
  
For the development of nuclear fusion plasmas, basic 

plasmas and reactor wall materials, the aim of this joint 
study is to advance basic researches and applications of 
nanomaterials and plasmas. Interactions of materials and 
high-frequency waves and properties of nanoscale materials 
are included in the scope of this research. Keywords of the 
study are the interaction of microwaves and far-infrared 
waves and phonons and materials, and developments of 
quantum-mechanical research methods to promote basic 
researches and its applications. Where, in both theories and 
experiments, deeper understandings about the physical 
properties of "nano-materials and plasmas" in the 
electromagnetic environment are obtained by participation 
of researchers from different fields related to high-
temperature plasma researches. At the same time, the 
individual study is also promoted. 
 

This joint research proceeds in a combination of two 
research modes. In the first mode, a practical joint research 
is carried out by small numbers of members on the common 
research theme “materials study by using classical and first-
principles molecular dynamics, and Coulomb explosion 
process”. In the work process, numerical calculations are 
planned by group discussions and performed. In the second 
mode, with the aim of discussion and presentation of the 
latest research on nano-materials and plasmas, many 
members from a wide range of research fields participate in 
a seminar. In the seminar, 1-hour lectures are given by the 
members. In the lectures, participants can make questions 
and comments to deepen their understandings. 
 

The seminar was held at NIFS on 25th February, 2015. 
10 members working at the forefront of nano-materials and 
plasma researches participated in the seminar. Fig. 1 is a 
group-photo of the seminar. In the seminar, participants 
discussed on the following themes: 
1. Present status of nano-materials researches using first-

principle molecular dynamics and prospect of post-K 
super computer. 

2. New methods of multi-qubit quatum control for 
quantum computing. 

3. Development of nano-structured materials and its 
applications for laser proton-beam acceleration. 

4. Time-dependent density functional calculations of 
dielectric response functions of materials and analysis 
of the dielectric response spectra using maximum 
entropy methods. 

5. Experimental studies and theoretical modellings for 
micro-wave permittivity and penetration length of 
composites with dielectrics and conductors. 

6. Theoretical modellings for micro-wave interactions 
with polycrystalline dielectrics. 

7. Modelling of nano-bubble formations in water. 
8. Wave propagations in plasmas with density variations. 

 
This seminar series started in 1998. Topics covered by 

the seminars include magnetic reconnection, solar wind 
simulation, fist-principle molecular dynamics, carbon nano-
tube synthesis, quantum information technology, plasma-
wall interaction, micro-wave materials interaction, etc. 
Fruitful discussion and collaborations have been made 
through the seminar series. A new seminar series 
“Fundamental studies and applications of plasmas and nano-
materials” starting from the next fiscal year was proposed to 
take over this successful seminar series. 
 

An experimental study on macro-wave heating of 
oxides were carried out. Developments of theoretical 
models were pursued in order to get better understanding on 
mechanisms of micro-wave heating of materials. 
 
 

 
Fig. 1. Group-photo of the seminar at NIFS on 25th 
February, 2015. 
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The efficient generation of extreme ultraviolet (EUV) 
and soft x-ray (SXR) emission spectra is a topic of major 
interest for a number of areas of fundamental and applied 
science, such as astrophysics, fusion science, high resolution 
imaging and nanolithography. Development of EUV and 
soft x-ray sources with emission at wavelengths less than 10 
nm is a subject of prime interest for next generation 
semiconductor lithography. For lithography, laser-produced 
plasma (LPP) EUV source technology is gaining importance 
in the semiconductor industry due to the shorter wavelength 
requirements of future manufacturing nodes, since the 
printing of smaller feature sizes requires moving to 
successively shorter wavelengths. After two decades of 
research, the semiconductor industry is about to introduce 
lithography sources operating at an EUV wavelength of λ = 
13.5 nm that have sufficient in-band power for high-volume 
manufacturing (HVM). In 2009 ASML announced that 
sources would be needed at 6.x nm, where La/B4C mirrors 
have a reflectivity of ~ 40% in a 0.06 nm bandwidth near 
6.7 nm.1,2) From a literature study of potential emitters at 6.x 
nm, we have identified gallium (Ga) as a potential target, 
since it possesses strong resonance peaks due to 3d−4p and 
3d−4f transitions in this wavelength region at 6.55, 6.75, 
6.97 and 7.10 nm. Since Ga is a liquid at room temperature 
it is potentially a more suitable candidate for development 
of a droplet target. The optimum electron temperature of a 
Ga plasma is expected to be around 50 eV, which 
corresponds to the conditions prevailing in a 13.5-nm Sn 
plasma source indicating that the required laser focusing 
conditions are similar to those used with Sn. The spectrum 
of Ge has similar atomic transitions to Ga in this spectral 
region. It is important to make a database for efficient 6.x-
nm Ga and Ge plasmas. 

An electron beam ion trap (EBIT) was employed to 
measure charge-defined emission spectra of Ge ions. The 
EBIT is a unique source that can control the highest charge 
state with a quasi-monoenergetic electron beam forming a 
simple plasma in ionization equilibrium. The emission from 
the highest charge states is identified by changing the 
electron beam energy. The main components of the EBIT 
are an electron gun, drift tubes, an electron collector and a 
Helmholtz coil as permanent magnets. The ions produced in 
the drift tubes were trapped by a well potential applied at 
trapping electrodes and a space charge potential of a 
compressed electron beam passing through the drift tubes. 

Trapped ions then collided with electrons and ionized 
sequentially up to a maximum charge state determined by 
the ionization energy. Ge vapor was introduced into the trap 
region from an effusion cell operated at 925°C with metallic 
Ge. Emission from trapped ions was observed at 90° with a 
flat-field GIS equipped with a laminar-type diffraction 1200 
grooves/mm grating and an x-ray CCD camera. 

Figure 1 shows the charge-defined Ge spectra 
obtained from the EBIT with a theoretical atomic code 
calculation of HULLAC. The electron beam energy was 
varied to produce Geq+ (q = 8–21) ions as the highest charge 
state in the EBIT. It is possible to identify the strongest lines 
giving rise to 6.x nm and 13.5 nm emission as 3d−4f 
transitions of Ge12+ and 3p−3d transitions of Ge17+. These 
ions have open 3p or 3d subshells and lines arising from 
3pN−3pN-1nd, 3dN−3dN-1np and 3dN−3dN-1nf transitions 
should provide the dominant emission in the EUV range. 
Further experiments are necessary to elucidate the origin of 
this disagreement and identify some possible reasons, e.g. 
indirect ionization of lower charge states.3) 
 

 
Fig. 1. (a) EUV emission spectra of Ge ions with 
electron beam energies of 200−860 eV by use of a 
compact EBIT (CoBIT). (b) Theoretical evaluation of 
the charge-separated spectra by an atomic code 
HULLAC. 

 
     In summary, we have observed the charge-defined 
spectra of Ge ions were also observed by use of the CoBIT 
system. It is possible to identify the strongest lines giving 
rise to 6.x nm and 13.5 nm emission as 3d−4f transitions of 
Ge12+ and 3p−3d transitions of Ge17+. The experimental 
results provide a guideline for development of laser-induced 
EUV and soft x-ray sources for short wavelength 
applications, such as EUV lithography and in vivo biological 
imaging. 
     This work is performed with the support and under 
the auspices of the NIFS Collaboration Research program 
(NIFS13KBAF014). 
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