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Abstract

When single swift heavy ion in 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. Those interactions of
energetic ions with materials are the basis of wide range of applications, such as material analysis, material modification
and so on. The present coordinated research is intended to clarify those collision processes inside the solid target as well
as to quest for controlled modification of physical properties of solid material. 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 material modification, as they
take place as deep as the ion range of 10 um inside the solid. Since each inelastic collision process is strongly affected by
the charge and electronic states of the projectile ions, information on the distribution and evolution of charge states in
matter is essential for the basic study and applications of heavy-ion irradiation. The energy of the excited target-electrons
is transferred to 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. In the present coordinated research, we extensively continue our previous efforts by observing charge-
state evolution for W-ions after penetrating C-foils, by measuring secondary electron yields for cluster projectile ions, by
measuring sputtering yields and lattice disordering of TiN thin films with high-energy heavy ion irradiation, by observing
local structure and hardness change for Zr-Cu-Al alloy with heavy-ion irradiation, as well as by observing a shape
elongation of Au nanoparticles embedded between NiO layer and SiO; substrate after energetic heavy ion irradiation.

Keyword: swift heavy ion, heavy-ion irradiation, charge-state distribution, secondary electron, cluster effect, electronic
excitation effect, TiN thin film, electronic sputtering, lattice disordering, compound alloy, local structure, amorphous,
nanoparticle elongation
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Figure 1. Charge-state distributions for 184 MeV W13+
incident ions after C-foil penetration.
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Figure 2. Target-thickness dependence of the vicinage
effect on the convoy-electron yields. Ratio Y2/2Y; = 1
means there is no vicinage effect..
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Table 1 Sputtering yields of Ti (/ion), electronic and
nuclear stopping powers (keV/nm), lattice disordering,
i.e., XRD intensity decrease per unit ion fluence(Yxp
10-12 cm?). Values in parenthesis are for (220) plane.

Ion Ysp Se Sn YXD

(Ti) (keV/mm) (102 cm?)
60 MeV Ar 51.8 9.41(9.35) 0.0135 0.14
89MeVNi 147 15.5(16.5) 0.0305 0.27(0.2)
99 MeV Xe 380 26.7(25.5) 0.19  0.50(0.35)

198 MeV Xe 529  30.85(30.25) 0.11 0.6
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Figure 4 Sputtering yields Ysp (Ti+N) per ion (O, x) and
XRD intensity degradation Yxp per unit ion fluence

(102 cm?) (O, +) as a function of electronic stopping
power S (keV/nm).
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Table 2 Electronic stopping power (S. in keV/nm)
dependence of electronic sputtering yields Ysp =
(BspSe)NsP and lattice disordering Yxp (102 cm?) =
(BXDSe)NXD [24].

Sample  Bsp Nsp  Bxp Nxp  Yxo/Ysp
(nm/keV) (nm/keV) (107" cm?)
(Se=10 keV/nm)
TiN 1.17 1.95 0.0224 1.26 1.26
Si0, 0.58 3.0 0.055 34 0.67
ZnO 0.175 1.57 0.057 1.32 198

Fe;O; 1.16 1.25
WO; 0.65 3.6
KBr 0.77 3.0
SiC 1.86 1.53

0.029 254 20
0.07355 2.65 0.53
0.127 24 3.9
0.0377  1.97 1.7
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(a) unirrad

(c) unirrad

—————— 100 nm

(d) 5E13

ions/cm?

————— 100 nm

Figure 10. TEM images of Au nanoparticles
sandwiched between SiO, substrate and NiO layer.
(a,b) bright field images before and after irradiation
with 200 MeV Xe'** ions to a fluence of 5 x 10'3
ions/cm?. (c,d) Element mapping by STEM-EDS
before and after the irradiation. Green (Au), red (Ni),
and blue (Si).
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