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　Aiming for the start-up of a demonstration fast breeder 

reactor (FBR) around 2025 and its introduction on a 

commercial basis before 2050, we are now promoting the 

“Fast Reactor Cycle Technology Development (FaCT)” 

project, with the collaboration of electric utilities and 

manufacturers.

　In the FaCT project, we are developing a combination of 

the sodium-cooled FBR cycle system utilizing oxide fuel, 

advanced aqueous reprocessing, and simplified pelletizing 

fuel fabrication. The FaCT project will decide on which of 

the innovative technologies (Fig.1-1) to adopt by 2010 and 

present conceptual designs of commercial and demonstration 

FBR cycle facilities along with development plans to realize 

them by 2015. In FY2008, three years after the start of the 

FaCT project, an interim report of the current results and 

future plans were made in preparation for the technology 

selection in 2010. Here is a summary of each topic shown 

after the following pages:

　As part of the development of the FBR system, research 

into the demonstration reactor and the commercial reactor 

systems will be promoted, and a general conception of the 

nuclear reactor plant will be decided upon (Topic 1-1). In the 

development of core fuel, to lessen the environmental 

burden, a core fuel that contains Minor Actinide (Topic 1-2) 

and irradiation tests of core integrity (Topic 1-3) will be 

developed. To make the reactor vessel compact and to reduce 

the construction cost, 3-dimensional analyses that clarify the 

thermal striping phenomenon in the reactor core internal 

structure were developed (Topic 1-4), and we presented a 

rationalized design which meets new, higher standards for 

structures and components (Topic 1-5). For reliability 

improvement, a sensor monitoring the wall thinning of the 

high-temperature piping during operation is being developed 

(Topic 1-6), and the oxidation mechanism of sodium 

combustion, basic knowledge for sodium leakage prevention 

technology, has been clarified (Topic 1-7). For the 

improvement of safety, a reasonable building design that can 

endure a huge earthquake is being sought, and for this, 

valuable data on the process leading to the breakage of a 

seismic isolation device was obtained (Topic 1-8).

　For the fuel cycle system, highly effective dissolution 

technology in the reprocessing system is being developed 

(Topic 1-9). In the solvent extraction processes, U-Pu-Np 

co-extraction has become possible (Topic 1-10). In studies of 

fuel fabricating processes, the mechanism of microwave 

heating denitration is being elucidated (Topic 1-11).
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Economic Competitiveness

○Reduction of Mass & Volume

○Long operation due 
　to high burn-up fuel

①Shortened piping with 
　high chromium steel

Higher reliability

○Sodium technology

⑧Sodium leak 
　tightness with 
　double wall piping

Higher safety

○Core safety

○Seismic reliability 

⑪Passive shutdown 
　and decay heat 
　removal

⑫Re-criticality 
　prevention

⑬Seismic reliability 
　in core assemblies

⑨More reliable SG with 
　double wall tube

⑩Better maintenance 
　allowed inside 
　sodium boundary

⑦Advanced fuel material

④Compact reactor vessel

⑥CV with steel plate 
　reinforced concrete 
　building

⑤Simplified fuel 
　handling system

③Integrated pump-IHX

②2 loop cooling system

Steam generator

Reactor 
Vessel

(a) Innovative reactor system technologies

Integrated 
pump-IHX

Core

Advanced Aqueous
Reprocessing

①Disassembling and 
　shearing technology

Simplified Pelletizing
Fuel Fabrication

⑦Unified denitration, 
　calcination, 
　reduction and 
　granulation process

⑧Die lubricating-
　type molding

⑩Basic material 
　research

⑪In-cell remote 
　handling 
　technology

⑫TRU fuel handling 
　technology

⑨Sintering and O/M 
　ratio adjustment

②Fuel dissolution 
　technology

③U crystallization

⑥Waste reduced 
　(liquid separated)

④Single cycle co-
　extraction of U, 
　Pu and Np

⑤MA recovery by 
　extraction 
　chromatography

(b) Innovative fuel cycle system technologies

Disassembling 
and Shearing

Denitration・
Calcination・
Reduction・
Granulation

Molding and 
Sintering

Fabrication

Dissolution

Crystallization

Co-extraction

MA recovery
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Uto, N. et al., Conceptual Design for Japan Sodium-Cooled Fast Reactor (1) : Current Status of System Design for JSFR, Proceedings of 2009 International 

Congress on Advances in Nuclear Power Plants (ICAPP ’09), Tokyo, Japan, 2009, paper 9298, 11p., in CD-ROM.
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　In the FaCT project, we are carrying out a design study of 
an advanced loop-type sodium-cooled fast reactor (FR), 
namely the Japan Sodium-cooled Fast Reactor (JSFR), and 
related research and development (R&D), aiming for it to be 
economically competitive with future light water reactors by 
taking advantages of the loop-type reactor’s merits in 
maintenance, repair, fabrication and construction.
　Japan is aiming to commercialize FRs by utilizing 
experience accumulated through the design, construction, and 
operation of the experimental fast reactor “JOYO” and the 
prototype fast breeder reactor “MONJU”, and attempting to 
apply to JSFR innovative technologies to improve economic 
efficiency and reliability (Fig.1-2). 
　Fig.1-3 shows approaches to reduce construction cost. In 
the JSFR design, the cooling system is simplified by a two-
loop configuration satisfying the high flow velocity 
conditions in large-diameter pipes with electricity generation 
of 1,500MWe, as well as by piping shortened with high-
chromium steel. Efforts to realize a compact reactor vessel 
(RV) are made by, for example, removing the space 
conventionally provided for refueling in the upper internal 
structure (UIS), and moving this inside the RV. These 
innovative technologies are attempted to reduce the 
commodity. We are pursuing considerable reduction of 
construction cost by scale merits, a twin plant configuration 
and the learning effect.

　Enhancement of safety is always required at all 
development stages, and JSFR is equipped with safety 
systems to accomplish the rapid reactor shut down and the 
secure decay heat removal in emergencies. We are 
developing innovative technologies using only passive safety 
functions to avoid core disruptive accidents (CDAs), and, to 
contain the consequences of a CDA within the RV. We are 
also pursuing higher reliability by adopting a double 
boundary concept for the piping to strengthen the design 
measure against sodium leaks, and a reactor system of simple 
configuration with shorter welding lines which make 
inspection targets easy to access and reduce inspection load.
　We have carried out experimental studies to elucidate 
various thermal-hydraulic phenomena induced by high flow 
velocity of sodium in a compact RV, so that the effectiveness 
of the design measures against these phenomena is 
confirmed. Full scale tests of the fuel handling machine 
moving fuel in a slit made in the UIS to eliminate the space 
needed for transferring the UIS during refueling, as well as 
development of equipment to test the reactor internal 
structural elements in sodium, are being carried out, and the 
obtained results are being steadily applied to the plant design.
　We will steadily continue the design study and the 
development of elemental technologies, aiming toward the 
commercialization of FRs around 2050.
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Development of innovative technologies
to improve economy and reliability

FaCT project

JSFR

Electric generating 
system with high 
economic efficiency 
and reliability

Prototype fast
breeder reactor

“MONJU”
・Demonstration of reliable operation
・Establishment of sodium handling technology
・Initial Criticality : 1994
・Power : 714MWt / 280MWe
・Temperature : 529℃

Experimental
fast reactor

“JOYO”
・Confirmation of fast reactor principles
・Verification of safe and stable operation
・Initial Criticality : 1977
・Power: 50MWt→100MWt→140MWt
・Temperature : 435℃→500℃→500℃ 

Demonstration: around 2025
Commercialization: before 2050

Development for electricity 
Generation system, 
Scale-up, High performance

Innovative technologies to reduce construction cost

・Two-loop cooling system
・Compact reactor vessel
・Shortened piping with high-chromium steel
・Primary pump integrated with intermediate 
　heat exchanger
・Large steam generator
・Others (ODS steel for fuel cladding, etc.)　

Scale merit

Target of FaCT

Scale merit

Twin effect Learning effect

Cost reduction by innovative technologies

Innovative 
technologies

MONJU 
280MWe

DFBR
(1999)
670MWe

Large sodium-cooled reactor
1,500MWe×2 (First plant)

ca.200＊1

ca.50＊2

Up to
18＊2

Construction cost taking account of learning 
effect by building multiple plants (not 
including interest during construction)

0.1M

0.2M

0.3M

0.4M

0.5M

0.6M

2.0M

U
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t c
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ru
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n 
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 (
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 Y
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/k

W
e)

*1: Actual construction cost divided by output.
*2: Evaluated based on the design.



����������	
�	�����　��

��������	�
�	��������
�	��	���
����������	�
����

���

　We are developing an advanced FBR named “Japan 

Sodium-cooled Fast Reactor (JSFR)”, with development 

targets on safety and reliability, sustainability (environmental 

burden reduction, efficient utilization of resources, etc.), 

economic competitiveness and nuclear non-proliferation.  

The core and fuel design studies of JSFR with oxide fuel 

containing minor actinide (MA) have been performed.

　JSFR is required to burn MA mainly from the viewpoint of 

reduction of environmental burden. The amount of MA 

contained in the fuel changes depending on the number of 

years after the introduction of FBR. When all the reactors are 

replaced by FBR many years after the FBR introduction, 

spent fuels from FBRs will be recycled, and MA content of 

the fuel is estimated to become around 1wt% after multiple 

recycling in FBRs. On the other hand, during the period 

when the light water reactors (LWRs) are in operation along 

with FBRs, spent fuels from LWRs, which contain much 

more MA, will be recycled and tend to increase the MA 

content in the fuel. Therefore, the core and fuel of JSFR must 

be designed to be able to accept MA-containing fuel with a 

certain variation range in content.

　Although it is known that MA has influence on the core 

and fuel design, necessary information such as the material 

properties of MA-containing fuel is limited, and hence, 

relatively large design margins were taken corresponding to 

this situation. Therefore, we have tried to accumulate 

necessary fuel data, and by fully utilizing them the core and 

fuel design of the commercial JSFR has been performed, as 

presented in Fig.1-4 and Table 1-1. On the MA content, a fuel 

composition case for LWR spent fuel with the MA content of 

3wt% is tentatively considered as well as a case for the 

multiple-recycled FBR.

　As shown in Table 1-2, the effects of increased MA 

content are recognized in the core design as increased sodium 

void reactivity and also in the fuel design as extended gas 

plenum length and as reduced linear heat rate limitation, 

which are due to increased He gas generation caused by 

 α-decay of MA and due to decreased melting point and 

thermal conductivity, respectively. However, it has been 

indicated that MA can be acceptable without serious effects 

on the core and fuel design specifications for the assumed 

MA content range of 1 to 3wt%.

　It is planned to conduct further investigation of the recycle 

scenario of LWR spent fuels as well as to promote 

accumulation of necessary data on MA-containing fuel, 

which will be reflected in the core and fuel design.
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Naganuma, M. et al., Development of Advanced Loop-Type Fast Reactor in Japan, (6) Minor Actinide Containing Oxide Fuel Core Design Study for the 

JSFR, Proceedings of 2008 International Congress on Advances in Nuclear Power Plants (ICAPP ’08), Anaheim, CA, USA, 2008, paper 8082, p.526-535, 

in CD-ROM.
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Inner core

Outer core

Control rod
(Primary)

Radial blanket

Reflector
(SUS)

Shielding
(Zr-H)

Control rod
(back-up)

Upper gas plenum

Lower gas plenum

Upper blanket

Lower blanket

Core
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Tanaka, K. et al., Microstructure and Elemental Distribution of Americium-Containing Uranium Plutonium Mixed Oxide Fuel under a Short-Term 

Irradiation Test in a Fast Reactor, Journal of Nuclear Materials, vol.385, issue 2, 2009, p.407-412.

　MOX fuels containing several percent concentrations of 
minor actinides (MA) and fission products (FP) are 
promising candidates for a closed nuclear cycle system based 
on a fast reactor. Cycle management of MA such as Am, Np 
and Cm is of crucial importance from the viewpoint of 
reduction of environmental burden, effective use of natural 
resources, and enhancement of nuclear nonproliferation. For 
evaluating the irradiation performance of the fuel, it is 
indispensable to understand irradiation behavior, such as Am 
redistribution and fuel cladding chemical interaction.
　In order to confirm the effect of MA addition on irradiation 
behavior of MOX fuel pellets, an irradiation program named 
“Am-1” is being conducted in JAEA. The Am-1 program 
consists of two short-term irradiation tests of 10-minutes and 
24 hours, and a steady-state irradiation test. The two short-
term irradiation tests have been successfully completed. After 
the reactor power was raised continuously to the targeted 
peak linear heating rate of 430W/cm and kept there for 10 
min, the power was manually shut down. The second 
irradiation test was performed with almost the same power 
history up to the targeted peak heating rate of 430W/cm and 
held for 24 hours.
　Post irradiation examinations such as ceramography and 
electron probe microanalysis (EPMA) have been conducted 

in order to evaluate the irradiation behavior of the fuel.
　No sign of fuel melting was found in any of the specimens 
taken from the Am-MOX fuel pins irradiated for 10 min and 
24 hour. This implied that the thermal design had a sufficient 
safety margin for these test conditions. The configuration of 
the microstructure after 10 min irradiation was similar to that 
of conventional oxide fuels irradiated for a short time at a high 
linear heating rate (Fig.1-5(a)). After the 24 hour irradiation, 
a central void developed, and the change in structure seen at 
the beginning of irradiation was completed (Fig.1-5(b)).
　The results of EPMA revealed that Am migrated to the 
radial center of the fuel pellet up the temperature gradient 
during the initial stage of irradiation. This tendency is similar 
to that of Pu (Fig.1-6).
　It has been reported that the melting point temperature is 
decreased by the addition of a large amount of Am, which 
leads to a smaller design margin for fuel melting. The present 
EPMA results indicated that careful consideration must be 
given to the redistribution behavior of Am as well as that of 
Pu for evaluating its impact on the thermal performance of 
Am-MOX fuels.
　The irradiation behavior at a high linear heat rate observed 
in the Am-1 program will be useful for the modeling and 
design study of Am-containing MOX fuel.
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　Fig.1-7 illustrates the thermal striping phenomenon in a 

T-junction piping system (T-pipe) where cold fluid through 

the branch pipe mixes with hot fluid in the main pipe (a). If 

the temperature fluctuation caused by the mixing (b) is 

transmitted to structure surface (c), high cycle thermal stress 

may be induced on the surface (d) and may cause crack 

initiation and propagation according to the frequency and the 

amplitude of the temperature fluctuation. Therefore, thermal 

striping is recognized as an important issue in plant safety 

because of its threat to structural integrity.

　We have developed the numerical simulation program 

“MUGTHES” in order to clarify the nature of thermal 

striping and to establish an estimation method for high cycle 

thermal fatigue in structure. MUGTHES is designed to 

calculate thermal interaction between unsteady thermal- 

hydraulic phenomena and unsteady heat conduction in a 

structure, utilizing a conjugate heat transfer model. The 

Boundary Fitted Coordinate (BFC) system and the Large 

Eddy Simulation (LES) approach are employed to simulate 

complicated geometry and turbulent flow phenomena, 

respectively. To improve the computation efficiency, a new 

matrix solver for pressure equations is established and 

parallel computation technique is used.

　Numerical simulation of thermal striping in T-pipe was 

carried out to confirm the applicability of MUGTHES and to 

determine the mixing mechanism in T-pipe. From Fig.1-8, it 

was confirmed that the numerical results could reproduce 

experimental results well in fluid temperature profiles. 

Moreover, the contribution of horseshoe eddies generated in 

the mixing region to temperature fluctuation generation in 

T-pipe could be predicted as shown in Fig.1-9.

　Numerical simulations of thermal interaction experiments 

are expected to validate the physical models in MUGTHES. 

Through this V&V (Verification and Validation) process, 

MUGTHES will be applied to the thermal striping in upper 

plenum of JSFR (Japan Sodium-cooled Fast Reactor).
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Tanaka, M. et al., Thermal Mixing in T-Junction Piping System Concerned with High-Cycle Thermal Fatigue in Structure, The 6th Japan-Korea Symposium 

on Nuclear Thermal Hydraulics and Safety (NTHAS 6), Okinawa, Japan, 2008, PN6P1039, 8p., in USB flash drive.
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  The main components in FBR are used at elevated 

temperature (about 550°C). Therefore, the design evaluation 

method and standard should consider the influence of creep 

behavior. The current structural design standard for FBR is 

divided into those for a elevated temperature design region 

and for a normal temperature design region, according to 

whether creep needs to be considered. This division rule is 

based on the 100,000hr creep properties of 2.25Cr-1Mo and 

SUS304, because these materials were standard structural 

materials when the current evaluation method was under 

development. As a result, a uniform temperature limit was 

standardized for each steel type, but regardless of the exposed 

time. These were 375°C for ferrite steel and 425°C for 

austenite steel. Design considering creep is required for 

components used over this temperature limit.

  However, materials with superior strength at elevated 

temperature such as 316FR and Mod. 9Cr-1Mo have been 

developed for FBR structures. The creep  rupture strength of 

Mod. 9Cr-1Mo at 100,000hr is over twice as large as that of 

2.25Cr-1Mo, although both materials are categorized as 

ferrite steel. Conventional classification by steel type and the 

uniform temperature limit regardless of the exposed time 

provides a too conservative design evaluation for components 

made of high creep strength material. Thus, a reasonable 

division rule for the temperature limit based on creep strength 

of each material was needed, and we have developed one. 

  Fig.1-10 shows the proposed concept of the negligible creep 

curve. It means the effect of creep can be negligible in 

component design, if the following equation (1) is satisfied.

                                                 ……(1)

  Where the �� is exposure time at which temperature ��  is 

reached, ��� is maximum exposure time to reach �� for creep to 

be negligible, and n is the number of temperatures considered.

  Negligible creep curves proposed for each material are 

shown in Fig.1-11.

  These negligible creep curves, developed independently by 

us, allow all the rules considering creep of a component to be 

ignored in a design (Fig.1-12) if the length of operation at a 

given high temperature falls under the curve. This negligible 

creep curve concept simplifies the design procedure and 

allows adequate component design. This means that this 

concept reduces design costs and widens the design range of 

FBR components.
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　In nuclear power plants in Japan a periodical inspection 
has been carried out once every 13 months. However, 
maintenance activities and inspections are concentrated 
during plant shut down periods and tend to be fragmented. 
Also, there were indications that the required inspection 
interval was too long in some cases. To deal with these 
problems, a new inspection code (maintenance program) was 
carried out in 2009, in which the checking intervals have a 
scientific rationale. 
　Many of the past studies had focused on the condition-
monitoring technique of active components such as a motor. 
However, there is also a high interest in the condition 
monitoring of passive components, such as a piping. For their 
monitoring, it is necessary to install a sensor with high 
temperature durability under the thermal insulator. Also, the 
sensor should be able to be manufactured with a low cost 
price.
　In this present study an electromagnetic acoustic 
transducer (EMAT) composed of a permanent magnet and a 
coil were used. The sensor was specifically developed for a 
piping monitor. It excels in durability because EMAT has a 
simple structure, and also thus has a low price. Moreover, it 

is possible to attach it to the pipe using a permanent magnet. 
The pipe wall thinning monitoring sensor was developed to 
meet the targets described in Table 1-3. The data received 
from EMAT are taken to a computer as shown in Fig.1-13.
　The sensor is detects multiple ultrasonic wave reflections 
in a wall, and thickness is calculated from the intervals 
between them (Fig.1-14(a)). The frequency composition of 
the reception signal can be analyzed to find resonance 
frequencies, which are used together with sound speed to 
calculate thickness (Fig.1-14(b)).
　It was difficult to measure the thickness of thinner wall by 
the reflection time difference. It was also difficult to measure 
the thickness of a thick wall using the resonance frequency. 
This study was able to properly measure the wall thickness 
using different techniques applied to the same received data. 
By this method a 2mm board thickness was measured 
with±0.1mm accuracy, which is much better then the 
development target of 4mm±0.3mm. The sensor was 
confirmed to be usable at high temperature (200℃). In the 
future, it will be possible to enhance the safety of piping by 
installing these sensors on them.
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　The Fast Breeder Reactor (FBR) is being designed so that 
the consequences from accidents are mitigated. In case of the 
coolant (sodium) leakage from the secondary loop, sodium 
reacts with oxygen in the air and begins to burn at high 
temperature. Such sodium fire can be extinguished by 
cooling or oxygen cutoff using nitrogen gas injection.
　The FBR plant must be designed to maintain safety even if 
a sodium fire accident happens. Thus, it is necessary to 
clarify the combustion process of sodium in detail to evaluate 
the consequences of the accident. A simple test device as 
shown in Fig.1-15 was set in a glove box and operated to 
observe the reaction interface easily. In the device, a sodium 
droplet was reacted with oxygen supplied from below. 
Visualization using a high speed camera and measurement of 
the internal temperature of the liquid sodium droplet were 
done simultaneously.
　This simultaneous measurement enables us to know the 
correlation between the sodium internal temperature and the 
surface oxide growth. The combustion of sodium starts with 
the surface oxidization reaction, and changes to the gas phase 
reaction gradually (Fig.1-16).
　The sodium temperature increased rapidly, reaching a 

value at which with heat radiation balanced the reaction heat, 
this value being influenced by the oxygen concentration 
(Fig.1-17). During the transition to the gas phase reaction 
from the surface oxidization reaction, it was observed that 
unique columnar oxides formed and grew on the surface of 
sodium which was covered by the white thin film oxide. This 
columnar oxide grew up greatly when the temperature of 
sodium was low or the oxygen concentration was low. To 
observe the growth of the columnar oxide in detail, the 
sodium was set on a wire net and reacted by supplying 
oxygen; up-close photos were taken by the high-speed 
camera. From these observations, it was clarified that the 
columnar oxide supplied sodium to the reactive interface, and 
the combustion continued as a result (Fig.1-18). 
　This research contributes to progress in combustion 
analysis technique by elucidating the mass shift mechanism 
and the growth mechanism in the sodium oxidation reaction. 
We hope to clarify the combustion mechanism based on this 
basic understanding gained here, because understanding of 
the sodium reaction phenomenon in a variety of plant 
environments is desired.
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　Seismic isolation technology is to be introduced into fast 
breeder reactor plants of the next generation in order to 
reduce the seismic load subjected to components. To grasp 
the ultimate behavior of a base isolated plant in a huge 
earthquake of a level higher than that considered in the 
design, we made ultimate behavior tests of seismically 
isolated FBR plants with a large shaking table, in cooperation 
with Central Research Institute of Electric Power Industry.
　A seismic isolation effect is achieved by setting up soft 
springs (laminated rubber bearings) under the building so that 
the building may shake slowly. The relation between the load 
and the displacement of the rubber bearing is almost linear in 
the range where the load is small. A seismic isolation system 
is designed so that the building may also respond linearly to 
the seismic intensity. When the seismic load is large, the 
seismic isolation effect is lost because of the hardening of the 
rubber, which then may break. In this test, data concerning 
the loss of the isolation effect and the breaking behavior of 
rubber were obtained.
　One of the world’s largest three-dimensional shaking 

tables, “E-Defense” of National Research Institute for Earth 
Science and Disaster Prevention, was used to observe actual 
behavior of the isolation system. Fig.1-19 shows the shaking 
table test apparatus. The test specimen was composed of a 
superstructure of about 600 tons and six rubber bearings of 
505mm outside diameter (about 1/3 the size of the 
prototype). There was seismic isolation of the ground motion 
on the scale considered in the design. After motion was 
increased, non-linear response in the hardening range and 
breaking of the rubber were observed. When the ground 
motion was amplified from 4.0 to 4.8 times the design level, 
some laminated rubber bearings broke (Fig.1-20). The 
breaking strains were from 550 to 600%, which agreed with 
the breaking conditions observed in static loading tests 
(Fig.1-21). 
　This breaking test of the laminating rubber bearing of a 
diameter of 505mm that are 1/3 of the prototype bearing was 
done on a scale without precedent. The risk evaluation 
method of seismically isolated plants will be developed based 
on these data in the future.
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　We have been developing a rotary drum type continuous 

dissolver for FBR spent fuel reprocessing in favor of 

ensuring criticality safety for the fuel of high Pu 

concentration. The apparatus has a screw structure with 

several meters long, and is designed to dissolve spent fuels 

well and exhaust hulls effectively not only by means of 

counter-flow contact between chopped spent fuels and fresh 

nitric acid, receiving spent fuels from one end of the drum 

and fresh nitric acid from the other end, but also by means of 

rocking the drum to accelerate dissolution and rotating the 

drum for transferring the hulls (Fig.1-22).

　The advanced aqueous reprocessing system (NEXT) 

adopts a crystallization process for recovering uranium from 

dissolver solution. In this process, a high concentration of 

heavy metal solution is required to get a high rate of 

recovery. Hence, pins are sheared to shorter lengths so that 

the fuel is more powderized for better dissolution. Fig.1-23 

shows the dependency of the dissolution rate on the grain 

size of irradiated MOX fuel. It was confirmed that the 

dissolution rate of powder fuel is higher than that of 3cm 

chopped fuel, and also confirmed that a grain size of 2mm or 

less could achieve sufficient shortening of time for 

completing a high rate of dissolution.

　As for the corrosion resistance, the thickness of the drum 

structure should be chosen to have an appropriate safety 

margin against fretting corrosion, since the material might be 

worn away by hulls rubbing back and forth on the drum 

surface during swinging and rotation as well as static wet 

corrosion caused by high temperature (95ºC) and high 

concentration of nitric acid (max12N). We therefore 

evaluated the fretting corrosion rate of Zr,Ti-5Ta and 

SUS310Nb, well known anti-corrosion materials used in 

reprocessing plants, in a corrosion test composed by a special 

apparatus that contained hulls(SUS316) and that simulated 

actual nitric acid solution and swing motion conditions. As a 

result, the fretting corrosion rate of Zr was faster than the 

others, although Zr was more resistant to static corrosion 

(Fig.1-24). The fretting corrosion rates of Ti-5Ta and 

SUS310Nb were almost same in the simulated solution, 

while the abrasion in water conditions depended on the 

hardness of the materials, which indicates the necessity of 

material selection considering the combined effect of static 

corrosion and wear of re-passivized surface film by friction.

　We are now developing a 50t/y capacity dissolver, and 

with integration of all the above knowledge, e.g. drum 

bearing characteristics, will plan development of a 200tHM/y 

dissolver.
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Industrial Perspectives (GLOBAL 2009), Paris, France, 2009, paper 9219, p.108-112, in CD-ROM.
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　A simplified solvent extraction process to recover Uranium 

(U), Plutonium (Pu) and Neptunium (Np) collectively is one 

of the advanced aqueous reprocessing technologies being 

developed (Fig.1-25). Utilizing a crystallization process, the 

nuclear fuel material to be treated in the simplified solvent 

extraction process is quantitatively less than that in the 

conventional reprocessing process. Moreover, the construction 

of the extraction process where Pu is made to co-exist with U 

etc. in all reprocessing steps (i.e. Pu is never isolated alone) 

is made possible by the deletion of the U/Pu distribution 

process. It is expected that the new process will generate less 

waste, reduce costs, and enhance nuclear proliferation 

resistance.  

　The extractability of actinide elements to tributyl 

phosphate (TBP) mainly depends on their valence state 

(Table 1-4). In the current reprocessing process, U and Pu are 

extracted by TBP in their extractable valence states, U(VI) 

and Pu(IV). Then, Pu is reduced by a reducing reagent from 

Pu(IV) to Pu(III) and is stripped from the TBP phase while 

U(VI) remains in the TBP phase. Finally, U(VI) is stripped 

from the TBP phase by dilute nitric acid. In the advanced 

aqueous process, U(VI) and Pu(IV) in the TBP phase are 

collectively stripped by diluted nitric acid because a certain 

part of U is separated beforehand utilizing U crystallization. 

As for Np, it can exist as extractable Np(IV), Np(VI) or 

inextractable Np(V) in the solvent extraction system, their 

behavior can be controlled by their valence state adjustment. 

The use of redox reagent, however, makes the adjustment of 

the chemical condition of the process complex, increasing the 

number of reagents to be used. We are studying the control of 

Np valence state simply by changing the concentration of 

nitric acid, for U-Pu-Np co-extraction process development.  

　The experimental studies on the U-Pu-Np co-extraction 

process are being done at the Chemical Processing Facility 

(CPF). The CPF type centrifugal contactor we designed was 

used as a counter current extraction device. The demonstrations 

have shown that U, Pu and Np can be collectively extracted 

and recovered by simple control of valence state through 

adjustment of the nitric acid concentration.
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Nakahara, M., Sano, Y., Nomura, K. et al., Uranium, Plutonium and Neptunium Co-Recovery with Irradiated Fast Reactor MOX Fuel by Single Cycle 

Extraction Process, Proceedings of 3rd International ATALANTE Conference (ATALANTE 2008),  Monpellier, FRANCE, 2008, 5p., in CD-ROM.
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　It is absolutely necessary for practical realization of FBR 
to decrease the cost as well as increase the speed and volume 
of production of MOX fuel to be burned in the reactor. A 
turn table system which employs a cylindrical vessel for the 
de-nitration was proposed as one of the design candidates for 
these purposes in the Project Phase II which was finished in 
2004. It became necessary to quantitatively compare this idea 
to the former proposals employing a shallow dish, and to 
judge their feasibility
　So, the fundamental sequential mechanism from micro-
scale boiling, expansion with surfacing, explosion, and 
spouting, which causes the de-nitration, was observed by 
“particle image velocimetry” (PIV) in water subjected to 
microwave heating (MH). In case of familiar heating like a 
gas range, a tiny bubble appears at micro flaws on the heated 
surface and then the water boils at 100℃. This process is 
called boiling based on “non-uniform nucleation”. If the 
surface of vessel is perfectly smooth, however, no tiny bubble 
is generated until the water is heated up to 300℃.  This 
phenomenon is called super heating. After this bubble 
generation, boiling suddenly starts, this phenomenon being 
called flushing or explosion. This process is called the 
boiling based on the “uniform nucleation”.
　On the other hand, in case of MH, the boiling occurs at 
100℃ with a little super heating. This is due to the peculiar 
property of energy supplied by the microwave irradiation; 
namely, micro boiling can start anywhere in the water, being 
independent of the condition of vessel’s surface. This 
peculiar property of MH was made clear through joint 
research between JAEA and University of Tsukuba, for the 
first time anywhere in the world.
　It can be seen from Fig.1-26 that the nature of the steam 

explosion is considerably different according to the 
configuration of the vessels shown in Fig.1-27. In Type I 
vessel (tall cylinder), a single micro bubble is generated and 
surfaces due to the energy stored underneath the bubble as it 
expands. When the head of the bubble reaches the water 
surface, break of the bubble and violent spouting occur 
simultaneously. This sequential action is repeated by 
following micro bubbles.
　In Type II vessel (intermediate), the phenomena from 
generation of a micro bubble to its expansion is almost the 
same, but the head of the bubble rises much higher than 
water surface. When it breaks, a violent explosion occurs and 
many large size secondary bubbles are generated at the water 
surface, resulting in violent waves, but no spouting occurs. In 
type III (shallow dish), the amplitude of the waves remains 
low and no spouting occurs.
　In summary, the tall cylinder causes spouting, while the 
shallow dish and intermediate type are free from spouting. 
This fact clarifies the essence of spouting, that the energy 
accumulated underneath the bubble, which becomes the 
driving power, increases with the surfacing path length, i.e. 
the water depth, demonstrating the superiority of the shallow 
dish.
　Fig.1-29 shows the surfacing velocity of a bubble 
calculated by the method shown in Fig.1-28. As is clear from 
this, the surfacing velocity is 20cm/s in a shallow dish, and 
50cm/s in a tall cylinder. We are now attempting to analyze 
the relation between surfacing velocity and spouting height. 
　As the next step in this development work, we are 
constructing de-nitration apparatuses for Pu/U mixed nitrate 
solution, to decide which has the best performance on 
samples with different physical characteristics.
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Argumentation
Support Function

Interaction Support 
Function
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Transparent replica

CCD Sensor

Dark room

Fracture
Light
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Case-2　k=10-6
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Main Search Window

Data classification according to QA

QA data

1e3

1e-5
1 121110987

pH

pH range estimated in
compacted bentonite

pH range estimated in
compacted bentonite

65432

1 13121110987
pH

65432

1e-4

1e-3

1e-2

1e-1

1e0

1e1

1e2

1e3

1e-5

1e-4

1e-3

1e-2

1e-1

K
d 

(m
3 /

kg
)

K
d 

(m
3 /

kg
)

1e0

1e1

1e2

Data relevant to certain QA
level and target conditions

【reliable Kd data of Np(V); above QA class 3】

Kd data of all QA levels 
【Kd data of Np on bentonite】 

Checkpoint Weight

CriteriaⅠ: Completeness of documentation
CriteriaⅡ: Reliability of test method, conditions 

QA/classification
guideline for SDB

CriteriaⅢ: Consistency of data

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

×2

×8

×8

×8

×1

×2

×2

×8

×8

×2

×1

×2

×1

×2

×8

Solid Phase (sufficient characterized information)

Adjustment and Control of pH

Redox Conditions (appropriate measurement and control)

Final Solution Composition

Temperature Control

Solid/Water ratio (S/W) and Grain Size

Appropriate range of Sorption Ratio

Initial Radionuclide (RN) Concentration (below solubility limit)

Appropriate Phase Separation

Adequate reaction time to reach equilibrium

Appropriate Agitation Method

Concentration dependence of nuclide (isotherm, etc.)

Reaction vessels (appropriate material for experimental apparatus)

Uncertainty estimates, Repeated experiments

Parameter Variation (pH，concentration of CO2, Solid/Water ratio)

Range of 
3-6 orders of
magnitude

Range of 1-2 orders
of magnitude
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Tandem accelerator
Analyzing magnet

Faraday cups
Gas counter

(Gas sample)

Negative ion source

(Solid sample)

Injection
magnet

Less than 1cm3

Splinters of wood collected
from sediment

Sample preparation:
Washing, CO2 purification, graphitization

Cathode

Graphite1mg+Iron1mg

48250±0 1030yBP
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・Geological modeling
EarthVision R

・Visualization of the output
EarthVision R

・Hydraulic parameter
・Grid resolution data

Input data file

・Automatic 3D grid construction
・Hydrogeological modeling
・Groundwater flow analysis

Frac-Affinity

(a) All_aniso

1km

280

Water head (m) Fault with anisotropic transmissivity

Fault with high transmissivity

MIU Construction Site

Area having significant differences
between the model runs 

160200240

(b) NNW_high (c) Base
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・Daily management measurement
・excavation surface observation

rock foundation rating
classification

evaluating excavation surface state

evaluating need for supplementary operations

monitoring of existing support， evaluation of
long-term stability

verification of analysis model

improvement of
analysis accuracy

Modification of safety
control criterion

verification of
mechanical properties

feedback
of

following

support selection

・convergence

・simple in-situ tests
  ・elastic wave velocity
  ・schmidt hammer
  ・equotip hardness test
  ・needle penetration test
  ・point load test

・underground displacement
・rock bolt axial tension
・shotcrete stress
・lining concrete stress
・steel support stress
・preceding displacement

・borehole load test
・unconfined compression test
・triaxial compression test
・brazilian test

・Step management measurement
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　In Fusion Research and Development Directorate, crucial 
R&D toward practical use of fusion energy (fusion plasma 
and fusion engineering R&D) has been pursued through 
intensive international cooperation such as International 
Thermonuclear Experimental Reactor (ITER) project and 
Broader Approach (BA) activity etc., aiming at realization of 
the fusion DEMO reactor (Fig.3-1).
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　The ITER project is an international cooperative project to 
demonstrate the scientific and technological feasibility of 
fusion energy through construction and operation of an 
experimental reactor. The ITER agreement entered into force 
in October 2007, and JAEA was designated as the domestic 
agency of the ITER project in Japan. JAEA has proceeded 
with the preparation of the equipment that Japan was allotted 
to provide, achieved technological development which leads 
the world, concluded a procurement agreement with ITER 
Organization before any other country, and has started the 
production of the superconducting coil conductor.
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　The BA activity is a joint project by Japan and EU, which 
executes the support research for ITER and the research and 
development for a DEMO reactor, the next step of ITER, 
aiming at the early realization of fusion energy. The BA 
agreement entered into force in June 2007, and JAEA was 
designated as the implementing agency of BA activity in 
Japan. JAEA is steadily advancing the production of the 
equipment that Japan was allotted to provide. 

�������	
������������

　JT-60 greatly contributed to fusion R&D for many years as 
the core device in fusion plasma research, and 23 years and 4 
months of experimentation was completed on August, 2008. 
JT-60 achieved a lot of world records, and recently R&D to 
enhance the plasma pressure, aiming at improvement of the 
economy of the fusion reactor, was pursued aggressively with 
it. A world record in the time high-pressured plasma was 
maintained was achieved in the final fiscal year of 
experiments. The results of JT-60 obtained over the past 
years are considered highly valuable throughout the world, as 
was seen at the 22nd IAEA Fusion Energy Conference held 
in Geneva in October, 2008, where all participants stood up 
and respectfully applauded the completion of experiments 
after the overview presentation of JT-60 on the first day of 
the conference. The upgrade of JT-60 to JT-60SA is now in 
progress in a combined program of the Satellite Tokamak 
Project in the BA and the National Centralized Tokamak 
Project.
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　The kinetic energy of the neutron generated with the 
reaction is converted into heat with a blanket which is 
situated to enclose plasma, and the heat is extracted in the 
fusion reactor. The R&D to develop the technological 
foundation necessary for the fusion reactor, such as effective 
method for extraction of the heat and materials that can 
endure irradiation with neutrons etc., is being performed.
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　In a fusion reactor, a high-pressure plasma needs to be 
sustained for a long time. However, instabilities tend to 
appear as the plasma pressure increases. Since the 
instabilities cause loss of heat and particles, and as a result, 
decrease of the plasma pressure, suppression of the 
instabilities is necessary to sustain a high-pressure plasma. 
Neoclassical Tearing Mode (NTM) is an instability which 
appears in a high-pressure plasma, and thus its suppression in 
ITER is a high priority. When an NTM does not exist, a 
plasma is confined by nested magnetic field lines. However, 
if an NTM appears, a structure called ‘magnetic island’ is 
formed in the plasma, and the plasma pressure decreases as 
shown in Fig.3-2. To suppress the NTM, it is effective to 
drive current locally in the magnetic island region by 
injecting millimeter (MM) waves. The method was 
previously proven effective experimentally in JT-60 using 
110GHz MM waves (Wavelength is about 3mm). Current 
drive limited to the inside of the magnetic island (Fig.3-3) is 
considered more effective because current drive outside the 
magnetic island strengthens the NTM. However, 
experimental verification of this scheme was incomplete due 
to technical difficulties in modulating high-power MM waves 
at several kHz and synchronizing them with the rotation of 
the magnetic island.

　To verify the effectiveness of this scheme, we have 
(1) upgraded gyrotrons (sources of MM waves) to modulate 
the output power, which is typically several hundreds to a 
thousand kW, at the frequency of higher than 5kHz, and 
(2) developed a system to generate a trigger signal 
synchronized with the NTM rotation by processing the 
magnetic perturbation signal in real time. An example of the 
synchronized power modulation is shown in Fig.3-4. While 
the frequency of the NTM rotation is about 4kHz at time A, it 
gradually increases to about 6kHz at time B. Figs.3-4(b) and 
3-4(c) show the magnetic perturbations and the injected MM 
wave at time A and B, respectively. It can be seen that the 
period and pulse width of the modulated power is properly 
set according to the change in the rotation frequency. This 
kind of automatic optimization has never been performed in 
any other devices, and JT-60 is the first device to succeed in 
demonstrating it. It has also been clarified that the 
suppression effect for the modulated case is more than twice 
effective than that for unmodulated cases. Since NTM 
suppression by power modulation of a 170GHz MM wave at 
about 5kHz is planned in ITER, experimental verification of 
the suppression effect was eagerly anticipated. This result is 
important because it verifies the scenario for effective 
suppression of an NTM in ITER.
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　Since the fusion gain is proportional to the square of 

plasma pressure, sustainment of high pressure plasma in a 

steady state is required to realize the fusion reactor. As shown 

in Fig.3-5, ITER will operate in the H-mode where the edge 

transport barrier (ETB) is formed to reduce the heat and 

particle transport at the plasma edge. In particular, the edge 

structure in H-mode plays a role as a boundary condition for 

core plasma and thus strongly influences the fusion gain. 

Therefore, it is important to clarify the underlying physics of 

edge structure in H-mode. The prediction of the spatial width 

of ETB is one of the most crucial issues in ITER 

development.

　Plasma characteristics can simply be expressed by three 

physical quantities: collisionality, Larmor radius, and 

normalized pressure. However, due to the existence of 

magnetohydordynamic instabilities, Larmor radius and 

normalized pressure are strongly linked. Hence, it has been 

hard to identify which of these parameters determined the 

edge structure. In JT-60U, by focusing on the difference of 

Larmor radius in hydrogen and deuterium, the influences of 

normalized pressure and of Larmor radius were successfully 

separated, and dependence of ETB width on these quantities 

was found. As shown in Fig.3-6, Larmor radius and 

normalized pressure are strongly linked where there is a 

single species of particle, but the effects of these parameters 

on ETB width were separated for the first time in the world 

by introducing hydrogen and deuterium plasmas. It was 

found that ETB width depends weakly on Larmor radius and 

strongly on normalized pressure. Since Larmor radius in 

ITER is expected to be smaller than in present tokamaks, this 

result indicates that ETB width in the future device is wide 

enough to obtain required fusion gain.
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  Rapidly growing global magnetohydrodynamic (MHD) 
phenomena sometimes suppress plasma performance and 
damage plasma facing components in tokamak devices. It is 
an important research task to clarify the origin of such MHD 
phenomena and to find effective controlling methods. An 
advanced plasma discharge where the input power for the 
current drive can be less than in the standard plasma 
discharge is expected to be one of the ways to realize an 
economical fusion reactor. However, in these advanced 
plasma discharges, plasma disruptions occur in low plasma 
pressure regions more frequently than in standard ones. 
These plasma disruptions prevent realization of the advanced 
plasma discharge. The former linear theories could not 
account for the low pressure disruptions observed in the 
advanced plasma discharges. The low pressure disruption 
often has a slowly growing precursor seen before a rapidly 
growing disruption. Though these precursors can be utilized 
as a signal to predict the low pressure disruption, the causal 
relationship between them has not yet been clarified. In the 
present experiment, a series of phenomena were observed in 
the following order,
(1) A slowly growing localized MHD phenomenon appears 

at the outer or the edge plasma region.

(2) Rapidly growing global MHD phenomenon appears in a 
wide region including the plasma center.

(3) Low pressure disruption occurs. 
　In Numerical EXperiment of Tokamak project (NEXT), 
the plasma flow existing commonly in tokamak plasmas was 
focused on. The numerical simulation based on the MHD 
model including the plasma flow effect was executed in order 
to clarify the causal relationship among (1), (2) and (3). As a 
result, we found that experimentally observed phenomena of 
(1), (2) and (3) are not independent events, but one 
continuous phenomenon (multi-stage phenomenon) (Fig.3-7). 
The plasma flow plays an important role of preventing the 
information transfer between two regions divided by the 
plasma flow. In multi-stage phenomena found in this study, 
the originally global MHD phenomenon localizes around the 
outer resonant surface due to the screening effect of the flow. 
Such a localized MHD phenomenon, which is observed as a 
precursor, damps the plasma flow and extends between two 
resonant surfaces to trigger the low pressure disruption. 
Based on this finding, we propose searching for stage (1) as a 
precursor of the stage (3), and preventing the low pressure 
disruption in the advanced plasma discharge by maintaining 
the plasma flow (Fig.3-8).
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　Neutral beam injection is one of the promising methods for 
plasma heating. Neutral beam injectors (NBI) has been 
utilized in many experimental fusion devices, and will be 
used as the primary heating method in ITER and JT-60SA. In 
NBI, high energy deuterium ions are produced in an ion 
source and converted to neutral beams in a gas cell. The 
residual ions are removed and dumped, and only D0 beams 
are delivered into the plasma. High energy D0 beams of 
0.5-1.0MeV are required to heat the core plasma in ITER and 
JT-60SA. In this energy range, the NBI is required to use 
high energy D- ions because neutralization efficiency of the 
D- ions is much higher than that of the D+ ions. 
　In ITER and JT-60SA, the injection pulse length is 
required to be range from 100 to 1000s which is 10-100 times 
longer than the rated pulse length of the negative-ion-based 
NBI (N-NBI) in JT-60U, 10s. To develop a long pulse N-NBI, 
the feasibility of long pulse injection in JT-60U was 
experimentally examined. One of the key requirements for 
long pulse injection is reduction of the power loading of the 
acceleration grids in the ion source. 
　The origin of the grid power loading was examined by 
calculating the beam trajectories with a 3 dimensional code. 
The calculation results showed that the outmost beamlets are 

deflected outward due to space charge repulsion and are 
intercepted by the acceleration grids. To suppress direct 
interception by the acceleration grids, a field shaping plate 
(FSP) was designed to deflect the outmost beamlets inward. 
The FSPs were installed near the outmost apertures of the 
acceleration grids (Fig.3-9). The use of the FSP successfully 
reduced the grid power loading to 500kW, an allowable level 
for long pulse operation. Since the ITER ion source has a 
structure of the accelerator similar to that of the JT-60 
negative ion source, the FSP is expected to be effective for 
the ITER ion source as well.
　The reduction of the grid power loading led to a 30s-pulse 
injection of 2MW D0 beams from each ion source (Fig.3-10). 
This is the world record for longest injection of high power 
neutral beams above 1MW. In this long pulse operation, the 
temperature of cooling water for the acceleration grid leveled 
off at lower than the maximum allowable level after 25s from 
the onset, and thus the existing water cooling system is 
expected to be sufficient for ITER and JT-60SA. The long 
pulse injection significantly contributed to a 28s-pulse 
production of high- β plasma of  β N=2.6, which is equivalent 
to twice the output power of the ITER standard operation.
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　The neutral beam injector (NBI) for ITER is required to 

inject 16.5MW of D0 beams per injector. For this purpose, 

D- beam current of 40A needs to be accelerated up to 1MeV 

by an accelerator. The required ion current is two orders of 

magnitude larger than conventional accelerators. To fulfill 

this requirement for the ITER accelerator, we have developed 

the “MeV accelerator” at the MeV test facility (MTF) in 

JAEA.

　For the accelerator of the ITER NBI, two concepts have 

been proposed as shown in Fig.3-11. One is MAMuG 

(Multi-Aperture Multi-Grid) accelerator developed at JAEA 

(Fig.3-12) and the other is SINGAP (Single-Aperture Single-Gap) 

accelerator developed in EU. In order to choose the 

accelerator type for ITER, performance of the SINGAP and 

the MAMuG accelerator was tested and compared at the 

same test facility with the same diagnostics. For this purpose, 

the SINGAP accelerator was installed in JAEA’s test facility 

and test was performed with participation of 7 scientists from 

EU. The results can be summarized as follows;

(1) The maximum voltage of the SINGAP was limited to 

800kV, whereas the MAMuG could attain 1MV.

(2) The highest performance in the beam acceleration test of 

the SINGAP was 220mA at 672keV, while the MAMuG 

achieved 796keV, 320mA H- ion acceleration.

(3) Co-accelerated electron current in the SINGAP was three 

times higher than the MAMuG, which will cause higher 

heat loads on beamline components.

　From these results, it was concluded that the MAMuG has 

better performance than the SINGAP, and it has been decided 

to choose the MAMuG in the baseline design for the ITER 

NBI.
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　In ITER, a joint project by China, EU, India, Korea, Japan, 

Russia and the US, large superconducting magnets (Fig.3-13) 

generating a field of more than 10 T are necessary. Japan is 

responsible for procuring 9 Toroidal Field (TF) coils 

(Fig.3-14), which are the largest superconducting coils in the 

world, as well as 25% of the TF conductors, whose 

procurement was the first contract signed in the ITER project.

　In the TF coil, a winding pack (WP) is supported by a coil 

case, enabling it to sustain a huge electromagnetic force of 

50MN/m. A WP consists of 7 double-pancakes (DP), which 

are fabricated as follows: (1) a 4.6km conductor is wound 

into a D-shape with accuracy of ±0.02% for the conductor 

length of each coil; (2) the conductor is heat-treated at 650℃ 

for 200h to generate Nb3Sn; (3) the conductor wrapped in 

electrical insulation is inserted into a groove in the radial 

plate (RP), which provides a high degree of rigidity to 

support each conductor against a large electromagnetic force 

of 800kN/m; (4) the conductor is fixed in an RP groove by 

welding cover plates to the RP; and (5) the DPs are 

electrically insulated from each other.

　A high degree of accuracy is required in the shaping of the 

winding. Each TF coil winding also must be made in 4 

months. A highly accurate automatic winding system is a key 

technology to meet these requirements. We developed a 

highly accurate, automatic bender (Fig.3-15) that comprises a 

major part of the winding machine. The deformation of a 

conductor cross section due to bending is reduced to less than 

0.2mm by optimizing the interval between the rollers. In 

order to measure the length of a conductor with great 

precision, we developed a new system in which the distance 

between marks scribed by a laser marker is measured with 

2 CCD cameras (Fig.3-15). We have achieved a very high 

degree of accuracy of ±0.01% in measuring the length of a 

conductor and a winding speed of 3m/min. These results 

demonstrate the feasibility of our TF coil winding process.
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　A nuclear fusion output of 500MW for 400s or longer is a 
primary objective for ITER. No current diagnostics systems 
are able to function in this harsh environment of high 
temperature, high radiation, and high particle flux. Such a 
system must be developed.
　The main function of the Impurity Influx Monitor 
(divertor) shown in Fig.3-16 is to detect impurities and the 
isotopes of hydrogen (tritium, deuterium and hydrogen) in 
the divertor plasmas from their spectra in the wavelength 
range of 200 to 1000nm. The goal is to obtain valuable data 
indispensable for the control of impurities and of divertor 
plasma. To create this system, both design and R&D studies 
of optical systems with Mo mirrors, which are usable near the 
plasma, are being carried out.
　A primary concern is that optical performance will 
deteriorate due to high temperature, high particle flux, and 
high radiation during operations, making it difficult to 
measure impurity influx to within a 10% accuracy level. 
Establishing an in-situ calibration method would allow the 
sensitivity of the optical system to be checked at any time. A 
new, in-situ calibration method applicable to ITER operations 
has been developed. Its key element is a micro retro-reflector 

array (MRRA) in which reflected light returns along the same 
optical path as incident light. The light introduced from 
outside passes to the further end of the optical system and is 
reflected by the MRRA set up there. Optical sensitivity is 
determined based on the strength of the light returning to the 
detector.
　The MRRA is a compact arrangement of 0.1mm micro 
retro-reflectors shown in Fig.3-17. A full-scale MRRA has 
been constructed for the upper port optics, and testing of the 
array confirmed its applicability for ITER.
　The helium generated by the fusion reaction flows to the 
divertor in ITER. The helium atom spectral line emissivity 
profile was evaluated using a collisional radiative model and 
an edge plasma model, as shown in Fig.3-18. A 
two-dimensional distribution can be calculated according to 
the observed line integration strength in the divertor region 
from two or more vantage points, as shown in Fig.3-16. 
Optimization of the positions of the side optics enables a 
spatial resolution of about 100mm. Results suggest that the 
fan array structure shown in Fig.3-16 allows an accurate 
determination of the complex emissivity profile shown in 
Fig.3-18.
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Ogawa, H. et al., Engineering Design and R&D of Impurity Influx Monitor (Divertor) for ITER, Fusion Engineering and Design, vol.83, issues 10-12, 2008, 

p.1405 -1409.
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　A gyrotron is a device that can generate a high power 

microwave (Fig.3-19). A rotating electron beam is generated 

inside the gyrotron, which has a very high vacuum. The 

generated beam is accelerated up to 80keV and goes through 

a cavity in a high magnetic field region, thereby converting 

its energy to rf power. A 7T super conducting magnet is used 

in order to generate 170GHz rf power for ITER. 

　At JAEA, many advanced gyrotron techniques have been 

developed for ITER. One of the most important developments 

is the energy recovery technique, which dramatically improves 

the energy conversion efficiency. Another breakthrough is the 

1MW oscillation using an artificial diamond output window.  

　With these advanced techniques, in 2007, we achieved the 

ITER requirement, i.e., 1MW oscillation, 50% energy 

conversion and 500s pulse width. This proves the advantages 

of the gyrotron as a heating device for ITER and fusion 

reactors in general.

　We had focused on the long pulse operation (longer than 

400s). However, repetitive operation becomes also important, 

because cyclic operation with a pulse width of 400s at 30min 

intervals is planned in ITER.  In the repetitive operation, the 

operational state of the gyrotron, such as vacuum pressure 

and electron gun, must recover within 30min. In particular, 

the electron gun requires a long time to recover, because its 

surface temperature varies when it releases the electrons for 

the rf generation. Therefore, it is important to keep the 

temperature change as small as possible in order to shorten 

the recovery time. For that purpose, active control of the 

magnetic field, acceleration voltage and heater current of 

electron gun during the oscillation was performed. As a 

result, as shown in Fig.3-20, 5 hours of repeated operation 

with a 400s/30min cycle was successfully achieved. This is 

the world’s first long pulse repetitive gyrotron operation, and 

proves the feasibility of ITER.
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Kajiwara, K. et al., Long Pulse and High Power Repetitive Operation of the 170GHz ITER Gyrotron, Plasma and Fusion Research, vol.4, 2009, p.006-1-

006-3.
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　We have been performing R&D for the divertor, one of the 

in-vessel components of ITER (Fig.3-21). As a preliminary 

step toward providing divertors for actual use, we have 

fabricated divertor qualification prototypes in close 

collaboration with Japanese companies, and they have 

successfully passed high heat flux tests by ITER 

Organization (Fig.3-22). It is necessary for the ITER divertor 

to withstand repetitive heat flux of 20MW/m2 which no 

engineering devices have withstood up to now. To achieve 

robust components, we selected carbon fiber composites with 

higher thermal conductivity than pure copper as an armor 

material. The armor material is directly brazed onto a cooling 

tube to achieve sufficient heat removal capability. 

　However, it is difficult to braze armor materials with low 

thermal expansion coefficient onto copper alloy cooling tube. 

To overcome this, it is necessary to precisely control the 

assembly interface between the armor materials and the 

cooling tube. as a result of the R&D done in the engineering 

design phase of ITER, the armor materials and the copper 

alloy cooling tube have been brazed together with a soft 

copper interlayer to absorb the mismatch of their thermal 

expansion. In addition, the quality of the braze joint has been 

improved by applying Ti onto the carbon armor. This 

metallization process enables precise assembly accuracy of 

±5 μ m.

　Using the brazing technology above, we fabricated 

divertor prototypes. High heat flux tests were carried out at 

the Efremov institute in Russia under the supervision of 

ITER Organization. It was determined that the prototype 

could withstand heat flux of 20MW/m2 for 1000 cycles which 

is a criterion for the ITER divertor. Thus, we are the first of 

the Partners (EU and Russia) whose diverter has been 

certified by ITER Organization as qualified to start supplying 

divertors for ITER.

　In 2009, we are going to start the fabrication of a divertor 

full-scale prototype as a first step in providing divertors for 

ITER. After that, we are going to start quantity production of 

divertor components and deliver them to the ITER site by 

around 2011.
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Ezato, K., Suzuki, S. et al., Provisional Procurement Activity and R&D’s on Divertor HHF Components in JADA, Proceedings of 22nd IAEA Fusion 

Energy Conference (FEC 2008), Geneva, Switzerland, 2008, IT/P7-17, 6p.
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　In a fusion reactor which uses deuterium (D) and tritium 

(T), neutrons carry most of the energy produced by the DT 

fusion reaction. Those neutrons lose their energy through 

various nuclear reactions with reactor devices such as the 

blanket, and the devices become hot. We have to accurately 

estimate how hot the device becomes in order to ensure the 

soundness of the device. Accurate prediction of generated 

heat is important because the heat will be also used to 

generate electricity in a future commercial fusion reactor.

　The heat produced by nuclear reactions is called “nuclear 

heating” and is estimated by a simulation calculation in a 

reactor design. One of the essential data for such a 

calculation is the energy and angular distributions of charged 

particles like protons and α-particles emitted by a nuclear 

reaction. These distributions are called “double-differential 

cross-section (DDX) data”. 

　We have measured DDX of charged particles emitted from 

candidate materials for a fusion reactor at the Fusion 

Neutronics Source (FNS) facility. A schematic view of the 

measurement apparatus is shown in Fig.3-23. Our 

measurements of α-particle DDX from beryllium are more 

detailed than any others in the world. The measurements are 

shown in Fig.3-24. 

　Based on this measurement data, we calculated a 

conversion coefficient from neutron flux to the nuclear 

heating of beryllium. The conversion coefficient was 

compared with the values estimated from two cross-section 

databases: Japanese Nuclear Data Library “JENDL-3.3”, and 

Fusion Evaluated Nuclear Data Library “FENDL-2.0”, the 

latter used for design calculations of the ITER. As a result, it 

was found that the conversion coefficients estimated from 

these databases were smaller by around 15% than that based 

on our measured data.  This leads to underestimation of the 

nuclear heating calculated for beryllium by around 15%. We 

found that the cause of the underestimation lay in a problem 

with the α-particle DDX of beryllium in these databases. In 

this way, our measured DDX data have been very useful for 

clarifying problems in the databases and for improving the 

prediction accuracy of the nuclear heating in a fusion reactor.
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Kondo, K. et al., Verification of KERMA Factor for Beryllium at Neutron Energy of 14.2 MeV Based on Charged-Particle Measurement, Fusion 

Engineering and Design, vol.83, issues 10-12, 2008, p.1674-1677.
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　For the development of fusion reactor materials, it is 
necessary to evaluate damage to the candidate materials by 
14MeV neutrons generated by the deuterium-tritium fusion 
reaction. The International Fusion Materials Irradiation 
Facility (IFMIF) is designed to produce an intense high 
energy neutron flux for testing candidate materials to be used 
in the fusion DEMO reactor. At present, Engineering 
Validation and Engineering Design Activities (EVEDA) for 
IFMIF are in progress as part of the international 
collaboration between Japan and EU called “Broader 
Approach Activities”.
　The concept of a liquid lithium (Li) target generating 
intense neutrons is shown in Fig.3-25. Deuterons (D) are 
accelerated up to 40MeV by accelerators and injected into a 
Li target. Intense neutrons with a peak energy around 14MeV 
are generated by the D-Li nuclear reaction. For removal of 
the 10MW heat power produced by the deuterium beams 
(40MeV, 250mA), high-speed liquid lithium flow is 
generated. Moreover, to avoid boiling of the liquid Li even in 
the vacuum condition of the accelerators, the flow channel is 
designed to be concave to provide centrifugal force, and 
boiling temperature is increased by the pressure built up by 

the Li flow. Because the back plate with the concave flow 
channel is irradiated by the intense neutrons, the back plate is 
made of reduced activation ferritic steel (F82H). Thickness of 
the back plate at a center is design to be 1.8mm to minimize 
attenuation of the neutrons by the wall as small as possible.
  We studied the feasibility of a back plate structure intended 
to withstand severe conditions by thermal stress analysis of a 
model thereof, shown in Fig.3-26. As a result, even during 
beam operation with temperature distribution caused by the 
neutron heat as shown in Fig.3-27 left, thermal compression 
stress in radial directions was 286MPa at the maximum, 
within the acceptable range, by a circular structure to absorb 
thermal stress.
　In the EVEDA project, in parallel with designing of actual 
devices for IFMIF, a Li test loop is under construction for 
conducting various validation tests for important technologies. 
The loop is to produce a Li flow hydrodynamically similar to 
IFMIF, in order that stability of high-speed Li flow and safety 
and integrity of the loop operation over a long period are 
validated. Techniques of flow measurement and purification 
using impurity traps are also to be validated with this loop.
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Nakamura, H. et al., Status of Engineering Design of Liquid Lithium Target in IFMIF-EVEDA, Fusion Engineering and Design, vol.84, issues 2-6, 2009, 

p.252-258.
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Materials Science

Advanced Quantum
Beam Technology

Drugs for Intractable
Diseases

Mutation
Breeding

Compact Cancer
Treatment System

RＩ-Drug
Delivery System

Semiconductors
Used in Space

Neutron Ion

PhotonSynchrotron
X-ray

γ-ray

Proton Electron

New Resource
Recovery Technology High Quality

Reprocessing Agents

Fuel Cell
Membranes

Carbon Neutral
Plastics

Advanced
Catalysts for
Automobiles

High Temperature
Superconductors

Life Science, Advanced 
Medicine and Biotechnology

Research Reactors Radioisotopes Accelerators Lasers

JRR-3 TIARA J-PARC SPring-8 Kansai Photon Science Institute

Environment and Energy

Quantum Beam Platform
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La2-X

Cu

Cu
O

O
La(Ba)

Superconductivity

Electrons in stripe pattern

hole

Ba concentration

Ba-free compound Introduction of holes
(La3+ → Ba2+)

We have studied the
dynamical fluctuation
of stripes by x-ray

(Electrons cannot move due
to the strong interaction)

Hole doping

Te
m

pe
ra

tu
re

In
su

la
to

r

BaX CuO4

La15/8Ba1/8CuO4 Scattered x-ray measured
at momentum transfer Qs

Scattered x-ray
measured at momentum
transfer other than Qs

2

0
-2 420

Energy transfer (ev)

Scattering from collective stripe excitation

1

In
te

ns
ity

Scattered x-ray measured
at momentum transfer Qs

Scattered x-ray
measured at momentum
transfer other than Qs

4

0
-2 0

Energy transfer (ev)

2

In
te

ns
ity

Electrons (↑) and holes (●) are ordered in stripes on
planes consisting of Cu(or Ni) (●) and oxygen (○) atoms

La5/3Sr1/3NiO4
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Slope of A is
steeper than that of B.

5

0
0 642 0

Magnetic Field (T)

20K

(a) Sample A, T=20K (b) Sample B, T=20K
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70K 20K
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100K
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1

2M
S
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B
/M
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3

4

MS of A is larger
than that of B.

Mnint = 26%
(TC～60K)

Mnint = 33%
(T C～40K)

Substitutional (Mnsub)

Interstitial Mn (Mnint)

Ga atom

As atom

Mn atom
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Energy (keV)
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HIV-1 protease
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This catalytic
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(deuterium)
atom of hydroxy
group in
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Hydroxymethyl-
carbonyl moiety

Hydrogen
(deuterium)
atom bound to
Asp25
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Although more development in, e.g., selectivity to tumors is 
needed for clinical use, we do expect that this liposome DDS can 
contribute to diminish physical and mental stress during cancer 
treatments as a 'bridge' which offsets a demerit of one therapy 
with a demerit of another therapy.

Fig.4-27 Release of an anti-cancer agent from a liposome 
upon thermal neutron irradiation
A liposome (DLOPC: distearyl phosphatidylcholine: cholesterol 
= 2 : 2 : 6) is easily broken apart by neutrons when it 
encapsulates a boron (10B) compound as well as an anti-cancer agent.

compositions and different lipid content ratios, using X-rays 
which are easy to use in experiments. At a result,
 we found that the breakability can be controlled by changing the 
ratio of three lipid components (distearyl phosphatidylcholine, 
dilinoleoyl phosphatidylcholine, and cholesterol) 
and the lipid concentration of the liposome suspension. We also 
found that radiation dose-rate also influences the breakability. 
To date, the liposome can be degraded by several tens of Grays, 
which is comparable with a maximum dose at an affected part 
(tumor), in radiotherapy using a heavy ion beam. On the other 
hand, the liposome withstands thermal neutrons that are used in 
neutron capture therapy effective in brain tumors. 
However, we succeeded in making the liposome weak against 
thermal neutrons by co-encapsulation of a 10B-compound into 
the liposome along with an anticancer agent (Fig.4-27).

Reference
Akamatsu, K., Development of a Thermal Neutron-Sensitive Liposome for a Novel Drug Delivery System Aiming for Radio-Chemo-Concurrent Cancer 
Therapy, Radiation Physics and Chemistry, vol.78, issue 12, 2009, p.1179-1183, doi: 10.1016/j.radphyschem.2009.07.007.



����������	
�	�����　��

������������� �������	
����	��������

���������	��
��	������
	�����
���	���������	�
�����������������������
�

　To assure the safety of nuclear facilities, the regulatory 
authorities of the government perform safety examinations 
and inspections of the safety design and management by 
utilities. Safety research is essential for providing a scientific 
and technical knowledge base for developing guidelines and 
standards for regulatory decision making. 
　Safety research at JAEA is conducted according to the 
“Prioritized Plan for Nuclear Safety Research” made by the 
Nuclear Safety Commission (NSC), which sets priorities for 
safety research to be carried out based on future trends in 
regulation. The major subjects for us to study are shown in 
Fig.5-1.
　Furthermore, we are supporting the regulatory body  the 
Nuclear and Industrial Safety Agency (NISA) and its 
supporting organization Japan Nuclear Safety Organization 
(JNES) by conducting research on various technical issues in 
safety regulation which they have contracted us to do.
  The results of nuclear safety research contribute to the 
maintenance and improvement of safety of the nuclear 
facilities and also to fostering public confidence in nuclear 
safety.
　The following paragraphs briefly describe new results 
from the programs shown in Fig.5-1.
  In the program on probabilistic safety assessment (PSA), a 
computer code for accident consequence analysis was 
validated by field data obtained in the area affected by the 
Chernobyl accident. (Topic 5-1).
　For the study of high burnup fuel safety, a series of tests 

were conducted to measure the oxidation rate of fuel cladding 
which had been used for a long time when there are loss-of-
coolant accident conditions (Topic 5-2). Furthermore, a study 
provided understanding of mechanisms behind change in the 
microstructure of fuel pellets due to long use of the fuel 
(Topic 5-3). 
　In the study of safety assessment of advanced uses of light 
water reactors, an experimental study on the heat transfer at 
the fuel surface under post-boiling transition conditions 
provided a new model for safety assessment with higher 
accuracy (Topic 5-4).   
　For the structural integrity assessment of reactor 
components, a detailed analysis was done of the effect of 
seismic loading on the crack growth in a reactor which was 
assumed to have stress corrosion cracking in the piping or 
internal structure (Topic 5-5).
　In the research on safety evaluation of nuclear fuel cycle 
facilities, a rapid dose evaluation method was developed for 
use in a criticality accident in a nuclear facility (Topic 5-6).
　For the safety assessment of radioactive waste disposal, a 
new analytical model was developed for prediction of the 
performance of the bentonite clay material that covers the 
steel container of high level radioactive waste in geological 
disposal (Topic 5-7). Furthermore, for the development of 
methods to analyze migration of radionuclides in 
groundwater, analysis of ground water system observations 
on a regional scale were performed for validation of a 
conceptual representation of a flow system (Topic 5-8).

NSRR for 
studies on 
reactivity 
accidents

RFEF for post irradiation 
examination of nuclear fuel

LSTF for simulation of
accident behavior of PWR

NUCEF for safety 
research for fuel cycle 
facilities

Nuclear Fuel Cycle Facilities

Uranium Enrichment Fuel Fabrication

Nuclear Fuel 
Cycle Reprocessing

Waste Disposal

Reactor
Research programs based on NSC's

prioritized research plan

Probabilistic Safety Assessment

Safety of High Burnup Fuel

Safety of Advanced Uses of LWRs

Ageing Effects on Component Integrity

Safety of Fuel Cycle Facilities

Safety of Radioactive Waste Disposal and Decommissioning

JMTR for testing material
and fuel behavior
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Homma, T., Validation of Environmental Assessment Models and Assessment of Effectiveness of Protective Measures Using Data from Chernobyl 131I 

Releases; IAEA EMRAS Programme, Hoken Butsuri, vol.43, no.3, 2008, p.234-245 (in Japanese).
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　Various kinds of mathematical models are used to assess 
the transport of radionuclides in the environment and to 
predict the potential pathways and levels of human exposure 
to the radionuclides. These models are used primarily to 
estimate the consequences to the public and the environment 
in which complete sets of measurements cannot be obtained: 
safety analysis of routine operations and accident situations 
of nuclear installations in a regulatory process, or dose 
reconstruction from past releases of radionuclides. When 
decisions on safety or acceptable levels of contamination for 
regulatory purposes are based on model results, it is essential 
to establish a degree of confidence in these results for the 
sake of scientific and public credibility. 
　In this regard, JAEA is conducting the research on 
validation of transport models of radionuclides in the 
environment using field measurements of various kinds of 
exposure situations, environmental media, and radionuclides 
through participation in international exercises aimed at the 
testing and validation of such models which have been 
conducted since the Swedish sponsored BIOMOVS program 

started in 1986. 
　In the BIOMASS and EMRAS programs organized by 
IAEA, particular attention was given to 131I and 137Cs which 
are important radionuclides for environmental assessment 
that are products of operation of nuclear power plants and 
fuel cycle facilities. We have tested the predictive capabilities 
of biosphere transport and exposure models in the OSCAAR 
computer code developed by JAEA for the probabilistic 
safety assessment of nuclear installations. Examples of model 
predictions compared with observed data are shown in 
Figs.5-2 and 5-3 for a test in which the transport models of 
radionuclides from air to plants, pasture to animal products 
and the metabolic model of radioiodine in human body were 
validated using observed data of 131I and 137Cs in media of the 
environment such as air, soil, plants and animals. Such 
exercises provided good opportunities for testing the 
predictive capabilities of models, evaluating the uncertainty 
in models and parameters, and improving the credibility of 
environmental assessment models.
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　Extension of the utilization period of reactor fuel, i.e. 
burnup extension, is being promoted worldwide for efficient 
use of natural resources etc. We performed experiments 
under simulated accident conditions to investigate the effects 
of long-term irradiation on fuel behavior during accidents 
and confirm fuel safety.
　A loss-of-coolant accident (LOCA) is one of the postulated 
accidents considered in the safety design of a nuclear power 
plant. In LOCA conditions, fuel cladding is oxidized due to 
zirconium - steam reaction at high temperatures, and loses 
ductility when severely oxidized. Accordingly, it is very 
important to evaluate the oxidation kinetics precisely for the 
safety analysis. As burnup is extended, the corrosion layer 
grows and hydrogen absorption becomes more significant in 
fuel cladding, which may affect the high temperature 
oxidation under LOCA conditions. On the other hand, 
advanced alloys are being developed to improve corrosion 
resistance and help achieve higher burnup. It is necessary to 
investigate fuel behavior with the newly developed cladding 
under accident conditions. Hence, we performed isothermal 
oxidation tests with cladding that had been irradiated for a 
long time in European power plants in order to investigate 
the effect of high burnup and alloy composition on the high 
temperature oxidation.
　The oxidation rates calculated from mass increase are 

summarized in Fig.5-4. The rate constants of high burnup 
ZIRLO cladding are lower than those of the unirradiated 
cladding at relatively low temperatures, while thedifference is 
small at 1473K. Fig.5-5 shows the microstructure in a radial 
cross section of an irradiated ZIRLO specimen after the high-
temperature oxidation test. A thick corrosion layer that 
formed during the reactor operation is seen at the outer 
surface. The high temperature oxidation (HT oxide) appears 
to initiate at the positions where cracks are seen in the 
corrosion layer. It is generally accepted that the mechanism 
which governs the high-temperature oxidation of Zirconium 
alloy cladding is the diffusion of oxygen anions through the 
oxide layer. It is considered that the pre-formed corrosion 
layer suppressed the high-temperature oxidation by preventing 
the diffusion of oxygen to the surface of the metallic layer. 
On the other hand, increase in hydrogen absorption and 
changes in alloy composition had very little influence on the 
oxidation rate. The Baker-Just oxidation kinetics equation 
was found to still be applicable to the safety analysis of the 
high burnup fuel cladding in a LOCA.
　The present study was conducted in FY2007 as part of the 
“Advanced Light Water Fuel Performance and Safety 
Research Program” commissioned by the Nuclear and 
Industrial Safety Agency (NISA) of the Ministry of 
Economy, Trade, and Industry (METI).
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Chuto, T. et al., High Temperature Oxidation of Nb-Containing Zr Alloy Cladding in LOCA Conditions, Nuclear Engineering and Technology, vol.41, no.2, 

2009, p.163-170.
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Amaya, M. et al., Measurement of Crystal Lattice Strain and Crystallite Size in Irradiated UO2 Pellet by X-ray Diffractometry, Journal of Nuclear Science 

and Technology, vol.45, no.3, 2008, p.244-250.

　Extending the utilization period of reactor fuel, i.e. burnup 

extension, is being promoted step by step for the efficient use 

of natural resources and the reduction of fuel cycle cost. With 

increase in fuel burnup, fission products accumulate in fuel 

pellets, and cladding corrosion progresses. Accordingly, in 

order to promote burnup extension, it is necessary to confirm 

fuel safety at high burnup.

　At the periphery of a high burnup fuel pellet, fine fission 

gas bubbles precipitate densely and the crystal grains formed 

at the time of pellet fabrication are subdivided into fine 

grains was observed (Fig.5-6). A microstructure like this is 

called “rim structure”, and the fine bubbles in this region 

contain high-pressure fission gas. If the fission gas in this 

region is released during a reactivity initiated accident (RIA), 

pellet temperature increase and the cladding deformation 

would occur due to the degradation of the heat conduction 

between pellet and cladding which is caused by the additional 

fission gas release. These phenomena may affect fuel rod 

safety. Consequently, the investigation of rim structure 

formation conditions is an important subject of study.

　Micro X-ray diffractometry was carried out at the 

peripheral and mid-radius regions of the fuel pellets which 

had different burnups. The lattice parameter was calculated 

from the angles of diffracted peaks, and the non-uniform 

strain and crystallite size were calculated from the 

broadening of diffracted peaks. The lattice parameter 

increased monotonously with increase in burnup, and 

exhibiting a peak at about 70GWd/t. The lattice parameter 

slightly decreased above 70GWd/t. The non-uniform strain 

decreased in the burnup range of 50-55GWd/t and increased 

above this burnup range (Fig.5-7). The strain energy densities 

stored in the crystal lattice were evaluated based on the 

lattice parameters and non-uniform strains. The strain energy 

densities were constant in the burnup range of 50-55GWd/t. 

From these results, it is suggested that the main cause of 

grain subdivision is the tangle of dislocations which forms 

during irradiation, and that the grain subdivision begins in the 

vicinity of 50GWd/t. The conditions for formation of rim 

structure can be understood by investigating the process of 

microstructure change in high burnup fuel, and this 

understanding will make it possible to evaluate fuel safety in 

the high burnup region in further detail.

　The present study was conducted in FY2005 with funds for 

nuclear research from the Ministry of Education, Culture, 

Sports, Science, and Technology of Japan (MEXT), allocated 

based on evaluation by the Atomic Energy Commission.
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　In the Boiling Water Reactor, the fuel rod surface is 
covered with continuous liquid film for heat transfer. 
Depletion of the liquid film causes heat buildup. Such a 
deteriorated heat transfer is called boiling transition (BT), 
and these reactors have been required to have a design which 
does not allow this to occur even during Anticipated 
Operational Occurrences (AOOs).  Results of recent studies, 
however, indicate that even if BT takes place, the rise in fuel 
cladding temperature could be small that it does not become 
any threat to fuel integrity, as long as the BT event terminates 
within a short period of time. Based on this new knowledge, 
the Atomic Energy Society of Japan (AESJ) proposed a new 
standard, the so-called post-BT standard, which allowed 
occurrence of BT if the dryout duration and peak cladding 
temperature (PCT) were kept within certain limits. We are 
conducting various experiments and analysis to confirm the 
technological appropriateness of the employed models to 
evaluate the dryout duration and the PCT in the post-BT 
standard.  
　The rewetting process shown in Fig.5-8 is important in the 
post-BT period, and it is difficult to predict. The rewetting 
velocity, defined as the propagation velocity of the liquid film 
front along the dried-out surface, is one of the key factors to 
determine the termination of the post-BT state. There is 
however little experimental data for AOO conditions. We 

performed experiments over a broad range of power, water 
flow rate and temperature of dried-out cladding, including the 
ranges allowed in the post-BT standard, using a round pipe 
test section that simulates the fuel cladding. Prediction 
models for the heat transfer coefficient (HTC) and the 
rewetting velocity were developed based on the obtained data.
　From these experiments, it was found that large cooling 
water flow enhances generation of droplets that cool the 
dried-out surface just ahead of the rewetting front where they 
come into direct contact as shown in Fig.5-8, thus improving 
heat transfer. Fig.5-9 shows the comparison of the developed 
and existing models with data of the HTC. The predictions 
for the low wall superheat range were significantly improved.
　The effective heat transfer by the droplet deposition causes 
great increase in the rewetting velocity. This effect of direct 
contact of droplets on the HTC has been called “precursory 
cooling” in the previous studies. We integrated this effect into 
our prediction model. The comparison shown in Fig.5-10 
indicates that the present model considering the precursory 
cooling effect reproduces the experimental data well. It is 
concluded that the precursory cooling plays a predominant 
role in the liquid film propagation during rewetting phase in 
an AOO situation when there is highly concentrated droplet 
flow.
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Sibamoto, Y. et al., Measurement and Analysis for Rewetting Velocity under Post-BT Conditions during Anticipated Operational Occurrence of BWR, 

Proceedings of 17th International Conference on Nuclear Engineering (ICONE 17), Brussels, Belgium, 2009, ICONE17-75287, 10p., in CD-ROM.
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Katsuyama, J., Onizawa, K., Analytical Study of the Effect of Excessive Loading on Welding Residual Stress and Crack Growth near Piping Welds, Journal 

of Solid Mechanics and Materials Engineering, vol.3, no.3, 2009, p.563-571.

　The regulatory guide for reviewing seismic design was 
revised in September 2006 to redefine new range of 
envisioned earthquake ground motions and incorporate the 
concept of residual risks into the design framework, so as to 
reflect recent findings. Also, the July 2007 Niigata-ken 
Chuetsu-Oki earthquake ground motion exceeded the motion 
which were used in the design. Both of these events have 
made us aware of the need to assess the effect of large-scale 
earthquakes beyond the design basis of reactor components 
regarding seismic structural integrity. On the other hand, 
stress corrosion cracking (SCC) has been observed around 
the welds of reactor piping. Residual stress produced by 
welding is one of the most important factors influencing 
structural integrity, particularly SCC, because high tensile 
stresses at the inner surface and through the thickness around 
a pipe weld affect the initiation and growth behavior of SCC. 
It is, therefore, important that the structural integrity 
assessment take into account the effect of excessive loading, 
caused by a large-scale earthquake beyond the range 
envisioned in the design, on the weld residual stress in the 
pipe. However, the evaluation of residual stress distribution 
requires expertise and special skills for detailed weld 
simulation and experiments.

　We have developed a welding simulation technique with 
excellent accuracy to evaluate the weld residual stress based 
on a finite element method (FEM) as shown in Fig.5-11. 
Using this simulation technique, weld residual stress around a 
butt weld for stainless steel piping was evaluated (Figs.5-12 
and 5-13(a)). Since a large-scale earthquake may affect the 
weld residual stress distribution, the effect of excessive 
loading simulated by prescribed axial displacements on 
redistribution of the weld residual stress around piping weld 
was also evaluated as shown in Fig.5-13(b). From these 
results, it was clearly indicated that excessive loading caused 
residual stress relaxation, i.e. tensile stress at the inner 
surface of pipe decreased as applied seismic load increased. 
Similar relaxation behavior on residual stress was also 
observed in the case where there was an SCC near a weld. 
Therefore, there is a suppressive effect of large-scale 
earthquake on SCC growth and hence the evaluations of the 
structural integrity of reactor piping due to earthquakes are 
too conservative from the viewpoint of mechanical stress.
　The effect of scattering of residual stress due to welding on 
structural integrity is now being investigated by application 
of a probabilistic fracture mechanics analysis method.
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　The JCO criticality accident with the death of two workers 

which occurred in the autumn of 1999 is still fresh in our 

memory. Such an accident must not happen again. It is, 

however, also necessary to develop impact evaluation 

methods and counter action techniques in case of unlikely 

accidents.

　The International Atomic Energy Agency (IAEA) provided 

technical guidelines for treatment of injuries due to heavy 

irradiation in a criticality accident, and in particular stipulated 

technical performance standards for the dosimetry. The 

guidelines require �appropriate medical care for heavily 

irradiated persons, �sufficient communication to the public, 

and �assuring those not significantly irradiated. Technical 

requirements are thus made that �the dose can be measured 

in terms of dose absorbed in the body, �in the range from 

100mGy to 10Gy, and � total radiation measurements be 

within 50% uncertainty in the first 48 hours, separate 

measurements for neutrons and γ-rays be within 25% 

uncertainty for the first week.

　To demonstrate that these technical goals are achievable, 

first, widely utilized dosimetry methods were reviewed, and 

then, a thermo-luminescence dosimeter (TLD) (Fig.5-14) 

suitable for easy neutron dosimetry was employed. 

Experiments were performed in the Transient Critical 

Experiment Facility (TRACY) to irradiate the TLD with 

strong radiation as in a criticality accident.  Radiation doses 

were varied by changing the distance between the TLD and 

the TRACY core or by reducing neutron leakage with a water 

reflector installed around the TRACY core. Another kind of 

dosimeter and computer simulation were used together, to 

obtain the correct irradiation dose. It was also confirmed that 

it was feasible for the measurement results to be obtained 

within 48 hours after the experiments. The TLD was 

originally designed to measure the dose equivalent instead of 

the absorbed dose, so a calculation method with a computer 

using conversion coefficients between those doses was 

established as well.

　Fig.5-15 shows the neutron doses measured with the TLD; 

measurement error was within 25%. This not only satisfies 

the IAEA requirements but also demonstrates the capability 

for more rapid neutron dose measurement.

　The intensity and characteristics of the radiation used in 

these experiments simulated a criticality accident well. To put 

the TLD to practical use, it is, however, still necessary to 

investigate if this measurement method is applicable in actual 

nuclear fuel facilities, and if the TLD can be handled 

appropriately under the extreme conditions of a real critical 

accident.
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Murazaki, M., Tonoike, K. et al., Measurement of Neutron Dose under Criticality Accident Conditions at TRACY Using TLDs, Journal of Nuclear Science 

and Technology, vol.46, no.2, 2009, p.193-203.
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Yamaguchi, T., Yamada, F., Negishi, K., Hoshino, S., Mukai, M. et al., Development and Verification of a Reactive Transport Model for Long-Term 

Alteration of Bentonite-Cement-Seawater Systems, Physics and Chemistry of the Earth, vol.33, suppl.1, 2008, p.S285-S294.
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　In the Japanese high-level radioactive waste (HLW) 
disposal program, vitrified HLW is encapsulated in a steel 
container called overpack, and placed in a repository 
surrounded with bentonite clay material in a stable 
underground site. Bentonite prevents groundwater from 
intruding into the waste, and so it is necessary to estimate the 
long-term changes in the properties of bentonite, since it 
confines long-lived radionuclides.
　The cement used in the repository likely generates an 
alkaline groundwater which dissolves montmorillonite, the 
main constituent of bentonite. Because the radionuclide 
confining property of the bentonite arises from 
montmorillonite, modeling the alterations of cement and 
montmorillonite is necessary to predict deterioration of the 
confinement performance. We performed laboratory 
experiments on alkaline components generated during long-
term alteration of cement material and montmorillonite 
dissolution in those alkaline solutions, using compacted 
bentonite simulating the repository conditions, and then 
proposed models based on the results.
　To verify safety of the repository, chemical reactions of 

cement-bentonite-groundwater systems were calculated using 
the models. Concurrent calculations of mass transport in 
cement and bentonite are needed because the parameters in 
the calculations are linked to each other. Verification is very 
important for such a coupled calculation model; we have 
been verifying it by comparing results of the model 
calculation with observations from laboratory experiments. 
　Groundwater is probably mixed with seawater at a 
repository in a coastal area in Japan. We focused on that 
situation and considered possible minerals generated in 
cement alteration by seawater in a secondary mineral 
generation model. The model was verified through alteration 
experiments with cement (Fig.5-16).
　In addition, the model was used to predict the alteration of 
cement-bentonite systems over a 10000 year period. 
Searching into the calculation results revealed the great 
influence of temperature on the degree of alteration, and the 
complex effect of salinity concentration upon alteration 
behavior (Fig.5-17). This knowledge establishes key issues 
for long-term analysis of alteration.
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　In the safety assessment for geological disposal of long-

lived radioactive waste, it is important to estimate 

radionuclide migration to human environments through 

groundwater flow. We are studying regional groundwater 

flow systems.

　In order to understand a regional groundwater flow system 

on a 10-100km scale, it is necessary to validate a conceptual 

representation of flow system from the recharged area to 

discharged area comparing with the observed data. Therefore, 

we investigated a sedimentary rock area in the Yoro river 

basin (Fig.5-18) and constructed a conceptual flow model of 

the region using the observed data of flow rate, chemical 

composition of groundwater, and isotopic ratios of hydrogen 

and oxygen in water samples collected from wells, rivers and 

springs.

　From the observed flow rates, analyzed results of water 

samples and Mt. Daifuku’s spatial characteristics, it is found 

that the groundwater recharged at Mt. Daifuku flows toward 

the east-northeast which is the direction in which the 

sandstone and high permeability mudstone strata run, and is 

discharged in the Imohara river and the Umegase rivers. In 

addition, it is estimated that a part of groundwater flows 

down deeper than 100m where the stratum tilts, and then 

flows out to the surface layer basin through fractures in a 

sandy-mudstone stratum with low permeability (Fig.5-19).

　Chemical composition and isotopic data indicated that 

most of the groundwater is precipitation recharged at Mt. 

Daifuku, and that the groundwater is of the NaCa-HCO3 type 

which is chemically unreacted groundwater with short 

residence time or of the Ca-HCO3 type which is reacted 

groundwater with long residence time. The groundwater 

discharged into the downstream of the Urajiro river and the 

Umegase river was found to include the Na-HCO3 type 

groundwater which has been reacted to a great extent, and 

which rose from a deep stratum.

　Considering the above results, we conclude that a 

hydrological approach (measuring the flow rate of river and 

estimating underground flow) combined with a geo-chemical 

approach (analyzing the groundwater composition including 

isotopic ratios) is a useful method for evaluating the 

relationship between surface water, shallow groundwater and 

deep-seated groundwater which needs to be determined in 

order to establish a regional groundwater flow model. 

　The present study was conducted in FY2006 as part of the 

“Study of Influence of Hydrologic/Geological Changes 

Related to Geological Disposal” commissioned by the 

Nuclear and Industrial Safety Agency (NISA) of the Ministry 

of Economy, Trade, and Industry (METI).
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Science of Superheavy Elements

α decay Rotation
Recoil mass

separator

Beam
stopper

0.5μm

Pd nano particle

Iron-reducing
bacteria

High-intensity beam

Heavy nuclei

Extreme Environment and Substance Science

Actinide Material Science Material and Life Sciences

Advanced Science Research

Collaborations with Universities,
Reimei Research Promotion Project

Other Research Sections
in JAEA

International
collaborations

Physical and chemical properties of unknown heavy nuclei are investigated. 
Nuclei are synthesized in fusion reactions when a rotating target (right) is 
bombarded by high-intensity heavy-ion beams, separated from the incident 
beam by a recoil mass separator, and then implanted into a silicon-strip 
detector (left) which observes the α-decay chain.

μSR spectroscopy system installed at J-PARC Muon Facility.
The system is able to detect the extremely small magnetic field to elucidate 
physical properties of materials, behavior of hydrogen atoms, etc., in 
substances.

Nano particles of Pd precipitated on the cell surface of iron-reducing bacteria 
(elongate ellipsoids). It was discovered that these nano particles have 
excellent catalytic ability.

The ability of 
some bacteria 
to accumulate 
TRU elements 
from aqueous 
solution on 
their cell 
surface was 
studied.

Total reflection positron diffraction pattern of a 
Si(111)-In superstructure (above) and the 
atomic configuration of In (●) at low 
temperatures (left) determined by analysis of 
this pattern. The band structure calculation 
with this configuration clarified the metal-
insulator transition of the In atomic chain at 
low temperature.
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　The nuclear science and engineering research being 
conducted at the Japan Atomic Energy Agency has the four 
roles shown in Fig.7-1. In order to fulfill these roles, research 
in nuclear data and reactor engineering, fuels and materials 
engineering, environment and radiation science, and nuclear 
applied heat technology is being conducted.
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　Various types of research are being performed to 
investigate the feasibility of advanced nuclear systems and to 
establish the basic technology for these systems. Topic 7-1 is 
development of a prediction uncertainty evaluation method of 
neutronic design without full -scale mock-up critical 
experiments. Topic 7-2 is development of a high-accuracy 
measurement method for nuclear data of minor actinides 
(MA) e.g. Np, Am, Cm, and results obtained thereby. 
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　Basic studies on advanced nuclear fuel and cycle 
technology and the degradation of nuclear power plant 
materials are being carried out. Topic 7-3 is the publication of 
“Handbook on Process and Chemistry of Nuclear Fuel 
Reprocessing Ver. 2”, in which data comprising the technical 
basis for spent nuclear fuel reprocessing are complied. 
Topic 7-4 is the corrosion mechanism of stainless steel used 
in containers for spent fuel reprocessing plants, studied for 
safety analysis of nuclear materials. Topic 7-5 is the 
mechanism of thermal property changes in Am-containing 
oxide fuels, needed for MA. recycling technology.
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　Research on movement of radionuclides in the environment 
and dose assessment is being carried out. Topic 7-6 is the 
completed development of WSPEEDI - II to predict 
atmospheric dispersion of radionuclides accidentally released 
anywhere in the world (Fig.7-2). Topic 7-7 is analysis of 
organ doses using Japanese voxel phantoms to evaluate the 
effects of body posture on dose.
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　To expand nuclear energy applications to heat utilizing 
industries, we are continuing extensive R&D for high-
temperature gas-cooled reactor (HTGR) technology and for a 
HTGR-heated hydrogen production system. Topic 7-8 is 
efficient hydrogen production by a thermochemical IS 
process. Topic 7-9 is safe hydrogen use in HTGR, 
specifically to prevent the hydrogen from being contaminated 
by radioactive material.

Forming sound basis for
innovation

(high-temperature gas-cooled reactor, partitioning
 and transmutation, etc.)

Providing technological platform
to industries and universities

(Nuclear Energy Research Collaboration
Center, etc.)

Preparing basic codes and
databases

(Nuclear data, Reactor engineering, Material
engineering, environment technology)

Supporting various nuclear-related
activities of government and industries

(foundations of nuclear safety, technology
for non-proliferation regime, etc.)

Innovative and 
sustainable development of

Nuclear technology

Nuclear Fusion Reactor
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Kugo, T. et al., Prediction Accuracy Improvement of Neutronic Characteristics of a Breeding Light Water Reactor Core by Extended Bias Factor Methods 

with Use of FCA-XXII-1 Critical Experiments, Journal of Nuclear Science and Technology, vol.45, no.4, 2008, p.288-303.
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Simulating core

　To develop a new type reactor, accurate prediction of core 
performance is required. This is done with calculation codes 
to analyze neutron behavior based on evaluated nuclear data. 
With a full-scale mock-up experiment very similar to the 
planned core, the prediction accuracy can be validated by a 
comparison between the analysis value of the simulation 
model and the experimental value. However, comparisons are 
often limited to experiments with existing experimental 
facilities. Therefore, they may not properly simulate the 
planned core and it is difficult to validate the prediction 
accuracy. However, a full-scale mock-up experiment with 
new experimental facilities is costly. Thus, it is very difficult 
to conduct full-scale mock-up experiments. 
　To overcome such difficulties, we created a new method 
named the extended bias factor method. The method can 
evaluate the prediction uncertainty without a full-scale mock-
up experiment, based on an original concept: utilize 
experimental results from a number of existing facilities in 
place of a mock-up facility. Taking the variance of 
experimental results into consideration, it utilizes the 
covariances arising from the nuclear data and the analysis 
method in the design values and the experiment analysis 
values of the planned core and each of the utilized existing 
cores which are caused by cross section and analysis method 
errors, and maximizes the correlation between the planned 
core and the experimental results. By this method, the 

prediction accuracy can be properly evaluated and improved 
(Fig.7-3). 
　To apply the extended bias factor method to a real group of 
experimental results, we developed new methods to 
practically evaluate covariance between experimental values 
and between experiment analysis values and constructed a 
system to evaluate covariance between different experimental 
results and between different cores. Based on this system, we 
applied this method to a new type reactor core design using 
the experimental results systematically measured with several 
simulating cores constructed in an existing facility, Fast 
Critical Assembly (FCA). The application results 
demonstrated that the method is valid for the evaluation and 
improvement of the prediction accuracy of core performance 
of the target core (Fig.7-4).
　By evaluating sources of error in prediction with the 
extended bias factor method, we can identify necessary new 
critical experiments, and the experiments and the analysis 
method by which uncertainties can be reduced. The present 
R&D results can be utilized to contribute to planning of 
effective R&D, saving time and cost for development of the 
new type reactor. 
　The present R&D was honored with an award for 
distinguished technology by the Atomic Energy Society of 
Japan in March, 2009.
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　Accurate data of the neutron cross sections of minor 

actinides (MA) such as Neptunium (Np), Americium (Am), 

and Curium (Cm) over a wide neutron energy range from 

thermal to MeV regions are required for development of 

innovative nuclear systems capable of nuclear transmutation 

of minor actinides.

　However, there is an apparent discrepancy among current 

nuclear data on MA’s. As an example, the neutron capture 

cross sections of 237Np of JENDL-3.3 and ENDF/B-VII.0 are 

shown in Fig.7-5. There is a large gap above 100keV (105eV).

　We have utilized the activation method to measure 

accurately the capture cross sections of MA using fast 

neutrons supplied by the Yayoi reactor. Since the neutron flux 

is very high at the reactor core in the fast neutron region, a 

small sample of the order of 0.1mg is sufficient. This fact is 

important to eliminate experimental difficulties inherent in 

measuring the capture cross sections of radioactive samples.

　However, it is difficult to obtain point wise data by the 

activation method using fast reactor neutrons, since the 

Westcott convention established for thermal neutrons is not 

applicable. To overcome the problem, the new convention is 

proposed, in which the “representative neutron energy” is 

defined; the capture cross section corresponding to that 

energy can be determined. Fig.7-6 shows the energy 

dependence of the reaction rate of 237Np, and of the 

normalized value of the integrated reaction rate, which can be 

used to determine the representative neutron energy 

analytically.

　Our data is plotted in Fig.7-5. It is shown that the 

activation method using fast reactor neutrons is a very 

powerful tool to determine neutron capture cross sections for 

fast neutrons. The developed activation method together with 

the time-of-flight method under development at the J-PARC 

MLF neutron-nucleus reaction instrument will be used to 

systematically and accurately determine the neutron capture 

cross sections of radioactive samples such as MA.
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Harada, H. et al., Measurements of Neutron Capture Cross Section of 237Np for Fast Neutrons, Journal of Nuclear Science and Technology, vol.46, no.5, 

2009, p.460-468.
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Research Group for Aqueous Separation Process Chemistry, Handbook on Process and Chemistry of Nuclear Fuel Reprocessing Version 2, JAEA-Review 

2008-037, 2008, 702p. (in Japanese).

　In the future, high burn-up fuel and mixed oxide (MOX) 

fuel should be reprocessed. Since these fuels contain large 

quantities of fission products and plutonium, it is important 

to examine their influence on the dissolution of spent fuel 

and extraction process used in reprocessing. Furthermore, in 

order to improve economy and to reduce volume of 

radioactive waste, further research and development of 

reprocessing technology will be of great importance. In these 

efforts, a comprehensive survey and compilation of the basic 

data of reprocessing technology that has been determined 

will be of great use.

　We have been studying the solution chemistry and 

chemical processes of actinides and fission products to find a 

basis for development of advanced fuel reprocessing. 

Experiments in fuel dissolution and extraction processes 

using actual spent UO2 and MOX fuels were carried out at 

Nuclear Fuel Cycle Safety Engineering Research Facility 

(NUCEF). These experimental results and basic data 

collected by literature survey were compiled and published as 

“Handbook on Process and Chemistry of Nuclear Fuel 

Reprocessing Version 2” in 2008. 

　In the first section of this handbook, basic data, such as 

solution density, viscosity, absorption spectra of actinide ions 

and etc. are given.

　The next section describes results of dissolution 

experiments (Fig.7-7) and off-gas treatment tests using spent 

fuels of several burn-ups. Concentration changes of uranium 

and nitric acid during the dissolution were compared with our 

simulation model. Results of dissolution residue analysis are 

also given here. 

　Distribution behavior and redox reactions of important 

elements such as uranium, plutonium, neptunium etc. during 

the extraction process are reviewed, and our simulation code 

PARC, developed for solvent extraction studies, is explained. 

The results of NUCEF experiments and calculations with 

PARC given here agreed well with each other.

　In addition to these data, we summarized fission product 

compositions and decay heat from various kinds of spent 

fuels (Fig.7-8), and plutonium polymerization and solvent 

degradation, which will become more important with regard 

to safety in the future.

　It is expected that this handbook will be widely utilized as 

one technological basis for smooth and safe operation of 

plants and for research and development toward the next 

generation of nuclear plants, since it is a useful compilation 

of knowledge about reprocessing.
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　Usable nuclear fuels (uranium and plutonium) are left in 

spent nuclear fuels from a nuclear power plant. A plant which 

chemically collects usable nuclear fuel from spent fuel, 

separates fission products, and safely treats radioactive 

wastes is called a spent fuel reprocessing plant. In Japan, 

there are two such plants, in Tokai-mura and Rokkasho-mura. 

Uranium is a limited fuel like oil. The recycling of nuclear 

fuel is very important for sustainable production and 

utilization of nuclear energy.

　A very corrosive boiling nitric acid solution is used to 

dissolve nuclear fuel in a reprocessing plant. The solution 

contains plutonium and ruthenium which are dissolved from 

spent nuclear fuel. It has been known that these elements 

strongly corrode commercial grade stainless steel, and special 

corrosion-resistant stainless steels are used in reprocessing 

plants. Recently, it has been reported that a small amount of 

neptunium (Np) also promotes the corrosion of the stainless 

steel. The mechanism of corrosion acceleration by Np was 

investigated. The tests were conducted in the Waste Safety 

Testing Facility (WASTEF) that could handle radioactive 

materials such as spent nuclear fuel. Fig.7-9 shows the 

appearance of the corrosion testing apparatus set in a hot cell 

in WASTEF.

　Fig.7-10 shows the corrosion rate of stainless steel which 

was immersed in boiling nitric acid (HNO3) solution at 70℃ 

under reduced pressure. The solution contained a small 

amount of Np (ca.4mmol/ � ), and the concentration of HNO3 

was 9mol/ � . The corrosion rate of stainless steel in the HNO3 

solution with Np was about 10 times higher than that without 

Np. This corrosion acceleration by Np was investigated using 

electrochemical and spectrochemical analyses that could 

examine the influence of ionic species in solutions. As shown 

in Fig.7-11, Np6+ (NpO2
2+) caused the dissolution of a metal in 

the stainless steel and itself was thereby reduced to Np5+ 

(NpO2
+). The Np5+ was re-oxidized to Np6+ in the HNO3 

solution. It was found that this cycle led to the increase in the 

corrosion rate of stainless steel in HNO3 solutions with Np. 

We have been developing the new stainless steels, which are 

very corrosion-resistant to boiling HNO3 solutions with 

corrosive ionic species such as Np.

　The above knowledge is being utilized as basic data for the 

safe operation of Rokkasho reprocessing plant.
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Motooka, T. et al., Corrosion Behavior of Stainless Steel in Nitric Acid Solutions Including Neptunium, Zairyo-to-Kankyo, vol.57, no.12, 2008, p.536-541 

(in Japanese).
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Otobe, H. et al., Oxygen Potential Measurement of Americium Oxide by Electromotive Force Method, Journal of the American Ceramic Society, vol.91, 

issue 6, 2008, p.1981-1985.

　For future nuclear fuel cycles, we are developing the 

technology of recovering minor actinides (MA: Np, Am and 

Cm) from spent fuels and transmuting them by fast reactors. 

MA recycling can reduce the long-term hazard and the area 

of the site needed for disposal of the high-level radioactive 

waste. To burn MA effectively and safely, it is necessary to 

develop the MA-containing oxide fuels and get a reasonable 

understanding of their oxygen potentials to predict their 

compatibility with fuel-cladding and their thermal behavior 

during irradiation.

　Therefore, we installed a module for TRU high 

temperature chemistry (Fig.7-12) in NUCEF of JAEA, in 

order to study MA-containing fuels. We investigated the 

relation between the oxygen potentials and oxygen 

nonstoichiometry (O/M) of Am oxides by an electrochemical 

method (Fig.7-13). In this study, we could test a sufficiently 

large amount of Am, and electrochemically control O/M of 

the samples with sufficient accuracy to get data with good 

precision (Fig.7-14). We found that the thermodynamic 

properties of Am oxides exhibit a systematic change. This 

study indicates a method for prediction of the thermal 

behavior of Am-containing oxide fuels, enabling the 

evaluation of technological feasibility of MA recycling.

　This study includes the results of the collaborative research 

program “TRU (transuranium elements) Behavior in Oxide 

Fuels” with Tohoku Electric Power Company, Tokyo Electric 

Power Company and the Japan Atomic Power Company, and 

the results of “Development of Common and Fundamental 

Technologies for Evaluation of Nuclear Fuel Behavior in MA 

recycling” entrusted to the Japan Atomic Energy Agency by 

the Ministry of Education, Culture, Sports, Science and 

Technology of Japan (MEXT).
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　Due to the increase in the demand for energy and the 

global warming problem, it is expected that the number of 

nuclear power plants will increase in China, India and other 

countries. In the worst case when a large-scale nuclear 

accident like the one at Chernobyl occurs, radionuclides 

would be transported to other countries in addition to the 

environmental contamination around the accident site.

　To prepare for such an accident, the computer-based 

emergency response system “WSPEEDI-II: Worldwide 

version of System for Prediction of Environmental 

Emergency Dose Information 2nd Version” has been 

developed. It is capable of predicting the atmospheric 

dispersion of radionuclides discharged from an accident site 

quickly, estimating the location of the source, and exchanging 

prediction information internationally (Fig.7-15).

　The development of the 1st version of WSPEEDI was 

started after the Chernobyl accident in 1986, and was 

completed in 1997. As a result of successive improvements 

based on operation experience, the 2nd version with high-

performance functions has been completed.

　The new functions of WSPEEDI-II are as follows:(1) It 

can predict the atmospheric dispersion and the deposition on 

the ground precisely in areas ranging from several tens of km 

square around an accident site to a hemisphere by 

computational simulation, (2) It can predict the source 

conditions, e.g., release point, release time, discharged 

amount, by coupling simulation with monitoring, in the case 

when air dose rates increase at domestic monitoring points 

before the accident information is acquired, and (3) It can 

exchange its prediction results with other emergency 

response systems in the United States and Europe to evaluate 

the accuracy of predictions.

　The prediction capability of WSPEEDI-II has been 

evaluated using monitoring data of the Chernobyl accident 

and of a field tracer experiment in Europe in 1994, ETEX, 

and it was shown that the capability of WSPEEDI-II is one of 

the highest in the world.

　By the practical operation in future, WSPEEDI-II is 

expected to play important roles supporting emergency 

measures for public safety, airplane monitoring, etc. in case 

of nuclear accidents. It will also be utilized for research on 

atmospheric environments.

　The development of WSPEEDI-II was honored with an 

award for distinguished technology by the Atomic Energy 

Society of Japan in March, 2009.
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Terada, H. et al., Development of Worldwide Version of System for Prediction of Environmental Emergency Dose Information: WSPEEDI 2nd Version, 

Nippon Genshiryoku Gakkai Wabun Ronbunshi, vol.7, no.3, 2008, p.257-267 (in Japanese).
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　In order to estimate the health effects in humans due to 
radiation exposures, organ dose needs to be calculated using 
human models which reproduce body sizes and shapes and 
elemental compositions of organs. In recent years, voxel 
phantoms (phantoms), which consist of small rectangular 
block units called ‘voxel’, have been developed on the basis 
of medical images of actual persons of various races, ages 
and body sizes, and are used for dose assessment. The 
reference phantoms adopted by the International Commission 
on Radiological Protection (ICRP) have been constructed on 
the basis of Caucasian anatomical data. The ICRP reference 
phantoms will be used to calculate organ doses for the 
purposes of radiation protection.
　During radiation work, the posture is usually upright. 
However, the posture of previously developed phantoms is 
supine only. This is because the medical images are usually 
obtained from supine subjects. Therefore, it was impossible 
to clarify the variation in organ doses caused by changes in 
posture. We developed a Japanese adult male voxel phantom 
with upright posture on the basis of CT images of upright 
subjects for the first time in the world (Fig.7-16). The CT 
images in upright were again obtained from a subject for the 
phantom in supine previously developed by JAEA. 

Therefore, it is possible using these two phantoms to 
compare directly organ doses and to analyze the effects of 
posture on dose assessment. The voxel size of these 
phantoms is about 1mm3, which enables us to accurately 
represent e.g. the thyroid with its complicated shape.
　Fig.7-17 shows examples of organ doses calculated using 
upright and supine phantoms. The upright/supine ratio of 
doses in the kidneys and liver were about 270% and 170%, 
respectively, larger than those of heart and lungs. This result 
was due to the differences in the movement distances of 
organs when changing posture; the movement distances of 
kidneys and liver due to the changes of posture were longer 
than those of heart and lungs. The organ doses were changed 
by the changes in posture, but differences in the organ doses 
are within a factor of 2 in most cases (Fig.7-18). These 
results indicate that the impact of posture on the organ doses 
is not significant. Therefore, it can be concluded that there is 
no problem in using ICRP reference phantoms which have 
been developed from tomographic images obtained in the 
supine posture for the calculation of dosimetric quantities in 
radiation protection. The knowledge obtained from this study 
was reflected in the ICRP Publication 110 dealing with adult 
reference computational phantoms.
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Sato, K. et al., Analysis of Effects of Posture on Organ Doses by Internal Photon Emitters Using Voxel Phantoms, Physics in Medicine and Biology, vol.53, 

2008, p.4555-4572.
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　We are conducting R&D of thermochemical iodine-sulfur 

(IS) process, which can produce massive amounts of 

hydrogen from water without CO2 emission, using the heat 

supplied by High Temperature Gas-cooled Reactors (HTGR). 

Fig.7-19 shows the scheme of IS process. Water (H2O) reacts 

with iodine (I2) and sulfur dioxide (SO2) to produce hydrogen 

iodide (HI) and sulfuric acid (H2SO4), which are then 

thermally decomposed, producing hydrogen and oxygen, 

respectively. One of the difficult technical requirements of 

the process is efficient separation of HI from HI+I2+H2O 

mixture. Distillation under elevated pressure is the promising 

candidate. However, little is known about the relevant vapor-

liquid equilibrium (VLE).

　Therefore, we have started the acquisition of VLE data. 

Our first target was the VLE of hydriodic acid, the two 

component system of HI+H2O. At first, the materials for 

measurement devices which can be used in the highly 

corrosive HI+H2O solution were screened. Next, using the 

selected materials, a measurement device was constructed as 

shown in Fig.7-20. Here, in order to avoid the re-boiling of 

vapor condensate in the recycle line due to the large 

difference of boiling points of the vapor condensate and the 

liquid phase, a cooling system was added.

　Fig.7-21 shows the obtained VLE data. HI+H2O is known 

to exhibit azeotropy, where compositions of the two phases of 

HI+H2O are identical. The measured azeotropic points were 

well in accord with those estimated from the former data of 

total vapor pressure measurement, which demonstrated the 

reliable accuracy of the developed measurement system. The 

equilibrium composition data of vapor and liquid phases 

newly acquired in the present study will enable precise 

design of the distillation column with smaller redundancy.

　The acquisition of high pressure VLE data of three 

component system of HI+I2+H2O system is under study. The 

VLE database will enable the compact and efficient design of 

the key separation apparatus of IS process.
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Hodotsuka, M., Yang, X., Okuda, H., Onuki, K., Vapor-Liquid Equilibria for the HI + H2O System and the HI + H2O + I2 System, Journal of Chemical & 

Engineering Data, vol.53, no.8, 2008, p.1683-1687.
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Ohashi, H, Analytical Study on Tritium Migration in NGNP and Countermeasures to Reduce Tritium Contamination, Nippon Genshiryoku Gakkai Wabun 

Ronbunshi, vol.7, no.4, 2008, p.439-451(in Japanese).

　We have been developing the Gas Turbine High 
Temperature Reactor 300 for Cogeneration (GTHTR300C) 
(Fig.7-22), which produces hydrogen from water by a 
thermochemical Iodine-Sulfur (IS) process without CO2 
emission, using high-temperature heat (950℃) from a High 
Temperature Gas Cooled Reactor, for the realization of a low 
carbon society. One of the difficult technical requirements of 
this system is to prevent tritium, a radioactive material, from 
migrating to the hydrogen.  Tritium is produced in the reactor 
core by fission and neutron capture reactions. Since a small 
amount of tritium can permeate through the metallic heat 
transfer tube in the heat exchanger, tritium migrates from the 
primary to the secondary coolants and to the hydrogen plant. 
Then, the hydrogen might be contaminated by tritium. The 
tritium concentration in the hydrogen should be kept lower 
than the maximum acceptable concentration, which has no 
affect on the human body.
　We have experimentally evaluated these permeation 
characteristics through the heat transfer tube, developed a 
computer code for the evaluation of the tritium concentration 
in the hydrogen, and considered methods to reduce the 

tritium concentration in the hydrogen. It was confirmed that 
the tritium concentration in the hydrogen can be reduced to 
lower than the maximum acceptable concentration by the 
increase of the capacity of a purification system installed to 
trap chemical impurities (e.g., CO) in the coolants. However, 
this would entail an unacceptable increase in the construction 
cost. Therefore, we propose an alternative countermeasure: 
water injection into the secondary coolant, to reduce the 
tritium concentration in the hydrogen. Tritium in the 
secondary coolant (HT) is converted to HTO, which is less 
permeable through the metal, by the isotope exchange 
reaction with injected H2O, in order to reduce the tritium 
permeation rate (Fig.7-23). This can be carried out without 
costly modification of the reactor facility, because the main 
additional equipment is only a water pump. Our numerical 
analysis results show that the tritium concentration in the 
hydrogen can be reduced to lower than the maximum 
acceptable concentration by the injection of a small amount 
of water, whose concentration in the coolant is so low that it 
does not affect the structural integrity of the reactor 
components (Fig.7-24).
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2005

MOX fuel 96t, Uranium fuel 36t

Vitrification, volume reduction and stabilization of low-level waste

～55GWd/t【being adjusted】

【being adjusted】“Mutsu”etc.

Dispatching our staff, training, providing technical information etc.

Start of active tests

2009

“FUGEN”MOX reprocessing

Rokkasho Reprocessing Plant

Vitrification technology

High burn-up fuel reprocessing

Other type fuel reprocessing

Support for Rokkasho
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□:

○:

DBP = 4.8×103 mg/  (no U(Ⅳ), 0.1mol/   HNO3)
DBP = 3.2×103 mg/  (no U(Ⅳ), 0.1mol/   HNO3)
DBP = 1.8×103 mg/  (no U(Ⅳ), 0.1mol/   HNO3)
DBP = calculated with MIXSET-X on the assumption
           that DBP concentration was 0mg/
DBP = 4.8×103 mg/  (U(Ⅳ) addition: 200g/  )
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①Rolling element collides with
　raceway

(b)(a)

④Case of appropriate lubrication

⑤Case of defective lubrication

⑥Case of damage on raceway
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②Pressure wave occurs in the
　moment rolling element impacts
　raceway.

③Raceway is vibrated by the kinetic
　energy of rolling element after
　occurring pressure wave is
　generated.

Flaking

Rolling element
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Development of Decommissioning and Radwaste Treatment Technology

　Decommissioning and radwaste treatment/disposal are two 

of our major missions. In these missions, we will be 

disposing of radwaste arising not only from our research 

activities but also those of universities, institutes, industrial 

facilities, etc.

　We are setting up systems for the decommissioning of 

nuclear facilities and for radwaste management, through 

related technology development, planning and construction 

of radwaste treatment/disposal facilities, and support for 

improvement of related regulations (Fig.9-1).
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　We are developing a decommissioning engineering system 

and a waste/scrap material clearance verification/evaluation 

system.

　To develop this decommissioning engineering system, a 

method for evaluating decommissioning cost efficiently 

which is applicable to various types of nuclear facilities has 

been constructed (Topic 9-1).
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　In order to dispose of radwaste in a cost effective manner, 

research in the following waste treatment techniques is being 

conducted: a nitrate degradation method for low level 

effluent, a cement solidification technique for incineration 

ashes, and a decontamination technique using supercritical 

carbon dioxide fluid to remove plutonium from radwaste.

　Furthermore, we have developed a waste management 

system which is used for systematic management of the 

radwaste data acquired through various operations from 

generation to disposal of the wastes. This management 

system supplies the data needed for safety assessment of 

disposal of radwaste etc. (Topic 9-2).
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　Studies on rapid measurement of various radionuclides are 

underway to establish practical methods to evaluate the 

radioactive inventory in waste packages.

　By literature review and actual measurements of natural 

uranium concentration, the contribution of uranium to natural 

background radiation has been estimated (Topic 9-3). This 

result will be applied to conceptual design of a clearance and 

disposal system for uranium bearing waste, taking into 

consideration the existence of natural uranium.

　As for study on a subsurface disposal system for uranium-

bearing waste, exposure dose in the case of “less-likely 

scenarios” was preliminary calculated to be less than 

“standard dose value” recommended by Nuclear Safety 

Commission.

　In addition, radioactivity concentrations in radwaste 

generated by reactor facilities were characterized. This date 

will be used for safety assessment which will be applied 

during the implementation of disposal.

Support for 
improvement of
related regulations

Planning of 
disposal facilities

Treatment and 
storage of radwaste

Decommissioning 
of nuclear facilities

Geological
disposal

Subsurface disposal

Shallow land disposal

Waste
package

Support for
improvement of 
regulations related to 
disposal of radwaste

Construction of waste
treatment facilities at
each site

Waste from dismantling

Operation and maintenance
of existing waste treatment
facilities (Advanced volume
reduction facilities etc.)

Decommissioning of aging nuclear facilities or nuclear
facilities completing their missions
Consolidation/Reuse of facilities and equipments

Clearance
Technology
Development
of Relevant
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　We have various types of R&D nuclear facilities which 
will be eventually decommissioned with their missions 
completed. To implement decommissioning of these 
facilities, it is important to make a rational decommissioning 
plan from a long-term point of view.
　The decommissioning cost of the facilities needs to be 
estimated in advance to develop such a long term plan. In 
evaluating decommissioning cost, detailed facility 
information is required in general such as weight of the 
equipment and contamination distribution in the facility, and 
the specific procedure of dismantling. However, it will take 
much time and effort to get such detailed plant information 
and to determine the procedure. Therefore, a method for 
evaluating decommissioning cost efficiently, even if the 
detailed information has not been obtained, needs to be 
developed. Here, one important issue is how to estimate the 
manpower required to dismantle the facility and equipment. 
Once the manpower need is evaluated, it will be possible to 
evaluate the cost of dismantling operations using unit labor 
cost, and other cost of decommissioning planning and work 
management.
　Manpower need depends on the dismantling method, 
which is chosen according to the type of facility. Thus we 

classified nuclear facilities into reactors, nuclear fuel 
facilities, research facilities, etc., and made the relationship 
between the dismantling method and each type of facility 
(Table 9-1). Manpower need depends on the weight of 
equipment to be removed, size of the operation area, and the 
dismantling method. Considering that there is a correlation 
between weight of equipment or floor area of building and 
manpower need, we constructed conversion coefficients from 
weight or area to manpower need by analyzing experienced 
real data of JAEA operations (dismantling of Japan Power 
Demonstration Reactor and partial remodeling of 
Reprocessing Plant). Fig.9-2 shows an example of analysis 
results of the relationship between manpower needs and 
weight of equipment. Then, we developed a method for 
rapidly evaluating decommissioning cost which would be 
applicable to various types of facilities and dismantling 
methods.
　To verify this method, we applied it to two facilities using 
unsealed sources, Plutonium Research Building 2 (Pu Bldg.2) 
and Ceramic Research Building (Ceramic Bldg.). Fig.9-3 
shows a comparison of evaluated results and actual data. 
There was good agreement between them, verifying the 
accuracy of this method.
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Shiraishi, K., Tachibana, M., Ishigami, T. et al., Study on Cost Evaluation Methods for Decommissioning of Nuclear Facilities, JAEA-Technology 2007-

057, 2007, 46p. (in Japanese).
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　For safe disposal of radioactive waste, we have to verify 

that waste packages meet the acceptance criteria of disposal 

facilities. Various data needed for this verification has to be 

managed systematically, retrievable for a long period of time 

according to their relation to other data ranging from 

generation to disposal. Also, this data is needed for the 

design of treatment and disposal facilities. Therefore, we are 

developing the “Waste Management System” to manage all 

waste data with traceability and to analyze and count the data.

　We have to prepare a large amount of data for quality 

assurance (QA data) of the waste packages used at stages 

from waste generation to final conditioning for disposal, such 

as generation status, waste treatment methods (incineration, 

compaction, etc.), materials used for solidification, calibration 

certificates of measurement instruments, records of worker’s 

training and so on. Examples of the data to be managed in 

this system are listed in Table 9-2.

　In addition, we have to handle the waste data to be used for 

design of waste treatment and disposal facilities and for 

considering waste disposal systems. These data are managed 

as “Optimization Study and Information Service data (OSIS 

data)” in this system.

　The Waste Management System consists of following four 

functions working upon the QA data and the OSIS data as 

shown in Fig 9-4.

(1) QA analytical function: Supporting technical documentation 

for quality assurance of each waste package by analyzing 

characteristics of each waste material.

(2) OSIS analytical function: Supporting estimation of 

radioactivity in each waste package and total waste 

package volume, design of waste treatment and disposal 

facilities, and so on.

(3) QA management function: Managing QA data of each 

waste package so as to have traceability.

(4) OSIS management function: Managing the OSIS data.

　In our conception, the “Waste Management System” has 

data management functions and analytical functions that are 

connected through networks to PC & servers.

　In the future, we will construct the concrete “Waste 

Management System” to be used for verification of actual 

waste packages, applying each of the above functions to 

actual QA and OSIS data. This system will be incorporated in 

the individual waste management systems in each of our 

R&D sites.
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(1) QA analytical
functions

(3) QA management
functions

Application for verification
of waste package

Waste management system

Data managed on site

Design of waste treatment 
and waste disposal facilities

etc
Calculation

Documentation Retrieval

(2) OSIS analytical
functions

etc
Evaluation of waste package

Radioactivity analysis Retrieval

(4) OSIS management
functions

D.B.
D.B. D.B.

D.B.

Use on
individual PC

Connect computers
in a network

Install in each main
waste conditioning

facility

Install at
one site
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Kuroki, R. et al., Development of Waste Management System I －Concept Construction of the System－, JAEA-Technology 2009-016, 2009, 124p. (in 

Japanese).
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　Clearance of uranium treatment facilities for uranium 

refining, conversion, enrichment, and fuel fabrication, and 

disposal of radioactive waste generated from those facilities 

(so-called uranium-bearing waste) has been under discussion 

among governments and companies.

　Uranium is widely distributed in natural environmental 

materials such as soil, rock, river water and groundwater. 

Moreover, some building materials and consumer goods also 

contain uranium. We have carried out a review of literature to 

estimate uranium distribution in the environment. We also 

measured some samples which with high uranium 

concentration for confirmation of their concentration range. 

As a result, it was confirmed that the radioactivity 

concentration of uranium (U-238) in surface soil/rock in 

Japan ranges from 0.001Bq/g to several Bq/g (Fig.9-5(a)). 

Furthermore, it was found that some consumer goods have 

high uranium concentration, and that concentration of 

uranium in building materials falls inside the range of soils 

(Fig.9-5(b)).

　We also estimated the external and internal dose 

contribution of radionuclides in uranium series to annual 

dose caused by natural background radiation by using mean 

values of uranium concentration in environment (Table 9-3). 

It was revealed that their average contribution is about 

0.8mSv/y, whereas the total annual radiation dose in Japan is 

about 1.5mSv/y.

　These results will be useful as basic information for 

discussion of clearance of uranium bearing materials arising 

from uranium treatment facilities, and of disposal of uranium-

bearing waste in Japan.
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Frequency

Cumulative frequency

Geometric mean　　0.016Bq/g
Min.　　　　　　　　0.0014Bq/g
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Sato, K. et al., Uranium Distribution in the Environment and Its Contribution to Environmental Radioactivity, Dekomisshoningu Giho, vol.38, 2008, p.2-10 

(in Japanese).
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　The Photo Medical Research Center (PMRC) of JAEA is 
promoting the innovative development of a more compact 
cancer treatment apparatus based on laser-driven ion beams 
(Fig.11-1). This is in contrast to the present conventional 
accelerator-based facilities that are typically larger and more 
costly. Our goal is for this innovation to facilitate wider 
access to ion beam cancer treatment (Fig.11-2). We 
conducted the following activities in fiscal 2008. 
(Cf. http://wwwapr.kansai.jaea.go.jp/pmrc_en/)
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　This PMRC project is being pursued in collaboration with 
ten partners (clinical research: Hyogo Ion Beam Medical 
Center (HIBMC), laser development: Hamamatsu Photonics 
K.K. and Ushio Inc., irradiation technology development: 
Toshiba Corporation, monitor device development: the 
Shimadzu Corporation, activation device development: 
Toyota Central R&D Labs., Inc., minimally invasive medical 
device development: HOYA Corporation and Fujikura Ltd., 
human resource development: Nippon Advanced Technology 
Co., Ltd. and HOC). We are associated with the JAEA 
Research Common Initiative and receive cooperation from 
organizations such as the Keihanna New Industry Creation 
and Interactive Community Center and twenty-one medical 
device/facility companies (members of the ITBS Research 
Society) and thirteen laser technology companies (members 
of the Society for Study of Laser Microfabrication).
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　To advance development of a laser driven compact 
irradiation device, we carried out research and development 
to increase the number of protons accelerated by a laser and 
improve beam quality. To increase proton energy we made 
tests with various target materials and laser-irradiation 
parameters. In separate gas cluster target studies we also 
verified acceleration of heavier ions to a maximum energy of 
18MeV per nucleon. We also began a study of proton 
irradiation effects on human cancer cells.
　Using a conventional accelerator source of protons at 

HIBMC we have fabricated an irradiation chamber for 
phantom target tests and animal experiments.
　As part of our industrial applications efforts, we examined 
application of proton-induced radio-activation to studying 
wear on metal surfaces. We also fabricated a minimally-
invasive fiber-based medical device was and used it in animal 
experiments. Furthermore, we developed a technique for 
focusing light to a small radius and a technique for measuring 
blood flow. We have also considered collaborative research 
with the Fukui Prefectural Hospital, and have started research 
in preparation for clinical tests.
　We have begun development of a prototype compact 
ytterbium-doped YAG laser system. We aim to achieve high-
power and high-repetition rated operation that is stable and 
reliable.
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　During these past several decades, high-frequency ion 

accelerators have been used for ion-beam cancer therapy. 

Recently, high-intensity lasers have been suggested as a 

potential cost -saving alternative to conventional ion 

accelerators for this radiotherapy. A unique feature of laser 

acceleration is the extremely high peak current given to a 

single proton bunch for a short duration. However, technical 

problems have prevented production of such high-current, 

short-duration laser-driven ion beams suited for investigating 

biological effects.

　We have developed a laser-driven ion irradiation apparatus 

for biological studies that causes the desired fundamental 

interactions between laser-accelerated protons and human 

cancer cells in a vacuum (Fig.11-3). This apparatus delivers 

~2.5×104 laser-driven protons onto a 1mm2 cultured (in-

vitro) cell layer within a time interval of only 15ns. We 

estimated the proton flux to be ~103mm-2 ns-1. The peak current 

was seven times that in ion beam therapy by conventional 

accelerators. The DNA double-strand breaks of in-vitro 

human lung cancer cells (A549) are shown in Fig.11-4. These 

results indicate that laser-driven protons are applicable to ion-

beam cancer therapy. This laser-driven table-top ion-

irradiation apparatus will open a new field of radiobiological 

science, and many applications should be forthcoming.

　This work was supported with Special Coordination Funds 

for Promoting Science (SCF) managed by the Ministry of 

Education, Culture, Sports, Science and Technology of Japan 

(MEXT).
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Yogo, A. et al., Application of Laser-Accelerated Protons to the Demonstration of DNA Double-Strand Breaks in Human Cancer Cells, Applied Physics 

Letters, vol.94, no.18, 2009, p.181502-1-181502-3.
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　At the JAEA Photo Medical Research Center (PMRC) we 

are developing a compact ion accelerator for cancer therapy 

using a laser-driven plasma point source of ions. The high 

energy ions needed to treat cancerous tissue at a typical depth 

from the human body surface (~20cm) requires repeated 

short and intense laser pulses. Systems meeting these 

requirements are typically of the “chirped pulse 

amplification” (CPA) type which means that the pulses are 

temporally stretched or ‘chirped’ to reduce intensity during 

amplification and finally recompressed. High laser repetition 

rates (100Hz or more) are desirable, in order to deliver 

sufficient total dose within 10min. The limited ability of laser 

materials to dissipate heat has limited the acceleration of high 

energy ions to large systems (~100m long) with low 

repetition rates (a few shots a day). Also, though these 

recompressed laser pulses are of short duration (< 1ps), they 

may be preceded by lower power emissions (largely from 

amplified spontaneous emission) that can reduce ion 

acceleration, especially if preamplifiers are of the 

regenerative type (RA). A compact laser system that is 

suitable for cancer treatment has not yet been developed. To 

increase repetition rate and reduce the prepulse energy, we 

are developing a new laser design (emission at 1030nm) 

which will be pumped by high power 940nm laser diode 

(LD). As a first stage of this new development, we have 

demonstrated the feasibility of a CPA system that uses a 

different kind of preamplifier called an optical parametric 

chirped pulse amplifier (OPCPA).

　Fig.11-5 is a diagram of our novel CPA laser system with 

which we have achieved amplification of laser pulses of short 

duration at a wavelength of 1030nm. 10Hz low energy ‘seed’ 

pulses from an Yb doped oscillator source were amplified in 

a single pass through the OPCPA preamplifier unit to over 

6.5mJ, representing a net energy gain of 107, achieved with 

crystal of 56mm total length. Then, these high gain laser 

pulses were recompressed to a 230fs duration as shown in 

Fig.11-6. Formerly, under these conditions the recompressed 

pulse amplitude using a regenerative preamplifier would have 

been limited to about 1.5-2 times larger than that of the laser 

seed pulse from the oscillator, a well-known effect of gain 

narrowing. For laser-driven ion acceleration the amplified 

laser pulse from the OPCPA unit (not yet recompressed) will 

be further amplified in the next stage in a thin Yb:YAG 

crystal pumped by a high power LD at a 100Hz repetition 

rate.

　This work was supported by the Special Coordination 

Fund (SCF) for Promoting Science and Technology managed 

by the Ministry of Education, Culture, Sports, Science and 

Technology of Japan (MEXT), and was done in collaboration 

with Central Research Laboratory, Hamamatsu Photonics, 

K.K..
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Suzuki, M. et al., Multi-Millijoule, Nonlinear Preamplifier for High Intensity Femtosecond Yb:YAG Chirped-Pulse Amplification Lasers at 1030 nm, 

Applied Physics B, vol.97, no.2, 2009, p.379-382, doi: 10.1007/s00340-009-3741-3.
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Nuclear Fusion

PuO2

Pu
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O
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As

Grain Boundary
Embrittlement

Grid Platform
R&D (AEGIS)

Seismic Analysis
Iron-based

Superconductor

Nuclear Reactor

Atomic Energy R&D

Extension to Atomic Energy R&D

Advanced Simulation
Technologies
・Large-scale First-principle
　Simulation
・Multiscale & Multiphysics  
　Simulation

Basic Technology for
Advanced Computer Science
・Visualization
・Large data processing
・Integrated Simulation

Supercomputer, Network

3-in-1 Function

Operation & Maintenance

High Intensity
Proton Accelerator

AEGIS
JAEA

DIET

File Put API
Job submission

File Get API
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IMAGINE System

Medical Center

Planning of
therapy schedule

Transfer of
Medical data

Simulation
model

Supercomputer

Monte Carlo
simulation with
detailed
boundary
conditions

Calculation
result

Network

Supercomputer Center
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Computers
at JAEA Matrix data

File Put API

Job submission
Relaying
program

File Get API

Matrix data

Statistics
Statistics

Statistics

Matrix solver
selection system
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　With the goal of promoting confidence building and 
transparency in nuclear nonproliferation field, we planned 
concrete activities to help Vietnam and Thailand in their 
introduction of atomic power generation, as nuclear 
nonproliferation policy studies based on our technical 
knowledge. Also, we have started to analyze past U.S. 
nuclear nonproliferation policy, including the process of 
enactment of the nuclear nonproliferation law, in regard to its 
influence on Japanese nuclear fuel cycle policy.
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　We studied concepts of advanced safeguards systems to 
provide effective and efficient safeguards/nuclear material 
accountancy in the future FBR cycle system.
　We are promoting cooperation with the Korea Institute of 
Nuclear Nonproliferation and Control in remote monitoring 
technology development as a mean of building confidence 
and achieving transparency in peaceful use of nuclear energy 
in nuclear nonproliferation.
　Also, we studied methods for evaluating the nuclear 
proliferation resistance of future nuclear fuel cycle systems.
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��������������
　We have been developing technology to convert surplus 
weapons plutonium into MOX vipac fuel for fast breeder 
reactors. This technology was demonstrated in the Russian 
fast breeder reactor BN600. The U.S. and the Russian 
Federation stated that application of this method has been 
approved in a joint statement issued November, 2007. 

Consequently, the U.S. requested us to transfer to them the 
results of this Japan-Russia cooperative study, and also the 
Russia Federation requested us to provide Japanese FBR fuel 
cladding (PNC-316). JAEA is still discussing these issues 
with the U.S. and Russia, respectively, in particular the 
conditions of provision by Japan.
　For the establishment of a global verification regime in the 
framework of the CTBT (Comprehensive Nuclear Test Ban 
Treaty), we continued operation of Takasaki and Okinawa 
radionuclide monitoring stations, and have made detailed 
analyses of filter samples, delivered from monitoring stations 
around the world, at our Tokai laboratory.
　We have been operating the National Data Center (Tokai) 
provisionally since April, 2009 based on the results of data 
analysis software development, and currently receive, 
analyze and evaluate data on a daily basis from monitoring 
stations around the world (80 stations as of March of 2009).
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　We have been making technical contributions to IAEA 
safeguards implementation by conducting several technical 
development projects in cooperation with the U.S. 
Department of Energy. We have also cooperated in domestic 
and international personnel training.
　In the field of physical protection, we are continuing 
operation and environmental durability tests of intruder 
automatic detection systems.
　In the field of nuclear material transportation, we made 
preparations for safety tests of a prototype container for 
MOX powder transportation.
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　In contrast to the handling of operation data for 

maintenance of safety, safeguards against deliberate 

unauthorized transfer of radioactive material by facility staff 

are insufficient. Process monitoring (PM) to detect malicious 

diversion and misuse started in the 1970’s, and introduction 

of PM into IAEA safeguards has been proceeding with 

caution.

　The objective of IAEA safeguards is to detect a significant 

quantity (SQ) (=8kg Pu) loss in a timely fashion (within 

30days). Since a statistical test depends on a known 

probability distribution, the most sensitive such detection of 

material unaccounted for (MUF) in a specified period cannot 

identify the time of loss within that period. Some sequential 

tests have been developed to meet the timeliness target even 

when throughput increases. Although the most powerful test 

for any type of loss lacks precision, a near-real-time 

accounting (NRTA) method is widely accepted for the 

interim accounting.

　A solution monitoring system (SMS) with liquid level, 

density, and temperature in the solution tank in a reprocessing 

plant being measured is a typical example of PM. Real data 

of Tokai Reprocessing Plant (TRP) is shown in Fig.13-2 and 

data of Savannah River Site (SRS) in USA in Fig.13-3. A 

consistency check comparing the declared and the actual 

levels and recognizing any abnormalities during the solution 

transfer is an important role of SMS. Currently SMS is 

installed in Rokkasho Reprocessing Plant (RRP) to 

complement the IAEA safeguards.

　In this study, we intend to demonstrate the benefit of PM 

quantitatively and to pursue its application as a NRTA 

substitute. To avoid more frequent accounting to meet the 

timeliness constraint even if the measured MUF exceeds 

1 SQ without waiting 30days, several candidates such as 

quantified C/S, loss accounting by PM, and less frequent 

NRTA were investigated.

　Because the PM study was started first in the U.S. and 

some researchers there had been already working on this in 

accordance with internal DOE and NRC regulations, we are 

studying SMS application and evaluation using TRP and SRS 

data in a two-year joint project with Los Alamos National 

Laboratory (LANL). Up to now it has been found that after 

simulating a hypothetical removal of liquid with real tank 

data, multivariate statistical analysis considering loss due to 

evaporation accurately determines the amount of the removal 

based on level decrease and density increase. Moreover, we 

demonstrated that the event monitoring detects wait and 

transfer modes, and investigated the effect of time variation 

on detection probability of abnormal changes in the nuclear 

material quantity. We are striving for results that will be 

useful for future IAEA safeguards.
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Accelerator beam lines for neutrons
and high energy γ-raysγ-ray Irradiator β-ray calibration field

β-ray source

Scale

Extrapolation ionization chamber
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Building for Superconducting
Conductor Jacketing 

Building for
Superconducting Coil Winding

Inside of Building for
Superconducting Conductor

Jacketing

Inside of Building for
Superconducting Coil Winding

EF Coil to be manufactured in
this building

Compaction Tools

12m Diameter

Jacketing Line (600m length)
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East Access Shaft

Ventilation Shaft

Area of Effluent Treatment Equipment

Concrete Mixing Plant
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Bundle of tubes
(During Installation)
140tube/ Evaporator

147tube/ Super-heater
φ3m

To
ta

l h
ei

gh
t 1

5.
5m

Outer diameter: φ31.8mm
Wall thickness:
　Evaporator (STBA24)
　　　　　      3.8mm
　Super-heater (SUS321)
　　　　　      3.5mm

Inlet plenum
(6/ SG Unit)

Outlet plenum
(1/ SG Unit)

Helical-tube

Down comer

(1) Eddy current test; No significant deterioration was detected
　  in the tube excepting special undetectable regions (weld line,
　  etc)

Remote field coil

Low-frequency coil for STBA24

Probe for the
evaporator

ECT Signal
(Evaporator)

Support

CCD
Camera

Ferro-oxide

Tube
Argon gas

(High-pressure
side)

③Argon measured by a
　mass spectrometer

①Nitrogen gas is maintained
　4 hours ②Argon pushed by nitrogen

Pin-holes

Nitrogen
Mass spectrometer

Weld Line

(Evaporator)  (Super-heater)

The lowest area

Threshold

High-frequency coil for
inside/outside defect
identification

Excitation coil Detection coil Excitation coil Bobbin coil

(2) Visual test; No corrosion was observed

(3) Leak test; Argon gas was not detected; therefore, there are
　  no penetration holes.
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Scandium 
target

Detector to
be calibrated

High voltage

Proton beam

Insulator

250
6.29 20.72

Neutron energy (keV)

8keV 27keV

33.15 45.1

2910 2920

Proton energy (keV)

2930 2940
0

50

150

200

100

N
eu

tr
on
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ie

ld
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a.
u.

)
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Dissolver
solution

containing
Pu(VI)

U-Pu
cocrystallization

Dissolution U
crystallization

Pu valence
adjustment

U-Pu crystal U crystal

High level liquid waste U, Pu mixed solution

■ U, Pu mixed solution
● Irradiated fuel dissolver solution

10

0
0 109875

Pu/U ratio in feed solution (%)

0.77
1

4321 6

1

2

3

4

5

P
u/

U
 r

at
io

 in
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%
)

6

7
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9
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Fabrication data

●Assembly data

●Rod data

●Fuel pellet data

●Cladding data

●Raw material data

　　　　・・・・・

●Halden irradiation
●“FUGEN” irradiation

●Reactor name
●Assembly No.
●Rod No.

　　　・・・・・

●Nondestructive exams.

　－Assembly

　－Rod
●Destructive exams.

　－Fuel pellet

　－Cladding

Irradiation data
Common categories

PIE data
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Neutrons

Sample

3-D arrangement of
neutron detectors

Incident neutrons
Scattered neutrons

Neutron detectors

Phase separation
Domain structure

10-2 10310210110010-1

Molecules, clusters

Atomic
Structure
Crystals

Amorphous

Nanometer size region

Momentum transfer (Q) nm-1
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(3) Atomization of Na aerosols
Na compounds are made into aerosols
are decomposed to be transformed into
sodium atoms.

Na atoms are ionized resonantly by
laser irradiation.

Ionized Na atoms are measured by
time-of-flight mass spectrometry,
which provides the isotopic ratio.

Na aerosols are collected and then
introduced into a vacuum chamber.

Na that leaked into the space between the double walls of cooling pipe or
reactor vessel reacts with the ambient gas to form aerosols.

Aerodynamic lens

Laser for
resonance
ionization

Laser for atomization

Plate for Na aerosol accumulation

Time-of-flight mass spectrometer

(4) Ionization of Na atoms

(5) Na Ion detection

(2) Collecting Na aerosols

(1) Generation of Na aerosols

525.995nm

Ionization
Potential

Redberg
levelExcited

state 

Ground
level

(a) 2 photons excitation
　  + 1 photon ionization

(b) 1 photon excitation
　  + electric field ionization

Electric field

525.995nm 247.557nm

525.995nm
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Pool
Circulator

Case of irradiation

Molybdate
solution

supply tank

99Mo
collection

vessel

Solution
adjustment

device

Mo (99Mo)
adsorption device

with PZC

99Mo
transport
container

PZC-99Mo
column

(4) Flow stability
      of solutionP

Gas disposal
device

<Supply and circulation system>

<Collection and subdivision system>

RPV

Reactor

<Irradiation system>

(1) Radiolysis of solution

Molybdate
solution

Capsule

98Mo(n, γ)99Mo

High-
performance
Mo adsorbent
(PZC)

Case of 99Mo
collection

(2) Heat generation in solution
      caused by γ-ray irradiation

(3) Compatibility between
      solution and structural material
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Scanning device

Welding line

Control system

Horizontal axis
guide track

Probe
Recorder

(5) Bottom petal / Skirt welding

(4) Cylinder lengthwise line welding

(3) Cover flange / Dome welding

(2) Manhole / Nozzle welding

(1) Stand pipe nozzle
　  / Cover dome welding

(6) Bottom dome longitudinal welding
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Control Lung

Silicon Iron Magnesium

20μm

Silicon Iron Magnesium

Asbestos Lung
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-200m Measurement
Niche off Ventilation
Shaft

-200m Measurement
Niche off Main Shaft

-300m Measurement
Niche off Ventilation
Shaft

-300m
Access/Research
Gallery

-300m Stage

Ventilation
Shaft: -331.2m

(φ4.5m)

Sub Stage
(Every 100m Depth)

Main Shaft:
-300.2m
(φ6.5m)

Injection-hole of the
pre-excavation grouting

Measurement Niche

Ventilation Shaft

Point of the
water inflow
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Primary
Standard

Ra-226 provided by
NIST

Secondary
Standard

Environmental
monitoring

Other monitors

TEST

Gas-filled Ionization Chamber

Characteristics of  radon reference chamber
－Horizontal cylinder-type chamber of 7.5m3

－Radon source: natural soil 
　(about 0.6Bq/g of radium-226)
－Range of Environmental parameters
　Radon concentration： (100)～2000Bq/m3

　Temperature：10～30℃
　Relative humidity：40～90%
　Air pressure：90～101.3kPa

JAEA

ARL (OECD/NEA) (1984)
1.2

0.8
0 1510

Radon concentration certificated by reference institutes kBq m-3

ARL: the Australian Radiation Laboratory 
(presently, the Australian Radiation Protection and Nuclear Safety Agency)

EML: the Environmental Measurement Laboratory in the USA
PTB: Physikalisch-Technische Bundesanstalt in Germany
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