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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
consecutive elastic and inelastic collisions between the projectile ion and target atoms. Those interactions of energetic ions
with materials are the basis of a 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 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. 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 measuring charge-state evolution of
heavy ions after penetrating C-foils, by measuring secondary electron yields for cluster projectile ions, by observing local
structure and hardness change of intermetallic compounds with heavy-ion irradiation, by observing irradiation effects of
ceramics oxides, by observing the cluster effect on the ion-track formation, by metamagnetic-material formation with
heavy-ion irradiation, and by applying ion-track formation on space minerals to measurements of cosmic-rays. The last of
these themes, led by Prof. Naka has been invited to the present coordinated research in 2024.

Keyword: charge-state distribution, secondary electron, cluster effect, amorphous, radiation effects, hardness, ion track,
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Figure 1. XRD profiles for NiTi alloy sample before and
after 200 MeV Xe ion irradiation.
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Figure 2. XRD profiles for NiTi alloy sample before and
after 200 MeV Au ion irradiation.
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Figure 3. Changes in FT-XAFS spectra of NiTi alloy near
the Ti-K edge due to 200 MeV Xe ion irradiation.
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Figure 4. Changes in FT-XAFS spectra of NiTi alloy near
the Ti-K edge due to 200 MeV Au ion irradiation.

JRPTRIEL MFAET DM, BIC L > TER LT
ENT 7 ATED LD RGBT fER T
Molz, ZOH, BUCL38mTERT AT EL
77 AEBHFRET BN T 7 A TITIRAEN R D ]
REMEDVRIB XD,

—J7, BRSHC X A FEE X2 L% Fig. 5 1277, Z
DO NSI BN AuA A BRI O 508 Xe A 4 TR
FHIHARELS 2o TWAH Z ERb D, Z DD
EWITENLT 7 2AMEOFEIZKIST D EE X6
Do THROLTENT 7 2T HFIZ I VMO
FINEZ SN NV ATOEBENER LEZHD
LEZOND, —D Xe A AV THHTNIC
BESIE EH L TWA, ZiudZE., BrEET.
HANL 78 E R K DBEANRIR & B 2 Hivb,

AmEl, FMLZRLEX—TAu A A4 ¢ Xe A4
TTENT 7 AMUEFHE O N TR - 7o K& B
?D1->& LT, Fig. 6 (R TEZAIPHIERE Sn DIEA
HIF D, 2 OO TEFHIFEIERE Se XV T
HREREWIERWVA, Snid Au A A DIE D DS Xe
AFNTHAR LS EREESVVEZ R L TWS, Sn D
HBRELTHDL—EULD Sn 2z 5 Z & Thidh
PEOFHESIAH K 2T E DK E RBENEA S,
INH® Sn EORNCTENLT 7 ZAMLOBRERH 5
T EHERIBELTVWD,

2024 R EHEE ST RS E

300

250 | P
200 | //%_/,

Increment of Vickers Hardness(delta HV)

150 o
" Au 200MeV
100 Ve
OT/: ~ Xe 200MeV
-50 : : :
0 1013 1014 1015

lon fluence (cm2)

Figure 5. Change in micro-Vickers hardness due to 200
MeV Au and Xe ion irradiation.
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Figure 6. Depth profile of the nuclear stopping power, Sn,
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Au ion.
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Figure 7 Electron diffraction patterns of unirradiated and
irradiated Ce1+GdyO2-x2 specimens with 200 MeV Xe ions.
Observations were performed from [110] directions. (a) ~ (c) are
from unirradiated specimens: (a) x = 0.1, (b) x=0.2, (¢) x = 0.5.
(d) ~ (f) are from ion irradiated specimens: (d) 3 x 10'* cm:
x=0.1,(e) 1 x 10¥ cm?Z:x=02,() 1 x 10" ecm?: x=0.5.
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Figure 8 Average diameter and areal density of ion tracks in
Ce1+GdxO22 specimens induced by 200 MeV Xe ions as a
function of Gd203 concentration (x value).
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Figure 9. Scanning transmission electron microscopy
bright-field (STEM-BF) images of ion tracks formed
under 9 MeV Cg ion irradiation incident to the [100] zone
axis of a single crystalline diamond. (a) Low, (b) medium,
and (d) high magnification images. (c) a fast Fourier
transform (FFT) image of the high magnification image.
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Figure 10. Photo of LulG samples with micro-
patterning by 200 MeV Xe-ion irradiation.
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Figure 11. Relationship between dE/dx-energy
(left) and primary ionization-energy for
muscovite mica. Each points are condition
confirmed in this test, and grey point is the
result by previous study of [17].
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Table 1. List of exposed ions and those properties

A A Fl T X | F— X & | Xk
—[MeV] | [fem’]
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Figure 12. Relationship between dE/dx-energy for
olivine, and points are condition confirmed in this
test.
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Figure 13. Optical microscope image of chemical etched
tracks. (a) Xe (36 MeV/u), (b) Fe (60 MeV), (c) Fe (10
MeV), (d) Fe (5 MeV)

Au 350 MeV

Figure 14. Optical microscope image of etched tracks of
Au (350 MeV) on olivine. Black line around 10-15um are
ion tracks and long diagonal lines are polished marks on
the surface.
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