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Abstract

When even a single swift heavy ion in the MeV/u energy range irradiates solid matter, unique characteristic features
that cannot be brought about by any other means, like photon or electron impacts, are exhibited as a result of cumulative
effects of several consecutive elastic and inelastic collisions between the projectile ion and target atoms. Such interaction
of energetic ions with materials is the basis of a wide range of applications, like materials analysis, materials
modification and so on. The present study is intended to clarify those collision processes inside the solid target as well as
to quest for controlled modification of physical properties of solid materials. In collisions of swift heavy ions, energies
transferred to target electrons via inelastic processes are much larger than those to target nucleus via elastic collisions by
three orders of magnitude. Such target-electron excitations are considered to play a role in materials modification, as
they take place as deep as an ion range of 10 pm inside the solid. Since each inelastic collision process is strongly
affected by the charge state and electronic state of the projectile ion, information on the distribution and evolution of
charge states in matter is essential for the basic study and applications of heavy-ion irradiation. Another cumulative
effect of collisions of secondary ions and electrons, kicked out from the target by the projectile ions, cannot be neglected.
It is also known that the intensity of such secondary particles is affected by the cluster effect, brought by vicinage effects
of projectile ions. The energy of the excited target-electrons is transferred to the target lattice and provides ultrafast local
heating along the ion path, through which a cylindrical damage region of several nm of diameter, i.e., an ion track, is
formed when the electronic energy is larger than a material-dependent threshold value. Many studies have been pursued
for direct observation of ion tracks for crystal targets, but are rather limited for amorphous targets. In the present study,
we extensively continue our previous efforts by measuring equilibrium and pre-equilibrium charge-state evolution for C
ions after C-foil penetration, an observation of cluster effects in convoy electron yields for C-cluster ions formed in
C-foils, tracing the temperature of ion tracks in amorphous Si film in ultrafast time scale, and an observation of
high-energy ion impact effects on atomic lattice structure, electrical resistivity, and magnetic properties of Mn-doped
ZnO semi-conductor and sintered HfO, non-magnetic oxides. We have achieved a quasi-equilibrium feature in
charge-state evolution for C%" (q = 2-4) projectile ions, the cluster effects in convoy electron yields formed in thin (< 10
ng/cm?®) C-foil targets, a clear demonstration of temperature distribution of ion tracks in amorphous Si film as well as
changes in X-ray diffraction intensity, electrical resistivity, and magnetic susceptibility of Mn-doped ZnO, and those in
lattice structure and ferromagnetism induction of HfO,.

Keyword: high-energy heavy ion, equilibrium and pre-equilibrium charge-state distribution, convoy electron, cluster
effect, thermal spike, ion track, Mn-doped ZnO, HfO,, atomic structure, lattice structure, resistivity, magnetic property
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Figure 1. (a) Mean charge-state and (b) distribution width
for 2.0 MeV/u C* (q = 2-6) incident ions after passing
through C-foil targets. Filled circles are measured values,
whereas the full and dashed lines denote calculations
using the ETACHA code!"*"*! and solution of the rate
equations accounting for single-electron transfers (RE),
respectively. Thin lines with the experimental values are
guides only.
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C,", and C;" ions as a function of C-foil thickness. Lines
are eye-guideing only.
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Figure 3. Temperature distributions of a-SiN films
around the impact position of 420 MeV Au ions. Filled
and open circles are experimental values at the entrance
and exit surfaces, respectively, whereas dashed and full
curves denote calculated distributions by the inelastic
thermal spike (i-TS) model.
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Figure 4. (a) XRD intensity normalized to un-irradiated
intensity, (b) FWHM of the XRD rocking curve
normalized to un-irradiated FWHM, and (c) change in
c-lattice parameter as functions of ion fluence of 100
MeV Xe on Mn-doped ZnO/SiO, (e), 90 MeV Ni on
Mn-doped ZnO/SiO, (A) and 100 MeV Xe on Mn-doped
Zn0/c-Al,0;5 (0).
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