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a b s t r a c t

Herein, we review the last half decade of progress in ion-microbeam technology and applications at the
Takasaki Ion Accelerators for Advanced Radiation Applications facility. Materials were microanalysed
with the light-ion-microbeam system by combining micro-particle-induced X-ray and c-ray emission,
nuclear-reaction analysis and micro-ion-beam-induced luminescence to analyse elements, including
light elements such as lithium, boron or fluoride, and also their chemical states. For microfabrication,
we used particle-beam writing and techniques of maskless patterning to processes materials without
etching. The goal was to develop optical, magnetic or other new types of microdevices with both
light-ion and the heavy-ion microbeam systems. In addition, techniques were developed to monitor in
real time every individual ion injection by using an efficient scintillator or a thin diamond particle
detector in both heavy-ion and high-energy heavy-ion microbeam systems.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The history of ion-microbeam technology began in the 1970s
with the advent of proton microbeams, which were first used for
local elemental analysis at mesoscopic length scales [1,2]. Since
then, the applications of this technology have developed remark-
ably across numerous fields in science and technology, such as
biomedicine, materials science, semiconductor-device engineering,
geology, environment and archaeology [3–13]. In addition, tech-
niques to focus ion beams have also seen much improvement, to
the point that the highest spatial resolution is now on the order
of several tens of nanometres [14]. While the majority of ion-
microbeam systems focus light ions, such as protons or helium
ions, heavy ions can also be used in the same manner in a micro-
beam. Heavy-ion beams are typically applied to study the effects
of radiation on semiconductor devices or in biological cells by
using the single-ion-hit technique, which exploits the diversity of
the irradiation effects [15,16].

Micro-particle-induced X-ray emission (micro-PIXE) using a
heavy-ion microbeam offers the interesting possibility of high
energy resolution, as demonstrated by Mokuno et al. who used
wavelength-dispersive X-ray spectroscopy to detect chemical
effects with high sensitivity [17].

Research and development in ion-microbeam technology and
applications at the Takasaki Ion Accelerators for Advanced
Radiation Applications (TIARA) facility at the Takasaki Advanced

Radiation Research Institute of the Japan Atomic Energy Agency
has been ongoing since 1990. To expand the variety of applications
for ion-beam analysis and to fabricate mesoscopic-scale systems,
we have maintained three different types of ion-microbeam sys-
tems, which were connected to a 3 MV single-ended accelerator,
a 3 MV tandem accelerator and an azimuthally-varying-field cyclo-
tron (K = 110), as summarised in our previous paper [18]. The pres-
ent paper summarises progress in several technologies, mainly
concerning the end stations. This is followed by examples of new
applications from the past half-decade.

2. Microbeam systems at TIARA

The configuration and performance of the three microbeam sys-
tems have not changed significantly since they were installed at
TIARA. However, the end stations have been modified to meet
the advanced requirements for analysing new samples, fabricating
new structures or testing new types of devices or living samples.
More applications now deal with environment or life sciences,
which have come to be the main fields for such applications,
reflecting the demands of ecology, health and safety.

2.1. Light-ion-microbeam system

The light-ion-microbeam system was designed for the in-air-
micro-PIXE system to analyse small biological samples attached
to thin polymer films. These films also serve as vacuum windows
and initially have a diameter of 1 mm [19,20]. Depending on the
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application, the target might have to be under vacuum: the beam
energy loss in a window material reduces the energy resolution
of scanning transmission ion microscopy. However, for three-
dimensional elemental analysis, PIXE computed tomography
(PIXE-CT) requires that the target be irradiated with a beam that
has not traversed a window (a ‘windowless’ beam). Therefore, for
service inside the vacuum, we developed a target stage that
includes a rotation stage [21]. Now with the ordinary system, bio-
medical applications are more practical; for example, the analysis
of erythrocyte elements in chronic hepatitis C patients treated with
interferon and ribavirin [22], elemental analysis of lung-tissue par-
ticles and intracellular iron content of alveolar macrophages in
pulmonary alveolar proteinosis [23] and fluorine analysis of
human enamel around fluoride-containing materials under differ-
ent pH cycling [24]. This system was also used to develop materials
for Li-ion batteries, in particular, to obtain the distribution of Li in
the electrode by means of particle-induced c-ray emission (PIGE)
and nuclear-reaction analysis (NRA) combined with micro-PIXE
[25]. For example, we analysed the positive electrode of a Li-ion
battery by positioning a thin film in front of the sample to simulate
in situ lithium depth profiling [26].

In these types of applications that use PIXE or PIGE, the stan-
dard setup allows elemental distributions in the sample to be
obtained; however, no chemical information related to those ele-
ments can be obtained. Recently, however, Kada et al. have devel-
oped a system based on ion luminescence combined with ordinary
micro-PIXE that allows the distribution of the chemical state on the
sample surface to be measured from the visible-light emission in
accordance with elemental distribution [27]. By using ion-lumines-
cence microscopic imaging and spectroscopy (ILUMIS), aerosol
particles can be analysed and their origins can be estimated [28].
In addition, the system is also used for proton-beam writing
(PBW), which was developed in collaboration with the Shibaura
Institute of Technology [29]. For the practical use of PBW, the
end-station was equipped with an X–Y in vacuo stage driven by
ultrasonic motors. The stage-control system was originally
designed to manipulate targets with a very high precision to
expose areas larger than 10 mm2 by using microbeam scanning.
Using this system, Miura et al. attempted to draw large-scale pat-
terns in order to change the optical parameters of a 40-mm-long
polymethylmethacrylate sample and obtained a working Mach–
Zehnder interferometer thermo-optic switch [30]. In another
study, by utilising localised energy deposition as a thermal load
form, Kitamura et al. demonstrated that microbeam irradiation
introduces unique morphological changes in fluorinated polymers
with extremely low thermal conductivity [31–33].

Microbeam patterning irradiation can be performed effectively
by monitoring ion luminescence (IL) signal, which indicates change
of crystal structure or the chemical state of the target material. By
the microbeam irradiation of a diamond film, Kada et al. measured
the IL related to graphitisation [34].

2.2. Heavy-ion microbeam system

The heavy-ion microbeam system and the single-ion hit tech-
nique were established for fundamental studies of single-event
phenomena (SEP) induced when various heavy particles are
injected into a semiconductor device with a basic diode structure
[35–38]. Recently, charge-transient spectroscopy was performed
by using alpha particles from a radiation source and the heavy-
ion microbeam for characterising transient charge collection in a
device and to evaluate any defects induced in the crystal by the
radiation. This technique was used to study the characteristics of
silicon carbide (SiC) or diamond, which are wide-band-gap semi-
conductors, for next-generation highly efficient power devices
[39–42]. For these studies, the end station was modified to allow

the temperature of the semiconductor specimen to be varied over
a wide range from 240 to 350 K [43].

Note that ion microbeams can cause changes in the physical
properties of materials in minute, clearly localised regions. The
degree to which irradiation changes the physical properties, such
as the optical or magnetic properties, depends on the linear energy
transfer of the beam in the material

2.3. High-energy heavy-ion microbeam

On the high-energy heavy-ion microbeam system, accurate
beam positioning and the single-ion-hit system were established
using the same concept as for the tandem accelerator. A high-
energy system was required to study of the effect of long-range
ion interactions on semiconductor devices or biological cells under
an ambient atmosphere (i.e. with the sample outside of the vac-
uum system and irradiated through a thin window). For cell irradi-
ation and SEP studies, another collimation system was used, which
gives a hit accuracy of over 10 lm for each ion [43]. Because main-
taining a small spot size is difficult for light ions, such as carbon,
because of the larger scattering at the collimator edge as compared
with heavy ions, a special system is required to improve the reso-
lution beyond 10 lm without causing scattering.

Forming a microbeam requires high-quality beams from accel-
erators: the intensity must be stable and the beam must have high
brightness and a low energy spread. Stability is not only required
for the total beam intensity Itotal but also for its distribution in
phase space for the lateral direction I(x, x0, y, y0), where x, x0, y, y0

are phase-space coordinates with the origin at the beam centroid.
Furthermore, high intensity in the finite region around the origin,
which is used to form the microbeam, is required for high bright-
ness. In microbeam focusing, the beam-energy spread DE/E of
the accelerator is directly related to the chromatic aberration.
Therefore, the accelerator itself is the part of the microbeam tech-
nology. Although a cyclotron is suitable to obtain various high-
energy heavy-ion beams, it is difficult to obtain such a high-quality
ion beam from a cyclotron because it is a radiofrequency accelera-
tor. TIARA undertook some advanced research and development to
overcome the problems associated with forming microbeams from
cyclotron beams. For example, the techniques of flat-top accelerat-
ing and the beam-phase control were developed to confine the
beam-energy spread DE/E to a minimum value on the order of
10�4 [44]. In addition, the beam-phase-bunching effect, which also
reduces DE/E of the beam from an AVF cyclotron, was studied
briefly both theoretically and experimentally [45,46]. Because a
cyclotron with external injection has very complicated beam optics
in its central region, the beam transport must fit the central region
of the cyclotron. For example, Kashiwagi et al. developed a beam-
monitoring system to visualise the beam emittance in accordance
with the acceptance of the system [47].

2.4. Single-ion-detection system

In the single-ion-hit technique, developed for both heavy-ion
and high-energy heavy-ion microbeam systems, a key problem is
how to detect every single ion injected into a sample for studying
SEP or cell irradiation. For SEP studies that use a semiconductor-
device sample, a single-ion signal can be obtained if an ion injected
into the sensitive region generates charges that can be corrected at
the device electrode. For biological applications or for nanostruc-
turing by single-ion hits, the sample should be thin enough for
the injected ions to penetrate so that the ions may be detected
behind the sample. However, if the beam exit window simulta-
neously serves as the single-ion detector, it is perfect for irradiation
of biological cells under ambient conditions. We tried to use thin
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