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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 interaction of
energetic ions with material is the basis of a wide range of applications, such as material analysis, material 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 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 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. 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 charge-state evolution for C-ions
after penetrating C-foils, by direct observation of ion tracks formed in yttria-stabilized zirconia (YSZ), by tracing ion track
temperature created by grazing angle irradiation of amorphous SiN films, by estimating effective depth of electronic
sputtering of WO; films, as well as by observing changes in lattice structure and Vickers hardness of Ni and Zr-base alloys
irradiated with energetic heavy ions.

Keyword: swift heavy ion, charge-state distribution, quasi-equilibrium in charge-state evolution, ion track, yttria-stabilized
zirconia (YSZ), thermal spike, grazing incidence, electronic sputtering, WOj; films, sputtering depth, modification of
atomic structure, modification of Vickers hardness
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Figure 1. Mean charge-state evolution for (a) 2.0 and (b)
1.0-MeV/u C?" (¢ = 1-6) initial ions after carbon foil
penetration. See text for calculations.
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Figure 2. Bright-field TEM images of yttria-stabilized
zirconia (YSZ) irradiated with (a) 1x10'!, (b) 5x10'!, and
(c) 2x10"? ¢cm™ 340-MeV Au ions; (d) Atomic scale
HAADF-STEM image and signal distribution of the
dashed-line area.

A 100 MeV Krto YSZ
W 200 MeV Xe to YSZ

-‘g 107 H @ 340 MV Au to YSZ y—'—}-¢
) 1
#
ﬂ 10 -!
R
in 1
L
A 10*
2 3
*
10" L < - > ;
10" 10" 10" 10" 10" 10" 10"
fHE (cm?)

Figure 3. Irradiation-dose dependence of ion-track density
in yttria-stabilized zirconia (YSZ).
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Flgure 4 TEM 1mage. of Au- nanoparticle- dep051ted
amorphous SiN film irradiated with 380-MeV Au ions at
0; = 3° from the nanoparticle-deposited surface.
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Rc: Half width of NP-cleared region (nm)
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Figure 6. Pt- and Au-nanoparticle-cleared regions for the
amorphous SiN films irradiated with 380-MeV Au ions at
6; = 3° from the nanoparticle-deposited and non-deposited
surfaces.

REFERIZEL =B LTWAEZ ERbnsd, ZiL,
Fig. 4,5 DA R LIZL 2. A A b T v 7R
AGHEAAHT & BB E AT IR S TE 59, a-
SiN JEDOH I TOHREE S TND Z & 2 RIE
L. ZOfEHRIL. 380 MeV D& A A7 a-SiN iz
HEL7EREOZ R L X —HEN I0MeVIZETH Y |
B CIEPHIERENIZIE—ETH DL &b b K
SNb, TR0 H, AR, HHmEICED O TRE
T TIEERR O ENSA L T v 7 RSN
T, RKANH—EDES (~dnm) 7ZTBENT=85T T
DHBAFT L T v I BREINTEEZLND, A
B kR T L L TR 21T o728 2 A, A
FEN 2 EMND 7 EOFPATIL, £ 5K 4nm B
TG CORA T T v I BRERINTND I L
Bbholz, LLEDORERENG, TEMAIZEIT 514 4
CONG R X OSSR Z R E LR R % Fig. 4, 5
IR LT, W TC, & /7R THdWnWixA4et
KiFREZ—T v MTOX, AV DAFEEIT
HR S A2 RS & LT R O Je il 2 e L7
fiR % Fig. 6 (2 g, KHPAHINRERF O, =M
FINEERFO/BIETH D, MEIEEFICELS —&%
LTEY, FROEGPELWI LZ2RETS, 45
#ix, REOFELIY AT 3 KD iTS 7 /b
\Z & DA B R D,
2.4 WO HERE T A Ny Z U > T OHES
% < DOIRAbipl423200 7 o [yl 22 bpylis 242814
Mot - EARY T 2 v 7 RZBWTC, mEEA A
VREHC X DE TR ASRY XY T (BT v
ZMBHERE) DERIESHh TS, EF93I v 7 2AD%
SIHEFERB ANy Z ) o F H R 083518
YBCO EiEBIAEER L), Gd;GasO & YsFesOrn
B N7 w{b#B (CaF,, LaF; & UF,) D4, b5
BN bOThaME SN VD, B A Ry
2V 2T OB E I IERE DR E O =9,
Z TIPS A 2 AR E T A28, Rk A
Ny B ) 7R (Y) 1TE WL (Se) D& FE
IZHED Z N BI TR D I43203M (Yor Se”, 1 <n<

VR B0 A HE - R ft e A1) SR RIS
EEEE TS BRI

47272 L U0, DA FIFMIIC n X4 L ETH D) |
HPERTZE A Ny X ) 7R (~100, $keV Au A A
2k 2D Au DAL Ll U TR R E <,
Bl 21X Si0, DE Y~103 (Se=20keV/nm) 14201 LiF
DA ¥~104 (Se=20keV/nm) P CTH 5, fit->THE
FIhEE A S 2V o TN H 53 5 A R S L
RANRy BN T ORNRS (HEEME 10 nm LLF)
LD HREWVETHEINDINERMEORE T2,
BHRSICET 28R, ETmESE. 32bb
AR A RO TRV X — B T O
FEMEBR & L b ICEmEEA A T K D IEE R
OMMELE~DISHIZEHTH D, AHHEE G
Tlk, WOs # &% IV 100 MeV Xe 35 L T 90 MeV Ni
AFNCKDELRILA Ny &V v T ROPEERAT
PEZRIE L, ANy Z Y o TICHEGTHEMES %
ROT, AREREE 21362 (MR
PRE) ZiHtid 5, &5, Gon-AhiRs &
ANy B TN E LAy 2 Y T AR
AV TR =L Z DT RLEF—D
EOREDENGN ANy 2 o T\ G5T 50 %5
fliL. BhiEe -ET L OBFMECONTHERT Do fib
ETET VT, BT &S Lz B O nhiE ke
(self-trapped excited states coupled with lattice: STX)
DK%, STX ORREE (electron-hole pair (e-h pair)
OFFER) XV EFNEB =L —%2HF T, R
Ny B YT RERIZED,

WO; BT, RF~ 7 % b v 28y 235 (W
of 99.95 % K (8 Ar H &) 12T MgO Htk (~0.05
x1em?) kRIZ W ZHERE L7-1%%. 225 gk (520°C,
1-80 hr) (2 X U {ERk LB Z DR L FHAk A 1.4-1.8
MeV He" 7 ¥ 7 4 — K% 5 HEELYE (RBS) (2 L 0 5l
Lize FTATEBRET A Y b—="RE® X —IT
BT, Cu-Ke X FREHT (XRD) EIZ & 0 IR
Dt 2T R, 2R aEEITR G &
(orthorhombic) XX E4LE (monoclinic) TH 5, K
TSI T BT 2 v 7 AERR L 0 55
No5ET ¥ —Xe, Ni A 4> ZRFEHIEIRIZ T
PR L. [RFEMBE (~100nm) EREER2EHWT, &
Ny BIRAEGHT LTc, BRI X—A 40 100
nm ORFEERZ BT 5 2 & CEMER &2 2T
%, 100 MeV Xe KT8 90 MeV Ni 1 7> 0 fi 35 i fiF e
WICE L THEET 5= R X — 0 FMEITH 1.1
MeV TH Y, ZTOEEIMHTZ L, HT-R/LF—
A F L OEBRBEIL3InAcm 2 TH Y | BT OIRE
EFHIF40°C LITBITH D,

Fig. 71T T K O ICIRBIEITHEE LT W A 4
VIREEICHHIL TR Y, BEEIKO overlapping
effect |IIMEH T2, MBHNEOHEG, O & W ED
ek 3 cilr  ABFRER ARy Z Y T L s
%, Fig. 7 DFERMN O ANy 2 Y 2 T3 (W & vs A
F BRI RO slope IZHHIT5) BERICKFET D2
ERb0D, HE~60 nm DA, KFFEFO W £
FERh=RE2(0.35) & VT A3y Z 23R 24x10° (100 MeV
Xe) BLU4.7x10° (90 MeV Ni) Z157-, WO; #fx
DAy B2 Y o TRBFEREE &SI, HKAE,
2.4x10* (100 MeV Xe) . 4.7x10° (90MeV Ni) IZiE L



[H28-1]
10 T T T T . '
99 MeV Xe ->WO,
s8I . -
kol
£ 6 -
[*]
b .
e
< 4r 4
LA
2T g:r =
5 ”(a',’
0 i 2 1 N 1 . 1 N
0 0.2 0.4 0.6 0.8
FLUENCE (10 '2cm2)
4 T T T T T T
89 MeV Ni ->WO 3
fO'
S
£
o
b
e 2r . |
X o] Ao
z ) e
;5:'—‘ . 1 L 1 L 1 L
s 0.5 1 1.5 2

FLUENCE (10 12 cm-2)
Figure 7. (a) Amount of W in C-foil vs 99 MeV Xe ion
fluence for two different film thickness of 16.5 nm (A) and
28 nm (0); (b) amount of W in C-foil vs 89 MeV Ni ion
fluence for two different film thickness of 12.6 nm (A) and
28.5 nm (0).
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Figure 8. Sputtering yields of WO3 as a function of film

thickness for (a) 99 MeV Xe and (b) 89 MeV Ni ions.

Sputtering yields of thick films (> 0.3 um) are also

indicated. Dashed lines are guides to eyes.

IERE L AR S DFECTH- 2 B4, 760keV (100 MeV
Xe) BL D 530keV (90MeV Ni) & 725, BIfEE T,
ARy B RA- DO T F VX —Z BT 5 FEBRE I T M,
Z Z . exciton model!"*2434NZ Fe-SUNT A X o H JFHF-
DERNLF =R R¥ Yy v (3eV) FRELIE
T3 (2T 0 EKFHME & Bond) &, 1
AF B ANRYyZ ) U TICETHZRLX—
(E) 1ZANy Z Y TR (Y) L3eVDOETEZD
. Eg/Ep & LT0.095 (100 MeV Xe) £ L000.026
(90 MeV Ni) #1535, =RNAF—INXOBENH
exciton model IZFENRWES 25D, BT R
X HEN LR R~DT RV —BITHE (K1
EHEA LIZBhEIRRE, STX OARKGIH) | dmTx/L
X — LIk #E D non-radiative decay Zh= (&= /L%
—EhEREE DS Y TlE 72 <K RIC= R L F—%
15 LU CEEREICH Ea%) | BTRIHES

Table 1. Electronic stopping power (S¢) in keV/nm,
sputtering yield, effective depth (Ls) for electronic
sputtering (nm), radius (rs in nm) of the assumed
cylindrical-erosion volume.

Ion Se(keV/nm) Y Ls (nm)  rs (nm)
100 MeV Xe  19.03 24x103 40 1.6
90 MeV Ni 13.36 4.7x10° 40 0.7
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Figure. 9. Dose dependence of Vickers Hardness for Au-
ion irradiated Ni-base alloys.
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Figure. 10. XRD spectra odf Zr-base alloys irradiated with
200-MeV Xe ions.



[H28-1]

SE X

[1] H. D. Betz, “Charge States and Charge-Changing Cross
Sections of Fast Heavy Ions Penetrating Through Gaseous
and Solid Media”, Rev. Mod. Phys. 44, 465, 1972

[2] S. Tomita et. al., “Nonadditivity of convoy- and secondary-
electron yields in the forward-electron emission from thin
carbon foils under irradiation of fast carbon-cluster ions”,
Phys. Rev. A73, 060901(R), 2006

[3] M. Imai et. al, “Charge state distribution and its
equilibration of 2 MeV/u sulfur ions passing through carbon
foils”, Nucl. Instrum. Meth. B230, 63, 2005

[4] M. Imai et. al., “Charge state evolution of 2 MeV/u sulfur
ion passing through thin carbon foil”, Nucl. Instrum. Meth.
B256, 11, 2007

[5] M. Imai et. al., “Equilibrium and non-equilibrium charge-
state distributions of 2 MeV/u sulfur ions passing through
carbon foils”, Nucl. Instrum. Meth. B267, 2675, 2009

[6] M. Imai et. al., “Equilibrium and non-equilibrium charge-
state distributions of 2.0 MeV/u carbon ions passing through
carbon foils”, Nucl. Instrum. Meth. B354, 172, 2015

[7]1 S. Tomita, et. al., “Measurement of backward secondary-
electron yield under molecular ion impact coincident with
emerging projectiles”, Nucl. Instrum. Meth. B354, 109,
2015

[8] H. Sugai et. al., “Electrical conductivity increase of Al-
doped ZnO films induced by high-energy-heavy ions”, Nucl.
Instrum. Meth. B250, 291, 2006

[9] N. Matsunami et. al., “Electrical property modifications of

In-doped ZnO films by ion irradiation”, Nucl. Instrum. Meth.

B268, 3071, 2010

[10]T. Kishino et. al., “Effect of 10 MeV iodine ion irradiation
on the magnetic properties and lattice structure of CeO>”,
Jpn. J. Appl. Phys. 53, 05FC07, 2014

[11] D. Ueyama et. al., “Hardness modification of Al-Mg-Si

alloy by using energetic ion beam irradiation”, Nucl. Instrum.

Meth. B351, 1, 2015

[12] N. Matsunami, et. al., “Ion induced modifications of Mn-
doped ZnO films”, Nucl. Instrum. Meth. B365, 191, 2015

[13] N. Matsunami, et. al., “Disordering of ultra thin WOs3 films
by high-energy ions”, Nucl. Instrum. Meth. B409, 272, 2017

[14] N. Matsunami, et. al., “Electronic excitation effects on
Fe20s films by high-energy ions”, Nucl. Instrum. Meth.
B435, 142, 2018

[15] N. Matsunami, et. al., “Ion irradiation effects on WNxOy
thin films”, Nucl. Instrum. Meth. B435, 146, 2018

[16] S. Yoshioka, et al., “X-ray absorption near edge structure
and first-principles spectral investigations of cationic
disorder in MgA1204 induced by swift heavy ions”, Physical
Chemistry Chemical Physics, 20, 4962, 2018

[17] T. Kitayama, et. al., “Temperature of thermal spikes in
amorphous silicon nitride films produced by 1.11 MeV Ceo*
impacts”, Nucl. Instrum. Meth. B 354, 183, 2015

[18] T. Kitayama, et. al., “Formation of ion tracks in amorphous
silicon nitride films with MeV Ceo ions”, Nucl. Instrum.
Meth. B356-357, 22, 2015

[19] K. Nakajima, et. al., “Tracing temperature in a nanometer
size region in a picosecond time period”, Scientific Reports
5, 13363, 2015

[20] T. Kitayama, et. al., “Sputtering of amorphous silicon nitride
irradiated with energetic Ceo ions: Preferential sputtering
and synergy effect between electronic and collisional
sputtering”, Nucl. Instrum. Meth. B365, 490, 2015

[21]E. Gruber, et. al., “Swift heavy ion irradiation of CaF2 — from
grooves to hillocks in a single ion track”, J. Phys.: Condens.
Matter 28, 405001, 2016

[22]H. Kokabu, et. al., “Measurement of local temperature

R B0 4 HE - R Kt e A1) 2R RIS
EHEEE AL BRI

around the impact points of fast ions under grazing
incidence”, Nucl. Instr. and Methods B in press, 2019

[23]N. Matsunami, et. al., “Electronic excitation induced
sputtering of insulating and semiconducting oxides by high
energy heavy ions”, Nucl. Instrum. Meth. B209, 288, 2003

[24]N. Matsunami, et. al., “Electronic sputtering of nitrides by
high-energy ions”, Nucl. Instrum. Meth. B256, 333, 2007

[25] N. Matsunami, et. al., “Electronic sputtering of CuO films
by high-energy ions”, Nucl. Instrum. Meth. B314, 55,2013

[26]M. Toulemonde, et. al., “Electronic sputtering of vitreous
SiO2: Experimental and modeling results”, Nucl. Instrum.
Meth. B379, 2, 2016

[27]1M. Toulemonde, et. al., “Jetlike component in sputtering of
LiF induced by swift heavy ions”, Phys. Rev. Lett. 88,
057602, 2002

[28]N. Matsunami, et. al., “Electronic and atomic structure
modifications of copper nitride films by ion impact and
phase separation”, Nucl. Instrum. Meth. B267, 2653, 2009

[29]N. Matsunami, et. al,. “Sputtering of high Tc superconductor
YBaCuzO7-5”, Nucl. Instrum. Meth. B175-177, 56, 2001

[30] A. Meftah, et. al., “Electronic sputtering of Gd;GasO12 and
Y3FesO12 garnets: Yield, stoichiometry and comparison to
track formation”, Nucl. Instrum. Meth. B269, 955, 2011

[31]M. Toulemonde, et. al., “Electronic sputtering of LiF, CaFz,
LaF; and UF4 with 197 MeV Au ions, Is the stoichiometry
of atom emission preserved?”, Nucl. Instrum. Meth. B406,
501,2017

[32]N. Matsunami, et. al,. “Ion irradiation effects on tungsten-
oxide films and charge state effect on electronic erosion”,
Nucl. Instrum. Meth. B268, 3167, 2010

[33]W. Assmann, et. al., “Charge-state related effects in the
sputtering of LiF by swift heavy ions”, Nucl. Instrum. Meth.
B392, 94,2017

[34]N. Matsunami, et. al., “A multi-exciton model for the
electronic sputtering of oxides®, Nucl. Instrum. Meth. B230,
507, 2005

[35]N. Matsunami, et. al., “Energy dependence of the yields of
ion-induced sputtering of monatomic solids”, At. Data and
Nucl. Data Tables 31, 1, 1984

[36]N. Matsunami, et. al., “Permeation of implanted deuterium
through SrCeO3(5%Yb)”, Nucl. Instrum. Meth. B65, 278,
1992

[371&HERZ, £TYdH 57,51,2018

[38] H..Kojima, et. al., Mat. Trans. 58, 739, 2017

[39] M..Ochi, et. al., Nucl. Instr. Meth.B427, 14, 2018



