisticated analytical methods than those pos-
sible by measuring only absolute intensities. The method
of isotope dilution analysis (for polyisotopic elements),
or the method of standard additions with internal stand-
ard (for monoisotopic elements) can be applied and pro-
vide adequate precision and accuracy for major element
analysis. This is particularly important in the nuclear field
where the setting up of analytical instrumentation for rou-
tine analysis is very expensive and a multielemental tech-
nique like ICP-MS could be applied to many elements
with minor operating changes. When new type of sam-
ples and non-routine elements have to be analysed, the
application of ICP-MS could offer advantages over other
techniques. The accuracy of major element analysis by
ICP-MS will be governed mainly by mass discrimination
errors (mass bias) and detector dead time losses. Those
factors have to be determined and corrected for. Exam-
ples for the determination of Gd, U, Pu and Zr in nuclear
samples will be presented.

Experimental
Instrumentation

Two ICP-MS instruments were used, an ELAN 250 and
an ELAN 5000 (Sciex, Canada). Both were modified in
order to handle radioactive samples in a glove box. The
ion lens settings were optimised using Rh for Gd and Zr
and using U for the actinides. All measurements were done
in scanning mode. Quantitative data were obtained in low
resolution mode. Data were transferred to a PC for com-
putation using an electronic spreadsheet.

Reagents and Materials

Enriched isotopes used include °'Zr, *Gd, 233U and
244py, Inactive standards were prepared by simple dilu-



tion in acid-washed volumetric flasks. Radioactive sam-
ples and standards were diluted by mass in the glove box
or in the hot-cell facility: 10 or 20 ml polyethylene bot-
tles were used for all radioactive material.

Isotope Dilution Analysis.

To an unknown number of atoms of an element of which
the isotope abundances are known (or measurable), a
known number of atoms of the same element possessing
different isotope abundances (also known or measurable)
are added and the new isotope abundances are measured
in the mixture. From the measured isotope abundances
both in the sample, the spike and the mixture, the con-
centration of the element in the sample can be calculated.

For a polyisotope element, with Ng the number of total
atoms in the sample S, and A®% and AP the isotope abun-
dances (a/o) of two selected isotopes, a and b, the iso-
tope ratio Rg in the sample will be

Rs = Ng/Nbs = (A%*Ng)/(APs*Ns) = A?s/Abg

where N2 and NPy are the total number of atoms of iso-
topes a and b in the sample respectively. For this study,
the isotope b will be taken as the main isotope in the sam-
ple so that Rs<1. If the reference isotope in the spike, a,
is not present in the sample then Rg=0.

For the spike (Sp), the isotope ratio Rsp will be:
Rgp = APgp/Als,

In this case, the isotope a should be the main isotope in
the spike or, at least, have an isotope abundance greater
than that of isotope b for the best results to be obtained.
In order that Rgp<1 the isotope ratio here is inverted with
respect to Rg. In this case, if the isotope b is not present
in the spike then Rgp=0.

Rm = (APs*Ns + Abg,*Ngp)/(A%s*Ns + A%, *Nsp)

The ratio Ry is taken here similarly to that of Rgp (i.e.
Isotope b/Isotope a) and could be greater or less than 1
depending on the isotope abundances and on the number
of atoms taken from sample and spike. Rearranging the

equation for Ng we obtain
a b
RM >l<ASp —ASp

Ng =Ng *
P b
A% R, * Al

(1

Equation (1) is more conveniently expressed in concen-
tration units (LLg/g) rather than in number of atoms:

a
WSp * Awg " ASp " RM_RSp

G =Csp* B
Wy Awg, Al 1-Ry*R

)

In the case of analysis of natural elements using a certi-
fied enriched spike, only Ry would have to be determined
experimentally (except for certain elements which show

194

natural variations in their isotope abundances). For the
analysis of fission products and actinides, the parameters
Aws, AP, Ry and Rg have to be determined experimen-
tally as the isotope abundances in the sample are unknown.

Results and Discussion

Sources of error in isotope dilution analysis
with an ICP-MS

If we consider that all parameters in equation (2) are af-
fected by errors, both random and systematic, and that
the measurement of isotope abundances and isotope ra-
tios is done by mass spectrometry, then the influence of
those parameters on the expected error in Cg can be stud-
ied. Random and systematic errors on the concentration
of the spike and on the weights of sample and spike will
be considered negligible here when compared to the other
parameters in equation (2) which have to be determined
by ICP-MS.

Systematic errors

Systematic errors in ID-ICP-MS can originate from mass-
discrimination errors, non-linearity of the detector at high
counting rates, isobaric interferences on the measured
isotopes and procedural blanks. In our experience, pro-
cedural blanks for the analysis of fission products and
actinides in nuclear samples are negligible when cross-
contamination between samples is avoided. For this rea-
son systematic errors due to procedural blanks will not
be discussed here. Mass-discrimination errors can origi-
nate in the ion source (from fractionation, as in TIMS) or
in the mass spectrometer. ICP-MS instruments are prone
to mass-discrimination errors of the second type because
of a mass-dependent transmission of the ions through the
ion lens and quadrupole filter. Fortunately, these mass-
discrimination errors are time-independent and can be
corrected for by the use of isotope reference materials or
natural elements with well-defined isotope abundances.
The second type of systematic error is also observed in
the pulse-counting mode of most ICP-MS instruments at
high counting rates and is due to the dead-time of the
detector. The third source of systematic errors in isotope
dilution analysis is that of the isobaric interference when
isotopes of different elements or polyatomic ions are
present at the same nominal mass to charge ratio. How-
ever, for the analysis of major elements, the problem of
isobaric interferences does not exist.

1. Mass-discrimination errors

In absence of detector dead time effects (e.g. for rela-
tively low counting rates), the ion count rate ratio in ICP-
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measured. The best fit corresponded to a dead time of
56 ns and a mass discrimination factor of 0.0050. Once
the values of dead time and mass discrimination are
determined, the corrected isotopic ratios can be deter-
mined applying equation (6). The agreement with the
reference values is then within the standard deviation
of the measurements.

The dead time was also determined in the ELAN 250 using
natural Gd standards of increasing concentration. The best
fit corresponded to a dead time of 33 ns and a mass dis-
crimination factor of -0.0079. It is to be expected that the
mass discrimination factor changes for different mass
ranges but the detector dead time should be independent
of the mass of the measured element. The mean dead time
would be 44 ns with a standard deviation of 12 ns (ca.
25% RSD).

The systematic error on Ryeas, R/R = (Rieas - Rreal)/Rreal,
for dead time only, will be

AR

R 1—t*12

meas

T2 *(1-R

meas meas)

N

The systematic error on R will depend on the detector
dead-time, the count rate of the second isotope used to
measure the ratio, [?pess, and on the ratio measured itself.
From equation (7) it can be demonstrated that for high
counting rates, serious systematic errors will occur even
for R values close to 1. It is clear that the errors due to
detector dead time losses have to be corrected for.

Random error propagation

Evaluation of random errors in the measured
isotope ratios

The relative standard deviation in the measurement of
ion counts in our modified ELAN 250 has been deter-
mined. The data correspond to the measurement of dif-
ferent samples and isotopes of natural Gd as part of its
determination by isotope dilution analysis in Gd contain-
ing uranium oxide. The relative standard deviation cor-
responds to 5 measurements of | sec integration time each
(50 msec dwell time for each integration). The relative
standard deviation follows Poisson statistics for low count
rates but diverges from that at count rates higher than
10000 ions/sec. Above that level plasma instability is the
main source of uncertainty in our instrument and there
seems to be no correlation between the RSD and the ion
counts actually measured. Above 10000 counts the mean
RSD was 1.64% * 1.15%, (15, n=95). It is possible, how-
ever, for the plasma instabilities in the measurement of
isotope ratios to mutually compensate and that Poisson
statistics apply to the measured ratios thanks to the fast
scanning performed.
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The ion-count rate ratio, R, for two isotopes i and j will
be IV/I. Both I' and I have been obtained by counting N
and NI counts during t' and t seconds respectively (N=I*t).
Applying error propagation and ignoring the variance of
the counting time:

[S(R)/RT? = [s(N')/N']? + [s(NJ)/NI]2

Following Poisson statistics, s(N) = Jﬁ and then

2

[ﬁ} LIRS -

R N' N r'xtt Pt
Given the counting rates and the counting time, the theo-
retical relative standard deviation for Poisson statistics
can be calculated for different isotope ratios. The com-
parison between the theoretical (equation (8)) and experi-
mental RSDs obtained for the same Gd samples showed
no correlation for different values of R or I. It can be
concluded that, at least for our instrument and counting
conditions, the precision of the isotope ratios was limited
by plasma instability and not by counting statistics for a
large range of isotope ratios and intensities.

®

Random error propagation in isotope dilution
analysis

The variance in Cs, s(Cs)?, will depend on the variance
of the other parameters in equation (2). Following error

propagation analysis for the measurement factors:

2

2
s(Cg)’ = oCs *s(Awg)’ + 9Cs *s(Awg,)” +
JAw W,
ac. | ac, | ac, |
Cs *s(A5) + Cg +s(AD) 4| 255 | «
dAg, dAq dRy

2

C
s(Ry )2 + a_S
Sp

2
*s(Rg, ) +I:g§s :l "‘S(Rs)2

S

Taking the partial derivatives, dCs, in equation (2) and
reorganising the expression we arrive at:

_ - 2 2
s(cs)]z= s(Aws):|2+ stawsy) | [scagp|
e | Awg Awg, As,
- b P [ N 2 2
s(AS)} | Ru*(-Rg,*Rg) ,{S(Rm) .
AL | (Rys —Rg,)*(1-Ry *Ry) Ry | O
r 2 2 2 2
_RSP . S(RSp) N Ry, *Rg LI S(Rg)
Ry -Rg, Rs, 1-R,, +Rg R
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As can be observed in equation (9) the relative
error in Cs depends on a series of parameters which have
to be minimised. In the case of samples containing natu-
ral elements and when a certified enriched isotope is used
as the spike, the first four factors in equation (9) can be
considered negligible compared to the other three factors
which depend only on the isotope ratios measured and
their relative errors. Also, in the case of natural elements,
only Rm has to be measured experimentally and the er-
rors in Rs and Rgp will be negligible compared to Ry. So,
for the analysis of natural elements, equation (9) reduces
to

2

s(Cs) | _

Cs

The function [Rm*(1 - Rgp*Rs)/((Rm -Rsp)*(1 - RM*Rs))]
is the so-called error magnification factor, f(R). The ac-
tual value of f(R) depends on Rm, Rs and Rs; in a very
complicated manner. As Rs cannot be chosen, only Ry
and Rsp can be optimised for minimum f(R). It is well
known that for optimum values of Rm and Rsp, error
magnification factors close to 1 can be obtained and the
relative error in the concentration by isotope dilution

analysis will approach the error in the measured isotope
ratio.

Ry *(1-Rg, *Rg)
(Ry —Rgy)*(1-Ry *Rg

Ry

In the analysis of non-natural elements containing un-
known isotope abundances, no simplifications apply and
the general equation for the error magnification factor
has to be used. For that purpose those parameters in equa-
tion (9) which depend on the sample or the spiked sam-
ple can be supposed to be determined experimentally by
MS and referred finally to errors in isotope ratios meas-
ured. We will consider now that the errors in the isotope
composition of the spike are negligible, either by the use
of a natural element or a certified enriched isotope, and
we will study only the random error propagation in the

measurement of the sample and the spiked sample. How-,

ever, for the equations used below, the errors in the spike
can be determined in the same way as those in the sam-
ple.

The unknown values of the atomic weights and isotope
abundances in the sample have to be determined experi-
mentally. The isotope abundance of the reference isotope
in the sample APs was calculated as follows:
AP = 100  (R'5) (11

where APs is the isotope abundance of the reference iso-

tope in the sample (a/0) and Rl is the isotope ratio for the
ith isotope of the element containing m isotopes.

The elemental atomic weights are then calculated as:
Aws = (Aw! * Ri5)/(Z Rs) (12)
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2 2
[LEM_)] 10
)

where Aw! is the atomic weight of the ith isotope of the
element, Alg its isotope abundance and Aws the atomic
weight of the element in the sample.

For the determination of the error in the isotope abun-
dance of the main isotope in the sample, APs, we can ap-
ply error propagation theory and take partial derivatives
in equation (11) with respect to the measured ratios. Af-
ter developing the expression we arrive at:

[s(;\;)}2 3

b
Ag i=1

2

. . 2
Ry {s(RA)}
o |l &

i=1

(13)

where s(Rlg) is the standard deviation for the ith ratio meas-
ured (note that for i=b, R=1 and s(R)=0 by definition).
From equation (13) it can be inferred that the relative error
in the isotope abundance of the reference isotope in the
sample will decrease for higher isotope abundances where
*(Rs) tends to 1 and the R values tend to O.

In a similar way, the relative error in the atomic weight
can be expressed as
LR
*[s(Rs)]
i
Rg

2
|:S(Aws):| _i
- n . T .
Awg =1 Y (Aaw' *RD) Y (RY)
i=1 i=1

assuming that the errors in the atomic weights of the iso-
topes, Aw!, are negligible. As can be observed, the ran-
dom error propagation for the elemental atomic weights
will be much lower than that for the isotope abundances,
especially for heavy elements where the value of Aw/
T(Aw*R) is very similar to that of 1/Z(Rs).

2

Aw' *R§ R}

Now, all parameters in equation (9) can be expressed as a
function of the experimental errors in the measured iso-
tope ratios, s(R)/R. If we introduce equations (13) and
(14) for APs and Aws in equation (9), and assuming that
the errors in the spike are negligible, then

2
(C)2
G| 2
af.s

. . .
Aw ' *Rg Rg « S(Rié) +
< ixpi S R;
(AW *Rg)  Y(Rg)

i=l

il
2
i i1?
3| s {s(RS)] .
. i
= R
i=1 ZRé S

i=l

2 2 2
SRu) | | _Ru*Rs |, S(Rs)
Ry, 1- Ry, *Rg R

]
S}

Ry *(1-Rg,*Rg)
(Ry —Rg)*(1-Ry *Rs)_

15)




As can be observed, the relative error in the concentra-
tion by ID for the analysis of non-natural elements will
be a function of the relative errors in the measured iso-
tope ratios both in the sample and in the spiked sample,
assuming a certified spike is used. A closer look at equa-
tion (15) shows that all the parameters which depend on
Rig cannot be optimised and will give a constant contri-
bution to the total error when the sample contains non-
natural elements whose isotope abundances have to be
measured. From equation (15) it can be demonstrated that
the parameters depending on Rl tend to zero when there
is only one enriched isotope of the element present and
increases when there are several isotopes with similar iso-
tope abundances: which, unfortunately, is the case for
many fission products.

Correction for mass-discrimination
The effect of mass-discrimination correction on error

propagation can be developed from equation (4), follow-
ing the error propagation theory

2 2 2 2
s(R,.p) S(R () [—K*AM } *[S(K)]
= +
R R 1+K*AM K | (6)

corr exp

The relative error on the corrected ratio will be higher
than the relative error in the experimental ratio by a fac-
tor depending on the experimental mass-discrimination
factor, the mass difference between the measured isotopes
and the relative error in the determination of K, which
can be evaluated by the standard deviation of the slope of
the linear regression used to calculate K. For every ex-
perimentally measured isotope ratio, the expected error
after correction for mass-discrimination can be evaluated
from equation (16) and later introduced in equation (15).

Correction for dead-time losses

The effect of the dead-time correction on random error
propagation can be determined from equation (6) apply-
ing the error propagation theory and developing the par-
tial derivatives we arrive, without simplification, to

r 2 2 2
S(Rreal):| ___|: 1 :l*|:S(Rmeas):| +
2
L Rreal 1_'t:’.(Rmeas’.(Imeas Rmeas
] 2 ko 2
Imeas T (Rmeas_l) *
RN W

meas

{scc)]z [s(l?,,m)}2
T Imeas

17)
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As can be observed, the first term in equation (17) tends
to 1 for low values of I2meas or . In this case the error in
the corrected ratio will be equivalent to the error in the
measured ratio.

Conclusions

As can be observed, ICP-MS can be applied for the de-
termination of major elements in nuclear samples with
adequate precission and accuracy when the sources of
error in Isotope Dilution ICP-MS are known and corrected
for. The flexibility to adapt to new types of samples and
different elements is one of the strengths of ICP-MS for
the analysis of nuclear materials.
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7. Work for Third Parties

7.1

Radiotherapeutical Work: Separation and

Purification of 2°Th and Daughter Products

Following the initial experiments (TUAR 93, ) to optimize
columns and separation methods, a large-scale purifica-
tion of 22°Th from the parent material 23*U has been car-
ried out under contract with Alphamedical Holdings BV,
the Netherlands. Approximately 400g 233U containing
material was purchased from Oak Ridge, USA. The ma-
terial was a slurry containing old residues of 233U together
with the daughter products (2°Th,..) and also some 232Th.
The thorium was separated and purified from the total
material using an anion exchange column (DOWEX 1x8),
whereby 200 mg 2?°Th, contaminated with a large amount
of 232Th (35g), was obtained from an estimated 9g 233U.
The ?2°Ac was then separated and purified from the Th
fraction on a cation exchange column. The 22°Ac grows
in with a 10 day halflife, allowing a 2>Ac ,cow‘ to be
prepared every 2-3 weeks, depending on the activity re-
quired.
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Two 225Ac ,cows* were prepared and sent to the Memo-
rial Sloan Kettering Cancer Center, New York for clini-
cal experiments. The ,cows‘ had to meet very stringent
requirements to be able to be applied for clinical studies.
Investigations have also been carried out into the com-
plex formation of Ac using 2% Ac in cooperation with
AKZ0O-Nobel/ORGANON, the Netherlands.



7.2 Transmutation of Minor Actinide-Containing Alloys

in PHENIX

The fuel to be irradiated in PHENIX (the METAPHIX
irradiation) have been fabricated under contract for the
Central Research Institute of the Electric Power Industry
(CRIEPI). The UPuZr rods are encapsulated in quartz
tubes with the minor-actinide-containing rods being held
under vacuum. The filling methods of the pins, the so-
dium bonding and the welding are presently being tested
using steel rods as substitute.The development of the tech-
niques for Na bonding is well advanced: the extent of Na
bonding of the pins will be controlled by X-ray and eddy
current measurements.

Transportation of the pins to Cadarache is planned for
the first half of 1995. The expected pin temperature must
be estimated and a packaging selected so that the tem-
perature will not rise above 98 °C, the melting point of
sodium, during the transport.

The METAPHIX irradiation experiment in PHENIX is
planned to start at cycle 51, August 1995, if there are no
further delays in restarting reactor operation. Cycle 51,
like cycle 50, will be run at 2/3 nominal full power, i.e.
350 MW, so these cycles will be longer than normal. The
position of the METAPHIX pins in the core will be cho-
sen, however, so that the linear rating remains at 400 W/
cm as requested by CRIEPI.
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7.3 Spent Fuel Characterization for Interim Dry

Storage

Under a contract with the Central Research Institute for
the Power Industry (CRIEPI), work is being carried out
to characterize high burnup UOX and MOX spent fuels
in order to assess their interim dry storage behaviour and
obtain experimental data for the verification of computer
codes used to evaluate the radiation source term for these
fuels. The spent fuel characterization is performed by
destructive and non-destructive analysis techniques. The
study began in 1993 and will continue through to the end
of 1996.

The experimental tasks of the project can be grouped
under: isotope analyses and radiation measurements for
burnup credit, radiation source measurement and distri-
bution, and fuel performance studies (cladding, pellet-
cladding interface and fission gas data). As well as this,
fuel and fuel assembly information (design, fabrication
and irradiation history) is provided. During the second
year of the programme the following studies were per-
formed: chemical analyses for actinide and fission prod-
uct content, radial gamma microscan of fission product
distribution, alpha- beta- gamma-autoradiography,
ceramography (porosity, optical analyses, grain size, pel-
let-cladding interaction), metallography (hydrides, opti-
cal analyses, corrosion) and Electron Probe Micro Analy-
sis (EPMA).
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The preliminary comparison of measured and calculated
(by CRIEPI) neutron emission rates indicates that
ORIGEN-2 can potentially be used for the evaluation of
the radiation source terms of these fuels. Experimental-
to-theoretical ratios of 0.98 for the UOX and 1.08 and
1.01 for the two MOX fuels were obtained.
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7.4 Passive Neutron Interrogation for Nuclear Material
Measurements in the Pilot Conditioning Plant
Gorleben

A passive neutron detection device has been developed Reference

by GNS (Gesellschaft fiir Nuklear Service mbH,

Hannover), supported by KfK/INR, APA (Anlagen {11  E. Leitner, R. Weh and G. Nicolaou; Proceedings 15th Annual
Planung Alzenau GmbH) and MAB (Miinchener ESARDA Meeting, 11-13 May 1993, Rome, Traly

Apparatebau fiir Elektronische Gerdte GmbH), and is
being tested in the hot-cells of the Institute with spent
fuel pins (TUAR-92, p. 204) [1]. The device is intended
for for safeguards purposes at the Gorleben Pilot Plant
where conditioning of spent fuel is planned to be per-
formed prior to long-term intermediate storage and even-
tual final geological disposal.

The neutron and gamma emissions of a fuel bundle have
the potential to be used as a ‘signature’ for its identifica-
tion through the plant. It is considered that axial meas-
urements on a fuel bundle could distinguish between
BWR and PWR fuel, which have different distributions
of burnup and therefore neutron and gamma emmissions
along the fuel rods.

The work carried out in 1994 involved the characterisa-
tion of BWR spent fuel rods. The aim was twofold: (i) to
establish profiles of the neutron and gamma emissions
along the active length of the fuel; (ii) to measure the
neutron and gamma emissions along a line of the pin axis
and hence to determine the effect of these profiles on the
radiation emission along the line of the pin axis extended
away from its ends. The evaluation of the data obtained
is in progress.
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7.6 Post-Irradiation Examination of Pressurized 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 are
to be carried out (see TUAR-91, TUAR-92 and TUAR-
93).

In 1994, 11 fuel rods from the reactor Kriimmel (KKK},
a Boiling Water Reactor (BWR) type), were received for
the analysis at the Institute, 3 of them corresponding to a
failure analysis project. The 5 fuel rods received in 1993
from the reactor ISAR (KKI) were conditioned and trans-
ported back to the reactor pool.

A list of the numbers and types of examinations carried
out on different fuel rods in 1994 is given in Tab. 7.1.

Tab.7.1 Siemens/KWU contract

Type of Analysis MTS-6 | KKGg-VII | MTS-2 | GKNI-III | KKGg-VIII | TEM/Met | MTS-3 | KKI2-1 [ KKK-Def. | KKK-1 | KKK-1 | TOTAL
15,0591 04.0592 |21.05.92( 18.03.93 16.03.93 | 10.05.93 | 04.08.93 | 04.08.93 | 04.02.94 | 04.02.94 | 10.06.94 | Exam.

Vis. examination 5 3 8 16
Fuel rod length 1 8 9
Profilometry 1 8 9
Defects 3 8 11
Oxide layer thick. 1 8 9
Gamma Scan. 3 2 8 13
Fission Gas Anal. 2 1 8 11
Free volume 2 1 8 11
Metallography 8 6 3 6 8 31
Ceramography 5 4 4 13
Burn-up 1 1
H2-Determin. 21 5 10 36
SEM-Cladding 3 2 1 6
TEM 3 3 2 8
Weighin 0
ICP-MS 3 3
Re-encapsulation GKN-2 28
Re-encapsulation KK1-2 5
LOCA simulation exper. 1
Re-fabrication for HFR 4
re-irradiation (KKGg)

GDMS - cladding 8
ICP-MS - cladding 5
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7.7 Phebus pf: BR3 Fuel Characterization

In the previous annual report (TUAR-93, p. 257) the non-
destructive and destructive testing of irradiated BR3 rods
intended for the Phebus pf project was reported in its cur-
rent state. In summary each rod of the batch (of 26 rods)
was non-destructively tested, by y-scanning, eddy cur-
rent defect testing and length measurement (visual inspec-
tion). For 3 rods of each batch eddy current oxide thick-
ness and profilometry were additionally measured. One
of each batch was taken for filling gas analysis of fission
gas and for ceramographic examination of maximum and
mean power position as well as a radiochemical analysis
of a sample pellet from the maximum power position.

The current status of the examination is that 4 batches of
26 rods have been completed and a report on their ex-
amination has been sent (after external editing) to the
Phebus pf project who have issued it as a technical report
(TG 122) in Oct. 1994. The reporting was done then so
as to distribute the BR3 rod data characterization to the
project partners in time to do the fission product inven-
tory calculation or modelling of test bundle behaviour
and finalise the test protocol for the next test (FPT1) which
is planned for May 1995 and will use the fuel rods from

batch 2. (The first test FPTO was successfully carried out
on 2-5 Dec. 1993 using non-irradiated fuel.) The final
batch (Nr. 5) of 26 BR3 rods will be delivered early next
year to ITU from CEN/SCK Mol after the large hot-cell
renovations are completed and will be examined in the
first half of 1995.

One of the important conclusions from the NDT and de-
structive testing was that the rods of all four batches are
in good condition. Although there was some ovalisation
of the rods, no cladding defects were observed and the
outer oxide was thin ( ~ 5 m thick metallographically es-
timated) and adherent with no inner oxidation and only
very occasional pellet cladding interactions (Tab. 7.2a).
No grain growth or pore coalescence or diffusion was
noted even at the maximum power position. No fission
product diffusion (e.g. !*’Cs) was observed in the y-scan-
ning or P-autoradiographs. The filling gas analysis re-
vealed very slight fission gas (Kr and Xe) release esti-
mated at 0.2 % of inventory (Tab. 7.2b). o.-auto-
radiographs revealed a orientation effects in the rods from
the BR3 reactor used for the irradiation.

Tab. 7.2a Metallographic fuel and cladding dimensions for batches (Lots) 1-4.

Nominal _
Starting PIE Values (% Variation)
Values
Lot Nr. 1 2 3 4
Rod Nr. U119 u627 U568 U570
235 Enrichment % 5% 6.85% 6.85 % 6.85 %
- cut max. mean max. mean max. mean max. mean
Position of cut
(mm from bottom end) 510 mm 217 mm 497 mm 223 mm 495 mm 225 mm 485 mm 240 mm
local burn-up (GWd/tU) 34.5 26.7 295 23.4 30.9 245 35.0 27.8
Parameter
A) CLADDING
o ext (mm) 9.485-9.493 | 9.463+0.006 | 9.470+0.005 | 9.470:0.01 | 9.484+0.003 | 9.461+0.007 | 9.462+0.005 | 9.447+0.004 | 9.451:0.005
(-0.3 %) (-0.2 %) {(-0.4 %) (-0.3 %) (-0.3 %) (-0.3 %) (-0.4 %) (-0.4 %)
int (mm) 8.24 (spec.) | 8.185:0.006 | 8.195+0.003 | 8.19:0.01 8.208+0.003 | 8.193+0.004 | 8.201+0.004 | 8.191+0.005 | 8.195+0.005
(-0.7 %) {-0.5 %) (-0.6 %) (-0.4 %) (-0.6 %) (-0.5 %) (-0.6 %) (-0.5 %)
Thickness (mm) 0.58 (spec.) 0.639 0.638 0.640 0.638 0.634:0.007 | 0.631+0.004 | 0.627+0.004 | 0.629 + 0.004
(+10.2%) (+10.0 %) {+10.3 %) (+10.0%) (+9.3%) (+8.8%) (+8.19%) (+8.49)
outer oxide tayer (um) 44+05 4:+0 3+04 4:+04 3.4+03 28+07 4.4+03 38+03
B) FUEUCLADDING GAP
width (um) 98 +6 20+ 3 34:+7 233 46+ S 165 35:14 215 225
B (-80 %) (-65 %) (-77 %) (-53 %) (-84 %) (-64 %) (-79 %) {-78 %)
C) FUEL
@ mean (mm) 8.039-8.051 | 8.143:0.004 | 8.125:0.007 | 8.14:0.02 8.11+0.02 | 8.161+0.006 | 8.130+0.031 { 8.149:0.008 8.‘i54:0,004
(+1.3%) {(+1.1%) (+1.29%) {+0.9%) {(+1.4%) {(+1.1%) {(+1.3%) (+1.4%)
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Tab. 7.2b Fission gas releases determined by puncturing from the destructively tested rods from batches (Lots) 1-4.

1 2 3 4 Inventory Release as % of
U119 U627 U568 uUs70 estimate from total
(Lot1) | (Lot2) | (Lot3) | (Lota) codes (1) KORIGEN / MITRA
Mean Burn-up (cm3) Inventory
(Gwd.tu-) | 267 | 234 | 245 | 278 (NTP)

Krypton (€m3) | (ecm3) | (ecm3) | (em3) | w\yrra | kORIGEN | MITRA | KORIGEN
83Kr 0.01 0.01 0.01 0.01 6.5 5.0 0.15 0.20
84Kr 0.02 0.02 0.01 0.02 12.6 10.6 0.16 0.19
85Kr 0.00 0.01 0.00 0.00 1.09 1.9 - 0.50
86Kr 0.03 0.04 0.02 0.03 209 19.6 0.14 0.20

Total Kr 0.07 0.08 0.04 0.05 1.1 371 0.17 0.21

Xenon

Isotopes
131Xe 0.05 0.07 0.04 0.04 34.4 27.6 0.15 0.25
132xe 0.10 0.13 0.07 0.09 59.3 51.7 0.17 0.25
134Xe 0.15 0.18 0.10 0.1 94.4 84.0 0.16 0.21
136Xe 0.21 0.24 0.13 0.15 122.6 116.3 0.17 0.21

Total Xe 0.52 0.62 0.33 0.39 310.7 279.6 0.17 0.22

1 2 2 3 Invgntory
estimate
U119 U627 U568 us70 Kof;fé“m ,
(Lot 1) (Lot 2) (Lot 3) (Lot 4)
MITRA
Mean Burn-up codes (1)
(GWd.tU-1) 26.7 23.4 24.5 27.8
Ratio Xe/Kr 7.43 7.75 8.25 7.80 7.55
relative error of 5% 5% <5% < 5%
vol. meas,
(and calibration)
Pin pressure 25.0 bar 23.6 bar 241 bar 24.1 bar -
prior to test
Code MITRA [3] KORIGEN [4]
fuel pin U119 U627
(1) Inputdata: Initial enrichment 235U % 5 6.85
Burn-up (rod average) GWd/tU 26.7 23.4
Discharge date 30.6.87 30.6.87
Cooling time 5 years 6 years
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The radiochemical analysis is given in Tab. 7.3a. Arough
estimate of the burn-up was made using the '*¥Nd con-
centration as a check of the radiochemical analyses. These
are compared in Tab. 7.3a with the estimates given by
Belgonucleaire. For 3 of the 4 batches the agreement is
to within 2% (the expected accuracy). However for batch
(Lot) 2 the agreement was not so good (10% difference)
but the reason for this is uncertain. The Pu/U ratio for
batch (Lot) 3 is also unexpectedly high considering its
similar burn-up to U627.

In Tab. 7.3b the isotopic composition for Puand U is given.
It can be seen with increasing burn-up in going from batch
2 to 4 that there is greater Pu content and with an increas-
ing proportion of the higher Pu isotopes e.g. 240 and 241.

Batch (Lot) 1 has a lower initial enrichment (5 % U-235)
than the other batches (6.85% U-235) and shows more
higher Pu isotopes since it has a correspondingly higher
initial U-238 content from which the Pu-239 and subse-
quently the higher Pu isotopes (240 and above) are formed
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by neutron capture. Nevertheless the total Pu content is
lower, which is also unexpected. The above differences
may be due to local differences of the neutronic spec-
trum in the reactor that would occurred because of the
presence of several fuels during the irradiation.

Concluding Remarks

The NDT and DT analysis of the first 3 batches has made
a thorough characterization of the irradiated BR3 fuel
rods. It has confirmed their good condition and given their
heavy element composition so that 20 rods from each
batch of 26 can be selected for the subsequent Phebus pf
tests. The analyses also enable the fission product inven-
tories to be calculated and fuel rod behaviour in the Phebus
bundle to be modelled in preparation for these tests. The
modelling to be carried out at Cadarache will need to take
the local neutron spectrum differences in the BR3 reac-
tor into account in order to replicate the inventory found
by radiochemistry.

Tab. 7.3a Radiochemical resultsl: Burn-up analyses (atoms / g conc. sol)

Lot 1 2 3 4
Rod ut19 ue27 U568 us70
. . Cut Max power | Max power | Max power | Max power
initial Enrichment (% 235U) 5% 6.85 % 6.85 % 6.85 %
local burn-up (BN) (GWd/tU) 345 29.5 30.9 35.0
A) U (%)
234y 0.02 0.03 0.03 0.03
;35U 1.98 3.79 3.68 3.40
36y 0.57 0.63 0.66 0.70
238y 97.43 95.55 95.63 95.86
TotalU i) % 100 100 100 100
i) at/gconc. soln. 2.1172+20 | 1.0537+20 | 1.1435+20 | 1.0853+20
B) Pu (70)
238p, 0.92 0.78 0.89 1.00
239, 63.90 72.24 72.12 69.19
240py, 25.11 19.12 18.75 20.79
24ipy 7.27 6.42 6.64 7.02
242py 2.80 1.43 1.59 2.00
TotalPu i) % 100 100 100 100
ii) at/g conc.soln. 1.1959+18 | 6.4860+17 | 7.6744+17 | 7.2002+17
Total Pu 0.56 % 0.61% 0.67 % 0.66 %
TotalU + Pu
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Tab. 7.3b Radiochemical results 2: U and Pu isotopic compositions.

Lot 1 2 3 4 :
Rod u119 U627 US68 U570 Tachnique
Cut Max power | Max power | Max power | Max power y
Initial Enrichment
(% 235U) 5% 6.85 % 6.85 % 6.85 %

A) TotalU 2.1172+20 | 1.0537+20 | 1.1435+20 | 1.0853+20 | chrom/ID-MS
Total Pu 1.1959+18 | 6.4800+17 | 7.6744+17 | 7.2002+17 | <0.7% accuracy
Total U + Pu 2.1292+20 | 1.0602+20 | 1.1512+20 | 1,0925+20

B) '®Nd 1.188+17 | 56948+16 | 6.7518+16 | 6.9162+16 | chrom/ID-MS

1% accuracy

0

i) ¥Cs 3.1328+17 1.858+17 | 2.1228+17 | 2.1790+17 | quant. y-spec.

3 % accuracy
ii) '*Cs/'¥Cs (ratio) 0.0050 0.0067 0.0057 0.0060 y-spec. ratios
10 % accuracy

Analysis date 20.04.93 10.12.92 20.02.94 20.02.94

D) Burn-up GWd/tU ~ 2 % accuracy

i) from analysis 313 289 31.6 34.1

ii) givenbyBN 345 29.5 309 35.0

iii) % differencein BU 10.2 2.1 -2.2 2.6
estimates

n.b. concentration values between columns can not be directly compared as
concentrated solution volume varies slightly with sample.
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7.8 Matrix Materials for the Transmutation of Actinides

A new project between the Institute for Transuranium
Elements and Electricité de France has been started in
1994 in order to investigate inert matrices for transmuta-
tion of minor actinides.

The aim of this project is to obtain a reliable basis for
selecting stable matrices and to discard unstable matri-
ces, based on experimental results on radiation damage.
Furthermore, information on (acceptably small) damage
effects in the selected matrices will be obtained.

The effect of the three main damage sources which are:
— fission
— neutrons

— o-decay (o--particles, recoil atoms)

plus possibly effects of electrons and y-rays have to be
investigated to obtain reliable data.

An extensive literature review was performed to search
for new matrix materials with suitable properties. The
main physical and technological properties which were
considered within this review are melting points, behav-
iour against water, thermal conductivity, Young*s modu-
lus, solubility of actinides and radiation stability.

Experiments with different matrix materials have been

started and first results to characterize the radiation dam-
age are expected in the middle of 1995.
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7.9 The Rim Effect Irradiation

The irradiation of the UQO;-based fuel discs fabricated in
the last reporting period (TUAR-93, p. 227) started in
Dec. 1993. It reached a peak burnup of 44 GWd/t in Oct.
1994. As explained in TUAR-93, the High Burnup Rim
Project is coordinated by the Central Research Institute
of Electric Power Industry (CRIEPI) and the irradiation
is performed in the OECD Halden Reactor. The aim is to
study the influence of temperature, burnup, pressure and
type of fuel on the formation of the RIM-structure, i.e.
the grain subdivision process occurring in UO; at high
burnup. A matrix of 4 temperatures, 4 burnups and 2 pres-
sures is used. Up to the end of 1994, the irradiation pro-
ceeded according to the schedule. Temperatures and gas
release were controlled and measured [1] and the end of
the irradiation is foreseen for early 1996, with the high-
est burnup being 100 GWd/t U.

References

m M. Kinoshita, T. Matsumura, T. Kameyama, S. Kitajima, E.
Kolstad, Hj Matzke, Extended Halden Project Meeting,
Bolkesjg , Norway, paper F 1.9, Nov. 1994,
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7.10 An Investigation of the Intermetallic Precipitates in
Irradiated Zircaloy Cladding Samples by Transmissi-
on and Scanning Electron Microscopy

A very comprehensive investigation by Transmission
Electron Microscopy (TEM) of the density, size distribu-
tion, chemical composition and structure of the Fe-Cr-Zr
intermetallic precipitates in irradiated samples of Zircaloy
cladding was completed during the reporting period, un-
der a contract with Siemens-KWU.

The programme involved the analysis of samples taken
from different positions on one pin to investigate the ef-
fects of temperature on the behaviour of the intermetallic
particles, and samples taken from different pins, which
showed different corrosion behaviour. An analysis was
also made of the unirradiated materials used in the fabri-
cation of the pins for comparison.

Small pieces of each irradiated cladding material were
cut at the appropriate pin positions in the Institute hot-
cells. From these pieces discs were prepared with a di-
ameter of 3 mm and a thickness of about 150 um, which
were mechanically dished to give a residual centre thick-
ness of 20 to 50 um. The discs were finally electropolished
to perforation in an electrolyte of 15% perchloric acid /
85% methanol, at a potential of 25 V and a polishing cur-
rent of 1 to 4 mA.

The electrolyte was maintained within the temperature
range -30 to -15 °C by cooling periodically using liquid
nitrogen. The time to perforation varied from 40 min. to
2 hr. Fresh electrolyte was used for each of the speci-
mens since water is introduced from the liquid nitrogen
and affects the conductivity of the electrolyte. After per-
foration the specimen surfaces were cleared of any re-
sidual oxide film by treatment in an ion beam thinning
apparatus for about 30 minutes on each surface.

The thinned specimens were examined in the 200 kV
Hitachi H700 HST electron microscope, modified for han-
dling radioactive and contaminated samples. The micro-
scope is equipped with a scanning attachment permitting
scanning transmission and secondary electron surface im-
ages to be recorded.

Precipitate composition was analysed using Energy Dis-
persive X-ray analysis (EDX) with a Tracor Northern TN
5500 system attached to the TEM. The different types of
precipitate were characterized by EDX measurements of
the relative amounts of Fe and Cr, but leaving Zr out of
the calculations. The reason for this is that beam scatter-
ing and penetration of the small precipitates produces an
anomalous Zr signal from the surrounding matrix, lead-
ing to a large scatter in the measured compositions. How-

ever, the Fe and Cr x-ray signals arise almost exclusively
from the individual particles, thus giving a very low scat-
ter in the measured ratios. For this reason the particles
are more readily identified from the Fe:Cr ratio. Where
detected, Sn and Si were also included in the analysis.

Particle size distributions for each specimen were made
based upon measurements of the “Equivalent Diameter”
of more than 200 particles, where possible. In some sam-
ples it was not possible to find so many particles. The
results have been presented in the form of histograms of
the logarithmic size distribution.

Particle density measurements were made taking care to
cover arepresentative area of sample, thus where the dis-
tribution was inhomogeneous particle-free grains were
also photographed and included along with particle-rich
grains. In many cases the particle contrast is low, and it
was essential to perform extensive tilting operations in
the TEM to optimise contrast and thus ensure that all par-
ticles were included. Failure to recognise this difficulty
is a possible criticism of previous studies which have been
made in this field.

Some of the general observations which have been made
are summarised here:

1) A strong influence of cladding in-pile temperature
on the behaviour of the intermetallic precipitates was
found. In the low temperature samples there was a
reduction in the particle density, and a change in the
particle character. Evidence of apparent particle dis-
solution was found, and an example is shown in Fig.
7.4 where the precipitates are surrounded by “haloes”
of about double the diameter of the remaining parti-
cle and approximately reflecting its shape. The EDX
spectrum from this particle is shown in Fig. 7.5; the
Cu peaks in this spectrum arise from the specimen
holder, and are irrelevant to the analysis.

In the highest temperature sample, however, there was
little change in particle density, but a spread of com-
positions from Fe:Cr = 100:0 through to Fe:Cr =
40:60. The particles with only Fe as alloying element
were nearly always spherical and crystalline.

2) In the samples from the different pins, but with ap-
proximately the same in-pile temperature, the origi-
nal particle composition of Fe:Cr = 70:30 converts
into a distribution of compositions from pure Fe as
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8. Scientific Infrastructure

8.1
ITU

During the year 1994, the Institute has welcomed six new
doctoral grantees from France, Ireland, Spain and The
Netherlands. In the frame of the Human Capital and
Mobility Programme of the European Commission thir-
teen new postdoctoral grantees started at ITU. They origi-
nated from Belgium, France, Germany, Italy, Spain, Swe-
den, the Netherlands and the United Kingdom.

The Institute hosted two visiting scientists from Germany
and Greece.

Two doctoral grantees from the Institute have obtained
their Ph. D. in 1994 at the University of their choice:

- Thomas Gasche, “Ground State, Optical and Magneto-
Optical Properties from First Principle
Theory”, at the University of Uppsala (Swe-
den);

-Maria Theresa Oliveira de Almeida, “Study of Gas

Adsorption (02, CO,2, CO and C;Hy) in Pu

metal and some actinide intermetallics by Pho-

toelectron Spectroscopy (UPS/XPS)”, Techni-

cal University of Lisbon (Portugal).
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Guest Scientists, Visitors, Training Opportunities at

Four “stagiaires visiteurs” came from France and Japan.
They were supported by their organization of origin.

Two scientists from Russia stayed at the Institute in the
frame of a collaboration with the High Energy Density
Research Centre of the Russian Academy of Sciences, in
Moscow.



8.2 Quality Management

In 1993 the decision was taken to introduce of a quality
management system at the Institute (TUAR-93, p. 231).
This introduction is being pursued on two levels:

a) To satisfy immediate needs for quality management
arising from requests of customers or to prevent prob-
lems of product liability, quality plans or - for less
extensive tasks - project specific procedures are
drawn up. These documents contain statements to
what extent and in which manner each of the twenty
elements of EN 29001 (ISO 9001) or other relevant
standards are to be considered within the quality
management of the specific project.

During the last year such plans or procedures were
established for post-irradiation examination of fuel
rods, the installation of an on-site laboratory for safe-
guards analysis in a reprocessing plant, the produc-
tion of -sources for cancer treatment and the exami-
nation of “Vagabonding Material”.

218

b) On the second level quality measures which are com-

mon to all projects or describe the overall manage-
ment of third-party work (i.e. organization, contract
review, quality system, procurement, document con-
trol, internal auditing) will be described in procedures
and finally summarised in the Institute quality
manual.
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Publications 1994

1. Conferences

Conference papers published in 1994 in journals or
special conference proceedings volumes may appear
also under paragraph 2 (Books and Periodicals)

1994 Winter Conference on Plasma Spectrometry
January 10-15, 1994, San Diego, CA (US)

Betti, M., Rasmussen, G., Koch, L.
Analysis of Solid Nuclear Materials by Glow Discharge
Mass Spectrometry

International Symposium on Actinides: Processing
and Materials
February 27-March 3, 1994, San Francisco, CA (US)

Bokelund, H., Glatz, J.P.
Trends in Actinide Chemistry as applied to the Nuclear
Fuel Cycle

IAEA Symposium on International Safeguards
March 14-18, 1994, Vienna (AT)

Brandalise, B., Ougier, M., Wellum, R., Wagner, HG,
Wojnowski, D., Koch, L.

Robotised Equipment for the On-Site Analysis of
Fissile Material

Proceedings IAEA-SM-333/37

Cromboom, O., Koch, L., Mayer, K., de Biévre, P,
Matussek, P, Ottmar, H.

Using Reference Materials for within Laboratory
Quality Control

8th Annual Conference of the Aerosol Society
March 21-23, 1994, York (GB)

Somers, J., Magill, J., Richter, K., Fourcaudot, §.,
Barraux, P, Lajarge, P.

Acoustic Agglomeration of a Mixture of Titanium
Dioxide and Glycol Fog Aerosols
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American Physical Society Meeting
March 21-25, 1994, Pittsburgh, PA (US)

Gu, G., Vohra, Y.X., Spirlet, J.C., Benedict, U.
High Pressure Phase Transformation in CeysThg s Alloy
to 253 GPa

Workshop on Photon and Neutron Studies of
Magnetic Materials
April 8-10, 1994, Marathon (GR)

Lander, G.H.
Neutrons as a Probe of f-Electron Systems

24émes Journées des Actinides
April 16-19, 1994, Obergurgl (AT)

Amanowicz, M., Braithwaite, D., Ichas, V., Benedict,
U., Rebizant, J., Spirlet, J.C.
The Electrical Resistance of NpSb under High Pressure

Amanowicz, M., Rebizant, J., Spirlet, J.C.
Transport Properties of PuSb;_(Te,

Bednarczyk, E., Kalbusch, J., Lefebvre, P, Moens, A.,
Rebizant, J., Rijkeboer, C., Spirlet, J.C., Waerenborgh,
J.C., Walker, C.T., Wastin, F., Zwirner, S.

Advances in Preparation of Actinide Compounds at
ITU Karlsruhe

Benedict, U., Abraham, C., Dancausse, J.P., Gu, G.,
Gerward, L., Hulliger, F,, Heathman, S., Mattenberger,
K., Staun Olsen J., Spirlet, J.C. et al.

Synchrotron X-Ray Diffraction Study of Actinide
Materials at High Pressure

Bourdarot, F,, Amanowicz, M., Burlet, P.,, Jeandey, C.,
Oddou, J.L., Rebizant, J., Sanchez, J.P., Spirlet, J.C.,
Vogt, O.

Magnetic Properties of NpP

Bourdarot, F,, Zobkalo, 1., Ressouche, E., Schweizer, J.,
Burlet, P, Spirlet, J.C.,

Rebizant, J.

Magnetic Form Factor of NpTe

Colineau, E., Blaise, A., Burlet, P, Jeandey, C., Oddou,
J.L., Sanchez, J.P., Larroque, J., Rebizant, J., Spirlet,
J.C.

Magnetic Properties of NpAls and Npln,

Cottenier, S., Toye, A., Rots, M., Spirlet, J.C., Winand,
J.M.

Perturbed Angular Correlation Analysis of the
Magnetic State in the Pseudo-Binary System
U(Inl-xsnx)3



Goncalves, A.P.,, Waerenborgh, J.C., Bonfait, G.,
Almeida, M., Estrela, P., Godinho, M., Spirlet, J.C.
Structural and Magnetic Studies of U-Fe-M (M=Mo, Si)
Compounds with ThMn,-Type Structure

Havela, L., Sechovsky, V., Svoboda, P,, Purwanto, A.,
Robinson, R.A., Nakotte, H., Seret, A., Winand, J.M.,
Rebizant, J., Spirlet, J.C.

Magnetic Ordering in U;Pd;Sn and U;Pd,In

Ichas, V., Braithwaite, D., Benedict, U., Wastin, F,
Moens, A., Spirlet, J.C.
Electrical Resistance of NpGa3 under Pressure

Lander, G.H., Felcher, G.P.,, Tang, C., Brown, §.,
Haycock, S., Stirling, W.G., Plasker, T.
Experiments on Multilayers Containing Uranium

Merli, L., Lambert, B., Fuger, J.

Calorimetric Determination of the Molar Enthalpy of
Formation of Hydroxides, Carbonates, and
Hydroxycarbonates of Lanthanides and Actinides

Oddou, J.L., Colineau, E., Jeandey, C., Sanchez, J.P,,
Rebizant, J., Spirlet, J.C.
Magnetic Properties of Np,T,Sn Compounds

Paolasini, L., Paixao, J.A., Lander, G.H., Delapalme,
A., Burlet, P, Sato, N.

Scattering Studies of a Single Crystal of the Heavy
Fermion UPd,Al;

Pereira, L.C.J., Winand, J.M., Wastin, F,, Rebizant, J.,
Spirlet, J.C.

Syntheses and Crystal Chemistry of Ternary Inter-
metallic Compounds An,;T>X (An= U,Np
X=In,Sn,Al,Ga T=Co,Fe,Ir,Ni,Pd,Pt,Rh,Ru)

Seret, A., Wastin, F.,, Bednarczyk, E., Braitwaite, D.,
Waerenborgh, J.C., Rebizant, J., Spirlet, J.C.,
Powietzka, B., Kanellakopulos, B., Zwirner, §.
Electrical Resistivity and Magnetic Susceptibility of
NpNi,Al; and NpPd,Al4

Spirlet, J.C., Cremer, B., Lebrun, M., Sasahara, A.,
Inoue, T.

Preparation and Refining of Americium and Curium
Metal

Zwirner, S., Waerenborgh, J.C., Potzel, W., Kalvius,
G.M., Rebizant, J., Spirlet, J.C., Geibel, C., Steglich, F.
Méssbauer Studies on NpNijAls, NpgsUg sPdyAls and
Npo3Up 7Pd2Aly

Zwirner, S., Waerenborgh, J.C., Potzel, W., Spirlet, J.C.,
Rebizant, J., Gal, J., Kalvius, G.M.
M@dssbauer High Pressure Studies of NpX,
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International Topical Meeting on Light Water
Reactor Fuel Performance
April 17-21, 1994, West Palm Beach, FL (US)

Manzel, R., Coquerelle, M., Billaux, M.R.
Fuel Rod Behaviour at Extended Burnup
Proceedings Amer. Nucl. Soc. (1994) 335-342

RECOD ’94, 4th International Conference on
Nuclear Fuel Reprocessing and Waste Management
April 24-28, 1994, London (GB)

Glatz, J.P,, Koch, L., Pagliosa, G., Garcia Alonso, J.1.,
Matsumura, T, Tsukada, T.

Characterisation of Residues and Reprecipitation from
Dissolver Solution of Highly Burnt LWR Fuel

Song, C., Glatz, J.P., Bokelund, H., Koch, L.
Actinide Partitioning by Means of the TRPO Process

Tsukuda, T., Kameyama, T., Yokoyama, H., Glatz, J.P,
Koch, L., Garcia Alonso, J.1.

Dissolution Study of High Burnup WR Fuel and
Ceramographic Characterization of Residue

5th Panhellenic Symposium of Nuclear Physics
May 6-7, 1994, Patras (GR)

Ronchi, C.

Recent Developments in High Temperature
Thermodynamic Properties of Nuclear Reactor Oxide
Fuel

European Aerosol Conference
May 30-June 2, 1994, Blois (FR)

Capéran, Ph., Somers, J., Richter, K., Fourcaudot, §.
Scaling of the Acoustic Agglomeration Rate as a
Function of the Wave Energy

Somers, J., Capéran, Ph., Richter, K., Fourcaudot, S.
Agglomeration of a Titanium Dioxide Aerosol in a
High Intensity Sound Field

1994 Conference on Magneto-optic Materials
June 16-18, 1994, Los Alamos (US)

Brooks, M.S.S., Gasche, T., Johansson, B.

Calculated Ground State, Optical and Magneto-optical
Properties of Uranium Sulphide

Proceedings J. of Phys. Chem. Solids
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6th Joint International Conference on Magnetism
and Magnetic Materials
June 20-23, 1994, Albuquerque, NM (US)

Havela, L., Sechovsk3; V., Svoboda, P., Divi3, M.,
Nakotte, N., Prokes, K. , de Boer F.R., Purwanto, A.,
Robinson, R.A., Seret, A., Winand, J. M., Rebizant, J.,
Spirlet, J.C., Richter, M., Eschrig, H.

Heavy Fermion Behavior of U,T,X Compounds
Proceedings J. Appl. Phys. 76 (1994)

Purwanto, A., Robinson, R.A., Prokes, K., Nakotte, H.,
de Boer, FR., Havela, L., Sechovsky, V., Kergadallan,
Y, Spirlet, J.C., Rebizant, J.

Structure, Transport and Thermal Properties of UCoGa
Proceedings J. Appl. Phys. 76 (1994) 7040-7042

8th World Ceramic Congress (CIMTEC-8)
June 29- July 4, 1994, Florence (IT)

Matzke, Hj.
The RIM-Effect in high Burnup UO, Nuclear Fuel

Solid Compounds of Transitions Elements-11
(SCTE-11)
July 5-8, 1994, Wroclaw (PL)

Wastin, F., Spirlet, J.C., Rebizant, J.
Progress on Solid Compounds of Actinides
Proceedings J. Alloys and Comp. 219 (1995) 232-237

INMM Annual Meeting
July 17-22, 1994, Naples, FL (US)

Nicolaou, G., Koch, L.
Radiation Dose Aspects of Fuels used for the Trans-
mutation of Minor Actinides

13th IUPAC Conference Chemical
Thermodynamics. - Symposium Nuclear Materials
July 17-22, 1994, Clermont-Ferrand (FR).
(Proceedings; ed. Hj. Matzke)

Chkuaseli, V.F,, Matzke. Hj.

Volatile Fission Product Bubble Behaviour in Uranium
Dioxide

Proceedings, J. Nucl. Mater. 223 (1995) 61-66

Glatz, J.P, Toscano, E.H., Pagliosa, G., Nicholl, A.
Influence of Granite on the Leaching Behaviour of
Different Nuclear Waste Forms

Proceedings, J. Nucl. Mater. 223 (1995) 84-89
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Lucuta, P.G., Matzke, Hj., Verrall, R.A.
Microstructural Features and Thermal Properties of
Hyperstoichiometric SIMFUEL

Proceedings, J. Nucl. Mater. 223 (1995) 51-60

Matzke, Hj.

Oxygen Potential Measurements in High Burnup LWR
UO; Fuel

Proceedings, J. Nucl. Mater. 223 (1995) 1-5

1st Workshop on Comparative Science of the
f-Elements

July 28-30, 1994 Biihlerhéhe (DE)
Proceedings J. Alloys Comp.

Benedict, U.
Comparative Aspects of the High-pressure Behaviourof
Lanthandide and Actinide Compounds

Hiess, A., Boucherle, J.X., Givord, F., Canfield, P.C.
Magnetic Susceptibility and Magnetization
Measurements of an YbA 3 Single Crystal for
Groundstate Investigations

49th Calorimetry Conferenence
July 31-August 4, 1994, Santa Fe, NM (US)

Merli, L., Lambert, B., Fuger, J.
Molar Enthalpy of Formation of Carbonates, Hydroxy-
carbonates and Hydroxides of Lanthanides

2nd International Conference on f-Elements (ICFE-2)
August 1-5, 1994 Helsinki (FI)

Benedict, U.
Recent Results of High-Pressure Work on f-Metals and
Compounds

Spectrum 94 International Topical Meeting on
Nuclear and Hazardous Waste Management
August 14-18, 1994, Atlanta, GA (US)

Coquerelle, M., Glatz, J.P.
Characterization of High Burn-Up UO; Spent Fuels

International Conference on Strongly Correlated
Electron Systems (SCES ’94)
August 15-18, 1994, Amsterdam (NL)

Brooks, M.S.S.
Band Structure Calculations for f-Electron Systems
Proceedings, Phys. B 206& 207 (1995) 1-7



Cottenier, S., Toye, A., Rots, M., Spirlet, J.C., Winand,
JM.

Perturbed Angular Correlation Study of the Pseudo-
Binary System U(In; 4Sny)3

Proceedings, Phys. B 206& 207 (1995) 492-494

Seret, A., Wastin, F., Waerenborgh, J.C., Zwirner, S.,
Spirlet, J.C., Rebizant, J.

Electrical Resistivity of AnT;Al; (An=Np, Pu; T = Ni,
Pd)

Proceedings, Physica B 206 & 207 (1995) 525-527

Sanchez, J.P.,, Colineau, E., Jeandey, C., Oddou, J.L.,
Rebizant, J., Seret, A., Spirlet, J.C.

Magnetic Properties of Np,T>Sn Compounds
Proceedings, Physica B 206 & 207 (1995) 531-533

International Conference on Magnetics
August 22-26, 1994, Warsaw (PL)
Proceedings J. Magn. Magn. Mater.

Cottenier, S., Toye, A., Rots, M., Spirlet, J.C.
Perturbed Angular Correlation Analysis of the
Magnetic State in the Pseudo-Binary System
U(Inl-xsnx)3

Godinho, M., Bonfait, G., Goncalves, A.P.,, Almeida,
M., Spirlet, J.C.
Magnetic Properties of a UFe;Alg Single Crystal

Goncalves, A.P, Bonfait, G., Almeida, M., Estrela, P,
Godinho, M., Spirlet, J.C.

Structural and Magnetic Properties of UFe,M;;.«
(M=Al, Mo and Si)

Havela, L., Sechovsky, V., Svoboda, P.,, Nakotte, H.,
Prokes, K., de Boer, F.R., Seret, A., Winand, J. M.,
Rebizant, J., Spirlet, J.C. et al.

Magnetism in U,T,X Compounds

Kindo, K., Fukushima, T., Kumada, T., de Boer, F.R.,
Nakotte, N.,Prokes, K., Havela, L., Sechovsky, V., Seret,
A.,Winand, J.M.

Spirlet, J.C., Rebizant, J.

Electronic Properties of U,Ni,Sn

Lander, G.H., Stirling, W.G., Langridge, S.
Resonant X-ray Scattering in 5f Magnetism

4th International Aerosol Conference
August 28-September 2, 1994, Los Angeles (US)

Capéran, Ph., Somers, J., Richter, K., Fourcaudot, S.
Influence of Inertial Particles on the Acoustic Agglo-
meration of a Titanium Dioxid Aerosol
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Research on Highfield Magnetism
August 29-31, 1994, Nijmegen (NL)

Bonfait, G., Goncalves, A., Spirlet, J.C., Almeida, M.
High Field Magnetoresistance of UFe4Alg

Fukushima, T., Matsuyama, S., Kumada, T, Kindo, K.,
Prokes, K., Nakotte, H., de Boer, F., Havela, L.,
Sechovsky, V., Winand, J.M., Rebizant, J., Spirlet, J.C.
High-field Magnetization Studies of some U;T,X
Compounds

4th International Conference on Plasma Source
Mass Spectrometry
September 11-16, 1994 Durham (GB)

Garcia Alonso, J.1., Sena, F., Arbore, Ph., Julian
Rodriguez, R., Koch, L.

Determination of Major Elements in Nuclear Samples
by ICP-MS

TAEA - Research Co-ordination Meeting on Fuel
Element Modelling at Extended Burnup (FUMEX)
September 15-16, 1994, Windermere (GB)

O’Caroll, C., van de Laar, J., Lassmann, K.
Report in ITU FUMEX Results

International Meeting on Reduced Enrichment for
Research and Test Reactors (REHTR)
September 18-23, 1994, Williamsburg, VA (US)

Durand, J.P.,, Laudamy, P., Richter, K.
Preliminary Developments of MTR Plates with
Uranium Nitride

TAEA Technical Committee Meeting on Water
Reactor Fuel Element Modelling at High Burnup
and its Experimental Support

September 19-23, 1994, Windermere (GB)

O’Carroll, C., van de Laar, J., Walker, C.T,, Ot1, C.,
Restani, R.

Validation of the TUBRNP Model with the Radial ,
Distribution of Plutonium in MOX Fuel Measured by
SIMS and EPMA

O’Carroll, C., Lassmann, K., van de Laar, J., Walker,
C.T.

First Steps Towards Modelling High Burnup Effects in
UO; Fuel
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Lassmann, K., O’Carroll, C., van de Laar, J.
Probalistic Fuel Rod Analyses using the TRANS-
URANUS Code

Lucuta, P.G., Verrall, R.A., Matzke, Hj.
Themal Conductivity of Hyperstoichiometric
SIMFUEL

European Nuclear Conference & Exhibition
October 2-6, 1994, Lyon (FR)
Proceedings

Coquerelle, M., Glatz, J.P.
Underground Water Contamination in a Spent Fuel
Deposit

Glatz, J.P, Morita, Y., Song, C., Koch, L.
Advanced Reprocessing of Spent Nuclear Fuels

International Symposium on Spent Fuel Storage -
Safety, Engineering and Environmental Aspects
October 10-14, 1994, Vienna (AU)

Matsumura, T., Nicolaou, G., Miyahara, K., Homma, C.
Experimental and Computation Analyses Program for
Radiation Source Characterization of MOX and High
Burnup UOX Spent Fuels

Proceedings IAEA-SM-355/13P

International Conference on Neutron Scattering
October 11-14, 1994, Sendai (JP)
Proceedings Physica B

Lander, G.H., Shapiro, S.M.
Observation of a New Magnetic Phase Transition in
USb

Langridge, S., Stirling, W.G., Nuttall, W.J., Lander,
G.H., Lebech, B., Vogt, O.

Neutron Scattering Study of the Magnetic Phases of
USbo.sTep.2

International MGA User’s Workshop
October 19-20, 1994, Geel (BE)
Ottmar, H., Schubert, A., Eberle, H., van der Vegt, H.

MGA in K-Edge-Gamma and Neutron-Gamma
Counters
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Halden Project Meeting
October 31-November 4, 1994, Bolkesjo (NO)

Kinoshita, M., Matsumara, T., Kameyama, T., Kitajima,
S., Kolstad, E., Matzke, Hj.

High Burnup Rim Project: Irradiation Program to Study
Rim Structure Formation Enlarged

Technical Committee Meeting IAEA
Unconventional Methods of Pu Disposition
November 7-11, 1994, Obninsk (RU)

Magill, J., O’Carroll, C., Gerontopoulos, P, Richter,
K., van Geel, J.

Advantages and Limitations of Thorium Fuelled
Energy Amplifiers

WWER Reactors Fuel Performance, Modelling and
Experimental Support

November 7-11, 1994 Varna, St. Constantine (BG)
Proceedings of the Conference

Lassmann, K., O’Carroll, C., van de Laar, J., Ott, C.
TRANSURANUS: A Fuel Rod Analysis Code Ready
for Use

Lassmann, K., O’Carroll, C., van de Laar, J., Ray, I,
Stefanova, S., Chantoin, P.

Main Concepts and Objectives of Fuel Performance
Modelling and Code Development

Stefanova, S., Vitkova, M., Simeonova, V., Passage, G.,
Manolova, M., Haralampieva, Z., Scheglov, A.,
Proselkov, V., Lassmann, K.

Modelling of the WWER-440 Fuel Rod Behaviour
under Operational Conditions with the Codes PIN-
MICRO and TRANSURANUS

3rd International Information Exchange Meeting on
Actinide and Fission Product Partitioning and
Transmutation

December 12-14, 1994, Cadarache (FR)

Babelot, J.F., Gruppelaar, H., Miihling, G., Prunier, C.,
Rome, M., Salvatores, M.

EFTTRA, A European Collaboration for the
Development of Fuels and Targets for the Trans-
mutation

Glatz, J.P, Babelot, J.F., Nicolaou, G., Koch, L.
Theoretically and Experimentally Derived Criteria for
Partitioning and Transmutation of Radionuclides in
Existing Reactors






2. Books and Periodicals

(including publications which had been submitted or
presented at conferences in 1993 and which appeared in
print in 1994)

Ahuja, R., Auluck, S., Johansson, B., Brooks, M.S.S.
Electronic Structure, Magnetism and Fermi Surfaces of
Gd and Tb

Phys. Rev., B Condens. Matter 50 (1994) 5147-5154

Amanowicz, M., Braithwaite, D., Ichas, V., Benedict,
U., Rebizant, J., Spirlet, J.C.

High-Pressure Resistance Study of NpSb up to 23 GPa
Phys. Rev., B Condens. Matter 50 (1994) 6577-6582

Bagger, C., Mogensen, M., Walker, C.T.

Temperature Measurements in High Burnup UO,
Nuclear Fuel: Implications for Thermal Conductivity,
Grain Growth and Gas Release

J. Nucl. Mater. 211 (1994) 11-29

Benedict, U.

Comparative Aspects of the High-pressure Behaviour
of Lanthanide and Actinide Compounds

J. Alloys Comp. (submitted)

Betti, M., Rasmussen, G., Hiernaut, T., Koch, L.,
Milton, D.M.P,, Hutton, R.C.

Adaptation of a Glow Discharge Mass Spectrometer in
a Glove-box for the Analysis of Nuclear Materials

J. Anal. At. Spectrom. 9 (1994) 385-391

Betti, M., Rasmussen, G., Zierfuss, S., Koch, L.
Analysis of Non-Conducting Nuclear Materials by d.c.
Glow Discharge Mass Spectrometry: Investigations of
Uranium Oxide Specimens

J. Anal. At. Spectrom. (submitted)

Capéran, Ph., Somers, J., Richter, K., Fourcaudot, S.
Acoustic Agglomeration of a Glycol Fog Aerosol:
Influence of Particle Concentration and Intensity of the
Sound Field at two Frequencies

J. Aerosol Sci. (submitted)

Colineau, E., Sanchez, J.P, Rebizant. J., Winand, J M.
Hyperfine Interaction Parameters in GdPd;Al; and
Ground State of CePd;Aly and NpPd,Al,

Solid State Commun. 92 (1994) 915-919

Dalle Donne, M., Scaffidi, F., Ferrero, C., Ronchi, C.
Modelling of Swelling and Tritium Release in
Irradiated Beryllium

J. Nucl. Mater. 212-215 (1994) 954-960
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Delapalme, A., Raison, P, Lander, G.H., Rebizant, J.
Schweiss, P., Kanellakopulos, B.

Studies of U(CsH;s);Cl: II-Temperature Dependence of
the Molecular Configurations

Z. Kristallogr. 209 (1994) 727-732

Fischer, E.O., Apostolidis, C., Dornberger, E., Filippou,
A.C., Kanellakopulos, B., Lungwitz, B., Miiller, J.,
Powietzka, B., Rebizant, J., Woth, W.

Carben- und Carbin-Komplexe des Technetiums und
Rhenium - Synthese, Struktur und Reaktionen

Z. Nat.forsch. (submitted)

Garcia Alonso, J.1., Thoby, D., Giovanonne, B., Glatz,
J.P, Pagliosa, G., Koch, L.

Characterization of Spent Nuclear Fuel Dissolver
Solutions and Dissolution Residues by Inductively
Coupled Plasma Mass Spectrometry

J. Anal. At. Spectrom. 9 (1994) 1209-1215

Garcia Alonso, J.I, Sena, F.,, Koch, L.
Determination of *Tc in Nuclear Samples by
Inductively Coupled Plasma Spectrometry

J. Anal. At. Spectrom. 9 (1994) 1217-1222

Garcia-Alonso, J.1.

Random and Systematic Errors in the Determination of
on-Natural Elements by ICP-MS Using Isotope
Dilution Analysis

J. Anal. At. Spectrom. (submitted)

Garcia Alonso, J.1., Sena, F, Arbore, Ph., Betti, M.,
Koch, L.

Determination of Fission Products and Actinides in
Spent Nuclear Fuels by Isotope Dilution Ion
Chromatography ICP-MS

J. Anal. At. Spectrom. (submitted)

Goncalves, A.P., Waerenborgh, J.C., Bonfait, G.,
Amaro, A., Godinho, M.M.,

Almeida, M., Spirlet, J.C.

UFe¢Geg: A New Ternary Magnetic Compound
J. Alloys Comp. 204 (1994) 59-64

Goncalves, A.P.,, Almeida, M., Walker, C.T., Ray, LL.F,
Spirlet, J.C.

Phase Relations and Single Crystal Growth of U-Fe-M
(M=Al, Si) Compounds with ThMn;,-Type Structure
Mater, Lett. 19 (1994) 13-16

Goncalves, A.P, Estrela, P, Waerenborgh, J.C.,
Godinho, M., Almeida, M., Spirlet, J.C.
Structural and Physical Properties of UFe;gMo,
Metals and Alloys (submitted)



Gu, G., Vohra, Y.K., Benedict, U., Spirlet, J.C.
Ultrahigh-pressure Phase Transformations in the
Ceg.43Thg 57 Alloy: Implications for f-electron Behavior

under Compression
Phys. Rev., B Condens. Matter 50 (1994) 2751-2753

Holland-Moritz, E., Lander, G.H.

Neutron Inelastic Scattering of Actinides and
Anomalous Lanthanides.

“Handbook on the Physics and Chemistry of Rare
Earths”

Eds.: Gschneidner, K.A., Eyring, L., Lander, G.H.,
Choppin, G.R.,

Elsevier Science B.V. Vol. 19 (1994) 1-121

Joachim, J.E., Apostolidis, C., Kanellakopulos, B.,
Meyer, D. Raptis, C., Rebizant, J., Ziegler, M.L.
Synthese, Charakterisierung und Roéntgenstrukturanaly-
se von 1>~ Tetramethylazacyclopentadienyl-
technetiumtricarbonyl (Me4C4N)Tc(CO)3;. HNCyMey
und seinen Mn- und Re-Homologen

J. Organomet. Chem. 476 (1994) 77-84

Joachim, J.E., Apostolidis, C., Kanellakopulos, B.,
Meyer, D., Nuber, B., Raptos, K., Rebizant, J.,
Ziegler, M.

Metallorganische Chemie des Technetiums:
Photolytische CO-Substitutionsrekationen von
Technetiumtricarbonylverbindungen

J. Organomet. Chem. (submitted)

Julian Rodriguez, R., Sari, C., Criado Portal, A.J.
Investigation of the Np-Zr and U-Zr-Np Systems
J. Alloys Comp. 209 (1994) 263-268

Kern, S., Hayward, J., Roberts, S., Richardson, J.W.,
Rotella, F.J., Soderholm, L., Cort, B., Tinkle, M., West,
M., Hoisington, D., Lander, G.H.

Temperature Variation of the Structural Parameters in
Actinide Tetrafluorides

J. Chem. Phys. 101 (1994) 9333-9337

Kern, S., Lander, G.H., Soderholm, L., Loong, C.K.
Trouw, F., West, M., Doisington, D., Cort, B., Welp, U.
Neutron Inelastic Scattering Studies of UF4 and NpF,
J. Chem. Phys. 101 (1994) 9338-9343

Kurata, M., Inoue, T., Sari, C.

Redistribution Behavior of various Constituents in U-
Pu-Zr Alloy and U-Pu-Zr Alloy containing Minor
Actinides and Rare Earths in a Temperature gradient
J. Nucl. Mater. 208 (1994) 144-158

Lander, G.H., Fisher, E.S., Bader, S.D.

The Solid-State Properties of Uranium - A Historical
Perspective and Review

Adv. Phys. 43 No. 1 (1994) 1-111

Lander, G.H., Burlet, P.
On the Magnetic Structure of Actinide Monopnictides
Physica B (submitted)

Langridge, S., Stirling, W.G., Lander, G.H., Rebizant,
J., Spirlet, J.C., Gibbs, D., Vogt, O.

X-ray Study of the Critical Magnetic Scattering in
NpAs

Europhys. Lett. 25 (1994) 137-142

Langridge, S., Stirling, W.G., Lander, G.H., Rebizant, J.
Resonant Magnetic X-ray-Scattering Studies of NpAs.

I. Magnetic and Lattice Structure

Phys. Rev., B Condens. Matter 49 (1994) 12010-12021

Langridge, S., Stirling, W.G., Lander, G.H., Rebizant, J.
Resonant Magnetic X-ray-Scattering Studies of NpAs.

II. The Critical Regime

Phys. Rev., B Condens. Matter 49 (1994) 12022-12029

Lassmann, K., O’Carroll, C., van de Laar, J., Walker,
C.T.

The Radial Distribution of Plutonium in High Burnup
UO; Fuels

J. Nucl. Mater. 208 (1994) 223-231

Lucuta, P.G., Matzke, Hj., Verrall, R.A.

Modelling of SIMFUEL Thermal Conductivity - The
Effect of the Burnup

J. Nucl. Mater. 217 (1994) 279-286

Matzke, Hj.

Ceramics for Energy Production and Environmental
Applications with Emphasis on Nuclear Energy
Ceram. Acta 6 (1994) 31-50

Matzke, Hj.

Oxygen Potential in the Rim Region of High Burnup
UQO; Fuel

J. Nucl. Mater. 208 (1994) 18-26

Matzke, Hj.

Ion Beam Analyses of Ceramics and Glasses in Nuclear
Energy

Surf. Interface Anal. 22 (1994) 472-476

Monachesi, P., Domanski, Z., Brooks, M.S.S.

Optical and Magneto-Optical Properties of PrSb
Phys. Rev., B Condens. Matter 50 (1994) 1013-1022
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Naegele, J.R.

Actinides and some of their Alloys and Compounds
Chapter 2.8 of the book: Electronic Structure of Solids:
Photon Emission Spectra and Related Data. Publ.:
Landolt-Bémstein

Springer-Verlag Berlin Vol. 23, Subv. b (1994) 183-327

Naegele, I.R., Cox, L.E., Ward, J.W.

Nature of the 5f Electrons in 8-Pu: A High-Resolution
Photoemission Study

Phys. Rev. Lett. (submitted)

Nicoll, §., Matzke,j., Catlow, C.R.A.

The Effect of Gas Concentration on the Behaviour of
Xe in UO,

J. Nucl. Mater. (submitted)

Oddou, J.L., Arons, R.R., Blaise, A., Burlet, P,
Colineau, E., Jeandey, C., Ressouche, E., Sanchez, J.P,,
Rebizant, J., Spirlet, J.C.

Revisited Magnetic Properties of NpAl;-Comparison
with other Cubic AuCu;-Type Actinide Compounds

J. Magn. Magn. Mater. 135 (1994) 183-190

Paixao, J.A., Rebizant, J., Blaise, A., Delapalme, A.,
Sanchez, J.P,, Lander, G.H., Nakotte, H., Burlet, P,
Bonnet, M.

Magnetism of a New U-Sb Phase: UsSb,

Physica B 203 (1994) 137-146

Paixao, J.A., Delapalme, A., Paulus, W., Briick, E.
Structure of URuAl by Single-Crystal Neutron
Diffraction at 120K

Z. Kristallogr. 209 (1994) 594-596

Paolasini, L., Paixao, J.A., Lander, G.H., Burlet, P,,
Sato, N., Komatsubara, T.

Field Dependence of Magnetic Structure of UPd;Al; in
the Normal State

Phys. Rev., B Condens. Matter 49 (1994) 7072-7075

Paolasini, L., Caciuffo, R., Lander, G., Rebizant, J.,
Keen, D., Sato, N., Komatsubara, T.

Anomalies in the Normal-state Properties of UPd;Al;
J. Phys. Chem. Solids (submitted)

Perez, R.A., Dyment, F., Matzke, Hj., Linker, G., Dhers,
HH.

Zr Diffusion in o-Ti measured by RBS and HIRBS

J. Nucl. Mater. 217 (1994) 48-53

Purwanto, A., Robinson, R.A., Havela, L., Sechovsky,
V., Svoboda, P., Nakotte, N. et al., Seret, A., Winand,

J.M., Rebizant, J., Spirlet, J.C.

Magnetic Ordering in U;Pd;In and U,Pd;Sn

Phys. Rev., B Condens. Matter 50 (1994) 6792-6801
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Raison, P, Rebizant, J., Apostolidis, C., Lander, G.H.,
Delapalme, A., Kiat, J.M., Schweiss, P.,
Kanellakopulos, B., Gonthier-Vassal, A., Brown, P.J.
Studies of U(CsHs);Cl: I-Evidence for Structural Phase
transitions belJow Room Temperature

Z. Kiristallogr. 209 (1994) 720-726

Raison, P, Lander, G.H., Delapalme, A., Williams, J.H.,
Kahn, R, Carlile, C.J., Kanellakopulos, B.

Studies of U(CsHs);Cl: Reorientational Motions of
Cyclopentadienyl Rings

Mol. Phys. 81 (1994) 369-383

Ronchi, C. .

On the Thermal Conductivity and Diffusivity of Solid
and Liquid Uranium Dioxide

J. Phys., Condens. Matter 6 (1994) L561-L567

Sari, C., Walker, C.T.

Interaction of U-Pu-Zr Alloys Containing Minor
Actinide and Rare Earth Elements

J. Nucl. Mater. 208 (1994) 201-210

Scaffidi, F.,, Dalle Donne, M., Ferrero, C., Ronchi, C.
Helium Induced Swelling and Tritium Trapping
Mechanisms in Irradiated Beryllium:

A Comprehensive Approach

Nucl. Eng. Des. (submitted)

Wastin, F., Rebizant, J., Sanchez, J.P., Blaise, A.,
Goffart, J., Spirlet, J.C., Walker, C.T., Fuger, J.
New Actinide Ternary Intermetallic Compounds: .
Synthesis, Characterization and Physical Properties
J. Alloys Comp. 210 (1994) 83-89
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3. Reports

Babelot, J.F, Gueugnon, J.F., McGinley, J., Richter, K.,
Spirlet, J.C.

Projet EFTTRA Fabrication de 3 capsules Technétium
pour irradiation dans HFR

K0294182 (1994)

Lassmann, K., van de Laar, J., O’Carroll, C.

Blind Predictions of FUMEX Cases using the TRANS-
URANUS Code

K0294178 (1994)

Nicolaou, G., Koch, L. (eds.)

Proceedings of the Working Group Meeting on Targets
and Fuels, Karlsruhe,

Institute for Transuranium Elements, 29 and 30 June
1993

EUR 15774 EN (1994)

Schmidt, H.E., Richter, J., Ruczka, L. (eds.)
Institute for Transuranium Elements Annual Report
1993

EUR 15741 EN (1994), 271 p.

Tasman, H.A.
Ultrasonic Thermometry in the PHEBUS FPTO Test
K0294179 (1994)

Tasman, H.A.

Ultrasonic Thermometer Sensors for PHEBUS FPT1
through FPT5

K0294180 (1994)

Tasman, H. A.
Black Box Mark 3: Control and Evaluation Electronics

and Software (Version 2.3) for Ultrasonic Thermometry
K0294181 (1994)
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4. Patents

a) Patents granted in 1994

Heinz, W.

Vorrichtung zur optischen Erfassung schneller Vorgén-
ge mit einer Fernsehkamera

Patent Nr.: 0374467, Granting date: 20.04.94, Country:
EP

Patent Nr.: 58907510.1.08, Granting date: 20.04.94,
Country: DE

Patent Nr.: 2052865, Granting date: 20.04.94, Country:
ES

Hiernaut, J.P., Werner, P.

Verfahren und Vorrichtung zum Herstellen eines
Pulvers von amorphen Partikeln einer keramischen
oder metallischen Substanz

Patent Nr.: 168592, Granting date: 02.05.94, Country:
" DK

Magill, J.

Vefahren und Vorrichtung zum kontrollierten Abbau
einer Aerosolwolke

Patent Nr.: 60858, Granting date: 17-08.94, Country: IE
Patent Nr.: 87576, Granting date: XX.XX.94, Country:
PT

Magill, J., McGinley, J., Richter, K.

Akustische Kammer fiir die Aerosolbehandlung von
Abgasen

Patent Nr.: 0488097, Granting date: 14.09.94, Country:
EP

Ronchi, C.; Hiernaut, J.P.,, Beukers, R., Heinz, W.,
Selfslag, R.

Mehrwellenldngen-Pyrometer

Patent Nr.: 0420108, Granting date: 08.06.94, Country:.
EP

Patent Nr.: 59006014.7-08, Granting date: 08.06.94,
Country: DE

Patent Nr.: 2056328; Granting date: 0806.94, Country:
ES

van Geel, J., Fuger, J., Koch, L.

Verfahren zur Erzeugung von Aktinium-225 und
Wismut-213

Patent Nr.: 0443479, Granting date: 13.07.94, Country:
EP

Patent Nr.: 59102132.3.08, Granting date: 13.07.94,
Country: DE

Patent Nr.: 2058951; Granting date: 13.07.94, Country:
ES

Patent Nr.: 5355394, Granting date: 11.10.94, Country:
us
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b) Patent applications in 1994

Magill, J. Werner P,

Maschine zur Abscheidung von Aerosolteilchen
Deposition Nr.: PCTEP94/02472, Deposition date:
27.07.94

Richter, K., Magill, J., Somers, J.

Verfahren zur Entfernung von fein verteilten Stoffen
aus einem Gasstrom

Deposition Nr. PCTEP94/03207, Deposition date:
26.09.94

Country: WO

Ronchi, C., Heinz, W.

Vorrichtung zur Erzeugung von mehreren Sekundir-
lichtstrahlen aus einem Primérstrahl

Deposition Nr. 94101090.2, Deposition date: 25.01.94
Country: EP

Ronchi, C.

A method for evaluating the channel signals of a
multichannel pyrometer

Deposition Nr. PCTEP94/03532, Deposition date:
25.01.94

Country: WO (JP, US)

c) Patent proposals in 1994

Ronchi, C., Cheindline, M.
Multipurpose Laser-Laser Setup for Measurement of

the Thermal Diffusivity under Remote Manipulation
PP 2464

Koch, L., Babelot, J.F,, Niemax, K., Hiddemann, L.
Fernmessung von U(Pu) in Glidsern
PP 2465
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Annex Il

Collaborations with External Organisations

Argentina

CNEA Buenos Aires: Diffusion in solids (F. Dyment)

Austria

International Atomic Energy Agency, Vienna: Evaluation and automation of techniques for safeguards
analysis (K. Lessmon)

Belgium

Belgonucléaire, Brussels: Post irradiation examinations (S. Pilate, M. van den Borck)

University of Leuven: Xe-implantation (H. Pattyn)

University of Liége: Single crystal growth, X-ray diffraction, and analysis (J.F. Desreux,

L. Martinot, M.R. Spirlet)

Canada

AECL Chalk River: Gas release, SIMFUEL production and property studies (I. Hastings, P. Lucuta,
R. Verrall)

AECL Whiteshell: Behaviour of Rb and Cs in SIMFUEL (W. Hocking)

McMaster University, Hamilton: Synchrotron X-ray scattering (B. Gaulin)

Czech Republic

University of Prague: Magnetic and electrical measurements (V. Sechovsky, L. Havela); Gas release
measurements (V. Balek)

Denmark

Risg National Laboratory: Neutron scattering (B. Lebech)

Technical University Lyngby: High-pressure X-ray diffraction (L. Gerward)

University of Copenhagen: High pressure X-ray diffraction (J. Staun-Olsen)
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France

CEA, Cadarache: Transmutation of actinides - irradiation experiments: DEC (J.L. Faugére, R. Ginier,

Y. Guerin, C. Prunier, D. Warin); DER (A. Lanquille, J. Rouault); DRN (M. Salvatores); TRANSURANUS fuel pin
development (J.P. Pages); PHEBUS PF programme: post irradiation examinations (L. Codron, P. von der Hardt)

CEN, Grenoble: Neutron diffraction, magnetic studies, transport properties and Méssbauer studies (P. Burlet,
J.P. Sanchez and B. Fik)

CEN, Saclay: Neutron diffraction (J.M. Mignot)

CERCA, Romans: MTR fuel development (J.P. Durand, B. Lelievre)

CNRS (Lab. de Cristallographie), Grenoble: Crystallography of phase transitions (J.C. Marmeggi)
CNRS, Orsay: Basic studies on spent UO; fuel (J.C. Dran)

COGEMA, La Hague: On-site laboratory

EDF/Septen, Lyon: Transmutation of actinides (M. Rome, D. Deydier)

EDF, Paris: TRANSURANUS fuel pin code development (B. Salles); RIM effect (M. Baron); Chemical
interactions fuel/cladding (thermal reactor) and determination of mechanical properties of irradiated UO, (M. Baron)

ESRF, Grenoble: Synchrotron studies on actinides (C. Vettier, G. Griibel, M. Wulff)
FRAMATOME, Paris: TRANSURANUS fuel pin code development (P. Blanpain)
ILL, Grenoble: Polarized neutron diffraction and neutron inelastic scattering (P.J. Brown, C. Zeyen)

Univ. of Grenoble: Transport measurements (J.M. Fournier)

Germany
Apparatebau Rothemiihle, Wenden: Acoustic aerosol scavenging (W. Niggeschmidt, N. Seyfert)
Bundesministerium fiir Umwelt, Naturschutz und Reaktorsicherheit, Bonn, vagabonding materials (B. Fechner)

Bundesministerium fiir Bildung, Wissenschaft, Forschung und Technologie (BMBF), Bonn, enviromental
monitoring (H.H. Remagen)

GSI, Gesellschaft fiir Schwerionenforschung, Darmstadt: High energy ion implantation (C. Trautmann, J. Vetter)
Hahn-Meitner-Institut, Berlin: Ranges of ions in solids, B-profiles in leached glasses (D. Fink, J. Biersack)
Hahn-Meitner-Institut, Berlin: High-energy ion implantation (S. Klaumiinzer)

TECHNOMAR: Fast multichannel pyrometry (H. Dippelhens)

KfA Jiilich, Inst. fiir Festkorperforschung: Electrical resistivity under pressure (J. Wittig)

KfK, Karlsruhe, Inst. fiir Technische Chemie: Susceptibility and crystal preparation
(B. Kanellakopulos)

KfK, Karlsruhe, INFP: Radiation damage studies, RBS analyses, channeling, ion implantation
(O. Meyer, G. Linker)
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KfK, Karlsruhe, Institut fiir Kernphysik III: On-site laboratory training; K-edge densitometry
(H. Ottmar, H. Eberle)

KiK Karlsruhe, Institut fiir Neutronenphysik und Reaktortechnik: Neutron collar development

KiK Karlsruhe, Projekt Nukleare Sicherheitsforschung (PSF): Irradiation experiment CAPRA-TRABANT
(G. Heusener, G. Miihling)

Max Planck Institut fiir Festkorperphysik Stuttgart: High-pressure reflectivity studies
(K. Syassen)

Siemens/KWU, Erlangen: Post-irradiation fuel element examination (R. Manzel)
Technischer Uberwachungsverein Bayern, Miinchen: TRANSURANUS fuel pin code development (G. Sauer)

Technischer Uberwachungsverein Hannover/Sachsen-Anhalt: TRANSURANUS fuel pin code development
(D. Miirtens)

Technischer Uberwachungsverein Norddeutschland, Hamburg: TRANSURANUS fuel pin code development
(H. Schmidt)

Technischer Uberwachungsverein Stidwest, Mannheim, Karlsruhe: TRANSURANUS fuel pin code
development (1. Brestrich)

Technische Universitit Miinchen: Mossbauer and PSR studies (M. Kalvius, W. Potzel, L. Asch)
Universitdt (GH) Paderborn, Experimentalphysik: Actinides under pressure (W.B. Holzapfel)
Universitit Stuttgart, IKE: Source term studies (H. Hocke)

Universitit Stuttgart, IKE: Data bank system THERSYST (G. Neuer, G. Jaroma-Weiland)

Univ. Miinchen, Inst.Anorg.Chem.: Single crystal growth and X-ray diffraction (F. Lux, M. Béhme)

VGB-Forschungsstiftung, Essen: Flue gas cleaning (J.P. Jacobs, H. Kriiger)

Israel

Technion, Haifa: Waste glass studies (Y. Eyal)

Italy
Centro Ceramico Bologna: Leaching studies, Indentation techniques (L. Esposito)

Centro Legnaro/Padova: RBS, Ion implantation, H-analysis on leached waste matrices (G. Della Mea,
V. Rigato)

University of Padova: Analysis of glass surfaces (P. Mazzoldi)
University of Trento: Indentation techniques (R. DalMaschio)
University of Ancona: Neutron and bulk magnetization studies (R. Caciuffo)
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Japan

Central Research Institute of Electricity Producing Industries (CRIEPI), Tokyo: Preparation and characterisation of mi-
nor actinide alloys; Dissolution studies on high burn-up fuel (T.Ohe); Spent fuel characterisation

JAERI, Tokai Mura: Basic studies on nitride fuels (T.Ohmichi); DIDPA actinide separation process (Y. Morita); Gas
release from oxide fuels (T. Ogawa)

Netherlands

AKZO n.v., Arnhem: Separation of alpha-emitting nuclides (M. Geerlings)

ECN, Petten: Transmutation of fission products (W. Franken, M. Gruppelaar)
Interfaculty Reactor Institute, Delft: Gas release (A. van Veen)

KEMA, Arnhem: Flue gas cleaning (R. Hunik, R. Tanke)

Ministerie van Economische Zaken, Den Haag, environmental monitoring (R. Ackx)

University of Amsterdam: Low temperature magnetization and resistivity (F. R. de Boer, J. Franse, E. Briick)

Poland

Institute for Low Temperature and Structure Research, Wroclaw: Bulk properties and neutron scattering
(R. Troc, W. Suski)

Nuclear Institute, Warszawa: Channeling techniques, Radiation damage studies (A. Turos)

Portugal
LNETI, Sacavem: Physical chemistry of actinides (A. Piros de Matos, M. Almeida)

University of Coimbra: Neutron and X-ray studies (J.A. Paixdo)

Russia

Academy of Sciences, IVTAN, Moscow: Studies on high-melting materials (A.E. Sheindlin)
International Science and Technology Center, Moscow

Radium Khlopin Institute, St.Petersburg: Field testing of a robotized system for safeguards analysis
(N. Shulyak)

Spain

CIEMAT, Madrid: TRANSURANUS fuel pin code development (J. Lopez Jimenez)

Instituto de Acustica, Madrid: Acoustic aerosol scavenging (J.A. Gallego-Juarez)

Sweden
University of Uppsala: Solid state theory of actinides (B. Johansson, O. Eriksson)
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Infrasonik AB, Arsta: manufacture of infraphones (M. Olsson)

Switzerland

ETH, Ziirich: Single crystal growth, magnetic, optical and transport properties, preparation of
U and Th compounds (O. Vogt, P. Wachter, K. Mattenberger)

Paul-Scherrer-Institut, Wiirenlingen: TRANSURANUS fuel pin code application (C. Ott);
Post-irradiation structural investigations by electron microscopy

United Kingdom

Birkbeck College: neutron and magnetization studies (K. McEwen)

BNFL, Sellafield: On-site laboratory

Department for Trade and Industry (DTI), London, environmental monitoring (G. Andrew)
Royal Institute, London: Calculation of fission products in UO;

University of Birmingham: Preparation of high purity single crystals (D. Fort)

University of Keele: X-ray and neutron scattering (W.G. Stirling, W.J. Nuttall, S. Langridge)
University of Warwick: Compton scattering (M.J. Cooper); Radiative properties at high temperatures
(G. Hyland)

USA

Argonne National Laboratory: Neutron scattering (C.K. Loong; L. Soderholm, S. Kern)

Brookhaven National Laboratory: High-resolution and magnetic X-ray scattering (D. Gibbs, J. Axe,
G. Watson) '

Lawrence Livermore National Laboratory: Surface reactions (C. Colmenares)
Los Alamos National Laboratory: Materials preparation and photoemission (B. Cort, J. Ward, L. Cox)

Oak Ridge National Laboratory: Material preparation, high pressure X-ray and optical studies (R.G. Haire,
J.R. Peterson)

University of New Mexico, Albuquerque: High resolution TEM, radiation damage (R. Ewing, L. Wang)

University of W. Virginia, Morgantown, W.-Virginia: Actinide theory (G.J. Hu, B.R. Cooper)
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Annex lll

Human Resources

1. Institute’s Staff

The evolution of the staff situation in 1994 is given for three reference dates on the table below:

Date A2-A4 A5-A8 B C D total
01.01. 23 23 79 68 1 193
01.07. 20 23 81 66 1 191
31.12. 21 26 86 64 1 198

2. Visiting Scientists and Scientific Fellows

39 graduate sectorial grantees from the following countries spent in 1994 prolonged periods of time at the
Institute:

B €)) IR )]
D &) NL (3
ES (5 P )
F (3 S (H
GR (2 UK @)
I 4
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Annex IV

Organisational Chart

Institute Director Jacques VAN GEEL

Adviser, acting as

Institute Deputy Director Jean FUGER

Adpviser (Programmes) Hans Eberhard SCHMIDT (until 31.3.94)
Roland SCHENKEL (since 1.8.94)

Personnel and Administration Paul BLAES

S/T Services:

— Technical Physics Michel COQUERELLE

— Applied Physics Hansjoachim MATZKE

— Nuclear Technology A Karl RICHTER

— Nuclear Chemistry Lothar KOCH

— Actinide Research Ulrich BENEDICT

S/T-Support:

— Radiation Protection Klaas BUIJS

— Technical Services Gérard SAMSEL
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Annex V

Glossary of Acronyms and Abbreviations

ADR: Accelerator-Driven Reactor

ADTT: Accelerator-Driven Transmutation Technology

AECL: Atomic Energy of Canada Ltd.

AES: Auger Electron Spectroscopy

ALI: Annual Limits of Intake

amu: atomic mass unit

ANTICORP: Américium, Neptunium, Technétium Incinérés dans les COuvertures Radiales de Phénix
APA: Anlagen Planung Alzenau GmbH (Gerrnany)

APW: Augmented Plane Wave

ATWS: Anticipated Transient Without Scram

BE: Binding Energy
BIBLIS: PWR reactor, Biblis/Rhein (Germany)
BNFL: British Nuclear Fuel plc, Springfields (United Kingdom)

CAPRA: Consommation Accrue de Plutonium dans les RApides

CCD: Charged Coupled Device

CEA: Commissariat 4 I’Energie Atomique, France

CEN: Centre d’Etudes Nucléaires, Mol (Belgium)

CERCA: Compagnie pour I’Etude de la Réalisation de Combustibles Atomiques, Romans (France)
CHEMIF: code to calculate the chemical behaviour of high burn-up fuel

CHESS: Cornell High Energy Synchrotron Source, Cornell Univ., NY (USA)
CKED: Compact K-Edge Densitometer

CMPO: Carbonyl-Methyl-Phosphine Oxide

COGEMA: COmpagnie GEnérale des MAtériés nucléaires, Vélizy (France)
COMPUCEA: COMbined Product-Uranium Concentration and Enrichment Assay
cps: counts per second

CRIEPI: Central Research Instititute of the Electric Power Company, Tokyo (Japan)
CRP: Coordinated Research Programme

CV: Cyclovoltammetry

CW: Continuous Wave

DA: Destructive Assay

DCS: Direction Contrdle de Sécurité

DECNET: Digital Equipment Corporation NETwork

DF: Decontamination Factor

DG XII: Directorate General “Science, Research and Development” of the European Commission,
Brussels (Belgium)

DG XVII: Directorate General “Energy” of the European Commission,
Brussels (Belgium), Luxembourg (Luxembourg)

DH: Debye-Hiickel model

DIDPA: DiisoDecylPhosphoric Acid

DSC: Differential Scanning Calorimeter

ECN: Energie Centrum Nederland, Petten (Netherlands)

ECSAM: European Commission’s Safeguards Analytical Measurements
EDF: Electricité de France

EDXD: Energy-Dispersive X-ray Diffraction

EMPA.: Electron Micro Probe Analysis (also EPMA)

EOS: Equation Of State

EPMA: Electron Probe Micro Analysis (aiso EMPA)
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ESARDA: European SAfeguard Research and Development Association
ESRF: European Synchrotron Research Facility

EFTTRA: Experimental Feasibility of Targets for TRAnsmutation
EURATOM: EURopean ATOMic energy community

FATT: FAst Transient Thermography

FDBR: Fachverband Dampfkessel-, Behilter- und Rohrleitungsbau e.V., Diisseldorf (Germany)
FP: Fission Products

FR: Fast Reactor

FUMEX: FUel Modelling at EXtended Burnup research programme

FUTURE: code for fuel transient calculations (ITU, Karlsruhe)

GDMS: Glow Discharge Mass Spectrometry (Spectrometer)
GNS: Gesellschaft fiir Nuklear Service mbH, Hannover (Germany)
GSI: Gesellschaft fiir Schwerlonenforschung, Darmstadt (Germany)

HAZOP: HAZards of OPeration study

HDEHP: Hexyl Di(2-Ethyl)Phosphoric acid

HFR: High Flux Reactor, Petten (Netherlands)

HIRBS: Hevy Ion Rutherford Backscattering Spectroscopy
HKE: Hybrid K-Edge densitometer

HLW: High Level Waste

HPXRD: High-Pressure X-Ray Diffraction

IAEA: International Atomic Energy Agency, Vienna (Austria)

IBR: Ion Beam Ratio

ICP-AES: Inductively Coupled Plasma Atomic Emission Spectroscopy

ICP-MS: Inductively Coupled Plasma Mass Spectrometry

ICRP: International Commission on Radiological Protection

ID-ICP-MS: Isotope Dilution ICP-MS

IDMS: Isotope Dilution Mass Spectrometry

ILL: Institut Max von Laue - Paul Langevin, Grenoble (France)

INFP: Institut fiir Nukleare FestkorperPhysik, Forschungszentrum Karlsruhe (Germany)
INR: Institut fiir Neutronenphysik und Reaktortechnik, KfK, Karlsruhe, (Germany)
IRMM: Institute for Reference Materials and Measurements, Geel (Belgium)

ISIS: ISIS spallation source, Rutherford-Appleton Lab., Rutherford (United Kingdom)
ISO: International Standard Organization

ITU: Institute for Transuranium Elements, Karlsruhe (Germany)

JAERI: Japan Atomic Energy Research Institute
JRC: Joint Research Center

KEDG: K-EDge densitometer

KEMA: N.V. tot Keuring van Electrotechnische Materialien, Arnhem (Netherlands)
KfK: Kernforschungszentrum Karlsruhe (Germany)

KKI: KernKraftwerk Isar, Eschenbach/Isar (Germany)

KKK: KernKraftwerk Kriimmel (Germany)

KORIGEN: KfK development of the ORIGEN code

KRI: Khlopin Radium Institute (Russia)

KWU: KraftWerk Union,

LANL: Los Alamos National Laboratory, Los Alamos (NM), (USA)

LSC: Liquid Scintillation Counter

LSQ: Least SQuare

LSS: Laboratoire Sur Site, La Hague (France)

LURE: Laboratoire d’Utilisation du Rayonnement Electro-magnétique, Orsay, (France)
LWR: Light Water Reactor
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MA: Minor Actinides (Np, Am, Cm)

MAB: Miinchener Apparatebau fiir Elektronische Gerdte GmbH (Germany)
MATINA: MATrices INertes support des Actinides a incinérer
METAPHIX: MEtal Transmutation des Actinides dans PHénIX

MGA: Multi Group Analysis gamma deconvolution code

MIDPA: MonolsoDecylPhosphoric Acid

MITI: Ministry of International Trade and Industry (Japan)

MITRA: code to calculate the release of radio-nuclides (ITU, Karlsruhe)
MOX: Mixed OXide fuel

MTR: Materials Testing Reactor

MWd/tM: Megawatt day per (metric) ton of (heavy) Metal

MWd/tU: Megawatt day per (metric) ton of Uranium

1-Sr: Muon Spectroscopy

NCC: Neutron-Coincidence Counter

Nd-YAG: Neodymium-Yttrium Aluminium Garnet laser

NDA: Non-Destructive Assay

NDT: Non-Destructive Testing

NFIR: Nuclear Fuel Industry Research group CEPRI), Palo Alto, CA (USA)
NILOC: Nitride Irradiation with LOw Carbon content

NNC: National Nuclear Corporation Ltd, Risley (United Kingdom)

NSLS: National Synchrotron Light Source, Brookhaven, NY (USA)

OECD: Organization for Economic Cooperation and Development, Paris (France)
ORIGEN: Oak Ridge Isotope GENeration and depletion code
OSL: On-Site Laboratory

PAC: Perturbed Angular Correlation

PADIT: Particle Agglomeration and Deposition In Turbulence

PCMI: Pellet-Cladding Mechanical Interaction

PCSR: Pre Commencement Safety Report

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

POMPEIL: POM PEtten Irradiation experiment to study nitride fuel

PSI: Paul Scherrer Institut, Wiirenlingen, (Switzerland)

PUDOL: Dosimetry computer program

PWR: Pressurized Water Reactor

Q.A: Quality Assurance

R&AMSC: Research and development & Analytical services Management Safety Committee,
Sellafield (United Kingdom)

RBS: Rutherford Backscattering Spectroscopy

REIMEP: Regular European Interlaboratory Measurement Evaluation Programme

RERTR: Reduced Enrichment for Research and Test Reactors

RIA: Reactivity Initiated Accident

RPS: Rutherford Backscattering Spectroscopy

RSD: Relative Standard Deviation

RSF: Relative Sensitive Factor

SAL: Seibersdorf Analytical Laboratory, Vienna (Austria)
SAXS: Small Angle X-ray Scattering

SCK: Studie Centrum voor Kernergie, Mol (Belgium)
SEM: Scanning Electron Microscopy

SGN: Société Générale Nucléaire, (France)

Institute for Transuranium Elements - Annual Report 1994, EUR 16152 EN



247

SIMFUEL: SIMulated high burnup FUEL (with major non-volatile fission products)
SIMS: Secondary Ion Mass Spectrometry

SSC: Stress-Corrrosion Cracking

SUPERFACT: Minor Actinide Irradiation in Phenix

TBP: Tri-n-Butyl Phosphate

TCP/IP: Transmission Control Protocol / Internet Protocol

TD: Theoretical Density

TEM: Transmission Electron Microscopy

TIMS: Thermal Ionization Mass Spectrometry

TITR: TITRimetry

TOPO: Trioctyl Phosphine Oxide

TRABANT: TRAnsmutation and Burning of Actinides in TRIOX
TRABI: project to study the TRAnsport of Blg particles
TRANSURANUS: Fuel behaviour code (ITU, Karlsruhe)
TRIOX: HFR irradiation capsule, Petten (Netherlands)

TRPO: TRialkyl Phosphine Acid

TRUEX: TRansUranium EXtraction

TU: TransUranium nuclides

TUAR: Annual Report, Institute for Transuranium Elements (ITU), Karlsruhe (Germany)
TUBRNP: TransUranus BuRNuP model

UCD: Unité de Conditionnement des Déchets, La Hague (France)
UPS: Ultraviolet Photoelectron Spectroscopy

URP: Unité de Redissolution de Pu Agé, La Hague (France)
U.S.S.R.: Union of Soviet Socialist Republics

VFP: Volatile Fission Products
VYMS: Virtual Memory System

XPS: X-ray Photoelectron Spectroscopy
XRD: X-Ray Diffraction
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Annex VIl

Previous Progress Reports of the Institute
for Transuranium Elements

TUSR Period COM-Nr EUR-Nr

1 Jan - Jun 1966 1580

2 Jul - Dec 1966 1522

3 Jan - Jun 1967 1745

4 Jul - Dec 1967 2007

5 Jan - Jun 1968 2172

6 Jul - Dec 1968 2300

7 Jan - Jun 1969 2434

8 Jul - Dec 1969 2576

9 Jan - Jun 1970 2664
10 Jul - Dec 1970 2750
11 Jan - Jun 1971 2833
12 Jul - Dec 1971 2874
13 Jan - Jun 1972 2939
14 Jul - Dec 1972 3014
15 Jan - Jun 1973 3050
16 Jul - Dec 1973 3115
17 Jan - Jun 1974 3161
18 Jul - Dec 1974 3204
19 Jan - Jun 1975 3241
20 Jul - Dec 1975 3289
21 Jan - Jun 1976 3358
22 Jul - Dec 1976 3384
23 Jan - Jun 1977 3438 6475 EN
24 Jul - Dec 1977 3484 7209 EN
25 Jan - Jun 1978 3526 7459 EN
26 Jul - Dec 1978 3582 7227 EN
27 Jan - Jun 1979 3657 7483 EN
28 Jul - Dec 1979 3714 7509 EN
29 Jan - Jun 1980 : 3822 7857 EN
30 Jul - Dec 1980 3846 8230 EN
31 Jan - Jun 1981 3898 8447 EN
32 Jul - Dec 1981 3927 8777 EN
33 Jan - Jun 1982 3990 9581 EN
34 Jul - Dec 1982 4048 10251 EN
35 Jan - Jun 1983 4094 10266 EN
36 Jul - Dec 1983 4117 10454 EN
37 Jan - Jun 1984 4150 10470 EN
38 Jul - Dec 1984 4165 11013 EN
39 Jan - Jun 1985 4201 11835 EN
40 Jul - Dec 1985 4263 11836 EN
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86
87
88
89
90
91
92
93
94

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
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COM-Nr EUR-Nr

4302 12233 EN
11783 EN
12385 EN
12849 EN
13815 EN
14493 EN
15154 EN
15741 EN
16152 EN

Previous Programme Progress Reports were confidential for a period of two years. Since 1977 they are made freely
accessible after that period as EUR-Reports. They can be ordered from the Office for Official Publications of the European
Communities, 2 rue Mercier, L-2985 Luxembourg, Tel. 499 28-1, Telex 1322 PUBOF LU
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