Chapter 2
Models for the Description of Track
Formation

Christian Dufour and Marcel Toulemonde

Abstract The different models developed to describe track formation induced by
swift heavy ions will be presented. The macroscopic ones are the Coulomb
explosion model, the bond weakening (BW) model, the exciton self-trapping
(STX) model, the concept of reduced electronic energy loss, the analytical thermal
spike model, the IDEA (Ionization Diffusion-Explosion-Amorphization) model, the
inelastic thermal spike model (i-TS) and to finish microscopic descriptions using
molecular dynamic (MD) calculations. All the models were applied to describe the
track formation in different kinds of materials (metals, semiconductors or insula-
tors), while additionally the i-TS model and MD calculations were used to describe
the sputtering yield. It will be shown that the initial energy deposition plays an
important role in the different descriptions and that there is no simple link between
the energy deposited in the electronic and later in the atomic system. The large
number of models presented here shows by itself that we are far away from a
complete description of track formation. So the ambition here is just to give a
present status of the different models.

2.1 Introduction

When irradiating a material with swift heavy ions, four stages have to be considered
as depicted in Fig. 2.1. In the following it will be tried to describe how the energy
deposited in the electrons in 107'° s induces a nanometric transformation of the
irradiated material called ion track. Such track is a discontinuous or continuous trail
of defects [1] resulting from a dense electronic excitation, deposited in a short time
and in nanometric space. Experimental results of track formation in various
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Fig. 2.1 Description of the different processes related to the energy deposition to the electrons
and its relaxation to the lattice atoms. This figure is a combined picture from the paper of Zhang
et al. [2] and of a track observed in Y3FesOq, [161]. The column called “in situ experiments”
account for Auger spectroscopy that probes the electron temperature at 10~ s [162] and for atom
sputtering [163] that probes indirectly the atomic temperature between 107" and 107" s. Tracks
are observed in rest, i.e. after at least one day

materials will be reported in Part III of this book. As compared to nuclear collisions
for which damage results from a direct atom—atom interaction, the track resulting
from this electronic excitation is a four step process (Fig. 2.1) [2]: first, the incident
ions transfer their energy to the electrons of the target by ion-electron collisions,
second by electron-electron collisions this energy is shared among other cold
electrons, third it is transferred to the lattice by electron-phonon coupling and fourth
it dissipates among the atoms, inducing a spike along the ion trajectory. The energy
is deposited in the electrons within 107" to 10™"° s and then transferred to the
lattice atoms within 107"* to 107'! s. Our goal in this chapter is to present the
different models that have been proposed to describe the latent track formation
resulting from this four step process. A lot of questions are still open because it is
not possible to make experiments within this short time scale within a nanometer
volume and furthermore to develop microscopic models taking into account elec-
tron and atom motion at the same time. So it is necessary to proceed step by step in
order to present the models that can provoke more clever experiments.
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2.2 Electronic Energy Deposition

2.2.1 Electronic Energy Loss

Before any model development, it is necessary to know the slowing down of an ion
per unit length (dE/dx). During a collision the incident ion with an energy E; can
transfer an energy E, to electrons of the target with a probability ¢(E; E,) [3-6]. The
average energy (E..,) deposited in the electronic system over a path length dr,
small enough to allow a single collision, is

Eem
(Eew) =Ndr | E.o(E;,E.)dE. (2.1)
0

where N is the number of scattering centers per unit volume, E,,, the maximum
energy transfer to the electrons, calculated by the kinematics of an ion-electron
collision. Therefore the energy loss of the incident ion (dE/dx) is equal to (E, . )/dr.
Consequently the energy deposited to the target electrons is S, = —dE/dx. The
probability a(E;, E,) is deduced from Coulomb interaction between the incident ion
and the electrons of the target atoms, described by Bohr [4] and Lindhard et al. [5,
6]. All descriptions take into account the effective charge states Z; of the incident
ions which are the result of a competition between electron stripping and electron
capture determined by the ion velocity compared to the electron velocity of the
target atoms. The evolution of the effective ion charge state as a function of its
velocity is described either microscopically [7, 8] or macroscopically [9].
A continuous model of the energy loss process is based on the well known theories
of Bohr and Lindhard, Scharff and Schiett [5, 6] and the electronic energy deposited
in the target S, = —dE/dx is calculated with the SRIM (Stopping and Ranges of Ions
in Matter) code [10, 11]. The parameters necessary for calculations in the frame-
work of this code have to be determined experimentally from fits of energy loss
measurements. In a more recent development limited only to the electronic energy
loss (the CasP code [8, 12]), the main input data are the projectile screening
function, in the case of dressed ions, the electron density and the set of oscillator
strengths for each sub-shell. The authors proposed a general interpolation procedure
between close and distant collisions by introducing additive connecting functions.
Thus, expressions derived for small and large impact parameters can be smoothly
joined to a simple expression valid for all impact parameters.

The differences of the values of the electronic energy deposition per ion and unit
length, S,, calculated with the SRIM and CasP codes are illustrated in Fig. 2.2 for
the example of Xe irradiation in CaF,. The main features are on the one hand a
difference by around £10 % of S, for beam energy larger than 1 MeV/u, and on the
other hand a variation by a factor of 2 of S, at energies around 0.01 MeV/u. Such
variation in the electronic energy loss in this low energy regime depends strongly
on the stopping material in which the atoms are slowing down [13]. It should be
mentioned that in the lower energy range (around 0.005 MeV/u) the absolute value
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of electronic energy loss is smaller than the nuclear energy deposition per ion and
unit length, S,,, as seen in Fig. 2.2 [14]. It should be noted that recent measurements
of particle ranges in materials [15] at ~0.025 MeV/u are in favor of the CasP code
[12]. Moreover such predictions have been confirmed by Sigmund [16, 17] since
the electronic stopping cross section may be determined from the inverted ion-target
system by applying the concept of reciprocity. The principle of reciprocity is based
on the invariance of the inelastic excitation in ion-atom collisions against inter-
change of projectile and target, and is applicable in the low-velocity regime
(E < 0.025 MeV/u) where the projectiles are neutral and the probability for electron
loss is small. These differences can alter drastically any quantitative track
description if the exact values of the electronic energy loss are not taken into
account.

2.2.2 Radial Energy Distribution

For a given nominal S, value, the energy density deposited in the electronic system
strongly depends on the ion velocity, called velocity effect [18-26]. The target
volume in which the kinetic energy of the ions is deposited to the kicked-off
electrons of the target, the so-called d-ray electrons, becomes larger with increasing
ion velocity. Using Monte Carlo (MC) calculations, Katz and Kobetich [19, 20] and
Fain et al. [21] have determined the radial distribution of the energy deposited in the
electrons by calculating the evolution of the kinetic energy in the electron cascades
as a function of the radial distance (~1 pm) and the time (~ 1075 to 1071 5) [22,
23]. These Monte-Carlo calculations have been updated by Kraft and Kriamer [24]
and Gervais and Bouffard [23]. The calculations stop when the energy given to an
electron by a collision is smaller than the ionization potential which is in the order
of 10 eV. Figure 2.3a presents the evolution of the dose in Gray versus the radial
distance from the ion axis. Gray is usually defined as the energy deposited per
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kilogram of matter (J/kg). The unit (J/kg) can be expressed in eV/at. These curves
result from Monte Carlo calculations [25] for the same value of electronic energy
loss (~ 11.3 keV nm™ ") at two different ion energies per nucleon in mica. Since the
volume in which the energy is deposited is smaller at low energy than at high
energy, the energy density deposited in the electrons is the larger the lower the ion
energy is.

Fitting the results of Monte Carlo calculations [19, 20], an analytical formula has
been proposed by Zhang et al. [22] and Waligorski et al. [26] that describes the
energy distribution versus the radial distance from the ion axis,

Do(r) = (B/r) (1 = (r+r0)/ (rm+10))/*/ (r +r0). (2.2)

Here Dy(r) is the dose deposited at a radial distance r from the ion path, 7y is the
range of electrons having the ionization energy of the target, r,, is the maximum
range of the 0 ray electrons in the considered matter and « is a constant depending
on the velocity of the incident particle. The dose distribution Dy(r) is corrected by a
factor (1 + K(r)) to take into account the missing dose at small radial distances
(~1 nm) [26], leading to an energy A(r) given to the electrons per unit volume

A(r) = Do(r) 1+ K(r)) (2.3)

with B a normalization constant ensuring that the integration of A(r) over the radial
distance is equal to S, in cylinder geometry.

A(r) can be calculated versus the radius for each material [22]. Figure 2.3b
shows the fraction of S, deposited in the electronic system versus the radial distance
from the ion trajectory for vitreous SiO, irradiated with different ion energies per
nucleon [27].
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Fig. 2.3 a Radial distribution of the energy deposited in the electrons in mica for two different
beam energies (from Bouffard et al. [25]). The lines are fits of the calculation results. b Fraction of
energy deposited in the electrons of vitreous SiO, irradiated at different energies as a function of
radial distance from ion trajectory [27]. The calculations assume cylindrical geometry and are
based on Monte Carlo calculations [26]. ¢ Evolution of a cylinder radius o in which 66 % of the
initial energy is deposited in the electrons, versus beam energy for vitreous SiO, (a-SiO,),
Y3F65012 and Fe
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Fig. 2.4 S., o, and the energy deposited in the electrons (E;) versus beam energy for Au
irradiation of a vitreous SiO, and b Fe

To estimate the effect of the ion velocity, a cylinder of radius o in which 66 % of
the electronic energy loss is stored, has been defined (Fig. 2.3b). This criterion
assumes that ~ 2/3 of the energy deposited in the electrons is located in the core of
the track and ~ 1/3 in the halo of the track as shown in [27]. As it can be seen in
Fig. 2.3b, the deposition radius increases with increasing energy, i.e. larger ion
velocities lead to electronic energy deposition in a larger volume resulting in a
lower energy density. Figure 2.3c shows « values as a function of the specific beam
energy for different materials. These o values follow roughly a power law of the
specific energy (o ~ E%%), i.e. seem to be almost proportional to the ion velocity. It
should be noted that the extrapolation of the analytical formula of the radial energy
distribution from Waligorski et al. [26] to low energies (E < 0.1 MeV/u) is ques-
tionable and in this energy regime new Monte Carlo calculations are needed.

As an example, S, and the absorption radius « are plotted in Fig. 2.4 versus the
Au energy for an irradiation of vitreous SiO, (Fig. 2.4a) and pure Fe (Fig. 2.4b).
The energy E, deposited in the electrons is equal to the electronic energy loss S,
divided by 7%, the area in which the slowing down energy of the ion is given to the
electrons normalized with the atomic density of the material. E, is shown in Fig. 2.4
in eV/at for SiO, and Fe. At 1 MeV/u the energy deposited in the electrons is
E, ~ 7eV/at for SiO, and ~40 eV/at for Fe (Fig.2.4) corresponding to
5.6 x 10* and 3.2 x 10° Jecm™>, respectively. Assuming a mean value
of ~2 x 10° J cm™? this leads to a power of ~2 x 10" W cm ™ within a time of
10" s. Such a power has to be compared to femtosecond laser irradiation: as an
example, melting of Ni is expected when it is irradiated by a femtosecond laser
(200 fs) with a power of 0.43 J/cm” [28]. The depth of the light absorption is in the
order of 107 cm in a metal and so the energy density is 4.3 x 10° J/cm®, i.e. a
power of ~2 x 10" W/ecm® which is one order of magnitude lower than that for
ion irradiation. So, as already mentioned [29, 30], it is reliable to take advantage of
experiments and models developed to describe the transformation of matter by
femtosecond lasers in order to understand track formation and sputtering due to ion
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irradiation. However, the main difference in these two processes of electronic
excitation is the geometry and the size: with ions this energy is deposited in a
cylinder with some nanometer radius, while fs laser irradiation has a planar
geometry with a beam spot of ~1 pm and a minimum depth of light absorption
of ~10 nm. Such change in the geometry influences the cooling rate which is one
order of magnitude larger in cylinder geometry as compared to a planar one.

2.3 Description of Track Formation

The track in a material is a trail of damage resulting from a nanometric, dense and
shortly created electronic excitation and was observed for the first time by Silk and
Barnes [31]. Defects created by individual electronic excitation as observed by
classical irradiations (gamma irradiation or low Z ions) are not considered.

The electronic energy loss S, with its radial distribution is the initial stage of any
track description which will be presented now. Several macroscopic models have
been proposed: Coulomb explosion [32-34], reduced electronic energy loss [25],
self-trapped excitons [35-38], bond weakening [39, 40] and the thermal spike
model developed by Szenes [41, 42] considering only the process starting when the
energy is already transferred to the atoms. Then Canut and Ramos [43] introduced
the concept of effective electronic energy loss by analytically solving the diffusion
equation for the temperature distribution of the electrons and considering the energy
transfer to the atoms. Toulemonde et al. [27, 44], Trautmann et al. [45], Meftah
et al. [46, 47], Dufour et al. [48, 49] and Wang et al. [SO] have numerically solved
[51] the complete two coupled differential equations describing heat diffusion
within the electronic and atomic subsystems of the solid. The thermal spike model
is subject of intense research [27, 30] in order to study its strengths and weaknesses
or to develop alternative models [52, 53]. It is not the aim of this chapter to describe
all the models in detail, but we shall summarize recent detailed reviews [29, 37, 53]
by giving an overview about the various models with the focus on the main
physical phenomena the models are based on.

All these models cover several fields of physics: the ionization stage resulting
from the ion-electron collisions leads to a positive charge along the ion path which
is described by atomic physics [54]. This results in the creation of a high electric
field which exists only for a short time due to its rapid screening by the returning
electrons [32] and also in a distribution of the energy deposited in the electrons.
These two processes induce then atomic motion which is described by a solid state
physics approach [55-57]. The following response of the atomic lattice to the
perturbation is a problem of mechanics [58—60]. And finally, the resulting structural
modifications and possible atomic motion have to be explained in the framework of
solid state physics. This clearly shows that the description of track formation is a
complex problem [61-63].

At the end of this chapter molecular dynamics calculations will be shortly
described in order to illustrate the development of microscopic models [2, 62, 64—67].
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2.3.1 Coulomb Explosion

Ejection of electrons by ion-electron collisions leads to the appearance of ionized
target atoms, creating a Coulomb field along the ion path. The ion motion under this
electric field that exists during a limited time (less than 10™'? s) may induce tracks
in materials. Such a model was developed by Fleischer et al. [32] to explain that
hard insulators (like Al,O3) and metallic materials are insensitive to ion irradiation
in the electronic energy loss regime. The volume in which such an electric field is
created is as narrow as 1 nm’ [63] and the created Coulomb field acts in a short time
(~ 107'* 5) as recently measured by Schiwietz et al. [68, 69] and Rzadkiewicz
et al. [70].

The model describes under which condition a repulsive Coulomb force is suf-
ficient to prevail over the lattice bonding forces. This local force is equal to n’e?/eag
where n is the average ionization, ¢ the dielectric constant of the considered material
and a, the mean atomic spacing. If this force is larger than the mechanical strength
oy ~ Y/10 (Y the Young modulus) then atomic motion is expected.

With the availability of large accelerator facilities, in the 1980s it was shown that
pure metals [48, 71] and insulators like Al,O3 [72, 73] are really sensitive to
electronic excitation which could not be explained by the model descibed by
Fleischer et al. [32]. So the Coulomb explosion model was extended by Lesueur
and Dunlop [33]. They estimate the space charge created by an incident ion during a
time scale defined by the electron gas response. The ionized radius was calculated
leading to a dimensionless quantity 5 = Z; X vo/v where Z is the effective charge
of the incident ion, v its velocity and v, the Bohr velocity. This quantity # is
proportional to SO since S, is proportional to the square of the incident ion charge.
The model was applied to pure metallic materials (Ti and Fe) for which the exis-
tence of a displacive transformation associated with a soft mode in the phonon
spectrum seems to favour efficient energy transfers between highly excited elec-
trons and target atoms [74]. The experimental damage cross sections are plotted
versus 7 and fitted with a power law of 7%, i.e. to S (solid lines in Fig. 2.5a for Ti
[75] and Fe [76]). Such a law is expected since the calculated kinetic energy Ey;,
received by the atoms during the Coulomb explosion follows roughly a power law
(Ein NS‘:) [33]. The model was also applied with success to high 7, supercon-
ductors by Iwase et al. [34]. In that case (Ac/cy)/AN; which is the relative increase
of the c-axis lattice parameter per incident ion normalized by the initial value of the
lattice parameter ¢, with the ion fluence defined as N is plotted versus dJ/dx where
dJldx is the deposited energy per unit lenght with J the potential energy resulting
from primarily ionized atoms [32] (Fig. 2.5b). dJ/dx is a parameter proportional to
S,. As can be seen (Ac/co)/A® is proportional to (dJ/dx)* and thus to S‘j as proposed
in the case of Coulomb explosion [33] developed for metallic materials.
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Fig. 2.5 a Cross section for damage creation in Ti and Fe by electronic excitation versus 1 from
Lesueur and Dunlop [33]. The lines are proportional to 1%, i.e. proportional to SZ. b For high T,
superconductors, (Ac/cy)/ANy is plotted versus dJ/dx, and the solid line represents a (dJ/dx)*
dependence (after Iwase et al. [34])

It should be noted that, as suggested by Fleischer’s original Coulomb explosion
model, that this electric field exists in a time range of 10~ '* to 1072 s in order to be
efficient. Based on this time Itoh et al. [37] have calculated the energy transferred to
the atoms and they suggest that rather a little fraction of the initial deposited energy
is transferred to the atoms (~ some 107> of S.) along the ion path in agreement with
the calculations of Lesueur and Dunlop [33].

2.3.2 Bond Weakening (BW) Model

Electron excitation can affect interatomic forces, leading to material modification as
suggested earlier. The bond weakening is a natural extension of earlier ideas showing
a strong dependence of the crystal structure on the corresponding electronic structure
of the material [77]. Such a model was developed by van Vechten et al. [39] and
Combescot et al. [78] to explain laser annealing of defects in Si by nanosecond laser
pulses. But it has appeared that the electron—hole pair concentration created by the
laser light absorption may be too small to be critical to ensure a thermal annealing.
Then to explain such annealing a transient thermal process was suggested and
quantitatively developed [79, 80]. This model was able to describe quantitatively the
time and depth of melting. The comparison with experiments was performed by
measuring the time of melting by in situ reflectivity and the depth of melting by
impurity diffusion [8§1-83]. The measurement of light reflectivity provides also the
evolution of the surface reflectivity versus temperature of the solid [82].

More recent calculations for Si, Ge and GaAs by Stampfli and Bennemann [40]
find that the excitation (and hence loss) of valence electrons by 15 % induces lattice
instability within 100 fs [84], consistent with recent time-resolved x-ray diffraction
measurements following a femtosecond laser pulse [85] in Bi. It is certainly true
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that excitation from bonding valence orbitals to antibonding conduction band
orbitals leads to very rapid structural rearrangements in systems like Bi [86].
Extended discussions regarding this phenomenon are given by Duffy et al. [53] and
by Klaumiinzer [30].

2.3.3 Exciton Self-trapping (STX) Model

Excited electrons and holes polarize the surrounding lattice creating a distortion
which, associated with the excited carrier, is called a polaron. Two kinds of
polarons do exist [87], the one linked to a free motion of the carriers in the lattice
and the second that can be trapped by the created distortion and is called
self-trapped exciton. In halides [88] like in LiF [89-93] and oxides, particularly
crystalline quartz [91], this phenomenon has been observed under swift heavy ion
irradiation [88-93]. Atomic motion is the result of the transfer of the stored elec-
tronic energy to the lattice by emission of several phonons. This process was
studied in several materials by Itoh and Stoneham [36]. They conclude that in
insulators self-trapping of excitons influences the critical energy deposition for
track formation. According to this study, the critical energy loss amounts to
3-5 keV nm ™' in materials where excitons are self-trapped, as e.g. in crystalline
quartz. In materials in which self-trapping of excitons does not occur like in
metallic materials and III-V and group IV semiconductors the critical energy
deposition for track formation reaches values near 20 keV nm™'. The difference can
be ascribed to a strong localization of electronic excitation energy along the ion
path in halides while it is delocalized in the case of free excitons.

A quantitative development of the model has been done for crystalline SiO, by
Itoh [91] in order to describe amorphous ion tracks observed by Meftah et al. [46].
It is assumed that this exciton mechanism is efficient only if the number of
self-trapped excitons is equal to the number of the SiO units. Suppose that D(r) is
the dose deposited per unit area in a coaxial cylindrical shell of a thickness of a
molecular layer, at a distance r from the path of the ion as calculated by Zhang et al.
[22]. The initial dose distribution Dg(r) transferred to the electrons is mainly
governed by the secondary ionization by 0 ray electrons [see (2.2)]. The number p
(r) of self-trapped excitons per unit area produced at a distance r from the ion path
is given by p(r) = Dy(r)/W, where W is the energy necessary to excite all SiO,
electrons. For the calculation of the cylinder radius in which all SiO, electrons are
excited a value larger than W = 38 eV was assumed. This value which is larger
than the optical gap energy of crystalline SiO, (~9 eV [94]) was used since the
energy to create an electron-pair is around three times the optical band gap. The
results of the calculation are compared with experimental results by Meftah et al.
[46] in Fig. 2.6, in which the experimental track radii (dots) as well as the calcu-
lated ones (full line) are plotted as a function of electronic energy loss S.. The good
agreement between experiment and calculation confirms the suitability of the model
for the description of ionization induced damage formation in SiO,.
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2.3.4 Concept of Reduced Electronic Energy Loss

The concept of reduced electronic energy loss was introduced by Bouffard et al.
[25] in order to take into account the fact that for the same electronic energy loss the
track radii are larger for low beam energy (<0.6 MeV/u) than the radii resulting for
high beam energy (>2.7 MeV/u) as observed in mica (Fig. 2.7a).

The main difference is that at low ion energy the energy deposited in the elec-
trons is spread out into a smaller volume than at high energy. As an example the
maximum energy transfer per ion to electrons for a beam energy of 0.1 MeV/u is
around 200 eV, while at 10 MeV/u it is 20 keV. Using the Monte Carlo model
described by Gervais and Bouffard [23], the calculated radial dose D,;c(r) does not
give the corresponding energy loss with satisfactory accuracy. Thus the radial dose
distribution has been normalized assuming that

DUr) = g et 2.4

where D(r) is the local dose at a distance r from the ion path (Fig. 2.3a).
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Fig. 2.7 Experimental track radii in mica versus (a) electronic energy loss, (b) reduced electronic
energy loss. The data presented in the two pictures are from Bouffard et al. [25]. The lines are there
to guide the eye
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Since the track radius R, is in the order of 5 nm the dose deposited at larger
distance (r > R;) is not efficient to create a track. Consequently, only electrons
having energy lower than the so-called cut-off energy E.,..; will be considered.
The evolution of the radial dose distribution for Kr irradiation in mica is plotted as
function of the radial distance r for several values of this cut-off energy in Fig. 2.8,
showing that it becomes efficient for T,z < 1000 eV. It is shown that for a
cut-off energy of 250 eV the local dose distribution for 10 MeV/u Kr ions becomes
the same as that for 0.2 MeV/u. Such an agreement is the result of neglecting the
dose given to the atoms by electrons with energy larger than 250 eV.

The reduced energy loss S,._,.s is then calculated (Fig. 2.7b) using (2.1) [3], with
E,,, replaced by E_,;. .4

dE Eau—of
Sered = ~( e =N [ Eeo(E:, Ec)dE, (2.5)
0

where o(E,E,) is the differential cross section for electron emission. Independent of
the cut-off energy, between 100 and 500 eV the dose distribution remains nearly
unchanged (Fig. 2.8). By choosing E,..; = 200 eV, the track radii versus the
reduced electronic energy loss lie on the same curve for all ion energies (Fig. 2.7b).
So, the difference in radii between high and low beam energies (Fig. 2.7a) disap-
pears if only the energy which is deposited near the ion path is considered instead of
the total electronic energy loss.

This model developed by Bouffard et al. has been proposed as a possible model
to predict the experimental track radii directly from the initial energy deposition of
the electrons as obtained by Monte Carlo calculation without any other radial
expansion of the initial energy. It is disappointing that, to our knowledge, this
model up to now was applied only for mica.
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2.3.5 A Transient Thermal Process

The thermal spike was proposed by Desauer [95] and reconsidered for insulators by
Chadderton and Montagu-Pollock [96] and for metals by Seitz and Koehler [97].
The main idea of this model is to suppose that the energy deposited in the lattice can
be described by a transient thermal process acting in the electronic and atomic
subsystems. We denote it more specifically as the inelastic thermal spike (i-TS)
model [44-51] to emphasize the difference with the elastic collision spike model
which is valid in the nuclear energy loss regime [98]. In the i—TS model, the energy
deposited in the electrons by the slowing down of the incident ions diffuses within
the electron subsystem by electron-electron interactions before being transferred
and finally localized in the lattice system via the electron—phonon coupling. The
heat diffusion in the electron and in the lattice subsystems versus time ¢ and space
r (in cylindrical geometry) is described by the following two coupled differential
equations [99]:

of, 10 oT,
CAT) G = [RAT) G| e =T +a0) 26)
or, 190 9T,
Cut) G =12 k(1) ] + ol ~ 1) 27)

where T, ,(r,1), C,,(rt) and K, ,(r,t) are the temperature, the heat capacity per unit
volume (called specific heat in the following) and the thermal conductivity of the
electronic (e) and atomic (a) subsystem, respectively. A(r) is the energy deposited
into the electronic system [26]. The only free parameter in this model is the elec-
tron—phonon coupling strength g [55].

At present different ways exist to explore the heat diffusion equations for
describing the occurring physical processes and calculating experimentally acces-
sible quantities:

I The so-called analytical thermal spike (a-TS) model proposed by Szenes [41,
42] provides an analytical solution of the differential equation for the atomic
system (2.7) ignoring the way the energy is transferred to the atoms. This
model was extended by Trinkaus [58] to describe the anisotropic growth in
amorphous materials under swift heavy ion irradiation (see Chap. 10).

II The ionization diffusion-explosion-amorphization (IDEA) model by Canut
and Ramos [43] takes into account the energy diffusion to the electrons prior
to its transfer to the atoms by providing an analytical solution of the dif-
ferential equation for the electronic system (2.6).

I In the inelastic thermal spike (i-TS) model [44-51] a complete numerical
solution of the system of differential equations [(2.6) and (2.7)] is given taking
into account the coupling between the electronic and atomic subsystems.
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IV Finally, in the exciton decay model [38] it is assumed that the energy
delivered by the thermal spike leads to the formation of bound excitons.
Their nonradiative decay results in the creation of point defects.

The different approaches mentioned will be discussed in the following subsec-
tions taking into account the energy criterion to create a track that will change with
the model proposed.

2.3.5.1 The Analytical Thermal Spike (a-TS) Model

Within the analytical thermal spike (a-TS) model [41, 42, 100] the various
ion-induced physical effects are determined by the maximum temperature, and the
actual time evolution of the temperature spike is not considered. It is assumed that
the ion-induced temperature increase AT(r,7) can be approximated by a Gaussian
distribution function, which is an analytical solution of (2.7):

AT(r,1) = vS,/mpca(r)e” /% 0) (2.8)

where p and ¢ are the density and the heat capacity, yS, is the fraction of S,
deposited in the thermal spike with an efficiency of y and a(f) = a(0) + 4Dt where
a(0) is the initial width of the radial distribution of the temperature approximated by
a Gaussian function in the phonon system, Dt is the squared value of energy
diffusion length versus time of the considered material with a thermal diffusivity
D. Szenes [41] had assumed that the maximum track size is reached at r = 0, and
AT(r,0) is calculated only with a(0).

A typical temperature distribution is plotted versus the radius for Y;FesO;, in
Fig. 2.9. The track radius R,, in Y3FesO;, can be found using the temperature
distribution defined at time 7 = 0,

2000 f4T(R ,0) 1

AT(r,0) (C°)

00 2 4 6 8

radius (nm)

Fig. 2.9 Radial temperature distribution for Y3FesO,,, irradiated with an ion energy of 1 MeV/u
and with S, = 10 keV nm™'. AT(r,0) = 2350 exp(—rz/a(O)z) with y = 0.35, p=5.18 g cm >,
¢=0.68J K ' cm™> and a(0)® = 21.6 nm® [41, 42]. At the melting temperature AT(R,,,0), the
radius is equal to 2.9 nm in agreement with that measured by Meftah et al. [18]
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AT(R,,,0) = Ty = T,, — T, (2.9)

where T;. (usually 300 K) is the irradiation temperature and 7,, = 1848 K the
melting temperature. Here the energy needed to make the solid to liquid phase
change is ignored. Such assumption is surprising since it has been shown by
Rethfeld et al. [101] that the shorter the energy deposition time the larger is the
temperature to melt the material. But it is presumed in this model that the electronic
energy deposition induces a decrease of the bonding strength in the irradiated
material as it was proposed by Van Vechten et al. [39] (see Sect. 2.3.2 in this
chapter). The two free parameters of the model are the fraction y of S, deposited in
the atoms, and a(0) the initial Gaussian width.

Under these assumptions, two simple equations for the track radius R can be
derived from (2.8):

R? = a*(0)In(S./Se;) for S <2.7 S (2.10)
R? = (a*(0)S,)/(2.7S,) for S, > 2.7 S¢ (2.11)

where S, is the electronic energy loss threshold for track formation. This threshold
is the most important parameter and can be deduced either by fitting the track radii
near the threshold [41, 42] using (2.10) or directly by plotting the damage cross
section ¢, which can be calculated from experimentally determined track radii,
versus the electronic energy deposition S,. The extrapolation of the resulting (S,)
curve then yields the threshold value S,, [27] (see also Chap. 9). a(0) can also be
deduced from (2.10) and (2.11) since it is equal to the measured radius for S, = 2.7
S.;. Knowing S,; and a(0), track radii can be fitted. In the a-TS model, the criteria
for track formation are on one hand the energy to reach the melting temperature and
on the other hand the fraction )y of S, which is deposited to the atoms to create a
track. The efficiency 7 is given by

S, = (npcToa®(0))/y (2.12)

if a(0) is known or, by substituting a*(0) from (2.11) in (2.12), can be determined
according to

y = 2.7npcToR*/S,. (2.13)

According to Szenes, the most important features of the a-TS model are that the
initial Gaussian width is uniformly a(0) = 4.5 nm and that the efficiency is y ~ 0.4
at low and y ~ 0.17 at high ion velocities, respectively. Thus there is no free
parameter characteristic for various insulators at low and high ion velocities in this
model (for details see [41, 42]).

The a-TS model, first developed for insulators [41, 42], was extended to poly-
mers [102], to biological samples [103], as well as to materials with highly ani-
sotropic electrical conduction [104].
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Fig. 2.10 a Experimental track radius versus electronic energy loss in Y3FesO;, for three
different ranges of beam energy (the lines are square root fits of the experimental radii for the
corresponding beam energy; figure extracted from Toulemonde et al. [109]). b Evolution of a(0)
versus beam energy from (2.11). ¢ Evolution of the efficiency versus beam energy (figure extracted
from Szenes [41, 42] from 2.12 and 2.13. For (b) and (c), the lines are there to guide the eyes

In order to illustrate the determination of a(0) and 7, the measured track radii of
Y;FesO,, for which track formation is extensively studied [18, 105-107], will be
analyzed in more detail. The measured radii are plotted in Fig. 2.10a for various
groups of beam energies E;, versus the electronic energy deposition. By extrapo-
lation to the radius R = 0, the threshold values of the electronic energy deposition
are S,, =4 keV nm ! for E, <3.5MeV/u and 7 keV nm ™' for E, > 5 MeV/u
(from Fig. 2.13 in [18]). Then the measured R values at 2.7 x S, are ~3 nm
whatever the beam energy is (Fig. 2.10a). In order to verify such a(0) determination
the width is calculated using (2.11) for experimental radii > 3 nm with the corre-
sponding S, values in Fig. 2.10a. In these cases continuous tracks are formed in
Y3FesOq, [107].

The result leads to a mean value of a(0) = 3.8 + 0.4 nm independent of the beam
energy. This value is larger than the value of 3 nm determined from S, = 2.7 x S,
but lower than the mean value of 4.5 nm deduced by Szenes from the analysis of
track data in several materials (Y3FesO;,, BaFe;09, SrFe;;0;9, MgFe,0,,
NiFe,Q4, and ZnFe,O,4) [41, 42]. The experimental values of the radii at low
(Fig. 2.11a) and high ion energies (Fig. 2.11b) are compared with the description in
the framework of the Szenes model using three values of a(0): 3, 3.8 and 4.5 nm.
The results confirm that the value a(0) = 3.8 nm seems to give the best agreement
with the experimental data for ion energies below ~3.5 MeV/u (Fig. 2.11a),
whereas for energies of ~ 15 MeV/u the best agreement is reached for a(0) between
3.8 and 5.0 nm (Fig. 2.11b), surrounding the 4.5 nm deduced by Szenes. With
(2.13), it is possible to calculate the efficiency 7 for the track radii larger than 3.0 nm
for all the beam energies using p=5.15gcm >, ¢=0.68Jg ' K" and
T,, = 1848 K. This leads to 7 = A R%/S,, with A = 2.7mrcTy = 0.29 keV nm >,
which is plotted versus the beam energy in Fig. 2.10c. Three regimes may be
defined: for E;, < 2 MeV/u, y is constant and equal to 0.4, then for E;, between 2 and
10 MeV/u there is a transition regime with y decreasing smoothly from 0.4 to 0.17
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Fig. 2.11 Experimental radii versus electronic energy loss for Y;FesO;, irradiated with various
ion energies compared to radii calculated in the ATS model using different values of the initial
width a(0) in nm. a For beam energy less than 3.5 MeV/u, using S, = 4 keV nm ! [18, 106] and
b for beam energy ~ 15 MeV/u, using Se, = 7 keV nm ™' [17]

and afterwards, for energies larger than 10 MeV/u, 7y seems to stay constant and
equal to 0.17. This is in agreement with the velocity effect [18] since the energy
density deposited in the atoms decreases with beam energy.

Using the model of Szenes [41], Moll et al. [108] analyzed the measured radii in
pyrochlores (Gd,Ti,—Zr,O; for x = 0, 1 and 2) which have been irradiated with
ions at energies between 10 and 6.5 MeV/u. Since the experimental electronic
energy loss threshold for track formation is S.; ~ 13 keV nm™’ (Fig. 2.12) for
each material, the track radii belong to an electronic energy loss range below
S,=27 xS, =35keV nm " and the radii are fitted using the square root of
(2.10). The best fits to the data (Fig. 2.12) provide the following values of the
parameters: «(0) = 5.8 nm and S, = 13.2 keV nm ! leading to y =0.32 for
Gd,Ti,0,, a(0) =49 nm and S, = 13.2 keV nm™" leading to y = 0.26 for

Fig. 2.12 Variation of the T T T T T
radius R as a function of the
electronic energy loss, S, in
pyrochlore samples irradiated
with Kr and Xe at energies
larger than 6.5 MeV/u. The
lines are fits to the data in the
framework of the model of
Szenes (data extracted from
Moll et al. [108]) (for
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N
T

GdzTizOﬁ
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Gd,TiZrO; and a(0) = 4.1 nm and S,, = 13.8 keV nm! leading to y = 0.20 for
Gd,Zr,0,. It should be noted that a(0) varies from 5.8 to 4.1 nm which encircles
the value of 4.5 nm determined by Szenes as observed for the high energy regime
in Y;FesOq, (Fig. 2.11b). The efficiency y is varying from 0.32 to 0.20. This is not
expected since the efficiency should be smaller than 0.2 for beam energies larger
than 6 MeV/u (Fig. 2.10c) according to the model of Szenes [41, 42].

Consequently, the a-TS model gives a quantitative description of track radii in
insulating materials provided that the Gaussian width a(0) at time 7z = 0 can be
deduced from the knowledge of the threshold value S,; for track formation (a(0)
equals the track radius at S, = 2.7 S,,) as well as from the track size for S. larger
than 2.7 S, for a specific beam energy. The efficiency 7y, with the knowledge of a(0)
[(2.11) and (2.12)], determines the fraction of S, deposited in the track. It does not
take into account the latent heat energy needed for the phase change from solid to
liquid which is based on the assumption that for track formation the melting
temperature of the corresponding material is exceeded. However, with the knowl-
edge of a(0) and 7y, this model provides an initial temperature distribution of the
atomic system. This has been successfully used by Klaumiinzer [30] to describe the
anisotropic growth in amorphous silica, using y = 0.6.

2.3.5.2 The Ionization Diffusion-Explosion-Amorphization (IDEA)
Model

In the model developed by Canut and Ramos [43], it is assumed that the damage
evolution via collective electronic excitations takes place in four steps. The model
takes into account the energy deposition in the electrons by an analytical solution of
(2.6) governing the energy diffusion to the electrons.

(1) The first stage concerns the interaction of the incident ions with the electrons
of the lattice. The resulting ionization process is caused by the energy density
A(r) initially deposited in the electronic system [26] (see Sect. 2.2.2).

(2) The energy density W initially deposited in the electrons diffuses via
electron-electron collisions before its transfer to the lattice according to

OW(r,t) DO [ OW(r1)
ot ror d

5 } +A(r) (2.14)

After the diffusion process has finished, the final energy density profile will be
given by Wi (r) = W(r, 7) at a time 7. By integration of (2.14), W (r) is
obtained,

T'm

Wilr) = 5 J Wit ()

T

e W du (2.15)

where [ is the zero order hyperbolic Bessel function, 7 is the duration of the
diffusion process, D the energy diffusivity of the electrons and r,, is the
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maximum radius of the energy distribution (W(r, 0) = O for r > r,,). t should
be in the order of the phonon period ~107'% s, and the diffusion length L,
characteristic for the material is defined by L2 = 2Dr. The integration of (2.15)
is described in detail in [43].

(3) Atthe end of the diffusion stage the energy is transferred to the atomic system,
in analogy with an explosion mechanism, if W(r) exceeds a critical density W,
at the radius r = ;. Here it is assumed that the part of the W;(r) distribution
below W, (r > r;) does not create irreversible atomic disorder. Therefore an
effective electronic stopping power S, which represents the energy per unit
length deposited in this “hot” region is defined according to

S = 72an1(r)dr (2.16)
0

(4) In this stage an equipartition of energy above W, is assumed resulting in an
extension of the cylinder where energy deposition occurs from r; to a final
value r,, the effective radius of the track. That means that the atoms excited
within r; share their energy with atoms in the larger radius r,. At the end of
this amorphization process the radial density of deposited energy W, (r) inside
the track is equal to the critical energy density W, = W;(r}) leading to a cross
section o = S¥/W.,.

The model was successfully applied to LiNbO5 [43] and Y;Fe;50¢, [109, 110].
As example, in the following the application of the model to Y;Fe,s0,, irradiated
with cluster and single ions will be briefly described.

Using cluster ion irradiation with its very low particle velocity (~0.05 MeV/u)
and very high electronic energy loss, the kinetic energy given to electrons by
ion-electron collisions is very low and consequently the initial energy deposition
can be approximated by a Dirac distribution. In that case, (2.15) may be approxi-
mated by

Se 2
Wir) = 3 e (2.17)
d

Using (2.16) with the assumption that W.= W;(ry), the effective electronic
energy loss S* is linked to S, by the relation S* = S, — 2rnL2W,.. Knowing that the
damage cross section ¢ = S5 /W, = S, /W, — 2n2L§, with the use of the last rela-
tion W, and L; can be determined by fitting the track radius r assuming that
o= nr.

The damage cross sections resulting from the cluster irradiations of Y3FesO;,
are plotted versus electronic energy loss in Fig. 2.13a. The values of W, and L,
equal to 20 keV nm™> and 1.7 nm, respectively, are extracted from a fit of the
damage cross sections. With these values of W, and L, the effective electronic
energy loss S} is calculated. In Fig. 2.13b the experimental values of track radii for
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Fig. 2.13 a Damage cross section in Y3FesOj,, irradiated by cluster beams [109] versus
electronic energy loss; b Track radii [18] versus effective electronic energy loss resulting from
cluster beams and ions at 15 MeV/u

cluster and 15 MeV/u ion irradiations are plotted versus the effective energy loss.
As can be seen the radii for both irradiation regimes are in good agreement.

2.3.5.3 The Inelastic Thermal Spike (i-TS) Model: A Complete
Numerical Solution of the Heat Diffusion Equations

The common features of the i-TS model for metallic or insulating materials are the
following [27, 44-51]:

a. The input energy of the spike is the known electronic energy loss described by
the radial and time distribution function A(r, f) obtained by Monte Carlo
Calculations [26] for a specific beam energy (see Sect. 2.2.2).

b. The heat diffusion in the electron and lattice subsystems are described by
coupled Fourier equations. Since the electronic energy deposition can be con-
sidered as constant along the trajectory, the heat equations are solved in a
cylindrical geometry. The deposited energy and its evolution are deduced from a
numerical solution of (2.6) and (2.7) allowing the calculations of the energy
transfers to electronic and atomic subsystems, respectively. The initial boundary
conditions of the calculations are first the temperature (7,) of the irradiated
lattice or the equivalent internal energy, Ei(T,), and the volume in which the
calculations are performed. From the initial temperature of irradiation, 7, the
internal energy is calculated by an integration of the specific heat from 0 K to
Ty. The distance that defines the volume in which the calculation is performed
should be sufficiently large to be sure that the temperature gradient is negligible
far away from the centre of the trajectory (usually a cylinder radius of ~200
nm). The evolution of the electronic and atomic temperature around the pro-
jectile trajectory is calculated as a function of time ¢ and space r. This is
illustrated in Fig. 2.14 for the case of an irradiation of pure Fe (T = 80 K and
E{Ty) = 0.002 eV/at) which shows the temperatures of electronic T,(z,r)
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Fig. 2.14 Electronic (a) and atomic (b) temperature and energy transferred to the atoms (c) versus
time for different radial distances in nm from the ion path. This calculation is performed for pure
Fe irradiated at 80 K with an U beam of 5 MeV/u with g=1.2 x 10" W cm K" and
S. =71 keV nm™" [76]

(Fig. 2.14a) and atomic systems 7,(z,r) (Fig. 2.14b) versus the time for different
distances from the centre of the ion trajectory.

c. It is assumed that the relaxation of the excited electron system proceeds via
electron-electron and electron-atom collisions characterized by the
electron-phonon coupling strength g [55, 99]. This is connected with the
electron-phonon mean free time 7 = C.(7,)/g and with the electron-phonon
mean free path J2=D,(T,) x t= K.(T,/g where C/T,) and K/T,) are the
specific heat and the thermal conductivity, respectively, for the electronic
(e) subsystem at an electronic temperature 7T, [44, 48, 50].

d. Due to the short heating rate of the atoms the equilibrium melting temperature
T,, is not the adequate parameter to characterize the melting process. This was
experimentally observed with femtosecond laser experiments [111], i.e. the
measured increase of temperature versus the input laser power does not stop at
T,, but continues to increase above 7,,. This was also shown by Rethfeld et al.
[101]: the temperature allowing the nucleation of a molten phase is larger than
T,, by a factor of ~ 1.3 when the heating rate is in the order of 10'> K s~'. Such
effect was also pointed out by Klaumiinzer [30], and in [112] it was shown that
the superheating melting temperature is in the order of 500 K larger than T,, if
the heating rate is in the order of 10" K s~ [112]. In the case of Fe, the heating
time to reach 7,, (1809 K) is ~107"s, leading to a heating rate
of ~10'"® K s™' (Fig. 2.14b). So the calculations were made within a super-
heating scenario, i.e. the increase of temperature does not stop at the melting or
vaporization temperature. Such hypothesis was systematically used after 2002
[113, 114] and as an example the evolution of T,(r,?) is plotted versus time for
pure Fe in Fig. 2.14b. Using the relation E,(r,t) ~ o°"" Co(Ta(r,1))dT,, the
evolution of the energy E,(r, ) transferred to the atoms is plotted in Fig. 2.14c

versus time ¢ for different radii » where C,(T,(r, 1)) is the specific heat of the
lattice at T,(r, t). Within this superheating scenario the temperature in Fig. 2.14b
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does not have the usual meaning and should be taken only as an equivalent
energy transferred to the atoms.

e. Taking into account the superheating scenario, the energy E,, necessary to reach
the molten phase is defined as the energy to reach the melting temperature 7,
plus the latent heat of fusion [44]. Using the same criterion the track size is
defined by the largest radial zone of the atoms which contains sufficient energy
E > E,, to induce the molten phase. In the case of pure Fe, the energy to create a
track is 0.86 eV/at while the energy corresponding to the melting tempera-
ture (7, = 1809 K [50]) is equal to 0.70 eV/at (E,(T,,) ~ /g”’ C,(T,)dT,),
i.e. 0.16 eV/at smaller than the energy to reach the energy necessary for melting.
The equivalent superheating temperature to create a track is then 2156 K, i.e.
347 K larger than the melting temperature as expected from the rapid heating
rate.

f. For the thermophysical parameters (thermal conductivity, specific heat, melting
temperature, heat of fusion, boiling temperature, heat of evaporation) the
equilibrium values are used even within the transient conditions of the spike. If
the latent heat of fusion is unknown, then the track radii were fitted with a
unique couple of values, g or A, with the corresponding E,,, for a metallic
material a-FegsB 5 [115], a semiconductor GeS [116] and an insulator Gd,Ti,O;
[117] as examples.

Application of the i-TS Model to Metallic Materials: Amorphous Versus
Crystalline Materials

The inelastic thermal spike process was developed by Dufour et al. for Bi [48] and
compared to other metallic materials by Wang et al. [50]. The first attempt to apply
the model was performed for amorphous materials [29, 45] supported by the idea
that the electron-phonon coupling in amorphous metallic alloys is larger than in
crystalline ones.

The two coupled diffusion equations [(2.6) and (2.7)] were solved numerically
[51] by taking into account the evolution of all parameters with the temperature. For
the energy diffusion to the electrons, the electronic specific heat (C,) and the
electronic thermal conductivity (K,) were calculated using the formalism of the free
electron gas model [48]. Regarding the energy diffusion to the atoms the measured
specific heat and the atomic thermal conductivity versus atomic temperature were
introduced.

The electron-phonon coupling strength g is the key parameter governing the rate
of the electron energy relaxation towards the lattice [118]. A relation for the
electron-phonon coupling efficiency has been developed for metallic materials, and
for a complete derivation we refer to the work of Brorson et al. [119] and Allen
[120]. If the temperature of the electronic system is higher than the Debye tem-
perature, T, > Tp, then Kaganov et al. [55, 99] obtain
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Lt menevf
g(T.) = (67:27‘)7" (2.18)

n, and m, are the electronic density and the free electron mass, respectively, vy is the
sound velocity which writes vy = 27kpT,/(h6m°n,) where n, is the atomic density,
kg is the Boltzmann constant, 7, the Debye temperature and / the Planck constant.
With the Wiedemann-Franz law giving the connection between electronic and
thermal conductivity, K.(T,) = L" 6(T,) T,, with L" = (n* k3)/(3¢*) the Lorentz
number, g(7,) is expressed as

ot 11 (nelp)’
B 13 (671?2)2/3 n3/3 Ke(Te)

8(Te) (2.19)

It is obvious in (2.19) that g(7,) is inversely proportional to the thermal con-
ductivity K.(T,), which is illustrated in Fig. 2.15 for pure iron. Since in metals the
thermal conductivity behaves identical with temperature as the electrical conduc-
tivity, g(7,) is also proportional to the reciprocal of the electrical conductivity. If the
temperature of the electronic system becomes smaller than that of the atomic
system, T, < T,, then in metallic systems the atoms are cooled by energy exchange
with the electrons [48]. This leads to an atomic cooling rate of the order of the
heating rate. However, the electron-phonon coupling strength is not well known
and consequently it is considered as a free parameter and is determined by fitting
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Fig. 2.15 Thermal conductivity (dotted line and unit on the right) and electron-phonon
coupling strength, g (red line), versus atomic temperature for pure iron. At 300 K, g = 1.3 x
10”757 K™ em™ [55, 99]
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Fig. 2.16 a Number of defects [76] in Fe versus electronic energy loss compared to calculations
with the i-TS model. Regime 1: defect annealing, regime 2: defect creation. N is the number of
defects calculated by SRIM and N, is the number of stable defects calculated with the i-TS model
after annealing by the electronic energy loss. b Radii and electronic energy loss versus the U ion
energy. Calculations with the i-TS model have been performed using two different criteria: first
with the energy to reach the melting temperature E(T,,), and second with the energy to reach the
melting phase, E,;, [109]. ¢ Experimental track radii for U and Pb irradiated Fe versus the electronic
energy loss compared with values calculated with the i-TS model for ions of ~6 MeV/u

the track size. The g values determined in this way usually well agree with the
predictions of (2.19) in the case of metallic materials apart for Ti [50].

A typical case for track observation in a metallic material is the irradiation of
pure iron [76]. The defect creation by high electronic excitations was quantified by
resistivity measurements directly correlated with the number of created defects
inside the metallic material. In Fig. 2.16a, the number of defects created in Fe is
plotted versus the electronic energy loss. Concerning the effect of the electronic
energy deposition on structural modification in Fe, two regimes can be distin-
guished: first a decrease of the number of defects below 50 keV nm !, second an
increase of defect creation above this energy loss.

In the first regime, below 50 keV nm !, the measured number of defects Ny
(black dots in Fig. 2.16a) decreases with the electronic energy loss due to ionization
induced annealing. In the same region of electronic energy deposition the defect
concentration N, calculated by SRIM [14] increases (see dotted red curve in
Fig. 2.16a). Assuming that the annealing of the defects is thermally activated [121],
the number of residual defects N, (solid red curve in Fig. 2.16a) along the ion path
is calculated using the thermal spike model [122], assuming an electron-phonon
coupling strength of g = 1.3 x 10'* J s™' ¢cm® K™ for Fe at 300 K. This value is
quite in agreement with 1.2 x 1027 s7' em® K™! obtained from (2.19) [50]. Ny,
decreases as also experimentally observed (compare solid red curve and black dots
in Fig. 2.16a). The calculated larger values of N, as compared to the experimental
points are due to the fact that non thermal annealing or defect recombination in the
nuclear cascade is not taken into account in the calculations. The maximum tem-
perature of the atomic system reached along the ion track is also plotted versus the
electronic energy loss in Fig. 2.16a, showing that the melting temperature (1809 K)

is exceeded above 50 keV nm L.
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Above 50 keV nm ™' an increase of the defect concentration with increasing
electronic energy deposition is observed (black dots in Fig. 2.16a). This second
regime can therefore be attributed to defect creation by electronic excitations. It can
be assumed that melting of the material around the ion trajectory and subsequent
resolidification lead to defect production in a cylinder with a radius which can be
obtained from the damage cross section ¢ [76]. It is assumed that 0 = & R? where
R is the track radius. The energy to create a track was deduced by fitting the track
radius measured after an irradiation of Fe by U ions. Two calculations were per-
formed using the g value previously determined from the description of the defect
annealing for S, < 50 keV nm™': In a first scenario the cylinder radius calculated
with the energy E(T,,) necessary to reach the melting temperature 7,, which is equal
to 0.70 eV/at yields an overestimation of the calculated radii compared to the
experimental values (Fig. 2.16b). The second calculation assumed an energy to
create a track equal to E,, = E(T,,) + H,, = 0.86 eV/at where H,, is the energy to
make the solid to liquid phase transition. Within this last hypothesis the calculated
cylinder radii agree with the experiment (Fig. 2.16b). This supports that the equi-
librium melting temperature is not an adequate criterion to describe track formation.
An energy of 0.86 eV/at corresponds to an effective temperature 7,4 equal to
2156 K which is larger than T,, as suggested [101, 112]. The track radii calculated
with the same electron phonon coupling strength (g = 1.2 x 102 J s em™ K™")
for an ion energy of 6 MeV/u are in good agreement with the experimental values,
as it can be seen in Fig. 2.16c.

Applying this model to Bi the measured radii versus electronic energy loss can
be described by using an electron-phonon coupling strength [48] equal to
4 x 10" st em P K (see Chap. 8) with E,, = 0.26 eV/at. Moreover in this
material a temperature effect was observed [123]: the higher the temperature the
larger is the track size.

Tracks in the metallic glass a-FegsB s were also detected by means of SAXS
(Small Angle X-ray Scattering) measurements [115]. For these investigations
a-FegsB15 was chosen because the track size had been already determined by means
of ion fluence dependent resistivity measurements [124—126]. A comparison of the
radii determined with different physical characterization methods in Fig. 2.17

Fig. 2.17 Track radii versus -

electronic energy loss i a-FegBis L’

obtained from resistivity (full 10 : ® Audouard et al. .

circles [124]) and SAXS _ gl® Rodriguez et al. ’
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parameters g (in g Ak - g E,
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eV/at) given in the figure ok 610" 0.58
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(measurement points) shows very good agreement. For determining track radii in
the framework of the i-TS model, beside other parameters the knowledge of the
electron-phonon coupling strength, g, and the energy necessary to melt the material,
E,,, are needed. The latter are unknown for the metallic alloys. Merely with the
measured melting temperature 7,, = 1496 K for a-FegsB;s [127] the energy
E,, = 0.31 eV/at could be evaluated. Therefore several calculations were performed
with values of g =3 x 10'% 6 x 10'? and 10 x 10> W cm™ K" in order to
determine E,, by fitting the electronic energy loss threshold of ~ 13 keV nm™'. The
corresponding energies to melt are E,, = 0.31, 0.58 and 0.92 eV/at respectively.
The radii calculated with these parameters are compared with the experimental
results in Fig. 2.17. As can be seen, the experimental values of the evolution of the
track size as function of the electronic energy deposition, S, are best described with
g=6x 10 W em ™ K™ and E,, = (0.58 £ 0.06) eV/at. In comparison to pure
Fe, the electron-phonon coupling strength, g, is larger and the energy to melt, E,,,, is
smaller in this alloy. Such deviation of the parameters agrees with the decrease of
the electrical conductivity of an amorphous metallic alloy compared to the crys-
talline phase and to the decrease of the energy to reach the molten phase in an
amorphous material, respectively [29].

It should be mentioned that with the model developed by Trinkaus et al. [58, 59]
the anisotropic growth of amorphous metals [128] and insulators [30, 129-131]
under swift heavy ion irradiation can be successfully described assuming an
effective temperature of melting 7%*. This anisotropic growth results from the
appearance of a molten track along the ion path. This phenomenon is described in
more detail in Chap. 10.

Materials with Bonded Electrons: Insulators and Semiconductors

(A) Description of track size, sputtering yield, ion velocity effect.

The way how the high energy of the electronic system induced by swift heavy ions
is transferred to the lattice atoms of an insulator is described by Baranov et al.
[132]: hot electrons are excited in the conduction band and then behave like hot
electrons in metals and cool down by excitations of electrons from the valence band
to the conduction band and by transferring their energy to the atoms. Such concept
was recently revised [133, 134] showing that crystalline SiO, irradiated by swift
heavy ions undergoes a large enhancement of the electrical conductivity compa-
rable to that of metals like gold, supporting the first step of this schematic
description. But the values of the electron-phonon coupling strength are unknown
for insulators in the case of high electronic excitations. Consequently, instead of
g as the free parameter, the electron-phonon mean free path 4, which is defined as
J2 = D,C.g (Sect. 2.3.5.3c) with D, =2 em’s P and C,=1Jcem 2 K ! corre-
sponding in first approximation to the values for hot electrons in metals is used.
Moreover, in the case of insulators the energy exchange from the atoms to electrons
is inhibited and the atomic cooling rate, characterized by the thermal diffusivity of
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the atoms [44], is one order of magnitude smaller than the heating rate. To illustrate
the application of this model to insulators, three materials will be analysed: (1) SiO,
quartz in its crystalline phase where track formation [46, 135] and sputtering [113]
are described with the same value of /, (2) SiO; in its amorphous phase illustrating
the increase of the sensitivity of an amorphous material to high electronic excitation
[136] and explaining the radial morphology of the track [62] and (3) track formation
in Y;FesOy, crystals to illustrate the velocity effect [18].

Taking crystalline SiO, quartz as typical case, A = 3.8 nm is determined by
fitting the track size (Fig. 2.18) with the i-TS model [113], assuming E,,, the energy
necessary to melt the material, as the criterion to create a track. The sputtering rate
Y,,s can be calculated within the framework of statistical thermodynamics (for
details see [137]):

kg T, (r,t) ( —Us

0]
Yior = | dt | dr ®(T,(r,t ith ®(T,(r,t)) =N
w= [ i [ aromr.n) vt oz, ) =Ny [ enp(
0

(2.20)

where mg;, is the mass of the sputtered atom and kg the Boltzmann constant, T,(,?)
is the atomic temperature at a time ¢ and at a distance r from the ion axis and U, the
known sublimation energy of crystalline SiO, [114]. In Fig. 2.18 measured and
calculated track radii (filled dots and dashed line) and sputtering yields (open dots
and solid line) for SiO, irradiated with an ion energy of 1 MeV/u are plotted versus
the electronic energy loss. It is obvious that with the same value of the
electron-phonon mean free path, 4 = 3.6 nm, both track formation and sputtering
yield can be described.

As described above for SiO, the electron-phonon mean free path was determined
by fitting the track size in different amorphizable oxide materials [116]. It is clearly
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to be seen in Fig. 2.19 that 1 decreases monotonously with the band gap energy
(Eg) of the materials investigated: the lower A the larger the electron-phonon
coupling. The decrease of 4 is in agreement with the increase of the electron phonon
coupling which increases with band gap energy [56]. According to Monte Carlo
calculations, hot electrons in the conduction band cool down by an excitation of
electrons from the valence band to the conduction band. The larger the band gap,
the larger the cooling of the electrons and consequently the smaller the radial
expansion of the energy to the electrons before its transfer to the atoms will be. If
this correlation between the electron-phonon mean free path and the band gap
energy (Fig. 2.19) is right [44] then there is no more free parameter in the i-TS
model applied to crystalline insulators if E,, is known.

If E, is not known, for materials with known gap energy at first the
electron-phonon mean free path A can be determined from its gap energy depen-
dence as it is shown in Fig. 2.19 for the example of amorphizable oxides. Then with
these values the energy necessary to melt the material, E,,, can be calculated by
fitting the track radii versus the electronic energy deposition. In case of yttrium iron
garnet (Y3FesO,) with a gap energy of E, = 2.8 eV an electron-phonon mean free
path of A = 5 nm is obtained from Fig. 2.19. For the calculation of E,, the fit of the
track radii was limited to irradiations with beam energies less than 0.4 MeV/u
yielding E,, = (0.55 £ 0.04) eV/at (see Fig. 2.20a) [47]. As expected this value is
larger by 0.12 £ 0.04 eV/at than the energy necessary to reach the melting tem-
perature which is equal to 0.43 eV/at. This value of 0.12 eV/at may correspond to
the energy necessary to make the solid to liquid phase transition.

It is obvious in Fig. 2.20a that there is nearly no difference in the track radii in
Y;FesO;, for beam energies lower than 3.5 MeV/u while the radius is smaller for
energies around 10 MeV/u. This is obviously a consequence of the different
velocities in the two energy regions and the resulting different values of the mean
absorption radius o. An explanation of this observation is possible by comparing
the electron-phonon mean free path 4 with the energy dependence of the mean
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Fig. 2.20 a Calculation of the track radii in Y;FesO;, measured at different beam energies (data
points) for 2 = 5 nm and an energy to reach the molten phase of E,;, = 0.55 eV/at which takes into
account the energy for the solid to liquid phase transition, (figure compiles data extracted from
[47]). b Evolution of o (data from Fig. 2.3c) and R, versus beam energy for Y,FesO;,

absorption radius o for Ys;FesOj, (see Fig. 2.3c in Sect. 2.2.2). According to
Fig. 2.3c the absorption radius o is equal to the electron-phonon mean free path / at
a beam energy of 10 MeV/u, o = 1 = 5 nm. Contrary, at smaller energies, here in
the energy region between 0.04 and 3.5 MeV/u, A is larger than o as illustrated in
Fig. 2.20b. Consequently this 4 value exceeds the radius in which the energy of the
ions is initially deposited in the electronic system, i.e. the energy transfer to the
atoms occurs in a larger radius compared to that of the initial energy deposition in
the electronic system. But for energies in the order of 10 MeV/u and above the
cylinder radius in which the energy is transferred to the atoms is determined by both
4 and o. This radius R, ; is a convolution of both quantities and can be described
by the relation Ri = o2 4 )%. The dependence of R,,, on the ion energy is
illustrated in Fig. 2.20b for Y3Fes0;, in comparison with the values of 4 and «
(from Fig. 2.3c) for this material. In the region of low energies, i.e. for
energies <5 MeV/u, where o is smaller than /, the deposition radius R, is nearly
independent of the ion energy, i.e. the ion velocity does not remarkably modify the
track radius in this region. In contrast, for energies >5 MeV/u, the volume in which
the energy is deposited in the atomic system is mainly determined by o and
remarkably influenced by the ion energy (Fig. 2.20b). Consequently, the initial
energy is deposited in a larger volume leading to a smaller deposited energy density
and, for a given threshold value of the electronic energy loss, S,;, to smaller track
radii.

(B) Amorphous versus crystalline material and radial track morphology.

As the metallic materials, amorphous insulators are also more sensitive to electronic
excitation than the same material in its crystalline phase. This will be illustrated in
the following for the example of amorphous SiO, (a-Si0O,). The track size in a-SiO,
was fitted by Rotaru et al. [136] and a value of 4/ = 3 nm was obtained for the
electron-phonon mean free path, which is smaller than that of 3.6 nm for crystalline
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quartz. In addition this material has a particular radial track morphology as found by
SAXS measurements [62]: an under dense core is surrounded by an over dense
shell. The experimental radii are plotted in Fig. 2.21 versus the Au ion energy
ranging from 20 to 200 MeV. Using the electron-phonon mean free path 4 = 3 nm,
the track radius produced by Au ions consisting of the core+shell criterion
(AE,, = 0.38 eV/at from a temperature of irradiation = 300 K). Now if using the
energy to reach the boiling phase of the material which is the sum of the melting
energy plus the energy to increase the temperature from 7, to T,, the boiling
temperature, plus the energy to make the liquid-boiling phase transition, the radii
of the track core can be described using the same value of 4 (Fig. 2.21). The use of
the melting and boiling criteria was successfully applied to analyse specific
responses in LiF [138, 139] and CaF, [61] in order to describe damage tracks
resulting from the molten phase and from the boiling phase with the same electron-
phonon coupling.

(C) New developments for semiconductors.

In a recent revue, Klaumiinzer [30] makes several propositions for a further
development of the thermal spike models. These models are not only used in
ion-track physics, but also to describe the behaviour of free electrons and holes
(carrier pairs) generated by femtosecond lasers [140, 141] in the case of band gap
materials. Though these various models deal with similar physical problems, they
do not take much notice of each other. The consequence is that knowledge, which
has been gained in one field, is not transferred to the others.

First the description of track formation in semiconductors should take advantage
of the knowledge of the value of the electron-phonon mean free time 7 = 0.1 and
0.12 ps for Si and GaAs, respectively [142], as it was obtained from fs laser
experiments. With these values of 7 and with the relation /2 =DJT,) t with
D, =2 cm® s~! at high electronic temperature, the electron-phonon mean free path
is 4 ~ 5 nm for the two semiconductors. With such / values Si and GaAs should be

Fig. 2.21 Track radii in
a-Si0, versus the Au ion
energy. The points correspond
to track radii in amorphous
SiO, coresponding to a core
(squares) and to core+shell
(dots) structure as deduced
from SAXS analysis [62]. The
lines are the result of the
calculations using the melting
(solid line) and boiling
(dashed line) criteria,
respectively
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sensitive to swift heavy ion irradiation in contrast to the results presented in Chap. 9.
However, more experimental and theoretical studies are necessary in order to
understand the differences between swift heavy ion and fs laser irradiation of
semiconductors. For a discussion of this question the reader is referred to Sect. 2.3.2
and the paper of Sall et al. [143].

Second a severe deficiency in the currently used thermal spike models in ion
track physics is the lack of taking into account the creation of electron-hole carriers.
After a short time the carriers recombine, and the corresponding freed energy is
transferred to the remaining electrons in the conduction band leading to an “elec-
tronic temperature”. To take into account this physical phenomenon, Daraszewicz
and Duffy [144] describe the creation of amorphous tracks in Si by taking into
account the creation of electron-hole carriers. Instead of using the diffusion equation
for the electrons [(2.6)] alone the authors try to model the fact that ionizing radi-
ation in insulators results in a non equilibrium electron distribution, implying an
excess of electrons in the conduction band connected with an increase of the
number of holes in the valence band. This involves an energy confinement of the
carriers. In the case of high electronic excitation carrier diffusion may be inhibited
by the band gap gradient and the carriers may be confined. Such calculations have
been done for Si by Daraszewicz and Duffy [144], and the time evolution of carrier
concentration as well as lattice and electronic temperature are plotted versus time in
Fig. 2.22. The energy given to the carriers is transferred to free electrons by carrier
recombination and then transmitted to the lattice by electron-phonon coupling. If
the lattice temperature exceeds the energy necessary to melt, amorphous tracks
result from the quenching of the molten phase.

2.3.5.4 Combination of the Exciton with the Thermal Spike Model

The exciton decay model was recently developed for LiNbO; [145, 146] and for
TiO, [38]. It is based on the synergy of nonradiative exciton decay and the
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Fig. 2.23 Thickness of the
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generated thermal spike. The non-radiative exciton decay leads to point defect-
formation but it is only possible thanks to the energy provided by the thermal spike.
The exciton model is described in detail in [146]. Another important point is that
the model assumes that amorphization takes place when a critical defect concen-
tration is reached, i.e., amorphization occurs as a defect driven transition whenever
the stopping power of the ion exceeds the threshold value, S,,. Note that the model
does not necessarily require melting as a process for amorphization.

The model was applied to LiNbO; and TiO,. As example the depth evolution of
the amorphous layer in TiO, was determined versus the ion fluence for different
irradiations (see Fig. 2.23). The layer thickness values at an ion fluence of 10'* ions
cm 2 for Cu and Br irradiations are 7 and 2 pm respectively. The different layer
thicknesses that are amorphized are linked to the depth where the electronic energy
loss threshold of track formation in TiO, by Cu and Br is reached. Using SRIM the
corresponding electronic energy losses are then 4.7 and 5.3 keV/nm, respectively,
leading to the electronic energy loss threshold of ~5 keV nm™' for amorphization
of TiO,.

2.4 Microscopic Models: Molecular Dynamics
Approaches

Several molecular dynamics models have been developed to describe how the
atoms behave after electronic excitation caused by the irradiation of matter with
swift heavy ions. The following description will be separated in two parts: the first
will be related to sputtering in the electronic regime and the second part will be
devoted to track formation.
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2.4.1 Sputtering by Electronic Excitation

The first molecular dynamics (MD) calculation was initiated by Urbassek et al. [64]
to predict the emission yield of particles escaping from an argon crystal due to high
electronic excitation. As a first approach it was assumed that sputtering is a con-
sequence of a thermal spike. An idealized track is a cylinder in which the kinetic
energy is deposited with a random direction of motion corresponding to thermal
equilibrium. The atoms interact via a Lennard-Jones potential. The calculations
show that there is a kind of two components in the angular distribution of the
ejected particles: a jet perpendicular to the surface superimposed by a cosine dis-
tribution as observed in LiF [137]. As can be seen in Fig. 2.24 for the example of an
Ar crystal, the sputtering yield (curve labelled as cylinder) follows a power law with
$2 for values of the electronic energy loss less than 0.6 keV nm™' where the
energy deposited in the atoms, E, is less than the sublimation energy, U, while it is
linear with S, for Ey > U,. In a second approach proposed by Bringa [66], a
Coulomb explosion was simulated in order to study the effect of this phenomenon
on the sputter rate. It was found that the energy deposited in the atoms by a
Coulomb explosion is thermalized in very short time so that the distribution of the
emitted particles also consists of two components similar to the approach by
Urbassek et al. [64]. Consequently, it will be difficult to distinguish between the
effects of Coulomb explosion and thermal spike on the sputter process when only
studying the shape of the angular distribution of the emitted particles.

The approaches described above were complemented recently by Beuve et al.
[147] and Mookerjee et al. [65]. In this approach the energy transfer to the atoms is
obtained by a numerical solution of (2.6) in Sect. 2.3.5 which describes the energy
deposition in the electrons after the electron cascade, their energy diffusion and their
energy transfer to the atoms via electron-phonon coupling defined by the
electron-phonon mean free path 1 [65]. The sputtering yields calculated for different
values of 1 are plotted versus the electronic energy loss in Fig. 2.24 and compared
to the result of Urbassek et al. [64]. Clearly the threshold value for onset of
sputtering is larger compared to the case of direct energy transfer to the atoms as
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assumed in the MD calculations (solid line in Fig. 2.24). The reason for this dif-
ference is that within the i-TS calculations the energy initially deposited in the
electrons is reduced in the electronic subsystem by electron-electron interaction
before it is transferred to the lattice atoms. Moreover, the threshold value increases
with increasing value of the electron-phonon mean free path since the initial energy
deposited in the electrons expands to the atoms in a larger volume. Near this
threshold of sputtering for S, < 50 keV nm™", the sputtering rate follows a power
of ~5 with S, independent of the A value, reaching a power of one at larger S,
values like in the calculation of Urbassek et al. [64] for large S, values.

In recent MD calculations by Huang et al. [148] it was tried to simulate the
measured sputtering rate in UO, [149]. Using the approach developed by Beuve
et al. [146] it was shown that the electron-phonon mean free path for UO,, needed
to reproduce the sputtering rate varies from 3 to 4 nm, depending on the value of
the sublimation energy which was either obtained from the potential used for the
MD calculation or from experiments, respectively. The value of 4 nm is not far
from the value of 4.5 nm obtained from the systematic study of the electron-phonon
mean free path as function of the band gap energy [44] in insulators (Fig. 2.19).

2.4.2 Track Formation

Several MD calculations to describe track formation have been performed fol-
lowing the approach by Urbassek et al. [64] where electronic excitations in the ion
tracks are simulated as prompt cylindrical spikes whose energy is transferred to the
atoms with a random direction of motion. Within this scheme a quantitative
comparison with the experiment is difficult since in the electronic energy loss
regime the energy deposition in the atoms is a complex combination of the initial
energy deposition in the electrons as function of the incident ion velocity and the
electron-phonon mean free path [109]. Moreover, in MD calculations the main
problem consists in the development of realistic potentials that describe the main
properties of the considered materials. However, the calculations follow the evo-
lution of the energy transfer to the atoms as function of the time and give a final
state of the material within the track at a time of around 10" .

To show the strength of such MD predictions, Zhang et al. [2] analyzed the
quenching states finally leading to the formation of an amorphous track in
Gd,TiZr,—4xO7, a class of pyrochlores for which it is well known that amor-
phization depends on the composition [150] (for details see Chap. 8). It is shown
that the radial morphology of tracks in this material class can be reproduced by MD
calculations, e.g. ranging from an amorphous track in Gd,Ti,O; to a complete
defective fluorite structure in Gd,Zr,O;. This is illustrated in Fig. 2.25 for the
example of the intermediate composition with x = 1, i.e. for Gd,TiZrO;, In this case
the track consists of an amorphous core surrounded by a defective fluorite shell.
The difference between the real electronic energy loss of 2.2 GeV Au ions, S, =
40 keV nm ! and the value used for the MD calculation, S, = 11 keV nm_l, is due
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Fig. 2.25 HRTEM image of the morphology of an individual ion track produced by 2.2 GeV Au
ions (S, = 40 keV nm_l) in Gd,TiZrO; (left) that is reasonably reproduced by MD thermal spike
calculations in Gd,TiZrO;, with an effective energy loss of 11 keV nm! (right) [2]

to the fact that the energy in case of the MD calculation is directly deposited in the
atoms. MD calculations made by Pakarinen et al. [151] for crystalline SiO, and
ZnO show different trends: tracks in SiO, become amorphous while in ZnO
recrystallized tracks are observed.

In the case of graphite and diamond [66] for energy deposition within a cylinder
of 3 nm radius, full amorphization of this region occurs during the first few
picoseconds when the electronic energy loss is larger than (6.0 % 0.9) keV nm™"
for graphite and (10.5 #+ 1.5) keV nm ™' for diamond. These two values of elec-
tronic energy loss are “effective” since they correspond to an energy deposited in
the 3 nm cylinder radius excluding any electronic energy diffusion prior to the
transfer to the atoms. With another deposition model including energy diffusion to
the electrons Pakarinen et al. [151] showed that the crystalline to amorphous
transition in a diamond track should appear above a real electronic energy loss of
20 keV nm™ ! if energy diffusion to the electrons is taken into consideration.

To illustrate the complexity of the description of track formation in insulators by
MD calculations the core-shell structure of tracks observed in amorphous SiO,
(a-Si0,) [62] using small angle x-ray scattering (SAXS) [152] was calculated. The
energy deposition profile was obtained from i-TS calculations [116] for Au ions
with 1.1 MeV/u energy at the initial stage of the energy deposition. As previously
described, such deposition profiles take into account the initial energy distribution
of the electrons received from MC calculations. The energy then diffuses by
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electron-electron interactions before it is transferred to the atoms by
electron-phonon coupling. The strength of this electron-phonon coupling is quan-
tified by the electron-phonon mean free path (4 = 3 nm) which was obtained by
fitting the track size in a-SiO, [136]. The electronic energy loss distribution was
implemented in the code by an instantaneous deposition of kinetic energy in the
atoms in a random direction. Now to model the anisotropic growth [129-131, 153]
during track formation, MD calculations were performed for amorphous SiO, using
the classical MD code [154—156]. The main principles of the molecular dynamics
algorithms are described by Nordlund et al. [154] and Ghaly et al. [155]. The
adaptive time step and electronic stopping algorithms are the same as in [154]. The
atomic interactions were calculated using the Watanabe Si-O mixed system
many-body potential [157, 158]. With such a model the observed permanent
density changes in the track structure can be calculated by including the dynamics
of the material transport. The simulations reveal a glass transition temperature of
(2500 £ 500) K and a boiling temperature of (5500 £ 500) K for a-SiO, under
superheating conditions, both in good agreement with the values used in the i-TS
calculations. Figure 2.26 shows the radial density profiles achieved from the cal-
culations for a-SiO, irradiated at various electronic energy depositions. All tracks
consist of a low density core and a higher density shell in agreement with the SAXS
measurements. The full line shows for comparison a density profile as deduced
from SAXS measurements of samples irradiated with 168 MeV Au ions. The radii
of the track cores obtained from the MD simulations for under-dense core and core
+shell track radii, corresponding to the overall track size (under-dense core +
over-dense shell), are plotted in Fig. 2.27 and agree with the SAXS measurements.

In conclusion, MD calculations are a good tool to describe the atomic rear-
rangement after this dense and nanometric energy deposition. However, a quanti-
tative comparison with the experiment needs the knowledge of realistic values of
the energy transfer to the atoms [62].
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Fig. 2.27 Comparison of the
calculated size of the track
core (dashed line) and of the
size of the core+shell track
(full line) with SAXS radii for
the core (open dots) and core
+shell track (filled dots)
measured by Kluth et al. [62]

SAXS radii [ ] exp. core+shell
in a-Sio,, MD core+shell

B i i
at § 1

core+shell and core track radii (nm)

® O exp.Aucore T
21 — — MD core
e — — B -
| © [ogn ]
[}
1 1 1 1 1 1 1 1
0 5 10 15 20

electronic energy loss (keV/nm)
2.4.3 Summary and Conclusions

The formation of tracks in materials irradiated in the electronic energy loss regime
is the result of complex processes of energy deposition in the electrons, involving
several steps on different time scales: (i) initial energy deposition in the electrons
(107172107 5), (i) energy dissipation among the electrons (107'°-107'*s),
leading to a radial expansion of the energy in a cylinder radius between 1 and
10 nm, and (iii) energy transfer to the atoms via the electron-phonon coupling
(107'*-107'2 5) leading to atomic motion and finally to the creation of a cylindrical
damage along the ion path. The advantage to study the material transformation
irradiated by swift heavy ions as compared to fs laser irradiation is given by a
well-defined energy deposited in the electrons in a very short time and in a very
small cylindrical volume. For most of fs laser irradiations, the electron energy
excitation is created in a time of ~10™'* s and the light is deposited in a volume of
0.5 x 0.5 um? surface in a minimum depth of 10 nm. This planar geometry for the
energy deposition leads to a cooling down time of the excited matter which is one
order of magnitude larger than in the case of SHI

In this chapter a review of the different models to describe the track formation
are presented. There is an overall agreement on the time and on the radial distri-
bution of energy deposition in the electrons using Monte Carlo calculations [19-
25]. But several macroscopic models have been proposed to describe how this
deposited energy is transferred to the atoms of the target: Coulomb explosion [32],
reduced electronic energy loss [25], self-trapped exciton [36, 91], and bond
weakening model [40]. The deficiency of these theoretical descriptions is the fact
that they were tested on a very limited number of materials, one or two at most.
Some more comparisons with numerous experimental results are needed to validate
these descriptions. The only model applied to all kinds of materials, metallic
materials, semiconductors and insulators, is the thermal spike model [42, 44, 48]. It
was developed analytically [42] for insulators and semiconductors with two free
parameters: there is a unique value of the initial radial energy deposition in the
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atoms, whatever the beam energy is, using only a fraction of the energy deposited in
the electrons that goes to the atoms. The numerical solution of the thermal spike
model is most extensively studied [44, 48]: it takes into account (i) the initial energy
deposition in the electrons obtained from Monte Carlo calculations normalized to
the electronic energy loss, (ii) its evolution in the electronic system followed by
(iii) its transfer to the atoms via electron-phonon coupling. The electron-phonon
coupling is the only free parameter. The numerical development of the thermal
spike model is powerful in describing (i) defect annealing [122], track defect cre-
ation [50], atomic mixing in metallic materials [159], (ii) track formation [116],
sputtering [113] and the appearance of two thresholds of different damage creation
[61, 62] in insulators, (iii) the deformation of Au nanoclusters embedded in a
vitreous silica matrix [160]. However several critical examinations of the numerical
solutions of the i-TS model were performed [30, 100] and the authors encourage the
readers to go through these criticisms. One of the remaining questions is the
description of irradiated semiconductors by this last model [63, 143] as mentioned
in Chap. 9 of this book.
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