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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. 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 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. 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. 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. In the present study, we extensively continue our previous efforts by observing the
cluster effects of convoy electron yields formed in C-foils by C-cluster ion impacts, change in atomic structure of NiTi
target, heavy-ion induced electronic sputtering and disordering of Fe,O; film, and the structure of ion-tracks created on
MgAl,O, single-crystal, as well as by tracing ion-track temperature created by grazing angle irradiation of amorphous
SiN films.

Keyword: swift heavy ion, carbon-cluster ion, cluster effect, Ni-based intermetallic compound, modification of atomic
structure, Fe,Os film, electronic sputtering, optical modification, electron-lattice coupling, ion track, spinel, thermal
spike, grazing incidence
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Figure 1. Electron energy spectra emitted from carbon

foil of 10.5 (squares), 19.5 (circles) and 29.7 pg/cm?

(triangles) in thickness by 3.5 MeV/atom Cs* ion

impact observed at zero degrees.
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Figure 2. Convoy electron yields obtained with C*
(filled squares), C," (filled circles) and C;* (filled
triangles) ion impacts with those of background
electrons with C* (open squares), C," (open circles)
and C;* (open triangles) ions.
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Figure 3. Grazing Incidence X-ray Diffraction
(GXRD) spectrum of unirradiated NiTi target.
Diamonds, reverse-triangles, and circles show peaks
from monoclinic (B2), cubic (B19), and body-
centered cubic (BCC) crystal structures, respectively.



[H28-1]

200MeV Xel4
lon irradiation |

AN
1x1013/cm?
(1.6x1073 dpa)

¢

3x101%/cm?
(4.7x10* dpa)

v

Intensity(a.u. ]

1x10'2/cm?
(1.6x10“*dpa)

o v

3x1011/cm?
(4.7x10° dpa)

1x10'1/cm?
~ (1.6x10°dpa)
30 40 50 60 70 80
20/degree

Figure 4. GXRD spectrum of NiTi target irradiated
with 200 MeV Xe'*" ions of 1x10" — 1x103 /em?.
Symbols are the same as in Fig. 3.
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Figure 5. GXRD spectrum of NiTi target irradiated
with 200 MeV Xe!* ions of 3x10" — 5x10' /cm?.
Symbols are the same as in Fig. 3.
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Figure 6. (a) Areal density of Fe in the C-foil collector
as a function of ion fluence for 198 MeV Xe (0), 99
MeV Xe (x), and 89 MeV Ni (A) ions in their
equilibrium charge states. (b) Sputtering yield per ion
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Table 1. Projected range (R;), electronic (S.) and
nuclear (S,) stopping powers (keV/nm) for 200 and
100 MeV *Xe, 90 MeV **Ni, and 100 keV Ne ions
near the surface of a Fe,O; film, calculated by
TRIM1997. Sputtering yields Y, estimated from the
present measurements, as well as maximum fluence Fy,
used for the estimation and fluence Fi, at which the
XRD intensity is reduced to half of that of unirradiated
film

Ion R, Se Sh Y Fn Fin
(keV/nm) (10" cm?)
28.5 0.11 81.7 1

0.19 579 1.7 1.3
0.03 383 2.8 6

0.26 2.3 5x10° 7x103

(pm)
200 MeV Xe 12
100 MeV Xe 4.8 229
90MeVNi 48 156
100keVNe 0.12 0.35
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Figure 7. (a) Intensities of X-ray diffraction (XRD)
peaks for 100-MeV Xe ion irradiations at ~33 ° on
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fluence. (b) Change in lattice parameter. Symbols are
the same as in (a). Initial film thickness for 100 keV
Ne" ion impact was 69 nm.
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Figure 8. Differences of (a) Mg Kedge and (b) Al
Kedge XANES spectra. Calculated spectrum
differences (blue) were taken between the ideal
model and the 1NN exchange model. Experimental
spectrum differences (red) were taken between the
pristine MgAl204 and the irradiated MgAl204 to the
fluence of 5x101! or 1x1013cm™2.
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Figure 9. TEM image of Pt-nanoparticle-deposited
a-SiN film irradiated with 380 MeV Au ions at 0; = 4°.
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Figure 10. Pt- and Au-nanoparticle-cleared regions.
Calculated results using the 1D-iTS model are also
shown by solid lines for comparison.
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