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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 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 pm 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 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 observing dynamic
behavior of lithium ions in lithium oxide ceramics, as well as metamagnetic-material formation by heavy-ion irradiation.

Keyword: charge-state distribution, secondary electron, cluster effect, amorphous, radiation effects, hardness, local
structure, Cqp i0n, ion track, dynamic measurements, Lithium, Hydrogen, Lithium-cobalt oxides, elastic recoil detection

#imai@nucleng.kyoto-u.ac.jp



[R4-2]

. R EEEAHAREEODBMN

SIEE A A RIS BRI N T IR
R F 72 & NS NI A A > D ihie . B, B,
K EOIEBMEREL /R & QNI RO kR F 5%
(2K D AFA A OBPEBELA Y IR &I, £ DE
B X 0D FIETIT A LR WEHBA ks («
FUNT v 7)) B S L, BEROYEE LA
T5, -0, ARA A %27 T AKX —{LT5 L
TR LV ZOENETZ ELHLNTRY
DOObh D, AREHEE AL, BEAEAZEMNNTO N
O OB O KRBT 22 H NI L2D, £D
FN R % B AR B O SUE « HilAE A~ S RIS D H
W27 4 — Ry 7 LCHE#E LB a R L, &5
WX PEEISHA~ORELY RiATeZ L 2B E T 5,

A AR S FE B R B AR R 1 DR SE T & BT
Bl AR ZE B R A = W & I AR e T D & > 7
LG L VGOSN DEFHTZVE MeV OEHE
A o TiE, IEWMERGELIC K A B F R LERE AR
WELIC X DBHIERE L VW 3 MLl ER&E <, S HICHRERE
10 pm FRFEIZET D 2 Enn, EERMEIRE S
WHERIZ F TEFRIEZ RN B L O E I BRI
BTV D, BFRIEE 5] & 2 1 2 DGR
ZERFRIIAR A A DX — ik, BFUEN
7o CITEERSRAF L, BRI E 4 O IETHE
BROBHETROLERREICL > THRR S,
o2 1 X HIO~H21 4E)E, H22~H24 4%, H25~H27
HERE | H28~H30 4 72 5 ONT H31~R3 4EE D —iH
OHEHEE S8BT, FRCEFRERICEE
L C. R & BB SUE OB e &2 HE 6 |
BERFR DN A A BAPAREE S OB 2L, 7
TAR—AF U AFIC LD ZREFINEICBIT HIE
BIEN I 70 & O e AR R I BT 2 MR 287212
585 Ldkic, BFEICX VMBI SN D A A
Y RT v OEHEBRBIOEEEA 4 U REICE
T DMELOEBESAZEE - B bR - EEE - JRF
g (X RRIETRE) 72X oYt E 2 EH L, B

R RICEMRNERS 7 T A = RERBIE T2 L
AAEETE & IR OFERIN TR 2 X > T & T,

FRICHRS BRI BT DEMIEAFIEIZ OV TIX, 21
FRRNO/NNT —~ T RN ST FE e 58 g &
HHZ L DT BB ANy # U v TROE LD
JefE R A EEE L, R TR TEMM, & &R
2 CHEONR 2 RKIRICHEE LT,

R4~R6 - O AHEE E mfF 58 Tl EFL O %
I, BERBBHOBEEEZ OSNDIAAF L NT
I IHEHEEIZE R LC, Bl E A 4 U E AL
OFRE & S EA A4 REHT X DR PERIE O S
LRAEREZD ST, 2O, WEBREOS
WEA A VEMOM] (a4 BELIREICB TS
7T AR TEEEA 4 RN X 54 E M
{LEW O Rt & g2 k] TBkmEe7 Iy 72
ADOBP IR EA A VT I ESE] A4 T
IR EED T T AR —hF [EHA F U BEHC
LR AZ~T VT NMERL) TV F oAbt
T3 w7 ARDY F T AL OB & BER)
B DT ODOWGET N — T R U+ 5,

2022 fEJE SEEEE SMTIE RS

2. BUONL—TDERBLEHER - ER
2.1 WEER%OEEEA 4 BRI

A A L W OSSR LA A Otk &
BREBIRKGFET D720, WETEZERT 55
WA A OB E FOEEMD LT, B
ZHRFIED T2 O SLERA[ R T 5N, WEHEBIC L
DA FAEENE. FDOAFHEEIRIFE L D —ED
SRR RE AR ITET D, ABFIETIE, MR FER (~
0.9 ng/em?) HER A FEB S5 Z LT, I E THIZE
D720 o T AL LLRT O FE P A oA <o, A
FI 7oL o B 2RISR 2 £ g A
RE& L7229, 2022 4REE 1T # o F MAEHE R B O FE A
F AT h v A —X OERABIRHEERORE
B OB & Fri- e EE ORR 21T 4k, 2
VE THIE L7264 MeV ST A A o O YAl « FENAiTE
Wit %z, BEBE SN -EROMA T I 2L — g
va— RICKVFHE Ll L7z, 5 B S far 4y
fi% Fig. 1 \ZR" T, RAFIPEES, F+ & XHRN
ZOMOWPE, EHFEEPBEF I 2 —vara—
R ETACHA I X 23 ETH DL DITK L, HR & &
FRRBT- 5t ERERTH D, FHRICHVWDIEMNE
I T A AR O 28 B 2D SR A IR L 72 WOV O SR
®PLU, 2 AR L CRMA L2 B FE#IT ETACHA (2
F2FE LB L CHRVERMLEZRT Z EBHL
272 o7,

Figure 1. Experimental and calculated equilibrium
charge-state fractions for 2.0-MeV/u S?*-ion beams in
carbon foils as a function of initial charge state g.
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Figure 2. Schematic view of the experimental apparatus
for zero-degree electron spectroscopy equipped with a
backscattering beam monitor.
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Figure 3. Energy spectra of H," backscattered from a
balk gold target.
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Figure 4. XRD spectra for Ni3oZry samples before and
after irradiation. (a)l16-MeV Au ion, (b)200-MeV Au
ion, (c)16-MeV Ni ion, (d)100-MeV Ni ion.
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Figure 5. Change in the Vickers hardness as a function
of ion fluence in each irradiation.
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Figure 6. Bight field transmission electron microscopy
(BF-TEM) images showing Fresnel contrast taken from
the direction along the incident ions in (a) CeO,, (b)
Ce08Gdo201.90, and (C) Cep5Gdy 50175 with 200-MeV
Xe!*" ions to a fluence of 1 x 103 cm™2. BF images were
taken in a kinematical over-focus condition with a
defocus value of Af=+1.0um. The corresponding
selected area electron diffraction (SAED) patterns
along the [111] zone axis are shown in (d)—(f).
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Figure 7. Bright field TEM images of Si crystals
irradiated with (a) 3 MeV Ceo* and (b) 200 MeV
Xel4 1ons. Both the irradiations provide the
same Se of 14.0 keV/nm but the different Sh, as
shown in the figure. The fluence was 5 x 1010
ions/cm? for both the samples.
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Figure 8. Electronic stopping power (S¢) dependence of
radii of the melting and of the vaporized regions
calculated by the inelastic thermal spike (i-TS) model.
The mean radii of the tracks formed in Orsay and in this
work are indicated by closed and open circles,
respectively. Closed triangles indicate the results of
monoatomic swift heavy ion (SHI) irradiation(16],
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Figure 9. Bright field TEM images of AIN
irradiated with (a) 200 MeV Xel4+ and (b) 9 MeV

Ce02* 10ns.
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Figure 10. Bright field TEM images of GaAs
crystals irradiated with (a) 340 MeV Au23* and
(b) 9 MeV Ceo2* ions.
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Figure 11. Magnetization curves of irradiated garnets.
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Figure 12. A schematic diagram of in-situ
measurements on forward-scattered H" and Li* ions
from 16 nm Pt/150 um LATP/65 nm LiCoO»/24 nm
Au without and with applying various voltages using
ERD with 9.0-MeV O?" ion-probe beams.

nm O7 7 FFPyEENEEME L THEL,
AW/LiCoOy/LATP/Pt DERBRY F 7 LA A4 " IKE
Aﬁnﬁ*’l’%ﬁngf_o iﬁ— FIRIZ j'%)nit*’,'qjﬁ H
BXOLI OBEESIEIZOWVWT, 9 MeV O 0¥ A 4
v — A% Pt AN EERR I OB ) LT 75° T AS
L. O¥A A & OPEmEZEIz L 0 AHHFmiTxt LT
30°RTSICHGELEN T H A > B L O LiA A D>
FL X — & OE R % 3 i e EE R R R H 2R
(SSD)IZ L Y JIET D ERD JEIZ L 0 #HlliE L7232,
A O A A 7% SSD ICEBEASF LAWK H 6 um
DTN =7 NAYHEEEE T 7Y — =L U CkE
L7z Fio. ABHHEICK LT 160°% HI2HGEL S
72 SSD T O¥A A M3 2 7% 7+ — R H#
HL(RBS : Rutherford Backscattering Spectrometry)iZ (2
£ V. PYLATP W ORERITHE DT (FEIT Pt B
Co)¥ L UAH 01 ZL/EEE'T;%:{E'J/E L7z, WIZ
FIRIZEBWT PLEMANZ 0, 1.0 BLN1.5V OKE
% 15min L ERINL ., & 5072 ERES —EIT 72
DEFIREEICE L= Ll Lick, Reth o H
B IO Li O % ERD %% AW CHRIE LT,
YERL L 72 Au/LiCoO./LATP/Pt DA[EUA Y F 7 LA
F v ZEMEED Pt EBMRMI(PY LATP)D ERD A
27 F V% Fig. 13 DR TR, Ml 512 Bk S
iz H'B8 L O LitA ZL/O)::Z\/I/«*E‘ TRENER D
b DR S O A 5 2 (HIE FTRe 7o &P « K 5K
230 nm FEE DR X), fitdhit H iooto Li D& THED
BESHERT, :@x«<7 rv& v, Li M
LATP(550 ch LA F)HHIZER S IZxt L CT—RRIZ A L.
H 73 Pt #1fi(333~340 ch {31) 3 L OV LATP #2177
T D ENbND, ZHHO H X, LATP /ERIEF
IR E iz HO, $HDWVIEF D HO 28 Pt Fifg b
CfifEfE L. Pt LATP S, LATP /L7 NA~JEHLL
THEFICER L7 He &2 WITTERRL S i KER£E
(—O)ThoH LB bIND, BRIZBWT, #EHT
0~1.5V £ TOLKELEZHIN L TH 15 min L E{RFF
L7225 5 7= PYLATP {217 % ERD A7

2022 LR EHEE ST RS E

]50 . T T T T T T T T T
* 9 MeV 0% ——> ERD spectra/15°
: 16 nmPt/LATP/65 nmLiCo0,/24 nmAu
H * no bias
100} : H P - 1oV
K - 1.5V

Counts

%
-
‘go
3
50 .
%i* " Li (LATP)/Pt
0 L Liioit, 2.0t . dadiad
1 50 250 350 450 550 650
Channel Number

Figure 13. ERD spectra of recoiled H" and Li" ions
from Pt/LATP at room temperature before and after
applying various voltages up to 1.5 V, obtained using
9.0-MeV O?" ion-probe beams.
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Figure 14. Dependence of H and Li distributions in
Pt/LATP on the voltages, normalized to the ERD
spectrum for the sample with no bias in Fig. 13.
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Figure 15. Correlation between Li contents, x, in
Li,Alo4GeosTipoP3012 and applied voltages at
temperatures.
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