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Ⅰ.1                           Some Main Research Works Performed by  
H. Sekimoto from 1976 to 2010 

 
Hiroshi SEKIMOTO 

 
 
INTRODUCTION 

Since this article is for Celebration of 65th birthday, I 
will try to make a summary of my research activities. 
Though my research activities had already started earlier 
before I came to Tokyo Institute of Technology 
(TokyoTech), this summary covers only my activities 
performed in Tokyo Tech since it appears in the Bulletin of 
the Research Laboratory for Nuclear Reactors. 

When I came to TokyoTech, I started my research on 
fusion neutronics. This study was performed as a key 
member of Special Research Project on Nuclear Fusion 
supported by the Grand-in-Aid for Fusion Research by the 
Ministry of Education, Science and Culture. This study 
continued during 1976-1982, while my position was a 
research associate. We employed the unfolding method to 
obtain neutron energy spectrum from measured pulse 
height distribution of liquid scintillation counter. Unfolding 
method was studied not only for pulse height distribution 
but also activation analyses.  

When I became an associate professor, I changed my 
research area from fusion energy to fission energy, and 
started this research with development of a new calculation 
method for pebble-bed type high-temperature gas reactor. 
Later I proposed several innovative reactors with my 
students including high flux reactor and pulse reactor by 
using similar technologies developed in the high-
temperature gas reactor studies. 

In 1987 I started with my students the study on nuclear 
equilibrium society in the future where separation and 
transmutation of spent fuel are the main problem. The 
timing is coincident with the Omega Project promoted by 
JAERI, and this study was performed intensively for long 
period. This study won the AESJ Award for Scholastic 
Accomplishment in 2004. 

In 1989 I started small long-life reactor design study with 
one of my foreign students from Indonesia. We chose fast 
reactors with metal and nitride for fuel and lead and lead-bismuth 
eutectic (LBE) as coolant. It stimulated Russian project on lead-
bismuth cooled small fast reactor. Soon the Generation IV 
International Forum (GIF) was established and lead (including 
LBE) cooled fast reactor (LFR) was selected one of six 
Generation IV reactors. I signed MOU for Collaboration on LFR 
Nuclear Energy System. 

I was wondering about the possibility of CANDLE 
burning for many years. In 1999 my student Mr. Ryu and I 
found it is possible for a large LBE cooled metallic fuel 
fast reactor. The principle of CANDLE burning is similar 
to the principle of Travelling Wave Reactor later developed 
by TerraPower which is supported by Bill Gates, and our 
research attracted interests of the mass media.  

In this article I will make brief descriptions on the 
following topics: 

 

1. fusion neutronics 
2. unfoldings 
3. graphite moderated reactors 
4. equilibrium nuclear systems 
5. small long-life fast reactors 
6. CANDLE burning 

In the references I will list only papers published in 
technical journals widely distributed in the nuclear 
engineering community and books easily obtainable. 
Otherwise the number of papers will be too many for this 
bulletin. They are listed chronologically. 
 
FUSION NEUTRONICS [1-14, 17-19, 25, 28, 36, 45] 

A miniature spectrometer was designed to measure the 
neutron spectrum inside an assembly. A small spherical 
container filled with NE213 liquid scintillator is inserted in 
the assembly and a light guide is used to transmit the 
scintillation light from the scintillator to a photomultiplier 
outside the assembly. A light coupler of parabolic shape is 
inserted between the scintillator and light guide, so that the 
light in the guide may reflect totally on its side surface. 

Scalar neutron spectra were measured with this 
spectrometer at several positions in water, graphite and 
lithium fluoride assemblies, which were irradiated with D-
T neurons. The n-γ discrimination was executed at each 
pulse height. The pulse height spectrum was unfolded to an 
energy spectrum with a modified FERDOR code. 

The measured spectrum was compared with a 
calculated spectrum using the MOESE-GG Monte Carlo 
code with the GICXFNS group cross-section set processed 
from the ENDF/B-IV and –V libraries. A continuous-
energy Monte Carlo code was developed and used to 
investigate the accuracy of multi-group approximation used 
in the MOESE-GG Monte Carlo code. 

The measured spectrum in the graphite assembly 
showed fine structure, and each peak and valley 
corresponds to a level-inelastic scattering and total cross-
section resonance peak. The measured spectrum in the 
lithium-fluoride assembly might contain considerable error 
and oscillation of the unfolded spectrum became 
substantial.  
 
UNFOLDINGS [1, 3, 6, 19, 140, 141, 143] 

The minimization of the functional defined by the prior 
knowledge and integral data of a neutron spectrum can be 
the basis of many unfolding methods. The form of these 
functionals classifies the widely used methods: FERDOR, 
SPECTRA, RFSP, CRYSTAL BALL, SAND-II, STAYSL 
and others. The methods were systematically derived and 
theoretically compared to each other. Their relations to the 
function expansion method were discussed, and several 
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cases of estimated spectra were studied. Treatments of 
response function errors were also investigated. 

A new unfolding method has been developed to 
minimize an objective function by adjusting the logarithm 
of the spectrum. This method gives a positive solution over 
the whole energy region. The solution oscillates much less 
than conventional solutions using the linear least-squares 
method, such as FERDOR, even without an oscillation 
damping term. 

Another new unfolding code based on quadratic 
programming has been developed for precise treatment of 
the non-negativity constraint of the neutron spectrum. This 
code does not require any initial guess and enables a global 
optimum solution to be derived. 

 
GRAPHITE MODERATED REACTORS [15, 16, 20-
22, 24, 27, 30-33, 35, 37, 39, 40, 42, 48, 51, 59, 67, 122, 
129] 

A new computer code PREC was developed to solve 
neutron and nuclide density distributions at the equilibrium 
cycle of pebble bed reactors. The PREC code has the 
following special advantages: 
(1) To provide a direct solution of the equilibrium cycle 
(2) To fix the effective neutron multiplication factor as an 
input 
(3) To treat continuous fuel movement 
(4) To treat r-z two-dimensional geometry, leading in turn 
to the following special advantages: 

(4-1) Ability to treat the cavity at the top of the core 
(4-2) Ability to treat the curved fuel stream-lines 

A feasibility design study of the graphite moderated 
gas-cooled reactor as a high flux reactor has been 
performed. The core of the reactor is equipped with two 
graphite reflectors, i.e. the inner reflector and the outer 
reflector. The highest value of the thermal neutron flux is 
expected to be achieved in the inner reflector region, and a 
moderately high thermal neutron flux is also expected to be 
obtained in the outer reflector region. By choosing optional 
values of the core-reflector geometrical parameters and 
moderator-to-fuel atomic density, a high thermal neutron 
flux can be obtained. Because of the thermal design 
constraint, however, this design will produce a relatively 
large core volume (about 107 cm3) and consequently a 
higher reactor power (100 MWt). Preliminary calculation 
results show that with an average power density of 10 
W/cm3, a maximum thermal neutron flux of 1015 cm-2s-1 
can be achieved in the inner reflector. Pulsed neutron 
reactors were also investigated using graphite moderator. 
The graphite is a good heat source for this reactor where 
coolant cannot be relied on. 

Here it is better to add another high thermal neutron 
flux reactor concept using a fast reactor core. Reactor 
configurations were investigated to obtain high thermal 
flux under design constraints on the total reactor power and 
peak power density. Graphite and heavy water were 
compared as the reflector material, and oxide and metallic 
fuels were also compared. The power density necessary for 
a maximum thermal flux of 1016 cm-2s-1 was obtained in a 
reasonable range for all cases. 

EQUILIBRIUM NUCLEAR SYSTEMS [23, 26, 29, 38, 
46, 52-58, 65, 69-73, 76-82, 88, 90, 91, 93, 94, 99, 104, 
105, 112, 114, 119, 123, 126, 131-134, 136, 139, 144, 149, 
151] 

The nuclear equilibrium society has been investigated 
by the author, where the radioactive toxicity discharged 
from a nuclear centre is less than the level of natural 
uranium supplied to the centre. Enough neutrons necessary 
for transmuting toxic nuclides to harmless ones can be 
supplied in hard spectrum fast reactors. However, 
extremely high decontamination factor is required for the 
separation technology of toxic nuclides from harmless ones 
and is too difficult to be realized considering to the present 
technology level. The present separation technology does 
not satisfy this criterion, and extremely high performing 
storage system like underground disposal is employed for 
the present fuel cycle system instead. The reprocessing 
plant has several difficult problems in addition to this 
problem. At present once-through fuel cycle may be one 
option, and at the same time intensive studies to improve 
separation technology should be promoted for the future 
use.  

Theory on nuclide importance was developed during 
this study. Conventional methods for evaluating some 
characteristic values of nuclides relating to burnup in a 
given neutron spectrum had been reviewed using a 
mathematically systematic way, and a new method based 
on the importance theory was proposed.  This method is 
derived from the fact that these characteristic values of a 
nuclide are equivalent to the importances of the nuclide.  
By solving the equation adjoint to the steady-state burnup 
equation with a properly chosen source term, the 
importances for all nuclides are obtained simultaneously. 
The fission number importance, net neutron importance, 
fission neutron importance and absorbed neutron 
importance have been evaluated and discussed.  The net 
neutron importance is a measure directly estimating 
neutron economy, and can be evaluated simply by 
calculating the fission neutron importance minus absorbed 
neutron importance, where the fission neutron importance 
does not depend on the fission product, and only the 
absorbed neutron importance depends on it.  Sensitivity 
studies on these importances were also performed. 

The nuclear equilibrium analysis was performed not 
only for future nuclear equilibrium system but also for 
evaluation of some new nuclear system such as thorium 
reactors.  
 
SMALL LONG-LIFE FAST REACTORS [34, 41, 43, 
44, 47, 49, 50, 84-86, 92, 95, 97, 98, 101, 103, 107-112, 
116, 117, 121, 124, 126, 135, 148] 

Lead bismuth eutectic (LBE) is a good coolant for fast 
reactor especially from safety point of view, and shows a 
good performance especially for small reactor. I proposed a 
concept of long-life small reactor by employing LBE 
cooled fast reactor. It is the world first trial of LBE coolant 
to long-life small fast reactor. Since then this reactor 
concept has been studied continuously. We named this 
reactor LBE-cooled Long-Life Safe Simple Small Portable 
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Proliferation-Resistant Reactor (LSPR) to distinguish it 
from reactors proposed by the other institutes.  

This reactor does not require any high level 
infrastructures available now in developed countries, 
shows nuclear proliferation resistance, satisfies the safety 
criteria equivalent to ones for modern LWRs without any 
actions by personnel or machinery.  

LSPR is built in a developed country, and shipped to a 
developing country, and set it there. The steam and water 
pipes are connected at operation site. It is operated for 10 
to 30 years, and replaced by a new one, if necessary. Old 
one is shipped back to the developed country. The reactor 
vessel cannot be opened for refueling at the operation site.  
It is good for nuclear proliferation resistance. The 
Polonium, which is an alpha emitter, is produced from 
neutron capture reaction by bismuth in coolant and works 
efficiently for physical protection. 

The total power of the typical design is 150 MWt 
(53MWe). The height and width of the reactor vessel for 
this power level are 15.2m and 5.2m, respectively. The 
artist view of reactor vessel is shown in Fig. 1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Artist view of LSPR 
 
 
The excess reactivity required for burnup is very low. 

Our previous study shows that the 12 years operation 
requires only less than 0.1%Δ k. It makes UTOP accident 
inherently safe.  LSPR confirms negative coolant dilatation 
coefficient over whole reactor life. This characteristic 
together with some other characteristics makes ULOF 
accident inherently safe. This reactor can survive even 
simultaneous UTOP ULOF and ULOHS accident without 
the help of an operator or active device. Here we employ 
two mechanical pumps for the primary circuit for expecting 
coast-down of coolant flow at ULOF. The replacement of 
impeller is simple, but performed by regularly visiting 
maintenance crew from the developed country. In addition 
to the mechanical pump, the use of magnetic pumps, lift-up 
pumps and natural circulation can be the alternatives for 
their performances at either normal or accidental 
conditions. 
 

CANDLE BURNING [61, 66, 68, 74, 83, 96, 100, 102, 
106, 109, 112, 113, 115, 118, 120, 122, 125-128, 130, 137, 
138, 142, 146, 147, 150, 152] 

In conventional reactors, control rods inserted at the 
start-up of operation are gradually extracted along fuel 
burning in order to maintain the reactor critical. On the 
other hand, CANDLE (Constant Axial shape of Neutron 
flux, nuclide densities and power shape During Life of 
Energy production) reactors do not need this kind of 
control rods. Their burning region moves along the 
direction of the core axis, at a speed proportionate to the 
power output, without changing the spatial distribution of 
the nuclide densities, neutron flux and power density as 
shown in Fig. 2. We can use either natural uranium or 
depleted uranium for the fresh fuel. The same idea is 
employed in Travelling Wave Reactor, whose design study 
was stared recently by the support of Bill Gates. 

 

 
Fig. 2 CANDLE burning and fuel management 

 
 

Very high neutron economy is required to realize 
CANDLE burning for the fast reactor case. From our 
previous studies fast reactors with metallic fuel and some 
others with very hard neutron spectrum can realize this 
burning. However, once it is realized, natural or depleted 
uranium can be used for replacing fuels and 40% (400 
MWd/tHM) of it can burn up. 

The nuclear energy has the resource problem, if we 
operate only light water cooled reactors (LWR). It has also 
inherent difficult problems caused by radioactive materials 
produced in it and by employed materials and technologies 
tightly relating to nuclear bombs. The radioactive materials 
cause the problem of accident during reactor operation, and 
the problem of radioactive wastes after reactor operation. 
Any proposed reactors should satisfy technical feasibility, 
of course. Finally reasonable price is usually an important 
requirement to energy. Thus the necessary and sufficient 
conditions for nuclear energy utilization as primary energy 
in the future are considered to satisfy six requirements for 
1) resource, 2) safety, 3) waste, 4) bomb, 5) technical 
feasibility, and 6) economy: 

 
1) Resource 

The burn-up of the spent fuel is about 40%. This value 
is competitive to the value of the presently expected fast 
reactor system with reprocessing plant. The 40% of natural 
uranium burns up without enrichment or reprocessing. 

The present once-through fuel cycle of 4% enriched 
uranium in LWR performs the burn-up of about 4% of the 
inserted fuel, and it corresponds to the utilization of about 
0.7% of natural uranium depending on the enrichment of 
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depleted uranium. For this case about 87% of the original 
natural uranium is left as depleted uranium. If this depleted 
uranium is utilized as the fuel for CANDLE reactor, 35% 
(=0.87x0.4) of the original natural uranium is utilized. 
Therefore, if the LWR has already produced energy of X 
Joules, the CANDLE reactor can produce about 50X Joules 
from the depleted uranium stored at the enrichment facility 
for the LWR fuel. 

If LWRs have already produced energy sufficient for 
full 40 years and the nuclear energy production rate will 
not change in the future, we can produce the energy for 
2000 years by using the CANDLE reactors as shown in Fig. 
3. We need not mine any uranium ore, and do not need 
reprocessing facility. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 3 CANDLE reactor operation after LWR operation 
 
 

2) Safety 
There are so many kinds of events and accidents for 

nuclear reactor that the best way for increasing safety 
features of nuclear reactor is considered to reduce both 
frequency of undesired events and consequence of the most 
severe accident.  

The frequency of undesired events for CANDLE 
reactor is reduced by many ways as follows. Firstly the 
burn-up reactivity control mechanism is not required for 
CANDLE burning. The reactor control becomes simple 
and easy. The excess burn-up reactivity becomes zero, and 
the reactor becomes free from reactivity-induced accidents 
at operating condition. Secondly the number density 
distribution of each nuclide does not change with burning 
in the burning region. Therefore, the reactor characteristics 
such as power peaking and power coefficient of reactivity 
do not change with burning. The estimation of core 
condition becomes very reliable. The reactor operation 
strategy remains un-changed for different burning stage. 
Thirdly since the radial power profile does not change with 
burning, the required flow rate for each coolant channel 
does not change. Therefore, the orifice control along 
burning is not required. The operational mistakes are 
avoided. Furthermore, fresh fuel charged after the second 
cycle is depleted uranium or natural uranium. The 
transportation and storage of fresh fuels become simple and 
safe.  

Recriticality accidents occurring after core disruptive 
accidents are considered the most secure accident of fast 
reactors. CANDLE reactors considerably reduce the 
possibility and consequences of recriticality accidents since 

control rods are not inserted in the core and only a little 
coolant in the core. 

 
3) Waste 

The present LWR performs the burn-up of about 4% of 
the inserted fuel of 4% enriched uranium. On the other 
hand the burn-up of the spent fuel for CANDLE reactor is 
about 40%. It is ten times as high as for LWR. Therefore, 
the spent fuel amount per produced energy is reduced to be 
one-tenth of once-through cycle of LWR. 

Separation of spent fuel and vitrification may reduce 
the volume of high level wastes, but the total volume of 
radioactive wastes increases. The once-through fuel cycle 
of CANDLE reactor system reduces the total volume of 
radioactive wastes. 

The amount of actinides is decreased since they are 
stored in the core much longer than conventional reactors 
and fissioned in a considerable amount during this period. 

We can use the depleted uranium. The wastes from 
uranium mining do not appear. 

 
4) Bomb 

The enrichment and reprocessing are the most 
important key technologies for bomb-making. CANDLE 
reactor can be operated without enrichment or reprocessing 
forever, once it starts, if only natural or depleted uranium is 
available. Therefore, CANDLE reactor shows excellent 
features on physical protection and non-proliferation. 

 
5) Technical feasibility 

When we use conventional cladding materials, the 
burnup of 40% is too much and we should employ 
recladding. Once we employ this process, frequency of it 
becomes an optional parameter. The recladding process is a 
purely dry process and its cost is much cheaper than 
conventional reprocessing. If the burnup for one-cycle is 
small enough, the recladding becomes very easy and the 
separation of cladding from meat becomes rigid. 

The start-up of the initial core can be easily performed 
by enriched uranium. 

Now we do not have any severe technical difficulties. 
 

6) Economy 
The cost of nuclear reactor consists of capital, fuel, and 

O& M (operation and maintenance). 
We can expect low O&M cost, since CANDLE reactor 

is simple. 
We can also expect low fuel cycle cost, since the 

reprocessing of discharged fuel is not required. 
Since coolant channel space is smaller than 

conventional reactors, the core cooling performance is poor. 
It may result in lower average power density. Low average 
power density deteriorates strongly its economical 
performance. However, this deterioration may be reduced 
considerably by the designs without blanket, short core 
height and radially flat power distribution. The short core 
and radially flat power distribution can be realized by 
employing radially multi-region core and MOTTO fuel 
cycle. 
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Ⅰ.2         APF-IH Liner Accelerator of A Heavy Ion Implanter 
 

Toshiyuki HATTORI 
 
 

1. Introduction 
A major aim of current works is the design and 

fabrication of a new generation heavy ion implanter for 
the semiconductor industry. The reason for choosing the 
IH structure in the design process is that it has an 
extremely high shunt impedance value resulting in 
enhanced power efficiency and acceleration efficiency in 
the low-to-middle energy region compared to other linear 
accelerators [1]. The beam focus was performed using a 
self-focusing method, the APF method [2], using the rf 
focusing force generated by the high-frequency phase to 
focus the accelerating particles. Furthermore, the cell 
length and the total cavity length can be shortened when 
using the APF method. 

This new heavy ion linac can accelerate 11B+ and 31P2+ 
ions; where He+ ions were used in the CW test experiment. 
The experiment showed that measured parameters, 
including the operation frequency, the Q value, the axial 
electric distribution, and the consumed power for 
acceleration, are well within the design limits. In particular, 
the measured operation frequency was 99.95% of the 
design specification of 60MHz. An important design 
feature is the variability of the linac output energy 
spectrum peak, which can be varied by changing the 
feeding power, desirable in the semiconductor fabrication 
process.  
 
2. Design Procedure 

In the past it was difficult to evaluate the high 
frequency electric field distribution and cavity resonant 
frequency for the IH linac. In this work the design process 
was based on CAD design software: SolidWorks [3], and 
an advanced computer simulation technology: 3-D 
electromagnetic solver Microwave Studio [4]. These 
softwares were utilized to perform simulations of the 
cavity electromagnetic distribution. The orbit calculation 
was simulated using PARMILA [5] and PMLOC (Pi Mode 
Linac Orbit Calculation), a program based on the thin lens 
principle, developed by our group. 

This IH-DT linac design consisted of 8 drift tubes and 
9 cells. Firstly, the drift tube table including drift tube 
lengths, gap lengths, phase and energy on each cell were 
created using PMLOC. Then PARMILA was used to 
evaluate the transit-time-factor and the energy distribution. 
The profile of the last cell of the PARMILA simulation is 
shown in Fig. 1. 

Secondly, these drift tubes, based on the PMLOC 
calculation and an appropriate cavity based on experience, 
were sketched and assembled in SolidWorks. Next, the 
resonance frequency and the axial electric field 
distribution of the cavity were solved using Microwave 
Studio. Finally, based on the results of the Microwave 

Studio simulation, the cavity was adjusted to an optimal 
structure, where the resonance frequency and axial electric 
field distribution were correctly fitted to design limits. The 
simulation results of the electric field distribution were 
used to simulate further the beam orbit. The final 
parameters of the cavity are outlined in table 1.  

 
 

 
Fig. 1. The profile of the last cell. 

 
 

Table-1 Main parameters of APF-IH linac 

Charge to mass ratio(q/A) He(1/4),P2+(2/31) 
Frequency (MHz)   60 
Input energy (kev/u)  20 
Output energy (keV/u)  49 
Cell numbers   9 
Cavity length (cm)   43.2 
Cavity radius (cm)   50.5 
RF power (kW)   4.56 
Drift tube radius (mm)  22 
Drift tube radius (mm)  9 
Synchronous phase  -90,-30,30,30,-30,-30deg. 
 
 

After the PMLOC simulation of the iterating phase 
patterns of the drift tubes, the phases, the transverse 
acceptance of particles were determined. Furthermore, the 
double bunchers in the 1st and 2nd cell were selected in 
order to raise transmission. The determination of the 
optimum phases, listed in table 1, was based on the 
simulation results that showed which phases could obtain 
the largest acceptance of transverse and longitudinal 
directions.  
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3. Cavity electromagnetic simulation  
For cavity electromagnetic simulations, the 

relationship between the mesh, frequency, and power, was 
firstly investigated using Microwave Studio. The 
simulation results indicate that the necessary power for 
accelerating ions up to 48.4keV/u from 20keV/u is 
4.56kW. The decrease in frequency should be due to the 
increase in capacitance associated with the increase in DT 
diameter. The increased capacitance reduces the decrease 
of voltage (power). Ultimately, the optimum frequency 
was obtained with an ERT length of 20 mm and a DT 
diameter of 44 mm.  

After the completion of all simulations and design 
processes, the final CAD data was sent to a manufacturer 
where the linac parts were fabricated and assembled. For 
the assembly of the parts, a nonconventional method was 
employed. Screws were used to join and align the 
acceleration drift tubes, the stems and the ridges. In this 
work, the main acceleration structure was fabricated using 
a 5-axis NC (numerical control) machine to cut the shapes 
of the drift tubes, the stems, the ridges, and the cooling 
roots without alignment. The well machined structure will 
have a highly effective cooling system and Q value. The 
linac model and the fabrication method are illustrated in 
Fig.2. 
 
 

 
 
Fig. 2. A 3-D illustration of the cavity, fabricated using the 5-axis 

NC high accuracy machining method. 
 
 
4. Cavity high frequency characteristic experiment and 
fabrication of acceleration system 

The cavity optimal resonant frequency was measured 
to be 59.97MHz, which is 99.95% of the design limit. The 
Q value was measured to be 10,000, which is 91% of the 
value obtained from the simulations. The electric field 
distribution in the cavity was measured using the 
perturbation ball method. Both the measured result and the 
simulation result, individually highlighted in the left plots 
of Fig.3, are similar. The comparison of the normalized 
value from measurements and simulations are shown in 
the right plot of Fig.3, showing that the electric field of 
each gap is well reproduced in the simulations. 

 

 
Fig. 3. Comparison of measurement value and simulation value 

 
 
Using this newly-fabricated linac, the acceleration 

system was setup as shown in Fig.4. On the injection side 
this system includes: 1. a permanent-magnetic PIG ion 
source, which can extract charged particles at 10kV; 2. an 
accelerating tube which can accelerate particles to a 
desired energy; 3. an Einzel lens (EL) which is adopted 
to focus particles. On the exit side, the system includes a 
quadruple electrostatic lens, an analyzing magnet of 3.3kG, 
and a 10 mm slit. The total length of this compact system 
is approximately 3.3m. In order to measure the amount of 
current, four faraday cups (FC) were attached – two FC’s 
at the entrance and exit of the accelerating tube, and two 
FC’s at the output side of the linac and the analyzing 
magnet. The final beam spectrum is obtained from the 
accelerated He+ ion beam current measured at FC-4.  

 
 

 
Fig. 4. He+ accelerating test system. 

 
 
5. Experiment and discussion 
5.1 CW He+ acceleration experiment 

The He+ output beam spectrums for the supplied 
powers of 330W and 450W are shown in Fig.5 and Fig.6, 
respectively. The accelerated beam peak of 48.4keV/u 
shows that the current is 95nA when the supplied power 
reaches 330W and rises to 205nA with EL. When the 
power increases to 450W, the higher beam peak stands at 
56.5keV/u and the current is 230nA. At 450W with EL, 
the 56.5keV/u peak also expands and results in a current 
of 410nA. 
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Fig. 5. Beam spectrum of 330W RF power. 

 
 

 
 

Fig. 6. Beam spectrum of 450W RF power 
 
 
The results of the He+ acceleration experiment shows 

that a 330W RF power is necessary to accelerate the 
incident He+ beam up to 48.4keV/u from 20keV/u. The 
result from the Microwave Studio simulation was 304 W 
(calculated for a simulated power of 4.56kW for P2+) 
which means that the electric conductivity of this linac 
cavity surface is about 92% (304W / 330W) of pure 
copper and agrees with the Q value ratio from the 
simulation (91%). Compared with conventional designs of 
the electric conductivity, only 80% ~ 85%, it is reasonable 
to state that the increased power efficiency is due to the 
greater accuracy in the fabrication process of the apparatus.  
 
5.2 Discussion on energy variability 

Based on the experimental results, it was considered 
that the APF-IH linac design of 9 cells could be used to 
accelerate multi-particles like 11B+ and 31P2+.  The output 
energy spectrum peak is directly related to the change of 
the feeding power. Fig.7 shows the simulation results of 
the energy variability (solid lines) agree with the 
experimental results (indicated with triangle symbols).  
 

 
Fig. 7. Relations of simulation of energy and transmission & 
resolution. The acceleration energy was evaluated in phosphorus. 
 
 
6. Summary 

An APF-IH linac of a power-efficient structure was 
successfully designed and fabricated to accelerate He+ 
ions up to 193.5keV (1.5MeV in 31P2+). In this work the 
design process was completely based on numerical design 
and simulations; orbit calculation software and a 3-D 
electromagnetic solver was used to design and evaluate 
the cavity. Based on various cavity designs and the 
simulation results, the optimum cavity design was 
fabricated using a 5-axis NC machine to machine the core 
acceleration structure without alignment. The high 
frequency characteristic experiment of the cavity showed 
that measured values including frequency, power, and the 
Q value, agree with the desired design limits. 

According to the CW He+ acceleration experiment, the 
experimental power needed to accelerate particles agrees 
well with the simulation results. The available energy 
variability was also investigated, and showed that 
accelerated energy peak could be altered by changing the 
feeding power for He+ acceleration. The energy variability 
of P2+ acceleration will be investigated in future work. 
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A.1        DNS and LES of Turbulent Flows in Concentric/Eccentric  
Annular Channels in Analogy to Subchannels of  
Sodium-cooled Fast Reactor Fuel Subassemblies 

  
Hisashi NINOKATA and Elia MERZARI 

 

DNS computations have been performed for 
non-isothermal flows in concentric and eccentric annular 
channels [1]. The data collected has been used to evaluate 
different SGS model in order to develop an effective LES 
methodology on the boundary fitted coordinates [2]. The 
algorithm used to solve the Navier-Stokes equations 
coupled with the energy equation is described in [2, 3, 4]. 
Several other models have been tested, among which the 
dynamic mixed model, the self-similarity model and another 
variant of the dynamic model [5]. The dynamic model and 
its variant performed fairly well from the point of view of a 
priori and a posteriori tests. They may be considered the 
ideal choice for the simulation of the flow in annular 
channels and rod-bundles [3].  

The results of the LES simulations have been validated 
for available DNS and experimental data [2, 3] in 
concentric and eccentric annuli. Important aspects of the 
flow field such as transition from laminar to turbulent 
flow accompanied by a formation of the street of 
counter-rotating vortices in the region near the narrow 
gap have been confirmed and reproduced through the 
present methodology [5]. In particular, the effect of 
transverse curvature on the inner wall, as well as the effect 
of eccentricity on the wall shear stress, has been 
successfully simulated.  

Contemporarily, in the narrow gap the local profile of 
the streamwise velocity evolves from a purely laminar 
solution to a solution characterized by the presence of 
turbulence production near the walls. Shear stress in the 
narrow gap region evolves from an almost laminar 
condition for a Reynolds number equal to 3,200 to an 
increasingly turbulent flow solution [5].  

For non-isothermal flows of Pr = 0.71 and Ra = 
2,160,000, in a concentric annulus channel with Din/Dout = 
0.6, the mesh sizes are chosen to be of the order of the 
Kolmogorov length scale. A total of 32 million meshes are 
employed in its DNS to calculate velocity and temperature 
distributions inside the annulus. Figure 1 shows 
comparisons of time-averaged and normalized temperature 
distributions at different angles to demonstrate excellent 
agreement of the DNS with experiment. LES results have 
been compared and show, in general, good agreement with 
DNS, where in the SGS modeling of the energy equation, 
filtering introduces a source term which could be 
approximated by the additional variables to be proportional 
to the temperature gradient with the turbulent viscosity 
given by the SGS model and turbulent Prandtl number. 
Total number of meshes in the LES is about one million 
(1/30 of the DNS case). Figure 2 shows snapshots of 
temperature contours in the case wheere the narrow gap is 

on the upper side. It is shown the plume hits the upper wall 
resulting in high value of variance near the outer wall and 
stronger temperature fluctuations are generated even near 
the bottom of the outer wall.  

We have performed LES of the flow in 
two-subchannels connected by a narrow gap for an infinite 
triangular lattice rod bundles, typical of fuel subassembly 
of sodium-cooled LMFBRs, with periodic boundary 
conditions in the cross section and in the streamwise 
direction. Figure 3 (a) streamlines and (b) contour plot for 
the cross flow velocity are a result of LES for a low 
Reynolds number turbulent flow (Re=5,500) in a tight 
lattice rod bundle with P/D=1.05. The rectangles in (b) 
represent the regions where coherent structures can be 
clearly identified. The values are normalized by the 0.1 
times the bulk velocity in the axial direction. The vector 
plot of the horizontal flow components shows a vortex 
positioned near the gap driving the cross flow between the 
two subchannels, thus mimicking the same phenomenon 
described previously for eccentric channels and other 
related geometries ([1]). The cross velocity has a sinusoidal 
behavior (Fig. 4) that is consistent with the principal mode 
of turbulence. This oscillatory behavior is called global 
flow pulsation and has been successfully reproduced by 
LES. 
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Figure 1.  Radial temperature distributions at different angle positions in the concentric annulus: comparisons of DNS and experiment  
 

 

 

Figure 2. Normalized temperature contours in an eccentric 
channel: T*=0.5 (left) and T*=0.75 (right) with T*= 
(T-Tout)/(Tout-Tin). 

 

           (a)              (b) 

Figure 3.  (a) Streamlines (b) Contour plot for the instantaneous 
cross flow velocity in an infinite triangular lattice rod bundle 
P/D=1.05, Re=5,500. 

 

 

 
Figure 4. Flow oscillation between subchannels and cross flow 
velocity components. 
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A.2                          CFD Analysis of Thermally Stratified Flow in  
Horizontal Pipe with Upward Bend 

 
Marco PELLEGRINI and Hisashi NINOKATA 

 
 

During protected loss of flow transients in loop-type 
fast breeder reactors, temperature distribution of the 
coolant and the particular geometrical arrangement in the 
upper plenum, may create an uneven temperature 
distribution at the hot leg inlet. This possibility, in case of 
very low flow rates, can cause thermal stratification in the 
horizontal portion of the pipes.  

Analysis of the thermal stratification is important for 
estimating stresses on the pipes and also for the 
introduction of additional pressure losses which can 
influence the course of the transient. 

Numerical analyses of such phenomena must be 
validated through experimental results, in order to show the 
benefits and the limitations introduced by the numerical 
study. In this contest the purpose of the present work is the 
validation of computational fluid dynamics tools for the 
evaluation of thermal stratification behavior in horizontal 
pipe through an experimental benchmark [1] [2] [3]. 

 
In Fig. 1 the facility, consisting of a “U bend”, is shown. 

Water enters the inlet section with velocity Vin = 0.0178 
m/s, and temperature T0 = 300 K. At time t0 the fluid at the 
inlet is heated during Δt = 53 s for a linear temperature 
increase of ΔT = 6.83°C. 

 
 

Velocity Inlet

Nearly horizontal section

Pressure outlet

d = 0.25 m

1.49 m

R = 
0.38 m

0.74 m

2.07 m

L

Represents the 
experimental 
measuring points.

  
Fig. 1. Experimental facility. 

 
 

After the fluid is heated the hot water reaches the first 
bend and, due to the buoyancy force, it stratifies on the 
upper region of the horizontal portion of the pipe. The 
hotter portion of the stratified fluid, moving with higher 
velocity, reaches the second bend where the simultaneous 
contribution of buoyancy and centrifugal forces creates a 
region characterized by large vortexes which introduce 
mixing and pressure drops. 

The behavior of the transient (stable stratification and 
mixing in the elbow) is governed by important non 

dimensional parameters, i.e., Froude number F, Reynolds 
number Re, Peclet number Pe, the non dimensional time 

0t%  and the grade of pipe bending R/d, which are shown in 
Table 1. 
 

Table 1 Non dimensional numbers characterizing the 
transient. 

F Re Pe R/d
0.22 5000 30,000 7.5 1.52

0t%

 
 
 

Spatial discretization of the domain to be simulated is 
done using symmetric condition on the flow direction; 
convective terms are discretized using second order upwind 
scheme. The temporal discretization is done employing a 
time-step δt = 0.25 s and using a fully implicit scheme. 
Pressure, momentum and energy equations are solved 
using the SIMPLE [4] algorithm. 

Three calculations cases, shown hereafter in the present 
study, refer to k-ε model for the turbulence modelization 
using two different approaches for the wall treatment, 
namely Two-Layer (TL) (Wolfshtein assumptions [5]) and 
low-Reynolds (LR) approaches. In particular: CASE-A 
employs k-ε anisotropic and LR model; CASE-B utilizes k-
ε anisotropic and TL model; CASE-C uses k-ε Realizable 
and TL model. To compute the calculation the commercial 
code Star CCM+ 5.02.009 was employed. 

  
Fig. 2 shows the temperature contours at t = 4 ⋅Δt on 

the symmetry plane which illustrates the persistence of the 
stratification in the nearly horizontal portion of the pipe 
and mixing appearing in the downward bend pipe region. 

 
 

 
 

Fig. 2. Instantaneous temperature contours on the symmetry  
plane at t= 212 s for the Realizable Two Layer model 
(CASE-C). 

g 
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The experiment provides temperature data for the 
measuring points (located 1 cm from the wall) whose 
position are qualitatively identified by the black dots in Fig. 
1. The benchmark between the three calculations and the 
experimental data was carried and shown in Fig. 3. 

In Fig. 3 the temperature differences for the three cases 
at t = 4 ⋅Δt are shown. All the cases are able to evaluate the 
persistence of the stratification in the horizontal region (S/d 
7-10). On the other hand poor predictions are obtained in 
the bend regions and in particular in the second bend (S/d 
12-14). In this region the experimental results are provided 
for a 45° inclination plane and on a horizontal plane at the 
exit of the bend (Fig. 1). The experiment shows that on the 
diagonal plane, the temperature starts to shift from the 
lowest and highest temperature during the transient (i.e. 
300K and 306.83K). This behavior is shown to be 
reasonably predicted by all the three simulations. 
 
 

Experimental Comparison
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Fig. 3. Experimental and computational comparison of the  
 temperature difference at t= 212 s.  
 
 

At the bend exit instead the experiment shows that 
intermediate and similar temperatures on the measuring 
points are obtained. For the inner region of the pipe this 
means that the hot flow does not proceed along the vertical 
wall, as shown in Fig. 2 for CASE-C. Results for CASE-A 
and B instead demonstrate an opposite behavior. Finally all 
the three cases have poor predictions of the temperature 
increase evaluated in the outer part of the pipe. This can be 
imputed to lack of accuracy in the prediction of fluid 
recirculation in this region which underestimates the 
effective mixing. 
 

In conclusion, a preliminary analysis of thermal 
stratification in bent pipes shows that the modeling efforts 
must concentrate on the evaluation of the region downward 
the stratification. The right validation of this region is 
indeed delicate and of primary importance for the pressure 
drop evaluation and modelization. 

As a final remark, it is important to notice that the 
experimental results are provided very close to the pipe 
walls and therefore, due to low flow conditions, inside or 
near the boundary layer. As a consequence the proper and 

accurate modelization of this region has a deep impact on 
the success of the benchmarking. 
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A.3            New Approach to Evaluate Lattice Expansion of Light Water  
Reactor Fuel Elements on Criticality Safety of Transport  

Packages under Impact Accidents  
 

Masanori ARITOMI and Mitsufumi ASAMI 
 

In order to safely transport packages containing light 
water reactor fuel assemblies, it is essential to maintain the 
fuel assemblies in a subcritical state in accidents during 
transport. To evaluate nuclear criticality safety, an 
estimator is required to determine an absolutely safe level 
based not only on hypothetical accidents but also on 
practical accident levels which, to some extent, are based 
on actual accidents[1]. The purpose of the present study is 
to suggest the arrangement of the deformation range of the 
fuel assembly after an actual accident, and to obtain the 
maximum value of the neutron effective multiplication 
factor based on the criticality safety assessment for the 
transport cask.  

In the present study, two kinds of criticality 
calculations for the package were considered: large scale 
pin pitch shift and small scale pin pitch shift(see Fig.1). 
For the large scale pin pitch shift, a parameter which 
determines the location of each fuel pin which constitutes 
the fuel assembly was introduced so that the criticality 
calculation for the fuel assembly with non-uniform lattice 
pitch can be performed parametrically. The result of the 
criticality calculation using the parameter of large scale 
pin pitch shift made it clear that the neutron reactivity is 
sensitive to the fuel pin pitch because each fuel pin pitch is 
related to a ratio of the fissile to the moderator, and that 
the relationship of the ratio to the neutron reactivity 
depends on the type of fuel assembly (i.e. PWR or BWR, 
see Fig.2). 

For the small scale pin pitch shift, the study focused on 
the small displacement of each fuel pin. The small 
displacement of each fuel pin pitch can be described 
probabilistically using the stochastic geometry routine[2] in 
MCNP code. Using the scheme in combination with the 
scheme for the large scale pin pitch shift, the maximum 
value of the neutron effective multiplication factor of the 
package after an accident can be obtained. However, the 
effects of the small scale pin pitch shift were small 
compared with the effects of the large scale pin pitch shift 
(see Fig.3).  

This scheme is useful to determine the maximum 
neutron effective multiplication factor for the criticality 
safety evaluation.  
 
Reference 
[1] M. Asami and M Aritomi, "Investigation of subcriticality in 
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Undamaged Fuel Pin Pitch State 
(Uniform Lattice Pitch) 

Pin Pitch State A 
(Non-Uniform Lattice Pitch) 

Pin Pitch State B 
(Non-Uniform Lattice Pitch)

Conventional Model 

Large-Scale Pin Pitch Model 

Small-Scale Pin Pitch Model 

Pin Pitch State A Pin Pitch State B  
Fig.1 Schematic views of large scale and small scale pin pitch 

models 

 
Fig.2 Effective multiplication factor keff for inverse of 

homogeneity degree 1/L 

 
Fig.3 Effective multiplication factor keff  for fuel distribution 

              parameter  of fuel pin’s small displacement 
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A.4                 Evaluation of Supercritical CO2 Centrifugal Compressor 
Experimental Data by CFD Analysis 

 
Masanori ARITOMI amd Kazuhisa TAKAGI 

 
A supercritical CO2 gas turbine of 20MPa is suitable to 

couple with the Na-cooled fast reactor since Na - CO2 
reaction is mild at the outlet temperature of 800K, the cycle 
thermal efficiency is relatively high and the size of CO2 gas 
turbine is very compact. Fig.1 shows Cycle design using 
supercritical CO2. In this gas turbine cycle, a compressor 
operates near the critical point. The property of CO2 and 
then the behavior of compressible flow near the critical 
point changes very sharply. So far, such a behavior is not 
examined sufficiently. Then, it is important to clarify 
compressible flow near the critical point. In this paper, the 
experimental data of the centrifugal supercritical CO2 
compressor have been evaluated by CFD analyses using a 
computer code "CFX". In the analyses, real gas properties 
of CO2 were achieved by simulating density. The test 
compressor consists of three kinds of impeller. Fig.2 show 
these impeller figures. First, impeller A has 16 blades and 
the overall diameter is 110mm. Second, impeller B has 16 
blades and the overall diameter is 76mm. Third, impeller C 
has 12 blades and the overall diameter is 56mm. Each 
impeller has each diffuser. Fig.3 shows experimental data 
with impeller A. This experiment had been gained over 
critical point. So, CFD analysis was conducted for each 
impeller and each diffuser. The results were compared and 
evaluated for the three different impeller and diffuser sets. 
Main output of calculation is a value of the total pressure at 
diffuser outlet, which agreed very well with that of the 
experiment. Total and static pressure distributions, relative 
velocity distributions and temperature distributions 
surrounding impeller and diffuser were obtained. Adiabatic 
efficiency was also evaluated. Fig.4 show slip factor 
(sigma) at range of supercritical. Slip factor is impotant  to 
measure relative velocity given by impeller. General slip 
factor of stanitz-sigma also is shown. Comparired with 
these factors, It was confirmed that stanitz-sigama is higher 
than sigma.  It needs exact evaluation in different operation 
range from now. 

 
Fig.1 Cycle design using supercritical CO2 

 
Fig.2 Each impeller 

 
Fig.3 Experimental data with impeller A 

Fig.4 Comparison of slip factor at range of supercritical 
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A.5           Experimental Study for Estimating Bubble Volume and Shape 
by using Image Analysis in Stagnant 

 
Masanori ARITOMI, Noriyuki WATANABE and Noriaki INABA 

 
Two-phase flow is encountered in many applications: 

nuclear reactors, thermal plants, chemical plants, and some 
heat exchangers. In these designs and operations, the 
understanding of thermal-hydraulic characteristics in two-
phase flow is important. Especially, because it is difficult 
to predict the void fraction in the subcooled boiling flow 
since boiling and condensation arise in the same time with 
nonthermal equilibrium. In the interfacial area transport 
equation of two fluid model, the parameter of interfacial 
behaviors is important because exchanging of mass and 
energy come through the interfacial. Gunther, Thorncroft, 
Bibeau, Prodanovic expressed the bubble behaviors by 
measuring bubble diameter, bubble waiting time and 
bubble growth rate by using high-speed cameras. The void 
fraction, interfacial area concentration and interfacial heat 
transfer, which are necessary to achieve the constitutive 
equations of two-fluid model, are calculated by bubble 
volume and interfacial area. Therefore, measuring of the 
bubble volume and interfacial with high accuracy is 
important. Interfacial heat transfer, which is necessary 
parameter to indicate energy balance in two-fluid model, 
shows that retaining energy of vapor molecule contributes 
to interfacial. Considering bubble condensation that vapor 
molecules in the bubble are cooled, interfacial heat 
transfer is calculated by vapor volume and interfacial area. 
Heat quantity is calculated by time-variable quantities of 
bubble volume (ΔV /ΔT ) and multiplied by vapor density 
and latent heat. Therefore, considering that bubble shape 
changes temporally, it is necessary to explain that the 
variation of bubble volume is occurred by vapor 
condensation or the variation of calculated bubble volume 
by bubble shape change. However, calculating bubble 
volume is mostly by using shape approximation by simply 
through despite the bubble shape intricately varies. To 
estimate the bubble shape, image analysis is used. Image 
analysis for the shape estimations is used to observe from 
bubble behaviors in the stagnant water to bubble 
nucleation in the boiling conditions. 

Despite there is a lot of studies focused on bubble 
shapes, the studies of accuracy bubble volume by shape 
approximation process is still a few. The purpose of this 
study is to calculate bubble volume by using shape 
approximation process and to compare with known real 
bubble volume. The results of this experiment show the 
average calculated bubble volume and its variance by 
image analysis. Finally, a new calculation method of 
bubble volume is suggested with considering the shape of 
the bubbly by image analysis. 

By using image analysis, It is pronounced that 
variations of bubble shape affect the calculated bubble 
volume. The calculated bubble volume depends on the 

traditional method of long axis rotation and short axis 
rotation with ellipse approximation. In case of using long 
axis rotation, calculated bubble volume tends to be 
underestimated with low variance. In case of using short 
axis rotation, calculated bubble volume tends to be 
overestimated with high variance. In addition, it is 
considered that bubble shape affects the calculated bubble 
volume. To solve this problem, the bubble depth, which is 
unknown in one-dimension, is approximated to the 
average between long axis length and short axis length. As 
the result, the average of calculated bubble volume nearly 
equal to real bubble volume. Using stereo visualization for 
accuracy improvement of the calculated bubble volume, 
the bubble volume is calculated by measuring bubble 
depth. As the result, the calculated bubble volume is 
slightly overestimated with low variance in large real 
volume conditions. As predicted that the bubble shape of 
overestimated volume is dimpled ellipsoidal-cap like 
skirted, which the center of bubble is depressed. 

In this study, original method for obtaining the 
calculated bubble volume is proposed by considering the 
influence of bubble shape. In case of using the correlation 
between short axis length and long axis length with 
approximating bubble shape to low aspect ratio, the 
average of calculated bubble volume nearly equals to the 
real bubble volume with low variance. This result shows 
that the method has same accuracy as the method of 
calculating bubble volume by stereo visualization. 
 

 
Fig.1 The method of calculate bubble volume by stereo images 
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A.6              Multi-wave Sensors for Two-Phase Flow Observations in 
Vertical Rectangular Channel 

 
Masanori ARITOMI, Hiroshige KIKURA, and M Kunta Biddinika 

 
 

Gas-liquid two-phase flow is an important phenomena 
appearing in in many industrial applications such as 
chemical plants and power generation plant. The 
phenomena exists also in natural life living since it is the 
most common flows of fluids in nature. A number of 
experimental studies have been carried out to understand 
the fundamental mechanism of two-phase flow.  

This presented work is rather a fundamental study than 
an engineering work with directly applied background. 
Nevertheless, a strong engineering demands fundamental 
studies in order to improve available basic knowledge and 
its application for technological design.  

Two-phase bubbly flow condition in rectangular 
channel has been studied by Richter (2001) using wire-
mesh tomography. Various test results have been presented 
in 3-dimension on the sensitivity of flow parameter and gas 
injection configuration. In this experimental study, some 
similar flow condition has been studied by using ultrasonic 
velocity profile technique which measures velocity 
distributions along a measuring line.  

The velocity profile is measured by ultrasonic multi-
wave sensors which have separately 8 MHz and 2 MHz 
basic frequency. The technique also requires tracer 
particles as ultrasonic wave reflectors. The measurements 
were carried out to the upward flow in a vertical 
rectangular channel made from Plexiglas. The channel 
dimension is 100 mm x 20 mm x 1700 mm and the flow is 
at ambient pressure and temperature.  

The two-phase flow observation was carried out by 
measuring velocity profiles of four (4) two-phase flow 
conditions. Those were obtained by varying liquid velocity 
and maintaining constant gas velocity. 

The velocity profiles are obtained by averaging 50.000 
instantaneous velocity profiles. The vertical axis is the 
velocity and the horizontal axiz is the distance from the 
wall. However, since it is difficult to measure the velocity 
in the long distance from the surface of the transducer, only 
the distance up to the center of the channel is observed. In 
order to show the variation of water velocity, the red 
profiles of single-phase liquid flow are presented in 
addition to the blue ones of two-phase bubbly flow. 

In the low liquid velocity, two-phase flow construct 
core-peak flow since the bubbles tend to move upward in 
the center of the channel rather than in the vicinity of the 
wall. This can be observed from the flow of 100 mm/s 
liquid flow and 2.5 mm/s of gas flow. Meanwhile, in the 
high liquid velocity, the flow tends to construct wall-peak 
flow since the bubbles tend to move upward in the vicinity 
of the wall rather than in the center of the channel. This 
phenomena can be observed from the flow of 150 mm/s 

and 200 mm/s  liquid flow by constant 2.5 mm/s of gas 
flow.  

The similar condition was also observed by using wire-
mesh tomography (WMT) (Richter, 2001). The WMT has 
a capability of cross-sectional measurement over the 
channel. 

In order to obtain more observation of the flow 
condition, it is required to measure the velocity profiles not 
only along wide-side of the channel, as it is presented here, 
but also the narrow-side of the channel. So that the flow 
condition in the vicinity of the narrow-side wall can be 
observed.   
 
 

 
 

Figure 1. Velocity profiles of four flow conditions 
 
 

As the results, by controlling the liquid velocity while 
the gas velocity is constant, the flow condition can be 
controlled from core-peak condition to wall-peak condition. 
This observation can be done by using one multi-wave 
transducer and this result has a good agreement with the 
previous study using wire-mesh tomography.  
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A.7     Experimental Study on Self-triggering of Vapor Explosion with  
Droplet of Lead-Bismuth Eutectic in Water 

 
Minoru TAKAHASHI and Rongyuan SA 

  

1. Introduction 
Lead alloy-cooled fast reactor (LFR) offers enhanced 

inherent safety and reliability due to a number of 
advantageous physical characteristics: good neutronic 
performance of the high atomic number, chemical inertness 
with air and water, high boiling temperature, and low vapor 
pressure at operating temperatures. It is another economical 
advantage that steam generators (SG) can be inserted in 
primary coolant flow in a reactor vessel. However, if SG 
tubes break, a rapid discharge of water and steam/water 
mixture into the low-pressure primary coolant circuit 
(high-temperature lead alloy) forms a dispersed flow, 
which is called the coolant-coolant thermo-hydrodynamic 
interactions (CCI). The CCI has the potential of vapor 
explosion. 

In order to solve the thermal-hydraulic safety issue for 
development of the LFR, it is necessary to use small-scale 
experiments to investigate the basic influencing factors on 
violent boiling and/or vapor explosion in LBE 
droplets-water experiment and to obtain basic experimental 
data, for example, vapor explosion criteria, peak pressure, 
debris shape and expanded vapor size. 
 
2. Experimental Apparatus and Procedure 

An experiment was conducted to investigate 
characteristics of thermal-hydraulic interaction between 
lead-bismuth eutectic (LBE) and water when a LBE droplet 
dropped into a water pool (Fig. 1). A pure LBE in a ceramic 
crucible was heated by a high frequency induction heater. 
The temperature of the droplet was measured by a 
ceramic-covered K type thermocouple. When the droplet 
dropped into the water from the crucible, the behavior of 
the droplets and vapor were recorded by a high-speed 
camera. Local transient pressure signal was measured by a 
pressure transducer during the fragmentation. The shapes 
and sizes of the fragments were determined after collecting 
the fragments.  
 
3. Results 

The violent boiling occurred when the droplet 
temperature was higher than 350°C (Fig. 2). The violent 
boiling occurred when the interface temperature was higher 
than homogeneous nucleation temperature and water 
temperature was at the room temperature. However, the 
process was mild, and the peak pressure was limited in low 
value of 1.5-2.0KPa. With the increase of droplet 
temperature, the debris of the molten droplet changes from 
the integral frozen block to discrete flakes, needle type of 
solid particle and powder. In high temperature range of 
Tdrop>350°C, the expansion velocities are faster and the 
final expanded vapor sizes are larger. 
  

 

 
Fig. 1 Experimental apparatus 

  
 

   
0 ms       0.83 ms      10.0 ms 

   
       20.0 ms     21.8 ms      23.5 ms 

Fig. 2  Behavior of violent boiling for droplet at 400°C and water at 
20.5°C 

 
4. Conclusions 

Vapor explosion did not occur and violent boiling 
occurred in the present LBE droplets-water experiment. 
Fragmentation occurred for droplets at high temperature. 
 
Reference 
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Explosion with Droplet of Lead-Bismuth Eutectic in Water,” The 13th Int. 
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Japan, Sep. 27-Oct. 2, 2009, N13P1220. 
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A.8       Effect of Argon Gas Injection on Acoustics Noise and Onset of  
Sodium Cavitation in Venturi 

 
Minoru TAKAHASHI and Teddy ARDIANSYAH 

 
  

1. Introduction 
Cavitation must be avoided in primary coolant circuits 

of sodium-cooled fast reactors, or the influence must be 
minimized in hydrodynamic design of the sodium-cooled 
fast reactors. Non-condensable gas content in the fluid has 
an influence on cavitation inception.  This gas could act as 
nucleation sites for the growth of cavitation bubbles and 
change the onset cavitation condition in case of water 
cavitation. However, the influence of the non-condensable 
gas on liquid sodium cavitation has not been investigated in 
detail. The present experiment is conducted to investigate 
the effects of argon gas injection on the noise 
characteristics and onset conditions of sodium cavitation. 
 
2. Experimental Apparatus and Procedure 

Liquid sodium cavitation experiment was conducted 
using a sodium loop facility. This sodium loop facility can 
be operated at the temperature up to 500°C and at the 
maximum flow rate of 20 L/min. Argon gas was used as 
cover gas in an expansion tank. The test section is made of 
SS-316 equipped with gas injector to inject argon gas into 
the flowing liquid sodium. The venturi with the inner 
diameter of 6.5 mm was used to create cavitation bubbles 
(Fig. 1). The acoustics noise signals generated from 
cavitation bubbles were measured by using an 
accelerometer. The downstream pressure of the test section 
was measured by using a pressure transducer.  
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Fig. 1  Venturi for test section 

 
 The cavitation coefficient K is defined by 

( ) ( )[ ]2/2
0

2
10 VVPPK V −−= ρ       (1) 

where ρ  is the liquid sodium density, V1 the velocity at 
venturi region, V0 the velocity at downstream region, P0  
the static pressure in the downstream, and PV the sodium 
saturation pressure.  

The experiment was conducted at liquid sodium 
stagnant pressure of 0.06-0.18 MPa, liquid sodium 
temperature of 300°-400°C and argon gas injection flow 
rate of 0-5 cc/min.  

  
3. Results 

Fig. 2 shows the noise intensity against the cavitation 
coefficient. The cavitation inception condition is around 
K ≈1 without appreciable influence of argon gas injection. 
Also, the noise intensity cavitation was not influenced by 
gas injection at 300° and 400°C. However, the noise 
intensity peak decreased at 400°C, because of the damp of  
noise by the gas bubbles. During cavitation conditions, 
choking-like phenomena were observed in which the 
superficial velocities of liquid sodium remained relatively 
constant. 
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Fig. 2  Noise intensity as a function of cavitation coefficient at 300°C 
(Vacant symbol: no cavitation, Colored symbol: occurrence of cavitation) 

 
4. Conclusions 

Injecting argon gas into the flowing liquid sodium did 
not alter its noise intensity significantly in developed 
cavitation conditions both at 300° and 400°C. There was a 
reduction in the noise intensity peak at 400°C which might 
be caused by the damp of noise by gas bubbles. 
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A.9            Active Carbon Recycling Energy System Using Nuclear Power 
 

Yukitaka KATO 
 

  

INTRODUCTION 

Energy supply security is important matter for industrial 
and economical developments of a society.  Steep change 
and instability of the market prices of primary energy sources 
is causing economic confusion in any ages.  This paper 
discuss for establishment of energy supply security from the 
stand point of carbon recycle use.  Carbon is the most 
important energy media for manufacturing industry and 
social life of human being.  Carbon supply security is an 
essential condition for a sustainable society.  In Japan, the 
supply of fossil fuels of primary energy almost depends on 
import.  Enthalpy of import fuel is 82% (18.9×1018 J) of all 
of using primary energy in Japan (METI, 2007).  17% of 
fossil fuel is converted in plastics products, and the rest of 
fossil fuels is consumed for just heat sources.  The Kyoto 
protocol came into effect in 2005.  Japan has undertaken 
obligation to follow the protocol, and is required drastic 
reduction of carbon dioxide (CO2) emission.  However, CO2 
reduction connects with restriction of usage of carbon 
resources and causes depression of activity of manufacturing 
and service industries.  Co-establishment of carbon supply 
security and reduction of CO2 emission is an important 
subject for a development of a modern society. 

A new energy system in which carbon is reused 
cyclically was discussed.  A carbon recycle system has 
already existed in nature as a natural carbon neutral system.  
In this paper, a concept of an Active Carbon Recycling 
Energy System, ACRES, was proposed against the natural 
system.  CO2 is regenerated artificially in hydrocarbons 
consuming a nuclear power with no-CO2 emission, and re-
used cyclically in ACRES.  ACRES recycles carbon, and 
transform energy without CO2 emission.  Because ACRES 
was expected to solve above carbon problems, the feasibility 
of ACRES was discussed thermodynamically.  

 
PROPOSAL OF ACRES 

 
Conventional water energy systems and ACRES 

ACRES is compared with conventional recycle energy 
systems in this section.  Conventional recycle energy 
systems based on water is depicted in Fig. 1.  Fig. 1(a) 
shows conventional steam engine in which water/vapor 
phase change is use for energy conversion.  Primary energy 
is used for evaporation of water, and a phase change from 
steam to water provides energy output.  Fig. 1(b) indicates 
hydrogen system in which water is decomposed into 
hydrogen (H2) and oxygen by energy input, and oxidation 
of H2 provides energy output.  H2 energy system is superior 
to vapor system at long-term energy storage with small loss 
and higher energy density.  However, H2 needs quite large 
work for compression up to 700 bars in storage, high-cost 

security to explosion prevention and system complexity for 
energy conversion for energy output like fuel cells.  Those 
requirements are still subject for market development of H2 
energy system.        

A concept of the proposed ACRES is shown in Fig. 2. 
Carbon dioxide (CO2) with/without water is the ground 
state of carbon. CO2 is converted into hydrocarbons and 
alcohols by energy input using some catalytic technologies 
(Kusama, 1996).  Produced hydrocarbon is useful for co-
production process.  The hydrocarbon provides thermal 
and electricity energies during oxidation into CO2.  The 
hydrocarbons are capable to be used as raw material for 
industrial materials.  The hydrocarbon is ease to be stored 
and transferred under lower compression pressure with 
small explosion risk in comparison with H2.  The 
hydrocarbons have quite high affinity with common 
manufacturing industries. If the carbon recycle system can 
be established thermally and kinetically, it is expected that 
the system is diffused easily into conventional industries.  
Natural carbon recycle energy system has already been 
existed by plant lives in nature, and an ideal recycle system.  
However, potential amount of bio-mass is not enough for a 
modern society.  Especially it is less than 10 % of all 
demand of energy in Japan.  The natural recycle system is 
not enough for energy demand in Japan (Kameyama and 
Kato, 2005).  Then, an artificial active carbon recycle 
system was proposed as ACRES in this study.  Feasibility 
of ACRES was discussed from enthalpy balances in this 
paper. 
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Fig. 1 Conventional recycle energy systems using water 
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Fig. 2 Concept of ACRES 
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Fig. 3  The three elemental processes in ACRES. 

 
Structure of ACRES 

The structure of ACRES shown in Fig. 3 consists of 
three elemental processes of hydrocarbon usage, CO2 
recovery and separation, and hydrocarbon regeneration.  In 
the usage process, the hydrocarbon can be used for both 
heat source and material.  CO2 generated from hydrocarbon 
consumption is recovered by physical and chemical 
sorptions.  Sorbed CO2 in a sorption material is separated 
thermally from material by a heat input.  This process 
produces high-concentrated CO2.  Recovered CO2 is 
regenerated into hydrocarbon in the regeneration process.  
The regeneration process is endothermic and need energy 
input.  In ACRES, total energy input at recovery and 
separation (ES), and regeneration (ER) should be larger than 
the energy output at the usage process (EU). 

 
ES+ER > EU (1) 
 

ACRES is energy consumption process, then, a 
discussion of the energy balance of the system is required 
for the feasibility evaluation of the system. 

 
ENTHALPY EVALUATION OF ACRES 

 
Practical hydrocarbons are examined those availability 

in ACRES by an enthalpy balance evaluation. 
   

Availability of ACRES with methane 
Methane as a basic hydrocarbon was discussed firstly.  

Structure of an ACRES in which methane was recycled 
was shown in Fig. 4.  In usage process of methane, 
methane combustion (Eq. 2) produces heat, methane steam 
reforming (Eq. 3) produces hydrogen, and polymerization 
of methane (Eq. 4) produces polymeric materials. 

 
CH4+2O2 → CO2+4H2O (2) 
 
CH4+H2O → 4H2+CO2 (3) 
 
xCH4 → (-CH2-)x + x/2H2 (4) 
 

CO2 is recoverable by physical adsorptions of active 
carbons or zeolites, or a chemical sorption by carbonation 
of calcium oxide (CaO) at the CO2 recovery and separation 

process.  CaO is absorbable chemically CO2 at 
temperatures of 500 - 800°C (Eq. 5).  CaO can remove CO2 
from hydrocarbon reaction system at the reaction 
temperature for CO2 production with small sensible heat 
loss, and also enhance reaction rate and yield of the CO2 
production reaction (Kato, 2003). 

 
CaO + CO2 → CaCO3 (5) 
 

In a process of methane regeneration form CO2, a two-
step reaction of hydrogen production by water electrolysis 
and methanation of CO2 with the hydrogen (Eqs. (6) and 
(7)) is available. 

 
4H2O → 4H2+2O2 (6) 
 
CO2+4H2 → CH4+2H2O (7) 
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Fig. 4 Structure of ACRES with methane 
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Fig. 5 Enthalpy balance of ACRES with methane 

 
Enthalpy balance of ACRES for methane is shown in 

Fig. 5.  Required enthalpies per one molecule of methane 
for the processes of usage and regeneration are depicted in 
high-heat value (HHV).  The recovery and separation 
process needs relatively smaller enthalpy than one of other 
processes, and is capable to be driven by waste heat at 
relatively lower-temperature (less than 100°C).  Because 
enthalpy evaluation for the recovery and separation process 
had uncertainties, the process was not accounted in this 
system evaluation.  Regeneration process was assumed that 
hydrogen was used for hydrocarbon regeneration by the 
two-step reaction in Eqs. (6) and (7).  Production of H2 of 
4 mol needs an enthalpy of 967 kJ/mol-CH4.  Methanation 
of CO2 with H2 is an exothermic reaction of 165 kJ/mol-
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CH4.  Regenerated methane has a reaction enthalpy of 802 
kJ/mol-CH4.  A circulation rate (η) which is a formation 
enthalpy ratio between regenerated hydrocarbon and 
required hydrogen is defined as following. 

 

onregeneratin hydrocarbofor amount 
 required ofhydrogen  ofenthalpy Formation  

nhydrocrabo dregenerate 
ofenthalpy Formation 

=η   (8) 

η of methane ACRES was 83%.  It means that enthalpy 
loss generates in methanation process.  However, when the 
same amount of enthalpy is stored in methane or H2, 
methane storage pressure is reduced to one third for H2 
storage.  Compression work can be reduced also to 1/3 for 
methane storage in comparison with H2 storage.  For 
comparison of energy efficiency between ACRES and H2 
system, a comprehensive discussion is needed.  A chemical 
reaction equilibrium for CO2/methane system is shown in 
Fig. 6.  It was assumed in the evaluation that the reaction 
proceeded at an equivalent ratio under a pressure of 100 
kPa.  CO2/methane system is reversible around 500°C.  
Exothermic heat of methanation is recoverable by another 
endothermic reactions like a steam reforming.  Enthalpy 
loss of methanation can be minimized by coupling with 
other endothermic reaction processes.     
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Fig. 6  Chemical reaction equilibrium for  
CO2/methane system 

 
ηs of some hydrocarbons were calculated.   
 
CO (104%) > methanol (93%) > ethanol (88%) > 

methane (83%) (9) 
 

A higher η means that enthalpy loss for regeneration of 
the hydrocarbon becomes smaller.  Methanol and ethanol 
are generally in liquid phase, ease for transportation and 
storage, and applicable to vehicle.  Carbon monoxide (CO) 
has the highest η in the hydrocarbons.    
 
 

VALUE OF ACRES 
 

Value of ACRES is that the system uses carbon 
cyclically, and does not emit CO2 into atmosphere.  Non-
carbon primary energy sources are essential for ACRES.  
ACRES with CO was the most effective recycle system in 
this study.  CO regeneration needs heat at a temperature 
above 700°C.  High-temperature gas reactor (HTGR) was 
the most suitable energy source for ACRES because of 
high-temperature output up to 950°C with non-carbon 
emission and enough amount of fuel for a country demand 
(Fujikawa, 2004).  Thermo-chemical reduction of CO2 is 
ideal process for reduction method like water reduction.  
Electrolysis of CO2 with an electric output from a power 
plant of a HTGR is also one of candidate.  High-
temperature electrolysis of CO2 using both heat and 
electricity outputs from HTGR is expected to have higher 
efficiency than atmospheric electrolysis like water high-
temperature electrolysis.  

 
CONCLUSIONS 

 
For an establishment of a practical ACRES, selections 

of recycling hydrocarbon media and primary energy source 
for the system drive were important.  Methane was the 
most ease material for regeneration and cyclic use.  
Methanol or ethanol with ACRES was suitable for vehicle 
use.   CO was the most suitable for a recycle media in 
ACRES, because CO had higher energy density and 
affinity than H2 to chemical processes in conventional 
manufacturing industries.    HTGR was a candidate of 
primary energy source of ACRES.  ACRES with CO driven 
by heat output from HTGR was the most applicable 
combination.  ACRES was expected to have higher 
efficiency than H2 energy system and be a candidate of 
energy systems for establishment of carbon supply security 
in a modern society.    
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A.10        Dehydration and Hydration Behavior of Mg-Al Mixed Hydroxide 
for Chemical Heat Storage 

 
Junichi RYU and Yukitaka KATO 

 
Introduction 

The heat storage technologies of waste heat from 
industrial processes and co-generation systems will 
contribute to “Energy Saving”.  Especially, chemical heat 
storage technology is very interesting in view of their heat 
storage capacity.  In recent years, the technologies of 
chemical heat pump and chemical heat storage are widely 
studied for the reduction of energy consumption and CO2 
emission.  Chemical heat pump system with the reaction 
between magnesium oxide (MgO) and water vapor has 
been reported by our group. [1] 

MgO + H2O ⇄ Mg(OH)2   ΔH = −81.2 kJ mol−1 

In this system, dehydration of magnesium hydroxide as 
heat storage operation will proceed at 250oC 
thermodynamically; however, thermal energy above 350oC 
is required practically.  Recently, new type material for 
chemical heat storage – metal salt added magnesium 
hydroxide, and magnesium containing mixed hydroxide – 
were proposed by our group.  These materials can store 
thermal energy around 280 oC.  In this work, dehydration 
and hydration behavior of Mg-Al mixed hydroxides were 
studied and it were evaluated as chemical heat storage 
material. [2,3] 
 
Experimental 

Mg-Al mixed hydroxides were prepared by co-
precipitation method.  The reaction between sample and 
water vapour was tested by thermogravimetric method.  
The molar fraction of hydroxide in the sample and reaction 
conversion were calculated from the weight change of 
sample. 
 
Results 

The thermal decomposition curves of Mg-Al mixed 
hydroxides are shown in Figure 1.  Decomposition, that is, 
dehydration of Mg(OH)2 started from about 150°C, while 
those of the Mg-Al mixed hydroxides shifted to a lower 
temperature as the Al content increased. 

Figure 2 shows the hydration behaviour of 
Mg0.75Al0.25(OH)2.25 under the reaction temperature of 
110°C and vapor pressure of 57.8 kPa, after dehydration at 
250°C for 30 min.  The values of hydration conversion was 
39.8%. 

The heat-storage capacities of Mg0.75Al0.25(OH)2.25 was 
estimated as 594 kJ kg−1 and this value is 6 times higher 
than authentic Mg(OH)2 under same reaction condition. 

The reaction mechanism and the stability of these 
materials for cyclic operations of hydration/dehydration 
under practical conditions should be studied further. 
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Figure 2  Dehydration and hydration behavior of 
Mg0.75Al0.25(OH)2.25.
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A.11  Calculation of Heavy-Ion Stopping Power in Warm Dense Uranium Targets  
 Using Temperature-Dependent Dielectric Response Functions 

 
Yoshiyuki OGURI and Jun HASEGAWA 

 
 
1. Introduction 
 

For detailed design of ion-driven warm dense matter 
(WDM) experiments[1], the stopping power of heavy 
projectiles in targets with a given temperature and a given 
density must be numerically examined with an acceptable 
accuracy under a reasonable modeling of the beam-target 
interactions. 

We have shown that the dependence of projectile 
stopping on the target temperature and density is not 
negligible in hydrodynamic behavior of low-Z (aluminum) 
targets[2]. In this analysis we applied a robust but simple 
binary encounter model[3] for the energy deposition from 
the projectile to the electrons in the target. To evaluate the 
electron phase-space distribution in each target atoms in 
any temperature and density, we used a finite-temperature 
Thomas-Fermi (TF) model[4]. However, binary encounter 
models can take into account only the close collisions, and 
excitations of collective electron motions are ignored. 
Additionally, the accuracy of TF calculations is sometimes 
not enough for light atoms. 

In this paper, to overcome the problems above, we 
introduce a numerical method based on dielectric response 
functions for calculation of the heavy-ion stopping in 
warm dense targets, instead of the simple binary encounter 
model. Also we examine targets of a high-Z element, for 
which the TF model is more realistic. As a high-Z element, 
we apply uranium (U, Z = 92), since the equation of state 
of such a heavy element at high pressures could be 
important, e.g., for transient hydrodynamic behaviors in 
severe nuclear accidents. Effects on the homogeneity of 
energy deposition profile in sub-range targets during 
irradiation by pulsed heavy-ion beams are discussed. 
 
2. Numerical method 
 

In this work, each atom in the target with arbitrary 
temperature and density was described as an 
inhomogeneous electron gas. The radial electron density 
ne(r) and mean velocity distribution ve(r) in a target atom 
were calculated with a finite-temperature TF model[4]. 

The projectile stopping power was calculated based on 
the Brandt-Kitagawa (BK) theory[5] as in the following. 
To obtain the total electronic stopping cross section Se, we 
integrated differential cross sections corresponding to the 
energy deposition to each electron shell in the target atom. 
In a similar manner to the method by Ziegler[6], we have 
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where zp and vp denote the atomic number and the velocity 

of the projectile, respectively. ε0 and m are, respectively, 
the dielectric constant of vacuum and the electron mass. 
The parameter RWS denotes the Wigner-Seitz radius 
determined by the target atomic density Natom. The 
function L(r) is the r-dependent stopping number 
corresponding to the energy transfer to the electron shell at 
a radius r. Using the BK effective charge theory[5], we 
have 
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where ρ∗(k) is the Fourier transform of the total charge 
density distribution around the nucleus approximated by 
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with a screening length Λ. The local electron density in the 
target is described in terms of the local plasma frequency 
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In Eq. (2), ε (k, ω) is the longitudinal dielectric constant 
which depends on the wave-number k and the angular 
frequency ω: 
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where εRe and εIm denote, respectively, the real and the 
imaginary part of the dielectric constant. 

For applications to hydrodynamic calculations, we 
have to calculate the response of various electron gases 
ranging from quantum degenerate plasmas to classical hot 
plasmas. For this purpose we applied an expression for the 
dielectric function of plasmas of all degeneracies 
incorporating both thermal and quantum effects. The real 
part is given by[7] 
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and Bohr radius a0. In the formulae above, we have 
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introduced usual reduced variables 
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with the Fermi wave number kF. For the imaginary part, 
we have[7] 
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where parameters η and D denote, respectively, the 
chemical potential μ and the Fermi energy EF normalized 
to the temperature kBT: 
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The projectile charge state q can be evaluated using a 
scaling formula[6] 
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In the above formula, v0 = 2.19×108 cm/s is the Bohr 
velocity. In order to include the enhancement of projectile 
ionization in a high temperature environment[8], we used 
the relative velocity vrel between the projectile and the 
target valence electrons instead of the projectile velocity, 
according to the BK theory. If isotropic motion of the 
valence electrons is assumed, we have 
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where vve is the averaged valence electron velocity. In 
order to obtain vve, the electrons in the target atom were 
partitioned into the core and the valence component using 
the method by Cappelluti[9]. The core-valence boundary r 
= rc can be determined by an r-dependent energy variable 
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which has the outermost minimum at r = rc. In the formula 
above, w(r) is the total energy density given by 
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Using the boundary r = rc, the averaged velocity of 
valence electrons was evaluated by 
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Using the projectile charge state q given by Eq. (12), the 
screening radius Λ is calculated as 
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where N is the number of electrons bound in the projectile 
ion and is given by N ≡ zp − q. Thus the form factor ρ*(k) 
in Eq. (3) was calculated by 
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Finally, the total stopping cross section S was obtained 
by summing up Se and the nuclear stopping cross 
section[10]. 

 
3. Results and discussion 
 

Based on the method above, we calculated stopping 
cross sections of U targets with different conditions as a 
function of the projectile energy from 10 keV/u to 10 
MeV/u. Sodium (Na, zp = 11) was applied as the projectile 
species. 

Figure 1(a) shows the temperature dependence of the 
stopping cross section plotted as a function of the 
projectile energy. The target density ρ is fixed at the sold 
density ρsolid. Note that this curve is equivalent to a “Bragg 
peak”, if the abscissa is converted to the penetration depth 
into the target. We see that the change of the stopping 
power due to the temperature rise is so small that no 
serious degradation is expected for the heating 
homogeneity. For comparison, evaluated values on a 
well-established database[11] are plotted in this figure. 
These are well-reproduced by the calculation especially 
for the cold target, except for low projectile energies. 

Figure 1(b) illustrates the result of calculation, where 
the target density has been reduced to 20% of the solid 
density. One sees that compared with Fig. 1(a), the peak 
height more remarkably increases when the target is 
heated to kT = 100 eV. Nevertheless, at projectile energies 
far away from the peak, the temperature effect is relatively 
small. 
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For experiments with the ρ = 0.2ρsolid foam target, by 
using the solid curve in Fig. 1(b), we can determine a 
possible combination of the target thickness and the 
projectile energy to achieve an energy deposition profile 
with a given homogeneity. If the limit of the acceptable 
inhomogeneity is ±5% for the room-temperature target, we 
see from the figure that the incident energy Ein and the exit 
energy Eout should be 2.04 MeV/u and 302 keV/u, 
respectively. This corresponds to an energy loss of 85% of 
the incident projectile energy. By integrating 1/(NatomS) = 
(−dE/dx)−1 from Ein to Eout, the target thickness is 
calculated to be 281 μm for the ρ = 0.2ρsolid target. 

On the other hand, if a target with the same thickness 
is heated up to kT = 100 eV, the projectile energy behind 
this target decreases down to 

keV/u.66
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In this case, from Fig. 1(b), we see that the inhomogeneity 
of the energy deposition increases up to ±38%. This is due 
to the increases of the stopping power with the 
temperature at any depth in the target. 
 
4. Conclusions 
 

The dielectric response functions of plasmas with all 
degeneracies were successfully applied to the calculation 
of heavy-ion stopping in the beam-heated U target. We 
found that the stopping power increases with the 
temperature, especially at low target densities. This result 
is similar to that previously obtained based on the binary 
encounter model for low-Z target, although the observed 
temperature effect was relatively small. 

In order to minimize the inhomogeneity of the energy 
deposition profile in ion-driven WDM experiments, 
careful attention should be paid for the combination of the 
projectile energy and the target thickness, not only for 
low-Z but also for high-Z targets. 
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Fig. 1: Temperature-dependence of the stopping cross section of 92U targets with (a) ρ = 1.0ρsolid and (b) ρ = 
0.2ρsolid (foam) for 11Na projectiles as a function of the projectile energy. The SRIM[11] data are plotted for 
comparison in the figure (a). 
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A.12          Performance Evaluation of a µ-PIXE System with  
Glass Capillary Beam Focusing 

 
Jun HASEGAWA and Yoshiyuki OGURI 

 

A compact µ-PIXE system using a tapered glass 
capillary for beam focusing has been developed. The 
purpose of this study is to evaluate the performance of this 
novel µ-PIXE system and reveal limiting factors with the 
help of numerical simulations. Figure 1 shows an 
experimental setup for µ-PIXE analysis. A capillary optics 
and its control devices are installed in a large vacuum 
chamber, which is evacuated by a turbo molecular pump to 
less than 10-3 Pa. At the center of the chamber, a 
borosilicate glass capillary is mounted on a stainless-steel 
support rod. The fabrication of the capillary is described 
elsewhere[1]. The typical inlet and outlet diameter of the 
capillary are 0.8 mm and 10-20 µm, respectively. A 2-MeV 
proton beam from a Tandem accelerator is injected into the 
capillary inlet and a micro beam is extracted from the 
capillary outlet. Two remote-controlled actuators adjust the 
tilt angle of the support rod in horizontal and vertical 
planes to align the capillary on the beam axis. To confirm 
the alignment of the capillary optics, beam spot patterns 
are photographed by imaging plates every time the 
capillary is replaced. A target for µ-PIXE analysis is 
located about 1 mm downstream from the capillary outlet. 
Two motorized stages move the target folder in horizontal 
and vertical directions with a minimum step of 1 µm to 
scan the target two-dimensionally. A Si-PIN detector and a 
silicon charged-particle detector are installed at ±135º to 
measure X-rays and backscattered protons, respectively. A 
Mylar film of 100 µm thick is located in front of the X-ray 
detector to stop backscattered protons. During the 
measurement the capillary glass wall emits fluorescence 
due to proton bombardment, causing the background noise 
on the silicon charged-particle detector. To attenuate the 
fluorescence, a carbon foil of 100 µg/cm2 is also put in 
front of the detector. The signals from these two detectors 
are processed by amplifiers and recorded by PC-controlled 
multichannel analyzers. 

To check the performance of the µ-PIXE system, a 
copper thin plate was mounted on an aluminum target 
holder and scanned with a 2-MeV proton micro beam 
extracted from a ø10-µm capillary. The variation of X-ray 
yield y is expressed as a function of the beam center 
position x as follows: 

 
 y(x) = r2{cos-1(x/r) – 0.5sin[2cos-1(x/r)]}. (1) 
 
Here, r is the beam radius. By fitting the measured 

Cu-K X-ray intensity profile with this formula, we 
evaluated the effective beam spot size on the target. For 
the demonstration of two-dimensional element mapping, 
cupper fine mesh (ø8-µm wire, 1000 mesh/inch) was used 
in the present study. A 2-MeV proton micro beam from the 
ø10-µm capillary scanned the mesh fixed on a sheet of 

graphite. The two-dimensional distribution of copper was 
reconstructed from Cu-K X-ray intensities normalized by 
backscattered proton counts. 

A silicon charged-particle detector mounted on the 
target holder measured the energy spectra of protons 
focused by the capillary. A 50-µm thick tantalum plate 
with a pinhole of 100 µm diameter and a 0.8-µm thick 
aluminum foil were located immediately in front of the 
detector to increase the spatial resolution and to prevent 
localized proton dose on the detector, respectively. To 
examine the energy spectra of protons scattered in the 
capillary separately, the detector assembly was set 15 cm 
downstream from the capillary outlet, resulting in an 
angular resolution of 0.67 mrad. 

We investigated the trajectories of protons in the 
tapered glass capillaries by a Monte-Carlo code, which 
was originally developed for this purpose. The code takes 
into account only elastic collisions between protons and 
nuclei in the capillary wall, so the classical Rutherford 
formula is used to calculate the scattering cross sections. 
On the other hand, the energy loss of protons is evaluated 
from the electronic stopping power given in SRIM2008. 
We performed Monte-Carlo calculations by using the 
shape data of the capillary wall actually used in 
experiments. The number of incident particles was 
typically 106. 

Figure 2 shows a beam spot pattern recorded on an 
imaging plate when we used a capillary with an outlet 
diameter of 20 µm. Since this image was taken far from 
the capillary outlet (65 cm downstream), the pattern 
expresses the divergence angle distribution of protons 
extracted from the capillary outlet. The figure shows that 
the micro beam obviously consists of two different 
components. The central intense spot (called “core” in this 
paper) is attributed to protons passing through the capillary 

 
Fig. 1. An experimental setup for µ-PIXE analysis using a 
tapered glass capillary. 
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without collision; the surrounding doughnut-shape pattern 
(called “halo”) is due to protons scattered by the capillary 
inner wall. Note that the signal at the core was saturated 
because the beam intensity of the core was much higher 
than that of the halo. The divergence angle of the core was 
around 1 mrad in this case, but it can change depending on 
the incident beam optics. On the other hand, the averaged 
divergence angle of the halo component was 7-8 mrad. The 
inner edge, i.e. the minimum divergence angle, of the halo 
is determined by the taper angle of the capillary inner wall 
near the outlet. Since the halo contributes X-ray production 
in the target as well as the core, it affects the spatial 
resolution of µ-PIXE measurement, which will be 
discussed based on results from Monte-Carlo simulations 
later. 

A typical X-ray spectrum obtained in the copper plate 
measurement is shown in Fig. 3a. Except for large Cu-K 
lines, one can see relatively large Fe-K lines, which 
probably come from the chamber wall (stainless steel) 
bombarded by backscattered protons. In Fig. 3b, the 
integrated count of Cu-K lines are plotted as a function of 
the beam center position (circular dot). These X-ray counts 
were normalized by the total RBS count measured by the 
silicon detector. A curve fitted to the data by Eq. (1) is also 
shown in the figure (solid line). The effective beam 
diameter evaluated from the fitted curve was 20.6 µm, 
which is roughly twice larger than the capillary outlet 
diameter (10 µm). This result indicates that the halo 
component with larger divergence angle may degrade the 
spatial resolution of the measurement. A magnified 
photograph of the cupper fine mesh and a two-dimensional 
distribution of copper reconstructed from observed 
Cu-KX-ray intensities are shown in Fig. 3c. In the element 
mapping, the beam current from the capillary was around 
0.1 nA and the measurement time was 30 s for each 
position. By using a step size (2 µm) smaller than the beam 
spot size, thin copper wires (~8 µm) were well resolved in 
the reconstructed image even though the effective beam 
spot size (~20 µm) is much larger than the wire width. 

The energy spectra of protons observed at different 
divergence angles are shown in Fig. 4. The measurement 

points are indicated in Fig. 2 with arrows. The energy 
spectrum of the core component (Fig. 4a) was very sharp 
even though it had a small low-energy tail, which was 
probably attributed to scattering at the detector pinhole 
edge. On the other hand, in the energy spectra taken for the 
halo component (Fig. 4b and 4c), the peak position of the 
spectrum shifted towards the lower energy side with 
increasing divergence angle. Moreover, the spectra were 
much broader than that of the core, indicating that almost 
all halo particles lost their energy because of elastic and 
inelastic collisions with atoms in the capillary wall. 
However, thanks to relatively small energy losses (< 10% 
of the initial energy) in most cases, the halo particles can 
still contribute the X-ray yield in µ-PIXE measurement. 

 

Figure 5a shows proton trajectories in a ø20-µm 
capillary obtained by a Monte-Carlo simulation. Note that 

Fig. 2. The angular distribution of protons extracted from a 
ø20 µm capillary. 

 
Fig. 3. (a) A typical X-ray spectrum measured for a copper 
plate target. (b) A Cu-K X-ray intensity profile measured at 
the edge of the copper plate (circular dot) and a fitted 
curve based on Eq. (1) (solid line). (c) A magnified 
photograph of copper fine mesh and a copper distribution 
reconstructed from the Cu-K X-ray intensities. 

 
Fig. 4. Proton energy spectra of core and halo components in a 
micro beam produced by a ø20-µm tapered capillary. The 
divergence angles corresponding to the measurement points are 
indicated in Fig. 2 with arrows. 
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this figure includes trajectories only for the protons 
passing through the capillary. Obviously, only a small part 
of the capillary near the tip (≤0.5 mm from the tip) could 
contribute the beam focusing, meaning that almost all 
particles hitting at the rest part of the capillary were lost in 
the capillary wall. One of the possible explanations for this 
result is that since the capillary wall has a convex shape, 
particles scattered towards the capillary outlet need to run 
relatively long path in the capillary wall to escape from it, 
leading to serious energy losses and deflections due to 
succeeding collisions. The calculated energy spectrum of 
the halo particles is shown in Fig. 5b. The spectrum has a 
low-energy tail similar to those in the spectra shown in 
Fig. 4. A two-dimensional distribution of particles at the 
detector plane (65 cm downstream) is also shown in 
Fig. 5c. The beam spot pattern recorded on the imaging 
plate was well reproduced by the Monte-Carlo simulation. 
Under this condition, the calculated beam-focusing factor 
was 1.66. 

 

The particle distributions at various distances from the 
capillary outlet are shown in Fig. 6. The beam size just 
behind the capillary outlet (Fig. 6a) is well defined by the 
outlet size (10 µm), but the particle distribution begins to 
spread with increasing distance (Fig. 6b and 6c). At 7 mm 
from the outlet, the core component and the halo 
component are almost separated, so the enhancement of 
beam intensity is no longer available at this point. 
Figure 6d shows the beam intensity distributions as a 
function of beam radius. Since the total number of detected 
particles is not so large (~4000), the statistical fluctuations 
are included in the profiles. At the capillary outlet (0 mm), 
the profile is almost uniform except for the sharp peak at 
the beam edge, which is due probably to halo particles 
scattered with small takeoff angles. At a distance of 1 mm, 
the intensity decreases slightly and a halo wing appears. 
This wing degrades the spatial resolution of the µ-PIXE 

measurement to some extent, which does not contradict the 
effective beam spot size determined by the edge-scanning 
experiment. The uniformity of the central part of the beam 
is good even at 7 mm because the central part is almost 
occupied by core particles, which are assumed to have a 
uniform distribution at the inlet of the capillary. 

The transmission of the proton beam through the 
10-µm capillary was only 0.4% from the Monte-Carlo 
simulation, which means that 99.6% of the incident 2-MeV 
protons are stopped in the capillary wall and deposit heat 
on it. To obtain a micro beam current of 1 nA, we need to 
input 250 nA into the capillary. In this case, the deposited 
beam power on the capillary reaches 0.5 W, probably 
leading to the deformation of the capillary glass if there is 
no cooling. The use of a metallic cylinder to cover the 
whole part of the capillary may be effective to improve the 
heat conductance from capillary glass to surrounding 
metallic parts. Of course, active cooling using coolant can 
be a strong option to solve this problem.  

On the other hand, the beam-focusing factor for the 
ø10-µm capillary was around 1.7. Although there is a 
tendency that the beam-focusing factor increases with 
decreasing capillary outlet diameter, a drastic increase in 
the beam-focusing factor cannot be expected as long as we 
use the capillary having the wall shape similar to those 
used in this study. The use of concave inner wall shapes 
may have the potential to improve the beam-focusing 
factor and the transmission of the capillary. 
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Fig. 5. (a) Proton trajectories in a tapered capillary (ø20 
µm) calculated by a Monte-Carlo simulation. (b) The 
energy spectrum and the spatial distribution of protons on 
a detector plane are also shown. 

Fig. 6. Particle distributions and beam intensity profiles 
calculated at various distances from the capillary outlet: (a) 
0 mm, (b) 1 mm, (c) 7 mm, (d) beam intensities. 
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A.13       Development of Electron Cyclotron Emission Imaging System on LHD  
 

Shunji TSUJI-IIO 
 

A combined system of Microwave Imaging 
Reflectometry (MIR) and the Electron Cyclotron Emission 
Imaging (ECEI) has been developed for Large Helical 
Device (LHD) at NIFS. Microwave imaging diagnostics 
has potential to observe fluctuations of electron density and 
electron temperature profiles in magnetically confined high 
temperature plasmas. When the plasma density and 
temperature are sufficiently high, the electron cyclotron 
emission (ECE) is approximated to be black body radiation 
in magnetically confined plasmas. The electron 
temperature profile can be determined by measuring 
intensity of each frequency of  ECE, since the ECE 
frequency corresponds to the radial position. By using a 1-
D receiving antenna array, 2-D ECE profiles (radial and 
poloidal directions) can be obtained. The electron 
temperature is considered to be equal on the same magnetic 
flux surface so that ECE imaging (ECEI) can be one of the 
most powerful diagnostics to investigate MHD instabilities. 

Developed ECEI system is equipped with the same 
imaging optics of MIR. Consequently this system enable us 
to observe both density and temperature fluctuations 
simultaneously. As an example, in LHD plasma with ne0 = 
3×1019 m-3 and Bax = 2.75 T (Rax = 3.6 m), the second 
harmonic ECE of 96.5 - 104.5 GHz corresponds to the 
observation range of 4.44 m to 4.55 m in the major radius.  

Our MIR/ECEI system consists of the following three 
devices; 1) imaging optics, 2) horn-antenna mixer array 
(HMA) and 3) multi-frequency detector. The optical 
system has three optics, illumination optics for MIR, 
focusing optics and local oscillator (LO) optics. The MIR 
and ECE signals from plasma are focused on HMA with 
the focusing optics. The focusing optics is shared between 
MIR and ECEI to measure the same plasma region. Since 
LO frequencies for ECEI and MIR are different, they are 
received with different horn antennas and are mixed with 
an acrylic beam splitter (BS).  In this system, a 2-D HMA 
and 1-D HMA are adopted for MIR and ECEI, respectively. 
Since an end-fire type antenna element is adopted in HMA, 
2-D HMA can be easily composed by stacking 1-D HMAs. 

While HMA was designed to use in the frequency range of 
V-band (50 - 75 GHz), it has a good response in required 
frequency range, 75 – 110 GHz (W-band). The frequency 
spectrum of ECE is detected with a multi-frequency 
detector composed on a high frequency PCB using the 
microstrip line technology. It is a more compact and low-
cost solution than using coaxial band-pass filters. It 
consists of 3 sections as follows; IF amplifiers (DC - 12 
GHz, 30 dB), the 8-ch band-pass filter (BPF) bank and 
power detectors. IF amplifier uses the same MMIC 
amplifier adopted in HMA. The 8-ch BPF bank is made by 
edge coupled filters, which are resonator lines coupled with 
the main transmission line. The length of the resonator line 
is about a quarter wavelength of the central frequency of 
each BPF. The central frequencies are set at 1 GHz step up 
to 9 GHz from 2 GHz. The designed bandwidth of each 
BPF is 500 MHz. The power detector is a zero bias 
Schottky diode showing positive peak detection. Each 
circuit is matched with own frequency. The sensitivity is 
about 1 V/mW at 2 GHz while the sensitivity decreases 
with frequency. 

An example of the ECE signal in a preliminaly ECEI 
experiment, which uses the 1-D HMA is shown in Fig.2. In 
this case, additional amplifiers (50 dB, 2 - 18 GHz) are 
inserted between the HMA and the multi-frequency 
detector. The waveform of the ECE signal at 101 GHz 
which corresponds to R = 4.5 m is similar to that of the 
electron temperature measured by Thomson scattering at R 
= 4.483 m, when ECH is absent. This result indicates that 
the V-band HMA can be applied to the W-band (75 – 110 
GHz) ECEI receiver. 
 

Fig.1  Block diagram of ECEI antenna and IF system 

Fig.2    Example trace of ECE signal  
with discharge waveforms. 
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A.14           Virial Theorem for Helical Coils with Cable in  
Conduit Configuration 

 
Hiroaki TSUTSUI, Takayuki HABUCHI, Sunji TSUJI-IIO and Ryuichi SHIMADA 

 
1. Introduction 
Recently, we had developed a tokamak with virial-limit 
coils (VLCs) which are multi-pole helical hybrid coils 
combining toroidal field (TF) coils and a center solenoid 
(CS) coil based on the virial theorem.  The theorem shows 
that strength of magnetic field is restricted by working 
stress in the coils and their supporting structure. Applying 
the theorem to a toroidal coil with a shell structure, we 
obtained the optimal configuration of the coil. Although 
the virial theorem includes only an averaged stress, the 
optimal condition of the toroidal coil is experimentally 
proved because the shell configuration is uniform in 
structure. 

Realistic coil systems, however, does not have a 
uniform structure. In such a configuration, large stresses 
caused by bending and torsion exist, while they are not 
evaluated in the virial theorem because their average is 
zero. 

In this work, we extend the virial theorem to a helical 
coil, and show the optimal condition in stress with bending 
and torsion. 

 
2. Helical Coil 
First of all, we consider a helical coil with a toroidal 
configuration of a major radius R and a minor radius a as 
shown in Fig. 1. In the case that the aspect ratio A = R/a is 
large enough, the magnetic energy UM of the toroidal coil 
is given by 

 
where UTF and UPF are the energy of the toroidal and 
poloidal fields, Iφ and Iθ are the toroidal and poloidal 
currents, respectively.  Next we introduce the length of a 
helical coil L and its pitch angle α, 

  

as is shown in Fig. 1, where 

 

is the ratio of the toroidal current and the poloidal current, 
which means a pitch number of the coil. Using these two 
parameters L and α as independent variables in the 

 
 

 
Figure 1: Helical coils of a pitch number N = 3 and their coil 
trajectory on the torus of a minor radius a and a major radius R. A 
pitch angle α and a length L of the coil are mutually related with 
the coil sizes a and R. 

 
magnetic energy UM, the net electromagnetic force FL in 
the longitudinal direction and the net moment of 
electromagnetic force Mα are obtained from the partial 
differentiations of magnetic energy UM with respect to L 
and α, 

 
The moment Mα, therefore, changes the pitch angle α and 
the aspect ratio A, and contributes to bending and torsional 
stresses, while the force FL homologously deforms the coil 
and contributes to a membrane stress which is a averaged 
normal stress in a cross section of the conductor. Since the 
virial theorem includes only avareged stress, the virial 
theorem is exactly satisfied as follows: 

 
Where σL is an axial normal stress in the conductor, 

 
and VΩ is the volume of the conductor defined by 

 
Because the virial theorem includs σL only, the volume 
integrals of the other components of stress tensor vanish. 

In the case that the aspect ratio A = R/a is large enough, 
the toroidal coil is regarded as a cylindrical coil of radius a 
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and length 2πR with a periodic condition. Since the 
moment Mα results from the change of the pitch angle, it 
directly makes a bending stress and changes the pitch angle. 
According to the Frenet frame, the trajectory has three unit 
vectors whose directions are tangential, principal normal 
and binormal.  In the helical configuration, only the 
principal normal direction, which is the minor radius 
direction, dose not depend on the pitch angle, and it is kept 
its direction against the change of α.  Then the moment 
Mα has the minor radius direction, and derives a bending 
stress around the minor radius direction. 

Although the direction of the electromagnetic moment 
Mα is the minor radius direction, it is entirely possible that 
the moment of the reaction to Mα has the other direction. 
Next, we consider a cross section of the conductor θ = 
const.  The finite radius changes the minor radius from a 
to a ± d and its trajectory is modified as shown in Fig. 2 
while the center in the conductor remains on the original 
trajectory depicted in Fig. 1. Although three trajectories on 
Fig. 2 have different pitch angles, their increment dα has a 
same value because the conductor radius d is kept for 
distortions as follows: 

 
Since the length of conductor is conserved in the distortion, 
the next relations hold, 

 
Therefore, the difference of dR caused by dα is  

 
and a torsion angle dβ is related with dα as follows: 

 
Since 2πN is much greater than unity, the electromagnetic 
moment Mα is mainly supported by the torsional moment, 

 
where the direction of the moment Mθ is the poloidal 
direction. 
 
 
 
 

 
Figure 2: The relation of the pitch angle increment dα and an 
angle of torsion dβ.  The angle of torsion is caused by the 
difference of trajectory length. 
 
 
3. Spring Model 
The effect of the moment Mα is also interprited by a spring 
model. Consider a cylindrical spring made of a helical 
conductor of radius d and length L where the 
electromagnetic forces FL and FR are loaded to the spring 
as shown in Fig. 3, where FR is defined by 

 
Since the force FR can be regarded as a spring load W 
defined by 

 
a moment vector M, 

 
acts on the spring, and agrees with Eq. 14, where torsional 
and bending moments are 

 
respectively. Since the section modulus of a circular cross 
section of radius d is 
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Figure 3: A spring model. A cylindrical spring with radius a and 
length 2πR is made of a conductor with length L and diameter 2d. 
A uniform tension FL, and torsional and bending moments MT, 
MB act on a cross section of the conductor. 
 
 

 
the maximum torsional and bending stresses τT, σB are 
determined as follows: 

 
The maximum principal stress is also determined as 
follows: 

 

 
                                    (23) 

 
Because a coil index c = a/d is much greater than unity, the 
torsional and bending stresses are dominant, and the helical 
coil without torsional and bending stresses of FR = 0, 
whose solution is depicted in Fig. 4, its maximum stress is 
drastically reduced.  The pitch number of the coil is 
located between FBC and VLC.  Figure 5 shows the 
distribution of σmax normalized by the coil index c against 
A and N.  Its value enormously increases with distance of 
optimal-condition line which is a red line in Fig. 4 and a 
blue line in Fig.5. 
 

 
Figure 4: Relations between aspect ratio A and pitch number N. 
Solid, dash-doted, dashed and doted lines are in the case of σB = 
τT = 0, 〈σθ〉 = 〈σθ〉, 〈σθ〉 = 0 and 〈σθ〉 = 0, respectively. 
 
 

 
Figure 5: A contour of σmax/c as a function of the aspect ratio A 
and the pitch number N, where c is a coil index a/d. 
 
 
4 Conclusions 
We evaluated the stress distribution in a helical coil, and 
obtained the virial theorem in this configuration.  In our 
previous works based on a shell configuration, averaged 
stresses, which appear in the virial theorem, are important 
because of its uniform structure.  Since a helical coil, 
however, has a spring configuration, bending and torsion 
are important and their values are much larger than those 
of averaged (membrane) stresses.  In this work, we 
obtained the moment Mα of electromagnetic force and the 
bending and torsional moment Mθ of the reaction of the 
electromagnetic moment as a function of the aspect ratio A 
and the pitch number N.  Using this formula, we showed 
the optimal pitch number satisfying Mθ = 0. 
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A.15                        Diagnostics of Oxygen-Rare Gas Mixed Plasmas 
Excited by Microwave Discharge  

 
Hiroshi AKATSUKA, Atsushi NEZU and Haruaki MATSUURA 

 
Oxygen plasmas are widely applied in microelectronic 

processes, such as oxide layer formation, amorphous 
silicon film preparation for photovoltaic application, etc. It 
is already found that the characteristics of materials 
prepared by the oxygen plasmas are improved with 
increasing ratio of admixture of rare gases like Ar or Kr. 
This is attributed to the variation in the plasma parameters 
of oxygen plasmas diluted by rare gases. We are 
experimentally examining variation in the plasma 
parameters of oxygen plasma diluted with rare gases [1, 2]. 
In the present study, we originally measured the 
dissociation degree of oxygen molecule in the rare-gas 
diluted oxygen plasmas as functions of molar admixture 
ratio of rare gas, which is determined by actinometry 
method, one of the OES methods [3, 4]. We also measured 
the electron temperature and density by a Langmuir double 
probe, and the gas temperature by OES measurement as a 
rotation temperature of OH radicals. 

Figure 1 shows a schematic diagram of experimental 
setup. The microwave is generated by a magnetron, 
adjusted by a three-stub tuner and guided to a discharge 
tube through waveguides. The frequency of the microwave 
is 2.45 GHz and the power applied is 300 W. The inner 
diameter of the quartz tube is 26 mm. The quartz discharge 
tube is set in a microwave cavity connected to the 
waveguide, which is terminated by an adjustable 
short-circuited plunger. The discharge gas is a gas mixture 
of oxygen with one of rare gases of helium, neon, or argon. 
We examined the dependence of the dissociation degree of 
oxygen molecule on the rare gas mixture ratio. 

Figure 2 shows the results of dissociation degree 
measured at 300 mm downstream from the intersection of 
the discharge tube and the waveguide. Generally, the 
dissociation degree increases with increasing the rare gas 
admixture. However, the amount of increase is at most 5 – 
7 % with the rare-gas admixture ratio less than 30 %. Under 
the foregoing experimental conditions, the heavier the 
mixed rare-gas molecule is, the more the dissociation 
degree becomes. On the other hand, when the rare-gas 
admixture ratio exceeds 50 %, the helium admixture raises 
the dissociation degree markedly. This tendency is found 
for any other positions of the discharge tube. It is also found 
that the dissociation degree becomes lower as the plasma 
flows to the downstream direction in general. However, 
when the helium admixture ratio is more than 80 %, the 
dissociation degree was found to be constant, or rather, 
increase a little. It is considered that this is due to the 
collisions of oxygen molecule with metastable states of 
helium atoms [5]. Further study is necessary to elucidate 
the reason for the enhancement of the dissociation. 
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Fig.1: Experimental setup. 

Fig. 2. Dependence of dissociation degree of O2 on the 
rare gas mixture volumetric ratio at z = 300 mm by 
actinometry measurement. 
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A.16                       Measurement of Nitrogen Dissociation Degree of  
Nitrogen Plasma by Actinometry Method with  
Subtraction of First Positive Band Spectrum 

 
Hiroshi AKATSUKA, Atsushi NEZU and Haruaki MATSUURA 

 
Nitrogen plasma is widely used for industries, and one 

of the most essential parameters is often the dissociation 
degree of nitrogen molecules. Many methods have been 
proposed to examine it, for example, VUVLAS [1] or 
actinometry in VUV wavelength [2], which, indeed, 
requires VUV spectrometric equipment. Conventional 
actinometry method is also frequently adopted, where the 
following reactions are applied [3]:  

   N + e– → N*(3p 4So) + e–, E = 13.80 eV, (1)  
   Ar + e– → Ar*(4p) + e–, E = 13.12 eV, (2)  
   N*(3p 4So) → N*(3s 4P5/2) + hν, 746.83 nm, (3) 
   Ar*(4p) → Ar*(4s) + hν, 811.5 nm.  (4) 

However, when we apply the above scheme to the nitrogen 
plasma with low dissociation degree, the band spectrum of 
the first positive system (1PS) seriously overlaps the lines 
of nitrogen atoms. If we can calculate the 1PS band 
spectrum like 2PS [4], we can determine the dissociation 
degree of nitrogen molecule in the nitrogen plasma, which 
is precisely the objective of the present study. 

The experimental apparatus is described in Ref. 5. We 
considered collisional quenching of the excited levels in 
Eqs. (1) – (4), since the discharge pressure is about 1 Torr in 
the present experiment. We first obtain the first positive 
band spectrum of the vibrational quantum numbers Δv = v’ 
– v” = 2 in the wavelength region of 730 – 760 nm, and 
determine the vibrational and rotational temperatures Tv 
and Tr [5]. After we subtract the 1PS spectrum as a 
background, we obtain the nitrogen line at 746.83 nm [3]. 
In addition to the spectroscopic examination, probe 
measurement is performed to estimate electron temperature 
and density.  

Figure 1 shows an example of measured dissociation 
degree plotted against the rare-gas mixture ratio for the 
microwave discharge nitrogen plasma diluted by one of the 
rare gases.  

When helium is mixed into the nitrogen plasma, we 
found a small increase in the nitrogen dissociation degree. 
This can be attributed to an increase in the electron 
temperature by the helium admixture, which is confirmed 
by the probe measurement. On the other hand, when the 
argon or krypton was mixed, we found lowering of electron 
temperature and resultant reduction in the nitrogen 
dissociation degree. For the foregoing three rare gases, the 
variation in their dissociation degree is reasonable. 
However, Fig. 1 shows that the neon admixture strongly 
enhances the nitrogen dissociation degree. This tendency 
was found at rather downstream position like 140 mm 
downer from the intersection of the waveguide. One of the 
possible mechanisms is that the energy-transfer collision 

between the metastable neon (16.62 or 16.72 eV) with 
nitrogen molecule [6]. Further discussion and experimental 
verification by other methods are necessary to understand 
the dissociation phenomena of nitrogen molecules by neon 
admixture.  
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Fig. 1 Dependence of the nitrogen dissociation degree of 
rare gas-diluted nitrogen microwave discharge plasma 
on the molar ratio of rare gas. The total pressure is set at 
1 Torr, and measured at z = 60 mm. 
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A.17            Optical Emission Characteristics of Atmospheric-Pressure  
Non-Equilibrium N2-Ar Plasmas and Application to  

Process Monitoring of Surface Modification 
 

Hiroshi AKATSUKA 
 

With an aim to understand the mechanism of surface 
processing by atmospheric-pressure non-equilibrium 
discharge plasma jets, we measured the vibrational and 
rotational temperatures in the plasmas by means of optical 
emission spectroscopy (OES) measurement method. We 
used torch-shaped atmospheric-pressure non-equilibrium 
discharge plasma power supply consisting of a microwave 
power source [1] and high-frequency (5.0 – 10 kHz) DC 
pulse power supply [2]. Upon comparing vibrational and 
rotational temperatures determined from the OES 
measurement method using two types of 
atmospheric-pressure non-equilibrium discharge plasma 
jets, results indicate that the microwave discharge plasma 
jet has considerably low vibrational and rotational 
temperatures. Figure 1 shows a relationship between input 
power and vibrational and rotational temperatures of the 
plasma jets measured by optical emission spectroscopy. As 
the partial flow rate of N2 component increases in the 
discharge gas, the temperatures were found to increase 
monotonically for both discharge apparatus [3]. 

We also carried out plasma surface processing of PET 
film to measure the changes in water contact angle before 
and after the processing. Figure 2 shows the variation in the 
water contact angle of PET film. We found monotonic 
decrease in the contact angle of the processed PET film as 
the plasma rotational temperature increased [1]. Similar 
tendency was also found for the microwave discharge 
plasma [4]. This fact indicates that the rotation temperature 
can be a good measure to monitor the processing with 
atmospheric non-equilibrium plasmas in the practical 
situations [5]. We are proposing that the OES measurement 
should be the most practical diagnosing tool of industrial 
plasma processing [6]. 

We thank Prof. Toshifumi Yuji of University of 
Miyazaki for his continuous study. We also thank late 
Professor Emeritus Ryouhei Itatani of Kyoto University for 
giving us opportunity to carry out these studies. 
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Fig. 1. Relationship between input power and 
vibrational and rotational temperatures at 
atmospheric-pressure non-equilibrium Ar and N2 gas 
(microwave and high-frequency DC pulse) discharge 
plasma jets measured by optical emission spectroscopy.

Fig. 2. Water contact angle of PET film plotted against 
the rotational temperature of the atmospheric pressure 
argon and nitrogen. 
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B.1                Transmutation of Iodine-129 in Accelerator Driven System 
 

Ismailov KAIRAT, Kenji NISHIHARA1 and Masaki SAITO  
 
 
 

INTRODUCTION  
 

Nuclear energy production entails generation and 
accumulation of Plutonium, Minor Actinides (MA) and 
Long Lived Fission Products (LLFP) which present crucial 
challenges concerning safety, non-proliferation, 
environmental protection, ect., for sustainable nuclear 
energy development.  

Among LLFP Iodine-129 is one of the major 
contributors to the biosphere release dose rates because of 
its high geochemical mobility. 

The inherent advantage of ADS regarding neutron 
excess generation is well recognized and serves as a solid 
base to promote it for reduction of long-term dose by 
transmutation of LLFP into stable or short-lived isotopes. 
The objective of present study is the determination of 
optimal design for long-lived fission fragments 
transmutation in subcritical system. 
 
METHODOLOGY  
 

As reference case ADS of JAEA type for simultaneous 
MA and Iodine transmutation [1] was considered. Iodine 
transmutation in the Axial and Radial blankets was 
considered. The LLFP assembly in blankets consisted of 
homogenized mixture of Iodide (NaI, CuI), moderator 
ZrH1.7, cladding material and coolant. It was shown that 
ADS with such type of LLFP loading was able to 
transmute 250 kg/y of MA and 56 kg/y of Iodine (46 kg of 
isotope I-129 and 10 kg of I-127) that supports ten 
100MWe class PWRs.  
 

In present study the transmutation of Iodine loaded in 
pin with detailed structure was analyzed in order to verify 
that ADS with such design was able to transmute MA and 
Iodine with support factor of 10. Three types of Iodine pin 
design were considered:  
a) Heterogeneous separated ZrH1.7 and NaI (Sodium 

Iodide with smear density of 90%) pins combination;  
b) Homogeneous mixture of ZrH1.7 and NaI; 
c) Annular NaI enclosing ZrH1.7 moderator.   
 

Criticality coefficient value was kept at 0.97. Liquid 
PbBi was used as spallation target and coolant for core 
region and inside Iodine assemblies. 
 

The computer code MCNPX (v27a) [2,3] was utilized 
for calculations with combination of JENDL-3.3 and 
JENDL-HE libraries.  

 
 
 

The nuclear processes for elements with absent 
information in above mentioned databases were simulated 
by Bertini model of Intra Nuclear Cascade. Evaporation 
and fission processes of the excited residual nucleus were 
simulated by Dresner model. 
 
RESULTS  
 

The transmutation rates of I-129 in dependence on pin 
diameter of each design type for Radial and Axial blankets 
individually were determined. So, diameter of pin and NaI 
to ZrH1.7 ratio were the parameters in this survey. The 
obtained optimum parameters for each blanket were used 
in calculations of the I-129 transmutation rates for system 
with Radial and Axial blankets. The mass of transmuted 
Iodine was less than 46kg/y though initially loaded mass 
was significantly increased (up to 2 tonnes). 
 

In this respect the “In core/Radial” loading concept 
was considered. Different layouts were investigated and 
for each case the important parameters including average 
NaI pin temperature, initial proton beam current, fuel 
composition and power peaking factor were studied. 
Among all layouts the one that satisfied to most of 
conditions was chosen. Introduced "In core/Radial" 
concept allows to transmute more Iodine with decreased 
initial loading. Since even with such concept it was not 
possible to reach the transmutation of 46kg/y it was 
decided to add to system the Axial blankets above and 
under the core with height equal to 20cm. 
 

It was demonstrated that introduced final ADS design 
with the “In core/Radial/Axial” Iodine loading concept 
was able to transmute simultaneously 250kg of MA and 
46kg of I-129 annually that supports 10 PWRs with 
significantly decreased initial loading mass of I-129 of 1 
tonne in comparison to Radial/Axial blankets concept (2 
tonnes). 
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B.2        Systematic Measurement of keV-Neutron Capture Cross Sections  
and Capture Gamma-Ray Spectra of Stable Se Isotopes 

  
Masayuki IGASHIRA, So KAMADA, Tatsuya KATABUCHI, and Motoharu MIZUMOTO 

 
  
1. Intoroduction 

Nuclear waste includes long-lived fission products 
(LLFPs). Currently, the deep geological disposal of nuclear 
waste is the national policy in Japan. However, it needs the 
long-term management that prevents the public from 
suffering radiological hazard due to LLFPs. Thus, the 
nuclear transmutation of LLFPs into stable or shorter-lived 
nuclides is an attractive alternative to decrease the hazard. 

The neutron capture cross sections of LLFPs are 
important physical quantities for the research and 
development of nuclear transmutation systems, because the 
performance of system using neutron capture reaction 
depends on these quantities directly. 

The nuclide 79Se is one of the most important LLFPs. 
However, there is no experimental data for its neutron 
capture cross section, because of difficult sample 
availability. 

On the other hand, keV-neutron capture cross sections 
and capture γ-ray spectra of stable Se isotopes contain 
important information useful for the calculation of capture 
cross sections of 79Se. We have been performing the 
systematic measurement and calculation of keV-neutron 
capture cross sections and capture gamma-ray spectra of 
stable Se isotopes. In this report, we present the 
experimental results for the capture cross sections and 
capture gamma-ray spectra of 78Se at an incident neutron 
energy around 550keV. 
 
2. Experiments 

The detail of experimental procedure has been given in 
Ref. [1]. Only brief description is given here. 

The capture cross section and capture gamma-ray 
spectrum of 78Se were measured in an incident neutron 
energy around 550 keV, using the 3 MV Pelletron 
accelerator of the Research Laboratory for Nuclear 
Reactors at the Tokyo Institute of Technology. An 
experimental arrangement is shown in Fig.1. 

Pulsed neutrons were produced by the 7Li(p,n)7Be 
reaction with a pulsed proton beam (1.5 ns width, 4 MHz 
repetition rate) from the accelerator. The incident neutron 
spectrum on a capture sample was measured by a Time of 
Flight (TOF) technique with a 6Li-glass scintillation 
detector (102-mm diam.× 6.4-mm thick). 

The 78Se sample was highly isotopically enriched metal 
(99.4% enrichment), and its net weight was about 2 g. A 
gold sample was used as a standard sample of capture cross 
section. The distance between the neutron source and the 
sample was 20 cm. 

Capture gamma rays emitted from the sample were 
detected with a large anti-Compton NaI(Tl) spectrometer 
by means of a TOF method. The main NaI(Tl) detector of 

the spectrometer had a diameter of 15.2 cm and a length of 
30.5 cm, and was centered in an annular NaI(Tl) detector 
(33.0 cm OD ×35.6 cm length) for Compton suppression. 
The detectors were shielded with a combination of various 
materials: borated paraffin, borated polyethylene, Cd, 6LiH 
and potassium free lead [2]. Capture gamma rays were 
observed at an angle of 125° with respect to the proton 
beam direction. The pulse height (PH) and TOF of signals 
from the spectrometer were sequentially recorded in a list-
mode data format and then, were analyzed of line. 

The runs with the 78Se and 197Au samples and without 
the sample (blank) were repeated cyclically, thereby for 
changes in experimental conditions such as the incident 
neutron spectrum averaging out. 

 

 
 

Fig.1 Experimental setup for capture cross section 
measurements of 78Se. 

 
3. Data Processing 

The incident neutron energy spectrum on the sample 
was derived from the TOF spectra measured with the 6Li-
glass detector for the blank run. 

In order to obtain the capture yields of the 78Se and 
197Au samples, a PH weighting technique [3] was applied 
to the net capture gamma-ray PH spectra. 

The number of incident neutrons in the 197Au run was 
determined by the capture yield of 197Au and the averaged 
capture cross section of 197Au, which was obtained from 
the evaluated data of ENDF/B-VII [4] and the neutron 
energy spectrum. The number of incident neutrons in the 
78Se run was derived from that in the Au run and the 
neutron monitor counts of the 6Li-glass detector. 

The averaged neutron capture cross section of 78Se was 
derived from the number of incident neutrons and the 
capture yield of the 78Se sample. 
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Corrections for the neutron self-shielding and multiple-
scattering in the sample were made by a Monte-Carlo 
method [5], taking account of impurities in the sample. 
Moreover, other corrections were made for the gamma-ray 
scattering and absorption in the sample, for the effect of 
chemical and isotopic impurities in the sample on the 
capture yields. 

The capture gamma-ray spectra were derived by 
unfolding the net capture gamma-ray PH spectra with a 
computer code, FERDOR [6], and the response matrix of 
the gamma-ray spectrometer.  
 
4. Results and Discussion 

The derived capture cross sections of 78Se are shown in 
Figs. 2. Our measurements in the different energy range 
15–100 keV are also shown. Any other previous 
measurements in this energy range have not been 
performed. The evaluated data of JENDL-3.3[7] and 
ENDF/B-VI.8 [8] were shown for comparison. 

 

 
Fig. 2 Neutron capture cross section of 78Se. 

 
In the evaluation of JENDL-3.3, the capture cross 

sections of 78Se was calculated from a statistical model 
with a spherical optical potential, and the γ-ray strength 
function was determined from the average radiation width 
(0.23 eV) and the average spacing (1390 eV) of s-wave 
neutron resonances. The evaluations of JENDL-3.3 are 
larger than the present value by about 40% at around 
550keV. On the other hand, ENDF/B-VI.8 underestimated 
the capture cross section by 30%. 

The measured capture γ-ray spectrum of 78Se is shown 
in Figs. 3. Known descrete levels of the residual nucleus 
79Se are shown as bars in the same energy scale as emitted 
γ-rays. The primary transitions from the capture state to 
low-lying states were observed. Cascade transitions among 
low-lyng states were observed around 0.8 MeV. 

 
Fig. 3 Neutron capture gamma ray spectrum of 78Se. 

 
5. Conclusions 

We have measured the neutron capture cross section 
and capture gamma-ray spectrum of 78Se at around 550 
keV to provide nuclear data relevant to the study on the 
transmutation of LLFPs and to obtain important physical 
quantities such as gamma-ray strength function and nuclear 
level density, which are useful for the theoretical 
calculation of capture cross sections of 79Se, one of the 
most important LLFPs. 
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B.3       Extraction of U(VI), Pd(II), and Re(VII) from Nitric Acid  
Solutions using Pyrrolidone Derivatives as Extractants 

 
Yuya TAKAHASHI, Masanobu NOGAMI, Hiroyasu HOTOKEZAKA, and Yasuhisa IKEDA 

 
 

Amide compounds have been studied as alternative 
extractant to TBP for separating An(VI) and/or An(IV). 
Especially, amide compounds have high extractability for 
U(VI) [1]. It has been reported that pyrrolidone derivatives 
(NRPs) are used as highly selective precipitant to U(VI) 
[2] and that polyvinylpyrrolidone resin has high selectivity 
toward U(VI) . In our previous study, we found out that 
NRPs such as N-cyclohexyl-2-pyrrolidone (NCP), N- 
octyl-2-pyrrolidone (NOP), and N- dodecyl-2-pyrrolidone 
(NDP) are useful extractants for separating U(VI) from 
HNO3 solutions containing simulated fission products. 
Using these NRPs, extractabilities of U(VI) increase with 
increasing [HNO3] from approximately 7% ([U(VI)] = 10 
mM, [HNO3] = 0.1 M, [NRPs] = 1.0 M) to 90% ([U(VI)] 
= 10 mM, [HNO3] = 3.0 M, [NRPs] = 1.0 M). 
Furthermore, these NRPs were found to have selectivity to 
U(VI). However, it was confirmed that Re(VII) used as a 
simulant for Tc(VII) and Pd(II) are also extracted with 
U(VI) species [3]. 

In order to examine extraction properties of Pd(II) and 
Re(VII) species in more detail, hence, we have studied 
extraction behavior of Pd(II) and Re(VII) from HNO3 
aqueous solutions to CH2Cl2 solution containing NCP. As 

a result, the distribution ratios (D) of Re(VII) and Pd(II) 
were found to have a maximum at 1.0 M HNO3 and 3.0 M 
HNO3, respectively. The extraction behavior of Re(VII) is 
similar to the phenomenon that the D values of Tc(VII) 
decrease with increasing [HNO3]. This phenomenon has 
been reported to be due to competition with the extraction 
of HNO3. Furthermore, plots of logD for Re(VII) and 
Pd(II) against log[NCP] were found to give straight lines 
with slopes of 2.2 and 2.3, respectively. This suggests that 
Re(VII) and Pd(II) are extracted as HReO4(NCP)2 and 
Pd(NO3)2(NCP)2, respectively. 
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B.4   Crystal Structure of Trans-Tetrakis(4-methylpyridine)Dioxorhenium(V) 
Hexafluorophosphate 

 
Takeshi KAWASAKI, Ali CANLIER, Shubhamoy CHOWDHURY, Yasuhisa IKEDA 

 
Rhenium(V) complexes as radiopharmaceuticals for 

therapy and diagnosis continue to attract attention, 
because rhenium isotopes have suitable radionuclear 
properties for the applications, i.e., 186Re: Emax = 1.1 MeV 
for β-emission and Emax = 0.137 MeV for γ-emission with 
t1/2 = 90.6 h, 188Re: Emax = 2.1 MeV for β-emission and 
Emax = 0.155 MeV for γ-emission with t1/2 = 17 h [1,2]. On 
the other hand, trans-dioxiorhenium(V) (ReO2

+) 
complexes have been known to exhibit interesting 
properties as redox- and photo-active catalysts [3-5]. To 
our knowledge, the title compound of [ReO(4-Mepy)4]PF6 
(4-Mepy = 4-methylpyridine) (I), was already synthesized 
by Brewer & Gray[6], but crystallographic 
characterization of I have not been reported. In this work, 
we report a single crystal structure of I. 

The complex I crystallized in the centrosymmetric 
space group C2/C. The crystal structure is constructed by 
the packing of the [ReO2(4-Mepy)4]+ cation and the 
octahedral PF6

- anion as shown in Fig. 1. Re(1) is located 
on an inversion center and P(1) lies on a C2 axis parallel to 
the b axis. Re(1) exhibits a ReN4O2 octahedral 
coordination geometry with the two O atoms in the apical 
positions and the four N atoms of the four 4-Mepy ligands 
in the equatorial plane. The N(1)-Re(1)-N(2) angle and all 
N-Re(1)-O angles are almost 90 ˚. The bond lengths of 
Re(1)=O(1), Re(1)-N(1), and Re(1)-N(2) are 1.769(2), 
2.147(2) and 2.146(2), respectively. These values are 
similar to those found for other trans-dioxorhenium(V) 
complexes [7-15]. 

 

 
Fig. 1 View of [ReO2(4-Mepy)4]+ cation and PF6

- anion with 
 50 % thermal ellipsoids. Hydrogen atoms are omitted 
 clarity. 
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B.5           Zinc Isotope Fractionation using Anion Exchange  
Chromatography with Hydrochloric acid Solution 

 
Tatsuya SUZUKI and Masao NOMURA 

 
 

The zinc injection into the coolant of nuclear reactors 
has been carried out for the dose reduction. It is preferable 
to use 64Zn -depleted zinc for this purpose to avoid the 
activation of 64Zn in the reactor. We have proposed the 
isotope separation process by use of chromatographic 
method based on the isotope fractionation effect in the 
anion exchange reaction. By the way, the zinc isotope 
fractionation has been studied in the geochemical and 
environmental fields [1,2]. The isolation of zinc from the 
biological or geochemical sample is necessary as the 
pretreatment process for the isotope ratio measurement in 
order to eliminate the interference. The anion exchange is 
most popular technique for the zinc isolation. The 
evaluation of the isotope fractionation in the anion 
exchange is necessary, since the isotope fractionation in 
nature is generally low. The zinc isotope fractionation in the 
anion exchange in 12 M (M = mol dm-3) hydrochloric acid 
solution was reported [3]. This fractionation coefficient of 
68Zn/66Zn was reported to be 2×10-5, i.e. the isotope 
fractionation coefficient of one mass, 
ε/ΔM )/()1/( lh0 mmrr −−= , is 1×10-5, where r, r0, mh 
and ml are the fractionated isotope ratio, the ordinal isotope 
ratio, and the mass of heavier isotope, and the mass of 
lower isotope, respectively. This value is only one datum of 
zinc isotope fractionation in the anion exchange. It is too 
little data in order to develop the zinc isotope separation. In 
the present work, the zinc isotope fractionation in anion 
exchange chromatography in hydrochloric acid solution is 
investigated in detail. The chemical structures of zinc 
existed in solution and adsorbed on resin are also discussed 
for the understanding the isotope fractionation. The isotope 
fractionation 

The high-porous benzimidazole type anion exchange 
resin was used for the investigation of the zinc isotope 
fractionation in the anion exchange reaction. Our used 
benzimidazole type anion exchange resin has two 
functional groups. These two functional groups are shown 
in Fig.1. 4-(1-methylbenzidazole-2-yl)phenyl is tertiary 
amine. 4-(1,3-dimethylbenzidazole-2-yl)phenyl is obtained 
by the quaternization of 4-(1-methylbenzidazole-2-yl) 
phenyl. The quaternization ratio of our used resin was 
58.8%. This resin is embedded in the high porous silica 
beads. The diameter of silica beads is 40 ~ 60 μm.  

The total capacity of this resin is 0.8 meq/g-dry. The 
adsorption experiments were performed by batch technique 
in order to evaluate the distribution coefficients of zinc. The 
concentrations of hydrochloric acid were 0.01 ~ 4 M. 
Seven columns connected in series were used for the 
isotope fractionation chromatography. The diameter of each 
columns and the length were 8mm and 1m, respectively. 

The above mentioned benzimidazole type anion exchange 
resin was packed into these columns. These columns have 
water jacket for the temperature control. The experimental 
temperature was kept at 298 K. The breakthrough 
experiments using 0.1 M of zinc dissolved in 0.5, 1, 2, and 4 
M hydrochloric acid solutions were performed. The zinc 
chemical structures in water, 2 M hydrochloric acid solution 
and anion exchange resin were analyzed by extended X-ray 
absorption fine structure (EXAFS) spectroscopy. The 
concentrations of zinc ion in solutions were 0.1 M. The ratio 
of the anion exchange resin was 0.1 g / 30 cm3. In the case 
of EXAFS analysis of resin, wet resin taken out of 2 M 
hydrochloric acid solution was used. 
   The typical result of isotope fractionation is shown in 
Fig. 2. This isotope fractionation is obtained by using 1 M 
hydrochloric acid solution. This figure says that the heavier 
isotopes are disproportionately located in solution phase. 
The zinc concentration profile, "breakthrough curve", is 
also shown in Fig. 2. The isotope fractionation coefficient, 
ε/ΔM, is calculated by using the zinc isotope fractionation 
curve of 66Zn/64Zn and the zinc concentration profile. The 
isotope fractionation coefficients in various concentrations 
of hydrochloric acid solutions are shown in Fig. 3. The 
isotope fractionation coefficient reported in ref. [3] is also 
indicated in Fig. 3. The isotope fractionation coefficient 
decreases with increase in the concentration of hydrochloric 

N
C

N

CH3

 
a) 4-(1-methylbenzidazole-2-yl)phenyl 

 

N
C

N
+

CH3

CH3  
b) 4-(1,3-dimethylbenzidazole-2-yl)phen 

 
Fig. 1 Functional groups of benzimidazole type anion 
exchange resin  
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acid solution over 1 M, and it can be confirmed that the 
obtained values in the present study and the literature value 
have a reasonable locational relation in this graph. The 
distribution coefficients of zinc ions on anion exchange 
resin are also indicated in this figure. It was found that the 
distribution coefficients have maximum under the condition 
of 2 M hydrochloric acid solution, while the maximum of 
isotope fractionation coefficients is 1 M. The kinds of 
chloro complexes in each concentration hydrochloric acid 
solution are calculated by using the stability constants for 
understanding these phenomena. The calculated fraction of   
zinc chloro complexes is shown in Fig. 4.  The species 
which adsorb on the anion exchange resin were the anionic 
complexes, while the species which exist in solution were  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
the cationic complexes and the neutral complex. According 
to Fig. 4, the total amount of the cationic and neutral 
complexes decreases with increase in the hydrochloric acid 
solution, while the total amount of the anionic complexes 
increases. The average number of chlorine ions coordinated 
with zinc ion is over 2 in more than the hydrochloric acid 
concentration of 0.5 M. The increase of distribution 
coefficients of zinc ion with increase in the chlorine ion was 
explained by increase of the anionic zinc chloro complexes. 
The decrease in the case of 4 M hydrochloric acid solution 
is explained by the competition reaction in the adsorption of 
chlorine ion on the anion exchange resin. The isotope 
fractionations don’t occurred without the isotope exchange 
reaction between the different chemical forms. In the case 
of zinc anion exchange, it is important that the isotope 
exchange reaction between the unadsorbed complexes and 
the anionic complexes. That is, the isotopes exchange 
reaction between ZnCl2 and ZnCl3

− is thought to be most 
important. The reaction between ZnCl3

− and ZnCl4
2− also 

could be considerable, because the divalent complex is 
more strongly adsorbed on the anion exchange resin than 
the univalent complex. The abundance of ZnCl2 has the 
maximum peak in 0.5 M hydrochloric acid solution, and 
decreases with increase in the hydrochloric acid 
concentration over 0.5 M. The highest abundance of ZnCl3

− 
is 1.2 M hydrochloric acid solution. The highest isotope 
fractionation coefficient may be existed in between 0.5 and 
1.1 M hydrochloric acid solution.  The chemical structures 
of zinc existed in the solutions and adsorbed on resin were 
investigated by EXAFS analysis, and this result is shown in 
Table 1. R and N in Table 1 are the obtained values  
calculated from EXAFS spectra.  The coordination number 
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of the bivalent zinc ion is 4, so the obtained N in Table 1 is 
overestimated or underestimated. The coordination numbers 
were normalized to 4. The number of coordinated chlorine 
ions in 2 M hydrochloric acid solution was 2.5, and this 
number was less than the average number calculated using 
stability constants. However, it is confirmed that the zinc 
complex ions is totally negative in 2 M hydrochloric acid 
solution. No coordinated water molecules with zinc ion 
adsorbed on anion exchange resin was observed. This result 
means that the adsorbed zinc is ZnCl4

2−. Since the wet resin 
taken out of the solution is used for the EXAFS analysis, 
this result might not show the chemical structure of zinc 
adsorbed on resin in solution. Although the dominant 
species exits in the resin phase is ZnCl4

2−, it would not be 
denied that ZnCl3

− presents in the anion resin phase. To 
summarize the above, the zinc isotope fractionation in the 
anion exchange is attributed to the reaction of 
[Zn(H2O)2Cl2]0  [Zn(H2O)Cl3]−  [ZnCl4]2−. The zinc 
complexes have the tetrahedral structure, and the distance 
from zinc ion is different by the water molecules or the 
chlorine ions coordinated with zinc ion. The distance of 
water molecule and zinc ion is shorter than one of chlorine 
ion and zinc ion (see Table 1), and this means that the 
bonding force of the water molecule with zinc ion is 
stronger than the chlorine ion. Because the heavier isotope 
is generally enriched into the side with stronger chemical 
bond, the heavier zinc isotope is disproportionately located 
in the complexes with more water molecules. The zinc 
complexes with more water molecules more present in 
solution phase, so the heavier isotope is disproportionately 
located in solution phase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
In conclusion, the zinc isotope fractionation in the anion 

exchange in the hydrochloric acid solution was investigated. 
It was confirmed that the heavier zinc isotopes is 
disproportionately located in solution phase and the isotope 
fractionation coefficients depend on the concentration of 
hydrochloric acid. The maximum isotope fractionation 
coefficient was appeared in the case of 1M hydrochloric 
acid solution. The hydrochloric acid concentration 
obtaining the maximum isotope fractionation coefficient 
was different from the condition obtaining the maximum 
distribution coefficient. The isotope fractionation is 
explained by the isotope exchange reaction between the 
zinc chloro complexes. The disproportional distribution of 
the heavier zinc isotopes in solution phase was explained by 
the zinc complex structures. 
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Table 1 EXAFS analysis of zinc chemical structure. 

   R/Å N N’ 

Water O 2.07 4.3 4 
2M HCl O 2.08 1.2 1.5 

 Cl 2.26 2.0 2.5 
Resin / 2M HCl Cl 2.27 3.2 4 

R: distance between Zn and coordinated O or Cl, N: number of coordinated O or Cl, 
    N’: normalized number of coordinated O or Cl, considering that zinc complexes has the tetrahedral structure.. 
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B.6       Nanofluidic-Based Separation System of Radionuclide Ions by  
Controlling Electrostatic Forces 

 
Takehiko TSUKAHARA 

 
 

In order to establish partitioning methods for high 
level liquid wastes, various separation techniques of 
actinide and lanthanide ions have been investigated.  
Their techniques are divided broadly into two categories, 
that is, one is solvent extraction process such as TRUEX, 
TALSPEAK, DIDPA processes etc., and the other is 
chromatographic process using resins impregnated with 
specific extractants.  However, since both processes are 
passive techniques that depend on single nanometer-scale 
liquid/liquid and liquid/solid interfaces, it would be 
difficult to improve innovatively the separation selectivity 
of metal ions.  Therefore, the separation technique should 
be switched from passive to active to control the behavior 
of radionuclide in molecular level.   

From this point of view, we have recently focused on 
nanofluidic spaces (10 – 100 nm scale spaces) and 
investigated properties of liquids confined in the 
nanofluidic spaces.  As a result, we found that the water 
molecules in them have unique behavior such as higher 
viscosity, slower motion, and faster proton mobility that 
cannot be observed in bulk phase, and proposed that such 
phenomena are due to the effect of surface charges on 
properties of water [1 - 3].  Based on the results, when 
the aqueous solution containing metal ions flows in the 
nanofluidic space, the differences of electrostatic forces 
between each hydrated metal ion and surface charges are 
expected to affect the behavior of metal ions.  Herein, we 
demonstrate a novel nanofluidic-based separation, in 
which the metal ions can be separated according to 
differences in free energy for ion hydration in the 
nanofluidic spaces. 

The nanofluidic spaces were fabricated on a 
fused-silica substrate by means of electron beam 
lithography and plasma etching.  After the 
straight-shaped nanospaces were connected to U-shaped 
microspaces, the 10 mM nitric acid solution containing 
Cesium (CsI), Strontium (SrII), Cerium (CeIII), Europium 
(EuIII), and Uranium (UVI) ions (sample A; Cs : Sr : Ce : 
Eu : U = 1.0 : 1.0 : 1.0 : 1.0 : 1.0) filled in the vial was 
introduced in the nanospaces using pressure controller (see 
Figure 1).   The solution (sample B) through nanospaces 
was recovered, and the concentrations of metal ions in 
sample B were measured by Induced-Coupled-Plasma 
(ICP), followed by comparison with those in sample A.   

Figure 2 shows the bar-graphs of relative 
concentration ratio for samples A and B in the size of 300 
to 3000 nm.  It is found that the relative ratio (RR) of 
CeIII and UVI ions increases with decreasing space size, 
while the RR value of EuIII decreases in the space sizes 
less than 1000 nm.  In the case of CsI and SrII ions, the 
RR values were constant without depending on the space 

size.  These results indicated that CeIII and UVI ions could 
flow quite faster than EuIII ion in nanofluidic spaces.   

Although the investigation of the detailed mechanism 
that same trivalent ions such as CeIII and EuIII can be 
separated by flowing in nanofluidic spaces is still in 
progress, this nanofluidic technique will provide clear 
advantages for the mutual separation of trivalent ions such 
as lanthanide. 
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Figure 1.  Schematic Illustration of nanofluidic control 
system. 
 

 
Figure 2. Space size-dependence of relative 
concentration ratios (Sr is normalized as 1.0). 
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B.7          One-dimensional peanut-shaped C60 polymers with 
positive and negative Gaussian curvatures: 

Toward the open for a new science of quantum electronic systems in  
Riemannian geometric space 

 
Jun ONOE, Takahiro ITO, Yasunori TODA, Hiroyuki SHIMA,  

Hideo YOSHIOKA and Shin-ichi KIMURA 
 
1. Introduction 

Since the first report on C60 photo-polymerization [1], 
there have been many reports on C60 polymers obtained by 
various kinds of methods, as shown in Table 1 [2]. We 
have hitherto produced them from photo and 
electron-beam (EB) irradiation of pristine C60 films, and 
investigated their structural and electric properties. As 
shown in Fig. 1, photo-polymerization provides 
two-dimensional (2D) semiconducting dumbbell-shaped 
C60 polymers (left) with a resistivity of 103 Ωcm [3-9], 
whereas EB-polymerization does metallic peanut-shaped 
C60 polymers with that of 1-10 Ωcm [10-18]. These 
resistivity values were obtained using four-probe 
measurements at room temperature under atmospheric 
conditions, which are both much smaller than that
（108–1014 Ωcm）of solid C60 [19, 20]. 
 
Table 1. Summary of fullerene polymers formed by 
various kinds of methods. 

Method Reactant Cross-linkage Structrure 
Photo- 

irradiation 
C60 film 

 
 

dumbbell 
 

single-bond 

1D 
2D hexagonal 

1D 
High- 

Temperature 
and High- 
pressure 

Solid C60 dumbbell 
 

1D orthorhombic
2D tetragonal 
2D hexagonal 
3D tetragonal/ 

hexagonal 
Charge transfer AC60

* 
Na2RbC60 

Na4C60 

dumbbell 
single-bond 
single-bond 

1D orthorhombic
1D orthorhombic

2D tetragonal 
Solid catalysis C60 powder 

KCN 
dumbbell dimer/trimer 

Electron-beam 
 

Solid C60 
C60 film 

dumbbell 
peanut-shaped 
dissociation 

dimer 
1D 

3D amorphous 
*A denotes alkali metals. 

 
 

 
 
Fig. 1. Schematic illustration of 2D hexagonal dumbbell-shaped 
C60 polymers (left) and quasi-1D peanut-shaped C60 polymers 
(right) [taken from Refs. 9 and 14]. 

 
As shown in Fig. 1 (left), the 2D C60 polymer has a 

[2+2] four-membered cross-linkage between adjacent C60 
molecules by dissociation of C=C double bonds of each 
C60. In this case, the whole system is not regarded as a 
π-electron conjugated system, thus exhibiting 
semiconducting. On the other hand, as sown in Fig. 1 
(right), the peanut-shaped polymer has a coalesced 
structure via the general Stone-Wales rearrangement [21, 
22] between adjacent C60 molecules. The EB-polymer can 
be regarded as a π-electron conjugated system, thus 
exhibiting metallic.  In addition, when we focus on the 
geometric aspect for the EB-polymer, this peanut-shaped 
structure has both positive and negative Gaussian 
curvatures [23], which is different from well-known 
π-electron conjugated carbon allotropes (see Table 2). 
 
Table 2. Classification of π-electron conjugated carbon 
allotropes by using Gaussian curvature. 

π-electron system Gaussian curvature N-membered ring
graphite 

fullerenes 
nanotubes 

Mackay crystal* 
(hypothetical) 

0 
＋ 

0（body）、＋（cap） 
— 
 

6 
5、6 
5、6 
6 , 8  

 
peanut-shaped polymers ＋、— 5 – 8 

*see Fig. 9 (taken from Ref. 41) 
 

In the present review, we will introduce our recent 
works on the optical and electronic properties of the 
peanut-shaped C60 polymer with positive and negative 
Gaussian curvatures obtained using femtosecond 
time-resolved spectroscopy [24] and high-resolution 
photoelectron spectroscopy [25, 26], respectively. In 
particular, we will discuss the effects of Gaussian 
curvatures on the electronic states of the polymer on the 
basis of Schrödinger equation on Riemannian surface [27, 
28]. Finally, we will describe the perspective of the 
peanut-shaped C60 polymer from a viewpoint of 
topological science. 

 
2. Optical properties 

To investigate optical properties of the peanut-shaped 
C60 polymer, we examined the dynamics of photo-excited 
carriers in the polymer, using two-color pump-probe 
femtosecond spectroscopy (a temporal resolution of 200 
fs) in which a coaxial configuration between the pump 
(1.07 eV) and probe (1.55 eV) laser beams provides a high 
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signal to noise ratio (S/N) [24, 29]. C60 films (200 nm 
thick) were formed on a CsI substrate in the UHV 
chamber by sublimation of the C60 powder at 673 K. The 
peanut-shaped C60 polymer sample was prepared by 3 kV 
EB-irradiation, and its formation was confirmed using in 
situ infrared spectroscopy [30].  We also prepared a 
pristine sample without EB irradiation as a reference.  
The films thus formed were mounted on the cold finger of 
an optical cryostat, and the lifetime of photo-excited 
carriers in the films was recorded as a function of the 
substrate temperature (20–300 K). The details of the 
measurement system and conditions were described in Ref. 
24. 

Typical transient ΔT(t), the difference in transmission 
from that of an equilibrium condition as a function of the 
delay time between the pump and probe pulses, for the 
peanut-shaped C60 polymer and pristine C60 films are 
shown in Figs. 2 (a) and 2 (b), respectively.   
 

 
Fig. 2. Typical transmission change DT(t) vs decay time for (a) 
peanut-shaped C60 polymer film and (b) pristine C60 film over a 
wide temperature range of 20–300 K [taken from Ref. 24]. 
 
In the high temperature range exceeding 60 K, ΔT(t) is 
identical for both samples and show an instantaneous 
response (hereafter we call this the “fast compnent”).  
This common feature remains largely unchanged over the 
whole temperature range.  On the other hand, in the low 
temperature range below 60 K, ΔT(t) for the polymer 
sample shows an additional relaxation component with a 
slow decay (hereafter we call this the “slow component”), 
which becomes dominant in the low temperature range.  
It is noted that the fast component is still present even at 
the lowest temperature examined in the present work, 
though its outline is largely obscured by the slow 
component, as shown in Fig. 2 (a).  As a result of 
considering the temperature-dependent fast component 
[24], since the excitation energy of the incident pulses 
(pump: 1.07 eV, probe:1.55 eV) is well below the optically 
allowed interband transitions of C60 molecules [17], the 
present observed instantaneous response can be attributed 
to two-photon absorption (TPA). In addition, the 
transmission change is found to be linearly dependent on 
the pump laser power, thus indicating that the signal 
consists of a TPA process involving one pump photon and 

one probe photon.  This assignment agrees well with the 
transient profile, which is largely consistent with the 
correlation between the incident pulses. 

We next consider the T-dependent slow component 
appearing at a lower temperature for the peanut-shaped 
polymer sample. Using the two-component exponential 
decay function, 
 

ΔT(t) = Afexp(-t/τf) + As(T)exp[-t/τs(T)], 
 

where A and τ denote the amplitudes and relaxation times 
as a function of temperature, respectively, and the 
notations f and s refer to the fast and slow components, 
respectively, we can obtain a good fit with the data of Fig. 
2 (a) for the polymer sample. Because the fast component 
could be regarded as T-independent, Af and τf were fixed 
at constant values throughout the fitting procedure.  The 
results of τs(T) and As(T) obtained using the formula are 
shown in Figs. 3 (a) and 3 (b), respectively.   
 

 
Fig. 3. Temperature dependence of (a) decay time τs and (b) 
amplitude As for the slow component obtained from an 
exponential fitting to ΔT(t).  The dashed line indicates the 
background level [taken from Ref. 24]. 
 

A signal with a decay time of a few picoseconds starts 
to appear below 60 K and becomes dominant with further 
lowering the temperature. A T-dependent transient signal 
with a similar decay time has been observed for various 
quasi-1D compounds [29, 31], in which the appearance of 
relaxation bottleneck reflects an energy gap associated 
with the Peierls transition. Thus, the slow component 
appearance indicates an energy gap formation below 60 K 
for the peanut-shaped C60 polymer as well as quasi-1D 
compounds such as K0.3MO3. Consequently, the results of 
Figs. 2 and 3 suggest that the peanut-shaped C60 polymer 
is a 1D or quasi-1D metallic carbon.  

Figures 4 (a) and 4 (b) show a schematic diagram of 
the transition processes accounting for the fast and slow 
transient components, respectively. For an excitation 
energy smaller than the interband energy gap, only the 
TPA process contributes to the ΔT(t), resulting in an 
instantaneous response during the correlation between the 
incident two pulses.  The TPA transition is also 
applicable to the pristine sample.  On the other hand, in 
the presence of a narrow energy gap, even when the gap 
includes large fluctuations, the photoexcited carriers from 
higher excited states to the gap states and vice versa 
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contribute to the ΔT(t).  The T-dependent ΔT(t) reflects 
the T-dependence of the energy gap and order parameter 
fluctuations. 

 

 
Fig. 4. (a) Schematic diagram of a TPA process consisting of one 
pump photon and one probe photon. (b) Interband carriers 
relaxation processes in the presence of an energy gap at a lower 
temperature [taken from Ref. 24].  
 

In typical quasi-1D compounds exhibiting the Peierls 
transition, the decay time diverges near the transition 
temperature at which efficient phonon transitions (both 
emissions and re-absorptions) greatly make the relaxation 
time longer at the beginning of the gap formation.  
However, as shown in Fig. 3 (a), there is no clear 
divergence at around 60 K, and instead the decay time and 
amplitude increase monotonically with decreasing 
temperature down to 20 K.  We consider the different 
behavior of the decay time is presumably due to a 
topological effect driven from the positive and negative 
Gaussian curvatures at present, but it is further necessary 
to study the present subject. 

 
3. Electronic properties 

To clarify the origins of the metallic I-V characteristics 
of the peanut-shaped C60 polymer, we examined its 
valence electronic structure around the Fermi level (EF), 
using in situ high-resolution ultraviolet photoelectron 
spectroscopy (UPS). Prior to deposition, a 100 mg of C60 
powder (99.98 % pure) introduced into a Knudsen cell 
(K–cell) was heated at 473 K for a few hours to remove 
residual organic solvents from the powder in a preparation 
chamber (base pressure: 1×10-7 Pa). Thereafter, a C60 film 
(20–30 nm thick) was formed on a copper (Cu) substrate 
by sublimation of the pretreated C60 powder in the K–cell 
at 673 K for 3 min in the preparation chamber.  
Subsequently, the pristine C60 film was transferred to an 
analysis chamber (base pressure: 1 × 10-8 Pa) and 
measured in situ by UPS with an energy resolution of 
10-20 meV and with the monochromatic He Iα (21.218 
eV) or He IIα (40.806 eV) emission line. Although we 
used He Iα in Ref. 25, we used He IIα emission line in 
order to examine the π-electron behaviour near the EF for 
the outermost layers of the EB-irradiated film in Ref. 26. 
After the measurements, the film was returned to the 
preparation chamber and irradiated with 3 kV-EB for 0.5, 
1.5, 2.5, 5.0, and 12 h. We confirmed by in situ infrared 
spectroscopy that 12 h of EB–irradiation was sufficient to 

allow the C60 molecules to completely coalesce, thus 
forming a peanut–shaped C60 polymer all over the film.  
Every after each EB-irradiation time, the film was 
transferred to the analysis chamber for in situ UPS 
measurements. The zero value in binding energy for the 
present measurements was determined from the EF (= 0 
eV) of a Au film, which was deposited on the same Cu 
substrate as for the pristine and EB-irradiated C60 films, by 
fitting its UPS spectrum with a Fermi distribution function 
at the measurement temperature (350 K).  In the present 
substrate temperature, the EF of a semiconductor is located 
in the middle between the valence and conduction bands 
by thermal broadening, and is almost the same position as 
that of a metal with thermal broadening at the temperature.   
  Figure 5 shows the UPS spectra of the EB-irradiated 
C60 film for several irradiation times (350 K), along with 
the pristine C60 film measured at 300 K: 0 h (red), 0.5 h 
(orange), 1.5 h (green), 2.5 h (sky blue), and 5.0 h (blue).  
For the pristine C60 film (red line), some intensive narrow 
bands such as HOMO and HOMO–1 were observed, 
because of the weak interaction between adjacent C60 
molecules. On the other hand, as EB-irradiation time 
increases, each band becomes broadened in response to 
the disappearance of molecular character caused by 
EB–induced polymerization between adjacent C60 
molecules, and the valence electronic states spread 
monotonically toward the EF with increasing the 
EB-irradiation time. After 5 h of EB-irradiation, the 
electronic states reach to the EF, as illustrated by the blue 
line.   
 

 
Fig. 5. EB-time evolution of valence photoelectron spectra of a 
C60 film in a wide binding energy region.  All spectra were 
obtained at 350 K except that of pristine C60 film at 300 K (taken 
from Ref. 26). 

 
To understand this behavior near the EF in details, we 

next measured the EB-irradiation time–dependence of 
UPS spectra of the film in the binding energy of 3 eV 
below the EF. Figure 6 shows the evolution of UPS spectra 
of the C60 film in the binding energy region as a function 
of EB–irradiation time, where insets shows the 
symmetrised spectra in the vicinity of the EF: 0 h (red), 0.5 
h (orange), 2.5 h (sky blue), and 5.0 h (blue) in order to 
remove the effect of thermal broadening from those 
spectra. Because the S/N ratio of the spectrum of 1.5 
h–irradiated C60 film (the green line shown in Fig. 6) was 
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poor in comparison with that of the others, it was omitted 
in this figure. As shown in Fig. 6, the electronic states in 
the binding energy range of 0–2 eV is gradually increased 
in response to the broadening of the HOMO band located 
at around 2.4 eV, as the EB-irradiation time increases.  
This indicates that EB-irradiation time reduced the energy 
gap, which is related to the electron-transport properties, 
of a C60 film continuously. This finding implies that the 
electronic properties of a C60 film can be controlled from 
an insulator to a metal via a semiconductor continuously 
only within a EB-irradiated area, which is interesting 
when the EB-irradiated C60 polymer is applied to the 
fabrication of electronic devices.   
 

 
Fig. 6. EB-time evolution of valence photoelectron spectra of a 
C60 film in the binding energy of 3 eV below the Fermi level. 
Inset shows the symmetrized spectra in the vicinity of the Fermi 
level in order to remove the effect of thermal broadening from 
the spectra (taken from Ref. 26). 
 

Why does the electronic properties of the C60 film 
change continuously from insulating to metallic via 
semiconducting as EB irradiation time increases? One of 
the reasons is attributed to the change in polymerization 
degree upon EB irradiation. We performed the 
first-principle calculations of the energy gap for the dimer 
(C60-C60), trimer (C60-C60-C60), and one-dimensional 
system (-C60-) with a give cross-linked structure between 
adjacent C60 molecules [18], and obtained them to be 
0.333, 0.107, and 0.021 eV, respectively, along with that of 
1.668 eV for C60 which is in an excellent agreement with 
experimental results of 1.6–1.8 eV [32]. Otherwise, the 
other reason is attributed to that the general Stone-Wales 
rearrangement between adjacent C60 molecules proceeds 
as EB irradiation time increases.    

We next discuss the UPS results obtained after 12-h 
EB irradiation. Figure 7 shows UPS spectra of pristine C60 
(blue line) and peanut–shaped C60 polymer (red line) films 
obtained at a substrate temperature of 300 K and 350 K, 
respectively, where the inset shows the UPS spectrum of 
the peanut–shaped C60 polymer near the EF. For the 
peanut–shaped C60 polymer, each band is broadened in 
response to the disappearance of molecular character 
caused by EB–induced polymerization between adjacent 
C60 molecules, and the valence electronic states spread 

toward the EF. In order to clarify the behavior of the 
electronic structure of the peanut–shaped C60 polymer in 
the vicinity of the EF, we measured more precise UPS 
spectra of the pristine C60 and peanut–shaped polymer 
films in the binding energy of 3.0 eV below the EF, as 
shown in the inset of Fig. 7. It was found that the 
photoelectron spectrum of the peanut–shaped polymer is 
much greater than that of the pristine C60 film near the EF 
and clearly comes across the EF edge. These findings 
suggest that the peanut–shaped C60 polymer has a metallic 
electronic structure.  However, the results shown in the 
inset of Fig. 7 were measured at 350 K, thus the effect of a 
thermal broadening on the spectra should be taken into 
account. This implies that the peanut-shaped polymer is 
possible to be not only metal or semimetal but also 
narrow-gap semiconductor. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. In situ high-resolution UPS spectra of pristine C60 film 
(blue line) and peanut–shaped C60 polymer (red line) obtained at 
300 K and 350 K, respectively.  Inset shows the UPS spectrum 
of the peanut–shaped C60 polymer near the EF (taken from Ref. 
25). 
 
   Then we next examined the temperature dependence 
of the UPS spectra in the vicinity of the EF for the 
peanut-shaped C60 polymer, because the thermal 
broadening effect reduces with decreasing temperature.  
For example, Figure 8 shows the plot of the Fermi 
distribution function near the EF in the range of 50 – 350 
K (350 K: red, 200 K: orange, 150 K: green, 100 K: sky 
blue, and 50 K: blue). At 350 K, there is a large thermal 
broadening in the distribution function in a similar manner 
to the spectrum shown in the inset of Fig. 7. As 
temperature is going down from 350 K to 50 K, thermal 
broadening becomes smaller and the Fermi step at the EF 
appears clearly at 50 K, as shown in Fig. 8. 

We examined the T-dependence of UPS spectra near 
the EF for the peanut-shaped C60 polymer. Figure 9 shows 
the UPS spectra measured at 50 K (blue, top), 100 K (sky 
blue, second top), 150 K (green, middle), 200 K (orange, 
second bottom), and 350 K (red, bottom). It is found that 
the spectrum comes across the EF even at 50 K, thus 
indicating that the peanut-shaped polymer is metal.  
Interestingly, the spectral function does not show a Fermi 
step clearly even at 50 K unlike the prediction shown in 
Fig. 8.  Two or three dimensional metal such as TaSe2 
and Rhodium always exhibit a Fermi step, but quasi-1D 
metal such as K0.3MO3 and (TaSe4)I does not show such 
the step [33]. Accordingly, the results of Fig. 9 suggest 



BULL. RES. LAB. NUCL. REACTOR. Vol.34, 2010 
 
56 

that the peanut-shaped C60 polymer is a 1D or quasi-1D 
metal, which is consistent with the results of its 
photo-excited carriers dynamics described in the previous 
section. 
 
 

 
 
Fig. 8. Plot of the Fermi distribution function as a function of 
temperature (red: 350 K, orange: 200 K, green: 150 K, sky blue: 
100 K, and blue: 50 K). The horizontal axis denotes the energy 
level (eV) in the vicinity of the Fermi level (= 0 eV), where the 
negative and positive areas mean the occupied and unoccupied 
levels, respectively.  The vertical axis denotes the density of 
states (arbitrary unit). 
 
  

 
Fig. 9. Temperature dependence of UPS spectra in the vicinity of 
the EF: 350 K (red), 200 K (orange), 150 K (green), 100 K 
(skyblue), and 50 K (blue). 
 

If the peanut-shaped polymer is 1D metal, its electrons 
should exhibit a Tomonaga-Luttinger liquids (TLL) 
behavior in which the density of states (DOS) shows a 
power-law dependence of the binding energy and of 
temperature (the value of exponent α is less than unity) 
[36]. For example, for metallic single-wall carbon 
nanotubes (SWCNT), a TLL behavior was observed (α = 
0.5) [35], which is the direct evidence of 1D metal. In a 
similar manner to SWCNT, we examined the 
T-dependence of UPS spectra near the EF in the range of 

30–350 K, using a monochromatic He IIα emission line.  
We also observed a TLL behavior for both binding energy 
and temperature and obtained α to be 0.6 [28], thus 
demonstrating that the peanut-shaped C60 polymer is 1D 
metal as well as SWCNTs. Here we have a next question: 
what is the difference in the correlation exponent (α) value 
between SWCNT and the peanut-shaped polymer? And 
what is the difference physically meaningful? 
 
4. Riemannian geometrical effects on TLL correlation 
exponent 

To explain the difference in the TLL correlation 
exponent value between them, we have focused our 
attention on the difference in their topology based on 
Gaussian curvature, as shown in Table 2. At the first step, 
we regarded the electron motion on the 1D peanut-shaped 
C60 polymer as free electrons moving on a quantum 
hollow cylinder with periodic radius modulation (see Fig. 
10) resulting in 1D curved surface with positive and 
negative Gaussian curvatures aligned alternatively and 
periodically. On such the curved surface, Schrödinger 
equation dealing with electron motion cannot be written in 
Euclidean space but in Riemannian space [27]. As a 
consequence, the single-particle DOS, n(ω), near the EF 
should exhibit a power-law singularity as follows, 
 

 
 
Where K (>0) is a parameter to express the strength of 
electron-electron interactions, and can be written as 
 

 
 
Where, vF denotes the Fermi velocity, and g4(q) = V(q, m) 
and g2(q) = V(q, m) – V(2kF, m) show q-dependent 
coupling constants. V(q, m) is the Fourier transform of the 
screened interaction. The details of the present results and 
discussion were described in Ref. 27.  
 

 
Fig. 10. Schematic illustration of a quantum hollow cylinder 
with a periodic radius modulation (taken from Ref. 27). 
 

Figure 11 shows the δr dependence of both K and α 
for different kF values. The insets in Fig. 11 show the kF 
dependence of K and α at δr/a =2.0. Figure 11 
demonstrates that the K decreases and the α increases 
significantly with increasing the δr for the ratio δr/a 
exceeding 2.5. Such the δr-driven shift in the K and the α 
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is attributed to the effects of Gaussian curvatures on the 
nature of TLL states. Consequently, it is interesting to note 
that the difference in TLL correlation exponent α value 
between SWCNT and 1D peanut-shaped polymer can be 
explained in terms of the Riemannian geometrical effects. 
 

 
Fig. 11. Plot of the δr dependence of the K and α. Insets show 
non-monotonic behaviors of the K and α as a function of the kF 
at δr/a=2.0 (taken from Ref. 27). 
 
5. Summary & Perspective 

We have reviewed our recent works on the optical and 
electronic properties of the peanut-shaped C60 polymer 
formed by EB irradiation of C60 films. This polymer was 
found to be a 1D metal and can be regarded as a new 
allotrope of π-electron conjugated carbon materials when 
they are classified using Gaussian curvature. Indeed, the 
1D metallic polymer exhibits a different behavior of 
optical and electronic properties from well-known 1D 
metal materials: no divergence in the decay time upon an 
energy gap formation associated with the Peierls transition, 
and the TLL exponent value larger than that of 1D metal 
SWCNT with zero Gaussian curvature. In particular, the 
difference in the TLL correlation exponent is caused by 
the Gaussian curvature that drives effective potentials 
acting on electrons motion on the Riemannian surface.  

There have been some reports on carbon materials 
with a negative Gaussian curvature experimentally [36-38]. 
However, they were just observed using transmission 
electron microscope and not shown to have any electronic 
properties until now. To our best knowledge, the 1D 
metallic peanut-shaped C60 polymer is the first existed 
material with well-known physical properties that are 
affected significantly by Gaussian curvature in the 
Schrödinger equation on Riemannian surface.  Curvature 
effects on electronic, electric, and magnetic properties 
have been hitherto predicted theoretically [39-45], for 
example so-called Mackay crystal shown in Fig. 12 [39]. 
We believe that the 1D metallic peanut-shaped C60 
polymer is a good material to verify the theoretical 
predictions and open a new materials science in 
Riemannian space world.  
 
 

 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Schematic illustration of the unit cell of Mackay crystal 
consisting of 6- and 8-membered rings colored by blue and red, 
respectively [taken from Ref. 39]. 
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Fig. 1 radial structure functions of experiment and curve 
fitting of the 0.25ThF4–aLiF–bCaF2 mixtures at 
molten states 

B.8     XAFS Analysis of Molten Inorganic Metal Fluorides Containing  
Thorium Fluoride  

 
Haruaki MATSUURA, Atsushi NEZU and Hiroshi AKATSUKA 

 
 

To develop the recycle process for the molten salt 
reactor, an electrochemical method has been considered 
to be one of the options of separation techniques of 
actinides (An) and lanthanides (Ln). The lithium 
fluoride-calcium fluoride (LiF-CaF2) eutectic melt can be 
used as the solvent for the electrodeposition of Nd and 
Th, while LiF-NaF and LiF-KF eutectic melts cannot be 
used for the same purpose theoretically. To clarify the 
correlation between structures of molten An (Ln)Fn and 
their physico-chemical properties would lead to find 
better electrolysis conditions to improve the efficiency of 
the pyrochemical reprocessing. However, structural 
information of the ternary xThF4-aLiF-bCaF2 mixtures 
has not been reported yet by any techniques. In this study, 
molten 0.25ThF4-0.75LiF, 0.25ThF4-58LiF-0.17CaF2 and 
0.25ThF4-0.45LiF-0.30CaF2 are specially focused for the 
structural investigation. 

XAFS measurements in transmission modes have been 
performed at BL27B/PF/KEK. The Th LⅢ-edge XAFS 
spectra have been collected with fixed time scan method 
by the X-ray from a double Si (111) crystals 
monochromator. ThF4 was synthesized by ThO2 under 
fluorine gas (40 ml/min) at 650 oC for 4 h at Tohoku 
University.  Mixtures made by ThF4, LiF (Soekawa Co. 
4N) and CaF2 (Soekawa Co. 4N) were melted once in a 
glassy carbon crucible at 1073 K in a quartz tube filled 
with an argon atmosphere in high purity. Then, they were 
mixed with boron nitride powder (BN, Showa Denko Co. 
ltd), and pressed into pellets in 7 mm diameter and 1 mm 
thickness. The mixing weight ratio of ThF4 to BN was ca. 
1: 2.5. To prevent chemical reaction of sample and 
contamination of ThF4 to outside by heating during XAFS 
measurements, these pellets were installed in a double 
barrier cell. The 1st barrier is made with pyrolitic boron 
nitride [1] and the 2nd barrier is made with boron nitride 
(HIP). The electric furnace [2] was filled with He gas at ca. 
30 kPa. 

In the solid state of 0.25ThF4-0.75LiF, the coordination 
number of thorium (Ni) and inter ionic distance between 
thorium and fluorine first neighbour (ri) were 9 and 2.35Å, 
respectively. These structural parameters correspond to the 
structure of Li3ThF7 reported in the literature.  Ni’s and 
ri’s in all solid states were nearly constant among the 
mixtures investigated. Radial structure functions of molten 
0.25ThF4–aLiF–bCaF2 are shown in Fig. 1. In the molten 
states, Ni’s decreased from 9 to ca. 7.5 and ri’s also 
decreased from 2.35 to ca. 2.30Å, thus the similar local 
structure around thorium was preserved. On the other hand, 
in the case of 0.20TbF3-aLiF-bCaF2 mixtures, Ni and ri 

tend to be varied with depending on concentration of CaF2. 
It is conjectured that this fact relates to the amount of F- 
supplied by solvent melts. In the molten TbF3-aLiF-bCaF2, 
structural variation appears at b>0.32 and Ni is slightly 
larger than 6 (Tb3+:F-=1:8.6). While in the case of 
0.25ThF4-0.45LiF-0.30CaF2, the ratio of Th4+: F- is 1:8.2. 
Compared to the TbF3 mixtures, larger amount of F- is 
required for the modification of the local structure in the 
ThF4 mixtures. Therefore the local structure of Th4+ would 
not be varied considerably by the addition of CaF2. 

EXAFS experiments have been carried out with the 
approval of the Photon Factory Program Advisory 
Committee (Proposal Nos. 2008G065, 2009G193, 
2009G544).  HM is grateful to le STUDIUM for the 
financial support of his staying in France.  These studies 
were jointly performed with Drs. C. Bessada, and D. 
Zanghi (CEMHTI, CNRS) as the course of an agreement 
for cooperation between CEMHTI and Tokyo Tech.   
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B.9       Local Structural Analysis on Terbium Fluoride Mixtures at  
High Temperature 

 
Haruaki MATSUURA, Atsushi NEZU and Hiroshi AKATSUKA 

 
 

Solid rare earth metal fluorides (LnFx) are known to be 
useful materials in industrial applications (e.g. solid 
electrolytes and optical lens). Moreover, the development of 
pyrochemical reprocessing of spent nuclear fuels in molten 
fluorides or the molten salt nuclear reactor in nuclear 
engineering requires a better knowledge of their structural 
and physico-chemical properties at high temperature.  In a 
recent study, it has been reported that the LiF-CaF2 eutectic 
melt can be used as solvent for the electrodeposition of Nd 
and Th, while LiF-NaF and LiF-KF eutectic melts cannot 
be used for the same purpose theoretically. However, the 
structure of LnFx and actinide fluorides (AnFx) in LiF-CaF2 
eutectic melt has not been clarified yet. In this study, 
0.20TbF3-0.80LiF, 0.20TbF3-0.62LiF-0.18CaF2, 
0.20TbF3-0.48LiF-0.32CaF2, 0.50TbF3-0.50LiF, and 
0.50TbF3-0.38LiF-0.12CaF2 mixtures are specially focused 
for the structural investigation. 

XAFS measurements in transmission mode were 
performed at BL27B beamline in Photon Factory / KEK. Tb 
LⅢ-edge (7.519 keV) XAFS spectra were collected with a 
fixed time scan method by using Si (111) double crystals 
monochromator. Mixtures of TbF3, LiF and CaF2 in various 
compositions were melted once in a glassy carbon crucible 
at 1123 K in a glove box filled with an argon atmosphere in 
high purity. Then, they were mixed with boron nitride 
powder (BN), and pressed into pellets in 7-10 mm diameter 
and 1 mm thickness. It has been found that if the source of 
oxidation (e.g. moisture) as impurity exists in an electric 
furnace, TbF3 reacts with BN to be TbBO3 at ca. 1073 K. 
Therefore, to prevent chemical reaction during heating 
process in XAFS measurements, these pellets were installed 
in a cell made with pyrolytic boron nitride [1] and the 
electric furnace [2] was filled with He gas. EXAFS data 
were analysed by using the WinXAS ver.3.1 and 3rd and 4th 
cumulants were introduced for the curve fitting analyses of 
EXAFS data at molten phase due to their large anharmonic 
effect. 

 
 
 
 
 
 
 
 
 
 
 
 
 

The experimental data on molten 0.20TbF3-aLiF-bCaF2, 
mixtures are shown in Fig. 1. In molten 
0.20TbF3-0.62LiF-0.18CaF2 mixture, coordination number of 
terbium (Ni) and inter ionic distance between terbium and 
fluorine first neighbour (ri) were quite similar to those in 
0.20TbF3-0.80LiF mixture, thus the similar octahedral 
configuration was formed. On the other hand, in ternary 
0.20TbF3-0.48LiF-0.32CaF2 mixtures, Ni decreased from 8 to 
6.8 and ri did not change on melting. In addition, the 
Debye-Waller factor was relatively larger than those of the 
rest of the mixtures investigated. Therefore, the local 
structure around Tb3+ tends to be varied with depending on 
concentration of CaF2. It is conjectured that the difference 
among structural variation in molten phase relates to the 
amount of F- supplied by solvent melts. In 
0.20TbF3-0.48LiF-0.32CaF2 mixture, the largest amount of F- 
is supplied by the solvent melts among all mixtures 
investigated, i.e. Tb3+: F-=1.8.6. Thus Ni would indicate 
slightly larger than 6. In ternary 0.50TbF3-aLiF-bCaF2 
mixtures, the effect of CaF2 would appear more strongly than 
that in the ThF4 mixtures. Since only 4 times amount of F- 
can exist around a Tb3+ in 0.50TbF3-0.50LiF mixture, the 
octahedral configurations should be connected by the edge 
and corner sharing. Some part of networking structure would 
be broken by addition of even small amount of CaF2 
(bCaF2=0.12), and local structure around Tb3+ would be 
distorted from octahedral configuration. 

EXAFS experiments have been carried out with the 
approval of the Photon Factory Program Advisory 
Committee (Proposal Nos. 2008G065, 2009G193, 
2009G544).  This research has been done in a collaboration 
study between JAEA (Dr. Y. Okamoto) and Tokyo Tech. 
 
References 
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Fig. 1 radial structure functions of experiment and curve fitting of the 0.20TbF3–aLiF–bCaF2 mixtures at molten states
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B.10        Corrosion Resistance of Fe-Al Alloy-Coated Steel under  
Bending Stress in High Temperature Lead-Bismuth Eutectic 

 
Minoru TAKAHASHI and Eriko YAMAKI 

 
  

1. Introduction 
For the development of the lead alloy-cooled reactor, 

one of the main issues is to develop corrosion resistant 
materials for candidate cladding and structural materials in 
high temperature liquid lead alloy. Fe-Al alloy coating 
layer is effective for protection of steels from lead-bismuth 
eutectic (LBE) corrosion because a thin, dense and stable 
protective layer of Al oxide effective for corrosion 
resistance is formed on the surface of Fe-Al alloy by 
oxidation with oxygen in LBE. However, it is concerned 
that these protective layers may be damaged under various 
stress conditions.  

The purposes of the present study are to investigate the 
behavior of the coating layers on the surface of the base 
metals under the loading condition and to evaluate the 
effect of the coating layers on corrosion resistance in LBE. 
 
2. Experimental Apparatus and Procedure 

The shape and sizes of specimens with the thickness of 
0.5 mm are shown in Fig. 1. The specimens were coated 
with Fe-Al alloy deposited by unbalanced magnetron 
sputtering (UBMS) method.  Corrosion resistance and 
integrity of the Fe-Al coating layers were investigated 
under bending stress in high temperature LBE as shown in 
Fig. 2. Steels of Recloy10 and HCM12A without coating 
and Fe-Al alloy-coated steel of HCM12A were exposed to 
LBE pool with low oxygen concentration (up to 5.2×10-8 
wt% ) at 550 and 650°C under 45kg-loading for 240 and 
500 h.  
  
 

 
 

Fig. 1 Specimen for corrosion test under loading test 
 

 
Fig. 2 Experimental set-up for bending and corrosion test 

  
 

 
3. Results 

The steels without coating did not show large 
dissolution of constituent elements into LBE or penetration 
of LBE. However, the surface conditions of these steels 
changed under loading in LBE for 500 h. Fe-Al 
alloy-coated HCM12A showed neither LBE corrosion nor 
the change of surface condition after exposure to LBE at 
550ºC for 500 h under loading although adhesion of the 
coating layer was not good.  

After exposure to LBE at 650°C for 240 h, Fe-Al 
alloy-coated HCM12A showed penetration of LBE into the 
base metal and dissolution of base metal to LBE around 
cracks of the coating layer (Fig.3 (a)). LBE entered the 
cracks across the coating layer and contacted directly with 
the base metal. The dissolutions of the base metal as well 
as that of the pre-coating layer was observed.  

The coating layers detached from the base metal near 
the top surface of the specimen under compression stress 
(Fig. 3 (b)). LBE was observed in the gap between the base 
metal and the coating layer by EDX. Penetration of LBE 
into the base metal and dissolution of the base metal at this 
top surface were more significant than those at the bottom 
surface mentioned above. 
   

    
(a)                        (b)  

Fig. 3 Cross sections of HCM12A specimen with Fe-Al alloy coating after 
corrosion test at 650 °C under loading for 240 h, (a) Near bottom surface 
under tensile stress; (b) Near bottom surface under compression stress 

 
4. Conclusions 

LBE corrosion was not observed appreciably in the 
base metal and coating layer after the tests at 550°C for 550 
h. The coating layers could be barrier for corrosion 
resistance from LBE at 550 °C, although the coating scales 
are cracked by the load. At 650 °C, because the base metal 
was contacted directly with LBE through cracks across the 
coating layer, penetration of LBE to base metal and 
dissolution of base metal into LBE occurred. Fe-Al coating 
layer was not corroded by LBE. 
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E. Yamaki, M. Takahashi, “Corrosion Resistance of Fe-Al Alloy-Coated 
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Proceedings of ICAPP ’09, Tokyo, Japan, May 10-14, 2009, Paper 9021. 
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B.11               Physical Property Change of CVD-Diamond, Silicon and  
Silicon Carbide due to Neutron Irradiation at High Temperature 

 
Toyohiko YANO, Yoshirou YAMAMOTO and Katsumi YOSHIDA  

 

Diamond films on single crystal silicon and polycrystalline 
silicon carbide substrates were neutron-irradiated in JMTR 
up to a fluence of 8.1x1024 n/m2 (E>0.1MeV) at 725oC. 
Lattice parameter expanded 0.39, 0.20~0.27, 0.001%, in 
diamond, silicon carbide and silicon, respectively. Raman 
peaks of diamond at 1335 cm-1 was weakened and shifted 8 
cm-1 after the irradiation, but after annealing up to 1500oC 
relatively large peak at 1329 cm-1 and the peaks 
corresponding to disordered graphite were observed. 
Lattice parameter of diamond slightly decreased from the 
irradiation temperature and up to 1300oC, but was not 
recovered completely after annealing at 1400oC. sp2 
clusters may be induced during irradiation and grow by 
annealing. The change in lattice parameter of silicon was 
negligible but broad scattering around 25o (2θ/CuKα) was 
observed, indicating the presence of amorphous region. 
Mobility of monovacancy at room temperature, different 
from those of diamond and silicon carbide, should be a 
cause of different irradiation response of silicon [1]. 
 
1. Introduction 

In present experimental fusion facilities, radio-
frequency heating of the plasma is a necessary support 
heating system. In that system, ceramic windows with very 
low tanδ and very high heat-transfer properties are 
necessary. Diamond seems to be the best material for that 
window and was actually applied to the JT-60 fusion 
experimental device due to its very high thermal 
conductivity in the order of >1000 W/m.K and low tanδ in 
the order of <1.3x10-4 at 170 GHz before neutron 
irradiation.  It is well known that physical properties such 
as length, thermal conductivity, tanδ are greatly influenced 
by fast-neutron irradiation. A small number of reports on 
physical property change of diamond have been published. 

In the previous report [2], the property changes of the 
CVD-diamond, single-crystal silicon and polycrystalline 
silicon carbide irradiated up to a fluence of 5.3x1024 n/m2 
(neutron energy: En>0.1MeV) at 380oC in the Japan 
Materials Testing Reactor (JMTR) were clarified as 
follows. (1) Neutron irradiation induces graphite-like sp2 
clusters besides point defects in CVD diamond, which 
cannot recover after annealing up to 1500oC. Due to the 
formation of sp2 clusters, swelling of diamond is greater 
than that of silicon carbide. Lattice swelling was partially 
recovered by thermal annealing provided the annealing 
temperature is above the irradiation temperature. The 
recovering of the swelling increases with annealing 
temperature though it was not completed even at 1300oC 

that was the highest experimented one. (2) Silicon carbide 
shows a response to neutron irradiation similar to diamond, 
but does not transform into other crystalline or non-
crystalline forms. Therefore, most point-like defects were 
distributed throughout the crystal and then they should 
annihilate after high temperature annealing up to 1400oC 
by recombination. (3) Silicon was partly amorphized, and 
showed very slight expansion due to the irradiation.  

In this study, physical property changes of CVD-
diamond, single-crystal silicon and polycrystalline silicon 
carbide those were concurrently neutron-irradiated in the 
same reactor at higher temperature of 725oC are observed, 
and changes in physical properties were compared in the 
case of the lower temperature irradiation. 
 
2. Experimental Procedures 

Diamond films on single-crystal silicon or silicon 
carbide substrates were prepared by the CVD method. The 
thickness of the coating was about 10 μm. This diamond 
coating was polycrystalline and no special orientation. The 
substrates used were semiconductor-grade single-crystal 
silicon with the (111) plane parallel to the surface, and high 
thermal conductivity sintered polycrystalline SiC (mainly 
6H). The size of both substrates was 10 mm in diameter 
and 1 mm in thickness. These specimens were neutron- 
irradiated in JMTR up to a fluence of 8.1x1024 n/m2 
(neutron energy: En>0.1 MeV) at 725oC. After irradiation, 
changes in X-ray diffraction pattern, Raman spectrum  and 
microstructure were observed. 
 
3. Results and Discussion 
3.1. CVD-diamond 

The lattice parameter expanded by 0.39% after neutron 
irradiation at 725oC, which was almost half of the case 
irradiated at 380oC (0.76%). The full-width at half-
maximum of the (113) diffraction peak slightly increased 
to 0.29o (2θ/CuKα) from 0.21o before irradiation, and 
mostly same as the case of the specimen irradiated at 380oC 
(0.32o). The change in lattice parameter of diamond due to 
isochronal annealing is shown in Fig. 1. The lattice 
parameter change of the lower temperature irradiated 
specimen [2] and of an unirradiated specimen were also 
plotted. The lattice parameter of the present irradiated 
specimen was almost constant up to 800oC and slightly 
decreased over that temperature up to 1200oC. On the 
contrary, that of the specimen irradiated at lower 
temperature (380oC) did not change up to around 400oC, 
which corresponded to the irradiation temperature, and  
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Fig. 1. Change in lattice parameter of diamond due to isochronal 
annealing for 1 h. 

 
 

above that temperature the lattice parameter started to 
contract and decreased continuously up to around 1200oC.  

It is interesting that the value of the present specimen 
after annealing at 1300oC and that of the lower temperature 
irradiated specimen were the same. At 1400oC, both 
specimens did not recover to the state of pre-irradiation, 
and still showed about 0.20% swelling.  

Fig. 2 illustrates Raman spectra of the unirradiated 
specimen, as-irradiated specimen at 785oC and annealed 
specimen at 1500oC. The unirradiated specimen showed a 
single strong peak at 1335 cm-1, which is a typical peak 
from diamond (sp3), and a broad peak around 1520 cm-1. 
After neutron irradiation, a relatively sharp and symmetric 
peak was observed at peak position of 1327 cm-1, which is 
slightly shifted to lower wave number. Also broad peak at 
1500 cm-1 was observed. After annealing at 1500oC, a 
relatively sharp peak was observed at 1329 cm-1, very close 
to the original position of the diamond peak. New peaks at 
1390, 1410 and 1580 cm-1 were observed. These peaks did 
not develop in the as-irradiated specimen. These peaks 
were also observed for the specimen irradiated at 380oC 
and annealed at 1500oC.  

After neutron irradiation, the diamond Raman peak 
near 1327 cm-1 shifted 8 cm-1 to lower wave numbers. 
Compare with the lower temperature irradiation case [2], 
the amount of shift and deformation of peak shape was 
small, indicating less damage. No clear peaks at around 
1580~1620 cm-1 corresponding graphite sp2 was observed, 
thus degree of broken sp3 bonding is less significant at 
higher temperature irradiation.   

Due to the isochronal annealing, the lattice parameter 
slightly shrank from irradiation temperature with 
increasing annealing temperature, but did not recover until 
the pre-irradiation state after annealing at 1400oC. The 

v a l u e  a f t e r  

 
Fig. 2. Raman spectra of diamond in the range from 1100 to 1700 
cm-1. Unirradiated, as-irradiated to 8.05x1024 n/m2 at 725oC and 
post-irradiation-annealed specimen at 1500oC for 1 h. The peak at 
1125 cm-1 was Hg from room light. 
 
 
the annealing at 1400oC of the present specimen and that of 
the lower temperature irradiated specimen was the same. 
The Raman spectrum of the present specimen after 1500oC 
annealing indicates an increase in intensity of the diamond 
peak at almost the same shift (1329 cm-1) as before 
irradiation. New peaks at 1390, 1410 and 1580 cm-1 were 
developed which were not observed before annealing. Both 
peaks at 1390 and 1580 cm-1 can be assigned to those of 
disordered  graphite (sp2 bonding),  but the peak at 1410 
cm-1 cannot be assigned. Therefore, sp2 components should 
exist after annealing at 1500oC, which correspond to the 
incomplete recovery of the lattice parameter. 

 
 
2. Silicon 

Only very little expansions of 0.001% were observed 
for the present higher irradiation temperature specimen. 
The full-width at half-maximum of the (531) peak has not 
changed (about 0.12o). Another significant change in the 
XRD peaks was that of a broad peak at 17-27o with a 
maximum at 23o, as shown in Fig. 3. This peak was not 
observed before neutron irradiation. This broad peak was 
slightly sharp in the case of higher temperature irradiated 
specimen. After annealing at 1000oC, the intensity of this 
broad peak was weakened but it did not disappear 
completely. These features were common for higher and 
lower temperature irradiation. 

Raman spectra of the unirradiated and irradiated silicon 
are shown in Fig. 4. At 521 cm-1, a strong peak was 
observed commonly in the unirradiated and irradiated 
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specimens, that is attributed for crystalline Si. After 
neutron  

 
Fig. 3. X-ray diffraction patterns of silicon, unirradiated and as-
irradiated to 8.05x1024 n/m2 at 725oC and post-irradiation-
annealed at 1000oC for 1 h. 
 
 
 
irradiation, a new broad peak at around 480 cm-1, attributed 
for amorphous silicon, was observed both for higher and 
lower temperature specimens. 
 

 
Fig. 4. Raman spectra of silicon in the range from 50 to 700 cm-1. 
Unirradiated, irradiated to 8.05x1024 n/m2 at 725oC and irradiated 
to 5.3x1024 n/m2 at 380oC. 

 
 

 
Fig. 5 Change in lattice parameter of silicon carbide irradiated to 
8.05x1024 n/m2 at 725oC and irradiated to 5.3x1024 n/m2 at 380oC 
due to isochronal annealing for 1h. 
 
 
3.3. Silicon carbide 

The  lattice   parameter  of  silicon  carbide  after  
785oC irradiation expanded by 0.20% along the a-axis and 
0.27% along the c-axis, which was smaller in the case of 
380oC irradiation, 0.58% along the a-axis and 0.60% along 
the c-axis. The change of the present specimen was not 
isotropic. Full-width at half-maximum of the (219) peak 
increased to 0.31o (2θ/CuKα) by the irradiation, compared 
to unirradiated and irradiated specimen at the lower 
temperature, 0.18 and 0.20o, respectively. Only black-dots 
like contrasts were observed by lower magnification 
electron microscopy, but at high-resolution observation the 
modification of crystalline lattice were observed. The a- 
and c-axis lattice parameters of the present SiC started to 
decrease from about 1000oC, and continuously contracted 
by isochronal annealing up to about 1400oC. After 
annealing at 1400oC, these values were fully recovered to 
the pre-irradiation values, and anisotropy was diminished, 
as shown in Fig. 5. 
 
3.4. Comparison of three materials 

Diamond, silicon and silicon carbide belong to a very 
similar crystal structure based on the diamond structure. 
Their atomic bonding nature has predominantly covalent 
character. Silicon and SiC are semiconductors, whereas 
diamond is basically an insulator. The melting point of Si 
(1414oC) is much lower than that of silicon carbide 
(2830oC) and diamond (>3000oC). The reported 
displacement energies of diamond (80 eV) and SiC (45-90 
eV) are higher than that of silicon (11-22 eV). 
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The lattice parameter expanded to relatively large 
values of 0.39 and 0.20~0.27% in diamond and silicon 
carbide, respectively,  compared with a very small value of  
0.001% in silicon. Pravdyuk et al.[3] remarked that 
swelling of diamond exceeded that of SiC after the same 
neutron fluence of the order of 1024n/m2 at 100-200oC. The 
present result on swelling also indicated the same feature 
whereas the irradiation temperature was higher than in the 
early study. One of the reasons of the very small lattice 
expansion in silicon can be attributed to the estimation that 
the relative volume change per interstitial  (ΔΩi=+0.55) in 
silicon  is  only   slightly  in   excess  of  that  of  a  
vacancy  (ΔΩv=-0.50) [4].   From   Raman  spectroscopy  
and  X-ray diffraction, an amorphization of the crystal was 
clearly observed only in silicon as broad peaks at 17-27o by 
XRD and by Raman peaks at 480 cm-1. In silicon, an 
amorphous phase is formed as a result of neutron 
irradiation over a fluence of 1025n/m2 besides vacancy 
clusters. This result was supported by the molecular 
dynamic simulation by Rubia et al. [5] induced by 3-5 keV 
displacement cascades in silicon carbide and silicon, where 
amorphization took place only in silicon, otherwise the 
disordered region retains the basic crystal structure in SiC. 
As a reason of a larger expansion of diamond than that of 
silicon carbide, we can attribute a diamond graphite 
transition induced in diamond. The atomic volume of 
graphite (0.0088 nm3) is much greater than that of diamond 
(0.0057 nm3), therefore homogeneous nucleation of small 
sp2 clusters may induce lattice expansion. A further basic 
difference during irradiation is the vacancy mobility. The 
mobility of interstitials is high in all three materials, in 
spite of the high mobility of monovacancies and 
divacancies less than room temperature or a few hundreds 
degree C only in silicon, respectively. Large differences in 
radiation response in silicon from those in diamond and 
silicon carbide are basically corresponding to the 
differences in mobility or stability of defects and thus the 
remaining defects in the crystals despite of similar 
geometric structures. 
 
4. Conclusions 

CVD-diamond on single-crystal silicon or poly-
crystalline silicon carbide substrates were neutron-
irradiated up to a fluence of 8.1x1024 n/m2 (En>0.1MeV) at 
785oC. Changes in XRD patterns, Raman spectra and 
microstructure were observed after irradiation and post-
irradiation annealing, and compared with the results on the 
specimens irradiated to 5.3x1024n/m2 at 380oC.  
(1) Neutron irradiation induced no clear graphite-like sp2 
clusters besides point defects in CVD diamond at 785oC. 
sp2 clusters probably nucleated during irradiation, and 
grow and could not recover after annealing up to 1500oC. 
Due to the nucleation of these clusters, swelling of 
diamond may be greater than that of silicon carbide. Lattice 
swelling decreased from around the irradiation temperature, 
but recovery was not completed due to the presence of sp2 
clusters. 
 (2) Silicon was partly amorphized independent of 

irradiation temperature. The very small expansion was 
explained by the small difference in relative volume 
change per interstitial and that of a vacancy despite of the 
small displacement energy. Furthermore, the mobility of 
monovacancies at room temperature, different from that of 
diamond and silicon carbide, should be a cause of 
irradiation response. 
 
(3) Silicon carbide did not transform into other crystalline 
or noncrystalline form. Therefore, most point-like defects 
were distributed throughout the crystal and then they 
annihilate during annealing up to 1400oC by pair 
recombination. 
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B.12      Immobilization of Strontium and Cesium into α-SiAlON Ceramics 
Assisted with Co-Doping of Yttrium 

 
Katsumi YOSHIDA and Toyohiko YANO 

 
 
Introduction 

Nuclear power plants generate spent nuclear fuels, and 
the disposal of radioactive waste becomes a critical issue. 
The amount of spent nuclear fuel has increased 
continuously and it is necessary to reduce the radiotoxicity 
derived from high-level nuclear waste. The study on the 
transmutation of long-lived fission products (LLFP) into 
short-lived or stable nuclides in nuclear reactors or 
accelerators has been performed for the reduction of 
radiotoxicity.1) In order to transmute the LLFP in nuclear 
reactors or accelerators, an inert matrix is needed for the 
immobilization of radioactive nuclides. Si3N4 ceramics are 
considered to be a candidate for an inert matrix of LLFP 
since they show excellent properties as an inert matrix.2),3) 
SiAlON is a solid solution based on Si3N4, i.e., Al3+ and O2- 
are substituted for Si4+ and N3- in Si3N4 structure, 
respectively. Alpha-SiAlON can be denoted by the general 
formula of MxSi12-(m+n)Alm+nOnN16-n, where M is metal 
cations incorporated into large interstices of the α-SiAlON 
network, and x contents of the metal cations.4)-8) Strontium 
(90Sr) and cesium (135Cs, 137Cs) are high-level nuclear 
wastes in spent fuel waste which have a half-life of 29.1,  
2.30x106 and 30.0 years, respectively.1) The half-life of 90Sr 
is not so long (29.1 years), but heat generation due to rapid 
decay is large. In this study, we tried to fabricate α-SiAlON 
ceramics containing stable isotopes instead of LLFP such 
as radioactive 135,137Cs and 90Sr by hot-pressing, i.e., 
immobilize simulant element into α-SiAlON structure, and 
the applicability of α-SiAlON ceramics as the inert matrix 
for transmutation of radioactive 135,137Cs and 90Sr was 
investigated. 
 
Experimental Procedures 
Starting Materials and Sintering 

Alpha-Si3N4, AlN, and α-Al2O3 were used as the 
starting materials. Stable nuclides, 88Sr and 133Cs were 
selected as the simulant nuclides for radioactive nuclides, 
90Sr and 135, 137Cs, respectively, and the starting materials 
were mixed with each metal carbonate (SrCO3, Cs2CO3) 
and Y2O3.  The composition of the powder was adjusted to 
be 0.7 as x-value of α-SiAlON containing Y and M (Sr or 
Cs), and 7:3 and 9:1 as the atomic ratio of Y and M (Sr or 
Cs), respectively. The starting powder was mixed for 24 h 
by wet ball-milling. After ball milling, the slurry was dried, 
and then crushed and sieved. The mixed powder was put 
into a graphite mold, and then hot-pressed at 1800oC for 1 h 
in nitrogen flow under a uniaxial mechanical pressure of 32 
MPa.  
 
 
 

Characterization 
Bulk density of specimens was measured by 

Archimedes’ method. Hot-pressed specimens were crushed 
into powder, and their crystalline phase identification and 
lattice parameter measurement were performed using X-ray 
diffractometer. The bending strength of hot-pressed 
specimens was measured by three-point bending test at 
room temperature. Elemental analysis of hot-pressed 
specimens was performed by energy dispersive X-ray 
spectrometer equipped on a transmission electron 
microscope (TEM) in order to investigate the distribution 
of elements in the sintered body.  
 
Results and Discussion 
Crystalline Phase and Lattice Parameter 

When Y2O3 was added with SrCO3 or Cs2CO3 to the 
starting powder, single α-SiAlON phase was formed in 
sintered bodies after hot-pressing. The a-axis and c-axis 
parameters of α-SiAlON fabricated from the starting 
mixtures containing both Y2O3 and SrCO3 were very 
similar with the values of Y-doped α-SiAlON 
(Y0.6(Si9.3Al2.7)(O0.9N15.1)) reported in ref. 9.  In the case of 
α-SiAlON fabricated from the starting mixtures containing 
both Y2O3 and Cs2CO3, its a-axis and c-axis parameters 
were very similar values of Y0.4(Si10.2Al1.8)(O0.6N15.4) 

reported in the literature. From these results, Y2O3 addition 
to the starting materials would assist the formation of 
α-SiAlON phase.  
 
Distribution of Sr and Cs in α-SiAlON phase 

Distribution of Sr and Cs in α-SiAlON grain was 
evaluated by EDS equipped on TEM. In the case of the 
sintered bodies fabricated from the starting mixtures 
containing both Y2O3 and SrCO3, Y and Sr were detected in 
the grain in addition to Si and Al. This result agreed closely 
with the starting composition. It is suggested that Y and Sr 
dissolved into interstitial site in α-SiAlON structure. On the 
contrary, Y, Si and Al were detected in the sintered body 
fabricated from the starting mixtures containing both Y2O3 
and Cs2CO3, but Cs was not detected. From this result, it 
indicated that only Y dissolved into interstitial site in 
α-SiAlON structure in the specimen. The ionic radii of Y3+, 
Sr2+ and Cs+ ions for a six-folded coordinate have been 
reported to be 0.090, 0.118 and 0.167 nm, respectively10). 
Some researchers have mentioned that an upper limit of the 
metal cation radius incorporated into α-SiAlON phase 
would be around 0.100 nm.7),8) It was reported that a- and 
c-axes parameter of α-SiAlON increased with increasing 
the amount of Y for incorporation into α-SiAlON lattice.11) 

From these data, it was suggested that Y3+ incorporated into 
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α-SiAlON phase served to expand the interstices of 
α-SiAlON, and then Sr2+ with a little larger ionic radius 
than 0.100 nm was incorporated into α-SiAlON phase. In 
the case of Cs+, its ionic radius is much larger than 0.100 
nm, and Cs+ could not be incorporated into the interstices in 
spite of expansion of interstices by the incorporation of Y3+.  
 
Bulk Density and Bending Strength 

Their bulk densities of α-SiAlON obtained in this study 
were 3.31-3.32 g/cm3. These values were slightly higher 
than the calculated bulk density of Y-doped α-SiAlON. In 
consideration of the application of ceramics as an inert 
matrix, densification is very important. Generally, dense 
ceramics show higher thermal and mechanical properties 
than those of porous ceramics. High thermal and 
mechanical properties provide mechanical stability for 
ceramics during neutron irradiation since neutron 
irradiation induces the swelling, i.e., expansion, and heat 
evolution. The α-SiAlON ceramics incorporated with Y 
and Sr or Y and Cs showed the bending strength of 930 and 
910 MPa, respectively. It was reported that α-SiAlON 
ceramics incorporated with Y (composition; 
Y0.41(Si10.2Al1.8)(O0.6N15.4)) were fabricated by hot-pressing 
at 1750oC and their bending strength was around 600 
MPa.6) The α-SiAlON ceramics fabricated in this study 
showed a higher bending strength than the hot-pressed 
α-SiAlON incorporated with Y in ref.6. From these results, 
it was found that the immobilization of Sr in α-SiAlON 
phase was successfully achieved with co-doping of Y, and 
α-SiAlON ceramics will be an inert matrix for 
transmutation of radioactive Sr. The amount of Y and Sr 
which can be immobilized into 1 kg of α-SiAlON in 
maximum was calculated to be around 30 g and 70 g based 
on the present compositions, respectively.  

 
Summary 

Immobilization of LLFP such as radioactive Sr and Cs 
into α-SiAlON ceramics was evaluated using stable isotope 
instead of radioactive isotopes, and the applicability of 
α-SiAlON ceramics as the inert matrix for transmutation of 
radioactive 135,137Cs and 90Sr was investigated. When Y2O3 
was added with SrCO3 or Cs2CO3 to the starting materials 
in optimum compositions, α-SiAlON single phase was 
obtained after hot-pressing at 1800oC. From the EDS 
analysis, it was suggested that Y assisted the expansion of 
interstices of α-SiAlON and the incorporation of Sr2+ with 
the slightly larger ionic radius than 0.100 nm into 
α-SiAlON lattice. In the case of Cs addition with Y, Cs was 
not incorporated into interstices due to much larger ionic 
radius of Cs+ than 0.100 nm. Bulk density of hot-pressed 
α-SiAlON ceramics was higher values and densification 
proceeded well. Form these results, it was found that the 
immobilization of Sr in α-SiAlON was successfully 
achieved with co-doping of Y, and α-SiAlON ceramics will 
be an inert matrix for transmutation of long-lived 
radioactive Sr. 
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C.1             Study on Numerical Simulation of Nuclear Pumped Laser by  
Coupled Pulse Reactor 

 
Toru OBARA and Hiroki TAKEZAWA 

 
 

A coupled pulse reactor consisting of fast pulse cores 
made of a uranium alloy and a subcritical thermal laser 
module comprising laser cell tubes and moderator is one 
of the most promising designs for nuclear pumped laser 
(NPL) experiments. The typical design of the pulse reactor 
is the combination of the BARS-6 and Stand B used in 
IPPE, Russia[1]. In the pulse reactor, NPL experiments are 
performed by making the fast pulse core prompt 
supercritical. Neutrons from the pulse cores cause fissions 
in the uranium coating the inside surface of the laser cell 
tubes in the module. Fragments from the fission excite the 
laser gas medium in the tube. Highly enriched uranium is 
used in the Russian reactor for the fast burst cores and the 
inner coating of the laser cell tubes to the pump laser.  

The purpose of this study was to do numerical 
simulation of Nuclear Pumped Laser by Coupled Pulse 
Reactor to know the detail characteristics of the laser. This 
paper describes the possibility of performing NPL 
experiments using the pulse reactor concept with low-
enriched uranium by performing kinetic analysis of the 
prompt supercritical condition. 

It is necessary to know the power density caused by 
the fissions in laser cell tubes during the transient 
condition to discuss the possibility of laser pumping. The 
neutronic characteristics of the fast pulse cores and 
thermal laser module are different, and the coupling of the 
two regions is loose. So a space-dependent kinetic analysis 
for loosed coupled systems should be performed. A space-
dependent kinetic analysis method for loose coupled 
system to analyze the prompt supercritical condition has 
been developed by the authors [2][3]. The code was used 
in the kinetic analysis.  Figure 1 shows the calculation 
geometry. Regions 4 and 5 represent fast pulse cores made 
of uranium metal. The enrichment is 100% for highly 
enriched uranium and 20% for low-enriched uranium. 
Region 2 represents the subcritical laser cell tubes with 
diameters of about 5 cm. Uranium metal is coated on the 
inside surface of the cells.  The enrichment for highly 

 

 
 
 
 

enriched uranium and low-enriched uranium was the same 
as that of fast pulse cores. Polyethylene was placed 
between the tubes as a moderator. The temperature rise of 
the laser module during the pulse operation was negligible 
with respect to reactivity feedback to the overall systems, 
so the temperature rise and thermal expansion of the pulse 
cores were included in the reactivity feedback calculation 
during the transient condition. The purpose of the analysis 
was to determine the power density in the cell tubes during 
the pulse operation, so only prompt neutrons were 
considered for the calculations. 

The calculation results show that it is possible to 
provide enough energy to the laser gas medium in the cell 
tubes not only in the reactor with highly enriched uranium 
but also in the reactor with low-enriched uranium. It is 
also possible to provide enough energy to both the laser 
cell tubes in the inner region and the cell tubes in the outer 
region, far from the pulse cores. We found some delay of 
the peak of the power in the cell tubes in the outer region, 
which was caused by neutron thermalization and diffusion 
in the thermal laser module. 
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C.2                    Study on Neutron Transmutation Doping for Silicon  
Semiconductor using PWR Fuel Core 

 
Toru OBARA and Byambajav MUNKHBAT 

 
 

Nowadays, the use of electric vehicles such as hybrid 
cars and electric trains is increasing rapidly. Each such 
vehicle requires a considerable number of large-diameter 
power semiconductor devices, suggesting an ever-growing 
demand for such devices in the near future. Thus, the mass 
production of large-diameter semiconductors is becoming 
an important issue for many manufacturers. 

There are many methods to produce large-diameter 
semiconductors and the most promising method to 
produce highly uniform doped semiconductor material is 
neutron transmutation doping (NTD). The NTD method is 
based on a nuclear reaction in which a thermal neutron is 
captured by the naturally occurring stable isotope 30Si to 
form the unstable isotope 31Si; this unstable isotope decays 
by the emission of a 1.471 MeV β- with a half life of 2.62 
hours to the stable isotope 31P [1].  

The purpose of this study is to design a small nuclear 
reactor using conventional PWR fuel core, which can be 
possible to supply the fuel by conventional PWR fuel 
fabrication factory, dedicated to the production of highly 
uniform doped large-diameter semiconductor material. 

In this work, a design concept for a small nuclear 
reactor for NTD of large-diameter (30 cm) semiconductors 
using conventional PWR fuel is proposed. The optimum 
core size was determined in the previous work [2]. 
However the optimum core design was rather atypical 
such as 8×8 fuel pins are in a fuel assembly and the core 
contains 36 (6×6) such assemblies. In keeping with this 
optimum size as possible, the fuel assembly is changed 
into conventional 17×17 PWR fuel assembly in the current 
work.  

The core size is 64.26 cm × 64.26 cm × 100 cm and 
core contains only 9 (3×3) PWR fuel assemblies. 
Enrichment of the fuel is 4 wt%. Coolant and moderator is 
light water. 40 cm thick graphite reflector is placed around 
core. Burnable poison Gd2O3 is used to suppress excess 
reactivity. The reactor power is 15 MWth and the 
operating pressure is 1 atm. Four Si ingots that are each 30 
cm in diameter can be irradiated in the reflector region at 
same time. It is assumed that the Si ingot is pure natural Si 
crystal and the height is 100 cm, the same as the core 
height.   

Criticality and burn-up analyses are performed. The 
results show that the reference core has a large excess 
reactivity at the beginning of the core life time. Burnable 
poison Gd2O3 is used in order to suppress the excess 
reactivity. There are many options for using burnable 
poison effectively; several suitable combinations that 
would not result in decreasing core life time were 
determined.  

Soluble boron is eliminated to make the reactor design 
simpler. Proposed reactor design is based on the research 

reactor concept and its power density is low, thus it is 
feasible to suppress excess reactivity by movement of 
control rods.  

The approximate semiconductor production rate of the 
reactor is estimated. The production rate was determined 
as ratio between the mass of doped Si ingot produced and 
the time required for such production. Since the desired 
resistivity of the doped Si ingot depends on the number of 
31P nuclei introduced by NTD, the required time depends 
on several factors such as fuel cycle and how uniformly 
the Si ingot is doped; subsequent irradiation is often 
needed in order to achieve uniform doping. But these 
factors are not considered in the present estimation; the 
thermal neutron flux in the reflector region is only used.  

The proposed reactor can be critical for over 600 days 
but large excess reactivity was expected. This large excess 
reactivity can be suppressed using a combination of 
different fuel assemblies which have different numbers of 
fuel rods with burnable poison and different 
concentrations of burnable poison. From the steady-state 
single-channel analysis, it is confirmed that the coolant 
bulk temperature is always less than 50°C and the cladding 
surface temperature is also less than 70°C. Thus, it is 
possible to remove heat from the core at 1 atm pressure. 
The approximate production rate of the reactor was 
estimated. At a target resistivity of 50 Ωcm, the reactor 
production rate was around 80 kg/hour. It could be a good 
production rate for large-diameter NTD. 

A simple and small size nuclear reactor for large-
diameter NTD can be designed using conventional PWR 
fuel elements. The estimated production rate could be 
good production rate for large-diameter NTD. 
 
 
REFERENCES  
1. M. TANENBAUM, A.D. MILLS, “Preparation of Uniform 

Resistivity n-Type Silicon by Nuclear Transmutation,” 
Journal of the Electrochemical Society, Volume 108, Issue 2, 
pp. 171-176 (1961). 

2. TORU OBARA, LIEM PENG HONG, NAOYUKI TAKAKI, 
“Basic Concept of Water Moderated Small Reactor for 
Neutron Transmutation Doping,” Trans. Am. Nucl. Soc. 99, 
745 (2008). 

 
 



BULL. RES. LAB. NUCL. REACTOR. Vol.34, 2010 
 

71

C.3         Study on Peu-à-Peu Fuel Loading Scheme in Small PBR 
 

Toru OBARA and Dwi IRWANTO 
 

 
In a pebble bed reactor, the unloading machinery is a 

complex system that can lead to some challenging 
problems if something unexpected happens to the device. 
If this device could be removed, the reactor would likely 
become more practical both in terms of design and 
operation, while at the same time reducing the cost needed 
to construct and operate the reactor. For this kind of 
system, a suitable fuel-loading scheme is the Peu à Peu 
(little by little) fueling scheme. [1]  

In the Peu à Peu modus, the fuel is little by little 
loaded into the core so that the fuel in the core 
continuously increases. At the bottom of the core, there is 
no unloading device; as such, the fuels are never 
discharged and remain at the bottom of the core during 
reactor operation. This means that the burnup cycle and 
reactivity is controlled by the addition of fuel. This 
simplification allows the fuel-loading process to be 
conducted in a very simple way, but it has some 
disadvantages in terms of low burnup and high power 
peaking. [2]  

Some studies have been performed previously, but 
they have used a diffusion-based method for neutronic 
analysis, whereas the transport method is more accurate. 
The large empty cavity region in the core, which is bigger 
than that of conventional PBRs during most of the reactor 
operation period, makes accurate calculations difficult in 
the diffusion-based method. 

The purpose of study is to perform the exact and detail 
calculations needed to analyze the Peu à Peu fuel-loading 
scheme and to optimize the core design, fuel composition, 
and fuel-loading scheme to improve its burnup 
characteristics. 

The Monte Carlo method was used to perform 
calculations with high accuracy at the top region of the 
core near the large cavity. In the real application of the Peu 
à Peu concept, the fuel elements are inserted continuously 
into the core, while in this study, for calculation purposes, 
the fuel elements were inserted in a stepwise procedure. 
The reactor core was subdivided into several axial fueling 
zones. At the startup, the lower layers of the core were 
filled with fuel elements, leading to the first criticality. At 
certain time intervals, one fuel layer after the other was 
added, depending on the requirements of criticality and 
compensation for the burnup; a burnup calculation was 
performed for each fuel-loading step. The calculation 
procedures for the Peu à Peu modus using the Monte Carlo 
method require numerous steps.  

Before the calculation of the whole core, an analysis 
for infinite geometry was performed. By analyzing the 
power generated per mass consumed for each combination 
of the uranium enrichment value and the packing fraction 
from the parametric survey, we found that the maximum 
burnup value could be expected if the inserted fuel 

element was 12 wt% U-235 enrichment with a 7% volume 
packing fraction of coated fuel particle in a pebble ball. 

Using these values, a whole-core calculation for 20 
MWth reactor was performed. The reactor had a radius of 
125 cm and a height of 500 cm. At the startup, the core 
height was 85 cm and at the end of the operation, the 
height was 480 cm with the remaining 20 cm being an 
empty cavity. The fuel feed rates are varies with time 
depending on the requirements of criticality. This reactor 
design with the Peu à Peu fuel-loading scheme could 
maintain its criticality up to 12 years. The average burnup 
value of this design was 9.37×104 MWD/T-U, which is 
comparable to that of the conventional PBRs design.  

During reactor operation, burnup values at the top of 
the core were smaller compared to those at the bottom of 
the core. The same characteristic was also found at the end 
of the reactor operation, when the burnup value was 
3.27×105 MWD/T-U at the bottom layer and 1.72×104 
MWD/T-U at the top layer, with a wide range of 
difference between the bottom and the top of the reactor 
core.  

In order to optimize the burnup characteristic, several 
analyses were performed. By keeping the power density at 
a constant value, we performed a calculation by increasing 
the radius of the reactor up to 200%, which would result in 
four times the volume of the initial reactor size. As the 
radius and power increased, the average burnup of the 
reactor did not change remarkably. In fact, the average 
burnup values changed as little as 1% or less.  So, to 
increase the burnup value of this design, increasing the 
radius of the reactor would not be an effective option. 
Further analysis is necessary to increase burn up for 
effective utilization of fuel using the method developed in 
this study. This new design and method is important due to 
its advantages of involving a small reactor, a very simple 
fuel-loading scheme, and the high efficiency of a 
gas-cooled reactor. 
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C.4        Ultra Long Life Space Reactor loaded with Am and Cm 
 

Masanori NAKAMURA, Hiroshi SAGARA and Masaki SAITO 
 

 
INTRODUCTION 

In the future the activities of human in space will need 
much electric power for long time. However, it’s difficult 
to satisfy these demands by solar energy and battery such 
as fuel cell because the low solar power density and very 
severe mass restriction by the ability of rocket 
performance. Space nuclear reactor is a very attractive 
answer to solve above problem. Furthermore, long-life is 
an essential element. Space reactor is very attractive in its 
utilization for the human activities in the space. And 
human activity in the Moon and Mars requires large 
electric power for the long time in the future. Many 
concepts have been suggested to satisfy these contradicted 
conditions. Highly enriched uranium fuel concept is 
suggested mainly. However, U enriched over 20% is 
defined as a significant quantity in military utilization by 
IAEA[1].Because minor actinide (MA) of spent fuel in 
LWR has large neutron capture cross section, loading MA 
can enables long life core both thermal and fast reactor[2] 
Though neutron spectrum of this study is fast, it has used 
not sodium but lithium[3]. It enables high efficiency of 
electricity conversion because of high boiling point and 
specific heat. Because gravity and air utilization in space 
is negligible or small, removal heat of convection and 
conductivity is not effective. Am nitride is used because 
Am is very stable to nitride chemically. Main isotope of 
Am is 241Am and 243Am in spent LWR fuel. Transmutation 
procedure of 238Pu from 241Am sustains long-life core in 
fast spectrum.  
 
METHODOLOGY 

Computer codes, SLAROM[4], JOINT and 
CITATION[5] and cross section library, JFS-3-J-3.2R, 
which is based on Japanese Evaluated Nuclear Data 
Library JENDL3.2, are used in the present calculation. 
The SLAROM input consists only of the PREP block to 
obtain 70-group effective cross sections of each material 
region by homogeneous cell calculation. JOINT is used to 
convert 70-group effective cross section data sets from the 
SLAROM output to the CITATION input. The nuclear 
characteristics are investigated using a calculation of 
two-dimensional RZ diffusion theory with depletion chain 
by CITATION. In this calculation, each zone has uniform 
nuclide number densities with 176 zones and the same set 
of microscopic cross sections. 
 
RESULUTS AND DISCUSSION 

As shown in Fig.1, it is showed that reactivity grows 
large during 80 years, decreases after the peak, and has 
life-time of 250 years in case A. Case B replaced a part of 
outer core Am with Cm. Because Cm has high ν value, it 
has large effect to increase reactivity initially and core life 
time increase to 280 year. Case C which replaced Cm of 

case E with Pu achieves life time of 300 year and ratio of 
peak and initial reactivity is kept under 1% simultaneously. 
However, taking into account of dpa(displacement per 
atom) cross section of cladding SS316 core life-time has 
been restricted by 200 years. 

 
 

 
Fig.1 Burn-up reactivity change during irradiation in 

Am based fuel core 
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C.5                      Long-life FBR with Inner Blanket by Doping MA 
 

Erina HAMASE, Masaki SAITO and Hiroshi SAGARA 
 

 
 
INTRODUCTION 

Minor Actinides (MAs) discharged from the nuclear 
reactor spent fuel entails a significantly long term 
radiological burden in geological repository. As a 
simultaneous challenge to minimize such a burden and 
enhance the proliferation resistance, the concept of 
Protected Plutonium Production (P3) was proposed1,2. In 
this proposal, MAs such as 237Np and 241Am are considered 
to work as a fertile material since 238Pu produced by 
transmutation of these MAs plays a role as a fissile 
material in fast neutron spectrum. Therefore, it is 
considered that MAs have a potential to contribute to both 
the reduction of burnup reactivity change and the higher 
burnup. In the present paper, the potential of MAs in 
heterogeneous fast breeder reactor is surveyed for the 
longer life time core. 
 
METHODOLOGY 

For reactivity and burnup calculation, SLAROM3, 
JOINT and CITATION4 were used with the cross section 
library, JFS-3-J-3.2R5. 70-group effective cross sections 
were made by homogeneous square cell calculation in the 
SLAROM, and JOINT converts 70-group effective cross 
section data format to the CITATION input. Reactivity and 
burnup calculation were performed with CITATION based 
on the diffusion theory with nuclide transmutation chain. 

As a reference (REF) case, a large scale Fast Breeder 
Reactor (FBR)6 was utilized with Mixed Oxide (MOX) 
fuel containing 27.8/30.4wt% Pu in the active (inner/outer) 
core and depleted uranium in the inner and outer blanket as 
shown in Fig. 1. In CASE A, 100% of MA was doped in 
the inner blanket with 144.8 [cm] radius (ΔR). From the 
CASE B to F, 10, 20, 30, 40 and 50% of MA, respectively, 
was doped into the active core in addition to 100% of MA 
doping to the inner blanket.     
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Fig. 1 Geometry of reference FBR core with inner blanket 

                                                                                                  
RESULT 

Figure 2 shows an illustrative scope of irradiation 
time-dependent eigen value (keff) for REF, CASE A to F. It 

is found that doping MAs into only the inner blanket 
contributes to the long-life core compared with REF. It is 
explained that 238Pu transmuted from MA in the inner 
blanket plays a role as a fissile material. Furthermore, in 
case of doping MA not only the inner blanket but also the 
active core (CASE B to F), the maximum available 
Effective Full Power Days (EFPDs) is significantly 
extended compared with CASE A. In CASE F, at 
5,100EFPDs, burnup reactivity change becomes positive 
because the incineration region is shifted gradually from 
the active core to the inner blanket as shown in Fig. 3. It is 
found that long-life core can be achieved by MA doping to 
both of the inner blanket and the active core because of 
238Pu transmuted from MA working as the fissile material 
and shifting the region of incineration geometrically from 
the active core to the inner blanket. 

 

1

1.05

1.1

1.15

1.2

1.25

1.3

1.35

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

K‐
ef
fe
ct
iv
e

Effective Full Power Days (EFPD)

REF

CASE A

CASE B

CASE C

CASE D

CASE E

CASE F

 
Fig. 2 Effect of MA doping to inner blanket and active core on 

reactivity 
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Fig. 3 Neutron flux distribution during irradiation in REF (left) 

and CASE F (right) 
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C.6             Development of Methodology for Plutonium Categorization (III) 
- Effect of Radiation - 

 
Yoshiki KIMURA, Masaki SAITO and Hiroshi SAGARA 

 
 

INTRODUCTION 
To evaluate the proliferation resistance of Pu, a 

function “Attractiveness (ATTR)” was proposed as a ratio 
of potential of fission yield to characterization of technical 
difficulty converting to nuclear explosive devices (NEDs) 
1, 2, 3. In the present paper, ATTR was improved by the 
introduction of the effect of radiation dose in the technical 
difficulty. 

 
METHODOLOGY DEVELOPMENT 

In previous studies, the potential of fission yield was 
described by Rossi-alpha, the ratio of super-criticality to 
prompt neutron lifetime. The high decay heat makes Pu 
handling and NED manufacturing technically more 
difficult, and the high spontaneous fission neutron 
emission rate reduces the explosive yield and enhances the 
probability of pre-detonation. Therefore, the 
characterization of technical difficulty converting to NEDs 
was assumed as functions of specific decay heat (DH 
[W/kg]) and spontaneous fission neutron rate (SN [n/g/s]) 
of Pu metal 1, 2, 3.  

In addition to DH and SN, the high radiation is also 
considered as a barrier against the diversion of nuclear 
materials. In the present paper, radiation dose rate (RD) of 
Pu metal unshielded at the distance of 1 meter is also 
introduced as the technical difficulty, following the IAEA 
categorization based on the physical protection of nuclear 
materials 4. New evaluation function of ATTR is proposed 
as, 

 

238238238

239

RD
RD

SN
SN

DH
DHATTR

++
= ∞

∞

α
α

                    (1) 

 
In Eq. (1), the Rossi-alpha and all technical difficulty 

factors are normalized by their maximum values in Pu 
isotopes. The Rossi-alpha, which was described as 
potential of fission yield, was normalized by that of pure 
239Pu ( α ∞

239). The technical difficulty factors were 
normalized by those of 238Pu (DH238, SN238 and RD238). 
The radiation dose rate were estimated quantitatively with 
the methodology used in Ref.[5]. The source photon 
spectrum were obtained from ORIGEN decay and photon 
library 6, and the shielding by Pu itself and surrounding air 
were estimated using MCNP4C(02) code 7 with library of 
MCPLIB02 (photon) 8 and FSXLIB-J33(neutron) 9. 

 
 
 

EVALUATION OF PLUTONIUM DENATURING 
The left side in Fig. 1 shows the ATTR of Pu 

normalized by that of pure 239Pu as a function of the 
doping rate of each Pu isotope to pure 239Pu. It also shows 
the example of Pu categorization proposed by Pellaud 10 
and defined by IAEA 11: 
(a) Weapon grade (less than 7% of 240Pu) 10, 
(b) Usable (more than 7% and less than 30% of 240Pu) 10, 
(c) Practically Unusable (more than 30% of 240Pu) 10, and 
(d) Exempt from safeguards (more than 80% of 238Pu) 11.  
 

The right side in Fig. 1 shows the results calculated by 
us based on another evaluation function, Figure of Merit 
(FOM2) and its categorizations 12.  

 

 
Fig.1 Attractiveness (left) and Figure of Merit (right) for Pu 

denaturing 
 

Attractiveness of Pu decreases dramatically by even-
mass-number Pu isotopes doping, because technical 
difficulty is enhanced with doping of them. The results 
calculated by using ATTR function have a similar 
tendency to the results calculated by using FOM2 function.  
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C.7                        Development of Two-Beam type IH-RFQ Linac 
 

Noriyosu HAYASHIZAKI and Toshiyuki HATTORI 
 
 

High intense heavy ion beam acceleration in the low 
energy region is one of the most difficult conditions to 
achieve, because the space charge effect is extremely 
strong. In order to generate a high intensity beam using 
linacs, we have to suppress the space charge effect and 
avoid beam loss as much as possible. Multibeam 
acceleration scheme solves the problem by dividing a 
single high intensity beam into several beams and several 
linacs are used to accelerate the beams in parallel. After 
the acceleration stage the beams are merged using a 
funneling system. In this scheme a single cavity is used to 
accelerate only one beam. Therefore, if one cavity could 
be used to accelerate several beams, a significant gain 
would be made in installation space and operational cost 
saving. 

In this study we have investigated a multibeam type 
radio frequency quadrupole (RFQ) linac to accelerate 
several beams using a single cavity. The RFQ electrodes 
are placed in an IH type cavity which has a high shunt 
impedance for low energy beam acceleration [1]; This 
structure is known as a IH-RFQ linac. GSI in Germany 
proposed a multibeam type IH-RFQ linac with several 
beam channels in a single cavity [2]. 

We manufactured a two-beam type IH-RFQ linac as a 
prototype of the multibeam type IH-RFQ linac [3]. The 
schematic drawing and the main parameters of the two-
beam type IH-RFQ linac are shown in Fig. 1 and Table 1, 
respectively. An ion source injects a C2+ beam of 5 keV/u 
and 60 mA/channel into the linac. The linac produces an 
output beam of 60 keV/u and 44 mA/channel. Therefore, a 
single RFQ cavity is used to accelerate a C2+ beam of 
approximately 88 mA. 
 
 

 
Fig. 1. Schematic drawing of the 2-beam type IH-RFQ linac. 

Table 1. Main parameters of the two-beam type IH-RFQ linac. 

Acceleration particle C2+

Input energy 5 keV/u
Output energy 60 keV/u
Q0 5900 (measured value)
Operating frequency 47 MHz (measured value)
Wall loss 32 kW (estimated by measured Q0)
Beam loading 34 kW
Cavity diameter 492 mm
Rod length 1481.2 mm
Average aperture radius 7.6 mm
Normalized acceptance 1.21 π mm mrad (RMS)
Input beam current 60 mA/channel
Input emittance 0.1 π mm mrad (RMS, normalized)
Output beam current 44 mA/channel
Output emittance 0.24 π mm mrad (RMS, normalized)

 
 
We also developed a two-beam laser ion source with 

DPIS (Direct Plasma Injection Scheme) as an injection 
system for the two-beam IH-RFQ linac. The target is a 
carbon plate (purity 99.5%) and a manipulator is used to 
move the target up and down. A voltage of 30 kV is 
produced on the ion source while the linac is running. The 
maximum energy per shot of the Nd:YAG laser is 700 mJ 
(350 mJ/channel). The current and valence of carbon ions 
in the laser ablation plasma were analyzed using the time-
of-flight (TOF) method.  

The lifetime of the carbon target was estimated for the 
beam acceleration test of the two-beam type IH-RFQ linac. 
In this study the output beam from the linac was not used 
for any applications, so we decided to allow the variation 
of the peak current to be within 10 %. As a result, during 
the beam acceleration test the manipulator was used to 
change the target position after the 500th shot. 

Using this linac system we were able to accelerate 
carbon ions from 5 keV/u to 60 keV/u and generate an 
output beam current of about 108 mA (2×54 mA/channel). 
A coherency between the two beams, derived from the 
imbalance of the beam loading, was observed in the 
acceleration test with carbon ions. 
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C.8              New Public Commons and Network of Nuclear Site Regions 
 

Tetsuo SAWADA 
 
 

The further activation of locals is one of the main 
issues of “New Public Commons [1].”  And it is the most 
important key to promote the new siting and replacement 
of nuclear power stations. More than forty years have past 
since the earliest stage of invitation of nuclear power 
stations to regional areas in Japan. For this period, the 
efforts for the development of regional industries and the 
improvement of regional life obtained a level of results. 
However, now a new turn is required in the regional 
development, as the perception of wealthy has been 
gradually changed.  

The primary objective of this study is to make a 
network among regional areas where nuclear power 
stations and related facilities are located. It should further 
the understanding for nuclear energy, stimulate the 
“emergence” through the cooperative works among 
regional areas. As a result, such efforts will enhance the 
Social Responsibility of conducts related to the nuclear 
energy. i.e., Nuclear SR (NSR) [2]. 
 
1. Introduction 

In November 2008, the 13th International 
Maximarathon [3] was held between Kyoto city and 
Takahama town in Wakasa bay area. Through this meeting, 
it has been envisioned and shared that regional nuclear 
towns have common characteristic issues concerning the 
development of the local life.  The issues are: (1) they have 
avoided depopulation but it seems superficial, (2) the 
developments of regional areas are still closely subsidized 
by the government, (3) the understanding of nuclear energy 
by local peoples is not well improved, (4) there may be a 
twisted situation in the region, (5) they have little 
cooperation with other nuclear  power siting regions, (6) 
the implication of nuclear energy is misunderstood by the 
people of consumer area such as large cities. 

For the first step, we have established an opportunity 
where we can cooperatively create platform that will assist 
the regional developments which meet the wish and desire 
of local peoples. Various partners can change information, 
know-how, knowledge and experience which will stimulate 
new activity for the creation leading to emergence. Here 
the emergence is the way of complex systems and patterns 
arise out of a multiplicity of relatively simple interactions. 
Through the emergence, a situation of creation of new 
values may occur among individuals who do not have 
actual relationships until then. 
 
2. Practice 

The major components of the 13th Maximarathon were 
as follows: (1) a long-distance relay race from Kyoto to 
Wakasa Takahama town (about 100 km), (2) the runners’ 
relay of a message baton that prays for the peaceful use of 

nuclear energy, (3) social gatherings at several regions such 
as Kyoto, Takahama and other towns where the relay 
passed, (4) visiting of local schools and goodwill exchange 
with pupils and students.  

The results of this event were: (1) we had opportunity 
for effective exploration of mutual understanding of local 
people, workers and scientists related to nuclear business, 
and people of consumer city; (2) within a sports event, 
various people with little opportunity to meet in daily life 
got a chance to encourage fellowship; (3) the pupils and 
students had a chance to share the message for future as 
well as to release message to the world. 
 
3. A new platform: Tour de Atom 

According to the above-mentioned successful fruits, we 
have received a lot of expectation to promote a new 
platform for the interchange opportunity leading to 
emergence. As a result, we have originated “Tour de 
Atom.” This platform will make a harmonization among 
regions, other various partners beyond generations. Then it 
can make networks in a region, among the regions, 
between regional area and city through Japan. These 
networks should be  shared with the concerned people in 
the world.  

The 1st Tour de Atom was held at Wakasa Bay area in 
2009 which started Takahama town and reached to Tsuruga 
city, with engaging rural towns in between them. In 
Wakasa Bay area, we have 15 nuclear power stations 
including Monju fast reactor.  In the 1st Tour de Atom , 
about 60 runners relayed a message of “萬物生光輝”, that 
is a calligraphy by former Prime Minister Yasuhiro 
Nakasone (see Figure 1), for the peaceful use of nuclear 
energy as well as a video message that was planned and 
made by students of Takahama junior high school.  Then 
Tour de Atom 1.5 was held between Tsuruga and Fukui city 
in June 2010, when Conference of Energy Ministers of 
APEC was being held. Succeedingly,  the 2nd Tour de Atom 
[4] was held from Fukui city to Shika town in Ishikawa 
prefecture in October 2010.  
In Shika town, Hokuriku 
electric power company 
has two nuclear power 
stations. In 2011, these 
messages will be relayed 
to the next nuclear siting 
town: Kashiwazaki-
Kariwa in Niigata 
prefecture. 
 
 
 
 Figure 1 Calligraphy by 

former PM Nakasone: “All 
things shine brilliantly. 
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4. Summary 
It is required to cope with any situation surrounding 

nuclear power and related activities. According to the 
concept of New Public Commons, a new approach is 
needed for the improvement of the relationship between 
nuclear energy and society. The history of nuclear  power 
deployment and the experience in the efforts of co-
existence and mutual prosperity in Japan will be a good 
practice to the countries which are going to introduce 
nuclear power. The platform of Tour de Atom is a kind of 
practical field of nuclear knowledge management that will 
stimulate emergence through the networks to be formed on 
the platform. This can connect partners who have been 
isolated until then and raise the potential capability of 
regional areas. It will then improve the quality of living 
both in the energy producing and supplying areas and the 
energy consuming areas. In this sense, the Tour-de-Atom 
platform is a tool to practice the Nuclear Social 
Responsibility (NSR). 
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 http://www.youtube.com/watch?v=h9PrOSFI4yo((c)  Japan 
 Atomic Industry Forum) 
[4] The 2nd Tour de Atom;  
 http://www.jaif.or.jp/ja/jaiftv/index.html ((c) Japan Atomic 
 Industry Forum) 
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Ⅲ.  Co-operative Researches 
 

Ⅲ.1 Co-operative Researches within Tokyo Institute of 
 Technology 
 

Under the generic proposition: "The Release and 
Utilization of Energies existing in Atoms, Molecules and 
Nuclei" which has been hoisted since the reorganization of 
RLNR, we advertise for collaborations with any 
department and laboratory within Tokyo Institute of 
Technology in order to develop researches for the 
improvement of energy utilization with safety, mass 
transmutation by nuclear reactions with high efficiency, 
and construction of energy system concept with high 
societal acceptability.  The RLNR will promote these 
collaborations by offering the organizations, facilities, 
equipments and space as the research base for research 
project teams and research groups crossing over within 
Tokyo Tech.  We are going to adopt unique and 
innovative themes which make maximum use of the 
activities of this research laboratory. 
 
 
Co-operative Researches 

 
• CO2 electrolysis cell for carbon recycling energy system 

Fusion joint research, Multidisciplinary Education and 
Research Center for Energy Science, Tokyo Institute of 
Technology Global COE Program 
 

• Feasibility study for carbon recycling energy system 
Fusion joint research, Multidisciplinary Education and 
Research Center for Energy Science, Tokyo Institute of 
Technology Global COE Program 

 
 

Ⅲ.2 Co-operative Researches with Outside of  
 Tokyo Institute of Technology 
 
• Development of High-accuracy Flow Measurement 

System using Advanced Measurement Technique 
Tokyo Electric Power Co. 

 
• Fundamental Study of Thermo-Hydraulic Instability on 

Reduced-Moderation Natural Circulation BWR Concept 
(Clarification of Condensation Phenomena under 
Non-Condensable Gas) 
Japan Atomic Power Co. 

 
• Study on Technical Standards for Safety Transportation 

of Decommissioned Wastes of Nuclear Power Plant 
Nuclear Fuel Transport Co., Ltd. 

 
• Study on Isotopic Separation with Microchips 

ING Corporation. 
 
 

• Fundamental Study on Advanced Turbid Water 
Treatment 
NPO. Saiseisya 

 
• Two-Phase Flow Dynamics for Future Light Water 

Reactor Development 
Korea Atomic Energy Research Institute, Korea 

 
• Experimental and Analytical Studies on 

Multi-Dimensional Two-Phase Flow 
PSF Zittau, Germany 

 
• Advanced Fluid Dynamics and Developed of 

Measurement Technique 
Chulalongkorn University, Thailand 

 
• Thermal Hydraulics for Advanced Water Cooling 

Reactors 
Bhabha Atomic Research Center, India 

 
• Future Light Water Reactor Development 

Chulalongkorn University, Thailand 
 
• Study of Na-cooled fast reactor supercritical CO2 turbine 

system 
Ministry of Education, Culture, Sports, Science and 
Technology 

 
• Development of an atmospheric scanning positron 

microscope 
National Institute of Advanced Industrial Science and 
Technology 

 
• Advanced study on heavy ion linac 

National Institute of Radiological Sciences 
 
• Study of C6+ ion hybrid single IH cavity linac with Direct 

Plasma Injection Scheme for cancer therapy 
Grant-in-Aid for Scientific Research 

 
• Research and Development of High Performance 

Ceramics 
Chiba Institute of Technology, Tokai University  

 
• Establishment of Fabrication Process of 

Silicon-Containing Ceramics for Ineat Matrix of TRU 
Elements 
Japan Atomic Energy Agency 

 
• Study on Novel Process of SiC/SiC Composite by 

Electrophoretic Deposition Method 
Japan Aerospace Exploration Agency (JAXA) 

 
• Study on the Improvement of Irradiation Resistance of 

Ceramics by Their Orientation Control 
National Institute for Materials Science (NIMS) 

 
 



BULL. RES. LAB. NUCL. REACTOR. Vol.34, 2010 
 

80 

• Research and Surveys on the Future Fast Reactor System 
(V) 
Mitsubishi Heavy Industry Co. LTD 

 
• Studies on Separation of Uranium Species Using 

Polyvinylpolypyrrolidone 
Japan Atomic Energy Agency and Tokai University 

 
• A Study of Extraction Behavior of ReO4

- by Using 
Monoamide Compounds 
Japan Atomic Energy Agency 

 
• A Study on Partitioning of Lanthanoid and Actinoid 

Species 
Japan Atomic Energy Agency 

 
• A Study on Separation of Uranyl Species Using Alginic 

Acid 
Prof. R.M. Hassan, Assiut University, Egypt 

 
• A Study on Electron Transfer Reaction between 

Uranyl(V) and Uranyl(VI) Carbonate Complexes 
Professor I. Grenthe, Royal Institute of Technology, 
Sweden 

 
• A Study on Electrochemical Reactions of Uranyl Species 

in Choline Based Ionic Liquids  
Professor A.P. Abbott, University of Leicester, U.K. 

 
• Studies on Structures of Uranyl Complexes in Ionic 

Liquids 
Dr. C. Hennig, Forschungszentrum Rossendorf, 
Germany 

 
• Studies on Electrochemical Reactions of Uranyl(VI) 

Species in Ionic Liquids 
Japan Atomic Energy Agency  

 
• Neutron Capture Cross Section Measurement  

n_TOF Collaboration 
 
• Development of a new gamma-ray detector for 

keV-neutron capture experiment 
Osaka University, Japan Atomic Energy Agency 

 
• Study on keV-Neutron Capture Cross Sections of Fe 

isotopes 
Dong-A University, Kyungpook National University 

 
• Study on Nuclear Data by using a High Intensity Pulsed 

Neutron Source for Advanced Nuclear System 
 
• Development of Cleaning Technology on Semiconductor 

Equipment Process for Atmospheric-Pressure 
Non-Equilibrium DC Pulse Plasma Jet 
University of Miyazaki, Oita University, Oita Device 
Technology Co., Ltd., JASCO Engineering Co. 

 

• Optical Emission Characteristics of 
Atmospheric-Pressure Nonequilibrium Microwave 
Discharge and High-Frequency DC Pulse Discharge 
Plasma Jets 
University of Miyazaki, ADTEC Plasma Technology Co. 
Ltd., King Mongkut’s University of Technology 
Thonburi. 

 
• Space Charge Measurements of Surface Cleaning 

Sample Using Atmospheric-Pressure Non-equilibrium 
Discharge Plasma Jet 
University of Miyazaki, ADTEC Plasma Technology Co. 
Ltd., FiveLab Co.,Ltd. 

 
• Spectroscopic Diagnostics of Pulse Discharge Argon 

Plasmas of Atmospheric Pressure 
Kyushu University. 

 
• High-Energy Density Physics Research Using Induction 

Synchrotrons 
High Energy Accelerator Research Organization (KEK) 

 
• Development of Liquid Lithium Target for Neutron 

Production in Neutron Irradiation System for Neutron 
Capture Therapy based on by Accelerators 
Kyoto University. 

 
• Development of Low-Load Wood Drying System using 

Heat Pump, Practical Technical Project to Promote the 
Development of New Agriculture Policy 
Ministry of Agriculture, Forestry and Fisheries 

 
• Chemical heat pump for waste heat recovery from iron 
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Irradiation, and le STUDIUM (Agency for research and 
hosting foreign research associates) 

 
• Characterization of structure and physico-chemical 

properties of molten rare-earth metal halides 
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• Innovative characterization of materials under severe 
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 Sports, Science and Technology 
 
• Material Development of Porous Ceramics for Diesel 

Particulate Filter Based on In-Situ Crystal Growth and 
Orientation : Grant-in-Aid for Young Scientists (B) 

 
• Study on Fast-Neutron Capture Cross Sections of 

Long-Lived Nuclear-Waste Selenium 79 
 
• Development of new quantum electronic science in 

Riemannian geometric space 
 
• Strategic Promotion Program for Basic Nuclear Research  
 
• Angiocinematography Using Particle-Induced 

Dual-Wavelength Pulsed-X-rays for Minimization of 
Dosages of Contrast-Medium and Radiation 
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On/Off Switchable Gamma-Ray Needle-Source for 
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Using Flexible Glass Tubes 
 
• Development of a Tiny X-ray Source for In-situ 

Irradiation Using Laser-Induced Shock Waves and Piezo 
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• High-Efficient High-Temperature Process by Hybrid 
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• Development of Hydrogen Separation Membrane 
Composited with Metal Membrane–Porus Metal 
Membrane Using Anti-Build-Up Method 

 
• New Strategy for the Prediction and Control of 

Radiosensitivity Based on the Life Cycle and 
Homeostasis of DNA Double-Strand Breaks Enzymes 

 
• Basis of Biological Effects of Hyperthermia – Ku as a 

Model Protein” 
 
• Development of Nanofluidic-Based Separation System 

of Radioactive Nuclide Ions by Controlling Electrostatic 
Forces and Surface Charges 

 
• NMR Studies on Water and Radionuclides Confined in 

Bentonite Clay under High-Temperature and -Pressure 
Conditions”. 

 
• NMR Studies on Molecular Structures and Dynamics of 

Liquid-Phase Cluster Molecules in Soft Material 
Interfaces 
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