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It is now well accepted that electronic excitation and ionization arising
from the slowing down of swift heavy ions can lead to structural modi-
fications in some metallic targets as it has been known for a long time in
insulators. A rapid overview of some results obtained after GeV monoatomic
heavy ion irradiations will be given. It will then be shown that new specific
effects take place during irradiations with cluster ions. The projectiles used
are energetic cluster beams: 10 to 40 MeV Au4 or C60 ions. The rates of linear
energy deposition in electronic excitation are close for GeV monoatomic and
for 10 MeV cluster ions, but the cluster ions have characteristic velocities
which are one order of magnitude smaller than those of monoatomic ions.
This leads to a strong spatial localization of the deposited energy during
the slowing down process. The density of deposited energy can then reach
values as high as a few 100 eV/atom. This very high density of energy
deposited in the electronic system of the targets can lead to spectacular
structural modifications: generation in the vicinity of the ion trajectories of
isolated or agglomerated point defects, new crystalline phases, amorphized
regions... After an overview of such damage induced in bulk metals, semi-
conductors, and insulators, we will discuss surface damage, consisting in the
formation of bumps, craters, "lava-flows" on the target surface.

PACS numbers: 61.16.—d, 61.80.—x

1. Introduction
This paper summarizes lectures which were given in September 1998 at the

International School and Symposium on Physics in Material Science in Jaszowiec
(Poland). The objective of the lectures is to give a flavour of the great variety
of effects which can be observed in all types of targets (metals, insulators, semi-
conductors) following a very strong level of excitation of their electronic system.
The excitation is obtained during the slowing down of energetic particles: we will
successively consider monoatomic heavy ions (O to U) in the GeV energy range
and cluster ions (C60, Au4) in the 10 MeV energy range. After a rapid presenta-
tion of the slowing down processes, an overview of the main results obtained in
the last decade with monoatomic ions will be given before presenting very recent
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results obtained following cluster irradiations. The specificities of the clusters will
be emphasized.

When an energetic projectile penetrates into a target, it loses its energy via
two nearly independent processes: (i) elastic collisions with the nuclei (nuclear
energy loss (dE/dx )n ), which dominate the ion slowing down in the low energy
range (i.e. in the stopping region); (ii) electronic excitation and ionization (elec-
tronic energy loss (dE/dx ) e ), which strongly overwhelm (dE/dx )n in the high
energy range (typically above 1 MeV/nucleon). Up to the 1980's it was considered
that electronic energy deposition could participate to damage creation in many
insulators [1], but the effects observed in bulk metals were solely ascribed to elas-
tic nuclear collisions. This widely held opinion was due to the fact that in metallic
systems the numerous very mobile conduction electrons allow a fast spreading
of the deposited energy and an efficient screening of the space charge created in
the projectile wake, so that it seemed unreasonable to hope for damage creation
or track formation in metallic targets following high levels of electronic energy
deposition.

The development of swift heavy ion accelerators delivering a few
10 MeV/nucleon O to U beams has allowed to work in a regime in which the follow-
ing conditions were realized: (dE/dx) e 1 to 80 keV/nm, (dE/dx ) e/(dE/dx ) n
2000 which are very favourable to study damage creation induced by high (dE/dx) e .
It was thus very tempting to (i) continue the studies of damage creation in insu-
lators and (ii) check if, in such extreme conditions it was not possible to induce
some damage in metallic targets following high electronic energy deposition [2].

When present, the microstructural modifications resulting from electronic
energy deposition will always be localized in the close vicinity of the projectile
paths and will hereafter be named as "tracks". They will be in most cases directly
evidenced by transmission electron microscopy observations.

2. Irradiations with GeV monoatomic heavy ions

Two recent review articles [2, 3] give some of the most important results
concerning damage creation in insulators and metals, so that only the main im-
portant points will be listed below, with an emphasis on metallic targets in which
quite a few unexpected results were obtained.

2.1. Damage creation in the bulk of Me targets
2.1.1. Creation of amorphous "latent tracks" in compound materials

Quite a large variety of experiments concern damage creation in insulators
irradiated by GeV heavy ions. Very detailed results concern in particular two
types of oxides: (i) c -quartz in which latent tracks are formed very easily [4, 5]
and yttrium iron garnet Y 3 Fe5 O 12 (or YIG) which is less sensitive to electronic
excitations [6, 7]. It was shown in both cases that amorphous latent tracks were
indeed generated along the path of the projectiles as soon as the linear rate of
energy deposition in electronic processes (dE/dx) e exceeds a threshold (dE/dx)e
value (^ 1 keV/nm in SiO 2 quartz, 4 keV/nm in YIG). A cross-section for dam-
age creation resulting from electronic excitation effects could be deduced from the
Rutherford backscattering measurements and transmission electron microscopy
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rig. 1. Evolution of the effective track radius R e as a function of the linear rate
of energy deposition in electronic processes in SiO 2 quartz ((a) from [5]) and YIG
((b) from [6]). Irradiations were performed on the GANIL accelerator in Caen (France)
with a few 100 MeV to a few GeV Ar to U ions. For YIG targets, the evolution of the
damage morphology (from isolated damaged islands to a continuously damaged cylinder)
is schematized on the right.

visualisation of the induced latent tracks. The evolution of the track radii with
(dE/dx) e was determined in both cases as reported in Fig. 1. The track morphol-
ogy always evolves from isolated droplets to continuously damaged cylinders when
(dE/dx) e increases.

A very important point, the so-called "velocity effect" is shown in the lower
part of Fig. 1. The continuous line joins points which are relative to low velocity
projectiles (,β = v/c ≤ 0.08) whereas the discontinuous line is relative to high
velocity ions (,Q > 0.12). For the same value of (dE/dx) e , the latent track radius
increases when the irradiation is performed at a low velocity. This result is a direct
consequence of the energy deposition process and will be discussed below.

Going now to metallic alloys, amorphous latent tracks were observed for
the first time in intermetallic alloys, such as NiZr2 [8], NiTi [9] and Ni 3 B [10].
The threshold for latent track creation is much higher than in insulators (now

40 keV/nm), but here again an evolution from discontinuous droplets to contin-
uous cylindrical damage is observed as (dE/dx) e increases. These compounds were
all known to be easily amorphisable by elastic collisions during irradiations with
low energy ions or MeV electrons. At the opposite, no amorphisation resulting
from electronic excitation processes could be evidenced after GeV ion irradiation,
in high local symmetry compounds, such as Zr 3Al and Cu3 Au, which are extremely
difficult to amorphize by elastic collisions.

2.1.2. "Latent track" creation in pure metals

The study of the influence of high electronic energy deposition on damage
processes in pure metals is not as easy as in metallic compounds, as there is cer-
tainly no chance to induce any amorphous tracks in metals by such methods. Most
of the experiments consisted of low temperature GeV heavy ion irradiations of thin
metallic ribbons, in order to avoid the stopping region of the projectiles and to
stay in a regime in which the projectiles are mostly slowed down in electronic pro-
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cesses. The in situ measurement of the electrical resistivity of the samples during
the irradiation allows the determination of the cross-section ad for damage creation
during the bombardment. Nuclear collisions are always present: the cross-section
o n for damage creation in these elastic processes can be calculated [11]. Figure 2
presents the evolution of the ratio ξ = σd/σn (called the damage efficiency) of
the measured to the calculated cross-sections as a function of (dE/dx) e . If elec-
tronic processes were inoperant in the targets, then the measured and calculated
cross-sections should be equal: this is what is observed in a few targets, such as
Cu, W, Ag, in which damage results solely from elastic collisions [12].

Fig. 2. Damage efficiency = σd /σn as a function of the linear rate of energy deposition
in electronic processes (dE/dx) e measured in metallic targets irradiated at 10 K with
O to U GeV ions (from [2]).

Iron has a particular behaviour [13]: two different regimes are clearly visible:
in region I, the efficiency decreases monotonically as (dE/dx) e increases, whereas
in region II a spectacular increase in Ę is observed. In region I part of the energy
deposited in electronic excitation is converted into atomic motion leading to a
partial recombination of the defects just created; in region II, a new mechanism of
damage production appears: isolated point defects are generated [13], so that no
contrast can be seen in an electron microscope.

Considering again Fig. 2, Ti, Co and Zr seem to be particularly easy to
damage when submitted to electronic energy deposition. Electron microscopy ob-
servations were performed after low-temperature irradiations of titanium [14]. At
low (dE/dx) e (< 26 keV/nm), no damage is visible in the electron microscope.
At higher (dE/dx) e , after irradiation at a fluence of 10 11 cm -2 , "tracks" are
observable. The damage is strongly localized along the ion wake, i.e. in the region
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in which electronic energy deposition is the most important. The damaged zones
are not amorphous; they could consist of dislocation loops lying in the prismatic
planes of the hcp structure of Ti [15]. In the same irradiation conditions, but at
higher fluences (≈10 13 cm -2), i.e. when the damaged zones spatially overlap, a
phase change to another crystalline phase occurs. The sample evolves from the
usual hcp α-phase to the hexagonal w-phase [14], which is the high pressure phase
of Ti. No damage has ever been visualized in the electron microscope in GeV ion
irradiated zirconium [15] which indicates that only isolated defects or very small
size defect clusters are induced by electronic energy deposition.
2.1.3. Anisotropic growth in amorphous alloys

A very spectacular effect of electronic energy deposition is the "anisotropic
growth" phenomenon, which is observed in all amorphous targets. It consists of
a macroscopic (up to 20%) deformation of the irradiated samples, which shrink
along the ion beam direction and expand in the two perpendicular directions. This
effect occurs (i) above a threshold in (dE/dx) e 10 keV/nm) and (ii) above
an incubation fluence V. The higher (dE/dx) e , the lower Ot. The anisotropic
growth has been studied in detail in Pd 80 Si20 [16, 17] and Fe85 B 1 5 [18] alloys and
interpreted as follows [19, 20] .

During the incubation period, damage is introduced along the projectile path,
so that additional free volume is introduced in the amorphous structure. Some
cylindrical regions of "disordered amorphous matter" are created. The only direct
proof of the existence of such perturbed regions was obtained by chemical etching
of some metallic glasses irradiated at low fluences. Etch cones were formed in the
regions where the "disordered tracks" intercept the sample surface [21].

A radial shock wave propagates around the ion trajectory and induces rock-
ing movements of pairs of atoms, which become oriented perpendicularly to the
incident beam direction and result in the macroscopic deformations observed at
higher fluences.

2.2. Damage creation at surfaces and interfaces

All the experiments reported above concern bulk damage, but high electronic
excitations also play an important role in the damage processes at surfaces and
interfaces. Enhancement of sputtering yields in metals by electronic excitations
effects were reported under irradiation with GeV ions [22, 23]: for instance, the
measured sputtering yield of a gold target irradiated with GeV uranium ions is
found one order of magnitude higher than that awaited from elastic processes.
High electronic excitations were also shown to be very efficient to induce atomic
mixing in various multilayered targets [24-26].

2.3. A few words about possible mechanisms
by which defect generation could occur

Quite a few models were proposed in the literature in order to account for
damage creation induced by high levels of energy deposition in electronic processes.
The problem of latent track creation in metallic targets seemed very difficult to
explain, as (i) the large number of very mobile conduction electrons favors a rapid
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spreading of the deposited energy and a very efficient screening of the space charge
generated in the vicinity of the ion path, (ii) collective processes have to be con-
sidered.

When an energetic ion enters a target: (i) a strong ionization of the target
atoms located in the close neighbourhood of the ion path occurs and (ii) showers
of excited 6-electrons are ejected, so that a very high space charge density is
created in a localized region. The nature of the resulting damage is directly related
to the target nature and mainly depends on the lifetime of the excited states
which governs the efficiency of the conversion of the energy into atomic motion. In
metallic targets, the lifetime of the space charge is limited by the rapid screening
by the conduction electrons, contrary to what happens in insulators.

The "thermal-spike" model, which was mitially used to describe damage
creation in insulators [27] was extended to metallic targets [28]. In this model, one
mainly considers the conversion of the kinetic energy transmitted to 6-electrons
into lattice vibrations via electron—phonon coupling. A subsequent heating up of
the lattice occurs. It can well account for damage generation in most insulators,
for annealing processes as observed in iron, nickel [29].

The "ion-explosion spike" model was also initially proposed to account for
damage creation in insulators and organic materials [1, 30]. In insulators, the
electrostatic potential energy resulting from the ionisation of the atoms is not
screened. The recoil energy Er due to the Coulomb repulsion can reach values up
to a few 10 eV, which are sufficient to induce individual atomic displacements.
In metallic targets, the efficient screening of the positive charges by the free con-
duction electrons makes such individual processes inoperant. However, a recent
development has been proposed [31] in which one considers the continuous space
charge generated along the ion path. The ionized matter is unstable; the lifetime
of the space charge is limited by the response time of the conduction electrons
to an electrostatic perturbation. The radial impulses received by all the atoms in
the vicinity of the ion path correspond to Er of 0.1 to a few eV [31]. Molecular
dynamics simulations [32, 33] have confirmed that structural modifications can
indeed be induced in collective effects in which all the atoms located around the
ion trajectory are repelled in a coherent way.

Other approaches are based (i) on the statistical deposition of the energy
in electronic processes in order to account for some results in the "low velocity"
regime [34], (ii) the role of target inner shell electron excitation which creates strong
ionisation and leads to some damage creation [35], (iii) excitor interaction [36],
(iv) the shock-wave model [37], (v) the core plasma model [38], (vi) a modified
lattice potential [39].

Before concluding this paragraph, one should point out a very important
point: the linear rate of energy deposition in electronic processes (dE/dx) e is not
the sole parameter allowing a satisfactory description of the damage processes
in all types of targets. A clear experimental evidence is the "velocity effect" de-
scribed above in YIG targets. Moreover, this is also obvious from the theoretical
approaches:

(i) The velocities, and thus the ranges of the ejected 6-electrons increase with
the velocity of the projectiles. For similar (dE/dx) e , i.e. considering monoatomic
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ions on both sides of the Bragg peak, the slower projectile will correspond to a
much higher localisation of the deposited energy [40]. This increase in the density
of deposited energy will induce stronger lattice damage.

(ii) The same conclusions are obtained from the Coulomb explosion approach
in which it was shown [31] that damage creation is favoured when using high atomic
number and low velocity projectiles.

These are the main points which initiated the more recent studies that will
be described below. In order to increase the density of deposited energy in elec-
tronic processes and to search for spectacular structural modifications, very heavy
clusters (mass 700) of moderate velocities were used as projectiles.

3. Irradiations with a few 10 MeV heavy cluster ions

The cluster projectiles used in the following experiments are mainly C60 and
Au4 ions accelerated to 10 to 40 MeV by the •tandem accelerator, IPN/Orsay,
France [41]. When such energetic clusters hit the target surface, they break into
several fragments. These fragments stay in close proximity at the beginning of
their path in the target and lose electrons. A spatial separation of the cluster
constituents will occur due to:

(i) The Coulomb repulsion between the charged fragments. There is a screen-
ing by the target electrons. This effect depends on the energy of the projectile.

(ii) Multiple scattering due to the elastic collision processes: this effect in-
creases as the projectile velocity decreases.

The objective of the work described below is to observe the evolution of
the damage structure induced in a few targets as the projectiles slow down. The
determination of the rate of energy deposition in electronic processes of cluster ions
is still an open question, but the few available experimental results [42, 43] show
that for carbon clusters, the energy loss per carbon is that of an individual carbon
of the same velocity within experimental uncertainties, so that the energy loss of
C60 is estimated as the sum of the energy loss of 60 individual carbon atoms. The
same additive rule is used to calculate the linear rate of energy deposition in elastic
processes on the basis of the TRIM code [44] which does not take into account
additional effects that occur in connection with the penetration of molecules. A
typical value of (dE/dx) e for 20 MeV C60 ions slowing down in Fe, Si or YIG is
of 50 keV/nm, i.e. slightly higher than the maximum value that one can reach
using monoatomic projectiles (uranium at the Bragg peak at 1 GeV). The
specificity of the fullerenes at a few 10 MeV energies is that their velocities are
one order of magnitude smaller than those of GeV heavy ions: Q = v/c ≈ 0.01
for 20 MeV C60, 0.1 for 1 GeV U, so that the maximum radial range of the
ejected 6-electrons is respectively of the order of a few interatomic distances and
some 1000 nm. This leads in the case of cluster irradiations to huge deposited
energy densities of the order of 10 eV/ Ǻ3 [45]. The relaxation of such a localized
high excitation leads to very spectacular structural modifications. A few examples
detailed below in various types of targets (i) illustrate the strong damage which
can be created at the beginning of the slowing down of the clusters when the
fragments keep a good spatial correlation and (ii) show the direct observation of
the consequences of the decorrelation of the fragments on the resulting damage.
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3.1. Damage creation in Me bulk of Me targets

3.1.1. Results in some metallic crystalline targets

The first observation of energetic heavy cluster damage was performed in
titanium and zirconium targets [45] . Figure 3 presents comparative electron mi-
crographs of titanium irradiated at 300 K with 850 MeV Pb ions and with 18 MeV
Cho ions. Both types of projectiles correspond to similar (dE/dx) e 40 keV/nm,
but Pb induces discontinuous tracks of about 5 nm diameter, whereas C60 creates
continuously damaged cylindrical regions of about 20 nm diameter, which confirms
that a strong localisation of the deposited energy induces a large extension of the
damaged regions. Moreover, it has to be noted that the constant track diameter
which is observed on a travelled length of about 100 nm on the lower right micro-
graph in Fig. 3 (thickness of the observed region of the irradiated target) indicates

Fig. 3. Bright field electron micrographs of titanium irradiated at 300 K with 850 MeV
Pb ions (left side) and with 18 MeV C60 ions (right side). In the top micrographs, the
electron beam direction is parallel to the ion beam. In the lower part, the samples were
tilted by Pe. 30° in the microscope in order to visualize the evolution of the damaged
regions as the projectiles enter deeper mto the targets (from [45]).
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Fig. 4. Bright field electron micrographs of iron irradiated at 300 K with 20 (a) and
40 (b) MeV C50 ions. The samples are tilted by ≈ 40° in the electron microscope.
Dislocation lines going through the sample thickness from one surface to the other one
are visible (from [46]).

that the projectile fragments keep a good spatial correlation for a long distance
before scattering significantly modifies the damage morphology. As observed af-
ter monoatomic ion irradiation, after fullerene irradiation the tracks consist of
highly defective crystalline regions associated with dislocation loops located in the
prismatic planes of the hexagonal structure of titanium.

Very recent experiments [46] also allowed the visualisation in an electron
microscope of "latent tracks" in iron after irradiation at 300 K with 20 to 40 MeV
C60 ions: dislocation lines are observed in the vicinity of the projectile path, strain
fields are confined in cylinders of 20 to 40 nm diameters (Fig. 4).

3.1.2. Results in some insulators and semiconductors

The use of insulating targets which are more sensitive than metals to elec-
tronic energy deposition, allowed the observation of the track shape evolution
during the slowing down of fullerene ions and the observation of the separation of
some tracks in various branches, which is a direct visualisation of the dissociation
of the C60 molecule inside the target. After irradiation at 300 K with 10 to 40 MeV
C60 ions, large size amorphous tracks are generated in YIG [47]. These tracks keep
a constant diameter for penetration depths L 100 nm, which correspond to
the correlated slowing down of the cluster fragments. Beyond these penetration
depths, an evolution of the track shape is observed: gradual decrease in the diam-
eter, separation in two or three branches (Fig. 5). It was shown that the evolution
of the track diameter starts at a depth at which the trajectories of the various
carbon atoms do not overlap sufficiently to allow to consider that there is a total
correlation of all the constituents of the projectile: the variety and complexity of
the observed track shapes result from the statistical nature of the energy loss and
scattering processes.

Very interesting results were recently obtained in sapphire and in silicon.
Al203 was one of the few insulators which were known to be extremely resistant to
electronic energy deposition. No latent amorphous track could be generated during
irradiations with GeV monoatomic heavy ions: only the creation of some disorder
could be analysed using channeling Rutherford backscattering spectroscopy [48].
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Fig. 5. Bright field electron micrograph of a YIG sample irradiated at grazing incidence
with 40 MeV Ca and 13.4 MeV C 2Ó ions, showing the track shape evolution as the
fullerene ions penetrate deeper mto the target (from [47]).

Fig. 6. Latent tracks induced in fluorite irradiated at 300 K and at normal inci-
dence with 30 MeV C60 ions. The sample was tilted by 18° in the electron microscope.
The micrographs are taken from the (100) direction in (a) bright field conditions and
(b), (c) in phase contrast imaging conditions in order to better visualize the alignments
of faceted metallic inclusions.

Under 10 to 30 MeV C60 irradiation, 8 to 13 nm diameter amorphous track are
created in single crystals of cr-Al 2 0 3 [49]. Similarly, amorphous track could be
generated in monocrystalline silicon irradiated by energetic fullerene ions [50]: the
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tracks have typical diameters of 10 nm. Their diameter stay constant on penetra-
tion depths of about 80 nm and then gradually decrease; the tracks very often end
as aligned isolated droplets before disappearing at larger depths. The separation
in various branches was not observed as in YIG.

We will finally quote that following high localised energy deposition un-
der fullerene irradiation, it was possible to induce the formation of alignments of
faceted metallic calcium inclusions (Fig. 6) along the projectile path in an ionic
solid CaF2 [51].

3.2. Damage creation at surfaces and interfaces

Due to the high density of deposited energy, energetic cluster ions also induce
very strong damage at the surface of the targets. We will detail below a few re-
sults concerning very high sputtering rates, crater formation, surface deformations,
atomic mixing.

3.2.1. Anisotropic growth of amorphous metallic alloys

As recalled in Sec. 2.1.3, the anisotropic growth phenomenon occurring in all
amorphous targets submitted to very high electronic excitations, was interpreted
as resulting from the formation in a first step of "tracks of disordered amorphous
matter" along the projectile path. Such disordered amorphous matter cannot be
visualized in an electron microscope, but it was possible using the phase contrast
technique, to observe in a transmission electron microscope the surface deforma-
tions which exist at the entrance and exit of the "tracks" in a thin amorphous
target irradiated by 30 MeV C60 projectiles [52, 53]. It was also possible to im-
age the size of the impacts and surface deformations using transmission electron
microscopy [52] and scanning tunneling microscopy [54] in amorphous alloys irra-
diated with GeV Pb or U ions. The sizes of these surface features are found to
be in perfect agreement with the diameters of the disordered cylinders that were
earlier deduced from phenomenological approaches [55].

3.2.2. Surface deformations and sputtering in various types of targets

The formation of huge size craters at the impact of energetic cluster ions has
been reported in all kinds of targets:

— observation of craters by atomic force microscopy in some inorganic ma-
terials such as mica and valine [56, 57].

— observation using standard electron microscopy methods and topograph-
ical contrast imaging conditions in an electron microscope of craters, "lava-flow"
like surface deformations and onion like structures in a lamellar semi-conductor
MoS 2 irradiated with energetic fullerenes [58, 59].

— surface deformations consisting either in craters or bumpsat the emergence
of latent tracks were observed in titanium, silicon [50], α-Al 2 O 3 [49], Y3Fe5 O 12 [60].

— very large sputtering rates could be measured under energetic cluster
impacts [61]: it was shown in particular that large size clusters can be emitted
from solids bombarded with high energy gold or fullerene cluster ions [62].
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3.2.3. Atomic mixing under energetic cluster bombardment

The first detailed study of ion beam mixing effects under energetic cluster
bombardment was performed in single crystals of magnesium oxide containing
some sodium nanoprecipitates [63]. Electronic excitation induced mixing at the
interfaces between the sodium precipitates and the MgO matrix induce a gradual
decrease in the Na concentration and then a total destruction of the metallic
precipitates.

4. Conclusion
All the results presented here show that if sufficient levels of energy deposi-

tion in electronic processes are reached, it is possible to induce permanent damage
in most types of targets, i.e. in particular that these effects are no longer restricted
to insulators. The only difference between metallic targets and insulators lies in
the threshold above which damage creation becomes possible: (dE/dx)e of the
order of a few keV/nm in insulators and 40 keV/nm in most metals.

There is now a very clear evidence that the knowledge of (dE/dx) e is not suf-
ficient to characterise electronic energy deposition. The projectile velocity, which
determines the density of deposited energy, is one of the main parameters govern-
ing damage creation, as was shown for example (i) in the results of irradiation of
YIG with monoatomic projectiles on both sides of the Bragg peak and (ii) com-
paring at similar (dE/dx) e rates, the morphologies of the damage resulting from
irradiations with high velocity Pb or U ions to that obtained after 10 MeV fullerene
irradiation.

Other points of interest are that damage creation in the high electronic ex-
citation regime involves collective effects and can lead to a very wide variety of
damage structure in the "tracks" around the projectile path: isolated points de-
fects (iron), dislocation loops (iron, titanium), evolution from a crystalline phase
to another crystalline phase (titanium), "disordering" of amorphous targets, amor-
phisation (Al 2 03, SiO 2 , Y3 Fe5O12 , NiZr 2 , Si), formation or dissolution of metallic
inclusions in an insulating matrix (CaF 2 , Na in MgO). Very large surface defor-
mations have also been observed.

Quite a number of theoreticians are now working on a precise description of
the elementary mechanisms which govern the energy transfers from the electronic
system to the lattice atoms and lead to the observed microstructural changes.
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