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Abstract

Fast cluster ion beams are expected to be applied in various fields and have been developed at accelerator facilities
around the world including Europe. Recent technological advantages such as high intensity and high quality of beams
have made it possible to perform new research that was previously impossible. In this joint research, we focused on the
application of fast cluster ion beams to life science or surface/interface science.

In research on life science, we carried out fundamental studies on biological effects of cluster beam irradiation and
development of high-sensitivity and high-resolution molecular mapping technology for biological materials. Spores of
Bacillus subtilis were irradiated with monomer and cluster proton ion beams and the survival fraction was examined. In
case of monomer ions, cell killing effect per atom increased with increasing LET. The 2 MeV H cluster ion was slightly
less effective than 1 MeV H having the same incident energy per atom. In case of 2 MeV Ho», two proton ions pass through
in close proximity, and this is likely the cause of the different cell killing effect between 1 MeV H and 2 MeV Ha.

In research on surface/interface science, we investigated micro processing and nanostructure development technology.
The diamond substrate was vertically irradiated with 60-keV Cg ions to obtain a large value of about 100 atoms/Cg ions.
The dependence of the sputtering rate on the beam irradiation angle was investigated. Sputtering rates at 45 and 60
degrees were about double that of vertical irradiation. Moreover, the double sputtering rate was obtained by simultaneous
irradiation with oxygen ions. A vapor-deposited films of Cgo was irradiated with 6.0-MeV Cgo" cluster ions at the fluence
of 1.0 x 10" /cm?, and the irradiated film was treated with a vacuum condition (~107 Pa) at high temperature (~300 °C).
The non-irradiated area was sublimated by this treatment, yielding vertically aligned polymerized C¢p nanowires whose
number density corresponds to the irradiation fluence. The nanowires visualize the ion track of the Cq cluster ions in
organic films. The structural changes on the Si and Ge surface irradiated with Ceo beams with two different energies,
540 keV and 6 MeV, were studied by electron microscopy. Three types of structure formation were observed: concave
and convex, string-like and ripple structures. It is found that the formation of these structures is more effected on
sputtering by cluster ion beams than by monatomic ion beams. Regarding to the shape elongation of embedded
nanoparticles, Au nanoparticles were formed on amorphous SiO» substrates, and covered by one of the three different
materials of 50 nm thick, i.e., amorphous carbon (a-C), indium-tin oxide (ITO), and CaF,. Then the samples were
irradiated with 4-MeV Ceo" ions.  Serious sputtering loss was observed in CaF,. While a-C exhibited excellent tolerance
against the sputtering, the elongation efficiency was low for Au nanoparticles in a-C. ~ Although non-negligible sputtering
loss was observed in ITO, Au nanoparticles in ITO showed high elongation efficiency comparable to those in SiOs.

In addition, as a basic technology for use in these studies, we developed techniques for obtaining microbeam, pulse
beams, and high energy beams. Sub-MeV Cg ion beams were focused using an electrostatic quadrupole triplet focusing
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system. The beam size, estimated from a secondary ion image obtained from positive secondary ion counting data and
scanner control signals, was below 10 pum for both horizontal and vertical directions for 0.36-MeV Ceo™. A swift Ceo-ion
microbeam apparatus for molecular imaging analysis of organic polymeric materials was installed on a beam line of 3-
MYV Tandem accelerator. The microbeam with a size of several um was successfully formed using an electrostatics
quadruple triplet lens built to precise tolerances. Au sputtering yields by 0.03-to-9-MeV Cgp-ion bombardment are
measured with a quartz-crystal microbalance technique. A Au thin film, which is one of the electrodes on a quartz crystal,
is used as a target as it is and is bombarded with Cg ions, which are accelerated to 0.03 to 1.08 MeV and to 1.08 to 9 MeV
with a 400-kV ion implanter and a 3-MV tandem accelerator of TTARA, respectively. Obtained Au sputtering yields by
Ceo-ion bombardment rise to the peak of approximately 6,000 around 0.8 MeV. We have performed theoretical research
on production of a singly-charged cluster ions composed of a few atoms in a tandem accelerator using rare gases and on
energy-loss via electron excitation of a solid irradiated with a few MeV Ce cluster ions.

Keyword: swift cluster-ion beams, Ceo-ion beams, lethal effect, Bacillus subtilis, spore, secondary ions, etching, ion tracks,
nanowires, nanoparticle elongation, microbeams, sputtering, quartz-crystal microbalance, production, stopping powers
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Figure 1. Survival fraction of irradiated B. subtilis
spores.
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Figure 2. Positive secondary ion image of a 400-
mesh grid for 0.36-MeV Ceo".

TR B — AW A X3 S um F2E CTh - 7=, #iES7
MO E— L% A X%, #HMO 2 (F5HRETH-o T
N, BEROE—LHP A XL LTE, 10 um AFET
FEHRTDHZENTE,

AR O—E L, B Ee [ sy #r 2 S5
TOHEMY T AL — T IRA A VBB DR
ST O F AL [FARAFZE (B) (—%) ] (17H02819)
W2 & - Tt

4. Ceo 4 > E—LIZ & A ##AH0 T #irBd
;o

75 X~ CVD EICk>TER SN2 A4 vEL
R 2 38 Bum FREOMMEF T 50T, 4
LTEZFIULHELT, ¥4 PEY FREIOMET
A Y| NRRRLZ D IA A 72 B S [ndaA% 2 51
U7- 382 0 BFBETE (A B A 7 HRBEYE) S — iR fil
HENTW5b, LhLe— o7, WFE,
IRIEAR A~ D I I X PR TR N RS O SV b A3 0 3
Th DD, WO BFESERRABI~D R 7 Z v F
W2 X > THEG T < OHI T AU DOISHIZD 720,

Z DTS FATHIZEBNC BT Si RIS LT Coo
AF =BT Ar A A NTHART Coo A A2 1Y
720 FeK 600 [HERED ANy ZHPF LD DT,
XA YEY ROESEM TR TX 5,

T oORBEIToTZ, FT 0D ORER
WZDOWTIRR 5, FNRERILEN SRS TIARA O
400kV A AU EANEEE AW, 4 IR 3kV
THI & H &Mz Ceo A A 13 90 FEAR I D43 Hr~ 7' %
v N A, IEE CTHTE O 60 keV £ THEL .
TR 21T o 7=, BEFUEHT b — A A4 X1 PR D
M A A YEY FEBKG mmXxX3 mmX/EH 1 mm,
TMD-Ib ) L OV HifER & U = B 2 L 7=,

A A ENEEE T S 72 B — A3 DT 23
BRVIE— R A A FF oD T, BE— A AF v
— T 5~6mm I E—AZIEY . B—Mo -
FUOMIE ORI 7S 1 2 DURR A Y >~ BT 3 mm A I124H)



[H30-4]

Diamond
Beam scanner Sit
Gego ion beam = 0

|

¢ 2mm mask

Faraday cup

Figure 3. Schematic of Cg ion beam irradiation.
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Figure 4. Schematic of simultaneous irradiation of
Ceo 1ons (45 ° incidence) and oxygen ions.
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Figure 5. Angular dependence of the sputter rate of

Ceo 1ons for single crystal diamond with energy of 60
keV.
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Figure 6. Side perspective view and (b) top view of
scanning microscopy images of vertically-aligned
nanowires fabricated by irradiation of Cs film
(thickness: 400 nm) with 6.0 keV Cso ion beams at
fluence of 1.0 x 10'! /cm? followed by heating at ~300
°C under 1072 Pa.
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Figure 7. Surface SEM images and Cross-sectional
TEM images of Si irradiated with 540-keV Ceo?*
beams.
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Figure 8. Fluence dependence of layer thickness of

material (a-C, ITO, CaF,) deposited on Au NPs, which
was irradiated with 4-MeV Cgo" ions ['7],
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Figure 9. Energy dependence of Au sputtering yields
by Ceo-ion bombardment.
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