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RESUME

Alors qu'il était communément admis que de forts dépôts

d'énergie sous forme d'excitation électronique ne pouvaient pas jouer

de rôle dans l'endommagement de cibles métalliques, il a été récemment

démontre que de fortes excitations électroniques pouvaient endom-

mager très significativement un bon nombre de matériaux métalliques.

Nous signalerons en particulier la création d'un endomma-

gement supplémentaire dans des cibles telles que Fe, Co, Zr, Ti ....

l'apparition de changements de phase dans NiZr2, Ni3B, NiTi, Ti, ..., le

mélange par faisceaux d'ions induit dans des multicouches métalliques.

Finalement un modèle basé sur le mécanisme d'explosion

coulombienne, permet de suggérer un mode de conversion de l'énergie

cédée en excitation électronique en mouvements atomiques et de rendre

compte des résultats expérimentaux.
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EXTENDED ABSTRACT

This paper will give a rapid overview of the main experimental results concerning the
effects of high electronic energy deposition in metallic targets and present a tentative model
based on the Coulomb explosion mechanism. More detailed reviews have been made recently
concerning both the experiments [1-3] and the theoretical model [4].

High levels of localized energy deposition in electronic excitation are easily obtained using
GeV heavy ions which during their slowing-down typically transfer a few keV/Â to the
electronic system of the target and a few eV/Â in elastic collisions with target nuclei. In
insulators and organic materials, it is well-known that both slowing-down processes contribute
to damage creation, whereas in metals it has been claimed for a long time that the sole nuclear
collisions are involved in damage processes. Although this last assertion remains true for some
metals such as Cu, Ag, W, G13AU ...[2], high levels of electronic excitation can induce a
partial annealing of the defects resulting from nuclear collisions in Fe, Ni, Nb, Pt..., lead to
additional defect creation in Fe, Co, Zr, Ti... [2] or even to phase transformations in NiZr2
f5], Ni3B[6], NiTi [7], Ti [8]... In the following, we shall only focuss on the last two effects.

PHASE TRANSFORMATIONS

Metallic alloys

The first experimental evidence that metallic systems and insulators do not behave so
differently under high electronic excitations was the observation of latent tracks in some
metallic compounds. A detailed study in NiZr2 [5] shows that when the amount of energy
deposition in electronic excitation increases above a threshold (=40 keV.nnr'), the track
structure gradually evolves from aligned droplets to continuously damaged cylinders.
Moreover the damaged material inside the tracks is amorphous.

Pure metals

Very recently [8], it has been shown that a pure metal, titanium, undergoes a phase
transformation when irradiated at low temperatures with GeV heavy ions. Such a phase change
under high electronic excitation was rather unexpected, due to the fact that, to our knowledge,
such a transformation has never been observed in any pure metal irradiated in the elastic
collisions regime.

Figure 1 shows electron micrographs of titanium irradiated with GeV uranium ions : each
impinging ion damages the region located around its path. Electron and X-rays diffraction
reveal that a displacive transformation from the h.c.p. cc-phase to the hexagonal û>-phase takes
place. Such a martensitic phase change is usually observed after the application of an
hydrostatic pressure [9].

ADDITIONAL DEFECT CREATION

Bulk materials

Besides the above described phase changes, less spectacular effects resulting from high
electronic excitations have been evidenced in quite a few metals :
(a) short range order modifications in austenitic alloys [10]
(b) creation of lattice defects in metals [2] such as Fe, Co, Zr, Ti.



When irradiated in similar conditions Cu, Ag, W, Pd, Pt, Nb ... have not been damaged
by strong electronic excitations.

It has to be noticed that among all the studied metals, only those that exhibit various
allotropie phases show additional defect creation.

Metallic multilayers

High electronic excitation effects can also play a major role at free surfaces and interfaces.
They were shown in particular to induce very strong mixing in multilayered samples such as
amorphous W/Si [11], crystalline NVTi [12], amorphous Si/Fe [13]. Total mixing is observed
after irradiation fluences as low as a few 10 l 3 ions cm'2, whereas in the usual ballistic process,

typical fluences of = 1016 ions enr2 are needed.

MODEL BASED ON THE COULOMB EXPLOSION MECHANISM

The above described results imply that at least part of the energy deposited in the electronic
system can be converted into atomic motion.
Along the ion path, strong ionizations occur. The energy deposited in electronic excitation is
shared between the kinetic energy of the ejected electrons and the potential energy of the
ionized atoms.

Considering the kinetic energy of the ejected electrons, one has to develop a "thermal
spike" model, in which this energy returns to the lattice via electron-phonon coupling : this
leads to a local heating of the lattice [14 J.

Considering the potential energy of the ionized atoms, one has to develop a "Coulomb
explosion" model [4]. In such a model, that will be outlined here, the energy transfer to lattice
atoms is direct via repulsive Coulomb interactions. The pertinent parameter involved is

T| = Z* VQ/V, in which Z*(v) is the effective charge of the projectile, v the projectile velocity

and v 0 the Bohr velocity. It was shown that the space charge roughly varies as T)2, so that the

resulting electric field varies also as T)2, the repulsive electrostatic force varies as T)4. In a

metal, the lifetime x of the space charge is limited by the efficient dynamic screening of the

conduction electrons, i.e. x ~ cù (cûp : plasma frequency). So, the kinetic energy acquired by

the ionized atoms varies as T\% x2 and can be estimated to be in the range .1 to a few eV. The

observed effects should thus vary as T)8.
When the level of electronic excitation is high enough, the ionization leads to a continuous

cylindrical space charge. Then, the impulses received by the ionized atoms are coherent in
space and time, so that an efficient coupling of the excitation with the low-frequency phonons
can take place. A "shock-wave" propagates radially around the ion path.

The observed a—>co phase change in titanium fully supports this model. Moreover, the
cross-sections of defect creation by electronic excitation which are deduced from the

experimental results (figure 2) obey an T|8 law.
It has to be pointed out that in spite of the low energy transfers involved in these

processes (< eV), damage creation takes place in such a collective process. Molecular
dynamics calculations have confirmed that individual atomic displacements indeed occur in iron

when energies of s 1 eV are given in a coherent and collective way to neighbouring atoms
[15].



Figure 1 : Bright field image of a titanium sample irradiated at 20 K with 2.2 GeV uranium
ions up to a fluence of 2.5XlO11 ions cm'2 (from [8]) :

(a) the ion beam direction is perpendicular to the image plane
(b) the ion beam direction is tilted by about 10° from the normal to the image plane. The arrow
indicates the projection of the ion beam direction.
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Figure 2 : Cross-section for damage creation by electronic excitations in titanium and iron
targets as a function of Tj = Z* W0Zv. The dotted lines correspond to an Ti8 law (from [2] and
[4]).
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