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Abstract.
explosion model (TEM) describing track formation pro-

Further development of of the thermal

cesses in high-T. superconductors is suggested. Informa-
tion on the temperature dependence of electron thermal
diffusivity in YBa2CuszO7_, is obtained by solving an
inverse problem of reproducing measured track radii.

Nanodimension ion track technologies are now
of great importance, in particular for their en-
abling increase the critical current density in high-
T. superconductors. In spite of the manifest prac-
tical significance, until now there is no satisfac-
tory theory of track formation for these materi-
als. Although different mechanisms were suggested
till now, thermal spike (TSM) and thermal explo-
sion (TEM) models were demonstrated to be most
matchable for this purpose (see [1, 2, 3] and ref-
erences therein). Mathematical modeling of track
formation in YBasCuzO7_, using TSM revealed
some unexpected peculiarities of the process such as
impossibility to formulate an appropriate Stephan
problem, existence of the electronic quenching phe-
nomenon resulting in supersensitivity of track radii
to small variations of electron diffusivity value [2],
which requires a logical design of special comput-
ing circuits. It was shown in [3] that taking into
account superheating nonequilibrium processes al-
lows one to stabilize the model and obtain a quan-
titative description of tracks in YBasCuzOr_, with
both elliptical and circular cross sections.

In the present paper, another even more cru-
cial problem is considered. The fact is that elec-
tron thermal diffusivity, D., was considered previ-
ously as an adjustable parameter of thermal spike
and thermal explosion models for varying types and
energies of impinging ions. Meanwhile, the self-
consistency of the theory requires to use a single
function, depending on electron temperature in the
superconductor, D.(T.), for the whole bulk of data.
We show here that such a function really exists and
takes quite reasonable physical values [4].

TSM assumes the following system of two coupled
nonlinear differential equations for electron, T,, and
atom, T;, temperatures:
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Initial conditions are chosen as
T.(r,0) = T;(r,0) = Ty,
and boundary conditions are
(OTe/07)r=r,1, = (OT3/OT)r=r,,5.,

T, (rm(ma t) = Ti(rmaxa t) =T,

where Ty is temperature of the environment and
no-heat-transfer condition at the center of track
r = Tmin 1S taken into account. Parameter r,,;, =
0.1 nm is introduced to avoid difficulties with de-
scription of energy deposition at point 7 = 0, and
Tmaz = 107° cm is a physical infinity as used here.

If the direction of an incident ion is parallel to
¢ axis, one can ignore the ¢-dependence, and the
system (1) — (2) is reduced to that used in [2] for
description of tracks with circular cross sections. If
the incident ion is parallel to [100] or [010] direc-
tions, the elliptical defects appear [5]. This fact
was explained by an anisotropy of the thermal con-
ductivity of YBasCuzOr7_, in the a-c and b-¢ planes
[3]. Corresponding calculations were fulfilled in the
frame of TEM which is more stable than TSM at
small variations of electron thermal diffusivity pa-
rameter, D,.

There are the following reasons for generalization
of TSM to TEM. According to TSM, almost to-
tal primary energy losses of the incident ion are
concentrated in the electron subsystem, and fur-
ther electron-atom energy transfer is accompanied
by electron and atom heat conduction, egs.(1)—(2).
In YBasCu3zOr_,, the initial electron hot spot has
time to spread over a considerable part of the track
cross-section without essential heating of atoms al-
ready at the early stage of the electron-atom relax-
ation process, because electron thermal conductiv-
ity, K. ~ T, is relatively large at that time. This
results in almost synchronous volumetric electron-
atom energy transfer and, consequently, in a spe-
cific melting process. Indeed, according to gener-
ally accepted views, the usual melting at equilib-
rium point can be described as loss of structural or-
der in a thin layer near interphase boundary which
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gradually expands from the track center outside.
This is formally in line with the Stefan formula-
tion of the melting problem. Meanwhile, for volu-
metric melting, breaking the structural order takes
place in an essential part of the track volume si-
multaneously. The corresponding generalized Ste-
fan problem together with appropriate its numer-
ical implementation is described in [6]. Definite
traits of superheating can be revealed experimen-
tally in laser-induced melting in thin films [7]. For
example, ion temperature, T;, can rise several times
higher than melting temperature at the equilibrium
phase transition, because of a time interval to break
the atomic structure should be shorter in this case.
On the base of superheating physical picture, the
TEM was suggested in [3]. Thus, it uses different
description of melting process, although the same
system of equation, (1) and (2). A single free pa-
rameter of TEM is the temperature of superheating,
Tsp, which describes a minimum value of atom tem-
perature should be mounted for destroying a struc-
tural order of the substance. It was found to be
nearly 4 times larger than melting temperature in
YBayCusOr_, , Tsp ~ 5372 K [3].

The properties of electron and atomic subsystems
showing themselves in thermal physics constants in
equations (1)—(2) were chosen using current experi-
mental and theoretical knowledge on YBasCuzO7_,
(see ref. in [1, 2, 3]). The only unknown value the
thermal diffusivity in YBasCuzO7_, as function of
electron temperature was found by the minimiza-
tion of deviation of the theoretical track radii from
experimental ones, in Fig. 1. It satisfies the re-
quirement to be ~ 1 cm?/s at high temperatures,
as it was predicted in [8, 9], and demonstrates a
monotonous growth at 7, > 10* K, in qualitative
agreement with [10]. A decrease of function D, (T,)
from D, ~ 0.26 - 0.52 at T, = 300 K to D, ~ 0.01
K at T, = 10* K is slightly unexpected, though
quite possible, and is a non trivial prediction of this
variant of TEM 1.

In the TEM framework, melting is considered to
be at Ts;, > T*. It is appropriate to assume a con-
dition

(Tsh — T*)C‘z > L (3)
implying a reasonable physical suggestion that en-
ergy spent on the non-equilibrium melting should
oversize the value of L. As a result, the minimal
superheating, T, = 4T, is supposed, which corre-
sponds to the fulfillment of the condition (3) near
its threshold.

11t turned out to be impossible to indicate an exact re-
gion where the value of D¢(Te) in Fig. 1 decreases essen-
tially, as far as electron temperature in a large region around
track, at the moment of track boundary formation, is much
higher than Tp. Therefore, the region of an essential de-
crease, T' ~ Ty, shown in Fig. 1 should be considered as a
rough estimation.
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Figure 1: Thermal diffusivity in YBazCuzO7—_, as func-
tion of electron temperature, T, found from the re-
quirement imposed on TEM to account for experimental
track radii
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Figure 2: Experimental (squares) and theoretical (cir-
cles) track radii obtained in the TEM framework for
different ions bombarding YBasCuzO7_.

The TEM ability to describe experimental track
radii is seen in Fig. 2.
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