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Thermal Spike Model of Track Formation in YBasCu307_,

We consider a model based on the thermal spike concept for an explanation of la-
tent track formation in YBayCuzO7_, single crystal. The model demonstrates some
interesting peculiarities such as «electronic quenching» and existence of bifurcation
points. Arguments why the energy spent on damage creation in the track should be
equal to melting heat and why the so-called «epitaxial regrowth» is impossible are
given.
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INTRODUCTION

With the miniaturization of technologies enabling nano-dimensions ion track
engineering takes now on special significance. Particularly, latent swift heavy-ion
tracks in high-7, superconductors are able to act as vortex pinning centers and
to increase dramatically the critical current density of the materials [1, 2, 3]. At
present no satisfactory theory of track formation in high-7, superconductors exists
in spite of the manifest practical importance of this application. Theoretically,
several different mechanisms, among which are the thermal spike [4], the ionic
spike [5] or more refined models [6, 7], are possible for explanation of the process.
The ionic spike model explains the track formation by creation of a positive ion
cloud around the projectile path, which «explodes» due to electrostatic repulsion
(Coulomb explosion). According to the thermal spike model, the material melts
within a cylinder along the trajectory of an energetic ion if the temperature
exceeds the melting point. Subsequent fast cooling down leads to amorphous
phase formation in place of melted one, i.e. to latent track constitution.

The first attempt to develop a thermal spike model (TSM) to provide a theo-
retical description of track formation in high-7, superconductors was undertaken
in [8]. Physical reasons which leaded the authors to this suggestion have been
the following: nanodiffraction from the region of tracks in YBayCu3O7_, shows
that they are amorphous; transmission electron microscopy revealed lattice distor-
tion corresponding to dilation of the material inside tracks [8, 9]. Although both
of these facts can be interpreted as the result of melting (accompanied with ex-
pansion of the material) with subsequent its solidification, other explanations are
possible too. Therefore, investigations with almost the same experimental tech-
nique leaded authors of [2] to a conclusion that mechanism of the track formation
in YBayCu307_, is based on the ionization process [5].

The first thermal spike description of track formation in high-T,. superconduc-
tors neglected latent heat of melting and, therefore, predicted track radii greater
than experimental ones. To justify this difference, an interesting hypothesis of
«epitaxial regrowth» was suggested according to which the molten region does not
all become amorphous, but the outer part of it should undergo recrystallization.
In such a way, an attempt to gain a deep insight into the problem and go beyond
the traditional thermal spike framework was also undertaken in [8], although it
looks now slightly premature because of the above-mentioned inaccuracy of the
model.

In [10], a phenomenological approach based on the thermal spike concept
was proposed to explain the evolution of track sizes with energy deposition for
irradiated YBayCu3O7_, and BisSroCaCuyOg superconductors. Although this



model was successful in its design, it contained some parameters independent on
the physical properties of the materials and could be only considered as a useful
preliminary investigation of the problem.

A more detailed model of track formation in YBasCu30O-;_, based on a
system of coupled equations for electron and atom temperatures was proposed in
[11] by analogy with a thermal spike model developed in Caen [12] for description
of latent track formation in amorphous metals and semiconductors. The mean free
path of electron scattering, A = \/D,7, is assumed to be the only free parameter
in this version of TSM. Here D, is the diffusivity of the excited electrons in
the vicinity of ion trajectory which is usually supposed to be a constant (for
a given material) belonging to the range of 1-2 cm?/s [14]. Parameter 7 is
the electron—atom relaxation time approximately determined in femtosecond laser
experiments [15, 16]. Other quantities used in the model are known macroscopic
characteristics of an irradiated matter such as thermal conductivities of electrons
and atoms, K. and K, their specific heats, C, and Cj, density p of solid and
liquid phases, melting temperature 7T’,, and heat of fusion Q.

The value of parameter A ~ 18 nm found in [11] for YBa;Cu3O7_, was
close to the corresponding magnitude obtained for amorphous metals and semi-
conductors, electron—atom relaxation time 7 turned out to be in good agreement
with femtosecond laser experiments and all that seemed to be quite reasonable.
However, simple analytical estimations fulfilled in [11] have shown that the ex-
perimentally observed dependence of track radii on energy deposition can be
solely explained if one takes into account an approximate linear dependence of 7
on T, (such a dependence follows, in particular, from Allen’s theory [17]). At
this point the description of track formation in YBapaCu3zO7_, deviates from the
Caen version of TSM where 7 is usually supposed to be temperature indepen-
dent. In the present paper, we take into account the 7(7.) dependence by explicit
substitution of the 7(7.) function into the system of equations describing track
formation. Besides, other basic assumptions of TSM are discussed in much more
details.

1. MAIN EQUATIONS AND BOUNDARY CONDITIONS

We assume the following system of two coupled nonlinear differential equa-
tions (see [12] and references therein):

T, 19 oT. ‘
pCe(Te) ot - ;E |:T‘K€(T€) or ] -9 (Te - Tz) + Q(T7 t), (1)
or, 19 [ . . 0T .
pcl(n) at - ;E |:TKZ(E) ar:| +g (Te TZ)? (2)



where T, and T; are electrons and lattice temperatures, respectively, g is the
electron—atom coupling, ¢(r,t) — the power brought on the electronic system,
r — the radius in cylindrical geometry with the ion path as the axis. The
energy loss caused by direct ion-nuclear collisions, which can be estimated by the
Rutherford formula, is two order of magnitude less than the energy loss due to
electronic excitations [13]. Ion energy loss transmitted into radiation is negligible
too. Equations (1), (2) disregard z dependence of T, and T; since ion energy
losses change rather slowly along z and stopping scale essentially exceeds the
track radii. It is supposed in (1) that electrons receive their energy from the
external source ¢(r,t) which describes ion energy loss in electron gas. According
to (2), atoms are heated due to electron—atom coupling represented by the term
g- (Te - Tz)
The initial conditions can be chosen in the form

TB(Ta O) = Ti(rv O) = TOv

and the boundary ones can be taken as

oT, o, - - -
<W>T_Tmin < 67' )T_Tmin B 07 Te (Tmax’ t) B TZ(Tmax, t) - T07

where T is temperature of the environment and no-heat-transfer condition at
the center of track r = ry;, 1S taken into account. Parameter r,;, = 0.1 nm
is introduced to avoid difficulties with description of energy deposition at point
r =0, and ryax = 107° cm is a physical infinity as used here.

2. MODEL OF ENERGY DEPOSITION

The radial distribution of dose around the path of a heavy ion can be calcu-
lated in line with the delta-ray model of track structure, which is widespread in
radiation dosimetry [18]. The model incorporates energy deposition due to pri-
mary excitations and ionization of atoms, and d-electron kinetic energy transfer.
According to it, the primary excitations contribute essentially, about 50%, in the
region 7 < 10 nm. For r > 10 nm investment of § electrons entirely dominates.
Energy expended on ionization is taken into account using some mean ionization
potential, of about 10 eV, which is subtracted from J-electron kinetic energy.
The stopping power calculated as the radially integrated dose distribution is in
agreement with SRIM code [21] predictions within 12%. Although such a preci-
sion reflects current ability of the theory, we renormalized the radial distribution
of energy deposition [18] to the SRIM stopping power, often considered as a
standard.



The radial distribution of dose cannot be regarded as instantaneous at least
for ¢ > 10 fs when the thermal diffusivity of excited electron, D, ~ 1 cm?/s,
should be taken into account. Further development of the delta-ray model [18]
in the required direction was undertaken in [19], where dissipation of the energy
stored up in ¢ electrons was described. In the first approximation, the J-electrons
trajectories can be considered to be perpendicular to the ion one, so that the time
of electron arrival to a point at a distance b from the center of ion path is equal to

b R E(R) 2
db d 1 d E
t(b)Z/—Z/ —T:—/ e (2 rtme
o v(b) rb V(R —=71) ¢ Jpr-v dE ) [E(E + 2mc?)]/2
3)
r = r(E) being the range-energy relation for electrons in the material, ¢ is the

speed of light, m is the electron mass. The energy deposition at moment ¢ in
volume 27 b db x unit pathlength is determined by

1 [Bes/ dE(R—-b)\ dN
bt) = — ——— 7 ) ——dE
bt =55 /E(b,t) ( db ) dE

where E(b,t) is the solution of Eq.(3), dN/dE stands for the number of delta-
rays per energy unit which is calculated using the Rutherford formula. The
range-energy relation r(E) and its inverse E(r) were approximated in [18] from
the known experimental and theoretical data. Thus, the space—time distribution
of energy deposition, including its dependence on the projectile velocity, can be
taken into account at least for ¢ > 10 fs and r > 10 nm, when J-electron kinetic
energy contribution to energy deposition utterly prevails. This improvement of
the TSM is important in view of an experiment [20], where the projectile velocity
influence on track formation was reported.

For ¢ < 10 fs the d-electron dynamics, as the slowest one, can also be used
to find the moment when the energy deposition is stopped at a given point. The
most part of energy spent on track creation is released within the region » < 1 nm
and t < 0.15 fs, although the process persists up to t ~ 107> s and 7 ~ 1073 cm
[19]. Calculations show that §-electron energy deposition at r < 10 nm comes
to the end by the time of t ~ 10 fs. On the other hand, just by this moment
Auger decays of all vacancies in the electron shells are expected to occur and
thermodynamic equilibrium for the excited electrons to be established. Therefore,
exactly the moment ¢ ~ 10 fs should be considered as a proper initial time, when
the basic equations of TSM, (1) and (2), may be used in a consistent manner with
the radial distribution of dose at that moment estimated by the simple d-electron
dissipation dynamics.

An interesting attempt to examine experimentally the delta-ray model [18]
and penetrate into region ¢ < 10 fs, » < 10 nm was undertaken in [27] for
tracks in amorphous carbon. Although a distinct difference was revealed (more



higher electron temperatures in the valence band at » < 1 nm and more lower
temperatures for 1 < r < 10 nm), it looks like the experimental temperature probe
is really taken a few earlier, at ¢ ~ 1 fs, so that the prediction of the delta-ray
model [18] should be in an acceptable agreement with those data by the moment
t ~ 10 fs.

3. DESCRIPTION OF THE ELECTRON SUBSYSTEM

The basic Eqgs. (1)—(2) are nothing else but energy conservation laws which
tolerate both quantum and classical physical specifications implemented in ther-
mal physics constants, particularly, in specific heat and thermal conductivity of
electronic and atom subsystems. Thermal capacity of electrons in a wide tem-
perature interval can be found numerically according to the formula (see, e.g.,
[22])

pCe(Te) = /5 ﬂ;’ijzﬂe) dn(e),

where f(g,7T.) is the Fermi distribution, dn(e) = n(e) de, and n(e) is the
electronic density of states given for YBasCuzO7_, in [23]. Calculated and
an experimentally estimated value of Sommerfeld’s parameter, v = pC. /T, is
(2.4+0.8) - 10~ J/(cm? K?) [25].

According to [25], the electronic thermal conductivity of YBasCu3O7_,
equals to K, = 2.5-1072 W/(cm K) in plane (001) at T, ~ 300 K. This, with
taking into account the previous estimation for <y, corresponds to the value of
electron diffusivity D, = K./pC. = 0.26 + 0.52 cm?/s. At higher temperatures
K. and D, are unknown yet. The choice of D, = 1-2 cm?/s accepted in Caen
version of TSM is motivated by reasons that «hot electrons in the conduction band
behave like in metals» and the value of this order is usually suggested for metals
at high temperatures [26]. Since these arguments seem to be plausible at least at
the qualitative description, the constant value D, = 2 cm?/s was assumed in [11].
More detailed consideration, however, predicts both temperature and material
dependencies of D.. For example, using calculation performed for amorphous
carbon in [27], one can found a monotonous growth of D, for T, changes from
2-10% to 5 -10* K. Furthermore, a dependence of D, on T, is expected to
exist in general case from the obvious physical reasons like influence of electron
temperature on electron—electron and electron—ion cross sections. Therefore in this
study we suppose D. to be an adjusting parameter which should be determined
from the requirement of correct description of measured track radii. However,
it cannot be reputed as a true free parameter because its value is approximately
assessed to be close to 1 cm?/s in track formation processes.

Electron thermal conductivity in (1) can be expressed through D, by the
formula

K. = DepCea



where, as it was mentioned above,
pCe =~T,, v~ 24-107* J/em®K2.

The effective electron—atom relaxation time, 7, can be naturally introduced
after a brief examination of Eq. (1),

7=pC./g.

Due to linear dependence of C. on T,, function 7(7.) acquires the same linear
form, 7 = (v/g) T = oT., as it was predicted by Allen’s theory [17], where

7T kB
T=——"
AN <w?>

e

Using the experimental value of \' < w? > 475 + 30 meV? established in [15],
one can estimate parameter « from Allen’s theory:

o = (1.28 £0.06) - 10~ 1% /K.

In such a way, electron—-atom coupling g turns out to be expressed in Eq. (1)
through « and v parameters: g = /. In fact, the following form of Eq. (1)
was found to be the most convenient for numerical solution:

oT. 10 BTe} pCe(Te)

pCe(Te) o ror o |~ TTG) (Te = T;) + q(r,t). (4)

[TDepCe (Te)

Figure 1 shows a distribution of electron temperature T, (r, t) in the vicinity of
ion 129Xe at 2.6 MeV/amu in YBayCu3O7_,. Although the distribution in Fig. 1

Fig. 1. Te(r,t) distribution for ion 129%e at 2.6 MeV/amu in YBasCusO7_,. At the
moment of electron subsystem relaxation to the thermodynamic equilibrium, ¢ ~ 107 s,
temperature of electrons in the center of track is about 10° K
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was found as a solution of coupled system of Eqgs.(2) and (4) (with physical
parameters defined later) for times t ~ 1073 s inequality T, > T; holds, so
that the early stage of energy relaxation process is controlled by sole Eq. (1) in
which one can omit 7}, or substitute 1; = Tj.

4. DESCRIPTION OF THE ATOMIC SUBSYSTEM

Utilization of electrons and atoms temperatures, 7. and 7j;, in the TSM
should not conceal the fact that true thermodynamic equilibrium states, either
liquid or solid, are not expected to form during the period of energy excitation
in the track (At ~ 0.6 - 107! s, see Fig. 6 below). Therefore, experimental
values such as specific heat and heat of fusion, being measured at thermodynamic
equilibrium, could not be formally accepted as the model parameters without
special investigation of their nature. For example, the experiment shows that
the temperature dependence of YBayCu3O7_s heat capacity contains several high
peaks in the range from 300 to 800 °C with total contribution to the absorbent
heat of about 62-65 J/g [28]. However, since this contribution is mainly caused
by rather slow thermal desorption of oxygen from the material (see [28]), we
did not take it into account. Description of melting comprises a similar problem.
Here one has to keep in mind that melting point, apart from the fact that it
marks the temperature at which liquid and solid phases coexist in thermodynamic
equilibrium, indicates in more general sense the location of a structural instability
of matter upon further heating or cooling. Distinguishing these two aspects is
especially important for any non-equilibrium system, similar to those considered
in this paper, where the ergodicity hypothesis is inapplicable (see, e. g., [29]).

The melting temperature, T,,, of YBayCusO7_; found by real time neutron
diffraction analysis is nearly 1070 °C [30]. If this temperature is held long
enough, the peritectic reaction « + L — [ will occur, where « is the high-
temperature solid phase, L is the liquid phase, 3 is the low-temperature solid
phase. When YBayCuzOr_; is heated above, it incongruently melts according to
the reactions [31]

YBasCuzO7 — YoBaCuOs + liquid, 7T < 1300 °C,

YoBaCuOs + liquid — Y203 + liquid, 1300 °C < T < 1500 °C.

Although the calculations show that the lattice temperature in the vicinity
of ion’s trajectory can exceed the melting temperature, it would be unrealistic
suggesting any chemical reactions to take place during a picosecond time interval.
Therefore, it is natural to put also on trial one of the main suggestion of TSM
that energy expended on the amorphous track formation, (),, coincides with the
heat @), necessary for melting of the lattice inside the track. In the presented
calculations we accept the traditional TSM estimation, ), = @Q,,,, which seems to



be true at least approximately (see discussion below). The value of @), follows
from paper [32], where an oxygen pressure dependence of melting point in the
reaction

YB&QCU307,§ — SOlid —+ hquld —+ 02

was investigated. The usual consideration based on Clapeyron—Clausius equation
allows one to find the enthalpy change of the reaction, @), = 810 £ 5 kJ/mol.
In fact, such an estimation is perhaps somewhat inaccurate because it sums up a
contribution of the endothermic reaction of oxygen desorption.

For lattice thermal capacity, the Dulong—Petit value, pC; = 3.1 Jem 3 K1,
was taken, where p = 6.39 g cm~3. Thermal conductivity of atomic system, K,
was chosen in accordance with [17, 25, 33, 34], K; = 5.6 - 1072 J(scmK)~!.
Since K; is suggested to be temperature independent, thermal diffusivity D; =
K;/pC; can be introduced, and Eq.(2) can be replaced by

oT;
ot

1 C.(Tv)
7(Te) C3H(Ty)

= DSH(T) AT, + (Te = T7), ®)

with functions 7(T,), C.(T.) defined in the previous section and
Ci" = Ci+ Qm 6(Tw — To) (6)

being the effective specific heat which includes the melting heat, Q,,, = 1.216 kJ/g.
Formally, one has to put in (5)

D¢N(T; # T,,) = Dy,
and
DT, =Tn) =0

due to d-function presence in denominator of the expression for D;.

To solve numerically system (4)—~(5), a regularization of C§ and D¢ =
K;/ pC’iCH was performed in neighborhood T),, — A < T; < T, + A of melting
temperature:

oty _ v, Qr = 2CiA <_(Tz‘—Tm)2>
CH () =Ci + G exp 557 . (7)

Parameters o and A were chosen as follows: 0 = 5K, A =4.50.

5. PECULIARITIES OF SOLUTION

The numerical solution of system (4)—(5) is based on finite-difference scheme
due to Samarskii [40], for differential heat equations (see [41]).



Numerically found solutions of the system with parameters corresponding to
YBayCusO7_, demonstrate some interesting and unexpected features. The first
of them is caused by the presence of the power deposition term ¢(z,t) in the
starting equations. In Fig. 2 temperature distribution T;(r,t) for ion 29Xe at
2.6 MeV/amu is depicted.
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Fig. 2. Ti(r,t) distribution for ion '*?Xe at 2.6 MeV/amu in YBazCu3O7_,. The outer
dotted line corresponds to 73 = Ty, the inner solid one marks the upper boundary between
totally and partly molten phases at T; = Tp, + A

The non-analytical character of this function becomes apparent as a «plateau»
designating the so-called «mushy region» near T; = T},,. Resolutions to the phase
transition problem of this type were found independently in different contexts in
[35, 36, 37].

The numerical experiments have also revealed a threshold phenomenon taking
place in the case when values of D, and )y are big enough for a given magnitude
of D,. This sort of event is illustrated in Fig. 3, where temperatures of electrons
along spatial trajectories, r(t), of constant atom temperatures T;(r,t) = Tp,, + A,
Ti(r,t) = T,, and T;(r, t) = T,,— A (curves a, b and ¢, respectively) are depicted.

It is seen that the evolution of electron temperature along trajectories ¢ and b
undergoes a bifurcation, caused by slight variations of D.. At the same time, this
small modification of D, leads to a sudden change of the a trajectory describing
track formation in Fig. 3.

A reason for such a irregular behavior is clarified in Figs. 4 and 5, where dis-
tributions of electron and lattice temperatures nearby a moment ¢, corresponding
to the time when the melting region radius reaches its upper bound, r = a, are
shown. «Plateaus» at T; = T, in the figures testify to creation of molten phase
due to electron heating. However, by the time ¢, electron temperature within the
track can become lower than T}, so that the «electronic quenching» of the ma-
terial got started (see Fig. 4). The opposite process, when atoms are still heated
by electrons at moment ¢,, possible under different experimental conditions, is
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Fig. 3. Bifurcations of trajectories describing electron temperature along spatial points of
constant atom temperatures 7;(r,t) = Tm + A, Ti(r,t) = T and Ti(r,t) = T — A
(curves a, b and c, respectively) in YBaaCuzOr_, for 2Xe at 41 MeV/amu. Bold points
belonging to lines a and b describe the maximal forward advance of the melting front, and
thus, for curves a, they correspond to theoretical track radii
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Fig. 4. Te(r) and T;(r) distributions
for ion 2°®Pb at 3.7 MeV/amu in
YBasCuzO7_,. Point on solid curve
denotes theoretical radius of track
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Fig. 5. Te(r) and T;(r) distributions
for ion '*°Xe at 10 MeV/amu in
YBasCuzO7_,. Theoretical radius of
track is shown as a point on solid
curve

depicted in Fig. 5. Numerical experiments have shown that just transition from
electronic heating to electronic quenching caused by small changes of D, calls

forth the instability shown in Fig. 3.

Our calculations reveal that electronic quenching in YBayCuzO7_, always
happens as soon as track formation time ¢, exceeds ¢, = 1.24- 10712 s,



6. DESCRIPTION OF TRACK RADII

A comparison of the length of time, 7,,, which the central region of the
track and its boundary are retained at the temperature above the melting point
can be estimated using two lower curves in Fig. 6. The influence of electronic

T,K

1400 a=ay

7-;71+A
T,

m

-A

T,

m

1300

0.6 0.8 1

t, 107 1g
Fig. 6. Evolution of the lattice temperatures in the center of track and at its boundary (solid
and dashed lines, respectively) for the same ion as in Fig.2

quenching on the cooling rate is evident from comparison with two upper curves
corresponding artificial removal of the return atom—electron heat transfer taking
place at T, < T;. Figure 6 allows one to examine the «epitaxial regrowth» hypoth-
esis according to which the outer part of the track does not become amorphous
due to a short duration of T,,, [8]. One can see that these values for temperature
threshold T,,, + A are indeed rather different (see points a; in Fig. 6), whereas
the corresponding values of 7, are very close to each other for both 7,, and
T, = T,, — A (points b; and ¢y, respectively). In fact, from a brief examination
of (7) it follows that heat of fusion is mainly absorbed in a small temperature
interval T,,, — o < T; < T}, + o near T; = T,,, so that it is reasonably to take
for all regions of the track 7,,, ~ 0.4 - 107! s (see point b3). Thus, calculations
make dubious the existence of «epitaxial regrowth» on account of a smallness of
Tm for outer regions of the track.

The cooling rate of the track is approximately equal to dT;/dt = 2.5 -
1013 K/s at the moment when its temperature falls just below T},,. According
to modern sound knowledge, it is more than enough to transfer the material into
the amorphous state. For example, for creation of the most metallic glasses
cooling rates about dT;/dt ~ 105 K/s are sufficient, and for bulk materials
dT;/dt = 103 + 10 K/s turns to be quite enough [38]. Large cooling rate for
YBayCusOr_, refutes also the second possible reason for «epitaxial regrowth»
assumed in [8].
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Experimentally observed radii of tracks, 7exp, in YBasCuszO7_, single crystal
with [001] axis oriented parallel to the incident ion beam are given in Table 1
along with results of our calculations.

Table 1. Experimentally observed radii of tracks, rcxp, in YBazCuzO7_, single crystal
taken from [39] and results of their theoretical description. Energy deposition dE/dx
was calculated using [21]. Pseudo-diffusivity of electrons, D. = K./pC., was taken to
adjust the theoretical track radii to .x,. Uncertainties for '**Xe at 41 MeV/amu are
due to getting respective values into the bifurcation region (see Fig. 3)

Ion  Energy, dE/dz, Texp, a, De,
MeV/amu keV/nm nm nm cm?/s
2% 1.3 262 23 271 0.730
129%e 26 30 2.5 2.49 0.768
129% e 10 279 13 1.35 0.605
129%e 27 187 1.3 1.6 0.326
129 41 148 0.56 0.44-1.55 0.223-0.222
208pp, 3.7 43.7 4 4.1 1.130
208py, 10 42.5 3 3.02 1.015
208py, 20 37 3.5 3.52 0.805
208pp, 25 34.5 3 3.06 0.732

Dependence of obtained electron pseudo-diffusivity D, on the energy depo-
sition dF/dx is shown in Fig. 7, a. Main sources of errors, visible as point
scattering around the solid line, are presumably fluctuation of experimental track
radii [8] and inaccuracies of dE/dxz. They should contribute to both vertical and
horizontal jitters.

The figure gives a distinct evidence that parameter D, for YBasCusO7_,
cannot be considered independently on the electron temperature, as it is supposed
in the Caen version of TSM. To speak in support of our conclusion, D, as a
function of 7, for amorphous carbon, calculated on the basis of theoretical results
of [27], is shown in Fig. 7, b. It is seen that for this case pseudo-diffusivity
also increases essentially at electron temperatures ~ 10% K, which are typical for
track formation in YBayCu3O7_, too (see Fig. 1). But what is more important
that the values of D, established here turned out to be close indeed to the
magnitude D, ~ 1 cm?/s usually assumed in the Caen and some other track
formation models. Therefore, we incline to consider the results of our theoretical
estimations for this value to be realistic enough.

Comparison of the theoretical electron—atom relaxation time with results of
femtosecond laser experiments [15, 16] is not as trivial as it may appear. Time
of molten region formation, ¢,, defined in the previous section should not be
confused with time of electron—atom relaxation, 7, although in the femtosecond
laser experiments, where electrons get cold mainly due to local electron—atom
interactions, they are in close agreement. However, the very existence of electron
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Fig. 7. a) Dependence of electron pseudo-diffusivity, D., on energy deposition in
YBayCu3O7_, found using the thermal spike model (points). Straight solid line describes
the smoothed relationship, dotted line demonstrates theoretical uncertainties resulting from
experimental errors of parameter o = (1.3 & 0.1) - 107'® s/K. The role of the melting
heat experimental errors represented by small «waves» along the solid line. b) Theoretical
D, (T¢) dependence for amorphous carbon extracted from [27]

quenching signifies that primary electron cooling mode here is the electron thermal
conductivity. Calculations have shown that in the case under consideration, due
to influence of cold electrons at the boundary, the inequality ¢, > 7 takes place
at the moment ¢ = t,. This is distinctly seen in Fig. 8 where 7(7,) at the moving
boundary of molten region is shown depending on time.

0.3

0.25

«(T,), 1012 s

0.15

0.7 0.9 1.1 %413 1.5 1.7
£, 10712 g

Fig. 8. 7(Te(a,t)) distribution for ion '2°Xe at 2.6 MeV/amu in YBasCu3O7_
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On the other hand, the value of 7(7,) at the moment of track formation is
always of the same order as it have been approximately determined in femtosecond
laser experiments [15, 16].

CONCLUSIONS

The first assumptions that track formation in high-7; superconductors can be
described in the thermal spike framework were based on comparative analysis of
tracks in different materials [8, 10]. These models were enough and did not give
any evidences that such a description is not contradictory at least for one individual
superconductor. The second step was an explanation of track constitution in
YBayCusOr_, that used much more detailed information concerning the concrete
material [11]. It was elaborated closely to the Caen version of the TSM containing
the free parameter A = /D.7. Besides, it utilized some fixed value of the
electron diffusivity, D., which magnitude is known, in fact, from some theoretical
considerations only approximately, D. ~ 1 cm?/s [14]. These uncertainties
reduce noticeably significance of a conclusion of this paper that the mechanism
responsible for track formation in high-7, superconductor YBasCu3O7_, is the
thermal spike one. In contrast to [11], the value of D, has been found here to be
approximately equal to 1 cm?/s from the requirement the model has to describe
experimental track radii, and at the same time no free parameters have been used.
Therefore, calculations of D, carried out on basis of the thermal spike model
look now very convincing. At the same time, very high sensitivity of track radii
to a small change of D, requires a special investigation.

The work is partially supported by Russian Foundation for Basic Research,
project No. 02-01-00606.
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