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Summary and outline

In the most common types of nuclear reactors the fuel has the ceramic form
of uranium dioxide (UO2). Fission of uranium leads to heat production
inside the fuel by collision of energetic fission products with atoms of the
U02-matrix. As a result the microstructure of the fuel becomes very
complex. The fission products are incorporated into the nuclear fuel.
During normal operation of the nuclear reactor only a small part of the
gaseous products can escape from the fuel. Most of the fission products are
radioactive and they form, when released from the reactor, a health hazard
for the population.

In case of an accident situation, in which the heat of the nuclear fuel
can no longer be transferred to cooling water, the temperature of the
nuclear fuel may rise very strongly, so that the other fission products may
also be released. In fact, the release of fission products from overheated
nuclear fuel is the first step in a long series of steps, which can ultimately
lead to the release of radioactive substances from the nuclear power
station into the environment. In this respect, it is important to know more
about both the release rate of the various fission products and their
chemical forms.

This thesis deals with this first step. It describes a research which had
the following three objectives:
(1) to determine the release rate of the fission products from overheated

UO2;
(2) to determine the chemical form of these fission products;
(3) to determine the mechanisms of transport inside the nuclear fuel.
The nuclear fuel samples used are representative of the actual nuclear fuel
from the reactor. These are UO2 spheres of approximately 1 mm, which
are irradiated in the High Flux Reactor in Petten, the Netherlands.
Subsequently, each of them is evaporated in a vacuum system at KEMA in
Arnhem. To be able to manipulate the radioactive spheres safely many
tools have been developed which can be used in a hot cell especially made
for this purpose.

The chemical forms of the particles which are being released from the
spheres during evaporation have been determined using a mass
spectrometer. At the same time, the activity of the fission products has



been measured using a gamma spectrometer. A gamma tomographer has
been developed for determining the three-dimensional distribution of the
concentration of radioactive fission products in the sphere. This gamma
tomographer could be used for determining the change of this distribution
as a function of temperature.

For interpretation of the results two models have been developed: a
model of the evaporation of the non-stoichiometric LJO2, and a model of the
diffusion of fission products in UO2.

The first model was used to determine the stoichiometry of the sphere
(that is the ratio of the number of oxygen atoms to the number of uranium
atoms). There appeared to be no clear relation between the stoichiometry
and the uranium consumption. This does not correspond with the existing
model which predicts an increase of the amount of free oxygen (the oxygen
potential) by the consumption of uranium.

This thesis ascribes this absence of any relation to the, still unclear,
influence of the microstructure of the nuclear fuel. The fact that a low
oxygen potential can reduce the release of the fission products cesium and
xenon, indicates the presence of a mechanism in which the vacancies (open
places) in the UO2 matrix are occupied by chemically neutral fission
products. The newly generated vacancies are then able to accommodate
oxygen atoms.

The second model has been used to determine the activation energy
for the diffusion of the fission products. The values found correspond well
with those found for the nuclear reactor fuel, but are considerably higher
than those found for UO2 samples which have only been irradiated to a
small extent.

The main conclusion is that the microstructure of the nuclear fuel has
a great effect on both the amount of free oxygen atoms, the release rate
and the chemical form of fission products. Since this microstructure has
not been investigated in greater detail, all other conclusions are of a
qualitative nature.

In addition to the above-mentioned conclusion the following may also
be concluded:
(1) above 2300 K, evaporation of the UO2 matrix is the prevailing release

mechanism for all fission products;
(2) the element barium can be as volatile as iodine;
(3) the elements niobium and lanthanum can be volatile;
(4) the presence of molecular combinations of the fission products iodine,

cesium and tellurium is very improbable;
(5) the elements barium and niobium may form compounds with oxygen

and will then be released as simple oxides;
(6) fission products are released from overheated UO2 as simple atoms or

as oxides.
Finally, a new model will be proposed for describing the oxygen behaviour
in irradiated nuclear fuel.



Outline of"this thesis

Chapter 1 starts with a brief description of the history of the commercial
application of nuclear energy with respect to safety and concludes with a
survey of the experimental activities in the field of the release of fission
products from overheated nuclear fuel.

Chapter 2 describes the experimental equipment used in this
research.

Chapter 3 describes the irradiation facilities and the samples used:
irradiated spheres of uranium dioxide. Several aspects of these samples
are compared. The chapter concludes with a survey of the chemical form of
fission products in nuclear fuel.

Chapter 4 deals with the theory of free and Knudsen effusion into a
vacuum. In addition, the theory of three-dimensional gamma tomography
is described. Furthermore, this chapter describes the two models which
have been developed. First, it deals with the model of free evaporation of
uranium dioxide and the way this model is used for estimating the
stoichiometry of the nuclear fuel and second, with the model of diffusion of
fission products and the estimation of the activation energy and the
diffusion constant.

Chapter 5 describes the calibration of the mass spectrometer. In
addition, the results of the evaporation of some powders are discussed.
These powders are non-radioactive forms of fission product molecules.
Finally, the results of the test experiments with the tomographer are
presented.

Chapter 6 is the first chapter containing results of the evaporation of
irradiated UO2 spheres. This chapter deals with the results of the
evaporation of the urania species. The stoichiometry of the spheres is
estimated with the evaporation model.

Chapter 7 is the second chapter with results of the evaporation of
irradiated UO2 spheres. The results of the release of fission products are
presented and analyzed.

Chapter 8 includes a discussion of the results and contains the final
conclusions. Finally, a model is proposed which deals with the uptake of
oxygen atoms in irradiated uranium dioxide.

• / *



Chapter 1

Introduction

The safety issue during the development of nuclear power

Since the early days of nuclear reactor power plant development, attempts
have been made to calculate the magnitudes and the probabilities of
source terms and consequences associated vith 'hypothetical* nuclear
reactor accidents. One of the important parameters in these calculations is
the amount of radionuclides released into the environment as a result of a
given accident sequence. This has been called the 'source term' because it
is the source in any calculation of dispersion of radionuclides in the
biosphere.

The United States being the first country dependent to a substantial
degree on nuclear reactors for their electricity supply (and for military
purposes one should add) was also the first (1950) to lay down some
thoughts about accident consequences in a governmental act. This act
defined a zone around a nuclear reactor from which the general public was
excluded. The radius of this circular area was V(P)/60 kilometres in which
P is the thermal power of the reactor in kilowatts. For a modern 3000 MWt
reactor this would mean that no one could live within 29 kilometres of a
nuclear reactor.

Thinking on the subject accidents was strongly influenced by the 1957
Windscale accident in Great Britain. A graphite-moderated plutonium-
production reactor caught fire as the moderator temperature was raised to
release the Wigner-energy from the graphite. Because the reactor had no
containment and the coolant (air) was, apart from passing some filters,
directly released into the environment, radioactive material was dispersed
by the wind and deposited over Great-Britain and parts of Scandinavia.

Another incident that influenced thinking was the power excursion
and subsequent steam explosion in the stationary low-power reactor SL-1
in the U.S.A. (1961). The sudden removal of a control rod, under abnormal
conditions during maintenance, was the cause. Although in this reactor,
built for military purposes, about 20 percent of the core was damaged, less
than 0.5% of the volatile inventory was released over the surrounding
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Shortly after this accident., a new concept was in Produced: the
'maximum credible accident'. A procedure was developed in which a
number of possible accidents were considered ever, though they were
thought to be very unlikely. Reactor designers then developed
constructions to avoid the effects of these postulated accidents. As the word
'credible' implies, although more severe accidents could have been
postulated, they were considered by experts lo be so unlikely that they
were designated as "incredible*.

Many 'maximum credible accidents' were considered; the most severe
being the sudden guillotine break of the largest coolant pipe in the
primary system of the reactor, the so-called LOCA (Loss of Coolant
Accident). The loss of the high pressure coolant into the containment
causes a strong increase in containment pressure which might result in a
containment failure and the release of radionuclides into the environment.
The LOCA was the accident used to establish the requirements for a
containment, an emergency core cooling system and other safety features.
As a consequence, the LOCA should become an accident which no longer
would result in melting of the reactor core.

In 1975 a milestone in the approach to realtor accidents was reached
when the Reactor Safety Study was finished [ 1). Systematically, ail logical
sequences of accidental steps that could lead to the release of radioactive
material, usually as a consequence of a core melt, were outlined. The study
team attempted to assign probabilities to each step within these
sequences. They modelled the physical processes associated with the
sequences to assess the magnitude and timing of the release; and also the
transport and deposition of the radioactive material from the core, through
the primary system and containment, to the environment. In addition, the
dispersion in the atmosphere was modelled so as to estimate the risks. In
this way, the probability of an accident sequence was coupled to its
consequences. Although this study was criticized for certain shortcomings
(e.g. only two nuclear plants were analyzed, so the results were not always
applicable to other plants), it was a substantial advance over previous
attempts to estimate the risks of the nuclear option.

In The Netherlands in 1975 KEMA published the first European
evaluation of the risks associated with nuclear energy in its RASIN-study
(21. This concluded that (the consequences of) a severe accident at a 1000
MWe plant, sited in a highly populated area, would cause up to 1000
immediate fatalities, assuming the evacuation of all people living within a
distance of only three kilometers from the nuclear power plant. The
probability of this scenario was estimated to be up to 5 times in a million
years.

The overall risks of the nuclear option were considered to be so low,
that it could not be used as a site-selection criterion.
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On March 28, 1979, a loss of coolant accident sequence occurred in the
PWR nuclear power plant number 2 at Three Mile Island near Harrisburg
in the U. S. A. The accident, which was caused by a combination of
equipment malfunctions, design deficiencies and human errors, resulted
in considerable damage to the core. Most of the noble gasses and about 50%
of the volatile radionuclides escaped from the core. The release into the
environment however was surprisingly low: 8% of the noble gasses and
less than 3 x 10 % of the iodine. No other radioactive material was
released [3].

After examination of the accident it was realized that if the
methodology of the Reactor Safety Study had been applied to a reactor like
TMI, this accident sequence probably would not have occurred.
Application of this methodology showed a high probability for the actual
accident sequence. Although the uncertainties in the predictions of the
Reactor Safety Study are high, the specific differences for this reactor
might have been noticed and modifications might have been made. This
recognition led to a greater acceptance of the methodology used in the
Reactor Safety Study.

Thorough investigation of the propagation of the radionuclides
through the TMI-plant after the accident made many experts believe that
source term estimates were excessively high. Levenson and Rahn
published an article in which they pointed out that during an accident
hitherto unknown or scarcely recognized mechanisms exist which in most
cases retain a substantial amount of the radioactive core-inventory [4].
Physical and chemical processes would considerably reduce the source
term, although the actual interaction and influence of these processes was
not yet fully understood.

As a result of these observations, governmental licensing committees
and the technical community felt that a more realistic evaluation of severe
reactor accident source terms was necessary. Hence, in many countries
relying on nuclear energy, programmes of experimental research and
theoretical analysis of the physical and chemical phenomena involved in
radionuclide release were supported by industry and government [3]. At
the moment much of this 'source term research' is still in progress or only
recently concluded. Experimental programmes relevant to the work
described in this thesis, which is part of this research, are introduced later
in this chapter.

On the night of April 25-26,1986, the most severe accident associated
with the peaceful use of nuclear energy occurred. In Unit 4 of the
Chernobyl nuclear power station in the Soviet Union, a safety experiment
with one of the turbines was scheduled to be performed during the annual
maintenance shut-down of the reactor. The purpose of the experiment was
to see whether the power requirement of the core coolant pumps of Unit 4
could be sustained for a short time after a reactor trip. This experiment
was not properly planned and was not fully approved. Furthermore the
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staff involved in the experiment were not adequately prepared nor aware
of the possible risks. In addition, the reactor's emergency core cooling
system was deliberately shut off because it could have interfered with the
experiment.

During the experiment, which did not run as well as had been hoped
for, several written safety rules were violated and other emergency
systems were switched off. A reduction in the main coolant and feedwater
flow caused a steep reactor power increase. Although alarms did operate,
the emergency protection systems (which were not stand-by) could not
prevent a thermal explosion of the reactor. At least 31 people were killed
immediately or in the next few months; 29 by radiation disease and 2
burnt in the fire resulting from the explosion. Moreover, 100,000 people
were forced to leave the surrounding area, because of the radioactive
contamination of vegetation, soil and water.

A considerable amount of radioactive material was released into the
atmosphere and dispersed over parts of the Soviet Union and Western
Europe. Governments took various steps to minimize the radiation effects.
The Dutch government prohibited the consumption of fresh sheep's milk
and spinach.

From the deposited material it was concluded that all of the noble
gasses and 10-20^ of the volatile fission products cesium, tellurium and
iodine were released. Because of the enormous internal heat production,
the fuel was evaporated into the air. This caused the release of 3-5% of the
non-volatile products [5,6].

The Chernobyl disaster did not fit into the risk analyses of the Reactor
Safety Study or subsequent studies. The Chernobyl-type of reactor is only
used in the Soviet Union and differs on essential points from Western
types of reactors. In addition, the philosophies whereupon the safety
systems and organisation were based are completely different. The
accident itself and its so jrce term therefore are unique and typical only for
this type of reactor.

As a direct result of the accident, the Dutch Government postponed its
decision on the future use of nuclear energy pending a re-examination of
the issue. Similar actions were taken in other coutries. The basic stand of
the USSR on the question of nuclear power remained unchanged, however,
and the growth of electricity production will be based almost entirely on
nuclear power plants. The Chernobyl-type of reactor will be modified and
pressurized water reactors like the Western types will be built in the
future [7]. The influence on the source term research is relatively small
because of the mentioned differences with Western reactors. However,
investigation of the probability and prevention of accidents caused by a
reactivity increase is emphasized.

Furthermore, the accident encouraged the development of reactor
types with more emphasis on passive safety features, such as the High
Temperature Gas Cooled Reactor or the Small Boiling Water Reactor.
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Experimental programmes on the release of fission products
from overheated fuel

Several programmes of research concerning the possible release of fission
products from overheated fuel are either in progress or recently finished.

They can be divided into groups: first, full-scale experiments, in which
a complete fuel element is heated in a test reactor(in-pile experiments),
the results of which have an overall character, and second, typical
laboratory experiments, in which (basically) the influence of one or more
parameters on the release characteiistics is investigated (out-of-pile
experiments). In the out-of-pile experiments only small fuel samples are
used.

This section gives a short description of the most prominent laboratory
experiments going on or recently finished. All these experiments have two
common objectives; the determination of the release rate and
identification of the chemical form of fission products released by
overheated fuel. The Winfrith experiment concentrates on chemical forms
only.

In most cases the release rates obtained were compared with those
given by the NUREG-0772 report [8]. This report gives the release rates
for the most relevant fission products up to temperatures as high as 2800
K. These curves were obtained by a group of experts who interpreted the
release data available at that time (March 1981). The results of the
SASCH A experiment formed an important source for this data-base.

The SASCHA experiment (Kernforschungsanlage Karlsruhe) - The
SASCHA experiment was carried out between 1974 and 1984 and
concerned the fission product release and aerosol formation in the event of
a core melt [9].

During an experiment, a mass of 200-250 gram uranium dioxide (UO2)
with non-radioactive fission product additives (so-called fissium) was
heated in a flowing steam, argon-steam or argon-hydrogen atmosphere.
The generated aerosols were absorbed on several filters which were
afterwards analyzed on fission product content and aerosol particle
dimensions.

This experiment was the first of its kind and yielded the release rates
of several volatile fission products as a function of temperature. These data
were subsequently used extensively in all kinds of risk analyses. It was the
first useful data-base of its kind.

The KWU experiment (Kraftwerk Union, Fed. Rep. Germany) - The
German reactor builders Kraftwerk Union performed an experiment (from
1980 until 1984) in which the release of cesium (Cs) and iodine (I) from
irradiated fuel samples was investigated [10].
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Small fuel samples were cut from irradiated fuel rods with burnups up
to about 4% FIMA (FIMA = fraction of initial metal atoms) and heated in
a Knudsen-cell contained in a vacuum. The cesium and iodine particles
released were frozen onto a rotating disk, which was cooled with liquid
nitrogen. Iodine and cesium were collected from the disk by separate
chemical solutions. The iodine-129 was activated to iodine-130 by a
neutron irradiation. The sample was analyzed later using ordinary
gamma spectrometry. The major conclusion was that cesium and iodine
are released (initially) from gas bubbles and grain boundaries and
afterwards by ordinary diffusion. The temperature at which the initial
release takes place decreases with an increasing burnup.

The HEVA experiment (CEA, Grenoble, France) - In this experiment
(started in 1985) a defined accident sequence on a section of an irradiated
fuel pin [11] is simulated. The determination of the fission product release-
kinetics and the physical and chemical characteristics of the released
species are the main objectives of this experiment.

A few pellets of an irradiated fuel rod are heated in a mixed flow of
superheated hydrogen and steam, according to a temperature-time profile
as expected to occur during a severe accident. The influence of short-lived
fission products can be investigated by a re-irradiation of the fuel shortly
before the experiment. The fuel is monitored by a gamma spectrometer
during the heating and the released particles are collected on disks and
filters. These are afterwards analyzed by gamma spectrometry, scanning-
electron microscopy and X-ray analysis.

Conclusions are not reported yet.

The experiment with molecular beam mass spectrometry at Battelle Labs
(Columbus, Ohio, USA) - The research division of Battelle developed a
high-pressure, molecular beam mass spectrometer between 1970 and 1985
[12]. With this equipment samples of irradiated fuel (up to 5% FIMA) were
heated up to 2400 K in a steam, or steam/hydrogen environment with a
pressure of a few bars. A molecular beam inlet system sampled this
environment continuously. The molecular beam is analyzed during the
experiment by a mass spectrometer.

At first the release of actinides from the fuel was investigated. From
this it was concluded that there had been a considerable release of the
element curium. Further investigations showed that vaporization of the
uranium dioxide matrix becomes the dominant release mechanism above
1900 K. The steam-to-hydrogen ratio seriously affects the importance of
this mechanism.

The Oak Ridge experiment (Oak Ridge, USA) - This project had the
objective of clarifying the kinetics and chemical form of fission products
released from overheated fuel in the event of a severe accident [13].
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Specimens of irradiated fuel rods were heated up to 2300 K in an
induction-furnace; and the released particles were carried by flowing
steam into a thermal gradient tube. The particles were deposited on the
wall of this tube at different temperatures. The tube was continuously
scanned by gamma spectrometers. Several different filters were placed
behind the tube to collect aerosols and iodine. Various analysis techniques
were used to investigate the filter depositions. In addition, the uranium
dioxide internal microstructure was investigated by microprobe analysis.

This project threw new light on several phenomena encountered with
the accident at Three Miles Island and indicated the retention of the
element tellurium by the zircaloy cladding. The release rates of the
elements cesium, iodine and tellurium appeared somewhat lower than
those mentioned in NUREG-0772 [8].

The mass spectrometer experiments at Argonne (Argonne National
Laboratory, USA) - In these experiments, irradiated fuel samples (or
fissium samples) were inductively heated to a preselected temperature in a
Knudsen cell [14]. The particle beam leaving the cell was analyzed by a
mass spectrometer. The results of the experiments with fissium indicated
a reaction between the element tin from the zircaloy cladding and the
fission product tellurium.

The experiments with irradiated fuel showed the elements tellurium,
cesium and iodine to be released as atoms. The release rates appeared to be
lower than those presented in the NUREG-0772 report [8]. Apart from the
rare gasses, no other fission products were detected.

The experiment with matrix isolation infrared spectroscopy at Winfrith
(U.K.) - This experiment also had the objective of identifying the chemical
form of fission products in the primary system of a Light Water Reactor
[15]. Fissium samples and, in a later stage of the project, irradiated fuel
samples were inductively heated in a vacuum system. The particle beam
was analyzed by a mass spectrometer and frozen onto a cooled disk
together with a neutral gas (argon or nitrogen). The frozen neutral gas
species formed a matrix in which the particles from the fuel sample were
isolated. The frozen samples were investigated with transmission infrared
spectroscopy.

The project started with the investigation of several molecular species
possibly present in the primary system.

The KEMA source term experiment [16]

Also KEMA (the research institute of the electricity companies in the
Netherlands which operate two nuclear power reactors), had an interest in
studying the source term.
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Realism being the central idea of safety research after 'Harrisburg',
the institute opted to work with real, irradiated fuel which resembled both
physically and chemically the reactor fuel at an accident. In order to
reduce the radioactivity to a level allowed by an existing laboratory
permit, this choice implied fuel samples with a size in the order of 1 mm
only.

Samples of such a small size cannot be heated by their own nuclear
radiation, as can happen in much larger fuel assemblies, cooling being too
efficient. Fuel samples were therefore put in a crucible which was heated
by external means and which interacted as little as possible with the
sample and the effusing products.

The latter cannot be characterized by the sole measurement of their
gamma spectrum. Optical methods were considered, but the more simple
method of mass spectrometry was selected. With this method, the products
are forced to concentrate in a beam, by the geometry of the crucible. The
beam is directed to an ioniser and a small fraction from it is (then)
analyzed by a mass spectrometer.

Fresh samples were prepared, so that the behaviour of relatively fast
decaying nuclei could also be studied.

The KEMA source term experiment was started in 1982. Initially it
had two objectives:
(1) the determination of the release rate and
(2) the chemical form of fission products released by freshly irradiated

overheated fuel up to temperatures of 2800 K.
In 1984 a third objective was added:
(3) the determination of the transport of fission products inside

overheated fuel.
The absence of any realistic atmosphere (water or steam) may have an
influence on the release characteristics. A realistic atmosphere would,
however, obscure fundamental intragranular (i.e. inside the uranium
dioxide grains of the sample) transport and release processes. This means
that to determine the kinetics and chemical form of the fission products in
the event of an accident with a nuclear reactor, further experiments with a
realistic fuel environment are needed. However, the experiments
performed do throw light on some of those processes inside the sample
which do not involve surfaces adjacent to open spaces such as gross
porosities or open channels.
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Chapter 2

Experimental equipment and laboratory facilities

This chapter describes the experimental equipment used in our
experiments. It also serves to give an impression of the number and
complexity of laboratory facilities necessary for the reliable and safe
performance of the experiments.

The equipment can be divided into three types:
(1) that which is used for the manipulation of the capsule and the samples;
(2) that which is used for the evaporation of the samples;
(3) the spectroscopy and tomographic equipment.
All tests were performed in the Laboratory for Technological and
Chemical Research (the former Nuclear Reactor Laboratory) of KEMA at
Arnhem. In addition to common facilities, this laboratory comprises a
reactor building (Figure 1) consisting of several compartments and utility
rooms. In this building the former Kema Suspension Test Reactor was
operated. One of the utility rooms in which radioactive material from the
reactor was handled, the hot lab, was completely refurbished and made
suitable for the source term experiment.

Human activities in most rooms of the building, including the hot lab,
can be followed on TV screens from a control room. Here too, the
ventilation system and power supply can be checked and controlled.

The ventilation system of the reactor building refreshes the air inside
the hot lab. To avoid the venting of radioactivity to the environment the
air passes through several filters (active-coal filters to catch the iodine and
absolute paper filters for aerosols). This allows the radioactive content of
the air to be monitored at different stages. In case of a main electric power
failure, a Diesel-driven generator can take over.

A plan of the hot lab is given in Figure 2. A large concrete wall
separated the control area from the experiment area in which the
radioactive samples were handled. The two areas were connected by a
narrow passage.

The control area mainly contained racks with electronic equipment, a
control desk and a computer table. Figure 3 shows this area. The operator
manipulated the radioactive material (either test samples or waste) while
seated behind the control desk. The process could be watched either on TV
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Fig. 2
Plan of the hot lab.
1 hot cell; 2 control desk; 3 computer desk; 4 pin-hole collimator and gamma detector; 5
gamma tomographer; 6 lorry for transport container; 7 columbarium (waste disposal); 8
mobile emergency ventilation-unit; 9 no-break unit; 10 air filtration equipment; 11
manipulation desk; 12 liquid nitrogen supply; 13 instrumentation racks; 14 shielding
wall; 15 entry-room.

A completely new ventilation system was installed in the hot lab as
part of its redesignation. This system comprised several filters and
ventilators covering the northern wall. It was connected to the ventilation
system of the reactor building.

An uninterrupted electric power supply was guaranteed by a no-break
unit together with the Diesel generator. Equipment sensitive to power-
interruption was connected to the no-break unit. This unit was normally
charged by the mains and, in the event of a power failure could supply the
back-up power for up to 15 minutes. In the meantime the generator could
be activated.

An uninterrupted power supply during the tests was of paramount
importance (for a successful test); short interruptions of the temperature
control could cause unwanted temperature excursions.

The hot cell

The main part of the experimental facility was a dedicated hot cell. This
large construction contained the vacuum system, the manipulation desk
and the tomographic equipment. Desk and vacuum system were connected
by a rail along which the high-temperature furnace was moved. Figure 4
gives an artist's impression of the hot cell. It was divided into two
compartments; the upper one, with the vacuum system containing
radioactive material, was surrounded by a lead shield. The investigator
was able to glance into the interior through one of three small windows
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Fig. 3
Control area hot lab.

made of lead-containing glass. Access to this compartment was through a
sliding-door or a sliding-roof, which were also made of lead.

The bottom compartment with the transport rail, the manipulation
desk and the tomographic equipment, was surrounded by transparent
plastic slabs. Some peripheral utilities were also located in this area.

With an external ventilator, the pressure inside the hot cell was kept
about 10 Pascal below atmospheric to keep any radioactive particles
which might accidently be released inside.

The manipulation desk - All activities which were potentially dangerous
due to the possible release of radioactive substances took place on the
manipulation desk (Figure 5). Special care was taken to eliminate
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Fig. 4
Artist impression hot cell.
1 vacuum system ( upper compartment); 2 vacuum system ( lower compartment); 3
mass spectrometer; 4 liquid nitrogen supply; 5 magnetic rotation-feedthrough; 6
turbomolecular pumps; 7 automatic flange coupler; 8 filtered umbrella for high
temperature furnace; 9 microscope; 10 tomographer; 11 x/y/z manipulator; 12 sawing
compartment (filtered venting); 13 high temperature furnace (here shown at
manipulation desk); 14 automatic waste container sealing machine; 15 capsule
container; 16 shielded capsule box(for gammaspectrometry); 17 T.V.-camera; 18 lorry;
19 columbarium (for temporary waste disposal); 20 waste container storage position; 21
shielded powder accumulator (filtered venting); 22 lead shielding; 23 transparent
plastic hot cell shielding; 24 connections for ventilation.

avoidable risks. Therefore special tools, dedicated to their task, were
constructed. These tools were:
(1) a manipulator, with a replacable extension, to move radioactive

material (samples and waste) in the x-, y- or z-direction;
(2) a vented sawing-machine, to open the capsule (the capsule containing

two samples surrounded by powder is described in Chapter 3);
(3) a canning-tool to dispose radioactive waste in an air-tight container;

this container could be removed manually and fits into the
columbarium;
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'•}• a microscope with camera, situated beneath the desk, to allow the
person carrying out the experiment to inspect and judge the sample
surface on a TV screen. A hollow piece of glass between the sample and
the objective of the microscope acted as a sample-catcher if necessary.

Also in the diagram, three hollow cylinders to store the manipulator
extensions can be seen. The extensions used were a small grab to seize the
objects and two small suction heads inne for objects with a diameter
smaller than 0.7 mm) which transformed the manipulator into a vacuum
cleaner. These were used to remove contaminated powder from the capsule
or from the manipulation desk. The powder was collected in a particle
filter enclosed in a lead shielding. The vacuum was maintained by a
diaphragm pump behind the particle filter.

Two small cylindrical containers couid be used as input- or output-
position for the capsule.

One remotely controlled videocamera provided a view of the
manipulation desk. In order to estimate dimensions and distances during
the manipulations, a second videocamera was necessary. This was
artificially created by using a mirror moved by a toy robot mounted on the
tomographer. The operator directed the videocamera towards the mirror
and checked his actions with the manipulator.

The vacuum system (exterior) - Figures 6 and 7 show the main part of the
vacuum system with vacuum pumps and filters. The lower part of the
system contained the high-temperature furnace with the crucible. In the



Vacuum system (side-view).
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Fig. 7
Vacuum system (top-view).

upper part of the system analysis of the particle beam from the furnace
took place.

The vacuum pressure in the system (105 Pascal) was achieved by two
Pfeiffer turbomolecular pumps; one on the analysis area (pumping speed:
170 litres of nitrogen per second) and one on the heating area (500 litres
per second). A Penning-gauge measured the total vacuum pressure. The
pre-vacuum for each turbopump was provided by a one-stage rotation
pump (Pfeiffer). Exhaust gasses from these pumps passed through an oil-
recirculation system before entering a charcoal filter. Together with a
charcoal trap behind the turbo on the analysis area, these filters trapped a
large part of the radioactive element iodine before it entered the
ventilation system. The analysis compartment could be heated to 200 °C to
outgas the inner surfaces and get an improved vacuum with less residual
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gasses. Two glass windows, one in the upper and one in the lower
compartment, offered a view oi the interior.

The handling of the samples - This description of the manipulation
procedure starts with the transport container in the hot lab, ready for
removal of the top cover. All manual operations with a radioactive object
were performed with a pair of tongs. The irradiated capsule was lifted from
the container after the lid had been removed by a remotely-controlled
crane. The operator moved the capsule into a vented housing, partly
shielded with lead and mounted on the container.

A gamma spectrometer was used to establish the radioactive contents
of the capsule. Afterwards the capsule was moved to the input-position on
the manipulation desk. All subsequent manipulations were carried out by
remote control.

The manipulator with the grab-extension moved the capsule into the
sawing-compartment where it was clamped. Next, the upper part of the
capsule was sawed off.

The grab-extension of the manipulator was then replaced by the
suction head. With this tool the powder surrounding the sample in the first
inner capsule was removed into a particle filter. However, the sample
sphere itself was drawn by the vacuum onto the suction head, being too big
to be sucked into it.

The manipulator with the capsule now moved to the microscope to
allow the sample surface to be inspected. The sample was then transported
to the tomographer or to the crucible in the high temperature furnace,
depending on the test schedule.

In order to keep the radiation level as low as possible the capsule, still
containing the second sample, was removed from the clamp to the output
position on the desk. The operator then manually transported the capsule
to the columbarium for temporary storage.

The manipulation of the second sample was conducted in the same way
as the first.

Measurement equipment for the evaporation experiment

The samples were evaporated in a high-temperature furnace inside the
lower compartment of a vacuum system. In the upper compartment, this
system contained a mass spectrometer to analyse the evaporated particles
and to determine their chemical form.

A gamma spectrometer was placed outside the vacuum system to
monitor the radioactive sample during the evaporation and hence
establish the release rate of the gamma-emitting particles.

The vacuum system (lower compartment) • The lower compartment of the
vacuum system contained the high-temperature furnace. Figure 8 shows a
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photograph of this important part of the equipment.
The furnace was purchased from Weinhagen's Gesellschaft fur

Physikalische Technik but modified by KEMA to suit our requirements. It

Fig. 8
High temperature furnace.
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consisted of a structure with low heat-conducting properties with 4
radiation shields built onto a flange. In the centre was a tungsten crucible
supported by two tungsten pins, electrically insulated from the
surrounding structure. A tungsten heating filament was supported by six
tungsten pins penetrating the shields. The filament was mounted in the
so-called crown configuration, ensuring a homogeneous temperature
distribution along the crucible.

Heating was achieved by electron-bombardment; the filament acted as
a kathode (0 Volt) and the crucible as an anode ( + 2500 Volt). Joule
heating of the filament caused it to emit electrons (up to 400 mA electron
current); these were accelerated by the potential difference towards the
crucible and lost their energy in the surface of the crucible. The high
voltage and filament current power supplies were made by Heinzinger.
Crucible temperatures of approximately 3100 K can be obtained with this
configuration.

Several considerations put restrictions on the shape of the crucible
(Figure 9):
(1) thermal considerations (low heat capacity, low radiation heat losses

and a homogeneous axial temperature-distribution) made it desirable
that the crucible be as small as possible;

Fig. 9
Crucible.
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(2) safety considerations required that the crucible was securely held
during manipulation; having a small edge on the crucible helped to
ensure this;

(3) a large length-to-radius ratio for the interior of the crucible improved
collimation of the particle beam;

(4) the crucible had to be easy to manipulate onto and from the two
support pins in the furnace by remote control;

(5) it was important that even the largest sample (diameter: 2.2 mm)
could easily be manoeuvred into the crucible.

At an early stage of the preparations it had been intended that the crucible
temperature should be measured using an optical pyrometer. So the
crucible was given a protrusion provided with a hole. The pyrometer was
focussed inside this hole which acted as a black-body radiator. These
measurements proved to be unreliable, however, because of small
movements of the crucible and its support, caused by the high
temperature. The protrusion however was retained on the crucible to
facilitate the manipulation onto the support pins.

Transport of the furnace between the manipulation desk and the
vacuum system took place along a rail. It has been thought that parts of
the hot cell could become contaminated with radioactive elements such as
iodine, prematurely released by the sample in the furnace during the
transport. Consequently, a special 'vacuum-umbrella* was used to preserve
a clean hot cell (Figure 4).

A remotely controlled flange-coupler ensured a leak-tight connection
to the vacuum system.

The vacuum system (analysis compartment) - The analysis or upper
compartment of the vacuum system contained three important pieces of
equipment: (1) the quadrupole mass spectrometer, (2) a beam chopper and
(3) a cold disk construction. Figure 10 is a schematic drawing of the
interior of this compartment.

Particles leaving the crucible entered a chimney-like structure which
collected most of the particles not directed towards the ionizer of the
quadrupole. This avoided a large-scale contamination of the compartment.
The chimney-structure was manually removed after each test and stored
in the columbarium.

The particle beam emerging from the chimney was chopped by a
rotating disk.

(1) The quadrupole mass spectrometer.
The main parts of the mass spectrometer (Balzers QMG 511) were the
ionizer, the quadrupole filter and the electron multiplier with
electrometer. Figure 11 is a schematic drawing of this important piece of
equipment.
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1 particle 'chimney'
2 chopper disk
3 diaphragm
4 ionizer
5 quodrupole massfilter
6 electron multiplier
7 electrometer
8 LIM2-cooled gloss disk
9 videoscope

10 rotational vacuum feedthrough
11 chopper disk with frequency

sensor
12 turbomolecular pump

Fig.10
Diagram of the vacuum system analysis compartment.

Some of the particles in the sensitive volume of the ionizer were
stripped of one (or more) electron(s) by impacting electrons emitted by the
cathode-filament of the ionizer. The impacting electrons were focussed on
the sensitive volume of the ionizer by means of a Wehnelt-electrode and a

V3

-if

Fig. 11
The mass spectrometer.

U+Vcosut

1 ionizer
V1 = ionizotion voltage
V3 = ion energy
V4 = formation chamber voltoge
V6 = extraction voltoge

2 quadrupole massfilter
3 secondary electron multiplier
4 electrometer
5 sensitivity area of ionizer
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magnet. The electrons were forced to move in spiral curves thereby
increasing the probability of collision with the particles (Penning-
principle). The positive ions created in this process are electrostatically
removed from the ionizer by means of a second electrode. Another
electrode decelerated the ions to the nominal entrance speed of the filter.

The mass filter consisted of four cylindrical stainless steel rods. The
rods that were opposite to each other had a potential difference equal to
+ /- (U -I- V- coscot). This alternating (high frequency) electric field inside
the filter caused the ions to describe a periodic, non-sinusoidal, curve.
Mathematically, these curves are described by the well-known Mathieu-
equations. The U/V-ratio could be tuned to the specific mass-to-charge
ratio of the ion. Ions with this ratio passed the filter and hit the target
plate of the multiplier. Electrons created by this collision were multiplied
in an ordinary secondary electron multiplier.

The charge of the electron burst was measured with a sensitive
electrometer which transformed it into a voltage signal. This signal was
fed into a lock-in amplifier. A more detailed functional description of a
mass spectrometer can be found in [1].

(2) The beam chopper.
The disk of the particle-beam chopper consisted of 50 slits, equally spaced
one slit's width apart. The central shaft rotated on two, non-lubricated,
vacuum bearings in the bottom and top of the compartment. There were
two, concentric, cylindrical magnets, one in-vacuo on the disk shaft, and
one ex-vacuo rotated by a motor-driven belt, which together acted as a
rotating vacuum feed-through. The shaft rotated at nominally 18 Hz. A
copy of the chopper disk, with an opto-electronic sensor, was mounted on
the outer magnet. This sensor provided an electric reference signal,
modulated with the chop frequency. The chopped beam passed a
diaphragm and entered the ionizer of the quadrupole mass spectrometer.

(3) Electronic equipment (the lock-in amplifier).
The most interesting part of the electronic equipment is the lock-in
amplifier which was used to increase the sensitivity of the quadrupole. The
other equipment was fairly commonplace, but the lock-in amplifier needs
to be described in more detail. Figure 12 shows how this amplifier was
configured with the mass spectrometer. The electrometer signal,
modulated with the chop frequency, and the reference signal from the
opto-electronic sensor on the reference disk outside the vacuum, were both
input to a lock-in amplifier (EG&G Brookdeal 5205). Both signals must
have a constant, or only gradually changing, phase difference.

In short, the purpose of the amplifier was to filter the component with
the modulation frequency from the electrometer signal.

Apart from being modulated, the electrometer signal was corrupted
with noise. This originated from:
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Fig.12
Mass spectrometer data acquisition(with lock-in amplifier).

(1) the electronic control units of the turbomolecular pumps and the main
power supply, which introduced non-relevant frequency components;

(2) the acoustic coupling of the electrometer preamplifier to the sound of
the prevacuum pumps (a major source of trouble);

(3) small vibrations in the vacuum system introduced by the pre-vacuum
pumps, which were reflected in the electrometer signal.

The lock-in amplifier only transmitted signals with frequencies in a
narrow band around the chop frequency. All other signals were rejected.

The resultant output from the lock-in amplifier reflected a chopped
particle beam. This meant that particles emerging from the chimney were
discriminated from particles from the residual gas in the analysis
compartment of the vacuum system. The origin of a chopped particle beam
need not necessarily have been the crucible; the heated furnace or its
surroundings which also attained high temperatures, might have caused a
considerable particle current to the upper compartment. Some of these
particles pass the chimney and the chopper and contribute to the lock-in
amplifier output signal.
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Residual gasses with a high partial pressure may have been reflected
in this signal because a frequency component inside the pass-band can
exist.

Figures 13A and 13B show the influence of the filter process on the
mass spectrum of uranium dioxide and some fission products detected in
one of the experiments. Figure 13A shows that the peaks of the important
uranium trioxide (UO3) ion (at 283 and 286 a.m.u.) are not discernible in
the ordinary mass spectrum but are easily detected if the lock-in amplifier
is used. Figure 13B only shows peaks of xenon and zirconium oxide in the
ordinary mass spectrum but when the lock-in amplifier is used a wealtii of
fission product peaks is detected.

The gamma spectrometer - A gamma spectrometer consists of a gamma
collimator, a gamma detector and electronic equipment to process the
electric pulses originating from the interaction between the gamma
photons and the detector crystal. In our configuration, depicted in Figure

U02-270 UO-254 U-238

c

I

UO3-286

^.^JUV.M

U-235

U02-270
UO-254

U-238

Fig. 13A
Example of a mass spectrum of urania
peaks. Upper registration: with lock-in
amplifier. Lower registration: without
lock-in amplifier.
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Fig. 13B
Example of a mass spectrum of some fission products. Upper registration: with lock-in
amplifier. Lower registration: without lock-in amplifier.

14, a pinhole collimator, made of lead, 'viewed' the crucible with the
radioactive object inside the vacuum system.

The shape of the pinhole allowed a spot of 13 mm on the crucible to be
monitored on gamma radioactivity. This meant that, apart from the
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Fig. 14
Gamma spectrometer configuration.

sample (max. 2.2 mm) the crucible itself could contribute to the measured
activity (see Figure 15).

Before being collimated the gamma beam from the interior of the
crucible was attenuated by the tungsten crucible, the steel vessel of the
vacuum system and air between detector and vessel.

When a gamma photon deposits all its energy in the germanium
crystal of the detector (ORTEC-High Purity germanium), an electric pulse
is created which has a height proportional to the photon energy. This pulse
is shaped and amplified by a spectroscopy amplifier (ORTEC 572) before
being analyzed by a multi-channel analyzer (Canberra S40). An analog-to-
digital converter inside this analyzer establishes the pulse height and
subsequently counts it in one of 4096 channels.

In practice however, the process is not as straightforward as it has
been described here. A substantial portion of the photons lose only a
fraction of their energy in the crystal. This is the case when photons
scatter on electrons of the germanium (Compton scattering) and leave the
crystal, or when photons are scattered back from structures surrounding
the crystal. These two processes dominate the interaction between photon
and crystal. They cause a gamma spectrum to consist of a photo peak with
a Compton continuum and one or more backscatter-peaks. At low energies
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Fig. 15
Spot on the crucible imaged by the
pinhole collimator.

the characteristic X-rays of the surrounding materials are present.
Obviously, when photons of different energies exist, the gamma spectrum
becomes quite complicated.

Data acquisition and computer control - Central to the data acquisition
system was a small LSI 11/23-computer. It provided the emission current
setpoint for a temperature control unit (Eurotherm-820). The actual
emission current was continuously monitored by the computer. The
computer obtained the temperature related to the emission current by
referring to the calibration curve which specified temperature as a
function of emission current (see Chapter 5). In this way the crucible
temperature was controlled to reflect a specific temperature-time table.
The configuration around the computer is shown in Figure 16.
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Fig.16
The computer as nucleus of the data acquisition and control system.
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All functions of the mass spectrometer could be set and mass data were
acquired at a sampling rate of 8 points per atomic mass unit (a.m.uJ.

The gamma spectrometer was also controlled by the computer,
running the same computer program. In short, this computer software
took care of:
(1) setting the mass spectrometer and starting the scan;
(2) acquiring the data on masses and intensities from the measurement

equipment and store them in computer memory;
(3) temporarily plotting this spectrum on the screen;
(4) initiating the collection of a gamma spectrum;
(5) retrieving a gamma spectrum from computer memory;
(6) providing the setpoint of the emission current;
(7) acquiring the actual values of the emission current, the high voltage

and the filament current.
A gamma spectrum was collected during the acquisition of the mass
spectrum. When this was finished the gamma spectrum was stored by the
computer. Then a new mass spectrum was acquired, and the process
repeated.

At specific intervals the emission current, the high voltage and the
filament current were registered by the computer.

Both input and output of the lock-in amplifier were recorded on paper.
A second recorder registered the total vacuum pressure and the emission
current.

Analysis of the gamma and mass spectra was performed manually. It
was possible to redraw the mass and gamma spectra on the computer and
the multichannel analyzer respectively.

The tomographic equipment

The tomographic equipment monitored the radioactive contents of the
sample and then reconstructed the three-dimensional distributions of
several fission products. The two main parts of tomographic equipment
were the imaging device (or tomographer) and the reconstruction
computer which calculated and displayed the results (called tomograms).
The massive tomographer (Figure 17) consisted of a slit collimator
rotatable in a rather thick lead cylinder which shielded the gamma
detector against background radiation. The sample support was mounted
in front of the collimator.

The whole structure was situated inside the hot cell near the
manipulation desk (see Figure 5). The plastic shield of the hot cell closed
on the lead shielding surrounding the detector. This meant that the
detector was actually outside the cell, preventing contamination of the
detector which would have caused a deterioration in its performance.
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Fig. 17
The tomographer (cross-section)

The radioactive sample was moved to the sample support by the
manipulator with one of the suction-head extensions fitted, as described
earlier.

The collimator - This important piece of apparatus consisted of a large
cylinder, made of lead. It was provided with a slit (slit width: 150 um) and
a cylindrical hole in which a smaller cylinder, made of a 80%-
tungsten/20%-copper alloy, was mounted. This small cylinder also had a
slit (width: 48 +/- 3 um). Both slits were configured straight behind each
other.

The dimensions of the smaller cylinder were such that an almost
perfect thin slice was monitored by the gamma detector. The specific alloy
was chosen because this material is easily machinable and has gamma-
attenuation figures comparable to lead. The thick cylinder with the larger
slit acted as a gamma absorber to keep the flux on the detector crystal low.

Some fission products produce beta particles which could severely
damage the germanium crystal of the detector. So a plastic disk was
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situated behind the lead cylinder to absorb these particles and protect the
crystal.

Rotation of the collimator was achieved by mounting two high quality
needle bearings with great precision inside a long cylinder (which was also
made of lead). This cylinder acted as a gamma shield for the detector
placed inside.

The collimator was rotated by a motor-driven belt. A second belt on the
motor pulley drives the shaft of a high precision, multi-turn, potentio-
meter which transduced the rotation angle of the collimator to a display on
the control desk. This complete massive structure (weight: 300 kg ) rested
on a rigid collimator support.

The sample support - Most of the commercial tomographers available have
multiple detectors; a big advantage because such a configuration removes
the need to reposition the object which can cause all kinds of trouble. Due
to a lack of space and for reasons of economy, the configuration used
comprised only a single, immobile detector, so the sample had to be moved
across the collimator slit to obtain a projection (a projection is the
information obtained from one scan of the object).

It was possible to move the sample in both the vertical and horizontal
planes and to rotate it around its axis (Figure 18). All movements were
provided by stepper motors. The small rig which carried the sample was
mounted on a high precision rotation table (make: Unislide). Special care
had been taken during machining of the rig to ensure that, when mounted,
its axis was perpendicular to the plane of rotation of the table. This table is
connscted to a high precision translation table, allowing the horizontal
movement. This complete structure could be moved vertically by an

slit 0.05 mm

„ 9.5 mm

sample
(diam. 1-2.5mm)

360
z

12.5 mm(x) -c-
25 mm(z)\

Fig. 18
The tomographer (scan movements).
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identical translation table mounted on the collimator support. All
movements were independent from each other.

During the first performance tests of the equipment there was some
concern about the possible movement of the sample inside the rig due to
vibrations. This phenomenon, which would have made all measurements
useless, was avoided by loading the sample with a spring mounted in a
small, special tube (Figure 19). This tube fitted closely over the sample rig.

The reconstruction computer - Once a test had been completed, the data of
the gamma spectra were transferred from the central computer (LSI 11/23)
to an Apollo DN 580 T personal workstation. This computer combined a
high computational speed with advanced colour graphics capabilities.

It took about 40 seconds to reconstruct a 47 x 47 pixel plane using the
Radon-transform reconstruction technique. This short time gave the
investigator the opportunity to analyze the reconstructed plane while
seated at the computer screen and ask for another plane to be
reconstructed etc.. Pictures of interest could be copied with some loss in
resolution and number of colours, on a D-Scan colour printer.

Figure 20 is a schematic drawing of the tomography configuration.

Procedure of a tomographic teet - The object to be tomographed was
manipulated into (or onto, in case of a non-spherical phantom) the sample
support rig. The position of the sample was then manually adjusted to
ensure that all scans covered the complete sample during the test. The

- anti—roll utility
with spring

sample

Fig. 19
Sample support with anti-roll utility.
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Fig. 20
The tomography configuration.

tomographer (i.e. sample support and collimator) was first brought in the
starting position (x, z, <}> and e all zero). The sample was then scanned in the
z direction and, if necessary, the initial z position adjusted. This was
repeated for the x direction.

In the early tests the procedure was repeated until continued several
scans had been completed to establish correction values for errors
introduced by the equipment. However, because these values were
reproducible, it was concluded that the equipment was steady in its
performance, and so these scans were discontinued. Later tests
immediately started with the actual scanning process.

The programs which directed the translation and rotation tables were
stored in the stepper-motor pulse-unit. The computer prompted this unit to
start a program and then waited until the movement was finished. Once
this was done the computer activated the multi-channel analyzer to collect
a gamma spectrum.

When ready, the spectrum, or parts of it, were transferred to the hard
disk of the computer. A new scan position was then attained and the
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process repeated. Once a scan was completed the sample was rotated or the
operator asked to rotate the collimator.

A complete tomographic test could last up to 4 days in a noisy and
uncomfortable laboratory. The screen of the computer was therefore
coupled to a screen in the central control room of the reactor building
where it could be watched by the operator in relative comfort.
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Chapter 3

Sample characteristics

Experiments like those described in this thesis are both expensive and
time-consuming. Consequently, only a few tests could be performed
because both financial support and available time are restricted.

The results of the tests are expected to depend on several parameters.
In an ideal situation, the influence of each independent parameter could be
investigated by variation. However, each variation would mean another
test, and with the number of variations necessary in our case, it would
have been impossible to perform them all.

It was therefore necessary to make a selection and investigate only
those parameters expected to be the most influencial. These were the fuel
burnup, the fuel temperature, the surface-to-volume ratio and the
influence of a sample cladding. A test in which a parameter was changed
was preferred to a test in which the reproducibility of the results had been
checked. So it was vital to have a clear description of the samples and the
irradiation circumstances. In addition, the experimental environment
needed to be clearly determined and remain the same for all tests.

Two kinds of uranium dioxide (UO2) samples were used; powders
containing simulant (non-radioactive) fission products (called fissium) and
solid spheres to be irradiated in a nuclear reactor.

Fissium can be prepared in a chemical laboratory by simply mixing
pertinent amounts of fission product elements, in the form of powders,
with UC*2 matrix powder and sometimes by a mild pressing and sintering
of this mixture. It is non-radioactive, which makes it attractive:
experiments with fissium do not require radiological precautions. The
fissium-powder used in our experiment is described in [1]. However, it is
not a good simulant of irradiated UO2. (Note: Experimental investigations
showed that the volatile fission products do not diffuse into the UO2 grains
during the sintering [2]. The lanthanides and the strontium do, but only
into the outer region of the grains. This is of major importance for
irradiated fuel, where all the fission products initially are homogeneously
distributed inside the fuel grains and only the volatiles migrate to open
porosities. Other important differences are the absence of a crack and pore
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pattern, a garrma particle flux and the use of powder instead of a sintered
solid.)

Our own exptriments with fissium proved that this material, when
compared with the irradiated fuel, is not representative of irradiated fuel.
These experiments were merely of interest as a test of the mass
spectrometer. Some of the results of these experiments are however used
in the discussion of the experiments with the irradiated fuel

In this chapter the samples and the irradiation conditions are
discussed and compared with real reactor fuel.The first part of this chapter
describes reactor fuel in ordinary light water reactors. The second part
describes the spherical samples used in our experiments and the third part
gives the fission product inventory after irradiation. Finally, the fourth
part compares the uranium oxide spheres with ordinary reactor fuel after
it has been irradiated; the internal state of the fuel samples is discussed
and also compared with reactor fuel.

Uranium dioxide fuel in nuclear reactors

The core of an ordinary light water reactor consists of several fuel
elements [3]. Each element consists of several fuel rods each containing a
lot of fuel pellets. Figure 21 shows a cross-section of a PWR fuel rod. The
stacked pellets are retained by a tube made of the alloy zircaloy-4 mainly
containing the element zirconium and some tin. This tube is called the
cladding. The free space inside the tube is filled with helium gas prior to
irradiation. An expansion spring is inserted in the free space (called
'plenum') at the top of the rod. The plenum is filled with helium too.

The fuel has an average enrichment of about 3% uranium-235 and is
obtained from enriched uranium hexafluoride gas (UFg). The uranium
dioxide is ground to a fine powder and compacted by cold pressing into the
small cylindrical pellets. These are sintered in a neutral or slightly
reducing atmosphere at about 2000 K. After the sinter process densities
range from about 90 to 95 percent of the theoretical density.

Table 1 shows some physical properties of uranium dioxide.

Table 1
Physical characteristics of uranium dioxide.

melting point
crystal structure
lattice parameter
theoretical density
thermal conductivity

(K)

inm)
(kg/m3)
(W/mK)

3120 +/-30
face centred cubic (fluorite)
0.5465
10960
8.4 (300 K)
2.2 (1773 K)
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Cross-section of a fuel rod.

Most nuclear reactor cores are based on a sophisticated fuel
management program. This program calculates the most economical
arrangement of fuel elements and takes into account the fuel history,
safety considerations and the desired power production in the cycle of
interest. A fuel element spends about three years in a reactor before it is
discharged.
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Uranium dioxide spheres

This section describes the uranium dioxide spheres which were used as
samples. Their preparation and selection are discussed, as are the
irradiation circumstances and transport conditions.

Consideration was given to the use of pieces of real fuel, irradiated in a
commercial reactor, as the test samples. This, however, would have
involved the use of relatively old fuel (at the time of a test, at least one
year would have gone by, since the fuel was discharged from the reactor).
So it would no longer contain the short-lived fission products.

Some of these fission products, like the radiotoxical iodine-131 (half-
live (ti/2 = 8.04 days), iodine-132 (ti/2 = 2.30 hours), strontium-91 (ti/2 =
9.7 hours) and the (presumably) volatiles tellurium-132 (ti/2 = 78 hours,
parent of 1-132) and barium-140 (t i /2^ 12.80 days)[4], are major
contributants to the source term. In addition, slowly evolving chemical
reactions, which do not influence the chemical composition at the time of
an accident, could become important after a long time.

Therefore, since it was also relatively easy to vary a parameter, it was
decided that special samples should be prepared and irradiated for these
experiments.

Preparation and selection of the samples - All samples were manufactured
by the so-called sol-gel process [5, 6]. KEMA manufactured most of them,
except for the samples with an enrichment of 8.1 percent, which were
made by Energieonderzoekcentrum Nederland (ECN) at Petten.

In the sol-gel process used, a understoichiometric uranylnitrate
(UC>2)(NO3)i_5 solution forms a gel when introduced to a heated organic
solution of C2CI4 and trichloro-ethane with a pipette. At the tip of the
pipette, the gel grows to a droplet. When the desired diameter of the
droplet is reached (about three times the diameter of the final UO2 sphere)
the pipette is suddenly withdrawn. The droplets are then washed and dried
before they are sintered for two hours at 1873 K.

From these batches only a few samples were selected for irradiation. A
microscope with internal micrometer was used for both determination of
the spheres and estimation of the diameters. The selection criteria were:
(1) the sample should be spherical;
(2) the sample surface should be smooth without extrusions or colour-

marks;
(3) no artefacts of the chemical process should be present.
The mass of the sample was measured with a sensitive mass balance
(error: 1 x 10"4 grams).

Some of these spheres were subsequently cut into two pieces and
investigated with an optical microscope [7, 8, 9]. Figures 22A and 22B
show photographs of cross-sections of two spheres with an initial
enrichment of 20 and 8.1 percent respectively. The uranium dioxide grains
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Fig. 22A
Light-microscope photograph of a cross-
section of a sphere (20 % enrichment).

Fig. 22B
Light-microscope photograph of a cross-
section of a sphere (8.1 % enrichment).

are imminent and in the 20 percent samples with a diameter smaller than
1 millimetre their average diameter was estimated to be 16 +/- 3 um. The
8.1 percent samples showed a grain size of 25 + /-4 um in the surface region
and 16 +/-3 um in the centre.

In one of 8.1 percent spheres analyzed, a remarkable spot of
crystallites with very small diameter was found, probably the result of an
inhomogeneous heating profile across the sphere during fabrication,
causing weak sintering in this area.

Every 20 percent sphere with a diameter greater than 1 millimetre
had a grain size of 20 pm in the outermost (200 um deep) layer at the
surface. This compared with the 5-10 um for the grains in the central
region of the sphere. It appeared that this batch of spheres and the 3.1
percent batch were not sintered long enough to obtain equal grain sizes
throughout the sphere.

Consequently it has to be recognized that, although the samples on the
average were well-shaped and fabricated, incidentally an ill-defined
sample might have been irradiated and subsequently evaporated.
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In order to simulate the influence of the cladding material on the
release characteristics and chemical form of the fission products in real
fuel, some samples were provided with a spherical capsule made of
zircaloy-4. A capsule was fabricated from two hemispherical pieces welded
together in a helium atmosphere. A gap, filled with helium, between the
capsule and the sphere accomodated released fission gasses.

Figure 23 shows a spherical uranium dioxide sample with cladding
capsule.

The irradiation conditions - The UO2 samples were irradiated in the High
Flux Reactor (HFR) of the Joint Research Centre at Petten, The
Netherlands [10]. It is a materials-testing reactor which contains water as
coolant and moderator. Several different facilities are used for
experiments; two of them are the Reloadable Isotope Facility (RIF) and the
High Flux Pool Side Isotope Facility (HFPIF) which were used in this
experiment. The RIF (Figure 24) is a capsule-holder, located near the
reactor midplane, in a relatively flat part of the vertical neutron flux
density distribution. The capsules are cooled by circulating water of about
323 K. The thermal neutron flux in the RIF location ranges from 1.4 to 2.3
x l O ^ m ' V 1 . The HFPIF is comparable to the RIF but is located in a
region with an even higher neutron flux (2.1 to 2.8 x 10 m s ).
Reloading can take place every day at both facilities. One complete
irradiation cycle of the HFR normally takes about 25 days.

For the purpose of this experiment, the facility was loaded with an
aluminium capsule containing two smaller capsules. Each of the smaller
capsules contained a sphere embedded in powder. The outer capsule and
the inner capsules were welded under helium. Two types of capsule were
used (Figure 25).

Fig. 23
Cross-section of a sphere with cladding.
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Fig. 24
Reloadable Isotope Facility (RIF) of the
High Flux Reactor at the Joint Research
Centre in Petten.

In the first tests the samples were embedded in carborundum (AI2O3)
powder (Figure 25A). Although this powder actually is a thermal insulator
it was the best way to ensure that sufficient heat was removed from the
sphere to the capsule. However, it sufficed only for spheres with a low to
moderate heat generation rate.

Heat removal was very important, because the temperature of the
uranium dioxide had to be kept below about 1400 K during irradiation. At
higher temperatures the volatile fission products would have started
migrating through the fuel, resulting in a preliminary release.
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He

Al Fig. 25A
Capsule with Al2O3-powder.

Although this powder is relatively inert to several materials and
testing conditions, it proved to be an oxygen-supplier to the fuel.
Consequently, it was replaced by copper powder after test 4. Copper is not
known to react significantly with the fuel at the temperatures of interest.

To allow the irradiation of samples with a high heat generation rate, a
dedicated inner capsule was developed (Figure 25B). In these, aluminium,
with a high thermal conductivity, replaced most of the powder; only a
small fraction arour.d the sphere was left.

The temperature profiles across the capsule were calculated by
computer, using a computer code suitable for two-dimensional, cylindrical
geometry heat-transfer problems. These calculations were prescribed and
performed by the Reactor Department of the HFR to obtain approval for
irradiation.

Figure 26 shows calculated temperature curves for a sphere with a
high heat generation rate (Figure 26A) and a sphere provided with a
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Fig. 25B
Modified capsule with copper powder.

zircaloy capsule (Figure 26B), respectively. These data are accurate to
within 10%. Figure 26C shows a characteristic temperature profile of a
PWR fuel rod. Characteristics of the samples used in the experiments are
listed in Table 2.

The burnup b was calculated from the U-238/U-235-ratio a (measured
by mass spectrometry, see Chapter 6) and the initial enrichment e by:

100
1+a

Eq.(l)

where e is a percentage. Here and throughout this thesis the burnup
(which is a measure for the number of fissions) is expressed as the
percentual fraction of the number of initially present metal atoms (%
FIMA).

Reactor fuel normally has a burnup of up to 4% FIMA, depending on
the fuel history. Compared to this, sample 7. 2 had a rather high burnup,
but it should be noted that in experimental studies on irradiated UO2-
samples, burnups up to 10% FIMA are not uncommon.
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Table 2
Characteristics of samples.

experiment

3.1*
4.1*
5.1
5.2
6.1
6.2
7.1
7.2
8.1**

sample
mass
(mg)

7.5
52.7

6.3
7.5
1.0
1.2
6.9
7.0
5.0

enrichment

(%)

8.1
20.6
20.6

8.1
20.6
20.6

1.1***
20.5

8.1

burnup

(% FIMA)

0.5 +/-O.I
0.6+/-0.2
4.3+/-0.5
0.9 + /-0.1
4.4 + /-0.6
4.1+/-0.4
0.3+/-0.2
6.6+/-0 2
2.6+/-O.I

central
temperature
(K)

1130
1350
1040

610
730
760
350

1070
910

surface
temperature
(K)

1020
1150

880
540
690
710
345
900
850

* sample embedded in AI2O3 powder.
** sample provided with a spherical zircaloy capsule and enbedded in AI2O3 powder.
*** during the experiment this sample proved to have an unexpectedly low

radioactivity; ascribing this to less enrichment than in the other samples, the
enrichment and the burnup were calculated from the measured U-238/U-235 ratio
and from results of sample 7.2, which had the same irradiation history; the error in
the calculated enrichment is +/-0.5, so that the sample may have been prepared
from natural uranium.

The central temperatures of the samples 5.2, 6.1,6.2 and 7.1 were low
compared to reactor fuel; the temperature gradient of the samples 5.1 and
7.2 were large compared to reactor fuel (3400 K/cm compared to 1000
K/cm). Sample 7.1 had a low burnup, a low temperature and a small
temperature gradient (100 K/cm).

The fuel fission product inventory after irradiation

Uranium is fissioned during irradiation in the reactor, resulting in the
formation of fission products. They have a neutron excess and decay by
emission of beta-particles, during which as a rule also photons are emitted.
When an atom fissions, an energy of about 180 MeV is released to the fuel.
The fission products deposit their kinetic energy of about 75 MeV into the
crystal by knock-on collisions with fuel matrix atoms. Along the fission
tracks (length: approximately 15 um) the lattice is disordered by atoms
knocked to other sites and leaving one or more vacancies behind. The
removed atom hits another one or comes to rest, depending on its kinetic
energy. It can occupy a vacancy or interstitial site. If fission occurs near
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the fuel surface the recoil of fission products may lead to release from the
fuel [11].

All nuclei can be activated by neutrons or can decay to daughter-
nuclei. Obviously, when fission products are divided among 40 to 50
different elements, many complex decay-chains exist in irradiated fuel.

In practice, the amount of a specific nuclide at a specific time is
calculated with a computer. The computer code mainly solves the set of
differential equations describing the nuclear decay-chains during and
after irradiation.

For the purpose of these particular experiments, the inventory of the
samples at the start of the actual evaporation tests was calculated by the
ORIGEN-1 computer code [121. It used three different inventory
categories:
(1) the cladding and structural materials;
(2) the heavy metals in the fuel;
(3) the fission products.
The output tables can be differentiated to gramatoms (moles), grams,
curies and thermal power. The accuracy of this code was estimated to be 5
percent for the fission products and most of the actinides. For some
individual products, not encountered in this thesis, discrepancies up to 50
percent exist when compared with measurements [13].

Table 3 gives the fuel inventory of a representative sample one week
after discharge from the HFR reactor. Only the most abundant nuclides
are listed. The relative abundance of the fission products in this sample,
compared to commercial reactor fuel, is depicted in Figure 27. Here the
abundance of the fission products (in moles) is multiplied by the reactor
fuel-to-sample mass ratio and divided by the reactor fuel-to-sample
burnup ratio (reactor fuel mass: 1000 kg, burnup 4.2% FIMA). Not
included in Figure 27 are xenon-136, which proved to be about 10 times
as abundant in the sample as in reactor fuel, and the nuclides with mass
numbers between 110 and 125 (predominantly silver, indium, tin and
antimony). The latter have low abundances in the sample because of a low
number of plutonium-239 fissions, which yield more of these isotopes than
uranium-235 fissions. Plutonium-239 is formed from uranium-238 by
neutron capture and the concentration of this nuclide in our samples was
relatively low (initial enrichment: 20.6% uranium-235, i.e about 80%
uranium-238 as compared to about 97% in reactor fuel).The absolute
concentrations of these isotopes, however, are low compared to the isotopes
depicted in the figure. This is true for both the samples and the reactor
fuel.

After discharge from the reactor and a two-day storage time, the
capsule was loaded into a transport container. This heavy container had a
leak-tight cover and shielded against radiation. \ truck moved the
container to the KEMA laboratories.
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Table 3
Inventory of the most important isotopes in a sample with mass of 40 mganda burnup
of 4.0% FIMA, one week after discharge from the reactor.

isotope

Kr-83
Kr-84
Kr-85
Kr-86
Rb-85
Rb-87
Sr-88
Sr-89
Sr-90
Y 89
Y 91
Zr 91
Zr-92
Zr 93
Zr 94
Zr95
Zr 96
Nb-95

moles

2.42E-8
4.75E-8
1.32E-8
9.21E-8
4.88E-8
1.20E-7
1.71E-7
1.76E-7
2.78E-7
5.02E-8
2.25E-7
3.44E-8
2.82E-7
3.01E 7
3.04E-7
2.51E-7
2.96E-7
4.44E-8

isotope

Mo-95
Mo-97
Mo-98
Mo-100
Tc-99m
Ru-101
Ru-102
Ru-103
Ru-104
Ru-106
Rh-103
Pd-105
Te-128
Te-130
1-129
I 131
Xe-131
Xe 132

moles

1.01E-8
2.82E-7
2.74E-7
2.99E-7
2.88E-7
2.39E-7
2.00E-7
1.09E-7
8.77E-8
1.90E-8
4.07E-8
3.40E-8
1.67E-8
6.88E-8
2.61E-8
3.18E-8
1.01E-7
1.97E-7

isotope

Xe-133
Xe-134
Xe-136
Cs-133
Cs-135
Cs-137
Ba-138
Ba-140
La-139
La-140
Ce-141
Ce-142
Ce-144
Pr-143
Pr-145
Nd-143
Nd 145
Nd-146

moles

4.87E-8
3.68E-7
5.94E-7
2.66E-7
1.57E-8
2.97E-7
3.23E-7
1.14E-7
3.07E-7
1.70E-8
1.88E-7
1.81E-7
2.46E-7
1.25E-7
1.50E-7
1.50E-7
1.84E-7
1.43E-7

The fuel characteristics after irradiation

During irradiation in a reactor, the internal physical and chemical state of
the fuel interior dramatically changes. This is due to the fissioning of the
uranium nuclei, which not only produces a lot of energy but also
introduces new particles which have to be incorporated in the fuel. The
vast amount of energy causes a rise in temperature and, owing to the small
thermal conductivity of uranium dioxide, a steep temperature gradient
across the fuel. This causes important phenomena such as pore migration,
fuel restructuring and oxygen redistribution.

The fission products are slowed down by collisions within the crystal
which take up most of the kinetic energy. The fission products are
distributed over a wide range of elements; some of them are incorporated
in the crystal lattice of UO2, some of them (e.g. the fission gasses xenon
and krypton) precipitate into other phases such as bubbles. This causes
important phenomena like fuel-swelling, fission-gas release and the
coagulation of metallic fission products [14].
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Many researchers have investigated these subjects in the last 30 years
and agreement presently exists about the nature of most of these
phenomena, although theoretical descriptions do not fully explain the
experimental results (15J.

A literature survey was performed because of the evident importance
of a good description of the test samples. The most important topics are
discussed in this section. In a subsequent section, the knowledge gained
from experiments with ordinary uranium dioxide and mixed oxide (i.e. a
mixture of uranium dioxide and plutonium oxide, PuC>2) reactor fuel, is
applied to the test samples.

Finally, the present knowledge of the chemical state of the fission
products inside the fuel is discussed.

Pores, pore-migration and fuel restructuring - Pores are cavities inside the
fuel (hence the density of the fuel is only 90 to 95 percent of the theoretical
density of uranium dioxide). The volumes are initially filled with the
cover-gas used during sintering. For reactor fuel this is normally helium.
During irradiation pores can be created along cracks in the fuel caused by
mechanical stresses. The majority of the pores have a characteristic disk
shape and their smallest dimension generally exceeds 1 um. The gas
pressure inside a pore is typically a few bars. During irradiation they move
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towards the center of the fuel. This is due to the molecular diffusion of
molecules from the hot side of the pore to the cold side. This vapour
transport is driven by the difference in vapour pressure at different
temperatures inside the solid UO2.

Calculated pore-velocities in reactor fuel with a 90-95 % density range
can be as high as 1 pm/s at 2000 K [14]. Calculation of the pore-velocities
in the test samples showed that this phenomenon is almost completely
absent in our experiments due to the relatively low temperature (below
1200 K) during irradiation.

Pores move in a direction perpendicular to their central disk-plane and
the process of vapor transport causes the fuel 'behind' the pore to
restructure. During the migration gaseous fission products can be either
swept along with the pore or dispersed at the edges of the pore. In addition
they can partly dissolve into the gas filling the pore. The movement of
large pores creates a characteristic region inside the fuel in which the
grains are like columns from the cold to the hot side. Independent of the
temperature gradient, the temperature has to be above about 1900 K to
cause extensive pore migration. This implies that the 'columnar-grain
area' is not found in the outer parts of the fuel (that is at radii larger than
about 0.7 times the pellet-radius). Pore migration eventually results in a
central void in the fuel of a highly-powered rod.

However, pores cannot have migrated much in our samples.
Presumably a homogeneous distribution of small pores existed in the
smaller samples. Before irradiation the density of the larger ones (radii > 1
mm) decreased towards the centre (see section Uranium dioxide spheres)
suggesting the almost complete absence of pores at the surface and the
presence of relatively large ones in the central region.

Gas bubbles and fuel swellit g - Perhaps the most complex problem in the
description of the internal state of irradiated UO2 is the behaviour of the
fission gasses xenon and krypton [14,16,17,18]. The individual atoms are
too large to dissolve in the fuel matrix and no chemical reaction with the
ma' -ix or other products takes place. Because they are in the gaseous state
under the conditions which prevail during irradiation, they form gaseous
inclusions or bubbles at free spaces in the fuel. These can be at small
crystal-imperfections such as dislocations, at vacancies in the matrix, at
grain-boundaries or in pores or cracks. Bubbles can move and coalesce to
form larger bubbles. Atoms or bubbles reaching an open surface (e.g. at a
crack) can be released from the fuel. A significant amount of fuel swelling
can occur, which is strongly dependent on the release of the bubbles.

The quantitative description of bubble growth and coalescence is not
very precise because the important crack and pore patterns of irradiated
fuel are not explicitly known. The physical mechanisms however are
known and understood to a great extent.
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Individual atoms diffuse through the matrix and can form groups of a
few atoms sticking on a crystal imperfection: these groups are called
nucleation centres. They grow into bubbles by the attachment of single
atoms or small bubbles. If the bubble becomes too large it is pinched-off
and migrates through open porosities or by diffusion through the matrix.
Bubbles migrate down a temperature gradient which eventually causes
the release of the bubbles. It appears to be essential that the nucleation
centres are formed before bubbles can grow.

The maximum fuel temperature of the samples used in the experiment
was comparable with the nominal fuel temperature in light water
reactors; this is too low to cause a significant diffusion of individual atoms.
In addition it has already been pointed out that the number of
imperfections and open porosities is small compared to reactor fuel. This
implies the existence of a relatively small number of potential nucleation
centres at which bubbles could form.

So it is anticipated that almost all the fission products xenon and
krypton are present as single atoms or small intragranular bubbles and
that no release occurres during irradiation (apart from the the release by
recoil of fission fragments at the sample surface). In fact there was little or
no release of fission gasses when the capsule containing the samples was
opened.

The oxygen potential of the irradiated fuel - After the fission of an uranium
atom in uranium dioxide, two fission products are created in most cases,
and two oxygen atoms remain in the fuel matrix. A fission product can be
incorporated in the fuel by mechanisms such as substitution in the former
uranium position or substitution in an interstitial position. Some fission
products, however, do not fit in the matrix and migrate to open porosities
such as bubbles or cracks.

If none of the fission products were to react with the liberated oxygen,
the amount of free oxygen would linearly increase with the burnup until a
higher oxydation state of uranium (e.g. U2O5 or U3Og) is formed.
However, many fission products can form oxides at the conditions
normally prevailing inside UO2 fuel. Whether an oxide is formed or not
depends on the free energy of formation of the oxide and the oxygen
potential of the fuel.

A fission product oxide can be formed (in a thermodynamic sense) if its
Gibb's free energy AG at the temperature of interest is higher than the AG
of the UO2. This is not the only criterium, however. When the oxide is
incorporated in the fuel, the matrix should remain electrically neutral. If
the charge of the fission product cation (anions do not form oxides) is
different from that of uranium (i.e. 4 +) the lattice structure has to change
or the uranium has to oxidize (to 5+ or an even higher charge). These
mechanisms are shown in Figure 28. In Figure 28B two uranium atoms
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are replaced by lanthanum ions (3 +). Lattice neutrality is maintained by
removal of an oxygen ion resulting in an anion vacancy. With the other
mechanisms, two uranium atoms get a valency of 5 + or one uranium atom
gets the valency 6+ (Figure 28C) [14,15,19].

Two models exist which give a relation between the burnup and the
oxygen potential of the fuel. The model of Olander has become the
standard; the second model has only recently been proposed and differs
significani !y from the standard model.

(1) The standard model
Although two fission products are formed for every uranium atom
destroyed, this is not enough to recombine all the oxygen. Olander
considers fission to be an oxidizing process: the excess oxygen dissolves in
the fuel and causes an increase in the uranium valency or an increase in
the oxygen potential. The fuel becomes more hyperstoichiometric during
irradiation than the fresh fuel was, or the oxygen potential increases [ 14].

The model supposes the formation of the R2O3-oxides of the
lanthanides and yttrium and the formation of barium- and strontium
zirconates (BaZr(>3 and SrZrO3>. Molybdenum acts as an oxygen buffer;
the free energy of formation of molybdenum oxide (MoC>2) is close to that of
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stoichiometric uranium dioxide so the form of molybdenum is not
unambiguous. If there remains oxygen after the formation of the R2O3 and
the zirconates, molybdenum can be oxidized. Only, after complete
oxydation of molybdenum an excess of oxygen will lead to an increase of,
the uranium valency.

Fission products not forming oxides (i.e. with a AG considerably
greater than that of UO2) precipitate into inclusions (e.g. ruthenium).
These products and the volatile products (such as the noble gasses and
cesium) do not influence the oxygen potential.

(2) The point defect model
This model accepts the standard model but introduces a further
mechanism by which the volatile, neutral fission products can influence
the oxygen potential of the fuel. If a fraction of these products are
distributed as single atoms within the fuel grains, they will interact with
thermally generated point defects (like Frenkel and Schottky defects) in
the lattice. They will occupy neutral trivacancy sites and reduce the
number of thermally-generated vacancies. The lattice compensates by the
creation of Schottky defects to maintain the equilibrium vacancy
concentration. In uranium dioxide each Schottky defect creates one cation
and two anion vacancies and, if each fission product occupying a neutral
trivacancy generates one Schottky defect, the equilibrium concentration is
maintained. But the newly created anion vacancies can be occupied by
interstitial (i.e. free) oxygen atoms [20].

From Figure 29 it becomes clear that this model causes stoichiometric
UO2 to become hypostoichiometric up to a substantial burnup. One may
calculate the stoichiometry of UO2 from its free oxygen potential (see for
example [21J). In this case the free oxygen potential of stoichiometric UO2
was -650 kJoule/mole of oxygen. The figure also shows the predictions of
the standard model in the same situation (i.e. a 100 percent retention of
volatiles inside the grains as single atoms).

It had already been concluded that the test samples after irradiation
still contained most of the fission gasses and volatiles and that these for a
large part were situated as single atoms inside the grains. This suggests
that the point defect model is indeed useful here.

Table 4 lists the oxygen potentials for the test samples at 1500 K as can be
drawn from Figure 29 for the standard model and the point defect model,
respectively.

Redistribution of oxygen - Knowledge of the oxygen distribution inside the
fuel is of great importance for a good description of fuel behaviour in both
normal and accident circumstances, because several fission products have
the potential to form chemically stable bonds with oxygen.
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Fig. 29
Free oxygen potential vs. burnup for the
standard model and the point defect
model.

Early measurements suggested that oxygen was redistributed in a
temperature gradient. For hyperstoichiometric fuel the hotter zones
became enriched with oxygen and the colder zones became depleted.
Several investigators have tried to describe the physical process of
redistribution and to explain the measurements [14, 15, 22-25], Only one
model seems to be able to account for a good number of the phenomena
observed. It is a thermodiffusion model, describing the redistribution in
hyperstoichiometric fuel by the diffusion of oxygen interstitials in a
temperature gradient.

Table 4
Oxygen potentials in kJoule/mole for the test samples.

sample burnup
(% FIMA)

standard
model

point defect
model

3.1
4.1
5.1
5.2
6.1
6.2
7.1
7.2
8.1

0.5
0.6
4.3
0.9
4.4
4.1
0.3
6.6
2.6

-532
-511
-419
-494
-414
-423
-553
-389
-448

-720
-712
-645
-707
-640
-649
-728
-615
-670
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Here the migration obeys the Soret equation:

Vx Q V T

X
Eq. (2)

where x is the oxygen concentration, R is the universal gas constant and T
the absolute temperature. Q is a heat of transport, which depends on the
microstructure.

Models based on gas transport depend on the existence of porosities
through which the gasses can move. In the case of high density fuel, such
as the samples under investigation, there are no such porosities. This
implies t ha t oxygen redistr ibution by gas t ransport will not play an
important role [25]. Experimental investigation of fuels with densit ies
above 90 percent of the theoretical density confirms this opinion [26].Thus,
in this thesis only the thermodiffusion model will be considered.

Because of the strong dependency on the temperature gradient, the
samples with the largest and smallest temperature gradient were taken
for calculations (i.e. sample 5.1: 3400 K/cm and 7.1: 100 K/cm). The
temperature profile across the fuel was taken to be parabolic. The values
for the heat of transport, Q, were taken from Ducroux, who measured
oxygen redistribution inside non-irradiated, hyperstoichiometric UO2 a t
comparable temperatures [27]. The calculated curve (Figure 30) shows a
small oxygen redistribution for sample 5.1. Sample 7.1 has no significant
oxygen redistribution. The oxygen distribution in sample 5.1 will quickly
become homogeneous when the temperature dur ing the evapora t ion
experiment is increased. This can be gathered from the kinetic study of Lin
[26].

2.015
u

o

o
'o

2.010

2.005
I Fig. 30

> Calculated oxygen redistribution for
0 5 sample 5.1 after irradiation (average

fuel radius (mm) stoichiometry: 2.01).
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It is concluded that oxygen redistribution plays no significant role in
the samples used in this investigation, in contrast to reactor fuel, and
therefore it is ignored.

Metallic phases - Much research has been done on the nature of the
metallic inclusions in irradiated fuel [28, 29]. It has been established that
they consist of the elements molybdenum, technetium and the noble
metals ruthenium, rhodium and palladium. Molybdenum and ruthenium
are the main constituents. It appears that some of the molybdenum reacts
with oxygen and in this way acts as an oxygen buffer for the fuel (as
expressed in the standard model for the oxygen potential). In hypo-
stoichiometric fuel all the molybdenum is found in the metallic
precipitates; in hyperstoichiometric fuel molybdenum dioxide (MOO2) is
formed and, dependent on the burn up, only a small fraction is found as a
metal.

The composition of these inclusions in uranium dioxide depends on
oxygen potential, temperature gradient and burnup, Inclusions with
diameters up to 10 um are observed and inclusions larger then 5 um are
known not to move by diffusion. The nature of the physical process
resulting in the formation of these inclusions is not known.

Applying this to the test samples, it is probable that the relatively high
oxygen potential will bring the molybdenum largely in its oxidic form of
MoO2 (if the standard model is true).

Other fission products - Much research has also been done on the chemical
state of the fission products inside irradiated uranium dioxide and
especially inside the mixed-oxide [29].

The chemistry of fuel is very complex. Concentrations increase during
the course of an irradiation and most of the fission products decay by beta
particle emission. This causes a shift of the chemical properties of decay
products. In addition, the oxygen potential of the fuel continually changes
and large temperature gradients exist across and along the fuel during
irradiation. Finally there may be a reaction between the fuel and the
cladding materials.

The noble fission gasses krypton and xenon have already been dealt
with in this chapter, like the metals forming precipitates. This part of the
chapter serves merely to give a summary of the present knowledge on the
chemical state of the other important fission products.

(1) Iodine (I)
The halogens iodine and bromine (the latter having a low fission yield as
compared to iodine) are normally volatile fission products. Many chemical
models based on thermodynamic calculations describe the less volatile
cesiumiodide as the most abundant iodine compound inside the fuel [30].
Models based on mechanistic processes such as bubble growth and pore
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migration are not as definite; these suggest that some of the iodine forms
molecules with cesium while some remains as atoms [31].

(2) Cesium (Cs)
Cesium is about ten times as abundant as iodine in ordinary reactor fuel.
The alkali metals cesium and rubidium can react with the fuel, with the
cladding materials and with some of the fission products. Thermodynamic
calculations predict, apart from the formation of an iodide, the formation
of cesiumuranates and molybdates. The latter reactions are strongly
enhanced by a high oxygen potential and thus depend on the burnup of the
fuel. When there is a low oxygen potential, most of the cesium appears in
the atomic form [29J.

(3) Silver, cadmium, indium, tin and antimony (Ag, Cd, In, Sn, Sb)
These elements can form metallic precipitates or be dissolved in the fuel
matrix as oxides. In the test samples, these elements were not as abundant
as in reactor fuel.

(4) Tellurium (Te)
The fission product tellurium can form metallic phases with tin, for
example, or can be a constituent of multi-component fuel-fission product
oxides. This depends on the oxygen potential. Furthermore it can also
dissolve in the fuel matrix. Tellurium in the gap between fuel and cladding
is known to react with the tin from the cladding.

(5) Zirconium and niobium (Zr, Nb)
The fission product zirconium can dissolve as zirconium dioxide (ZrC>2) in
the fuel matrix. This solubility is however strongly dependent on the
temperature. Below 1473 K the maximum solubility has been determined
to be only 0.4 percent. This increases at elevated temperatures to become
51 percent at 1973 K and a complete solubility is found above 2573 K [29].
The existence of rare earth oxides enhances the solubility. There seems to
be no redistribution of zirconium in a temperature gradient. Niobium is
mostly treated like the zirconium. However, some investigations have
been carried out which indicate that the migration characteristics are
different [2, 32, 33]. It is concluded that the state of these elements inside
the test samples will be comparable with that in the reactor fuel.

(6) Barium and strontium (Ba, Sr)
The element strontium is predominantly dissolved as an oxide in the fuel.
Only a small fraction is found in a complex sub-crystal system (with the
perovskite-structure) of which barium, zirconium, uranium and some of
the molybdenum are the main constituents. It seems clear that, even at
low burnups, almost all the barium is part of the perovskite-structure.
BaO-precipitates are found in the cold regions of the fuel because the oxide
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has a high vapour pressure. Although this knowledge is obtained from
experiments on mixed-oxide fuels, there is no reason to believe that these
elements behave differently in the test samples.

(7) The lanthanides and yttrium (La, Ce, Pr, Nd, Pm, Sm, Eu and Y)
The lanthanides and the element yttrium dissolve as oxides in the fuel
matrix. The burnup dictates whether the oxide will be RO2 or if some R2O3
(R2O5 may also be possible) will be formed too (R = lanthanide or
yttrium). Some researchers have noticed a special role for the element
cerium (Ce) and that it appears to have a somewhat higher diffusivity
inside the matrix [34]. The test samples and reactor fuel are comparable in
this respect.

Conclusion

After the discussion of the internal state of the test samples the conclusion
is drawn that, compared with ordinary reactor fuel, oxygen redistribution
can be ignored. This is important, considering the great influence the
oxygen potential has on the chemical state and could have on the release of
fission products. It is further noted that the interior of the test samples is
compact compared with reactor fuel, which is full of cracks and pores. This
has a great influence on the formation of bubbles consisting of volatile
fission gasses like xenon and krypton, but it may affect the release of other
volatiles also. The samples 3.1 and 4.1 were embedded in oxygen-
containing powder which at the surface temperatures of interest could
result in a diffusion of oxygen into the sample.

Finally, it has to be realized that a reactor core consists of very many
fuel elements each having its own irradiation history. In addition, the fuel
temperatures depend on the local neutron flux, the enrichment and the
fuel history, and consequently cover a broad range. Fuel elements only
recently charged to the reactor have a small burnup and a small fission
product inventory, whereas their crack and pore pattern is small compared
to old fuel elements with a large burnup.
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Chapter 4

Theory and models

This chapter discusses two models applied in the interpretation of
experimental results and the theory of the transformation of tomographic
measurements.

The first model describes the free evaporation of irradiated uranium
dioxide by the loss of uranium trioxide (UO3), uranium dioxide (UO2) and
uranium monoxide (UO) particles as a function of temperature and
stoichiometry. The stoichiometry of the fuel is estimated in Chapter 6,
using this model. The second model deals with the diffusion of fission
products inside irradiated fuel. The activation energy for several fission
products is estimated in Chapter 7, using this model.

The final part of this chapter is devoted to the analytical theory of the
three-dimensional Radon transform with planar projections. This
transform is used in the Chapters 5 and 7 to obtain reconstructions of the
3l)-distribution of gamma-emitting nuclides in test objects (Chapter 5) and
in the fuel samples i Chapter 7). But first of all the theory of evaporation in
a vacuum is described in relation to the ion current as measured with the
mass spectrometer.

The relation between the theory of evaporation
and the measured ion current

The ion current (I) measured with the mass spectrometer is linearly
dependent on the particle density (p) in the ionizer{1,2]:

/ = rovP Eq.(3)

where:
co = a constant in which the total ion current from the ionizer and the

transmission losses in the mass filter are combined
o = the cross-section for ionisation by electrons
y = the multiplier efficiency
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The particle density is related to the effusion-rate (j) for particles released
from the crucible by :

- l

9=j—9 Eq.(4)

j = the distance from crucible to ion chamber
v" = the average reciprocal particle speed

When we assume a Maxwell-Boltzmann distribution of the particle speed,
the average reciprocal speed is:

7 . 2m
v" = V Eq.(5)

nkT

with :
m = the mass of the particle
k = constant of Boltzmann
T = absolute temperature

If Equations (3), (4) and (5) are combined, the relation between the
measured ion current and the effusion rate is obtained :

j=ct — \/- Eq. (6)
1 oy m

where the constant c\ is given by:

I2 A
^7^7 Eq<7)

This equation will be used in the presentation of the mass spectrometer
data <see Chapter 7).

The effusion rate j of the particles is described by the formula for free
evaporation of a substance f 31 :

j = pSf I Vi2nmkTi Eq. (8)

where:
p = the vapour pressure of the substance
S = the area from which the particles emerge
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f = the accommodation (or condensation) coefficient giving the fraction
of the number of collisions between particles in the gas phase with
the condensed phase, resulting in condensation

In free evaporation techniques, f describes an apparent decrease in the
vapour pressure due to an extra enthalpy, necessary to evaporate a
particle from the surface of the substance (e.g. when an oxide film is
formed during the evaporation of a metal) or from the crucible surface
where it was condensed.

With Knudsen techniques, the particles emerge from a small closed
cell provided with an effusing hole (or Knudsen-cell). To obtain a
molecular flow, in which the particles do not collide with each other, the
dimension both of the effusion hole and of the cell itself shouid be small
compared to the mean free path at the temperatures and pressures of
interest. Normally the diameter of the effusion hole is between 0.1 and 1
millimetres. The particle current from the effusion hole is described by [3]:

j = pS /g\/(2nmkT) Eq. (9)

where:
g = 1 + <fa/A) , the pressure reduction factor, relating the actual

pressure inside the cell to the vapour pressure of the substance
a = the 'effective1 area of the effusion hole; this is the actual area times

a factor quantifying the non-ideal conductivity of the hole (this
factor is called the Clausing factor)

f = the accommodation (or condensation) coefficient
A = the surface area of the substance evaporating

Comparison of Equations (8) and (9) makes it clear that the particle
current is less dependent on the accommodation coefficient f with Knudsen
techniques than it is with the free evaporation technique, so long as a/A is
small enough. This is important because f is normally not known.

Equations (6) and (8) (or (9)) yield:

IT
p = co— Eq.(lOa)

where:

n2l2k
Eq.(lOb)
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where h stands for f (the accomodation coefficient) or 1/g (g = the pressure
reduction factor , a particle dependent constant in which the geometry,
the transmission uf the mass filter and the total ion current from the
ionl/er are combined.

This means that if o and \, which depend on the particle of interest,
and the overall geometry constant C2 are known, the vapour pressure can
be calculated from the measured ion intensities.

Empirical determinations of the cross-section for ionisation o are not
known for most of the elements and are known for only a few molecules.
Therefore data have to be drawn from theoretical considerations [4, 5, 6,
7). On the other hand, if a substance with a well-known vapour pressure is
used and if the product oy is known, C2 can be calculated, which is a
measure of the overall sensitivity of the detection system.

If the vapour pressure is known in a certain temperatuie range, the
heat of sublimation AH, can be calculated from :

Eq.(ll)

Evaporation of irradiated fuel

The evaporation of uraniumdioxide (UO2) in a vacuum has been
investigated extensively in the past, so that the characteristic phenomena
are well understood [8,9,10, i 1J.

The evaporation of uranium dioxide in a vacuum involves three
different particles: uranium trioxide HJO3), uranium dioxide (UO2) and
uranium monoxide (UO). The particle currents for each species depend not
only on temperature, but also on the stoichiometry of the sample. For
hyperstoichiometric UO2 the UO3 current dominates and for hypo-
stoichiometric UO2 it is the UO current.

The evaporation of hyperstoichiometric UO2 decreases the
stoichiometry as a result of the greater loss of UO3 than of UO2, for the
vapour pressure of UO3 is higher than that of UO2- For hypostoichiometric
UO2, UO is the dominant species in the vapour phase which causes the
fuel to increase in stoichiometry. At each temperature a specific
stoichiometry exists for which the sample evaporates congruently, i.e. the
constitution of the damp phase is identical to the constitution of the solid
phase 1121.

A computer model was written to gain a better insight into the
evaporation of irradiated fuel and to estimate its initial stoichiometry. The
model concerns the free evaporation of uranium oxide (fission products are
not incorporated); the fuel is seen as hyper- or hypostoichiometric UO2. It
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uses the vapour pressures of UO3, UO2 and UO as a function of tem-
perature and stoichiometry to calculate the particle currents of these
species. Figure 31 gives a flow-scheme of the computer program written for
the model calculations.

The necessary vapour pressures are taken from [8]. For each
stoichiometry the vapour pressures p were related to the temperature T
using a least-squares fit to the formula:

B
logp = A - - Eq.(12)

INPUT DATA
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Fig. 31
Flow diagram of the evaporation model.
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Table 5 gives the constants A and B and the resultant maximum
percentual deviation t from the measured vapour pressures for UO3 and
LJO. The vapour pressure of UO2 is independent of the stoichiometry of the
sample.

These vapour pressures were corrected for the 'literature' vapour
pressure of UO2 later established [13]:

logp = 67.531 +4 382 x\0~3T-4 411x10 ~ 7T2-3.709 x 104/T - 8.282 inT

Eq.(13)

with p in atm. (1 atm. = 98.07 x 103 Pascal) and T in Kelvin. The
pressures of UO3 and UO relative to that of UO2 remained the same.

The vapour pressures of UO3, UO2 and UO at a specific temperature
and O/U-ratio are calculated using a two-dimensional interpolation
technique. The particle currents j from the sample are calculated with
Equation <8) in which S is the surface area of the sample (f is taken to be 1).

Table 5
Constants and maximum relative deviation obtained by a least-squares fit of measured
[8] vapour pressures as a function of temperature.

O/U ratio
solid phase

2 03
2.02
2.01
2 00
1.99
1.98
1.97
1.96

a!I ratios

2.03
2.02
2.01
2.00
1.99
1.98
1.97
1.96

A

9.02
9.48
9.1
9.0
9.29
8.79
7.84
7.9

8.16

3.21
2.23
2.29
2.52
3.10
3.38
3.82
4.37

B

32700
34600
35900
36810
36610
36300
35200
36230

31010

25790
22450
22020
21580
22130
21810
22000
22300

16
17
11
3
6

13
18
4

7

4
8
3
7
6
4
4

13

remarks

curve-fitting constants
using Jog p = A - B/T,
(p in atm., T in Kelvin)
for UO3.
c gives the maximum
percentual difference
between the measured
and calculated pressure.

for UO2 {independent of U/O ratio)

forUO
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The model was used to calculate the mass loss dm of the sample during
a short time interval dt by:

dm=jdt Eq. (14)

for each of the three species.
So it is easy to calculate the new O/U-ratio of the sample and also the

pertinent mass and the surface area.
Figure 32 shows model calculations of the decrease in the

stoichiometry during the evaporation of spherical samples (mass: 6.3 mg)
of UO2 with varying initial stoichiometry. For the purpose of these
calculations, the heating rate was taken to be 0.2 K/s (most samples were
actually heated with this rate).

This figure makes it clear that the higher the initial stoichiometry, the
faster the oxygen excess is lost and that the sample eventually becomes
hypostoichiometric. The temperature at which this sample is completely
evaporated is about 2600 K and varies by only a few degrees when the
initial stoichiometry and the heating rate are varied.

To relate the calculated particle currents to those measured during the
experiments described in this work it is necessary to take account of the
effect of free evaporation in a crucible. The effect of free evaporation has
been accounted for by changing the 'real' vapour pressure of UO2 into the
'apparent' vapour pressure. This involved introducing an extra activation
enthalpy as established from the experiments with unirradiated UO2 (see
Chapter 5). The vapour pressures of UO3 and UO were again normalized
on the UO2 pressure. It has to be realized that in this way the interaction

2.10,

2.05 f-

700

j.32
Calculated stoichiometry vs. tem-

1goQ 2600 perature for different initial stoichio-
metries (sample mass: 6.3 mg).
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with the tungsten crucible is supposed to be the same for all three different
particles, which it may not be.

Figure 33 shows the calculated particle current for UO3, UO2 and UO
and the stoichiometry for the sample discussed in the former paragraph
with an initial stoichiometry of 2.02.

The evaporation rates of UO3 and UO2 have been about equal until the
stoichiornetry started to decrease; the rate of UO3 then decreases. The UO2
current shows no dependence on the stoichiometry because the vapour
pressure does not change with stoichiometry.

A different initial mass or heating rate did not change much in the
trends signalled in this figure. Changing the initial stoichiometry,
however, did have the effect of changing the trend in the curve of the UO3
current.
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?600

Fig. 33
Calculated mass currents ( > and
stoichiometry ( ) vs. temperature for
the sample of Figure 32 with initial
stoichiometry 2.02.
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Fig. 34
Calculated UO3 mass current vs. tem-
perature for different initial stoichio-
metries.
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As an example of this effect, several different stoichiometries were
used in the simulation of the evaporation of sample 4.1. The higher the
initial stoichiometry, the higher the first maximum in the UO3 current
proved to be; at higher temperatures the currents reached a uniform value
and eventually vanished. There was no first maximum for initial
stoichiometries less than 2.04 (as can be seen from Figure 34). On the
other hand, simulations using samples with an initial stoichiometry less
then 2.00 showed that the curve of the UO current was sensitive to the
stoichiometry.

Another way of calculating the stoichiometry is by the 'Blackburn
method1, which is explicitly described in [14]. This method, however, is to
be used with Knudsen experiments; it does not take account of the the
change in the 'apparent' vapour pressure of the uraniumoxides when using
free evaporation techniques.

The diffusion model

The simplest transport model for fission products in UC>2-fuel is that of
ordinary diffusion of single atoms or bubbles. Several investigators [15,
16] believe this to be the dominant mechanism of transport, especially at
high fuel temperatures (i.e. at temperatures occurring during an
accident).

Crystal diffusion is the process in which an atom (or a point defect,
vacancy etc.) jumps from one place to another place inside the crystal. The
vibrating atom has to surmount a potential barrier presented by the
neighbouring atoms. The jumps can be between interstitials (open
spacings between the U- and O-atoms) or between U-vacancies
(substitutional), for example.

It is instructive to see whether the experimental data can be explained
by diffusion and if so, to estimate the activation energy. The diffusion
equation for spherical coordinates is therefore solved:

~ = D A C Eq.(15a)
dt

in which:

1 8

C = the concentration of the fission product
D = the diffusion coefficient
r, 9, $ are spherical coordinates

8 \ 1 S
)
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with the boundary conditions :

C(R,t) = 0 Eq. (16a)

C(r,0) = CQ Eq.(16b)

The first boundary condition prescribes that at t = 0 there are no fission
products at the surface. This is true because, due to the recoil of fission
products immediately after fission, the concentration of fission products
decreases in a surface layer of approximately 5 um from Co to 0 at the
surface [17]. It is assumed that during the experiment there is no
accumulation of fission products at the surface which means that C (R) = 0
at all times.

The second boundary condition is not exactly fulfilled in our case, since
the concentration of fission products decreases gradually towards the
centre of the fuel. This is caused by the absorption of thermal neutrons and
the increase of Pu-239 fissioning in the surface layer of the fuel due to the
resonance absorption of fast neutrons by U-238. Both effects make the
concentration of fission products just below the surface a few percent
higher than in the centre. The concentration difference could be expected
to introduce a small diffusion current towards the centre once the
temperature was high enough. The concentration differences would,
however, settle out rather quickly as the temperature was further
increased.

The flux j released from the sample due to the concentration gradient
dC/dr at the surface is:

— Eq.(17)
dr

The diffusion coefficient D is given by:

— ) Eq.(18)

in which DQ is a constant, E is the activation energy, k is the constant of
Boltzmann and T is the absolute temperature.

The diffusion Equation (15) can be solved analytically if the
temperature T is constant. However, in most experiments in this
investigation, the temperature increases linearly with time. It then
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becomes a tremendous task to solve Equation (15) analytically. Equation
(15) was therefore solved numerically by a computer program written for
this specific task. The time-interval dt was chosen equal to:

dt = A— Eq.(19)
D

where:
dr = the radius R of the sphere divided by the number of mesh points N
D = the diffusion coefficient
A = convergence factor

With this time interval a convergent solution is obtained for all cases of
interest. The convergence factor should be less than 0.5 to give a
convergent solution of Equation (15a)

The model was tested on two problems which are analytically solvable:
(1) a constant flux at the surface;
(2) a constant concentration at the surface.
If A was set to 0.2, the concentrations as calculated by the model were less
than 0.1% different from the analytically calculated concentrations [19].
The number of mesh points N was 101; increasing N did not significantly
improve the solution.

The sample problems were solved with A = 0.2 and concentrations of
the diffusing element were obtained at 101, equally-spaced, points. The
initial concentration of the diffusing element was calculated from the
initial mass of the element as obtained from ORIGEN-1 (see Chapter 3)
and the volume of the UO2 sample.

The fractional release of the species as a function of time or
temperature was obtained by addition of the releases in all time steps and
dividing this value by the initial mass of the species. The mass release in
one time step was given by (from Equation (17)):

dm = SDdt C(N-1 )/dr Eq.(20)

where:
S = surface area of the sample
C( N-l) = the calculated concentration at the mesh point just within the

sphere
C( N) = 0 , according to the boundary condition (Equation (16a))
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In this way the fractional release amounted to 90% of the initial fraction if
the calculated concentration throughout the sample became nil. This error
is introduced by the numerical approximation of the concentration
gradient at the surface (if 1001 mesh points were taken the fraction
released became 94%). The fractional releases were multiplied with 1.1 to
make them comparable with the experimentally determined gamma
release curves (see Chapter 7).

At high temperatures the diffusion coefficient D becomes very high
and Equation (19) shows that time step dt then has to be small to obtain a
good convergence. This means that it is a very long winded process to solve
the problem at specific time-intervals when the calculations involve high
temperatures. It proved to be too time-consuming to run all simulations
until 100% of the diffusion species under examination had been released.
In most cases the program was stopped if about 70% of the diffusing species
was released. The model is not applicable at high temperatures anyhow,
because it does not take account of the evaporation of the UO2 which
affects the release of the diffusing species.

Running the model with a concentration which initially gradually
decreased towards the centre did indeed prove, as was already assumed
earlier in this section, that the concentration differences would quickly
settle out with a small species current towards the centre. It had no
significant influence on the fractional release curve.

The diffusion model was used to simulate the diffusion of specific
elements in a UO2 sample during an experiment. The diffusion of an
element and, consequently, its release strongly depend on the activation
energy E and the diffusion constant DQ. Running the diffusion model with
different combinations of E and DQ yielded different fractional release
curves. These curves were visually compared with the fractional release
curve of a gamma-emitting isotope of the element in question (= gamma
release curve) as obtained from measurement data fully described in
Chapter 7. The curves were compared in the temperature region <2350 K
because at higher temperatures the release of an element is enhanced by
the evaporation of the UO2.

Figure 35 shows the influence of E and Do on the fractional releases
curve of barium-140 simulating experiment 5.2. The best fit of the gamma
release curve was found when: E=4.89 eV and Do = 0.35 m Is. A change in
the activation energy of 0.44 eV dramatically shifted the calculated curve.
This was not corrected by using a different value for DQ as can be seen from
the figure. The curves proved to be less sensitive to a change in Do than to
a change in E, which can be understood if it is recalled that E is in the
exponent of the diffusion coefficient.

If the element under investigation did indeed move by a diffusion
mechanism and was released from the sample according to Equation (17),
then a unique combination of E and Do would be found to describe the
measured release curve.
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Release curves calculated with the
diffusion model for different com-
binations of the activation energy E and
the diffusion constant Do (conditions for
barium in experiment 5.2).

In practice an increase or decrease of E with 0.22 eV, together with a
multiplication of DQ with a factor 3.0 or 0.33 was found to yield comparable
curves. These were the margins of accuracy for the procedure of fitting the
computed curves to the one obtained from the measurement data.

As will be explained in Chapter 7, the measurements proved to have
an integral character; the steepest parts of the gamma release curves were
therefore shifted to somewhat higher temperatures. The fitting procedure
did not take account of this effect.

The principle of tomography

Tomography is a non-invasive and non-destructive technique for
generating quantitative three-dimensional images of objects. Tomography
became increasingly popular in medical diagnostics after the introduction
of ever faster computers that allowed real-time reconstructions. The
technique is now in common use in most hospitals in the Western world. It
has recently attracted considerable interest from the industrial
environment, where it now finds a wide range of applications [20,21,22].

Tomography can be divided into transmission and emission
techniques. With, for example, X-ray transmission tomography as in
medical applications, the patient is surrounded by one or more X-ray
sources and detectors. The measured transmission of X-ray intensity
measured over the body depends on the source/patient/detector
configuration (Figure 36A), because of the different attenuation by
different parts of the body. Several projections are taken by rotating both
source and detector around the patient.
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p.

Fig. 36A
The principle of transmission tomo-
graphy.
S, = X - ray source; P; = projection
(measurements): I = X-ray intensity.

P.

Fig. 36B
The principle of emission tomography.
P, - projection (measurements); I = X-
ray intensity.

The projection and configuration data are then fed into a digital
computer. Dedicated software generates a reconstruction of the X-ray
attenuation coefficient Inside the ftwo-dimensional) body section imaged.
The reconstruction is then visualised on a screen so that it can be assessed
by a physician. Moving the patient along the axis of rotation allows
another part of the body to be imaged. These consecutive, reconstructed
planes are stacked behind each other to yield a three dimensional image.

The above is an illustration of the use of the transmission techniques
to reconstruct attenuation coefficients. Emission tomography reconstructs
the distribution of particles emitting radiation inside an object.

Major areas are single-photon emission tomography and positron
emission tomography. Unlike transmission tomography, emission
tomography involves two unknown quantities <i.e. the source strength and
the absorption ins'de the object), which complicates the reconstruction
tasks (Figure 36B).

The use of a two-dimensional tomographic technique was considered
for this study. However, this technique involves the monitoring of many
small strips, each with a relatively low gamma activity. This would for our
experiments have necessitated a very long measurement time to obtain
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reliable counting statistics. Because only one strip could be monitored at a
time it would have been too time-consuming to cover a complete object in
this way.

A three-dimensional technique was therefore chosen in which slices
were monitored instead of strips. The objects used were so small (less than
2 mm) that there was only slight self-absorption of emitted gamma
photons. A true three-dimensional technique, without attenuation
correction, was therefore used.

The reconstruction mathematics - As long ago as 1917, Radon formulated
the mathemathics needed for tomographic reconstruction in two
dimensions. The 3-dimensional transform was already formulated at that
time by Lorentz 123]. This technique, commonly called the 'Radon-
transform', was recently worked out for all dimensions [24]. It yielded a
very elegant transformation formula for the special case of planar
projections (i.e. the measurement system actually 'views' a plane through
the object) in three dimensions without the need for attenuation
correction. The mathematics for this case, which is ideally suited for the
experiments described in this work, is even more simple than in the two-
dimensional case. It is called the '3-D Radon transform for planar
projections', commonly abbreviated to '3-D Radon transform'.

The 3D Radon transform is defined as :

Eq.(21)

where fir) is the unknown 3D-dens:ty function, and p = r-h the plane of
integration. In practice A^p)1 is taken to be equal to a measurement.

A one-dimensional Fourier transform with variable p gives:

, / ( r ) e err
U3

/^,-~—A

Equation *22J compared with the 3-D Fourier transform of function f(r),
shows a strong resemblance:
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Eq.l23)

Combination of Equations «22) and (. 23) gives the Central Slice Theorem:

A--
c = vn

' (a ) i Eq.(24)

Consider the inverse 3-D Fourier transform:

fif) = 2at ( r o o .

which becomes, in spherical polar coordinates:

fCr r1- r'x f
I F ( 5 ) i <"

i 0 ' - *

CofKbination of Equations' 241 and ' 25) gives:

f *

from which it foOows tfea*:

o i - *

The inverse I-D Fourier transforms :n:

Eq.<25)

Eq. (26)

Eq. (27)

The complete expression for the 3-D inverse Radon transform thus
becomes:



= __Lj22n „
X ( P ) dQ Eq.(28)

In practice a slice is projected instead of a plane and the integral becomes a
summation. The reconstruction procedure for a point with vector r is as
follows:
(1) choose a projection with a normal hj from the complete set of

projections;
(2) estimate the projection plane with normal nj and passing through r,

this will give the ordinate p;
(3) calculate the second derivative in p of the measurements taken in

projection i; this will give A"nj(p).

Repeating this procedure for all projections, adding the A"nj(p) and
afterwards multiplying by the solid angle (these values are all equal in
the discretization used) will give the desired reconstruction value f(r). A
close look at Equation (27) shows that one may modify the Fourier
transform by introducing a suitable (apodization-) filter as in ordinary
Fourier techniques, for example by multiplying the integrand in Equation
(27) by :

A(v) = exp (-no.2v2) Eq. (29)

The parameter a checks the system response at high spatial frequencies
and hence the noise properties of the reconstruction.

Practical use of the method - The use of the three-dimensional Radon
transform implies that a projection (or scan) is characterized by a three-
dimensional vector. These vectors are directed normal to the scan plane
and should, ideally, be distributed homogeneously in a 2n solid angle. In
our application, where the number of projections was 57, there was no such
configuration known. The vectors were arranged as indicated in Figure 37.
The number of 57 projections arises from the consideration that as many
projections are needed as are possible in 120 hours (this is, in practice, the
maximum time for the measurements).

Owing to the sampling character of the measurement, the presence of
noise and the uncertainty concerning the tomographer's position, the data
set was always non-consistent. In practice, the data-set had to be improved
by introducing a priori knowledge. The uncertainty in the tomographer's
position was reduced by performing a dedicated experiment on a
homogeneously activated perfect gold sphere. It showed, for instance, the
slightly elliptic movement of the slit rotation axis during a rotation. A
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Fig. 37
Arrangement of normal vectors ( vectors
normal to the projection planes).

second correction was necessary for the nuclear decay of the nuclides
during the experiment.

The most serious problem in relation to the Radon transform
reconstruction was the estimation of the second derivative of the scan data
(see Equation (28)). These data were corrupted by noise due to counting
statistics. This strongly influenced the value of the second derivative.

Three different approaches were considered to obtain a reliable
reconstruction. These were:
(1) direct differentiation with the difference equation
(2) performing a Fourier transform differentiation
(3) scan data approximation by cubic spline functions
Both methods 1 and 3 are relatively straightforward and easy to use.
Method 2 involves the Fourier transformation of the scan data Ag (p) (see
Equation (27)). By means of an apodizing function (see Equation (29)) the
higher frequencies are attenuated without disturbing the lower ones by
choosing a suitable value for parameter a.

Methods 1 and 2 were used in this work; with method 1, the
differentiation was not always performed on adjacent points but mostly on
points two spacings away; this improved the signal-to-noise ratio of the
image. Method 2 was used with different values for the apodization
parameter a 6 [0.5 - 4.0]. Method 3 was not used because test runs on
simulated measurements (with noise added) showed an oscillatory
behaviour of parts of the reconstruction. Although remedies are known for
this phenomenon these were not applicated.
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Chapter 5

Calibration experiments and preparatory studies

This chapter deals with experiments performed to calibrate the
evaporation equipment. In addition, some scoping experiments were
performed with powders of uranium trioxide, lanthanum oxide and
cesiumiodide, in order to obtain information about the influence of the
tungsten crucible on the evaporation process and of the appearance of
these species in the mass spectrum. Furthermore computer simulations
were performed in conjunction with experiments on 'phantom objects', in
order to test the specifications of the tomographer.

Calibration experiments

The gamma spectrometer was energy-calibrated using gamma calibration
sources which produce gamma photons with a known energy. This
procedure is well-known [1] and will not be discussed. An absolute
efficiency-calibration was not performed because only a relative
measurement of the number of photons was needed. The mass scale
(actually: the mass-to-charge ratio) of the mass spectrometer was
calibrated using an organic substance (perfluorbutylamine) which
produces peaks with a well-known mass-to-charge ratio across the
complete mass spectrum range of 0 to 510 atomic mass units.

The absolute efficiency of a quadrupole mass spectrometer with
electron-impact ionizer is not so easy to establish. It largely depends on the
specific particle to be analyzed and the ionization energy. To obtain an
indication of the sensitivity, a substance with a well-known vapour-
pressure is used, normally the metal silver. In this investigation uranium
dioxide was used to obtain an impression of the efficiency of the mass
spectrometer.In addition, this section deals with the methods used to
calibrate the ionization energy of the electrons and to estimate the
temperature of the samples, an essential parameter.

Determination of the temperature of the crucible - The temperature of the
crucible was measured by a two-colour optical pyrometer (Ircon Modline
R). This radiation thermometer measures the intensity of the radiation in
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the band between 700 and 1050 nm and in a small band around 1050 nra.
A two-colour pyrometer has the advantage of giving the true temperature
even if some of the radiation is absorbed by an object or a substance
between the object and the pyrometer (e.g. a glass window). The
transmission coefficients of this object should, however, be equal for both
optical bands. The temperature is derived from the intensity ratio of both
bands. The intensity I as a function of the wavelength is described by the
Planck-formula:

ia,T)= - — - ! e(A,T) Eq.(30)
A5

 e
blxr - 1

in which:
I(A,T) is the spectral radiation density
e(A,T) is the emissivity of the object
a and b are constants and T is the absolute temperature

If e is the same for all wavelenghts, the body is called a grey-body radiator;
if e(A) = 1, it is a black-body radiator. The ratio of the intensities and thus
the measured temperature, depend on the emissivities c(A, T) of the
radiator. The pyrometer was used in the grey-body mode in the
temperature range from 1373 to 2773 K.

To calibrate the pyrometer, the temperatures of the crucible and a
black-body were measured in the temperature range from 1373 to 1633 K.
The black-body was a long and narrow steel cylinder with a length-to-
radius ratio of 35 (see de Vos [2] for a characterization of black bodies). The
objects were therefore placed inside a quartz-glass vessel which was
flushed with helium. This was placed inside an induction furnace. The
temperature inside the glass vessel was measured with a thermocouple
(Chromel-Alumel). The thermocouple was arranged in a dedicated, long
and narrow cylinder, well inside the glass vessel. This ensured a
homogeneous temperature along the thermocouple. The pyrometer was
focussed on the inner bottom surfaces of the crucible and the black-body
radiator respectively.

Figure 38 shows the temperatures of the crucible and the black-body
radiator as measured with the pyrometer against the temperature as
measured with the thermocouple. The temperatures of crucible and black-
body radiator were within 5 K of each other. Comparison of crucible and
thermocouple-temperatures showed the latter to be 40 K lower across the
measured temperature range. This was considered to be an offset error of
the pyrometer; so all temperatures measured by pyrometer were
subsequently corrected by the subtraction of 40 K.

Transmission coefficients for helium and quartz-glass did not show a
significant difference between both optical bands. De Vos [2] showed that

94



a.

11600

1300

1300 1700
temperature (K) by thermocouple

black body x crucible

Fig. 38
Temperature measured with the
pyrometer vs. temperature measured
with thermocouple ( for black body and
crucible).

from 1600 K to 2800 K the emissivities of tungsten in the wavebands of
interest decrease slightly; the ratio of the emissivities, however, does not
change significantly. It was concluded that the crucible acts (it has a
lenght-to-radius ratio of 8; see [2]), as a grey-body radiator in the
temperature region from 1373 K to 2773 K.

From temperature measurements of the crucible inside the vacuum
system it became apparent that the crucible moved slowly out of focus at
increasing temperatures. The cause for this was a temperature-induced
deformation of the supporting pins (see Chapter 2). The (manual)
adjustment of the pyrometer took several minutes and this would result in
considerable gamma exposure for the person adjusting the pyrometer, if a
test with a radioactive sample was to be performed.

To overcome this problem, a calibration curve relating the heating
power to the crucible temperature was established (Figure 39). The
temperature of the crucible was measured at several different power
levels, adjusting the pyrometer if necessary. This procedure was repeated
three times on different days. The temperatures were reproducible to
within 5 K; this difference was caused by errors involving the readout of
the heating power.The relation between temperature T (Kelvin) and
heating power P (Watt) was established to be:

T= 1009.9 + 75.6 VP + / - 0.6% Eq.(31)

In view of this figure and the temperature error as given by the
manufacturer of the pyrometer (10 K) it is felt that the value of an
individual temperature throughout this thesis is correct to within 25 K.

Fortuitously, it pi wed possible to check the temperature-power
relation because, during one of the experiments, a capsule of zircaloy-4
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Fig. 39
Calibration curve relating the electric
power to the crucible temperature.
• measurements with pyrometer.

melted resulting in the immediate release of the fission products
accumulated inside the capsule, and causing a short breakdown of the
total vacuum pressure (see Chapter 7, experiment 8.1). The power at
which this phenomenon ocurred corresponded to a temperature of 2118 + /-
13 K. The melting point of zirconium is 2125 + /- 2 K.

Ionization energy of the electrons - The potential difference between the
ionizer-cathode and the ion-formation chamber which acts as the anode,
was measured with a Keithley voltmeter. The measurements were made
at the setting of other voltages and the electron current during all the
experiments. Figure 40 shows the variation of the silver and copper ion
currents as a function of the measured ionization voltage. From this curve
the appearance potential was estimated to be 7.5+/-0.2 Volt for silver and

x Ag-107
ionization voltage (V)

o Cu-63

Fig. 40
Ion current vs. ionization voltage (ion
current normalized to the maximum ion
current).
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8.0+/-0.5 Volt for copper, which is in close agreement with the 7.53 Volt
and 7.73 Volt respectively, found in literature [3].

In the actual experiments the ionizer was provided with a magnet
which introduced a homogeneous magnetic field perpendicular to the
direction of the electrons. The resultant spiral movement of the electrons
increased the collision-probability with the particles in the formation
room, and this in turn resulted in a higher overall detection efficiency.

All evaporation experiments were performed with an ionization
voltage of 23 Volt except for experiment 4.1, in which 33 Volt was used.
With these voltages, a considerable fragmentation of molecules could be
expected. To avoid this it would be necessary to use a voltage as close as
possible to the ionization potential. However, with such a voltage the
absolute value of the cross-section would be low, since the maximum cross-
section for atoms occurs at voltages which are a few times higher than the
ionization potential [4].

So, for an optimal sensitivity of the mass spectrometer the higher
voltages should be used. Consequently, a trade-off was made between
sensitivity and fragmentation, taking into account that a large spectrum
of particles had to be detected, and 23 Volt was selected.

Preparatory studies on the free evaporation and Knudsen-effusion of
unirradiated uranium dioxide - From Chapter 4 it is clear that for the
measurement of vapour pressures, the Knudsen-effusion technique is
preferred above the free evaporation technique when the accommodation
coefficient is not known.

However, for the purpose of this project, involving the evaporation of
irradiated uranium dioxide, the Knudsen technique could not be used,
since we needed to measure the release rate of fission products from the
sample itself, not merely from the effusion hole of a Knudsen cell.

In addition, during the experiment the release from the fuel of
substances with a high vapour pressure (e.g. iodine) was to be expected.
Thus the flow might become non-molecular, molecules might be formed
inside the cell and burst-like release of particles might lift the lid from the
crucible. In all these cases the measurement data would have become non-
analyzable and useless.

Last, but not least, the particle current from a Knudsen-cell is
normally low compared to that resulting from the free evaporation from a
surface. This means that the lower detection limit for these particle
currents would have been substantially increased. Free evaporation was
therefore chosen as the most suitable technique although it has some
disadvantages, as will be shown.

To gain a better insight into the evaporation conditions, unirradiated
uranium dioxide was evaporated under circumstances identical to those of
irradiated fuel samples, namely free evaporation from a tungsten crucible
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(as described in Chapter 4). Comparable samples were then evaporated in
a different crucible, which was transformed into a Knudsen-cell by closing
it with a lid provided with an effusion hole (diameter 0.4 mm). Figure 41A
shows an Arrhenius-plot of the product of ion current I and temperature T
for the ion currents measured during the free evaporation of an
unirradiated UC>2-sphere. Figure 41B shows the similar measurements
made when a Knudsen-cell was used. In this latter configuration, the mass
spectrum showed only the ions U + , UO+ and UO2 + , whereas the first
configuration also yielded the UO3 + -ion.

The ionization voltage of 23 Volt causes a considerable fragmentation
of the UO3 and UO2 in the ionizer. Blackburn and Danielson [5] have
made an extensive, quantitative study of this phenomenon in which they
included the differences in cross-section and multiplier yield. From these
data it can be shown that the measured UO+ and U + -ion currents are
mainly due to the fragmentation of UO2- Above 2500 K the effusion from
the Knudsen-cell became non-molecular. At higher temperatures a 'true'
UO current becomes significant. This has already been observed by many
researchers [6] and is explained by the observation that stoichiometric
UO2 slowly becomes hypostoichiometric during evaporation. This causes
an increase in the UO pressure relative to the UO2 pressure.

The pressure-reduction factor g (see Equation (9)) for this Knudsen-
cell is 0.97 (for f = 1). This means that the pressure inside the cell is close to
the vapour pressure of UO2- From Figure 41B the heat of sublimation may
be calculated (Equation (11)) (using data with temperatures up to 2400 K):

AH = 598.3 + / - 7.5 kJ/mole Eq. (32)

which is in close agreement with the literature value (592.9 +/-1.3
kJ/mole) given by [7]. With the free evaporation configuration, the
apparent heat of sublimation is:

AH = 860.6 + / - 4.3 kJ/mole Eq. (33)

indicating that apart from the sublimation of UO2 another process is
involved which introduces an extra enthalpy of about 260 kJ/mole.

The repeated evaporation of further samples in the same crucible each
time resulted in a shift of AH towards the real value for UO2. This
suggests the interaction of the UO2 molecules with the tungsten surface.
This conclusion is strenghtened when one considers that the value of the
heat of sublimation of tungsten is 844.7 kJ/mole [8]. This value is close to
the value given above for the free evaporation of UO2 in an unused
crucible. This in turn suggests that the evaporation of a thin layer of UO2
from tungsten is dominated by surface-processes characteristic of the
evaporation of tungsten.
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Arrhenius plot of the product of ion
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6.0

o

5.0

4.0

3.0

3.8

1 UO2 x U0

4.7
10000/T (K)

+ U

Fig. 41B
Arrhenius plot of the product of ion
current I and absolute temperature T for
the Knudsen-effusion experiment with a
UO2 sphere.

Sensitivity of the mass spectrometer detection system - The sensitivity of the
mass spectrometer and lock-in amplifier system was established with the
above-mentioned data obtained from the Knudsen evaporation of a UO2
sample. As has already been shown in Chapter 4, the vapour pressure p is
related to the measured ion current I by:

p = cIT

in which o and y are now incorporated in a new constant c.

Eq. (34)
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With the known vapour pressure of UO2, the relation between the
measured ion current and the vapour pressure becomes:

p = 1.96 x\0~5 IT Eq.(35)

where p is expressed in Pascal and T in Kelvin. I is measured in recorder
units. (The ion current is measured with an electrometer whose output is
in Volt; one recorder unit = 0.4 x 10"11 Amperes. With a scan speed of 1
a.m.u./s, the equivalent number of electrons necessary to produce a charge
of 0.4 x 10"11 Coulombs is: 25 x 106. If a multiplication factor of 1 x 106 is
assumed and each ion produces one electron at the target plate of the
multiplier, this corresponds to 25 UO2+-ions hitting the target plate per
second.)

The vapour pressure of a specific species A can now be calculated from:

W
p, = 1.96xl(r5 I.T Eq.(36)

A
 (OY) A

This means that the vapour pressure can be calculated if the product of
cross-section and multiplier-efficiency is known in relation to that of UO2.

Free evaporation tests with powders resembling fission product molecules

Before starting the experiments with UO2 fuel, some tests were performed
to investigate the influence of the crucible on the evaporation and to
obtain an impression of the mass spectra of some fission product molecules
after evaporation.

The evaporation of cesiumiodide (Csl) - The formation of cesiumiodide
inside irradiated UO2 is worth discussion. Although thermodynamical
calculations predict the formation of cesiumiodide under severe accident
conditions [9], there is disagreement as to whether this happens in reality.
If it is formed, it is important to establish the amount of cesiumiodide
which could be detected with the equipment used. A sample of pure Csl (20
mg) was therefore evaporated in an open crucible. This proved to be very
troublesome but instructive.

At temperatures above about 1200 K (an exact temperature could not
be determined) the electron bombardment was severely disturbed causing
an electron current increasing exponentially with time. This behaviour
was probably caused by cesium ions decreasing the space charge between
the filament and crucible. The ratio of the ions Cs , I + and Csl+ was
about 100 : 20 : 1 before this phenomenon occurred. The Csl-current was
almost at noise level. This ratio did not depend on the ionization energy
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used in the ionizer. This indicates dissociation of Csl and subsequent
ionization of Cs and I, before these species are being released from the
crucible. This impression was strengthened by the observation that when
the ionizer was switched off, a considerable cesium current, increasing
with temperature, could still be detected.

These observations support the conclusion that no molecules of Csl, if
present at all, will be detected in the tests with irradiated fuel.

The evaporation of the lanthanum oxide La20^ - Fission product
lanthanides form a sub-lattice in irradiated fuel (see Chapter 3). The
chemical form of the lanthanide R is thought to be R2O3 or even R2O5.
La2C>3 powder was evaporated to obtain a mass spectrum of the lanthanide
oxides.

At relatively low temperatures (about 1300 K) considerable oxygen
production occurred which caused the emission current to become
temporarily uncontrollable. At about 1800 K a further large-scale oxygen
production occurred temporarily; above this temperature, the forms LaO
and La were measured in a 2,5 :1 ratio. These measurements indicate that
the La2C*3 decomposed to LaO and oxygen through the reaction:

2La2O3 -> ALaO + 0^ Eq. (37)

It is not known whether the tungsten crucible was involved in this
decomposition, by forming tungsten oxides, because these species were not
monitored during the heating. The element lanthanum is presumably an
ionization fragment of the lanthanum oxide. Measurements of Goldstein
[10] confirm these observations.

The evaporation of uranium trioxide (UO3) powder - Stoichiometric UO2
and tungsten do not react at temperatures up to 2800 K [11]. This is not
the case for hyperstoichiometric UO2 which irradiated UO2 is believed to
be. To investigate this reaction, UO3-powder was evaporated under
circumstances identical to those under which the irradiated fuel was
evaporated. The temperature was manually controlled.

The mass spectra showed a substantial production of molecular oxygen
at about 1400 K. This is due to the formation of U3O8 and, with decreasing
stoichiometry, the formation of U2O5:

6 UO- -> 2 UJDa + 0 / Eq. (38)

and

4 £/O, -> 2 UOO, + 0 / Eq. (39)
'3 "2"5 2
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The oxygen production decreased with increasing temperature but at 1700
K tungsten oxides became apparent. The predominant oxide was WO3 but
WO2 and WO were also formed. This was in accordance with earlier
observations [12]. Uranium oxides were also detected above 1700 K and
the tungsten oxides did gradually disappear.

Figure 42 shows a plot of the crucible currents (see Chapter 7 for a
description of crucible current) of UO3, UO2, UO and U as a function of
temperature. It shows a decreasing ratio of UO3 to UO2. The UO and
U + -ions were fragments of UO3 and UO2. These phenomena can be
explained as follows: the tungsten obviously acted as an oxygen-getter and
reduced the hyperstoichiometric uranium oxide to form tungsten oxides
which evaporated from the crucible. The hyperstoichiometric UO2 + X
evaporated predominantly by UO3 [6, 13] which resulted in a further
reduction. If the sample would become (near-)stoichiometric there would
be no further reaction with the tungf cen and the dominant vapour species
would be UO2. In fact the tungsten accelerated the process of UO2
reduction by evaporation of hyperstoichiometric UO2 in a vacuum.

In the same way hypostoichiometric UO2.X predominantly evaporates
by UO, causing an increase in stoichiometry. At a certain temperature
dependent stoichiometry, the constitution of the vapour phase is equal to
that of the solid phase. If this condition (c^'^ed congruent evaporation) is
reached, the stoichiometry doesn't change anymore ([14] and Chapter 4).

Tomographic experiments with test objects

Insight into the performance of the tomographer was gained by means of
computer simulation of some purposely chosen objects. Experiments with
some test objects ('phantoms') were performed thereafter.

'o

o

4.5

UO3

6.1

UO2

10000/T (K>
UO + U

Fig. 42
Crucible currents for urania species vs.
temperature ( for the free evaporation of
UC>3-powder).
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Computer simulations - Simulating an experiment on a computer offers
the possibility of varying several parameters (e.g. through the artificial
introduction of noise). The amount of information which may be obtained
in this way is limited, however, because of the time-consuming numerical
integration necessary for simulating the measurements (simulation often
takes more time than a real experiment).

Figure 43 shows a one-plane Radon reconstruction of a sphere provided
with a cylindrical hole having homogeneously distributed radioactivity.
The hole is well defined and the original activity concentration has been
reconstructed to within 5%. (The numbers on the axes of all tomograms
reflect the number of slit widths: 1 slit width = 50 um.) The Radon
transform introduces artefacts due to the sharp contrast near the edges. It
is obvious that, if the signals are heavily corrupted by noise, Fourier
differentiation with apodisation (see Chapter 4) is to be preferred to
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Fig. 43
Radon reconstruction of a plane through a sphere provided with a cylindrical hole.The
measurements were simulated, (the original, homogeneous, activity concentration
corresponded to the colour yellow i.e. 70%, the direct differentiation technique was used
on two grid spacings).
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Fig. 44A
Reconstruction without apodization of a homogeneous sphere (original activity
concentration 70%). The simulated measurements were corrupted with noise (o = 250
counts on all measurements; the measurements ranged from 0 to 63000 counts).

methods which directly differentiate the measurement data. This is
illustrated in Figures 44A and 44B. Figures 45 and 46 show Radon
reconstructions of two more simulations. All simulations were performed
with the set of projection angles actually used in a real experiment.

(Note: because of the spherical symmetry of the test objects only one scan
would do. The Radon transform then reduces to a one-dimensional
inversion (for objects with radial symmetry this is called Abel inversion).

Reconstruction of radioactive objects - Three test objects, so called
'phantoms', were fabricated, in order to get insight into the actual
performance of the equipment and the reconstruction software. All the
dimensions of these objects were known.
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Fig. 44B
Reconstruction with apodization (a = 2.5) of a homogeneous sphere { original activity
concentration 70% ). The simulated measurements were corrupted with noise (a = 250
counts on all measurements; the measurements ranged from 0 to 63000 counts).

Figure 47 shows a Radon reconstruction of a plane through to centre of
a gold sphere with a diameter of 2 millimetres which had been activated by
neutrons in the Dodewaard reactor. The reconstruction shows a gradual
decrease of activity towards the centre of the sphere caused by a
decreasing activation probability together with a small self-absorption of
the emitted gamma photons (Au-198 photon energy: 412 keV).

Figure 48 shows the activity profile along a line through the centre of
the sphere (calculated with formulas given by [15]) and the profile as
obtained from the tomography. The activity concentration decreases more
sharply towards the centre, which can be explained by self-absorption of
gamma photons inside the sphere. The decrease in radioactivity at the
surface is a reconstruction-introduced smoothing due to a very high
contrast.

Figure 49 shows a Radon reconstruction of a plane through the central
axis of a cone covered v ith gold. The average thickness of the gold layer
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Fig. 45
Reconstruction of a homogeneous ( concentration 70%) sphere (R = 15 units) with a
small spherical central hole (R = 1 unit, direct differentiation, simulated
measurements without noise).

was 25 pm as established by the manufacturer. The reconstruction shows a
resolution of 50 pm near the top of the cone. The enormous activity of the
ground plane is presumably the cause for some artefacts. This figure even
shows that a disturbance on the otherwise smooth surface was introduced
during fabrication. The average thickness of the gold was estimated from
the reconstructions to be 25 pm, as it had to be.

Figure 50 shows a Radon reconstruction of a plane perpendicular to the
central axis of a cylinder containing 6 gold rods of different sizes, arranged
in two equilateral triangles. The inner triangle contains rods of 60, 120
and 180 pm; the outer triangle only 60 urn rods. The reconstruction again
looks fairly good: even the two small rods are clearly visible. The
activation inside the gold is considered to be homogeneous in both the cone
and the rod phantoms.

More detailed information about the simulations and the phantom
reconstructions can be found in the references [16] and [17].
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Fig. 46
Reconstruction of a spherical shell ( concentration 70%, inner radius = 10 units, outer
radius = 1 5 units, direct differentiation, simulated measurements without noise).

Although it is impossible to specify the performance of the
tomographer from a few tests, it is concluded that it will easily perform its
task of giving globally varying 3D-concentration-profiles, which only
slowly change when the temperature is increased.
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Chapter 6

Results from irradiated fuel: evaporation of urania

This chapter and the next one give the data obtained from the evaporation
of the irradiated fuel samples. The mass spectrometric data on the urania
species evaporated from the fuel are given in this chapter, together with
the results from the evaporation model (see Chapter 4). Chapter 7 deals
with the data on the fission products released from the fuel.

The appearance of the urania species in the mass spectra

As has already been shown in Chapter 5, urania evaporates through the
species UO3, UO2 and UO. Uranium peaks may be detected in the mass
spectrum because of the fragmentation of UO2 or UO in the ionizer of the
mass spectrometer.

Figure 51 shows an example of a mass spectrometer registration of
these species. The ion peaks are doubled because of the presence of the
uranium isotopes U-238 and U-235. The ratio of the peak heights of these
isotopes was used for the calculation of the burnup of the fuel (see Chapter
3).

The data on the UO2 evaporation are presented in Arrhenius
diagrams, i.e. in plots of the logarithm of the product IT of the measured
ion current I and the absolute temperature T, which is a measure for the
vapour pressure (see Chapter 4), versus the reciprocal temperature.

Arrhenius plots give a clear impression of the evaporation process. An
ideal evaporation will, in most cases, give there a straight line. The slope
of this line is a direct measure for the heat of sublimation. Deviations from
a straight line can indicate phenomena such as non-molecular flow,
interactions of the species with the crucible or the transformation of the
species into another phase.

Data for singly ionized UC^ UO2, UO and U particles are presented in
one figure. The currents of the double ionized particles were never more
than 2% of the currents of the single ionized particles and consequently are
not presented here.
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tration with urania peaks.

Table 6A
Sample characteristics.

experiment 3.1 4.1 5.1 5.2 6.1 6.2 7.1 7.2 8.1

mass(mg)
burnup (% FIMA)
heating rate (K/s)
decay time (days)

7.5 52.7 7.5 7.5 1.0 1.2 6.9 7.0 5.0
0.5 0.6 4.3 0.9 4.1 4.4 0.3 6.6 2.6

0.11 0.2* 0.2 0.2 0.2 0.5 ** ** **
9.9 210 *** 17.7 7.3 *** 21.8 *** 4.7

* above 2300 K the heating rate was 0.05 K/s.
** these samples were heated in steps.
*** these samples were heated in a several stages (see Table 6B).

Table 6B
Sample characteristics.

experiment

decay time (days)
final temp. (K)

5.1.1

6.9
1880

5.1.2

10.5
2020

5.1.3

13.8
2280

5.1.4

16.7

6.2.1

12.6
2280

6.2.2

16.8
*

7.2.1

25.7
2100

7.2.2

28.1
320

7.2.3

31.9

* complete evaporation.
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Results

Eight capsules each containing two samples were irradiated in the High
Flux Reactor. The first and second capsule could not be handled properly
and so no results were obtained. During the evaporation of the two
samples of capsule 3 (experiments 3.1 and 3 2), the mass spectrometer
detection line did not function well and no urania ions were detected.

Sample 4.2 was used for tomographic purposes only and sample 8.2
was not used. Samples 3,4, 5 and 6 were heated according to a ramp profile
while the samples 7 and 8 were heated according to a step function.
Samples 5.1, 6.2 and 7.2 were heated in several stages, each time with a
higher final temperature. Capsule 8 contained UO2 samples provided with
a zircaloy shell. Table 6 gives the characteristics of each sample.

Experiment 4.1 - Figure 52 shows an Arrhenius plot of the uranium species
together with a plot of the aluminium oxide Al2O + -ion (a.m.u.: 70) and the
tungsten trioxide WC>3 + -ion. The Al2O + -ion reflects the evaporation of
the AI2O3 powder. UO2 displayed an Arrhenius-like behaviour at
temperatures up to 2290 K. The UO3 curve shows the same trend but only
up to 2060 K; from this temperature up to 2290 K, the ratio of the UO3 to
UO2 pressure decreased steadily. As was pointed out earlier this means
that the stoichiometry was decreasing.

From 2290 K up to 2440 K, an increase in all pressures is shown. At
2440 K the UO3 curve falls to a level approximately equal to the level at
2290 K. The curve of AI2O shows the same tendencies in this interval; at
2440 K this ion completely vanishes. After a first maximum at a relatively
low temperature (1900 K) the curve of WO3 shows this tendency too.
Apparently the powder acted as an oxygen-supplier for the UO2 and the
tungsten crucible until the moment it was completely evaporated, at 2440
K. In this thesis this is called the 'powder-effect'.

The first maximum in the WO3 current indicates a reaction between
the tungsten and the hyperstoichiometric fuel.

(In experiments with fissium powder a considerable interaction between
the UO2 and the tungsten occurred, resulting in large WO3 currents. If
tungsten has been in contact with air there is always a small surface layer
of tungsten oxide; in this case the layer is evaporated at temperatures a
few hundred Kelvin beneath 2000 K and cannot account for the first
maximum in the WO3 curve)

Experiment 5.1 - Ions of uranium oxides were detected in the experiments
5.1.3 and 5.1.4. Figure 53 shows an Arrhenius plot of the detected species.
Globally the picture shows the same trends as in experiment 4.1 (apart
from the 'powder-effect'). These are again:
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Arrhenius-plot for urania and other rel-
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8.0

3.7

• U-286
° U-270
x U-254
+ U-238

5.1.4

4.8
10000/T (K)

a U-286
A U-270
O U-254
v U-238
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Arrhenius-plot for urania species (ex-
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(1) during evaporation the sample's stoichiometry decreased and this was
reflected by a decrease of the UC>3-current relative to the UO2 current;

(2) the UO and U currents were mainly due to fragmentation of the UO2.
As with experiment 4.1, the curvature in these plots indicates that during
the experiment the enthalpy of sublimation decreased. This implies that
the influence of the tungsten surface on the evaporation became less.
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Comparison of the absolute value of the ion currents shows that, apart
from the UO3, there were no large differences throughout the heating
stages. This proves that the positk n of the crucible did not change much as
a consequence of the manipulations necessary for the tomographic
experiment between both evaporations. The decrease of the stoichiometry
during the heating of 5.1.4 to the final temperature of 5.1.3 explains the
smaller UO3-current.

Experiment 5.2 - The most remarkable aspect of this experiment was the
complete absence of UO3 + ions in the mass spectra. An Arrhenius plot of
the other uranium oxide ions is shown in Figure 54.

Experiment 6.1 - The Arrhenius plots of the uranium oxide ions detected
are given in Figure 55. As with the other experiments the stoichiometry of
the sample decreased during evaporation, as is reflected by the relative
decrease of the UO3"1" ion current relative to the UO2 current at higher
temperatures.

Experiment 6.2 - Figure 56 gives, for both stages of the experiment, the
Arrhenius plot for the uranium oxides. As with experiment 5.1, the last
stage shows a high enthalpy of sublimation as compared to the earlier
stage.

Experiment 7.1 - The Arrhenius plot of the uranium oxides is given in
Figure 57. The curves show the same profiles as with the other
experiments. The UO3 current is shown to have been continuously
increasing in this experiment; in the other experiments a maximum was
reached. The stoichiometry was, however, continuously decreasing, as in
the other experiments. The enthalpy of sublimation slowly decreased as
the temperature was raised, indicating the decreasing influence of the
tungsten. This was observed in all experiments, except 5.2.

Experiment 7.2 - Uranium oxide ions were detected in experiments 7.2.2
and 7.2.3; the curves are plotted in Figure 58. The currents in experiment
7.2.3 are somewhat lower than in experiment 7.2.2 for the same
temperature range, just as in the experiments 5.1 and 6.2. On the whole,
the pattern is not different from the other experiments (except 5.2); the
currents retained the same ratios. No traces of UO3 could be found in the
spectra of 7.2.3; this was quite different from the other experiments in
which the UO3 gradually vanished.

Experiment 8.1 • Uranium oxide ions were detected at the moment of
collapse of the zircaloy shell. Figure 59 represents, in an Arrhenius plot,
the measured ion currents. The dominant UO current indicates a
considerable hypostoichiometry of the sample.
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Arrhenius-plot for urania species (ex-
periment 5.2).
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Fig. 55
Arrhenius-plot for urania species (ex-
periment 6.1).

Initial stoichiometry as derived from the evaporation model

The observation that the profile of the curve of UO3 (or UO) is very
sensitive to the initial stoichiometry is used for the determination of the
initial stoichiometry of the fuel samples used in the experiments (see
Chapter 4).

Figure 60 shows the measured UO3 crucible currents (crucible
currents are described in Chapter 7). The trends of Figure 34 in Chapter 4
are obvious, although only a few measurements were available for some
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Arrhenius-plot for urania species (ex-
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experiments. Each measured curve is visually compared to a set of
calculated curves corresponding to the specific experiment.Application of
this visual 'curve-fitting procedure' yielded the data of Table 7, in which
the initial stoichiometry, its error and the burnup are given for the fuel
samples. A more elaborate mathematical fitting would not yield
significantly different figures. The uncertainty in the stoichiometries is
entirely caused by the curve-fitting; the errors introduced by the model are
not incorporated.lt has to be pointed out that the description of the
evaporation of irradiated fuel with this computer model assumes that it
evaporates like ordinary,non-irradiated, UO2 without influence from the
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Arrhenius-plot for urania species (ex-
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fission products or the fission-induced distortions of the crystal. In fact, it
supposes two completely independent phases: the first phase being the
UO2 with the free oxygen atoms or the oxygen vacancies which determines
the evaporation characteristics; and the second phase comprises
everything else including fission products, crystal distortions, oxygen
atoms bound to fission products and sub-lattices of fisson products and
oxygen. The initial stoichiometry as established with the model
consequently is the initial stoichiometry of the UO2 phase and does not say
anything about the amount of oxygen bound by fission products or lattice
defects.
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Table 7
Initial stoichiometry and burnup.

sample

4.1
5.1
5.2
6.1
6.2
7.1
7.2*

burnup
(% FIMA)

0.6
4.3
0.9
4.4
4.1
0.3
6.6

initial
stoichiometry

2.025
1.995
1.980
2.060
2.040
1.990
1.995

error

+ /-0.005
+/- 0.005
+/-0.010
+/-0.010
+/-0.020
+ /- 0.005
+/- 0.005

Experiment 7.2.2 yielded only two measurements with significant UO3 currents,
7.2.3 yielded many measurements with substantial UO2 and UO currents but no
UO3 current. From the UO currents in 7.2.2 the stoichiometry was found to be
about 1.995 + /-0.005. Apparently the stoichiometry of this sample had decreased
considerably between the start of the second heating and the start of the third
heating. The uranium oxide currents for experiment 8.1 were heavily influenced by
the presence of the zircaloy capsule which acted as an oxygen-getter, so the initial
stoichiometry could not be determined.
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There is no trend involving the initial stoichiometry and the burnup of
the fuel as can be seen in Figure 61. This is quite contrary to what may be
expected from the standard model [ 11 which says that fissioning in UO2 is
an oxidizing process and the stoichiomet.ry is a continuously increasing
function of the burnup. However, a more recent theory ([2J, described in
Chapter 3) incorporates the reducing character of point defects in the UO2-
lattice which can cause the fuel to become hypostoichiometric up to a
considerable burnup.

The absence of any trend can be explained if it is recognized that, apart
from the uptake of free oxygen atoms by some fission products
(lanthanides, yttrium, zirconium), the defect structure of the fuel can
cause the binding of considerable amounts of oxygen by several different
mechanisms. One of these mechanisms could (then) be the one proposed by
[2J. If this is recognized, the stoichiometry of the fuel can no longer be
calculated from the burnup using a simple formula. It is necessary to know
the structure of the original material, the irradiation history and the
temperatures applied, because all these have a tremendous influence on
the defect structure.

In Chapter 3 it was pointed out that the samples were quite
comparable before irradiation. After irradiation, this is certainly not the
case because of the different UO2 temperatures during irradiation and the
different burnups. Even the different decay times before the start of an
experiment (from 6.9 to 210 days) could lead to different defect structures
because slowly-evolving processes (due to the low temperature) may
become imminent if enough time is available.

All these aspects suggest that the defect structures of the samples
must have exhibited large differences. This in turn explains the large
scatter in the initial stoichiometries obtained from the model calculations.

o

I 2.05 r

2.00 - 1 f
| Fig. 61

5 Initial stoichiometry as obtained with
burnup (% FIMA) the evaporation model vs. burnup.
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Chapter 7

Results from irradiated fuel:
release of fission products

In this chapter the results relating to the release of fission products from
irradiated fuel are presented and discussed.

The measurements made with the mass spectrometer and the gamma
spectrometer are presented and discussed in sections, one per experiment.

A consistency study of the data obtained with the mass spectrometer
follows the presentation of the results. This study reveals the reliability of
the measurements made with the mass spectrometer and this effects the
way they have been interpreted.

The results of the application of the model of the diffusion of fission
products through uranium dioxide (UO2) and the tomography are given in
two further sections.

The analysis of the mass spectra

Figures 62A through 62C are copies of some interesting parts of mass
spectra acquired during the experiments. Figure 62A shows part of a mass
spectrum with the light fission products like strontium (Sr), yttrium (Y)
and the monoxides of yttrium (YO) and zirconium (ZrO). Figure 62B shows
part of a mass spectrum with the heavy fission products like xenon (Xe),
cesium (Cs), tellurium (Te), iodine (I), barium (Ba) and barium oxide
(BaO). Finally, the lanthanides and their oxides are shown in Figure 62C.

Although some spectra have quite a lot of peaks, determination of the
right nuclides is relatively easy, since the isotope inventory is known. This
inventory is calculated for each experiment with the ORIGEN-1 computer
code (see Chapter 3). The inventory, which is time-dependent because of
the natural decay of many isotopes, is calculated for the time of discharge
of the fuel from the reactor, for the start of the experiment(s) and for
several times between and after these. The inventory change during the
experiment is neglected because an experiment lasts only 3 hours. This is
a small time compared to the half-lives of the isotopes of interest present at
the time of an experiment (the isotopes with a short half-life are almost
completely gone a few days after discharge).
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Some examples of registrations of mass spectra.
A light fission products Sr, Y and the monoxides YO and ZrO.
B fission products Xe, Cs, Te, I, Ba and the monoxide BaO.
C fission product lanthanides and their oxides.

From the table of gramatoms the abundance of all isotopes of the
fission product element of interest at a specific time can be obtained. This
is sometimes called a 'fingerprint' of the element and reflects the relative
peak-heights in the mass spectrum if no mass-specific phenomena occur
during acquisition. This is, strictly speaking, not true because the
multiplication factor of the secondary electron multiplier is roughly
proportional to the inverse square root of the mass. The masses of the
isotopes of an element, however, are so close that this effect is normally
neglected.

126



If two elements with an almost equal atomic number appear in the
same mass spectrum, some peaks have contributions from more than one
element. In this case the fractional contribution of each element can
usually be obtained from the isotope with a unique mass (every fission
product element has at least one such an isotope). If this is difficult (e.g.
because of noise), the contributions can be obtained by construction and
solution of a set of linear equations:

- (40)

Eq.(41)

with:
y (m) = peak-height at a.m.u. m (resembles the measured ion current)
Il(m) = unknown ion current of element 1 contributing to peak y(m)
12 (m) = unknown ion current of element 2 contributing to peak y(m)
q j = constants obtained from the inventory tables

These equations become inequalities because of noise on the
measurements y(m) and errors in c; j , but a 'good-as-possible1 solution can
be obtained if a least-squares solution technique is used.

In the vast majority of cases each measured peak resembled just one
isotope and determination of the peak-height was trivial. The
deconvolution technique was used for the Y/Sr/Zr-complex with the
experiments 5.1 and 7.2 and for the monoxides of the lanthanides with
experiment 5.2.

The presentation of the results

This section deals with the manner of presentation of the results. The
measurement data can be divided into three categories per experiment:
(1) the mass spectrometer data on the released fission products;
(2) the gamma spectrometer data on the gamma-emitting fission products;
(3) the 3-dimensional distributions of fission products as obtained with the

tomographer.
A close look at the dimensions of the samples and the crucible (see Chapter
2) makes it clear that only a small fraction (2.5 x 10 %) of the particles
released from the sample entered the sensitive volume of the ionizer area
directly without any collisions and about 0.5% did not collide with the
crucible. So, most particles collided with the crucible (often several times),
the chimney or are lost in the vacuum chamber.

The ion currents measured with the mass spectrometer therefore
reflected predominantly the particle currents from the crucible. The
measured ion currents were therefore recalculated into crucible currents
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because the particles may have physically or chemically interacted with
the inner surface of the crucible and would not then represent a sample
current any longer.

The particle current from the crucible j is related to the measured ion
current I by (see Chapter 4):

j = cn V(T/M) — Eq. (42)
0 oy

where:
Co = a constant dependent on the equipment
T = the absolute temperature
M = the molecular mass of the particle
o = the absolute cross-section for ionization of the particle
Y = the multiplier efficiency for the particle

The multiplier efficiency is scarcely known and is normally taken to be
proportional to the inverse of the square root of the molecular mass:

E " ( 4 3 )

After introducing this into Eq. (42), the crucible current becomes
proportional to the measured ion current multiplied by the square root of
the absolute temperature:

j=cj Eq.(44)
£ o

For convenience, the cross-section for ionisation of xenon is taken as 1 and
other cross-sections are taken relative to xenon. The presented crucible
current j then becomes:

Eq.(45)

The mass spectrometer data on the fission products are presented as the
crucible current j versus the absolute temperature T. The measured ion
current 1 (in recorder units) is therefore multiplied by the square root of
the temperature and divided by the relative cross-section for ionization.
Cross-sections are given in Table 8.
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Table 8
Cross-sections for electron-impact ionization, calculated from the data given by Mann
[1] and Stafford [2] by interpolation to the ionization voltages (experiment 4.1: 33 Volt,
other experiments: 23 Volt).

species

Rb
Sr
Y
YO*
Zr
ZrO**
Nb
NbO**
Mo
Tc
Ru
Rh
Pd
Sn
Te
I
Xe
Cs
Ba
BaO**
La
LaO*
Ce
CeO**

23 Volt

5.0
8.7
6.7
4.7
6.7
6.7
6.14
6.14
5.86
3.43
4.67
3.97
4.34
3.02
3.78
2.88
2.07
9.56
8.90
8.90

11.70
7.0

11.70
11.70

cross-section o
(x 10-20 m2)

33 Vol

6.5
7.5
8.36
6.7
7.67
7.67
8.16
8.16
7.31
5.28
7.20
6.13
4.29
4.65
6.05
4.79
3.63

11.24
11.14
11.14
10.90

8.7
11.14
11.14

from Blackburn [3], extrapolated data for 33 Volt.
the absolute cross-sections of these monoxides are not known;for ease of comparison
they are taken to be equal to the cross-sections of the atoms. Relative cross-sections
are inferred from [41, for Ba and BaO from BaO-vapor (I(Ba)/I(BaO) = 1.18 at 23
Volt and 0.95 at 33 Volt) and [51, for ZrC>2 and ZrO from Z1O2 powder evaporating
between 2300 K and 2700 K (I(ZrO)/I(ZrO2) = 7.0 at 23 Volt).

For each experiment figures are given for the volatile species (normally
Xe, Cs, 1 and Te), Ba, BaO (if detected), Sr and occasionally niobium and
its monoxide (Nb and NbO), and finally the non-volatile species (if
detected).
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The gamma spectrometer data are presented as the fraction released
from the crucible f versus the temperature T (or for the experiments 7 and
8: time t). This fraction is calculated from the measured number of counts
Cby:

f(T;t) = 1 ~C(T;tVCQ Eq. (46)

with CQ the measured number of counts before the heating is started.

The initial number of counts CQ is given with the gamma release curves.
For the interpretation of these data it is essential to bear in mind that all
measurements reflect the integration of a count rate with time. (If f(T) is
the measured released fraction, a first order correction is:

F(T) = fU) + — A* Eq. (47)
dt

with:
F(T) = corrected released fraction
f(T) = measured released fraction
At = time between two measurements

When the data could be described by the diffusion model, the diffusion
parameters are given with the figure.

The results from the tomographer are presented as 2D-distributions of
the activity concentration of a fission product. These planes are actually
cross-sections of the 3D-distributions as obtained from the reconstruction
mathematics. The activity concentration is given in a colour-code.

Results

Experiment 3.1 - Figure 63 gives the fractional release of several nuclides,
as measured with the gamma spectrometer. Iodine (I) is the most volatile
of the nuclides monitored; the curves of 1-131 and 1-132 show a close
resemblance. At 2120 K the release rate of these nuclides decreases
sharply. The nuclides barium (Ba)-140 and niobium (Nb)-95 appear to be
equally volatile up to about 2200 K.

The other nuclides do not show any release at temperatures up to 2200
K. Apart from the ruthenium (Ru) these nuclides are completely released
at 2400 K and have approximately the same release rate. The lanthanum
(La) appears to be somewhat more volatile than the zirconium (Zr) and the
ruthenium. About 25% of the ruthenium remains unreleased at the final
temperature of 2450 K.
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Fig. 63
Gamma release curves for experiment
3.1.

: calculated with diffusion model
(1-131), E = 4.57 eV, Do = 20000 cm%.

: calculated with diffusion model
(Ba-140), E = 3.92 eV, Do = 20 cm2/s.
1-131 (15000), 1-132 (6000), Ba-140
(10000), Nb-95 (6000), Zr-95 (10000),
La-140 (10000), Ru-103 (20000).
(....) = initial number of counts.

Experiment 4.1 - Figure 64 shows the xenon (Xe)-136 crucible current in
the temperature range from 1500 K to 2500 K. It is thought that this curve
gives only a global impression of the true release at temperatures between
2275 K and 2410 K because a registration of the total vacuum pressure
showed (in this temperature region) multiple, burst-like decreases (Figure
65) which can only be explained by the release of fission gas bubbles from
the sample. At other temperatures smaller bubbles could have been
released which do not manifest themselves in the total vacuum pressure;
there is however no indication of this.

The two measurements which show a very high current could have
been caused by coincidences of measurement and burst release. The

~ 16000
v

1500

• Xe-136 4.1

2000 2500
temperoturo (K)

Fig. 64
Crucible currents for Xe-136, exper-
iment 4.1.
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Fig. 65
Part of the registration of the total vacuum pressure.

consistency study indicates that the integral value of the xenon particles
was in accordance with other experiments and that no substantial amount
was released without having been detected.

Figure 66 shows the crucible currents for 1-129, cesium(Cs)-137 and
tellurium(Te)-130. The 1-129, which is the isotope with the highest
abundance in the samples, was not detectable in several mass spectra.
Apart from this absence, the curves are very much alike. A comparison
with the Xe curve of Figure 63 shows the same maxima at 2280 K and
2390 K. Cs and Te each show another maximum at lower temperatures.

Although this is no evidence, the close correspondence indicates that
Cs, Te and I were released with the fission gas bubbles and had probably
dissolved in the bubbles during the experiment. The complete absence of
any molecular combination of these fission products in the mass spectrum
does not prove that they are released from the crucible as atoms, as was
shown in Chapter 5.

Figure 67 shows the crucible currents for the species barium (Ba),
barium oxide (BaO) and strontium (Sr). The data on barium and its oxide
are not corrected for fragmentation (which to some extent must have
occurred) because of the lack of literature data. The sharp decrease at 2440
K of both currents suggests that at least some of the barium oxide was
formed from barium with oxygen supplied by the AI2O3 powder (see also
Chapter 6).

The ratio of the Ba to BaO current is about the same as that obtained
by [4] when evaporizing pure BaO. This resemblance leads to the
conclusion that the element barium evaporated as BaO from the crucible.

The Sr shows no oxygen uptake at all and it was released as an atom
from the crucible at relatively high temperatures. Thermodynamic data,
however, predict that at these temperatures SrO is stable if the oxygen
potential is high enough to form BaO. This can be inferred from Figure 68
which is based on data from Kleykamp [6].
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Fig. 66
Crucible currents for Cs/Te/I, exper-
imental.
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Fig. 67
Crucible currents for Ba/BaO/Sr, exper-
iment 4.1.

The less volatile species with a significant ion current are depicted in
Figure 69. The element Zr was detected predominantly as the monoxide
ZrO. This observation does not contradict the fact that this element
dissolves in the fuel as ZrC>2 because the latter form predominantly
evaporates as ZrO in a vacuum environment [5].

Although again the fragmentation of double or even higher oxides into
monoxides or atoms is not known, it is clear from the discrepancies
between the curves that LaO and La were both released from the crucible.

This observation, together with the observations made during the
evaporation of La2O3 powder (see Chapter 5) and the stability of La2O3
inside the UO2 matrix, make it very likely that lanthanum was present in
the form La2O3. Tetenbaum [7] already showed that pure
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Fig. 68
Free oxygen potential vs. temperature (figure based on a figure from [6]; data on WO2
and WO3 from Chapter 5,12; data on UO2-X from [15]).

evaporates in a vacuum by the reaction:

Nd.OAs) -> 2 NdOig) + - 0 /
LA 2 *

Eq. (48)

Goldstein [8] showed that La2C>3 and Y2O3 evaporate according to the
same reaction. They both did not detect any significant interaction with
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Fig. 69
Crucible currents for the non-volatiles,
experiment 4.1.
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Fig. 70
Gamma release curves for experiment
4.1.
— : calculated with diffusion model (Cs-
137), E = 3.05 eV, Do = 0.6 cm2/s.
Cs-137 (839), Ru-103 (2491), Nb-95
(32257), Zr-95 (8104).
(....) = initial number of counts.

the tungsten crucible they used and observed that the lanthanide itself is
created by fragmentation in the ionizer.

The lanthanides and their monoxides are always detected together as
clusters consisting of: lanthanum, cerium (Ce), protactinium (Pr) and
neodymium (Nd); others are less abundant. Apart from Ce, which can also
appear as dioxide according to this experiment, the spectra show the same
behaviour for these elements. Therefore La stands for all the lanthanides
except Ce.

At 2440 K when there was no more powder present at the surface of the
sample, the release rate of LaO increased and La appeared. This indicates
that La played an important role in the oxygen-exchange at the surface of
the sample. The experiments with fissium described earlier in this thesis
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showed that at temperatures above 2400 K the lanthanum oxide acts as an
oxygen supplier for the UO2.

Up to 2440 K the CeO+ ions were probably mostly fragments of CeC>2,
but at higher temperatures CeO+ was the dominant Ce parent ion. From
this figure it becomes clear that the oxygen-supply from the powder played
a crucial role for these species too.

Figure 70 shows the release curves of the nuclides most significantly
present in the gamma spectra.

The cesium shows an initial release at 1800 K and the release rate
gradually increases. Above 2300 K the release rate increases sharply; at
this temperature the heating rate was decreased from 0.2 to 0.05 K/s. The
large scatter in the Cs data is due to noise caused by a relatively low
number of counts (note). The nuclide Cs-137 was the only one detected in
this experiment, because the comparetively short-living nuclide 1-132,
which dominant peak masks the Cs-137 peak in the gamma spectra, had
disappeared due to the long time between discharge from the reactor and
experiment (210 days).

The most remarkable aspect of Figure 70 is the strong release of Nb-95
above 2300 K. This decay-product of Zr-95 behaves completely different
from its parent, which is released for a small fraction at very high
temperatures (predominantly as a monoxide, as was shown). A small
fraction of the Nb was lost at temperatures below 1800 K and up to 2300 K;
virtually no further release occurred.

The ruthenium is non-volatile; an axial gamma scan across the
crucible showed that it contained Ru-103 and Zr-95. It appeared that
highly refractory Ru, normally present in metallic inclusions inside the
fuel (Chapter 3), remained as a metal inside the crucible.

The metal Zr is not highly refractory (Tm = 1990 K) but its double oxide
ZrC>2 is (Tm = 2700 K), and it is known that this oxide forms a stable
sublattice in a UO2 matrix (Chapter 3). Apparently the UO2 matrix
evaporated and the ZrO2 remained inside the crucible. At very high
temperatures, it predominantly evaporated from the tungsten crucible as
ZrO.

Experiment 5.1 - This experiment was performed in four stages; in each
stage the final temperature was raised and in the fourth stage the sample
was completely evaporated. The sample was tomographed during a few
days before each evaporation experiment. This was the first sample in
which copper- powder instead of AI2O3 powder was used in the capsules .

Figure 71 shows the crucible current calculated from the measured Xe-
136 ion current. For the experiments 5.1.1 and 5.1.2 the lack of a trend in
the curve suggests the bubble-release of xenon. Even at 1160 K (this value
is an extrapolation) a xenon current was detected. A large release was
registered between 2000 and 2100 K. The smooth curves of 5.1.3 and 5.1.4
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Fig. 72
Crucible currents for Cs/Te/I, exper-
iment 5.1.

in the range 2000-2400 K indicate the absence of incidental bubble-
release. At temperatures above 2400 K the profile is remarkably irregular.

The bubble-release mechanism can also be used to describe the
behaviour of the Cs/I/Te-species in the experiments 5.1.1 and 5.1.2.
Comparison of Figure 71 with Figure 72, which depicts the Cs/I/Te-
currents, shows that the peaks of xenon at 1500 K, 1850 K and 2050 K
coincide with peaks of these nuclides, although the last Te peak is shifted
to 2100 K. In addition, the gamma spectra of 1-131 (Figure 75) and Ba-140
(Figure 76) show an instantaneous fractional release of 10% and 5%
respectively for these nuclides at 1500 K. Sparse data on Te-132 indicate a
fractional release of 15% at this temperature. This does not necessarily
mean that these volatiles dissolved in the fission gas bubbles; they could
have formed separate bubbles which were swept from the sample by the
relatively large fission gas bubbles.
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Fig. 74
Crucible currents for the non-volatiles,
experiment 5.1.

Above 2300 K the trends in the Te, I and Xe are about the same but the
Cs curve shows some differences. These could have been caused by the
retention in the chimney.

On the whole the Te, I and Xe curves show a remarkable
correspondence for this experiment, featuring a dominant bubble-release
mechanism at temperatures from 1160 K to 2200 K.

Figure 73 shows the curves for Ba(O) and Sr, The initial release of Ba
at 1500 K, which was already mentioned, is not reflected in the mass
spectra. As with experiment 4.1 BaO was detected, but this time the
oxygen ion was undoubtedly supplied by the sample itself. The curve for
BaO shows the same trend as the stoichiometry of the sample; that is to
say, at higher temperatures stoichiometry and oxide-current decrease. The
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relatively high Ba current, compared to the BaO current, indicates that
the element Ba evaporated from the crucible at higher temperatures in
two forms but predominantly as an atom. This does not mean that barium
was present in two forms in the fuel sample because the Ba form could
have originated from a reduction of the BaO by the crucible.

As in experiment 4.1, no Sr oxides were detected and the Sr was
released at high temperatures (2400-2700 K). The increase of the release
ate of Sr above 2700 K may have been caused, just as with the Cs, by a re-

emission of Sr deposited on the chimney at lower temperatures. The
consistency study did indeed reveal the large retention of Sr by the
crucible and the chimney (see the section on the consistency study later in
this chapter).

The crucible currents of the non-volatiles are shown in Figure 74. As in
experiment 4.1 the monoxides were the dominant form of the elements Ce,
La and Zr released from the crucible. The only double oxide detected was,
again, CeO2- The oxide of Y and the metal itself showed approximately the
same currents. Because there were no indications that the cross-section of
fragmentation of YO and subsequent ionisation of Y were different from
that of elements like La or Zr, it is concluded that this element was
released as the monoxide from the crucible.

The highly refractory metals Ru and Tc appeared as the element at the
last stage of the UO2 evaporation; the data show no signs of oxides or other
molecular forms.

As already mentioned, the gamma curves of iodine show an initial
burst- release of about 10% at 1500 K. From the mass spectra it is clear
that during the experiments 5.1.1 and 5.1.2 several bursts occurred. From
Figure 75 it becomes clear that, except for the initial burst, this did not
cause a substantial fraction to be released. To incorporate the diffusion
model into the figures the initial fraction of the nuclide 1-131 is taken to be
the final fraction from the previous experiment, corrected for the
abundance of the element iodine, which decreases due to natural decay
(the abundances are taken from ORIGEN-1 calculations).

The results of experiment 5.1.2 show a larger release above 2000 K
than can be described by the diffusion model. This was evidently caused by
burstrelease at 2080 K. By contrast, the fairly good agreement between
the model and measured curves with the experiments 5.1.3 and, especially,
5.1.4 suggests that diffusion was the dominant mechanism in these
experiments.

Figures 76 and 77 shows the release curve of Ba-140; the release is
shown starting at about 2200 K in experiment 5.1.3.

The element Nb has a release curve more comparable to the volatile
species than to the non-volatiles such as Zr, just as in experiment 4.1.
Figure 77 makes this more visible; the Nb was released from about 2200 K
(just as the Ba!) and the non-volatiles La, Zr and Ru from about 2400 K. (In
fresh fuel, Nb-95 builds up from the decay of Zr-95; the build-up from the
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Ganuna release curves for experiment
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start of experiment 5.1.1 causes an apparent negative release of this
nuclide in the following stages of this experiment.)

The lanthanum was fully released at 2700 K; Ru, Zr and a small
fraction of the Nb remain in the crucible. A small fraction of the Nb
apparently behaved as the highly refractory Ru and ZrC>2. This indicates
that the Nb remained inside the crucible as a metal in which form it is
highly refractory.

Experiment 5.2 - Due to the low burnup of this sample it contained only a
small amount of fission products. Significant ion currents could only be
detected for Xe (Figure 78), Cs/I/Te (Figure 79) and Ba/Sr (Figure 80).
Most of these nuclides, except for the Cs and Ba, were released at about
2500 K, that is when the UO2 matrix collapsed.

The xenon current profile shows no signs of bubble-release although
small peaks are observed at 2000 K and 2380 K. The Cs current increased
at these temperatures too, as did the Te current at 2380 K.

Almost all of the xenon was released at very high temperatures shortly
before the sample was completely evaporated. Te and I were not detected
below 2300 K.The release rate of Ba decreased remarkably at this
temperature. The ratio of the Ba current to the currents of Cs, I and Te is
much higher than for the experiments 4.1 and 5.1. This already suggests,
as can be proved with the gamma release curves, that the barium was
more volatile in this sample than the so-called volatiles.

This could explain the relatively large fraction of Ba in the consistency
study compared with other experiments (section 7.4). If the barium was
predominantly released as an element rather than as an oxide, the
retention by the crucible and the chimney could have been different and
would need to be lower in order to explain the figure in the consistency
study.

The absence of BaO can be understood if it is recalled that this sample
has a low stoichiometry compared to the samples in experiments 4.1 and
5.1. The initial stoichiometry was estimated to be 1.98 + /-0.01 and from
Figure 68 (with the Gibbs free energies) it may be seen that BaO is not
stable inside UO2 with a stoichiometry of 1.97 or less. Due to the
evaporation of the UO2 it is not unlikely that the stoichiometry decreases
below 1.97 even at relatively low temperatures.

The smooth profile of all curves can be explained if large fractions of all
fission products were distributed homogeneously as single atoms in the
sample and diffused as single atoms through the matrix. Indeed,
experimental work on Xe shows that at this burnup (0.9% FIMA) no
substantial intergranular bubble formation exists [9].

This sample can be described as a dense UO2 matrix without many
imperfections and with a low concentration of fission products
homogeneously distributed. The dominant release mechanism was
intragranular diffusion of single atoms. Small bubbles can be formed on
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Fig. 79
Crucible currents for Cs/Te/I, exper-
iments^.

crystal imperfections such as grain-boundaries but the relatively low
concentration of such imperfections in this sample caused bubble-growth
to be moderate. The fractional release can be calculated from the crucible
current by dividing the current (cumulative) by the integral value of the
currents in the temperature-range of interest. This is allowed in this case
because no transient phenomena, like bubble-release, occurred. This was
done for Cs and Sr and the results are shown in Figure 81 together with
the best possible fits the diffusion model could produce. The diffusion
model can reasonably describe the fractional releases up to a temperature
of 2300 K. Above 2300 K however, the Sr crucible currents measured were
greater than may be explained by simple diffusion.

The release curves obtained from the gamma spectra for experiment
5.2 are shown in Figure 82. Ba-140 is the most volatile and its release
curve is the only one which can be described reasonably with the diffusion

142



16000r

1700 2200 2700
temperature (K)

• Bo-138 o Sr-90

Fig. 80
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Fig. 81
Release curves of Cs-137 and Sr-90 for
experiment 5.2 obtained by integration
of the crucible currents.
— : calculated with diffusion modeKCs-
137),E = 4.87eV,D0= 3500cm2/s.
- - : calculated with diffusion modeKSr-
90) E = 6.09eV, Do = 600000 cm2/s.

model. Above 2300 K the release rate as calculated with the model
becomes smaller than the measured one just as with the Sr described in
the previous section.

The consistency of the barium release can be checked by calculating
the fractional release from the crucible currents and comparing these data
with the gamma release curve. Figure 82 shows the Ba-138 curve as
obtained from the mass spectra to be shifted 50 K below the Ba-140 curve.
A correction of the gamma release curve for the effect described earlier in
this chapter (i.e. the number of counts is the time-integral of the count-
rate between two measurements) would give a good correspondence
between both curves.

At the interesting temperature of 2300 K the iodine release rate
decreases to nil and there were no more releases of this nuclide until the
temperature had reached about 2450 K at which the UO2 matrix was
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Fig. 82
Gamma release curves for experiment
5.2.
— : calculated with diffusion modeKBa-
140), E = 4.87eV, Do = 3500 cm2/s.
- - - : Ba-138 release curve obtained by
integration of the crucible currents.
1-131 (39568), Ba-140 (39008), Nb-95
(55876), La-140 (32292), Zr- 95 (53269),
Ru-103 (69364).
(...)= initial number of counts.

rapidly evaporating and vanished at about 2600 K. The crucible currents
for 1-129 between 2300 K and 2450 K did decrease but did not vanish
completely. A small fraction of the iodine probably formed small bubbles
but the major fraction was hardly mobile in this UO2 matrix.

The non-volatiles Zr and Ru remained for a large part inside the
crucible and in contrast to what was seen in the experiments 4.1 and 5.1
the niobium was non-volatile. It is concluded that the release curves
reflect the evaporation of metallic substances in the crucible which in turn
probably corresponds to the metallic inclusions in the sample. If this was
the case, these metal particles would evaporate according to their vapour
pressure; a small vapour pressure giving a small release and a high
pressure giving a high lelease. At temperatures between 2500 and 2700 K
the vapour pressures of Zr and Ru are about equal, while the vapour
pressure of Nb is indeed small compared to the other two [10].

Experiment 6.1 - Due to the small mass of the sample, the abundance of the
fission products was too low to register high ion currents with the mass
spectrometer. The only species for which a considerable current was
measured was xenon. For the other species a significant current was
measured only at a few temperatures. The species detected were: Xe, Cs,
Te, I, Ba, Sr, NbO and Nb; small traces of the lanthanides and their
monoxides.

The Xe-136 crucible current as a function of the temperature of the
sample is shown in Figure 83. On an otherwise smooth curve four peaks
can be seen; at 1760 K, 2030 K, 2350 K and 2450 K. These peaks reflect the
appearance of bubble-releases. The fractional release is also depicted in
Figure 83.
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Crucible currents for Xe-136, exper-
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Fig. 84
Crucible currents for Cs/Te/I, exper-
iment 6.1.

Although non-diffusional phenomena such as bubble releases are
imminent, they appear to be incidents on an otherwise gradually
increasing release curve of xenon. The diffusion model was therefore
applied to the curve of fractional release. This model underestimates the
release above 2300 K due to its relatively poor modelling of the release due
to UO2 matrix evaporation.

The crucible currents of Cs, I and Te are given in Figure 84. At 2350 K
a remarkably strong Te current was detected; at this temperature the
gamma release curve (Figure 86) also shows a large release of Te. The
coincidence with the Xe peak suggests the sweep-release of Te by fission
gas bubbles or the release of fission gas bubbles containing Te. Although
the gamma release curves of 1-132 and 1-131 indicate no bubble-release,
the iodine ion currents can only be described by this phenomenon.
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The absence of Cs ions at 2350 K and 2390 K can explain the high
currents at the higher temperatures: Cs was not released by bubbles as the
Te ana the I were, but most of it was released during the UO2 evaporation.
It is coi eluded that Cs behaved differently from I and Te in this
experiment.

The ion currents of Ba-138 and Sr-90 in Figure 85 become significant
at 2380 K, increase sharply at higher temperatures and decrease above
2550 K. There remains a small Sr current as in experiment 5.1 which can
be explained by the re-evaporation of this element from the chimney.

The gamma release curve of Ba-140 showed that this element was not
as volatile in this sample as the I and Te. But above 2300 K it became as
volatile. This can be explained if we assume that no BaO could be formed
above this temperature due to the lack of oxygen atoms caused by UO2
evaporation. From Figure 68 (with Gibbs f-ee energies of several oxides) it
can be seen that the stoichiometry must have been as low as 1.97 to cause
the BaO to become unstable. In experiment 5.2, in which the sample had a
low stoichiometry, the Ba appeared to have been even more volatile than
the I. In the experiments 4.1 and 5.1, with a higher stoichiometry, BaO
was detected and the Ba was not as volatile as the iodine.

Although no BaO was detected, probably due to the low abundance of
this molecule, experiment 6.1 shows both phenomena. That is: non-volatile
BaO if enough oxygen is present, and volatile Ba if not.

The most interesting aspect of Figure 85 is the observation of niobium
and niobium monoxide. This experiment and experiment 7.2 were the only
ones in which mass spectrometric evidence was obtained for the observed
volatility of the nuclide Nb-95. And again, the gamma release curve for
this experiment shows the volatility of this nuclide up to high
temperatures. At temperatures above 2600 K the release rate decreased
and about 20% of the initial amount of Nb-95 remained in the crucible at

- '60C-

2100 2700
temperature (K) «" •£• OO

.Ba-138 + Nb-95 A NbO-iii Crucible currents for Nb/NbO/Ba/Sr,
° Sr-90 experiment 6.1.
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Gamma release curves for experiment
6.1 (Ba-140 and Nb-95).
— : calculated with diffusion modeKBa-
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Gamma release curves for experiment
6.1.
1-131 (22418), 1-132 (16373), Ba-140
(15377), Te-132 (6865), Nb-95 (9398),
La-140 (34816), Zr-95 (13570), Ru-103
(18619), Mo-99 (1844).
(....)= initial number of counts.

2800 K. This latter fraction was most probably in the metallic form (as was
shown earlier). The observed Nb ion must have originated from the
evaporating Nb compound because the refractory metallic Nb has no
considerable vapour pressure at these temperatures. The constant ratio of
the NbO to Nb current suggests that Nb is a fragment of NbO.

Figure 86 shows the close correspondence between the gamma release
curves of Nb and Ba up to about 2500 K. This had already been observed in
experiment 3.1. These observations taken together with the fact that
BaZrC>3 is known to exist as a sub-lattice in UO2 [6], suggests the
formation of Ba(NbC>3)2 due to the nuclear decay of Zr-95 into Nb-95.
Gotzmann [11] has indeed detected this form as a ceramic inclusion in
experiments with mixed-oxide which was coated with Nb metal. This
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molecule probably dissociates into Ba or BaO and NbC>2 upon evaporation.
The NbO2 might be reduced to NbO by the crucible.

The BaO was not detected together with the Nb and NbO because of a
large retention on the chimney and in the crucible. This caused the BaO
current to become too small to be detected.

All gamma release curves are shown in Figure 87. The La-140 curve is
again a good indicator for the evaporation of the UO2 matrix. The curves
for Ru and Zr again indicate that these elements existed in the highly
refractory forms metallic Ru and ZrO2, evaporating not from the UO2 but
from the crucible itself.

In this experiment small peaks of Mo-99 (738 keV) were detected in the
gamma spectra. The considerable scatter in the data is caused by the poor
counting statistics. The gamma release curve shows this species to have
been in a highly refractory form which, at these temperatures, must have
been the metallic form. If e.g. MoO2 had been present in the fuel and not
mobile, the Mo-release would have been dictated by the evaporation of the
UO2 matrix, which was not the case.

From a thermodynamic point of view, MoO2 is stable in fuel with as
high a stoichiometry as the initial stoichiometry of this sample (i.e. 2.06,
see Figure 68). A close comparison of the Figures 68 and 32 makes it clear
that, due to the evaporation of the sample, the stoichiometry decreases
rapidly and reaches a level at which the MoO2 is no longer stable (at about
2200 K). The MoO2 apparently liberated its oxygen and Mo remained in
the metallic phase up to very high temperatures.

Experiment 6.2 - Experiment 6.2 was performed in two stages. In the first
stage the temperature was raic°d at 0.5 K/s and the final temperature was
2300 K. In the second stage the temperature was raised in the same tempo
but the sample was completely evaporated. The sample closely resembled
sample 6.1 indicating a low abundance of fission products.

The crucible current of Xe-136 in Figure 88 shows roughly the same
characteristics as that for sample 6.1. That is to say an initial high release
due to the release of bubbles, followed by a gradually increasing current
reaching its maximum at about 2650 K. The diffusion model was applied
to the fractional release of this nuclide.

The curves of Cs, I and Te show the same profile (Figure 89). As with
previous experiments the Cs current did not vanish when the final
temperature was reached, which can be explained by the re-evaporation of
Cs from the chimney.

From the gamma release curves (Figure 91) it became clear that the
iodine had already been released as bubbles at 1800 K. These bubbles were
not detected by the mass spectrometer. Above this temperature, the iodine
release can be described by ordinary diffusion and the release rate becomes
high above 2300 K. The sensitivity of the mass spectrometer to iodine was
clearly not enough to detect any species below this temperature. This,
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Fig. 89
Crucible currents for Cs/Te/I, exper-
iment 6.2.

most probably, caused the apparent absence of any Te and I ions at low
temperatures.

For Ba and BaO it is not as bad; small currents are detected at 2150 K
although the gamma release curves already show a release at 1900 K
(Figures 90 and 92).

Experiment 6.2.2 showed no BaO release up to 2600 K (Figure 90), as
expected from the lack of oxygen atoms due to the evaporation of the
sample. At 2650 K however, a considerable BaO current was measured
which disappeared at the next measurement. This can be explained if it is
assumed that the stoichiometry of the UO2 decreased initially at the
surface of the sample due to evaporation and that the redistribution of
diffusing oxygen atoms was not as fast as the evaporation of the sample.
The UO2 then contained a relatively high concentration of oxygen at the
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surface shortly before it was completely evaporated. (It is normally
assumed that the redistribution time of oxygen atoms or vacancies is so
short that it is reasonable to consider the oxygen concentration as
homogeneous while calculating the evaporation of the fuel (see e.g.[12]).
For this sample however, which had by far the fastest heating rate of all,
this assumption may be wrong.)

Figure 91 shows the release curve of the element iodine as based on the
release of 1-131. Application of the diffusion model gives a good fit with
this curve if one takes into account that the first release at 1880 K is due to
a non-diffusional, burst-release of bubbles.

An almost perfect fit can be obtained with the element Ba based on the
release curve of Ba-140 (Figures 92 and 94). The nuclide Nb-95 (Figures 93
and 94) was again volatile, although not as volatile as the barium. The
diffusion model gives a good description of these Nb-95 curves.

Figure 94 shows all gamma release curves of experiment 6.2.2. Part of
the Ru and the Nb remained in the crucible. The Zr is completely
evaporated at 2600 K as was the case with experiment 6.1 but contrary to
the observations of the other experiments, where it remained inside the
crucible. Lanthanum was released significantly above 2300 K.

Experiment 7.1 - During the manipulations of the capsule containing
sample 7.1, gamma counters were already indicating an unexpectedly low
radioactivity of this sample. The enrichment of the sample proved during
evaporation to be close to that of natural uranium, although it was meant
to be 20%. So, virtually no burnup was reached after irradiation. The low
abundance of fission products yielded only considerable ion currents of
xenon on the mass spectrometer; no significant currents from other fission
products were detected.
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During this experiment the temperature was raised in steps until the
sample was completely evaporated. Figure 95 shows the measured crucible
currents of Xe-136. The data could not be described by the diffusion model.

The gamrn^ release curves of sample 7.1 are given in Figure 96. The
initial release of Ba-140 and Nb-95 could be measured after the
temperature step to 2247 K. The release rate of Nb was almost constant
until the UO2 matrix dictated the release of most of the fission products,
that is above 2547 K. The iodine release rate was very high up to 2396 K
but decreased somewhat at higher temperatures. La-140 and Zr-95 were
completely released by 2697 K. Part of the Ru-103 and the Nb-95 remained
in the crucible.
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Gamma release curves for experiment
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(...)= initial number of counts.

Experiment 7.2 - This experiment was performed in three stages, before
each stage tomography was performed. The sample was heated in steps. In
stage 3 the sample was completely evaporated.

The Xe-136 current is shown in Figure 97. As will be seen later, the
consistency analysis indicated that the xenon in this sample was
predominantly released in bubbles and that the curves only reflect the
release of about 50% of the xenon-136 initially present. Analysis of this
curve is therefore rather difficult.

Significant currents of Rb-87 were detected, probably due to the high
abundance of this element in the sample compared to the other samples.
Rb and Cs are thought to behave chemically in the same way. They are
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Gamma release curves for experiment
7.1.
1-131 (5264), Ba-140 (4016), Nb-95
(9758), Zr-95 (6637), La-140 (12367),
Ru-103 (20952).
(....)= initial number of counts.

consequently treated equally throughout most studies on fission product
release. Indeed, the curve of Rb-87 shows virtually the same trends as the
Cs-137 curve (Figure 98).

The curves of Cs (and Rb), I and Te for 7.2.1 and 7.2.2 resemble the
curve of Xe-136; the high current at 2300 K during 7.2.2 is imminent for
all these nuclides. This could mean that bubbles containing these nuclides
were released or that bubbles containing Xe (and Kr) swept these nuclides
out of the UO2 matrix.
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Crucible currents for Cs/Rb/Te/I, exper-
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High currents at 2300 K were also observed for the Ba, the BaO and
the Sr( Figure 99).

Although the gamma spectra show a Nb release of about 20% at the
final temperature of experiment 7.2.2, this was not reflected in the mass
spectra; no Nb or Nb-containing molecule was found during 7.2.2.

In experiment 7.2.3 low currents of Nb and its monoxide were detected
throughout the heating period. The last measurement at 2770 K showed a
Nb-95 increase which was not accompanied by an increase in the NbO
current. Apparently the Nb was present in two forms in the particle beam:
in atomic form and as an oxide. The single atoms probably originated from
the highly refractory metal phase which remained inside the crucible and
evaporated at very high temperatures.

The NbO phase is more interesting; from Figure 68 it follows that the
NbC>2 was stable (from a thermodynamic point of view) in hyper-
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Fig. 100
Crucible currents for the non-volatiles,
experiment 7.2.3.

stoichiometric UO2- The monoxide is stable in hyperstoichiometric and
slightly hypostoichiometric UO2. The question arises: what was the
stoichiometry of the fuel at this stage, that is: during experiment 7.2.3?
This question cannot be answered because of the sudden absence of the
UO3 current in this stage which indicates there was a lack of free oxygen
atoms inside the sample. However, the stoichiometry was not so low as to
prevent the formation of NbO. In this temperature range this means that
the stoichiometry was at least 1.999.

NbO is the more volatile form of the Nb. The absence of molybdenum
oxides and the presence of NbO could mean that Nb played the role of
oxygen buffer in these samples instead of Mo (Chapter 3).
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Fig. 102
Gamma release curves for 1-131, ex-
periment?^.

: calculated with diffusion model,
E = 4.35eV,D0= 250cm2/s.

The correspondence between the Ba, BaO and the Nb and NbO is not
as great as it was in experiment 6.1 but the possible formation of a Ba-Nb-
O compound (like Ba(NbO3)2) is not contradicted.

The release of non-volatiles is shown in Figure 100. The figure can be
divided into two parts; one with the curves of the oxides of the lanthanides
and one with the release (or evaporation because the UO2 matrix had
already gone) of the highly refractory metals Mo, Tc and Ru, and the
oxides YO and ZrO.

The gamma release curves of experiment 7.2.2 in Figure 101 show that
the most volatile nuclides were again 1-131, Ba-140 and Nb-95. The iodine
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Gamma release curves for experiment
7.2.3.
1-131 (2949), Ba 140 (6542), Nb-95
(74537), Zr-95 (48834), La-140 (17859),
Ru-103 (56681).
(...) = initial number of counts.

release became significant at about 1800 K and was already 10% at the
end of the first stage of this experiment. Application of the diffusion model
gives a good fit of the release curves of 1-131 (Figure 102). The Ba release
was initially not as high as the iodine release but became as high in the
third stage (Figures 101 and 103). The release-rate of Ba increased
gradually at the lower temperatures and decreased gradually at the
higher temperatures. The iodine profile was not as smooth; the release
rate suddenly decreases at 2498 K. Figure 103 gives all release curves of
experiment 7.2.3. Ru and Zr were non-volatile up to the temperature at
which the UO2 matrix collapsed. La was somewhat more volatile again.
Nb was volatile but remained for a small part inside the crucible at high
temperatures.

Experiment 8.1 - This final experiment was the only one in which the UO2
sample was encapsulated in a shell made of zircaloy-4. This had a profound
effect on the stoichiometry of the sample and on the release of the fission
products.

It was thought that the capsule would not withstand the increasing
gap-pressure due to the heating of the helium and fission gasses contained
in the gap between shell and UO2 sphere and would burst open at a
temperature between 1400 K and 1900 K. It happened, however, that
during the heating of this sample (with temperature steps) the capsule
melted at the melting temperature of zircaloy-4.

The melting of the shell was accompanied by a strong burst of fission
gasses. At that moment the mass spectrometer was fortunately scanning
from a.m.u. 120 and it was able to detect Xe, Cs, I, Ba and Te.
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The crucible currents calculated from the measurements with the
mass spectrometer are plotted in Figure 104. At time t = 0 the shell melted
and the species inside the gap were released; Cs, I, Te, Ba and La were
detected. A second current maximum exists at 2258 K (t= 1113 s) for all
these nuclides except Ba and I.

The Sr and Y could not be detected, if present at all in this burst-
release, because the mass spectrometer scan had passed the mass range
below a.m.u. 120. The strong Sr current at t = 320 s, which was comparable
to that of Ba, does not exclude a strong burst release of Sr at t = 0.

Of the non-volatile species, ZrO, Zr and Y were detected.
Considerable currents of tin (Sn) were detected before the melt-

through of the shell. Tin is a constituent of zircaloy-4 with a high vapour
pressure at the temperatures of interest; the metallic form apparently
evaporated from the shell. At very high temperatures (2483 K) traces of
SnO and large currents of ZrO were detected.

Taking these observation together with the observed hypo-
stoichiometry of the UO2 (Chapter 6), it can be concluded that the cladding
materials Zr and Sn were oxidized by the UO2- At these temperatures, and
with substoichiometric UO2, the formation of SnO from the fission product
Sn inside UO2 is highly unlikely from a thermodynamic point of view
(Figure 68). Inside the zircaloy, or what is remaining, the oxygen potential
had apparently become so high that Sn was oxidized.

The gamma release curves (Figure 105) confirm the conclusions
obtained from the mass spectrometry. That is: Ba was the most volatile
species, followed by the iodine and the tellurium.

Niobium was not volatile and appeared to have been completely in the
metallic form. The same holds for the molybdenum and the ruthenium.

Consistency of the mass spectrometer data

There were two important influences on the particle current data:
(1) scanning losses: there was a low probability of fast phenomena being

monitored due to the large sampling interval of the mass spectrometer
' sampling interval: up to 240 seconds)

(2) the influence of the crucible and chimney on the particle current:
particles may have adsorbed on and subsequently desorbed from the
tungsten crucible and the tantalum chimney. They may have formed
chemical or physical bonds with it. The energy necessary to break
those bonds may be substantial , as was demonstrated with
unirradiated UO2 evaporating from a crucible (Chapter 5).

In addition, the particle current in the ionization chamber may have been
influenced by differences in the alignment of the crucible during different
experiments.
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Fig. 105
Gamma release curves for experiment
8.1.
1-131 (60545), 1-132 (57297), Te-132
(31 lll),Ba-140 (40170), Nb-95 (41963),
La-140 (36279), Zr-95 (47951), Np-239
(12620), Mo-99 (5984), Ru-103 (59855).
(....)- initial number of counts.

The data were analysed on internal consistency throughout the set of
experiments, to gain insight in these effects. Therefore, the crucible
currents of Xe, Te, Cs, I, Sr and Ba, of all experiments (except experiment
8.1) were integrated with time and divided by the original abundance of
the element considered (as calculated with the ORIGEN-1 code). These
data were then normalized to those of xenon. Xenon showed the largest ion
currents in all cases, which was caused by the relatively small surface
retention. As a noble gas it does not condense on or react with the surfaces.

The resulting normalized fractions are tabulated in Table 9.
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Table 9
Normalized fractions of the element released (based on mass spectrometer data), ( . . . . )
= after correction for scanning losses.

element

Xe
Te
I
Cs
Sr
Ba

4.1

1.0
0.20
0.24
0.07
0.033
0.069

5.1

1.0
0.29(0.15)
0.41 (0.21)
0.023(0.012)
0.014(0.007)
0.013 (0.007)

5.2

1.0
0.17
0.23
0.021
0.080
0.09

sample
6.1

1.0
0.17
0.23
0.013
0.036
0.011

6.2

1.0
0.13
0.32
0.029
—
0.066

7.1

1.0
0.29*

0.034*
0.11*
0.039*

7 2

1.0
0.33(0.17)
0.59 (0.29)
0.11(0.055)
0.12(0.060)
0.12(0.060)

* based on only 4 measurements.

The crucible currents are integrated by a method based on cubic-spline
interpolation. In case of a smooth profile this will give integral values
correct to within 10%. For the elements (other than Xe) in samples 6.1 and
6.2 the error will than be about 25%, because there were only 4 to 5 data
points. The data for Ba and BaO were treated independently and
afterwards added to yield the resultant Ba fraction. This implies that both
particles have the same retention characteristics, which is unlikely.

The table shows that the elements Cs, Ba and Sr had a high retention,
except in sample 7.2. This sample showed the largest fractions for all
elements, but it is felt that the xenon fraction was too low due to a
predominant release of xenon in bubbles which were not seen by the mass
spectrometer due to the scanning-effect. The crucible currents of Xe-136 in
sample 5.1 and 7.2 showed the most pronounced bubble release.

The figures for Te and I are rather consistent with each other, if it is
assumed that the xenon fractions in 5.1 and 7.2 were too small by a factor
of 2. After a correction of these fractions with this factor, the data of
sample 7.2 for Cs, Ba and Sr are in better correspondence too. However,
the data for Sr and Ba of sample 5.1 become very low after this correction.

Figure 106 shows a logarithmic plot of the corrected total release
fractions as a function of the atomic number. One can imagine that trends
in this figure reflect the electronic structure of the outer shell of the atoms:
the more the shell is filled, the less the retention of the atom. There is no
retention when the shell is full (Xe).

It is concluded that, if the existence of bubble release is taken into
account, the measurement data are fairly consistent.
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Table 10
Activation energy and diffusion constant for different elements obtained from the
diffusion model.

?lement experiment E(eV) (cm2/s) remarks

I

Cs

Te

Xe

Ba

Nb

3.1
5.1
6.1
7.2

4.1
5.2

6.1

6.1
6.2

3.1
5.2
6.1
6.2

3.1
6.2

4.57
3.59
3.05
4.35

3.05
4.87

3.18

2.83
1.31

3.92
4.87
3.92
3.92

3.92
4.13

20000
1
0.02

250

0.6
3500

0.02

0.01
5.0E-6

20
3500

2
50

20
40

from mass spectrometer data

between 1600 K and 2250 K

from region T< 2200 K

from region T< 2200 K
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Results of the diffusion model

Summary of results - Table 10 gives a summary of values for the
activation energy E and the diffusion constant DQ obtained from the
diffusion model. Only those elements are listed for which a good fit was
obtained.

Discussion- When the activation energy E and the diffusion constant DQ
are known, the diffusion coefficient D can be calculated from Equation
(43). Figure 107 shows an Arrhenius plot of the calculated diffusion
coefficients for I, Cs and Te. Figure 108 shows the same for Ba and Nb. All
lines, except for Cs in experiment 4.1, Xe in 6.2 and I in experiment 3.1, lie
in a narrow band around a hypothetical line resembling a diffusion process
with E equal to about 3.82 eV and Do equal to 3500 cmV1 . This value for
E is about 1 eV higher than the value for oxygen diffusion in UO2 (2.8 eV).

Andriesse [13] obtained from his data set values for the activation
energy quite close to the value for oxygen diffusion and he concluded that
the insoluble fission products diffuse by an interstitial mechanism as does
oxygen.

In Chapter 6 it was shown that the experiments 5.2 and 7.2 were
different from the other experiments. If these experiments are excluded
the average activation energy becomes 3.61 + /-0.46 eV, still somewhat
higher than the value found by Andriesse. But if the activation energies
are compared for each element the picture becomes more clear, as can be
distilled from Table 11. Table 11 gives a comparison with activation
energies obtained by other investigators.
Andriesse obtained his values from published results of several different
experiments. These concerned the release of fission products from
overheated UO2 (irradiated or with fission product simulant) in a water/
steam atmosphere or chemically neutral atmosphere which was not a
vacuum.

Table 11
Activation energies for diffusion in UO2 for some fission products (excluding
experiments 5.2 and 7.2).

element

I
Cs
Te
Ba
Nb

Andriesse [13]

3.45
3.02
2.38
2.50
-

activation energies (e V)
Prussin (14]

5.33
4.32
5.02
-

this work (averaged)

3.32
3.05 (exp. 4.1)
3.18
3.92
4.04
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Diffusion-coefficients as obtained with
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Fig. 108
Diffusion-coefficients as obtained with
the diffusion model (Ba and Nb).

Prussin [14] used trace-irradiated UO2 specimens (no crystal damage)
which were annealed at different temperatures up to 2023 K in a hydrogen
environment with a small water content, ensuring an O/U ratio close to
2.0.

163



Despite the limited accuracy and the small data base, the values for
the activation energies of I and Cs are in good agreement with the values
found by Andriesse. The Te value is somewhat higher and the Ba value is
considerably higher.

On the other hand Prussin's values which are high compared to the
other values given in the table, but come close to the values from the
experiments 5.2 and 7.2.

The major difference between the experiments described in this work
and the experiments on which Andriesse's data set was based (as compared
to the experiments of Prussin) is the burnup of the fuel samples used.
Prussin used samples with a very small burnup (trace-irradiated). This
means that the UO2 matrix would have had little damage compared to the
samples with a burnup of a few percent FIMA. This implies that the
activation energies obtained by Andriesse and in this work are apparent
activation energies. Nothing can be said about the specific intra- and
intergranular (diffusion) mechanisms.

Prussin's samples can be characterized as having been almost perfect
UO2 matrices containing small concentrations of fission products. If
diffusion is the mechanism by which some fission products migrate, then
the values yielded by these experiments may more closely resemble the
diffusion inside a UO2 grain. In that case, if the true diffusion inside a
grain needs the high activation energy obtained by Prussin, there exist
(diffusion) mechanisms in more damaged fuel with a substantially lower
activation energj. Together, these mechanisms yield an apparent
activation energy close to the values found in this study and that of
Andriesse. One such a mechanism could, for example, be the formation of
bubbles in voids between the grains. These bubbles could be rapidly
released through open channels or pores.

In Chapter 6 it was concluded that the experiments 5.2 and 7.2 were
different from the other experiments because of:
(1) the unusually low stoichiometry of the samples;
(2) a considerable retention of Xe and Cs up to high temperatures.
This was attributed to an unknown mechanism, possibly involving the
capture of neutral fission products (Xe, Cs) in point defects and the binding
of oxygen by the subsequently generated new point defects. The existence
of such a mechanism, however, could not explain the high activation
energies for Ba and I found for these experiments.

Results from the tomography

Three samples were tomographed in several stages: 5.1,6.2 and 7.2. Table
12 gives the temperatures achieved in each stage of the heating process
prior to the tomography. Tomography was also applied before the first
heating stage.
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Table 12
Final temperature of the heating stage before tomography was applied.

experiment temperature (K)

5.1.3 2020
5.1.4 2280
6.2.2 2300
7.2.2 2100
7.2.3 2320

Figure 109 shows tomograms of Tc-99m (photon-energy: 140 keV), 1-131
(365 keV), Ba-140 (538 keV) and Zr-95 (756 keV) for experiment 5.1.1. The
apparent activity concentration of Tc-99m decreased sharply towards the
centre of the sample; Zr-95 showed a significant but smaller decrease.

Figure 110 gives the ratio of the activity concentration in the centre to
the maximum activity concentration for all nuclides monitored. This ratio
increases with energy and gradually approximates a constant value of 0.68
+ /-0.01. Up to about 400 keV this curve reflects the self-absorption of
photons by the sample. The Radon transform was used without
attenuation correction, so the tomograms show that the photons registered
were predominantly coming from the outer sample areas. Photons with an
energy greater than about 400 keV were not attenuated to a significant
extent by this sample (diameter 1 mm).

The nuclide distributions for these energies were virtually the same,
which points to a common cause. This could only mean that the
distributions reflect the fission density, which must have been more than
30% lower at the centre. And, because of the homogeneous concentration of
U-235, these distributions actually reflect the (thermal) neutron density.

This conclusion is strengthened when one considers the one nuclide
with a higher concentration ratio than can be accounted for by above
considerations. This nuclide (Np-239) is not a fission product but an
activation product of U-238. It is well-known that, because of the
comparatively large cross-section for fast and epithermal neutron
absorption of U-238, the Np-239 concentration is relatively high at the
surface of fuel. The gradient in the thermal neutron flux as obtained from
these observations has to be higher than is commonly calculated for fuel in
a standard nuclear reactor, but it can certainly exist when fuel in a test
facility is irradiated in a reactor position with an abnormally high thermal
neutron flux, as is the case in the High Flux Reactor used for these
samples.

Tomograms for Tc-99m, Ce-141, Ru-103 and Zr-95 show that the three-
dimensional distribution of these elements (after a correction for natural
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Fig. 109
Reconstruction of a plane through the centre of sample 5.1 for four nuclides before
heating the sample ( diameter about 1 mm, direct differentiation on two grid spacings,
coordinates in units of 50 um).

oa

0-68

0.5 -

0.0
0 100

Np-239

400 800
photon energy (keV)

Fig. 110
Attenuation factor obtained from
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decay) did not change during the heating periods. These elements are non-
mobile, at least at the current temperatures in question, as had already
been concluded in this chapter. This conclusion can be used to calculate the
released fraction of other nuclides from the tomographic results and to
compare these with the results of the measurements with the mass
spectrometer and with the gamma spectrometer.

Fission product release data obtained from the tomography - The total
number of counts for a specific nuclide registered during one scan was a
measure of the total activity of the nuclide. A smaller number indicated
that some part of the nuclide had been released. To calculate the fraction
which is released during the heating periods this number had to be
corrected for natural decay during the tomography and during the
intervals between.

In addition a correction had to be made for the change in the absolute
efficiency of the pulse acquisition equipment. This was liable to a slight
change, because the gamma detector was periodically removed from the
tomographer to be used at the evaporation experiment, repositioning
being not always exact. A slight shift in the position would cause the
absolute efficiency to change, because the number and kind of interactions
of the photons with the crystal was very sensitive to the place where a
strongly collimated photon beam hits the germanium crystal. This effect
was taken into account by correcting the total number of counts with the
average change in the absolute efficiency for the non-volatile nuclides Ru-
103 and Zr-95.

A correction for natural decay during one tomographic session was
made by normalizing the total number of counts of the 57 scans to the total
number of counts of scan 29. A correction for the natural decay between
two tomographic sessions was made using the decay tables of ORIGEN-1,
giving the activity at the start of scan 29. The fraction of the nuclides still
present after a heating stage was obtained by normalizing the total
number of counts of scan 29 on that of the first session.

Table 13 gives the released fractions calculated by this method and
compares it with the fractions obtained from the gamma release
experiments described before. Table 13 shows that the released fractions
obtained from the tomography are close to the values obtained from the
other experiments, except for La-140. The gamma release experiments
showed no release of lanthanum other than due to the evaporation of the
matrix, except for experiment 5.1.4.

The element lanthanum is thought to be non-volatile as the oxide
forms a stable sub-lattice inside UO2 (see Chapter 3). The tomographic
experiments 6.2.2 and 7.2.3 prove that this is not always true: lanthanum
can be released in considerable amounts even at temperatures of about
2300 K, i.e. before the evaporation of the UO2 becomes the dominant
release mechanism.
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Table 13
Release fractions obtained from tomography experiments; ( . . . . ) figures obtained from
gamma release experiments.

nuclide

Te-132
1-131
La-140
Ba-140
1-132
Nb-95

5.1.3
(0.03)

0.03
0.07(0.09)
-
0.00
0.01
0.00

experiment (error)
5.1.4
(0.03)

0.31
0.31 (0.30)
0.08(0.17)
0.22 (0.20)
0.35(0.29)
0.07

6.2.2
(0.03)

0.21
0.26(0.25)
0.09 (0)
C.27 (0.19)
0.2
0.18(0.09)

7.2.2
(0.01)

0.07(0.11)

-
-
0.02

7.2.3
(0.01)

0.51(0.53)
0.34(0)
0.52(0.47)
-
0.20(0.19)

This was not measured in the gamma release experiments, probably
because this element, although released from the sample, was retained by
the crucible (the crucible was the object actually monitored during the
gamma release experiments instead of the sample).

The considerable lanthanum release can be explainc J if it is assumed
that the fraction released originates from the decay of volatile Ba-140. The
lanthanum formed inside the fuel grains would fit into the crystal matrix
perfectly and would not migrate. The released lanthanum might therefore
originate from the decay of Ba residing at the fuel surface and open
porosities. In that case it would be released as the element, because this
has a low vapour pressure compared to the oxide.

Information about the release mechanism obtained from the nuclide
distributions - Figure 111 shows reconstructions of a plane through the
centre of sample 6.2 for 4 nuclides before the first heating stage. Figure
112 shows reconstructions for the same nuclides after heating the sample
to 2300 K. The activity concentrations were corrected for nuclear decay
and changes in detection efficiency.

The 6.2.1 tomograms show rather homogeneous distributions for all
nuclides but 1-131. Due to the attenuation of the gamma photons by the
sample itself the apparent 1-131 concentration decreases somewhat
towards the centre. Tomograms of other planes through the centre confirm
these features.

After heating the sample, a fraction of all nuclides can be seen to have
been released. The iodine concentration became very small in the centre.

This is interesting, because it excludes ordinary diffusion through the
sample as the release mechanism (if the whole sample is seen as one
crystalline matrix). The Ba, Nb and La distributions show the same
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Fig . I l l
Reconstruction of a plane through the centre of sample 6.2 for four nuclides before
heating the sample ( diameter about 0.5 mm, direct differentiation, coordinates in units
of 50 |im).

tendencies but to a less obvious extent. The surface area in the centre of
the sample was much greater than the outer surface of the sample sphere
due to the large number of open porosities and this caused the greater
release in the centre.

Apparently, this sample must be seen as having consisted of numerous
open spaces with open connections (channels) towards the outer sample
surface. The volatile species migrated and if they arrived at a void they
may have been released to it, to eventually leave the sample through the
channels. This does not exclude ordinary diffusion as a major driving force
for release but it must be applied to the grains instead of the sample.

The tomograms of the volatile species of the samples 5.1 and 7.2 show
the same features. This is not surprising because these samples had a
considerable burnup implying a complex internal fuel structure with a lot
of damage (see Chapter 3).

Figure 113 shows tomograms of the volatile nuclides after the second
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Fig.112
Reconstruction of a plane through the centre of sample 6.2 for four nuclides after
heating the sample to 2300 K ( direct differentiation, coordinates in units of 50 pm).

heating stage of sample 7.2. This sample had lost half of its original iodine
and barium content and the other half was concentrated in a small volume
at the fuel surface.

For all volatile nuclides »t holds that the distributions have no radial
symmetry as for the samples 5.1 and 6.2. Tomogranis of the non-volatiles
like Ru-103 and Zr-95 have radial symmetry for all three samples and for
all stages.

The asymmetric profiles could be caused by a non-homogeneous
temperature distribution across the sample during heating causing the
highest releases in the regions with the highest temperatures. This is not
very likely because the temperature of the crucible is very homogeneous
(see Chapter 2). Another explanation could be the existence of a physical
or chemical interaction between the crucible and the sample although a
chemical interaction is unlikely because different elements apparently
behaved in the same way.

The distributions of Ba and Nb show for some planes a weak
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Fig. 113
Reconstruction of a plane through the centre of sample 7.2 for four nuclides after
heating the sample to 2320 K ( diameter about 1.0 mm, direct differentiation on two
grid spacings, coordinates in units of 50 jim).

correlation and, although all samples show this correlation, it is too weak
to conclude that there was a formation of a Ba/Nb compound or the
associated migration and release of these elements.

It is concluded that the release of the volatile species I, Ba, Nb and La
from samples 5.1,6.2 and 7.2 cannot be described by the ordinary diffusion
of single atoms through a crystalline fuel matrix. These sample had a
number of open porosities or voids connected with the fuel's outer surface
by open channels. The species migrated through the grains and are
released into the voids and thus left the sample.
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Chapter 8

Discussion and conclusions

This chapter starts with a summary of the results from the release of
fission products for each element or groups of elements. The conclusions of
this investigation are finally given in the second part of this chapter.

Discussion of the results per element or group of elements

Xenon - The release of xenon from fuel during normal operation has been
investigated by numerous researchers over many years. This has led to
several theories on the behaviour of fission gasses inside the fuel. None of
these theories gave a satisfactory explanation for all phenomena observed
in the experiments, but some gave a good description of some specific
observations.

It becomes clear from experimental and theoretical work that the
release of the fission gasses strongly depends on the irradiation history
and the fuel preparation before irradiation. Fission gasses form bubbles of
different size inside the fuel; the number and size of the bubbles strongly
depend on the number of trapping centres inside the fuel. These trapping
centres can be vacancies and dislocations in the crystal, voids and grain
boundaries. It is very difficult to say how effective these trapping centers
are in the accumulation of fission gas atoms or fission gas bubbles.

If the xenon crucible currents obtained in the current investigation are
compared which each other, then two aspects are noteworthy:
(1) the largest xenon currents are measured at temperatures shortly

before or during the final evaporation of the UO2 matrix, which means
that a considerable fraction of the xenon remains in the crucible even
at a temperature as high as 2700 K;

<2) as a rule xenon was released, predominantly as bubbles, in significant
amounts during a large part of the heating period. In one case,
however (experiment 5.2), about 95% of the xenon was released
between 2400 K and 2600 K.

The first note can be explained if it is recalled from Chapter 3 that the
samples are dense and homogeneous and have few crystal imperfections
compared to reactor fuel. This implies that at lower temperatures a

173



relatively low number of trapping centres exist and that the xenon atoms
can only move by intra-granular diffusion. They will accumulate
eventually at some trapping centres and start to grow and form bubbles.
The lattice however is still in pretty good shape, which prevents most
bubbles from wandering. But a trapped bubble grows and the larger the
bubble, the lower the chances of it moving. Matzke's investigations show
that eventually an explosive release might occur by the sudden formation
of planar defects [1]. It is thought that these effects are stronger if the
temperature is increased slowly (as in the experiments 4 through 6)
instead of heating in steps.

As for the second note: sample 5.2 had a small burnup (0.9% FIMA)
and was heated at at 0.2 K/s which caused this sample to be the most
'perfect' one. Sample 4.1 had an even smaller burnup but its temperature
during irradiation was higher, introducing more crystal imperfections.
Also, during evaporation the AI2O3 powder influenced the sample which
may have affected the trapping. In addition, the comparatively long decay
time of 210 days may have affected the trapping too.

The xenon current of sample 5.2 at 2500 K is by far the largest of all
and, if this current were to be corrected for the initial abundance of xenon
atoms, it would be even larger. Only one conclusion seems to be realistic:
nearly all xenon was trapped inside the fuel up to very high temperatures.

Another observation which makes this sample unique is its
considerable substoichiometry (about 1.98). Samples of lower burnup (4.1:
0.6% and 7.1: 0.3%) had higher stoichiometry (2.025 and 1.990) which
cannot be explained by the assumption that stoichiometry is an increasing
function of the burnup.

It has already been noted (see Chapter 6) that the results can be
explained if, apart from the burnup, the defect structure of the fuel
determines the oxygen potential. In that case both observations can be
explained: Sample 5.2 had 95% of its fission gasses retained (even at 2500
K) of which a considerable fraction will have occupied point defects or
defect clusters (e.g. trivacancies [21). The lattice reacted by the generation
of new defects. Of these, the anion vacancies will have bound oxygen and
decreased the oxygen potential. This mechanism functioned throughout
the heating because virtually no fission gasses were released from the
sample.

Cesium, tellurium and iodine • These elements are taken together because
the overall pictures of them gained from these investigations are the same.

The relative abundances of cesium, tellurium and iodine in the fuel
were about 11:2:1 (the actual ratios varied somewhat from one sample to
another). The crucible currents of all experiments (except 5.1 and 8.1) did
show the cesium to be the most dominant but not with this high ratio. The
crucible currents of tellurium were, on average, twice as strong as the
iodine currents. The smaller abundance of cesium can be explained by the
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high retention of this element in the crucible and the chimney. The
crucible currents of cesium in experiment 5.1 were lower than the
tellurium current and indeed, the consistency study shows that in this case
the retention was abnormally high.

So, this indicates that the intensities of the currents from the sample
reflected the original abundances of these species inside the sample. But,
in that case, these elements must have been involved in the same
transport and release processes.

The dominant release process was presumably the bubble-release,
since there is a close correspondence of the crucible current curves with the
xenon curve. The fission gas bubble-release can have been involved in two
ways:
(1) the cesium, iodine and tellurium could have formed solutions in the

gas bubbles and move together with these, or
(2) the bubbles swept the cesium, iodine and tellurium atoms in front of

the bubble surfaces towards the sample surface and all then
evaporated.

A few observations are however against this explanation:
<1) the cesium, iodine and tellurium currents of experiment 5.2 showed

the same trend as the xenon curve but were not nearly so pronounced,
which implies that a considerable fraction of these elements was not
trapped. The smooth curves and the very homogeneous fuel interior
suggest that the part which was not trapped presumably diffused as
single atoms through the fuel;

<2) the gamma release curve of tellurium for experiment 6.1 is different
from the iodine curve.

It is concluded that the elements cesium, iodine and tellurium are,
predominantly, released in bubbles (except for experiment 5.2). A
considerable fraction, however, moved as single atoms through the fuel,
especially in those samples where the fuel matrix was 'perfect' (as with
experiment 5.2).

It is difficult to say anything about the chemical form of the released
elements. Test evaporations with cesiumiodide showed (Chapter 5) that,
even if present in large amounts, practically no cesiumiodide would be
detected. The samples contained relatively small amounts of cesium and
iodine and even if all the iodine reacted with cesium and formed
cesiumiodide, then this molecule would not be detected.

If all these species formed bubbles together and the iodine reacted with
the cesium and formed cesiumiodide, even then 90% of the cesium would
remain as single atoms inside the bubbles (at these temperatures all
species are in the vapour phase). If it is assumed that cesiumiodide, as a
single species, has different migration characteristics to cesium, then
migration and release of both species inside bubbles would be the only
means of yielding crucible currents reflecting the initial abundances of
these species. So, the existence of cesiumiodide is coupled to the existence,
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the diffusion and the release of bubbles containing cesium and iodine (and
in that case presumably tellurium).

Barium, strontium and niobium - Barium was found in two forms, the
element and the monoxide BaO. The oxide was found in experiments in
which a lot of oxygen was present, i.e.: 4.1 (free oxygen present inside the
fuel and in the powder surrounding the fuel), 5.1, 6.2 and 7.2 (free oxygen
present in the fuel). Sample 6.1, with a high oxygen potential, showed no
BaO (probably caused by the small amount of barium in this sample) but
showed niobium and NbO. Experiment 7.2 showed barium, niobium and
their monoxides. Experiment 5.2 with its low oxygen potential showed
barium but no niobium or an oxide.

In experiment 5.1 the BaO current decreased above 2350 K, although
the barium current increased. This can be explained by a decreasing
oxygen potential due to the evaporation of the sample. The stoichiometry
must have been as low as 1.97 to cause the BaO to become unstable. This is
not unlikely because the initial stoichiometry was ra ther low
<O/U = 1.995).

All gamma release curves (but for 5.2) show the niobium to have been
volatile at the lower temperatures and very non-volatile at the highest
temperatures. The niobium must have existed both in a volatile form and a
non-volatile form. The latter must have been the metal niobium because
this is the only compound of which a considerable fraction can remain in
the crucible at high temperatures < >2600 K).

From the Gibbs free energies it follows that other stable forms are
NbO2 and NbO, their formation depending on the oxygen potential of the
fuel. These forms are thought to dissolve in the fuel and be not volatile.
However, the detection of NbO and the strong correlation between the
gamma release curves of barium and niobium in oxygen-rich fuel suggests
that the volatile phase consists of niobium, barium and oxygen. The
tomographic results of sample 7.2 also showed a correlation between the
barium and niobium distribution.

A form which is thought to exist in fuel, as a ceramic inclusion, is Ba
(NbO3)2- If this molecule would have been formed in the oxygen-rich
samples, it dissociated at very high temperatures and formed the metallic,
non-volatile, form. It could be that the NbO2 and NbO were intermediate
forms, whose existence was controlled by the oxygen potential.

Experiment 5.2 shows that barium, which is normally not as volatile
as iodine, can be more volatile if a 'perfect' fuel matrix exists. As was
pointed out earlier, the fission gasscs are retained in the matrix and can
probably reduce the oxygen potential of the fuel. The gamma release
curves of barium and iodine show the barium to have been considerably
more volatile than the iodine. This can only be explained by the trapping
and subsequent sticking of iodine atoms.
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Experiment 7.2.3 is very peculiar because NbO was shown to be
present up to high temperatures, which is in contradiction with the
argument that this species does not exist in a environment with a low
oxygen potential. This sample would have had a low oxygen potential
according to the evaporation model. But 7.2.3 did not behave accordingly:
as with experiment 5.2 no trace of uranium trioxide could be detected
during this experiment.

A close look at the gamma release curves of iodine and barium shows
the barium to have been as volatile as the iodine, although in 7.2.2 it was
less volatile! This suggests that the mechanisms discussed earlier, which
cause fission gasses to be trapped in point defects consequently generating
new defects which can bind oxygen were effective in experiment 7.2.3. The
crucible currents of xenon were indeed smaller than in experiment 7.2.2 !

The point defects apparently caused the t nding of free oxygen atoms
and prevented them from being evaporated by means of uranium trioxide
molecules. In this case, evaporation does not lower the oxygen potential,
and molecules such as BaO and NbO can still exist.

The element strontium is normally thought to behave as the element
barium. In the current investigation this could not be confirmed. There is
not a single piece of evidence in favour of this proposition. The strontium
was always released at the end of the evaporation and no traces of the
monoxide SrO or another compound were found. The strontium and
barium were both considerably retained by the crucible and the chimney
and the calculated retention values are about the same. If the strontium
was as volatile as the barium, the crucible and the chimney retain this
species up to a high temperature, possibly involving the dissociation of the
oxides. When this temperature is reached, the strontium would be released
suddenly. This could explain the large currents registered. It is not known
whether tungsten or tantalum have a large surface retention of strontium.
Contrary to this argument was the detection of SrO in fissium experiments
at low temperatures.

It is concluded that the fission product strontium was released by the
fuel predominantly as the element.

Molybdenum, technetium and ruthenium - These elements belong to the
class of non-volatile species. Sparse mass spectrometer data showed
molybdenum, technetium and ruthenium as elements at very high
temperatures. No other compounds were detected. The gamma release
curves of ruthenium and molybdenum showed no release of these species
up to the moment of collapse of the fuel matrix. The ruthenium and the
molybdenum (and part of the niobium) remained inside the crucible as
could be certified by gamma scans after the experiment. It is well-known
that they form metallic inclusions inside the fuel. These inclusions would
immediately vaporize if the UO2 matrix collapsed (the vapour pressure of
uranium dioxide is comparable to that of molybdenum) but the fact that
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they did not indicates that they had dissolved in the tungsten surface of
the crucible and formed very stable phases.

Zirconium, yttrium and the ianthanides - These species were detected
when the UO2 matrix collapsed. These elements form stable solutions as
RO2 or R2O3 (R is the element of interest) in UO2 fuel. The monoxide
phase was detected along with the element itself. The relative amounts
cannot be ascertained because no data on the fragmentation and ionization
of these species exist. The R2O3 form dissociated upon evaporation into the
gaseous monoxide and oxygen. Although zirconiumoxide (ZrO) was the
dominant form, the dioxide (ZrC>2) was detected in experiments with a
high zirconium abundance. As expected, the fission product zirconium
resides in the fuel up to high temperatures as ZrO2-

The element lanthanum showed in some cases a small release at lower
temperatures. It is supposed that this lanthanum was formed by the
nuclear decay of the volatile element barium and did not dissolve in the
fuel.

The element Ce is another element which sometimes behaved slightly
differently from others. If considerable oxygen was present cerium dioxide
(CeC>2) could be formed which was detected at lower temperatures than the
monoxides. CeC>2 is less stable, from a thermodynamic point of view, than
the monoxide or the Ce2C>3 which may have caused the observed increase
in volatility.

Conclusions

The present investigation had three objectives:
(1) the determination of the release rate of fission products released by

overheated uranium dioxide fuel up to temperatures of 2800 K;
(2) the determination of the chemical form of the fission products released;
(3) the determination of the processes causing the transport of fission

products through overheated uranium dioxide fuel.
It is clear from the results of this work that it is not possible to give a
precise answer to any of these problems.

The release rate, chemical form and transport processes not only
depend on the element of interest, but also on a number of variables. The
abundance of several different fission products, having their own chemical
and physical character, together with the complex microstructure of the
basic uranium dioxide matrix, makes irradiated uranium dioxide one of
the most difficult species to investigate.

Many more experiments would be needed to clarify the exact influence
of all variables. It is not likely that all these experiments will ever be
performed, because of the experimental problems involved with the
handling of strongly radioactive samples. At this moment our in-
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vestigation cannot be more than a clarification of the dominant factors
behind the release of fission products from overheated fuel.

The results obtained from this work have a qualitative character only.
It is not possible to predict the exact release rate or the chemical form of a
specific fission product from a newly delivered sample of irradiated
uranium dioxide, even if all relevant parameters are known, because it is
not precisely known how these parameters affect each other.

The results of this work strongly indicate that there are three
dominant factors affecting the release of fission products. These are the
oxygen-to-uranium ratio of the fuel (or stoichiometry), the microstructure
of the uranium dioxide matrix and the evaporation of the fuel matrix.

Conclusion 1: the microstructure of the fuel matrix influences the oxygen
potential - From the discussion in Chapter 6 it is clear that the
microstructure can affect the free oxygen potential by the binding of
oxygen atoms, possibly through a mechanism involving point defects. In
the standard model, the oxygen atoms liberated by the fission process are
partly taken up by the fission products molybdenum, zirconium, barium,
strontium and the lanthanides. The remainder partly increases the free
oxygen potential of the uranium dioxide matrix. A fission product oxide
can be formed if its chemical potential is higher than the free oxygen
potential of the matrix. The standard model takes fissioning as an
oxydizing process.

This investigation indicates that this can no longer be maintained; a
new description should incorporate the reducing effect of the
microstructure of the fuel. If the microstructure reduces the number of free
oxygen atoms, then it must affect the formation of fission product oxides.
In fact an apparent 'chemical potential' for the microstructure must be
introduced. The microstructure not only influences the free oxygen
potential; it affects the retention of the chemically neutral xenon and
cesium atoms too.

Conclusion 2: xenon and cesium can be retained up to high temperatures -
These two aspects, the binding of oxygen and the retention of neutral
elements, lead to the following, qualitative, description of irradiated
uranium dioxide.

Irradiated uranium dioxide consists of four separate phases affecting
the transport of oxygen atoms:
( D a homogeneous uranium dioxide phase, which can be hyper- or

hypostoichiometric (or stoichiometric);
(2) a defect-structure phase;
(3) a phase with the chemically neutral fission products xenon, krypton,

cesium (and probably iodine and tellurium);
(4) a phase incorporating all other fission products (including the ones

forming metallic inclusions).
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Fig. 114
The influence of the microstructure on
the transport of oxygen and chemically
neutral fission products in irradiated
UO2-fuel.
A standard model (no influence from
microstructure).
B proposed model.

Figure 114 shows schematically the standard model and the proposed
situation with four phases.

The standard model in fact only consisted of the phases 1, 3 and 4, of
which phase 3 was not affected by the transport of oxygen atoms. The
fission product phase (with the element molybdenum acting as an oxygen-
buffer) takes up oxygen from the hyperstoichiometric uranium dioxide
phase.

In the proposed model, the fission product phase and the uranium
dioxide phase exchange oxygen (there is no oxygen-buffer). The uranium
dioxide phase can be hypostoichiometric because it loses oxygen to the
defect-structure phase. The defects of this phase can bind chemically
neutral atoms and oxygen atoms. The retention of chemically neutral
atoms influences the binding of oxygen atoms.

Heating the fuel in a vacuum causes the stoichiometry of the uranium
dioxide phase to decrease and this affects the formation of oxides of barium
and niobium. During a rapid heating, no oxygen atoms are lost to the
defect-structure phase (otherwise the evaporation model would not have
been applicable, the only contra-indication comes from experiment 7.2.3)

Conclusion 3: evaporation of the fuel matrix becomes the dominant release
mechanism above 2400 K - The evaporation of the fuel matrix becomes the
dominant release mechanism above 2400 K for all fission products except
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for the highly refractory metals molybdenum, technetium, niobium and
ruthenium. They evaporate from metallic inclusions which were formed
inside the uranium dioxide. It is, however, likely that the uranium dioxide
evaporation is still the governing release mechanism, because the
evaporation from these inclusions is presumably fast as compared to the
uranium dioxide evaporation.

Apart from these three major conclusions several other conclusions can
be drawn from the results of this investigation.

Conclusion 4: fission products are released as single atoms or as oxides -
The elements xenon, cesium, tellurium and strontium are released as
single atoms. The formation of molecular combinations of cesium, iodine
and tellurium inside the fuel is only possible, if they are formed inside
bubbles and if the kinetics of these bubbles and that of the single atoms are
the same, which is highly unlikely.

The element barium is released as barium or as BaO; the oxygen
potential of the fuel determines which one is formed.

The element niobium is released at high temperatures as the metal but
at lower temperatures in another form with barium (possibly: Ba (NbO3)2)
if enough oxygen is present.

The element strontium does not behave like the barium.
The lanthanides, yttrium and zirconium are released as the monoxides

but cerium may evaporate as CeC>2 if enough oxygen is present.
The metals molybdenum, technetium, palladium and ruthenium are

released as the metals.

Conclusion 5: (A) barium can be as volatile as iodine; (B) part of the
niobium can be volatile: (C) part of the lanthanum can be volatile - If a large
fraction of the xenon, cesium, tellurium and iodine is present in bubbles,
then these elements are the most volatile of all and they are almost
completely released when the evaporation of the uranium dioxide matrix
becomes the dominant release mechanism. But if they are present as
single atoms inside the uranium dioxide grains and a dense, relatively
undamaged fuel microstructure exists, they can be retained up to
temperatures as high as 2300 K (see conclusion 2). In the latter case,
barium (then present as a single atom) can be as volatile as these
elements.

The niobium behavesnot always in the same manner as the non-
volatile zirconium, but it can be a volatile element, comparable to barium.
The metallic form of niobium is non-volatile but another form with barium
exists (possibly Ba (NbC>3)2) which is volatile.

The lanthanides, yttrium, zirconium and the metals molybdenum,
technetium, palladium and ruthenium are non-volatile. Part of the Ce (in
the form CeC>2) can be released at a temperature somewhat (about 100 K
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in this work) below that at which the release of these elements through
uranium dioxide evaporation becomes dominant (2400 K). A significant
part of the lanthanum (up to 35%) can be released a few hundred degrees
below 2400 K, probably through the decay of barium residing at surfaces
near open porosities.

It is not possible to draw conclusions about the nature of the transport
processes for the volatile species cesium, tellurium, iodine and barium.
Although some results may be described by ordinary volume-diffusion, the
activation energy found is only an apparent one: it reflects both intra- and
intergranular processes. To obtain detailed information on the activation
energies of intragranular diffusion dedicated experiments with trace-
irradiated material are needed.

It has to be remembered that these conclusions originate from
experiments with fresh fuel performed in a vacuum environment. Results
obtained from fuel which has decayed for over a year may differ
substantially because of slowly-evolving processes. Another factor which
seriously influences th? release of fission products, because it changes the
oxygen-content, is the zircaloy cladding. And, last but not least, the
introduction of a realistic steam atmosphere instead of a vacuum obviously
must affect the release of fission products, because it directly governs all
processes occuring at open surfaces.

These may be three topics of future work. A fourth may be the detailed
investigation of the role of the microstructure of the uranium dioxide
matrix.
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Samenvatting (met indeling)

In de meest gangbare typen kernreactoren bevindt de splijtstof uranium
zich in de keramische vorm uraniumdioxide (UO2) Bij de splijting van
uraniumkernen komt warmte vrij en ontstaan splijtingsprodukten.
Tevens ontstaat binnen de splijtstof een zeer complexe microstructuur.
Een deel van de splijtingsprodukten is radioactief en vormt bij vrijkomst
uit de reactor een potentieel gevaar voor de gezondheid van de bevolking.

De splijtingsprodukten worden opgenomen in de splijtstof; slechts een
geringe fractie van de gasvormige splijtingsprodukten ontwijkt tijdens
normaal bedrijf

In een ongevalssituatie, waarbij de warmte van de splijtstof niet meer
afgevoerd kan worden, kan de splijtstoftemperatuur zeer hoog oplopen en
kunnen ook andere splijtingsprodukten vrijkomen Eigenlijk is de
ontwijking van splijtingsprodukten uit oververhitte splijtstof de eerste
stap uit een lange reeks, die uiteindelijk kan leiden tot de ontwijking van
radioactieve stoffen uit de kerncentrale naar de omgeving. Daarbij is het
van belang meer te weten over de ontwijkingssnelheid van de
verschillende splijtingsprodukten, maar ook over de chemische vorm
daarvan

Dit proefschrift gaat over die eerste stap; het beschrijft een onderzoek
dat drie doelstellingen kende:
< 1) de bepaling van de ontwijkingssnelheid van splijtingsprodukten uit

oververhitte UO2;
(.2) de bepaling van de chemische vorm van deze splijtingsprodukten;
(3) de bepaling van de mechanismen die het transport binnen de splijtstof

veroorzaken
De gebruikte splijtstofmonsters zijn representatief voor echte
reactorsplijtstof Het zijn ongeveer 1 mm grote UO2-bolletjes die bestraald
worden in de Hoge Flux Reactor te Petten Daarna worden ze stuk voor
stuk verdampt in een vacuümopstelling bij de KEMA in Arnhem. Om de
radioactieve bolletjes veilig te kunnen manipuleren zijn vele
gereedschappen ontwikkeld die gebruikt worden in een speciaal gemaakte
hot cell

De bij de verdamping uit de bolletjes ontwijkende deeltjes zijn
geanalyseerd op hun chemische vorm met een massaspectrometer. De
activiteit van de splijtingsprodukten werd ondertussen gemeten met een
gammaspectrometer Voor de bepaling van de driedimensionale verdeling
van de concentratie van radioactieve splijtingsprodukten in het bolletje is

183



een gammatomograaf ontwikkeld Hiermee bleek het mogelijk de
verandering van deze verdeling als functie van de temperatuur te bepalen

Voor de interpretatie van de resultaten zijn twee modellen gemaakt:
een model van de verdamping van niet-stoichiometrische UO2, en een
model van de diffusie van splijtingsprodukten in UO2

Met het eerste model werd de stoichiometrie <de verhouding van het
aantal zuurstofatomen tot het aantal uraniumatomen) van de bolletjes
bepaald Er bleek geen duidelijk verband te bestaan tussen de
stoichiometrie en het uraniumverbruik Dit is in strijd met het bestaande
model dat een toename van de hoeveelheid vrije zuurstof (de
zuurstofpotentiaal/ met het uraniumverbruik voorspelt De afwezigheid
van enig verband wordt in dit proefschrift toegeschreven aan de nog
onduidelijke invloed van de microstructuur van de splijtstof. Het feit dat
een lage zuurstofpotentiaal gepaard gaat met een geringe ontwijking van
de splijtingsprodukten cesium en xenon duidt op de aanwezigheid van een
mechanisme waarbij vacatures <open plaatsen) in de U02-matrix worden
bezet door chemisch neutrale splijtingsprodukten. De nieuw gegenereerde
vacatures zijn dan in staat tot het binden van zuurstofatomen.

Met het tweede mode! is de activerings-energie voor diffusie van een
splijtingsprodukt bepaald De gevonden waarden komen goed overeen met
die van reactorsplijtstof, maar zijn veel groter dan die voor slechts weinig
bestraalde UC^-rnonsters

De belangrijkste conclusie is dat de microstructuur van de splijtstof
een grote invloed heeft, riet alleen op de hoeveelheid vrije zuurstofatomen,
maar ook op de ontwijkingssnelheid en de chemische vorm van de
splijtingsprodukten Omdat deze microstructuur niet nader is onderzocht,
hebben alle overige conclusies een kwalitatief karakter Behalve de reeds
genoemde, zijn de conclusies:
' 1) boven 2300 K is de verdamping van de UO2-matrix het dominante

ontwijkingsmechanisme voor alüe splijtingsprodukten;
(2) het element barium kan zo vluchtig zijn alsjodium;
'3) de elementen niobium en lanthaan kunnen vluchtig zijn;
<4) de aanwezigheid van moleculaire combinaties van de splijtings-

produkten jodium, cesium en tellurium is onwaarschijnlijk;
<5) de elementen barium en niobium kunnen verbindingen vormen met

zuurstof en ontwijken dan a5s enkelvoudige oxiden;
<6) splijtingsprodukten ontwijken uit oververhitte UO2 als enkelvoudig

atoom of ais oxide
Tenslotte wordt een nieuw model voorgesteld voor de beschrijving van het
zuur stof gedrag in bestraalde splijtstof

Indeling van dtt proefschrift

Hoofdstuk 1 begint met een korte beschrijving van de geschiedenis van
commerciële kernreactoren in relatie met de veiligheid en wordt besloten
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met een overzicht van het experimentele werk op het gebied van de
ontwijking van splijtingsprodukten uit oververhitte splijtstof.

Hoofdstuk 2 beschrijft de apparatuur die bij dit onderzoek gebruikt is.
Hoofdstuk IJ beschrijft de bestralingsfaciliteiten en de monsters die

werden gebruikt: bestraalde bolletjes uraniumdioxide Op een aantal
belangrijke punten worden deze monsters vergeleken met echte
reactorspi ïjtstof Het hoofdstuk eindigt met een overzicht van de
chemische vorm van de splijtingsprodukten in de splijtstof

Hoofdstuk 4 geeft de theorie van de vrije en de Knudsen-verdamping
in vacuum Ook wordt de theorie van driedimensionale gammatomografie
behandeld Verder worden de twee ontwikkelde modellen beschreven
Eerst het model van de vrije verdamping van uraniumdioxide en de
bepaling van de stoichiometrie van de splijtstof met dit model Vervolgens
het model van de diffusie van splijtingsprodukten en de bepaling van de
acüverings-energie en de diffusieconstante

Hoofdstuk 5 beschrijft de caiibratie van de massaspectrometer.
Verder worden de resultaten var. de verdamping van enige poeders
besproken Deze poeders zijn niet-radioactieve vormen van moleculen
splijtingsprodukten Tenslotte worden de resultaten var. testexperimenten
met de tomograaf besproken

Hoofdstuk 6 is het eerste hoofdstuk met resultaten van de
verdamping van de bestraalde splijtstofoolLetjes Aiïeen de resultaten voor
de verdamping van de splijtsicfnnatnx worden gegeven De stoiehiometrie
van de splijtstof wordt bepaald met het verdanspingsmodel

Hoofdstuk 7 is het tweede hoofdstuk met resultaten van de
verdamping van bestraalde spÜijtstofDolletjes In dit bangste hoofdstuk
worden de resultaten met betrekking tot de ontwijking van de
splijtingsprodukten uitvoerig besproken

In Hoofdstuk 8 worden de resultaten samengevat en worden
conclusies getrokken Tenslotte wordt een nieuwe beschrijving voorgesteld
van de opname van de zuurstofatomen ïti bestraald uranrjmdioxide
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Dankwoord

Het is inmiddels acht jaar geleden dat Kees Andriesse bij de KEMA het
brontermonderzoek begon In 1983 stelde Piet Mostert mij in de
geiegenheid om aan dit onderzoek mee te werken Ik dank hem hiervoor.

Het bleek al spoedig dat de opbouwfase van het onderzoek lang zou
duren en moeilijk zou zijn ten gevolge van de omgang met radioactieve
stoffen Verdere versterking van de ploeg bleek daarom noodzakelijk. Met
André Primus en A'iliem Blok als goedgemutste uitvoerders en Franz
Kempkes en Fred Malser als altijd enthousiaste constructeurs, werd de
ontwikkeling van nieuwe gereedschappen en apparaten inderdaad
gerealiseerd Daarbij hield Aad Sprayt op zijn geheel eigen wijze in de
gaten of er in al ons enthousiasme geen loopje met de veiligheid werd
genomen

Eind 1985 kwam de ec—+o grote tegenslag toen het eerste experiment
een volledige mislukking bleek Toen ook nog kort daarna Kees Andriesse
voor andere taken werd geroepen, brak een nieuwe fase aan. Een nieuwe
groep werd gevormd met PauII Gaalman aJs coördinator en Ferry
Tjintjelaar, Ruud Sloof en Jaap Pronk als uitvoerders. Ton de Rooy nam,
gezeten achter dat immense beeldscherm, de tomografie voor zijn
rekening Jan Kops was een steun in de rug bij het overleg binnen de
KEMA Met grote inzet werd toegewerkt naar de dag dat het eerste, echt
succesvolle, experiment werd uitgevoerd: 9 juni 1987 Nadien volgden er
nog vele Ik herinner me nog goed de koortsachtige perioden voorafgaand
aan een experiment waarin ik altijd, zelfs bij nacht en ontij, een beroep op
jullie kon doen En niet te vergeten de 24-uurs ploegendiensten waarbij,
temidden van het lawaai van pompen en ventilatoren, om de paar minuten
een meetwaarde moest worden genoteerd Bij deze werkzaamheden was
ook Freek van der Kaa betrokken. Ook dank ik de velen die de wacht
hielden bij het controlepaneel

In 1983 kregen de gedachten over een vervolgexperiment vastere
vorm en werd het onderzoek geleidelijk gestopt In deze tijd kwamen ook
Wiggert de Jongh en Hans Jaspers de groep versterken

Terugkijkend denk ik dat het onderzoek een groot rendement heeft
gehad Afgezien van de wetenschappelijke resultaten beschikt de KEMA
weer over een groep jonge mensen die ervaring hebben met de omgang met
sterk-radioaetieve stoffen

Ik dank alle hierboven genoemde personen voor hun inzet en de zeer
collegiale manier van werken Het is een voorrecht met zo'n groep mensen



te mogen werken'
ik dank speciaal Kees Andnesse: Kees. ik dank je voor je kameraad-

schap en de vrijheid die je me liet Je betrokkenheid bij de bewerking van
dit proefschrift, na jaren waarin je heel andere dingen hebt gedaan, heeft
me verrast en verblijd liet is tekenend voor dit onderzoek dat wij jaren
achtereen, bij het begin van een nieuwjaar, tegen elkaar zeiden: "Dit jaar
moet het gebeuren, joh'"

Ik dank Max Viergever voor zijn adviezen op het gebied van de
tomografische reconstructie: Max, de 3D-radontransformatie kwam op een
moment dat ik nog maar wreinig hoop koesterde op het welslagen van dit
onderdeel van het onderzoek Ik dank ook alle studenten en stagiairs voor
hun bijdragen aan dit werk

Verder dank ik de Stralings Controle Dienst voor zijn kritische en
opbouwende, niet-autoritaire houding bij de voorbereiding en uitvoering
van de zeker niet-risicoioze experimenten

Tenslotte dank ik de heer Buiskool voor het tekenen van de figuren,
George Barker en Marjan Scfeatorjé voor de verzorging van het Engels,
Janet te Rietbergen en Esther Vriezen voor de opmaak en de
tekstcorrecties, de heren Lagerweij en Van Looyengoed voor het drukwerk
en de Sociale Werkplaats Presikhaaf voor het bindwerk van dit
proefschrift.
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Curriculum vitae

De schrijver van dit proefschrift werd geboren op 19 april 1957 te Hengeio,
Overijssel

In 1976 werd net diploma Atheneum-B behaald aan net R.-K- Lyceum
de Grundel te Hengeio In dit jaar werd gestart met de studie natuurkunde
aan de Rijksuniversiteit te Utrecht Op 10 oktober 1978 werd het
kandidaatsdipioma met bijvak sterrekunde behaald Het doctoraalexamen
experimentele natuurkuede met de bijvakken technische natuurkunde en
signaalverwerking werd behaaid op 22 april 1982. Tijdens de studie werd
gedurende 7 maanden een onderzoek verridht bij het Kernforschungs-
instJitut Karlsruhe in West-Duitsiand

Van mei 1982 tot april 1983 was de sjhrijver lid van de technische
staf van de Sector Produkt Qntwikkeling van de N V Optische Industrie
de Oude Delft cOldelft) te Delft Daar is gewerkt aan de verbetering van
a p p a r a t u s voor 'adtotherapie-planning Vanaf mei 1983 werkt de
schrijver bij de N V KEMA te Arohem, eerst in dienst van de
Rijksuniversiteit te Utrecht en vanaf februari 1985 in dienst van de
KEMA

De schrijver was enige jaren voorzitter van de nu niet meer bestaande
Kernenergje Vereniging NederJand
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