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Matter is composed of chemical elements, which origi-
nate from physical phenomena during the evolution of the
universe. Chemical elements exist in the form of atoms, in
which electrons and a nucleus are bound. The nucleus is
composed of nucleons, or protons and neutrons, which are
composed of quarks bound by gluons. This binding creates
the mass. Thus matter exists in various hierarchies.

We study the genesis of matter in four sub-categories,
Microscopic Approach, Macroscopic Approach, Develop-
ments of Applied Antimatter Science, and Application of
Nuclear Science, which respectively study the relations be-
tween the different hierarchies as well as the properties
of particles, nucleosynthesis in the universe, symmetries
through antimatter, and applications of these studies to
material science, biology and chemistry.

1. Microscopic Approach

(1) Creation of matter from superstring vacuum

We investigate the fundamental aspects of matter
through the various methods of field theory and string the-
ory. Our subjects are, for example, the further study of
duality between the matrix model and the Supersymmet-
ric Yang-Mills theory with various matter fields, and the
origin of the nonperturbative effect of matrix models.
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(2) Development of spin-polarized low-energy RI beams

We are currently developing a method to produce low-
energy spin-polarized radioactive isotope (RI) beams. The
low-energy spin-polarized RI beams are useful in various
fields, such as materials science, nuclear physics and fun-
damental symmetry studies. Radioactive ions produced in
the projectile fragmentation (PF) reaction at high kinetic
energies are stopped in an inert gas buffering volume. The
stopped RI ions are then extracted and transported to-
wards a spin selection region, where a sextupole magnetic
field is applied. In this fiscal year, we made several modifi-
cations to the previously constructed ion stop/drift system
and the extraction system, in order to achieve an improved
drifting /extracting capability. We used a beam of 3°Al to
investigate the drifting of the stopped ions in the stopping
chamber. The beam turned out to be efficiently stopped
in the chamber filled with a stopping gas of Ne at 600 torr,
and the drifting of the ions was successfully verified. The
drifting was observed through detecting the distribution of
B-rays emitted from the 3CAl activity. The obtained drift
efficiency was (72£4)%. The measurement of the efficiency
for the ion extraction from the drifting chamber was made
with N ions produced with the arc discharge method. The
nitrogen ions were guided by strong electric field lines into
an outlet orifice near the downstream end of the drifting
chamber, and were extracted out using a flow of the carrier
N gas into an evacuated area (1072 torr) through a Laval-
type glass nozzle. The extraction efficiency at the nozzle
was determined by measuring the ion current before and
after the nozzle. The efficiency of 4% was obtained when
a nozzle of diameter 1 mm was used. In order to apply
the atomic beam resonance technique, the extracted ions
needed to be neutralized. We fabricated a neutralization
device. It includes an Yttrium tube on surface whose the
charge exchange occurs. The neutralization efficiency is
estimated by counting the neutral N atoms at the down-
stream of the neutralization area using a quadrupole mass
spectrometer. The neutralization effect due to the pres-
ence of a Yttrium surface was clearly observed. Analyses
are now in progress.

(3) Bound state between K-meson and triton (pnn)

We have discovered a totally new object, which consists
of K~ pnn, named strange-tribaryon S°. The experiment
(PS-E471) was performed at KEK, and the search of the
system was performed by negative kaon at rest absorption-
reaction in helium-4 target.

The highest density material (excluding the astrophys-
ical system) is the nucleus, which consists of protons and
neutrons, combined by the meson exchange force, and it is
known that the densities of nuclei are universal and con-
stant. The present finding can be understood throngh the
theoretical prediction that the nuclear matter can shrink
by the strong-attractive interaction between kaon and nu-
cleon (proton and neutron), and that an extremely high-
density system can be formed spontaneously. In the other
word, K-meson is a catalytic agent to form high-density
matter in the nucleus.

Presently it is widely accepted that the hadron (an el-
ementary particle which consists of quarks) is formed and
determined by the medium surrounding it. Therefore, the
present finding indicates a totally new research field: the
study of the “nature of mass formation” as a function of
medium density. It will also possible to study astrophysi-
cal phenomena, such as the physics of the core of a neutron
star, in laboratory experiments.

(4) Matter distribution of neutron-rich nuclei and
Equation-of-State (EOS) for nuclear matter
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The study of nuclear density distribution of unstable
nuclei far from stability provides key information on the
EOS (equation-of-state) for asymmetric nuclear matter.
This is extremely important not only for nuclear physics
but also for astrophysics.

It has been pointed out that different models for the
nuclear-matter description, all of which give a consistent
picture for the static properties of (symmetric) stabile nu-
clei, predict very different EOS for asymmetric nuclear
matter. The saturation density of asymmetric systems is
one example. Different saturation densities predicted by
different EOS give different nuclear size and/or different
density distribution. The measurement of the density dis-
tribution of neutron- and proton-rich nuclei will thus make
it possible to determine the EOS.

The nuclear density distribution is determined reason-
ably well by elastic proton scattering at intermediate en-
ergy. Theoretical studies reveal that an accuracy of 10%
for the density distribution is required in order to constrain
the EOS for asymmetric nuclear matter. This will be re-
alized by experiments using an intense RI beam, available
at the RI Beam Factory (RIBF).

We are developing a solid-hydrogen target system and
a recoil-proton detection system for proton-RI scattering
experiments. Since the energy of a recoiled proton under
inverse kinematics tends to be small at forward scattering
in a CM system, the thickness of the hydrogen target must
be small enough to avoid an undesired multiple-scattering
effect. Development of a windowless solid hydrogen target,
1mm thick, is now underway with the collaboration of the
KEK target group. This year, an experiment using this
system was performed at RIKEN for the first time, and
long-term stability was confirmed. The thickness of the
target was 3mm, and the thickness of the mylar window
was 25 pum.

Identification of the elastic scattering channel requires
a recoil-proton detection system with both high angular-
and energy-resolution. To achieve high angular resolution,
a set of drift-chamber systems is employed for tracking
the recoiled-proton trajectory. The kinetic energy of the
recoiled proton can be precisely measured using a set of
NalI(T1) calorimeters. In order to minimize the multi-
ple scattering effect, a large-size vacuum chamber is in-
stalled between the solid hydrogen target and the detec-
tion system. This year, the vacuum chamber was designed
and constructed. The energy calibration of all NaI(TI)
calorimeters using mono-energetic proton beam was com-
pleted.

The recoil-proton detection system including the win-
dowless solid hydrogen is almost ready for use. In the
next fiscal year, we will perform an experiment at HIMAC,
where an intermediate-energy RI beam is available, prior
to the experiments at RIBF.

2. Macroscopic Approach

(1) Nuclear reaction and nuclear spectroscopy for ele-
ment genesis

The following experiments and developments have been
performed by using fast RI beams.

(i) Radiative capture reactions in the rp process studied
by Coulomb dissociation

Astrophysical reaction rates were obtained for explosive
hydrogen burning based on the results of the Coulomb dis-
sociation experiments with 2*Al and 2P beams. For the
QQMg(p, 'y)QBAl reaction, the exprimental rate has been ob-
tained for the first time, and upper and lower limits were
obtained for 2°Si(p, v)?"P.
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(ii) Reaction mechanism of Coulomb dissociation

Though the main component of the Coulomb dissoci-
ation process through continuum states is by the electric
dipole (E1) transition, other multipolarities (M1 and EZ2)
and nuclear contribution might not be negligible. For as-
trophysical processes requiring a great accuracy, such as
the ones related to the solar neutrino production, these
small contributions should be evaluated. We performed
Coulomb dissociation experiments with ®B beams bom-
barding hydrogen and helium targets in addition to the
previously studied lead. This is to extract M1, E2 and nu-
clear contributions contained in the 8B+ Pb breakup data.
Data analysis is in progress.

(iii) Two proton capture process studied by Coulomb
dissociation

Data analysis of the 2°Mg —> ®Ne + 2p Coulomb dis-
sociation experiments performed in 2003. In order to study
the properties of the nucleus 2°Mg, its 27-0" ~-transition
was studied to be compared with its mirror nucleus 2°O.

(iv) Development of a beam-line detector system

Ton implanted silicon detectors with their crystaline
axes slightly tilted have been developed to avoid pulse-
height defects due to the channeling effect. Their per-
formance was successfully verified by a measurement with
medium-mass RI beams.

(2) X-rays and gamma-rays cosmic hot plasmas

Through X-ray diagnostics of hot plasmas associated
with clusters of galaxies, we have identified roles of the
different types of supernovae. Our results on gamma-ray
bursts in the distant universe and on ultra-luminous X-
ray sources in nearby galaxies both have close relevance to
core-collapse supernovae, which may have been common
among the first generation stars. In an attempt to de-
tect hard X-ray lines from Titanium 44 produced in recent
supernovae, we have developed the Hard X-ray Detector,
which will be carried onboard the Astro-E2 satellite sched-
uled for launch in the early summer of 2005.

3. Production of spin-polarized antihydrgen
with a cusp trap

‘We have been developing a so-called “cusp trap”, which
consists of an anti-Helmholz superconducting coil and an
electric octupole trap. The cusp trap has several unique
features for the synthesis of antihydrogen atoms, i.e., a ca-
pability to simultaneously confine charged particles of both
polarity and also neutral particles with finite magnetic mo-
ments in low-field seeking states. The time evolution of
electron plasma in the cusp trap has been investigated for
the first time. We have also designed a cold bore which
fits to the cusp magnet so that antihydrogen atoms can be
synthesized at a temperature low enough to be trapped.

Antiprotons (as many as 5 million particles) have suc-
cessfully been trapped and cooled in a large multi ring
trap. Further, we have also developed a technique to ma-
nipulate the antiproton cloud, which enables for the first
time to extract a strong monoenergetic antiproton beam
of 10-250€V.

Antihydrogen atoms have been synthesized with a
nested trap scheme. We have studied the temperature de-
pendence of the production rate, and the cooling feature
of antiprotons with the positron plasma.

4. Applications of elements and isotopes

(1) Applications of RI beams to condensed matter stud-
ies

In-beam Mossbauer spectroscopic studies using a beam
of unstable short-lived nuclei *"Mn (Th/2 = 1.45min) have
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been performed to investigate the “exotic” chemical states
and the fast atomic-jump processes in solids. In this pe-
riod, we have carried out a °"Mn in-beam Méssbauer ex-
periment to study the electronic structures, in particular
the existence/nonexistence of an “exotic” chemical species,
of 5"Fe atoms decaying from °"Mn implanted into solid
oxygen. From our previously obtained in-beam Mdossbauer
spectra for 5"Fe (« 5"Mn) in KMnOy, the 5"Fe atoms oc-
cupying Mn sites in a [MnO4]~ tetrahedron were found
to be in an unusually high valence state of Fe(VIII). In
a more reactive matrix, Fe species with extraordinarily
higher oxidation states and “exotic” chemical structures
are expected to be produced. Reactions between localized
Fe atoms and reactant Oz molecules provide important
information on chemistry under the non-equilibrium con-
dition and on the production of the novel species. We
succeeded to obtain well-defined in-beam °"Fe (< °"Mn)
Mossbauer spectra for solid Oz at 18 and 30 K. The spec-
trum obtained at 18 K was successfully analyzed with four
components of doublets. They were preliminarily assigned
to be Fe(Oz), FeO, (O2)Fe(O2), and an exotic high oxida-
tion state of Fe species. The 5" Mn implantation Mossbauer
experiment was also applied to the diffusion study of Fe im-
purity in Si. From the temperature dependence of the areal
intensities and the isomer shifts in the in-beam Mossbauer
spectra, it is found that a fast diffusion of interstitial Fe
atoms occurs over 500 K, and that there is a motional av-
eraging between substitutional and interstitial Fe atoms in
Si. In the series of "Mn in-beam Mossbauer experiments,
an enriched %®Fe-ferrocene compound was employed as an
ion source. This lead to a large number of " Mn particles
(approximately 5 x 10° particles per second), which was
20 times as many as that obtained in our previous experi-
ments using °°Co as an ion source.

Another type of in-beam Mossbauer study using a neu-
tron beam was continued. The advantage of this technique
is that it is possible to investigate non-destructively the
chemical effects and dynamics of a hot atom produced af-
ter the nuclear reaction. The Mossbauer spectrometer us-
ing the prompt y-rays was installed at a neutron beam line
at JRR-3M, Japan Atomic Energy Research Institute. We
succeeded to obtain in-beam Mossbauer spectra for FeSs at
room temperature. The spectra were fitted with two dou-
blets. One is originated from a host matrix of FeSs, while
another is suggested to be a novel Fe species produced in
the neutron capture reaction.

Moessbauer techniques with °?Ru and 3Rb, the Moess-
bauer nuclei that are only applicable at sites close to an
accelerator, were developed. We studied the magneti-
cally stable state and the antiferromagnetic ordering mech-
anism of (Ca,Sr)RuOs system. The characterization of
a skutterudite SmRusSbis was performed with the *°Ru
Mossbauer spectroscopy and magnetization measurement.
A 3Rb source for ¥Kr Mossbauer spectroscopy was pro-
duced by a chemical separation after the a-irradiation of
CaBrg.

The *"Fe Méssbauer spectroscopy was applied to the in-
vestigation of the structural conversion and spin separation
triggered by proton-coupled electron transfer in ferrocene-
quinone system. Also, exotic valence states of Fe atoms
in salen complex as a model for active sites of mononu-
clear non-heme iron enzymes were studied with the 5"Fe
Mossbauer spectroscopy.

The inter-metallic compounds and alloys that include
Ce as a constituent attract a great deal of attention be-
cause they exhibit various physical properties such as
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ferro/anti-ferromagnetism, Kondo effect, superconductiv-
ity, and heavy-fermion behavior. In order to investi-
gate the behavior of the 4f electrons around the Ce ion,
which strongly affect the magnetism of the Ce-based com-
pound, from the microscopic viewpoint, the development
of a beam of spin-oriented '**Ce isomers (I = 10T,
Ty = 308ns, g = —0.183) is presently under progress. In-
formation on the local magnetic moment at the Ce site and
the effective exchange interaction between the 4f and con-
duction electrons of other inter-metallic constituents can
be derived from the magnitude of hyperfine interaction
and the nuclear spin relaxation time, respectively, using
the ~-ray time-differential perturbed angular distribution
(v-TDPAD) method. Several devices which are indispens-
able for the experiment have already been developed. Also,
a simulation study has been completed on the beam line for
the production of the spin-oriented **Ce isomeric beam.

(2) Development of the next-generation multitracer
technology and applied research

We have developed a multitracer technology in which
radioactive nuclides are used together to simultaneously
trace the behavior of many elements. This technology en-
ables us not only to efficiently acquire data for various ele-
ments, but also to determine the characteristic behavior of
different elements under identical experimental conditions.
It is no exaggeration to say that multitracer technology is
an epoch-making innovation in analytical chemistry.

The aim of this project is the development of the
next generation in multitracer technology for an automatic
chemical separator, new y-ray detector (Multitracer y-ray
Emission Imaging: GREI) and a new multitracer produc-
tion system.

(3) Cellular response to DNA double-strand breaks
(DSBs)

We examined the response of DNA-PK to DSBs in-
duced through radiation. Phosphorylation of XRCC4 by
DNA-PK was observed following 0.1 to 1h after X-ray or
heavy ion irradiation. This XRCC4 phosphorylation was
enhanced according to LETs. In addition, the phosphory-
lated DNA-PKcs was localized along the heavy-ion tracks,
suggesting that DNA-PK activation is triggered when it
recognizes DSBs efficiently.

(4) The studies on bio cross-talk functions

Around 7,000 of the mutagenized Arabidopsis plants
by Ne-beams irradiation were grown and the resultant Ms
seeds were harvested. For checking the My library, we ger-
minated about 2,000 lines and found 41 albino lines as well
as 4 hy-class mutant lines.

We have developed a Virtual RLGS system (prototype)
and applied genome analysis of Arabidopsis mutants. As
the results, this system with a rough-mapping technique is
very useful for rapid identification of mutated genes that
have DNA methylation alternations. We tried to develop a
variety of specific DNA markers of chrysanthemum induced
by ion-beam using RAPD method. In addition, molecular
markers of cabbage yellow disease resistance were also ob-
tained by AFLP method and found out to be very useful
for linkage analysis. Irradiation with a heavy-ion beam
has become a new method for mutation breeding of orna-
mental plants and crops to produce new cultivars valuable
in the market. The phenotypes related with sterility, var-
iegation, and floral color were evaluated in the screening
for new cultivars of garden flowers. This year we isolated
mutants induced with heavy-ion irradiation in buckwheat,
rice, wheat, turf grass, bell pepper, sweet potato, chrysan-
themum and rose.
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