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For a safe management of the high level nuclear waste ( HL-NW ), one has to make
forecasts of the behaviour of the storage matrix undergoing radiation damages over
durations of the order of, say, 1 O.1 to 1 5 years, quite longer than usual experiments
last. To meet this goal two complementary ways can be followed. The first one, which
has been up to now the most frequently used, is the acceleration of the damage by using
various forms of external or internal radiation sources delivering a higher flux than the
stored wastes themselves. Needless to say the fluxes are tuned in order to get in a few
days, or years'at most, the cumulated doses the actual storage media are supposed to
support in their actual future life. The main drawback of this approach lies in the implicit
assumption that the flux and age effects are negligible and that the evolution mode of
the material will remain the same whatever the environment/radiation flux couple can
be. It also implicitly neglect any nucleation phenomenon. It is clear that this approach
must be coupled to, and justified by, the second one, the modelling of the relevant
phenomena. This second way seems to have been less developed than the first one in
the field of the nuclear waste management policy than in other fields of material science
under irradiation, for example in the design of the structural materials of reactors. The
purpose of the present paper is to underline, starting from the experimental results
presented and reviewed in this session, the need for such there and back journeys
between both approaches.

In the first approach, the storage matrix is then exposed to a high level of additional
radiations, from an external source in the case of particles experiencing a low or
medium stopping power, like electrons photons or neutrons, or from an internal one for
high stopping power, ions, a particles and recoil atoms. In this last case this is done by
doping with an appropriate concentration of a emitting nuclides, like Pu23 or Cm2 .
Ion irradiations have also been used, however the interpretation of the results is more
difficult since the radiation damage is then very in homogeneous. It is also difficult to
properly take into account the electric fields induced in an insulating matrix The most
important technological properties for the purpose of repository capability are then
measured as a function of the radiation dose, like mechanical properties, corrosion
resistance or micro structure, and the results are supposed to apply to the future nuclear
wastes.

The second approach is a multi-step one; as a first step one is aiming to identify and
model all possible phenomena occurring in an irradiated material, starting with the
elementary products of the irradiation, like point defects. In a second step one has to
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evidence the possible reactions between those defects, as well as their elimination
modes, which the material will follow to go back to equilibrium. The subsequent step will
be to study the structural evolution implied and the changes in the dynamics of the
system. Last all these inputs can be taken as inputs in a physical modelling of the relevant
properties for disposal purposes. In this approach the necessary radiation experiments,
accelerated or not, in actual glasses or on models, act as sources of input data and tests
of partial models, and not as direct manifestations of the actual waste behaviour.

The work presented during this session pertains to these two approaches. However the
development of the second approach is still limited to its first step, elucidating the
elementary defects and changes, for its development appears quite recent.

ACCELERATED DAMAGING

Most of the HL-NW are now, and will be in a near future, stored in insulating matrices,
whether glasses in most cases or crystals. The relevant radiations are then ionising as
well as elastically damaging ones, the most important of which are (X particles and recoil
nuclei. Both kinds of radiations have been used for accelerated tests on glasses. A very
important point here is the availability of co-irradiations, i.e. simultaneously ionising and
elastic ones, for complex interferences are probable.

With respect to density changes under irradiations all studies appear to be in agreement
:if high silica glasses densify quite rapidly, more complex glasses experience at a larger

dose a density lowering under both kinds of radiations, the larger the higher the alkali
content. The atomic scale heterogeneity of glasses, particularly with respect to alkali and
alkaline earth, allows for a non monotonous evolution, the matrix lowering its density at
short time but densifying at larger one. Actual nuclear glasses, whether containing active
wastes, combined 3-,y / c damages, or not, show under az damaging an expansion
levelling to less than 1 % at a dose of 3.1 024 aC/M3. The very origin of the density
evolution is not understood, possibly related to defect accumulation o micro structural
evolution like ring morphology changes or both. However a bubble formation regime
has been found in a lot of cases, either silica, simple glasses or nuclear ones, which can
lead to an expansion amounting up to 50%. This bubbling phenomenon can be due to
the outgasing of the He coming from the a particles, as shown in this session by Banba
in nuclear glasses, or more frequently to oxygen bubbles formation. The He bubbling
phenomenon is not observed in Matzke's results and has to be further confirmed. The
oxygen bubble formation is more documented and results from a phase separation in
the glass leading to the formation of oxygen rich and alkali rich domains in simple
glasses. This behaviour which can be very detrimental to the glass integrity must be
precisely controlled in actual nuclear glasses, checking for possible irradiation artefacts.

The understanding of the radiation induced, or accelerated, phase separation, which is
well documented in alkali halides and also well known and understood in metallic alloys,
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is poor in oxides, whether glassy or not. In the present case according to Weber one
observes widely different yields for oxygen bubbles formation under p and y, despite the
fact that both radiations nevertheless create the same defects, in roughly the same
proportions according to Boizot. This puzzling difference asks for further and more
fundamental studies on enhancement of diffusion and induced or accelerated phase
changes, covering more generally all kinds of atoms including glass formers. The
extrapolations of bubble behaviour based on the available simple acceleration
experiments are certainly riot very safe.

The mechanical properties show a softening evolution with dose, at least under elastic
damages, amounting to 30% for hardness. Interestingly in actual nuclear glasses the
evolution is highly non linear, all the change being concentrated between 2-3.1 024c(x/M3.
In a limited flux range no flux effects are observed, which is quite surprising in view of the
co-operative behaviour evidenced by the marked non linearity. This result points probably
to a quite complex atomic origin asking here too for more developed fundamental studies.

As concern the leaching behaviour the experiments presented here show consistently
small effects, the leaching rates being not sensitive, or sensitive for less than a factor of
four in the worst cases, to the ax, , or combined cx/3-,y damages, for doses
corresponding to the activities and durations required in actual cases. The complexity of
the corrosion phenomena nevertheless renders these encouraging results less conclusive.

COGNITIVE APPROACH

The apparently satisfactor)' behaviour of glassy matrices under irradiation leaves
nevertheless open many questions, and this fact is a strong incentive for the development
of the second approach, namnely a better fundamental understanding of the phenomena
at work, allowing to propose quantitative modelling. The state of the art here is still
limited to the first step we described above, point defect production and also study of the
more complex cascade events by molecular dynamics. Both domains of the reactions
between primary defects and of the annealing modes are still in infancy, and will not be
sketched here.

There have been a lot of detailed studies of defect formation under ionising conditions
in silica and simple silica based glasses, mainly for electronic industry purposes. Fewer
studies have been done on nuclear glasses, the one presented here by Boizot being one
of the first. It is generally believed, and confirmed by Boizot's results, that the defects are
probably in this last case of the same nature as in simpler borosilicate glasses.

In oxides the ionising radiations produce electron - hole pairs, in other words a broken
bonds, which will further evolve as excitons. In a later stage these excitons can either
evolve by radiative recombination or give rise to point defect formation, which are of
concern here. The yield of point defect formation depends on glass composition. We are
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not aware of any successful theoretical approach aiming to calculate the point defect
production yield in a given irradiation condition. Elastically efficient radiations produce
atomic displacements and then give directly the final products of the electronic excitations.

The main defects detected in silica are various oxygen vacancies, with several possible
charge levels, oxygen interstitials, various E' centers, peroxy radical and linkage. In
silica based simple glasses and in borosilica ones one observes the same defects and in
addition specific defects associated with alkali and boron in a larger concentration. In
glasses containing transition elements, and a fortiori, in nuclear glasses simplified or not,
valence changes are observed for transition ions, as shown here by Boizot. It would be
interesting to try to determine the possible micro structural changes associated with these
valence changes. The lack of dose effect in defect formation under P3 irradiation,
according to Boizot, points to a possible healing of the damage during the experiment,
which asks for further studies. More generally two facts must be underlined. First the most
widely used technique, the paramagnetic electron resonance, can only detect unpaired
spins, all other defects being lost. For example the relaxed oxygen vacancy with
rebonding of the silicon atoms trough the vacancy cannot be seen. This is probably the
very reason of the complete lack of references to Si related defects despite of the
calculations done by Gupta 1986) showing the absorption fingerprint of the Si vacancy
in neutrons, and certainly also ions, irradiated silica. A second reason is the paramount
weight of the optical and microelectronic industry in silica studies material science is 
almost ) ignored. A clear consequence of that is the persistent ignorance of the diffusion
mechanism at work in all forms Of SiO 2 whether involving points defects, broken bonds
or something else. Needless, to say the radiation effects on dynamical behaviour of
glasses are difficult to settle in this situation.

Theoretical studies are suffering from the complex nature of the bonding in the silica
based glasses being half ionic and half covalent for the network formers no one single
energy model can be used so quantitative'work relies on quite heavy electronic structure
calculations. Nevertheless the Molecular Dynamics method using the empirical Born-
Meyer-Huggins form for the interatomic interactions, allows a quite realistic modelling of
the structure of all silica based glasses, whether simple or not, as shown by Delaye in this
conference for glasses containing 5 and 6 oxides. Interesting results have been obtained
in the past using this model concerning elastically damaging irradiations, namely the
good ratio of Si defects /0 defects or the evidence of focalisation events in silica by Doain
(1 984). Delaye has presented in this session the extension of these calculations to cascade
formation in simulated nuclear glasses from ax particles and recoil atoms at a much larger
energy than before. Among interesting results one can underline the role of the induced
local electric fields on the alkali migration during the cascade event.

The cascade evolution can be cut into two parts. The first one corresponds to high energy
transfers, so during this step the model of potential used is well justified; the geometry of
the cascade is therefore probably correct as concern its spatial extension. For a deeper
understanding of the damages created in the glass the crystalline oxides should also be
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studied as a reference. On the contrary the last part of the cascade life, at a low value
of the mean energy per atom, which corresponds to the formation of the defects and to
their reactions as well as to the first damage annealing, is controlled by electronic
structure effects not included in the B.M.H. model. The final defect structure is therefore
not quantitatively described.

To model these final products, defect and defect clusters, various approaches are now
available and increasingly used. One of those is the tight binding approach, a variant
of which is presented by Corrales in this meeting. This approach is still semi-empirical
but a proper, and somewhat subtle, parameter fitting allow for reliable results. The main
advantage of the method is the computing efficiency which allows to treat with a full
dynamics systems up to thousands of atoms. Corrales's version is even more rapid since
it allows to calculate the bond energies by dliagonalising N time 2*2 matrices instead of
a 4N4N one in a system of N atoms. Moreover it allows in principle to treat the difficult
problem of the defect creation by non-radiative dle-excitation of the exciton. A proper
validation of this semi-empirical method remains nevertheless to be done versus
experimental and other theoretical results. On the other hand the increasing power of
the present day computers allow now really to use the heavy << ab-initio «( methods to
address our problems, formation and migration energies and enthalpies, reaction paths,
but not the full dynamics but on very small systems, hundred atoms approximately. No
doubt this approach will develop rapidly and solve in a near future several of the above
mentioned pending crucial questions.

Once created defects will eiminate by mutual reactions or migration to sinks. Being
controlled by diffusion this evolution is a long term one whose time scale generally do
not matches the one of atomnistic dynamic approaches. These questions are frequently
treated by mean field methods, like the chemical rate equation one, which could be of
valuable use here but remains to be developed. However the interest of the Monte Carlo
approach is great in this domain since in Monte Carlo the unrelevant short time scale
variables are ignored, the method focusing on large time scales or the so called slow
dynamics. No doubt this approach should have a large development in radiation
damage studies in glasses in a near future, although not used till now.

CONCLUSION

The full development of the understanding and modelling we gave at the beginning is
probably beyond reach. Nevertheless it seems to us clear that this is the only way to
draw from the accelerated irradiation tests reasonably sure, and then credible,
predictions concerning the long term behaviour of H.L.N.W. storage matrices. The
cognitive approach should not be thought to replace the experimental one in any way,
for experiments must be used in many cases to provide parameters and nature can also
have more imagination than physicists. But by alone the experimental approach is
seldom conclusive enough beyond its actual domain.
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