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We have been developing a so-called “cusp trap” to synthesize antihydrogen atoms to make a stringent test of the CPT
symmetry. The cusp trap consists of an anti-Helmholz superconducting coil and a multi-ring trap. Because the magnetic
field so prepared has axial symmetry, the ingredients of antihydrogen atoms, i.e., antiprotons and positrons, can be stably
stored and can even be well-controlled. Actually, an electron plasma was stably stored in a so-called spindle cusp region
for more than several thousands seconds, and the electron plasma was also compressed. A large number of antiprotons
were successfully transported from the antiproton catching trap, stored and cooled.

A liquid He free superconducting magnet was designed and constructed. It was successfully connected to the RFQD (radio
frequency quadrupole decelerator). Actually, we have succeeded to store 107 antiprotons, which renewed the world record
we had. The antiprotons so stored were extracted as DC as well as pulsed beams. Synthesis of antihydrogen atoms have
been studied also with a so-called multipole magnet.

A highly charged ion (HCI) has a large potential energy and is accompanied with a strong electric field. Using this unique
property, we have been studying formation mechanisms of nano-structures and ultra- sensitive elemental analysis of
adsorbed atoms. Auger electrons emitted when slow HCIs passed through a metallic micro capillary target were
measured for the first time. The meta-stable state (1s2s2p) 4P was clearly identified, which had been indicated from a
coincidence measurements between K-X-ray and final charge states.

When a slow HCI beam is injected along the axis of insulating multicapillary, it is guided along the direction of the
capillary even when the capillary is tilted against the beam direction by more than several degrees. Such a guiding effect
was studied for a wide range of the incident beam current (several to several tens pA). The time evolution of the
transmitted current and the deflection angle were found to be scaled by the deposited charge (= ion currents x irradiated
time). This phenomenon can be explained by the growth of the charged patch by the ion beam in a self-organized manner.
Slow HCI beams of several keV to 100keV were found to pass a tapered single-glass capillary (5cm long, inlet and outlet
inner diameters of 0.8mm and ~1 m, respectively). This could provide a universal way to prepare a nano-size beam of
charged particles. It was further found that a slow HCI beam can pass a gap of a pair of flat glass plates separated by
0.1mm, and is guided not only perpendicular to the plates but also along the plates. The study of the guiding effects for a
tapered glass capillary has also started for positron beam.

A similar guiding and focusing effect was also studied for 54-81MeV/c moonbeams using tapered glass tubes (10-40 cm long,
inlet and outlet inner diameters of 5cm and 0.5-2 cm). The density of the muon beam was actually enhanced more than 50%.
A numerical simulation successfully reproduces the above observation and further predicts the enhancement of more than
100% when Cu or Au tubes are employed. The confirmation experiment is in progress.

We have developed a tapered glass capillary with a thin window at the top, which enables to inject a nano-size beam into a
liquid target without affecting the accelerator vacuum. This technique is expected to open a new field of research like a
“living cell surgery”.

Study on electronic and structural control of solid surfaces in nano-scale by highly charged ion irradiation or atmospheric
plasma system has been performed for novel nano-materials. It was found that nano/micro structures with unique shape
were formed at substrate surface, resulting from nano/micro-melting of electrode surface reacted with atmospheric plasma.
Surface processes and control of formed feature have been being studied.

The development of a new positron accumulation scheme is in progress, where no buffer gas is used. In order to realize
positron cooling of HCIs, positrons have been successfully accumulated in a multi-ring trap (MRT) employing high-density
electron plasma as an energy degrader. Eventually, ~108 positrons were stably accumulated. The accumulation efficiency
achieved here is more than 30 times larger than the best value ever achieved by other techniques under ultra high vacuum
conditions. It was further confirmed that the stacking technique works, guaranteeing this UHV scheme can be applied in
various fields of science including antihydrogen synthesis.

Development of SLOWRI, a universal slow RI-beam facility based on the projectile fragment separator and the rf-carpet ion
guide method, is in progress. A newly innovated ion beam guide device, Carbon-OPIG, an rf octopole beam guide made of
carbon fiber reinforced plastic rods, achieved high transmission efficiency of 70% for slow 8Li ions from the rf-carpet gas cell
to an ion trap which is located at a UHV environment. This innovation enabled precision laser spectroscopy of trapped
radioactive beryllium ions, "Be* and 1°Be*. We achieved a 10!3-fold reduction in the kinetic energy of the ions, which was
initially 1 GeV and finally laser cooled to 0.1 meV. The absolute transition energies of the 2S1/2-2P3s/2 transition for "Be* and
10Bet* were measured with an accuracy of 108 and the specific mass shift parameters of Be II were determined.
Furthermore the ground state hyperfine splitting of "Be* ion was measured by laser-microwave double resonance method
and the magnetic hyperfine constant was determined to be A=-742.772(3) MHz. Further developments to improve the
accuracy and extend the measurements on the other Be isotopes are in progress.

Other spectrometers for SLOWRI are also being tested off-line. A multi-reflection time-of-flight mass spectrometer
achieved a mass resolving power of 200,000 by utilizing a cooler trap at the injection and a position sensitive detector at the
extraction. A collinear fast beam setup for laser spectroscopy was build and the absolute transition energy of 2G72-2F5/2
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states of metastable Ar+ ion was measured by two laser radiations with parallel and anti-parallel configurations and a

frequency comb.

Three-dimensional medium-energy ion scattering (3D-MEIS) has been developed for crystallographic structure and
elemental analysis of materials. The system of 3D-MEIS is that a pulsed He+ ion beam with a pulse width of 1.3 ns at a
medium energy of 100 keV is used for an incident beam, the particles scattered by atoms in a sample are detected using a

three-dimensional (position-sensitive and time-resolving) detector.

Recently, 3D-MEIS was employed to analyze the

crystallographic structure of holmium (Ho) germanide nanostructure on Ge(001). The results suggest that the structure is

not hexagonal, but monoclinic.
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