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　The 2nd phase of the “Feasibility Study on Commercialized 

Fast Reactor (FR) Cycle Systems” (hereinafter referred to as 

“FS”) was completed by a Japanese joint project team 

comprising the Japan Atomic Energy Agency (hereinafter 

referred to as “JAEA”), electric utilities, and the Central 

Research Institute of Electric Power Industry at the end of 

March 2006. This was part of an R&D program aiming to 

present an appropriate conceptual design for a commercial 

FR cycle system by 2015. As a result of this FS, we found 

that the best concept is the combination of a sodium-cooled 

FR with oxide fuel, advanced aqueous reprocessing, and 

simplified pellet fuel fabrication, which meet requirements 

for economical competitiveness, safety, reduction of 

environmental burden, efficient utilization of nuclear fuel 

resources, proliferation resistance and technical feasibility.

　The FR cycle technology was listed as a one of the “Key 

Technologies of National Importance” in the “Science & 

Technology Basic Plan” of Japan.  In the previous fiscal 

year, the R&D program and commercialization of a FR cycle 

were discussed on a national level as part of a “Framework 

for Nuclear Energy Policy”.  The Committee for Nuclear 

R&D (a subdivision of the Council for Science and 

Technology of MEXT) assessed the results of 2nd phase of 

FS, and discussed the path to an R&D program to 

commercialize the FR cycle.  The committee selected the 

above combination as a significant concept with high 

feasibility for commercialization, and suggested that JAEA 

should accelerate its development by focusing on the 

practical application of innovative technology.

　We did strategic research in the FS to make our future goal 

clear, and then changed our R&D emphasis to “Technology 

Development concentrating on commercialization” by using 

“MONJU”, “JOYO” and our other recycling facilities, while 

aggressively pursuing international cooperation, based on the 

R&D policy of MEXT and the “Basic Policy on Research 

and Development of FR Cycle Technologies over the Next 

Decade” of the Japan Atomic Energy Commission.  In 

addition, with the shift from the “concept” to the “actual 

system”, JAEA changed the project name from FS to “FaCT 

(Fast Reactor Cycle Technology Development)”.  Further, we 

reviewed the existing organization in order to better promote 

the FaCT project, and established an executive organization 

headed by the JAEA president to coordinate between the 

R&D directorate and the facility site.

　Using practical applications of innovative technology and 

the R&D results obtained at “MONJU”, we will conduct 

intensive R&D to present by 2015 an R&D program for 

conceptual design and realization of a commercial and 

demonstration FR cycle facility, as shown in Fig.1-1.

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

2005

Feasibility Study on 
Commercialized Fast Reactor 

Cycle Systems

Fast Reactor Cycle Technology Development Project
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　In fast reactor analyses, it is important to evaluate neutron 

reactions accurately over the energy range from 100 eV to 

several MeV, where neutron cross sections have resonances 

at certain energies, where the probability of neutron reactions 

fluctuates rapidly (Fig.1-2).

　In a conventional method, a discrete 70-group cross 

section set has been used, and effects of resonances are 

tabulated in advance. This method causes several dozen 

percent error in a sodium void reactivity analysis. 

Furthermore, the constants used were optimized to a specific 

reactor type of “MONJU”, so that errors occur depending on 

core sizes, etc. 

　There is a continuous energy Monte Carlo code free from 

error; however, it is not suitable either for calculations of 

very small values of the sodium void reactivity or for a 

detailed physical investigation.

　Thus, we developed a code based on a deterministic 

method with accuracy comparable to the Monte Carlo code. 

The basic idea of the code is a combination of two kinds of 

calculations: an ultra-fine group (UF) calculation (approx. 

100,000 groups) and a fine group calculation (max. 900 

groups). The UF calculation covers the energy range below 

about 50keV where resonances are remarkable. Its group 

structure is so fine as to distinguish each resonance. Effective 

cross sections are efficiently created by solving a slowing 

down equation focusing only on elastic scattering and 

absorption. The fine group calculation follows the 

conventional method except for use of the effective cross 

section created in the UF calculation and use of a sufficiently 

fine energy structure above the 50keV that resonances of 

structural materials can be treated accurately.

　Performances of the developed code “SLAROM-UF” are 

shown in Fig.1-3 and　Fig.1-4. SLAROM-UF gives 

accuracy comparable to a continuous energy Monte Carlo 

code, and a drastic improvement is observed in its agreement 

with experimental values as well.

　SLAROM-UF has the capability of the conventional 

calculation and can be used either for a rough or a very 

detailed calculation, depending on accuracy required. It has 

already been used in the analysis of “MONJU”.
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Hazama, T. et al., Development of a Fine and Ultra-Fine Group Cell Calculation Code SLAROM-UF for Fast Reactor Analyses, Journal of Nuclear Science 

and Technology, vol.43, no.8, 2006, p.908-918.
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　Oxide Dispersion Strengthened (ODS) steel is one of most 

promising nuclear reactor materials because of its superior 

swelling resistance and excellent high temperature strength. 

We are developing a cladding tube of ODS steel for a Fast 

Breeder Reactor (FBR) to achieve higher thermal efficiency 

in the FBR system.

　Important issues in the development of ODS steel are as 

the following; (1) To establish the cladding tube fabrication 

technology for ODS steel on a commercial scale, and (2) to 

inspect and demonstrate successive property changes of the 

irradiated ODS steel up to the target total dose in the FBR (5.0

×1027n/m2:E>0.1MeV).

　For solving the problems involved in irradiation testing 

and study, we are acquiring irradiation data by the following 

two steps. (i) The performance limit of this kind of alloy is 

being estimated prior actual testing of our originally-

developed ODS steels by testing the commercially fabricated 

ODS steel MA957. Subsequently, (ii) we are planning to 

demonstrate irradiation tolerance of our ODS steel as the 

cladding tubes by exposing it to the target doses.

　Information on heavy neutron-irradiation of ODS steel at 

elevated temperatures has been obtained for the first time in 

the world. Fig.1-5 is a comparison of the microstructure 

before and after irradiation, indicating that the 

microstructural stability of MA957 is maintained even under 

this severe environment. On the other hand, Fig.1-6 is a 

bright and dark pair of images showing oxide pinning 

dislocation and Energy Dispersive Spectrum (EDS) from the 

oxide. We found that the oxide particle, which is composed 

of yttrium (Y) and titanium (Ti), effectively pinned 

dislocation under irradiation at elevated temperature.

　In near-future plans, post irradiation tests of our originally-

developed cladding tube made of ODS steels are scheduled, 

and we hope to confirm and demonstrate the irradiation 

tolerance of these materials.

Pre-irrad. Post-irrad.
Temp：709℃
Dose：20.1×1026n/m2

2μm
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Yamashita, S. et al., Microstructural Development of a Heavily Neutron-Irradiated ODS Ferritic Steel (MA957) at Elevated Temperature, Journal of Nuclear 

Materials, vol.367-370, 2007, p.202-207.
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Osaka, M. et al., Research and Development of Minor Actinide-Containing Fuel and Target in a Future Integrated Closed Cycle System, Journal of Nuclear 

Science and Technology, vol.44, no.3, 2007, p.309-316.
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　Minor actinides (MAs), which are recovered from spent 
nuclear fuel, are of special concern because of their lasting 
radiotoxicity and decay heat. Therefore, recovery and 
recycling of MAs in fast reactors (FRs) are key technologies 
for the successful realization of the FR cycle system, which 
can lead to a reduced environmental burden and a sustainable 
energy supply. The most promising candidate fuel for such 
FRs is considered to be a mixed oxide (MOX) fuel doped 
with 1～5wt.% of MAs. On the other hand, the MAs should 
be incinerated as soon as possible in the introductory phase 
of FRs since a large amount of MAs accumulate during 
extended operation of a light water reactor (LWR). Therefore, 
an advanced oxide fuel with a high content of MAs combined 
with inert matrix (IM), e.g. magnesium oxide (MgO) or 
Molybdenum (Mo), has been proposed for rapid incineration 
of MAs. These advanced oxide fuels have advantages in 
containing a large amount of MAs and enhancing thermal 
and physical properties better than the standard MOX fuel. 
Treatment of the advanced oxide fuel separate from the 
standard MOX fuels in the fabrication and reprocessing 
stages as in dedicated small-scale facilities was considered 
(Fig.1-7). This leads to concentration/ isolation of MAs by a 
small treatment cycle, for a small impact on the main FR 
cycle. The problem here is that the existing fabrication 
processes for such advanced oxide fuels are based on 

advanced/complicated procedures which are not adaptable to 
the presently used commercial manufacturing technology, i.e. 
powder metallurgy. Therefore, novel technology has to be 
optimized and established. 
　In preparation for this introductory phase of FRs, the 
purpose of this study is to establish a simple fabrication 
technique for advanced oxide fuel that is adaptable to the 
standard one, for the rapid deployment of advanced oxide 
fuel production. A basic study for fabrication of an Am-
containing advanced oxide fuel with MgO was carried out 
using a powder metallurgical technique. Macro-dispersed 
(particles with diameter of more than 100 μm) fuels were 
fabricated in the present work. This type of fuel is designed 
for the suppression of irradiation damage of the matrix 
mainly by fission products, which lead to degradation of 
thermal properties. Fig.1-8 shows the fabrication process of 
macro-dispersed type fuel by powder metallurgy. Fig.1-9 
shows the appearance and microstructure of the advanced 
oxide fuel, cerium dioxide (CeO2) -MgO. CeO2 was used as a 
surrogate for Am-oxide. Advanced oxide fuel with MgO that 
had good characteristics was obtained. 
　In future work, the fabrication and evaluation of Am-
containing advanced oxide fuel will be carried out. These 
results will be reflected in the further development of MA 
recycling in FR cycle systems.
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　The NETFLOW code has been developed in order to 

simulate simply and accurately complex flow systems like 

heat transport systems (HTSs) and auxiliary cooling systems 

of a nuclear power plant. The calculation accuracy has been 

confirmed through analyses in light water reactor systems 

and test results of the forced circulation of the “MONJU” 

reactor. This code is already provided to graduate school 

students for their education.

　In order to do accurate simulation under low flow rate 

conditions of the liquid metal cooled fast reactors, a model to 

calculate the heat transfer between subassemblies (SAs) was 

proposed and validated. In this model, six neighboring SAs’ 

overall heat transfer coefficients for heat conduction by liquid 

metal and for low flow heat transfer around SAs, i.e. inter-

wrapper flow, were applied (Fig.1-10). Generally, temperature 

at the center SA is higher than the peripheral SAs. It is 

realistic that SAs should be analyzed by radial layers from 

the center outward rather than one by one. Therefore, the 

model calculated temperatures from data matrices consisting 

of kinds (fuels, blankets, control rods, and reflectors) and 

numbers of SAs neighboring the SA in question. The results 

are shown in Fig.1-11 and Fig.1-12; exit SA temperatures are 

simulated, like the SSC-L code developed in USA. Since exit 

temperatures were calculated appropriately, the temperature 

behavior can be understood before a calculation with a 3D 

model is done. The present ISHT model can be applied to 

other one-dimensional plant dynamics codes.
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Mochizuki, H., Inter-Subassembly Heat Transfer of Sodium Cooled Fast Reactors: Validation of the NETFLOW Code, Nuclear Engineering and Design, 

vol.237, issue 19, 2007, p.2040-2053.
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Ezure, T. et al., Transient Behavior of Gas Entrainment Caused by Surface Vortex, Proceedings of 5th Korea-Japan Symposium on Nuclear Thermal 

Hydraulics and Safety (NTHAS-5), Jeju, Korea, 2006, p.94-99.

　JAEA has proposed and investigated an innovative design 

for a Sodium-cooled Fast Reactor in the FaCT project of 

FBR cycle system. One of the key concepts of the reactor is a 

reactor vessel more compact than previous designs for high 

cost performance, i.e., reduction of construction cost. 

However, this design causes higher flow velocity in the 

reactor vessel, and this causes cover gas entrainments at the 

free surface in the reactor vessel. In order to realize this 

compact design, we have to prevent the gas entrainments, and 

it is now one of the significant thermal hydraulic issues. The 

most significant type of gas entrainment is caused by surface 

vortices as shown in Fig.1-13. The surface vortices may 

result in the gas entrainment even if velocity near the free 

surface is relatively low. It is necessary to clarify the onset 

condition and development process to establish the criterion 

to prevent this type of gas entrainment. Thus, a basic water 

experiment was carried out to grasp the mechanism of the 

phenomena by measuring the velocity fields inside of the 

vortices.

　According to a mock up experiment, vortices that appear in 

the actual reactor would develop and decline intermittently. 

To clarify such transient behaviors, the velocity field and the 

surface shape were measured simultaneously by using a 

measurement system combining Particle Image Velocimetry 

(PIV) and surface visualization as shown in Fig.1-14.

　As a result, we could make instantaneous measurements of 

the surface shape and the velocity field inside of the vortex at 

the same time as shown in Fig.1-15. Then, it was shown that 

there was a strong correlation between the circular flow 

around the vortex and the gas core length which developed. 

From the comparison between the result of 0s (a) and 4.0s 

(b), the gas core development was delayed after the velocity 

increase. These results will be used for the verification of a 

numerical analysis, and also to improve the guidelines for 

prevention of gas entrainments.
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　The fuel handling system for a sodium-cooled fast reactor 
(SFR) is required to allow remote handling, isolating the 
sodium from the air because the chemically active sodium 
surrounds the fuel. Reliable and safe fuel handling systems 
have been developed for “JOYO” and “MONJU”.
　The fuel handling system of the future commercial SFR 
(JAEA SFR; JSFR) studied in the FaCT project is composed 
of an in-vessel fuel handling machine, an outside-the-vessel 
fuel handling machine and, an outside-the-vessel fuel storage 
tank (EVST), etc. as in “MONJU” (Fig.1-16). However, in 
order to increase economic competitiveness further, we are 
now attempting simplification and size reduction of the fuel 
handling system through innovative technologies.
　For the in-vessel fuel handling machine, we have been 
developing a new fuel handling machine (FHM) that is 
different from the ones in “JOYO” and “MONJU” and 
suitable for a compact reactor vessel (RV). In case of 
“MONJU” (280 MWe), its RV diameter is three times larger 
than that of the reactor core barrel, because the core upper 
internal structure (UIS) has to be displaced from its normal 
position right above the reactor core to the periphery when 
refueling. JSFR (1,500 MWe) has an FHM and UIS, and both 
of them are attached under the rotational plug the same as in 

“MONJU”, but its UIS has a narrow slit space in which the 
fuel gripper unit of the FHM is able to move horizontally and 
approach any fuel assembly under the UIS by rotational 
movement, enabling refueling. In this design, the UIS need 
not be displaced widely when refueling. Therefore, a much 
larger RV diameter can be avoided in the design of JSFR, 
even with increase in the reactor output power up to 1,500 
MWe (Fig.1-17).
　However, as the size of the UIS’s slit space is limited 
(width: 0.41m, height: 5.9m and depth: 2.6m), it is necessary 
to develop the FHM that can smoothly discharge and charge 
the fuel assembly at the specified position in this narrow 
space, meeting design requirements such as compactness, 
stiffness, and precise positioning (Fig.1-18). Based on the 
results of our design study, we are now planning to fabricate 
an FHM and perform a test to confirm its function.
　In the R&D program for the fuel handling system, in 
addition to using R&D experience gained with “JOYO” and 
“MONJU”, we will acquire design data and confirm intended 
functions through mock-up tests and so on, especially for 
innovative designs and concepts. The results of these tests 
will be adequately reflected in the design study of the JSFR 
fuel handling system.
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Japan Atomic Energy Agency, Feasibility Study on Commercialized Fast Reactor Cycle Systems Technical Study Report of Phase II- (1) Fast Reactor Plant 

Systems 2006, JAEA-Research 2006-042, 2006, 1807p. in CD-ROM attached (in Japanese).
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　In nuclear fast breeder reactors (FBR), liquid sodium is 

used as an intermediate heat-transfer fluid, and only the 

steam generator (SG) tube wall separates the steam-water 

inside of its pipe and the liquid sodium flowing outside it. 

Earlier defect detection, before wall penetration occurs, 

during the in-service inspection (ISI) is required to increase 

the safety of SG tube component in order to avoid the 

powerful chemical reaction between water and sodium. The 

SG tubes integrity are checked on a regular basis using either 

ultrasound or eddy current testing (ECT). 

　In the ECT, the ECT coils are inserted inside of the SG 

tubes and by monitoring the changes in their impedance 

variations in SG tube thickness can be detected. However, 

sodium is highly electrically conductive, and its presence on 

the outer tube surface can interfere with the electromagnetic 

disturbance signal from existing defects. The unknown 

sodium signal is accurately modeled, using numerical 

simulations to estimate the range of the signal when sodium 

layer adhesion thickness varies between 10 and 100μm. A 

tuned multi-frequency ECT algorithm was constructed, using 

numerical simulations, for the specific ECT inspection probe 

which is able to suppress the signal from sodium structures 

such as: layers of unknown thickness or drops. 

　This algorithm acts as a filter, being able to delete also the 

support plate (SP) signal and possible sodium drops located 

nearby and extract and enhance only the defect signal. The 

result of the developed multi-frequency ECT algorithm is 

shown in Fig.1-19 where signals from sodium structures and 

SP signals are reduced, independently of sodium layer 

thickness.

　Accurate numerical ECT simulations are an effective tool 

to indicate and develop ways to enhance ECT inspection, 

even when dealing with unknown sodium structures, 

increasing therefore the safety of SG tubes.
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Mihalache, O. et al., Analysis of Defect Detection in Steam Generator Tubes of FBR, Under Support Plates and in the Presence of Sodium, Using Multi-

Frequency Eddy Currents Algorithm, Proceedings of  15th International Conference on Nuclear Engineering (ICONE15), Nagoya, Japan, 2007, ICONE15-

10211, in CD-ROM.
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　In nuclear power plants, it is necessary to assess 
possibilities of material failure by high cycle thermal fatigue 
due to the mixing of different temperature fluids, because 
thermal stress could occur in structural material by the cyclic 
temperature fluctuations of the fluids. It has been established 
that thermal stress depends on the frequency of temperature 
fluctuations. Therefore, we propose a high cycle thermal 
fatigue assessment method that includes the frequency effect 
in the thermal stress assessment, in the development of high 
temperature structural material assessment technology. In 
order to confirm the validity of this assessment method, we 
developed sodium (Na) temperature controlled thermal 
fatigue test equipment (SPECTRA). SPECTRA can 
accurately control the frequency of temperature fluctuation 
using Na, which is a coolant for a fast reactor. The thermal 
fatigue tests were then carried out for SUS304 steel, which is 
one of the main structural materials of fast reactors.
　SPECTRA use electromagnetic pumps to control 
continually the ratio of high (600°C) and low (250°C) 
temperature Na fluids to produce temperature variations with 
various waveforms and frequencies. The temperature 
variations then initiate and propagate fatigue cracks in the 
test model of structural material (Fig.1-20). Major features of 
this equipment are (1) it can control temperature variation 
with sine wave frequency parameters while there is constant 
flow, (2) it can provide axially symmetric temperature 
variation in the test model to avoid complex thermal stress 
distribution, (3) it can efficiently obtain the data on the crack 
initiation as well as the crack propagation with one test 
model, giving the axial distribution of large and small 
thermal stresses, (4) it can generate temperature variations 

with superposed wave forms by combining different 
frequency waves, and so on.
　The thermal fatigue tests were carried out under sine wave 
temperature variations with frequencies between 0.05-0.5Hz, 
which were generated by SPECTRA. In these tests, Na 
temperature was controlled at an average of 425°C and with a 
fluctuation of 200°C. The total flow rate was kept at 300�
/min by mixing high/low temperature Na fluids each flowing 
at 150�/min in an antiphase manner into the test model.
　From the test results, it was proved that there was a 
difference in the initiation and propagation of cracking, 
depending on the frequency. For example, at frequency 0.05 
Hz, after 160,000 cycles of temperature variation, a crack 
occurred at the inner surface of the test model and penetrated 
to the outer surface (Fig.1-21). However at frequency 0.2Hz, 
even after 260,000 cycles, the inner surface crack did not 
reach the outer surface. There is a significant difference in 
fatigue life with these two frequencies. Therefore, it has been 
confirmed that even under the same amplitude of temperature 
fluctuation, depending on the difference of frequency, the 
thermal stress on the structural material will change, 
impacting on its fatigue life, the test proving the phenomenon 
that was previously known through theoretical modeling. 
These results will be used as verification data of the high 
cycle thermal fatigue assessment method.
　In the future, we are planning to perform a test of 
superposed short period and long period waves. This test will 
be to assess the specific qualities of structural materials under 
random variations caused by actual irregular temperature 
fluctuations. In this way, the effects of complex temperature 
variations on structural materials will be studied.
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Kawasaki, N., Kobayashi, S., Hasebe, S. et al., SPECTRA Thermal Fatigue Tests under Frequency Controlled Fluid Temperature Variation-Transient 

Temperature Measurement Tests-, Proceedings of 2006 ASME Pressure Vessels and Piping Division Conference (PVP2006) /International Council on 

Pressure Vessel Technology (ICPV11), Vancouver, Canada, 2006, ICPV11-93548, 8p., in CD-ROM.
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Sotsu, M. et al., ATWS Frequency Evaluation of FBR MONJU, Proceedings of 14th International Conference on Nuclear Engineering (ICONE 14), Maiami, 

USA, 2006, ICONE14-89377, in CD-ROM.

　Safety of a nuclear power plant has been improved with 
reliable measures for the following three stages: prevention 
of abnormal event occurrence, the suppression of abnormal 
event expansion, and the reduction of radioactive material 
release.
　The probabilistic analysis approach is effective to evaluate 
these improved reliability of safety measures whose failure 
probabilities are very small.
　As one specific probabilistic safety assessment of 
“MONJU”, the frequency of Anticipated Transient without 
Scram (ATWS) was evaluated.
　Fig.1-22 shows one ATWS event where a pump trip event 
in one loop of the primary heat transport system (PHTS) is 
explained. The B loop PHTS of three cooling loops in 
“MONJU” has its pump tripped. It is shown that the core 
coolant flow is secured if the check valve of the tripped loop 
closes, by hydraulic effect from the intact loops. The PHTS 
pump trip in this loop generates a reactor trip signal; 
however, reactor trip failure is supposed in this case. We also 
suppose the failure of the check valve closure in this 
evaluation.

　As shown in Fig.1-23, fuel cladding temperature behaviors 
were analyzed in the PHTS pump trip of one loop without 
scram. As analytical result, in the case with the check valve 
functioning, the maximum cladding temperature was below 
the temperature limit for reactor core intactness.
　All of event sequences in the sequence event tree analysis 
shown in Fig.1-24 were evaluated. The first branch divides 
according to whether the reactor trip signal is generated by 
the one loop PHTS pump trip successfully or not. If the 
reactor trip signal was generated, the next branching in this 
sequence centers on control rod insertion failure. If the 
reactor trip signal generation failed, the next branching in this 
sequence centers on check valve closure. The failure 
probabilities of these safety features are analyzed by the 
system fault tree. These probabilities are estimated as 10-10 - 
10-5 per demand, and thus these safety features function 
reliably.
　The total ATWS frequency of “MONJU” is estimated as 
10-8 per reactor year. These studies indicate that the ATWS 
frequency of “MONJU” is sufficiently small and thus that the 
safety functions have high reliability.

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

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

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

���������	
������

When the check valve fails to close, 
the reversal flow is generated in the 
tripped loop

Core flowrate decreases by 
the B loop PHTS pump trip

IHX SH

EV

SH
T/G

EV

SH

EV

ACS

IHX
R/V

PHTS SHTS W/S

ACS

IHX

CV
PHTS
pump

SHTS
pump

Feed water 
pump

ACS

Operation 
status

Usual 
operation

A loop
(intact)

Usual 
operation

C loop
(intact)

Trip 
(reversal flow
 in case of CV 
failure)

B loop
(Accident)

CV malfunction 
case

Limit value (830℃)

1,000

600
0 350300250200150

Time (s)

T
em
pe
ra
tu
re
 (℃
)

10050

700

800

900

CV function 
case

Reactor trip Core bypass preventionI.E
1 loop  
PHTS flow  
lost

Reactor trip  
signal

SUCCESS
SUCCESS

SUCCESS

CR  
insertion

Tripped loop CV  
closure

Core

Intact

damage

Intact

damage

CV close successfully 
⇒ core intact

All of PHTS pump trip signal interlocks  
reactor trip signal

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



��　����������	
�	�����

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

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

Actual plant data 1.Evaluation 　
   part selection

・Difference from
  predicted behavior

・Grasp of actual plant characteristic
・Thermal hydraulic analysis code 
  development and maintenance
・Test analysis/Predictive analysis/
  Detailed behavior evaluation
・Sensitivity analysis (margin factor analysis/
  Thermal transient mitigation investigation

・Development of structural analysis 
  model・Thermal stress analysis

･Thermal transient mitigation investigation

・Realistic basis thermal stress 
  vs design basis value／Limitation value

Predictive analysis result

design data Cumulative fatigue 
damage evaluation

Actual plant data

thermal transient margin

B,C loop

A loop

Test result

Thermal transient condition Time

Time

T
he

rm
al

 s
tr

es
s

Te
m

pe
ra

tu
re

Te
m

pe
ra

tu
re

Time

・Unsymmetrical 
  behavior

2.Realistic basis 
   thermal transient 
   analysis

3.Realistic basis  
   structural analysis

4.Safety margin  
   evaluation

For safe and
　reliable plant
　　　operation

Optimal 
　　design

・Lower costs
・Rationalized 
　　　design

MONJU

FBR
commercial
reactor

���������

Mori, T. et al., Margin Analysis of MONJU Thermal Transient Based on Measured Plant Performance, Proceedings of 14th International Conference on 

Nuclear Engineering (ICONE14), Maiami, USA, 2006, ICONE14-89379, in CD-ROM.
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　To develop plant technologies for safe and reliable 

operation of “MONJU” and to further expand the technologies 

for design optimization of future FBR plants, we have 

evaluated the design technique applied to “MONJU” by using 

the measurement data obtained through actual operation.

　In “MONJU”, the coolant sodium temperature heated by 

the reactor core increases up to 500°C or more. The 

difference in temperature of coolant sodium between reactor 

inlet and outlet exceeds 100°C in “MONJU”. Therefore, the 

integrity of the equipment against reactor trips is verified by 

examining the influence of severe thermal transients. This 

paper clarifies the realistic thermal transient of the reactor 

trip of the actual plant, and evaluates the design margin. 

Fig.1-25 is an outline of the thermal transient margin 

evaluation technique.

　In a reactor trip test at 40% power capacity, coolant 

temperature change at the reactor vessel (RV) outlet was 

faster than the pre-test forecast. And, the feed water 

temperature change at the evaporator (EV) was higher than 

the pre-test forecast. 

　Analysis of the coolant temperature behavior at the RV 

outlet confirmed the influence of the flow conditions of the 

low-temperature and the high-temperature sodium that passes 

through the RV outlet from the upper reactor core. Then, a 

model of the thermal-hydraulic analysis code was 

developed with finer partitioning of the area etc. By these 

improvements, coolant temperature change at the RV outlet 

was more accurately simulated. In addition, coolant 

temperature change at RV outlet due to a reactor trip at rated 

power was simulated by the same code. Fig.1-26 shows 

thermal stress analysis of RV outlet nozzle based on the 

simulated temperature and flow rate changes and the design 

analysis. The actual thermal stress was less than the design 

analysis result, by a margin of about 50%.

　Moreover, to reproduce better the phenomenon of the high 

temperature steam flowing into EV feed water inlet, we 

added a backflow analysis function to this code. By these 

improvements, EV feed water inlet temperature behavior was 

simulated more accurately than before. In addition, EV feed 

water inlet temperature change due to a reactor trip at rated 

power was simulated by the same code. By thermal stress 

analysis of the EV feed water tube sheet based on simulated 

temperature and flow rate changes, we confirmed that the EV 

feed water tube sheet had enough margin in its fatigue 

accumulation coefficient, well below its limit value of 1.0.

　We will use the improved thermal-hydraulic analysis code 

and the thermal transient margin evaluation results in the 

operating plan and the forecast analysis for our next test. 

Moreover, we plan to advance the design technology steadily, 

based on the real data obtained from the trial operation, for 

safe and steady plant operation and development of an FBR 

commercial reactor.
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Tagawa, A. et al, Development of the ISI Device for Fast Breeder Reactor MONJU Reactor Vessel, Journal of Power and Energy Systems, vol.1, no.1, 2007, 

p. 3-12.
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　In-service inspection (ISI) by visual inspection is carried 

out to confirm the integrity of the main components of 

“MONJU” Fast Breeder Reactor (FBR). The reactor vessel 

(RV) contains both nuclear fuel and coolant sodium. Unlike a 

light water reactor, the examination area in FBR is an 

extreme environment where human access is not possible 

(Table 1-1). In order to inspect this extreme environment, a 

remote controlled inspection device (ID) was developed. The 

inspection-machine insertion device is installed on the 

operating floor where it is accessible to humans. The ID is 

taken down to the RV through a guide tube using a car 

gondola and it is inserted in the 300 mm clearance between 

the RV and guard vessel. After coming out of the gondola, 

the ID can run by itself, moving and inspecting the test area. 

The ID supports its  own weight using the force of a spring. 

The remote control of the ID running between the trackless 

vertical wall surfaces is carried out using a 50m long cable. A 

bead sensor is used in this case to detect and follow the weld 

line that is to be visually inspected and inspected by a CCD 

camera (Fig.1-27). Until now, due to limited heat resistance 

and radiation durability it could employ only a 30,000 pixels 

fiberscope. However, the newly developed inspection device 

(Fig.1-28) uses a cooling system for a 410,000 pixels CCD 

camera, attaining a very accurate inspection.

　The presence of sodium leakage marks is determined 

during the visual inspection. An attached electromagnetic 

acoustic transducer (EMAT) ultrasonic probe, which is now 

under development, checks and detects flaws before actual 

leakage occurs. Research and development are still 

continuing to improve the inspection device for use in 

extreme environments, for a better inspection and higher 

safety of the reactor components.
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JAEA’s R&D Facilities

Tono Geoscience Center
(Toki and Mizunami,

Gifu Pref.)

Horonobe Underground
Research Center

(Horonobe, Hokkaido)

●Horonobe Underground 
　Research Laboratory
　(Sedimentary rock)

●ENgineering-scale Test & Research FacilitY (ENTRY)
●QUantitative Assessment Radionuclide Migration
　Experiment FaciLITY (QUALITY) 

Cooperation

Relevant organizations

Nuclear Fuel Cycle Engineering
Institute (Tokai, Ibaraki Pref.)

●Mizunami Underground
　Research Laboratory 
　(Crystalline rock)

(Image view)

(Image view)

JAEA Knowledge
Management System

Implementation

Regulations

・Data
・Documents
・Software
・Experience and
  methodology
・Synthesis
・Guidance
・Presentation

Knowledge base

QUALITY ENTRY

Vitrified waste

Overpack
(Carbon steel)

Engineered barrier system
Buffer (Bentonite)Stable geological

environment
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JAEA Knowledge Management System

Review
Board

Japanese radwaste
Knowledge Base

Communication
Interface

Staff

User-friendly
knowledge service

Requirements
/requests

Long-term
program goals 

Autonomic knowledge
generation

Focused
production of
new knowledge 

Key gaps in
Knowledge
Base

Training

 Anticipating
requirements/knowledge

Knowledge Office
- Strategy/approach for Knowledge Management
- Executive analysis/evaluation
- Toolkit development
- Quality management

R&D Sectors -
Factory of 
Knowledge
Production

World Knowledge
Base - Web

Think tank - Space
for Innovative
Knowledge Creation

Users
-  Implementer
-  Regulatory
   organizations
-  Experts
-  Other
   stakeholders incl.
   policy makers,
   general public,
   etc.

METI (ANRE)
Coordination
Executive

Relevant R&D
Organizations

The figure shows that defense 2
and 3 with support from defense 4
and 5. attack threat 1 which, in turn,
attacks defense 1.

Defense 1

Defense 2 Defense 3

Defense

Counter-argument
(threat)

Support

Attack

Defense 4 Defense 5

Threat 1

Release rates of radionuclides
from N.F. is low enough.

Overpack can contain
radionuclides during the first

1,000 years.

Prediction of corrosion rate of iron for 1,000 years
based on the observations in the experiments
lasting only several years contains significant

uncertainty.

There are some archaeological evidence supporting
that iron corosin rate averaged over 1,000 years is

much less than the short-term observations.

Extrapolating corrosion rate estimated by
short-term laboratory experiments to

longer term gives conservative estimates.

It is observed that growth of
an alteration product layer
suppresses iron corrosion.

It is observed that corosion rates
measured during experimets

decreaces with time.

Argumentation
support tool

Community
support tool

･Portal site for
  external users
  (expert/non-expert)
                            etc.

･Portal site for technical
  staff involved in
  supporting R&D
･Development of
  knowledge
  coordination tool
                            etc.

･Development of argumentation models
･Search for argumentation schemes
･Creating hypothetical examples for
  argument formation                 etc.

Knowledge
coordination tool

QA filter 1

QA filter 2

Knowledge office
function
supported 

Knowledge that can support
arguments in safety case

Knowledge to be stored for
reuse in R&D and safety
case development

Creation and storage
of knowledge

Japanese
radwaste

knowledge
Base

Digital library / Data storage server

・Technical motes / Open literature 
・Manuals / Training materials 
・Raw data / Processed data 
　　　　　　　　　　　　　etc. 
 

Expert system library

・Scenario analysis 
・Configuration design 
・Detection of geological anomaly 
　　　　　　　　　　　　 etc. 
 

Common utilities 
・Search engine 
・Automated translation 
・Automated summarisation 
　　　　　　　　　　  etc. 
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Investigation of natural
phenomena, geology,
geochemistry, and etc.

Volcano

Volcanic gas & fluid

Magma reservoir

Hydrothermal
convection

Hydrothermal
convection

Affected area

Sedimentary layer

Temp.

Hydro.

Mech.

Chem.

Chem.

Water Chem.

pH

>300 ℃, rise up to 600 ℃

Severely damaged

300～100 ℃ (>10 ℃/100m of Geothermal gradient)

10-9 m/s order

SO4
2- Type Cl- Type

Acidic: pH<4.8
Neutral ～ alkaline

HCO3
-Type

50 ℃～ (3℃/100m of Geothermal
gradient (common geothermal
gradient in Japan)

100～50 ℃ (>5～10 ℃/100m of Geothermal gradient)

Aquifer River

Host rock
Performance

assessment site

Step1

Step2

Step3

Step4, 5

Description of potential
natural processes

300

250

200

150

Te
m

p.
 (℃

)

Information
Integration

100

50

0
0 220200180160140120100

Distance from the nearest volcano (km)
80604020

12

10

8

6pH

4

2

0
0 220200180160140120100

Distance from the nearest volcano (km)

Characterization of potential changes of
specific geological conditions,
focusing on specific T-H-M-C.

e.g.
Data of location of Quaternary
volcano, water chemistry,
temperature, etc.

80604020
To set ranges and typical value of T-H-M-C for the performance assessment site
T: 50~100℃ (1,000m depth from surface) → Set at 90℃ conservatively 
H: 10-10 m/s of groundwater flow rate → Set hydraulic conductivity conservatively,
    three figures higher than reference case conservatively
M: unknown → Set at “unchanged”
C: Cl- or HCO3

- Type, pH=6~8 → Set at weakly acidic and a higher Cl- concentration
    than reference case

Step4: Establishing models and safety relevant parameters (e.g. dissolution rate of
HLW glass matrix, solubilities of radionuclides, and etc.
Step5: Calculation and assessment for the site.
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　In the fusion research and development field, R&D into 
three fields that are keys to the fusion development needed 
for the practical use of fusion energy are being pursued:the 
ITER project, the fusion plasma research, and the fusion 
engineering research. We are intensively engaged in 
international cooperation not only in the ITER project, but 
also in R&D over a broader area pursued by Japan and EU 
(Broader Approach Activity) etc (Fig.3-1).
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　The ITER project is an international cooperative project to 
demonstrate the scientific and technical feasibility of fusion 
energy through construction and operation of an experimental 
reactor. The participants are Japan, EU, US, Russia, China, 
Korea, and India, more than half of the world population. The 
experimental reactor, “ITER”, is scheduled to be constructed 
in Cadarache in France. The international agreement on the 
construction and operation of “ITER” was signed by seven 
participating parties in Paris in November 2006. We are to 
become the domestic agency of the ITER project in Japan 
and will play an important role in the project. 
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　Studies for the JT-60SA plan (upgrade of JT-60 to a 
superconducting machine) to support the ITER project and to 
seek the advanced performance of a core plasma for the 
DEMO reactor were begun as one of the broader approach 
activities through the cooperation of Japan and EU. Topic 3-1, 
“Accomplishment of the Conceptual Design of JT-60SA 
Through Collaboration of Japan and Europe” concerns this 
upgrade, making a wide range of experiments possible by 
using existing equipment of JT-60 to the maximum, and 
adopting advanced technologies.
　The critical requirement for the DEMO reactor is to attain 
a high level of economical efficiency, namely, to sustain a 
high fusion power in a reactor core of compact size. It is 
necessary to improve the plasma pressure (temperature × 
density) for that. Topic 3-2, “The Search for the Plasma 
Rotation Needed for High Pressure Plasma”, is the first 
research in the world that experimentally showed that a high 
plasma pressure can be maintained stably using JT-60. 
Moreover, major progress was achieved in theoretical 
research in parallel with the experiment.  Topic 3-3, 

“Sharpening Plasma Shape Improves Pressure Limit”, 
clarified theoretical guidelines to achieve high plasma 
pressure, and Topic 3-4, “Suppression Mechanism of 
Turbulent Electron Heat Transport”, verified that the heat 
insulating layer discovered by experiment is a self-
organization phenomenon, the same as the formation of a jet 
in a planet atmosphere, by first-principle simulation of 
electron turbulent flow. In the future, great progress in fusion 
plasma research through the combination of experiment and 
theory is expected. 
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　The fuel of fusion energy is deuterium and tritium. A large 
quantity of deuterium exists in seawater. The tritium hardly 
exists naturally at all, but it can be produced from lithium, 
which is also contained plentifully in seawater. In the fusion 
reactor, the energy of the neutrons resulting from fusion 
reactions is extracted with the device “Blanket”, and here 
tritium is also produced. Topic 3-5 and Topic 3-6, 
“Development of Full Scale First Wall of Fusion Blanket” 
and “Developing a Method for Suppressing Irradiation 
Hardening of F82H by Heat Treatment Utilizing the 
Difference in the Hardening of Weld Joints” are research 
results needed for the development of a manufacturing 
method of Blanket and a method of controlling the stiffening 
caused by neutron irradiation, using ferritic steel (F82H) 
which is a low activation material developed by us. On the 
other hand, the development of a breeding material and the 
accurate evaluation of the tritium production rate are 
necessary for the development of Blanket so that it can 
efficiently produce tritium. The research into tritium breeding 
by Blanket has progressed steadily due to the results of Topic 
3-7 and Topic 3-8, “Measurement of Tritium Production Rate 
in Blanket with High Accuracy” and “Material Allowing 
Stable Fuel Supply to Fusion Reactor”. Moreover, the 
development of materials other than those for Blanket were 
also advanced as shown in Topic 3-9 and Topic 3-10, 
“Research on Interaction between Tritium and Metal” and 
“Neutron Shielding Resin can be used in the High 
Temperature Environment of a Fusion Device”. 
　Thus, we aim at the utilization of fusion energy in the 
middle of the 21st century, through a comprehensive approach 
to the necessary research, including fusion plasma and fusion 
engineering technologies centering on the ITER project.

Fusion Engineering Research

ITER
DEMO Reactor

Fusion Plasma Research

Superconducting magnet

Structual material

Test Blanket Module
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M. Kikuchi et al., JT-60SA Project for JA-EU Broader Approach Satellite Tokamak and National Centralized Tokamak, Purazuma, Kaku Yugo Gakkai-shi, 

vol.82, no.8, 2006, p.455-469 (in Japanese).
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(a) (b)

　“JT-60SA” is a tokamak-type fusion experimental device 
with superconducting coils (hereafter SC) (Fig.3-2). This 
device will be constructed as an updated version of the 
present “JT-60U” as a joint project of the ITER Satellite 
Tokamak Program of Japan and Europe and the Japanese 
National Centralized Tokamak Program (JT-60SA program). 
The main objectives consist of ITER-supporting research 
directly contributing to “ITER” and ITER-complementing 
research for DEMO reactors, executed in parallel with ITER. 
The latter aims at studying high β (high pressure) plasmas 
necessary for economically feasible DEMO reactors with 
high power density, and establishing a method for its steady 
operation (Fig.3-3).
　The conceptual design of JT-60SA has been completed 
recently after four years of design activities. JT-60SA is 
capable of sustaining a plasma current of 5.5 MA for 100 s 
by electromagnetic induction. The SC system consists of the 
center solenoid with Nb3Sn as in ITER and the toroidal coil 
and poloidal coils with NbTi,  which were determined 
through optimization for the 5.5 MA operation. Two typical 
plasma configurations with different cross-sectional shapes 
are established in one device; an ITER-like configuration 
with almost the same aspect ratio A (a ratio of major radius 
to minor radius of a plasma), elongation factor δ and 
triangularity k as ITER, and a high β oriented configuration 
with low A, high δ and high κ suitable for studying high 

pressure plasmas. Upper and lower divertor shapes and the 
arrangement of poloidal coils were optimized for these 
configurations (Fig.3-4).  Stabilizing plates and fast control 
coils are installed in the vacuum vessel, to improve the 
stability of the plasma. The heating power necessary for 
achieving high temperature and high density break-even class 
plasmas and steady state high β plasmas has been assessed 
from simulation results, and the neutral beam injection of 34 
MW and the electron cyclotron heating of 7 MW are 
provided. Since the heat flux to the divertor is estimated to 
reach 15 MW/m2 with such high power injection, a mono-
block-type carbon-fiber- composite divertor with high cooling 
efficiency has been designed. On the other hand, nuclear 
heating of the SCs by secondary γ-rays and activation of the 
device and air (argon) by thermal neutrons must be reduced 
because these phenomena hinder the operation and 
maintenance. This is resolved by circulating borated water in 
the double wall of the vacuum vessel and filling boron-doped 
concrete in the wall of the cryostat.
　The conceptual design was made mainly by JAEA, 
incorporating requirements of Satellite Tokamak Program to 
the JT-60SA program, and has been reviewed by Japanese 
and European experts. The JT-60SA program officially 
started in June, 2007 as a 10 year program with 7-year 
construction and 3-year experimental periods.
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　To realize a fusion reactor with high fusion output power 

density (small size and high power output means an 

economical attractiveness), high pressure plasma (= plasma 

temperature×density) is required. However, the high 

pressure makes it hard to sustain the plasma confinement due 

to plasma distortion (Fig.3-5 (a)), and therefore, how the 

plasma distortion can be stabilized is a key issue in 

increasing the pressure limit. For this problem, a theoretical 

prediction was made that the plasma distortion can be 

suppressed by plasma rotation, which can be driven by 

neutron beam injections (NBIs), in a conducting shell. 

However, it should be pointed out that extra NBI could be 

required to gain enough rotation, because in “ITER” and 

future reactors it will be more difficult to drive the plasma 

rotation than in present tokamaks. For this reason, it is 

important to clarify the threshold of the plasma rotation 

which can suppress plasma distortion as well as making 

experimental verification of this theoretical prediction.

　In almost all tokamaks, since the direction of NBI is only 

one direction, the power applied for high pressure plasma 

also causes large plasma rotation. Thus, a low plasma 

rotation  in a simulation of a future reactor is difficult to 

realize in experiment. In contrast, since the JT-60U makes 

NBI in different directions, we can try to control the plasma 

rotation using a combination of NBIs while keeping the high 

plasma pressure. In consequence, we can realize similar 

plasmas with a low rotation in “ITER” and future reactors, 

and thus we can find the plasma rotation required to suppress 

the plasma distortion for the first time. The results are shown 

in Fig.3-6. In the three cases, A, B and C, the combination of 

NBI direction and power are different, and in each case 

power is adjusted over time. In this way, the plasma rotation 

at which the plasma distortion appears was successfully 

obtained. It was found that when the plasma rotation 

becomes less than 20 km/sec, the plasma began to distort and 

the confinement is degraded at the same time. This threshold 

of plasma rotation is only about 15% of the theoretical 

prediction. These results indicate that we can operate in an 

economical regime where the plasma rotation is quite 

sufficient to suppress the plasma distortion even if the plasma 

rotation is low as predicted in “ITER” and future reactors.

���������

Takechi, M., Matsunaga, G. et al., Identification of a Low Plasma-Rotation Threshold for Stabilization of the Resistive-Wall Mode, Physical Review Letters, 

vol.98, 2007, p.055002-1-055002-4.
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Aiba, N. et al., Effects of ‘Sharpness’ of the Plasma Cross-Section on the MHD Stability of Tokamak Edge Plasmas, Nuclear Fusion, vol.47, no.4, 2007, 

p.297-304.

　From the economical point of view, a fusion reactor needs 

to confine high pressure plasma stably. The so-called “H-

mode plasma” whose plasma pressure exhibits a pedestal 

structure near the plasma surface (Fig.3-7) is desirable to 

increase the total plasma pressure. However, when the 

pressure of this pedestal region becomes too high, an 

instability called the edge localized mode (ELM) sometimes 

induces the collapse of the pedestal structure. This collapse 

ejects the high temperature plasma to the outside of the 

confined region, and it decreases the total pressure of the 

confined plasma. Therefore, understanding the conditions 

which stabilize ELM is an important issue for high pressure 

plasma.

　Previous studies revealed experimentally and theoretically 

that a large collapse near the plasma edge is induced by the 

Type-I ELM, which is one of the ideal magnetohydrodynamic 

(MHD) instabilities called peeling-ballooning mode, and this 

MHD mode can be stabilized by changing the plasma cross-

section from circular to “D-shape”. However, the impact of 

the “D-shaping” on the ELM stability changes in different 

experimental devices. This result implies that the stability of 

this MHD mode will depend on not only the “D-shaping” but 

also other shaping effects.

　To investigate these shaping effects, we developed the 

linear ideal MHD stability code MARG2D, and analyzed the 

effect of the sharpness near the top of the plasma surface 

(Fig.3-8) on the stability of the peeling-ballooning mode. As 

a result, we reveal that the peeling-ballooning mode can be 

stabilized by sharpening the plasma top shape, even when the 

ellipticity and the triangularity, which are the shaping 

parameters to express the “D-shape” of the cross-section are 

almost unchanged. This stabilization increases the maximum 

pressure gradient at which stability can be maintained. For 

example, by changing the plasma top shape as shown in 

Fig.3-8, the maximum pressure gradient increases over 30% 

as shown in Fig.3-9. Moreover, we found this stabilization is 

caused by increasing near the top of the plasma the magnetic 

shear - the change of the direction of the magnetic field line 

from the center to the surface of plasma.

　This experimentally verified stabilizing effect of the 

sharpness in JT-60U is theoretically explained in this study. 

Based on this result, greater plasma performance can be 

realized in ITER and JT-60SA.
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　In tokamak research, it is one of critical issues to sustain 

high temperature plasmas efficiently by suppressing turbulent 

transport, which dissipates the heat from the reactor core. Up 

to now, ion turbulence (characteristic wave length λ ～5mm) 

has been studied based on first principle simulations. 

However, calculation of the microscopic electron turbulence 

(λ ～0.1mm) which is important especially in burning 

plasmas in “ITER”, where the electron heating by a-particles 

becomes dominant, in experimentally relevant parameters is 

prohibitively costly. To overcome this difficulty, we 

developed a new simulation technique using field line 

aligned mesh (Fig.3-10), and succeeded in simulating the 

electron turbulence. By using this simulation, we studied the 

electron turbulence in a transport barrier region, which is 

often observed in recent experiments. The results show that 

in a barrier region, zonal flows are produced which suppress 

heat flux from a core (Fig.3-11 (a)), and that this effect can 

be expected to occur also in future large devices. Further 

analyses on turbulent structures clarified that they have two 

dimensional (2D) like character, which is similar to that 

found in atmospheres of planets, and that zonal flows are 

generated from self-organization processes similar to those of 

East-West zonal jets on planets (Fig.3-12).
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Idomura, Y. et al., Global Profile Effects and Structure Formations in Toroidal Electron Temperature Gradient Driven Turbulence, Nuclear Fusion, vol.45, 

no.12, 2005, p.1571-1581.

Idomura, Y., Self-Organization in Electron Temperature Gradient Driven Turbulence, Physics Plasmas, vol.13, no.8, 2006, p.080701.1-080701.4.
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Hirose, T. et al., Joinning Technologies of Reduced Activation Ferritic/Martensitic Steel for Blanket Fabrication, Fusion Engineering and Design, vol.81, 

issues 1-7, 2006, p.645-651.

　We have developed two key technologies for fusion 

blanket components. The first one is a fabrication process of 

a first wall structure of the fusion blanket. The second one is 

a joint between the dissimilar metals beryllium (Be) and 

steel. These were developed from the Hot Isostatic Pressing 

(HIP) method. HIP is a kind of diffusion bonding method. 

The work-pieces are pressurized under high temperature 

argon atmosphere.

　Fusion blanket is an important in-vessel component, which 

works as an energy converter, and it also produces tritium as 

a fusion fuel. It is to be loaded in ITER for demonstration of 

power production. The First Wall (FW) is the wall facing 

fusion plasma. The wall is exposed to high heat load and high 

flux neutron radiation. Therefore the FW has built-in cooling 

channel and its structural material is a reduced activation 

ferritic steel (RAF), which demonstrates superior resistance 

to radiation damage. However, the surface of the FW 

component must be covered with a low atomic number 

element, such as Be, for stable plasma operation(Fig.3-13). 

We applied the HIP method to fabrication of the built-in 

cooling channel of the FW component and the joint between 

Be and RAF. 

　For the FW fabrication, we developed precision RAF 

square tubes to minimize assembly gaps which cause excess 

deformation around joint interfaces. And we also optimized 

HIP and post HIP heat treatment conditions to avoid 

microstructural change which causes degradation in material 

properties such as ductility and toughness. The FW fabricated 

with these techniques demonstrated good dimension stability 

without degradation in mechanical properties. As for the 

Be/RAF dissimilar joint, it is well known that Be forms 

brittle intermetallic compounds with iron. Therefore we used 

chromium foil as a diffusion barrier and carefully set the HIP 

temperature to control diffusion of Be. We found that 1 μm 

chromium foil effectively worked as a diffusion barrier at 

1,023 K. The chromium foil suppressed Be diffusion and it 

made a strong dissimilar joint (Fig.3-14).

　We are intensively competing with the other “ITER” 

participating countries in the R&D of blanket manufacturing. 

We have developed these technologies prior to the others, and 

we have made a great advance towards the fusion power 

production.
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　Reduced activation ferritc/martensitic steels (RAFMs) are 

the leading candidates for the fusion blanket structural 

material. F82H (Fe-8Cr-2W- V,Ta) is the one of the RAFMs 

which has been developed by JAEA. The key issue now is 

how to suppress the irradiation hardening and embrittlement 

induced by neutron irradiation at temperature below 350℃. 

　In the course of research into irradiation hardening, it was 

found that the irradiation hardening at the heat affected zone 

(HAZ) of a TIG weld joint is much smaller than that of the 

standard base metal and the TIG weld metal (Fig.3-15). TEM 

observation of these regions revealed that dislocation loops, 

which are recognized as the key feature causing irradiation 

hardening, are not observed in the untransformed HAZ 

region (Fig.3-16). Based on these results, F82H was heat 

treated in a manner simulating the thermal history of HAZ 

region, and then neutron irradiated. A tensile test revealed 

that the heat treating which simulates the thermal history of 

untransformed HAZ region yielded the smallest hardening 

(Fig.3-17). 

　This research was conducted as the part of the 

collaborative program for testing structural materials in 

mixed-spectrum reactors of JAEA and US Department of 

Energy.
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Wakai, E. et al., Effect of Initial Heat Treatment on DBTT of F82H Steel Irradiated by Neutrons, Fusion Science & Technology, vol.47, no.4, 2005, p.856-

860.
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　Tritium Breeding Ratio (TBR) is defined as a ratio of the 

tritium produced by nuclear reaction between neutron and 

lithium in a blanket to that consumed by the DT reaction in a 

fusion reactor. Future fusion blankets are required to supply 

tritium as a fuel by themselves. Therefore we pursued 

development of a blanket with TBR of more than unity. 

　The TBR has been estimated by numerical calculations 

such as a Monte Carlo method for the blanket design, but the 

accuracy of these calculations has not been fully investigated 

for complicated blanket configurations so far. In order to 

solve this issue, 14 MeV neutron irradiation experiments 

have been conducted with partial mockups of the fusion 

blanket using the Fusion Neutronic Source (FNS) facility at 

JAEA, and we have performed neutronics studies to validate 

the calculation accuracy of TBR.

　In the blanket, small enriched tritium breeder (Li2TiO3) 

pebbles 1 mm in diameter were packed in a breeder layer 12-

15 mm in thickness. It is expected that tritium production 

rates (TPRs) change by more than one order of magnitude in 

the breeder layer. The TPR refers to tritium production from 

one lithium nucleus and one source neutron generated by the 

DT reaction. In order to measure this sharp change of the 

TPR, we developed two kinds of TPR detectors in this study. 

One is an enriched breeder pellet detector, and different thick 

pellets are applied corresponding to the change of the TPR. 

The other is a very thin bed of small breeder pebbles serving 

as detectors. In order to model the blanket, we constructed a 

multi-layered slab configuration mockup composed of heat-

resistant structure (F82H), coolant (water), breeder (enriched 

Li2TiO3), neutron multiplier (beryllium), and a pebble bed 

mockup composed of F82H, beryllium and small breeder 

pebbles. Fig.3-18 shows the multi-layered mockup. We put the 

enriched pellet detectors and the pebble bed detectors in these 

mockups, and irradiated the mockups with 14 MeV neutrons. 

For the first time, we successfully measured a detailed 

distribution of the TPR in a blanket mockup (Fig.3-19). We 

have established a data base for the accurate prediction of the 

TPR distribution. 

　In addition, we studied design calculation uncertainty of 

the TBR based on these experimental results. We proposed 

new calculation method for the pebble bed layer. In the 

previous blanket design for the pebble bed layer, we mixed 

pebbles and voids homogeneously, and performed calculations 

using this geometry. In this study, we modeled each pebble 

and void accurately with a hexagonal close-packed 

heterogeneous geometry for the pebble bed layer used in our 

experimental analysis. As a result, we got indications that 

calculations with our TBR design have uncertainty of less 

than 10%, and so made great progress in the development of 

the fusion reactor blanket.
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　Tritium (T) doesn’t exist in the natural world, but a fusion 

reactor uses deuterium (D) and T as fuel in the DT nuclear 

fusion reaction. Therefore, it is necessary to irradiate lithium 

(Li) filled to the fusion reactor blanket with neutrons, thus 

producing T artificially. Among materials including Li, 

Lithium titanate (Li2TiO3) has a good T release properties and 

so is attracting attention. On the other hand, when Li2TiO3 is 

used in an H2 atmosphere for a long time at high temperature, 

crystal grains grow, and the Ti in Li2TiO3 is reduced. Thus, 

there is a problem that the amount of the T release decreases. 

It is necessary to develop a method of controlling Li2TiO3 

crystal grain growth so that it is not reduced easily with the 

H2 gas. This research dealt with improvement of Li2TiO3 by 

the addition of oxides.

　CaO, ZrO2, and Sc2O3 were investigated as the added 

oxide. The sample was sintered at 1,000°C, and made into 

pellets (Fig.3-20). The dependence of decrease in density 

after sintering upon addition of small amounts of oxide was 

obtained from the density of the sintered pellets and the 

amount of the oxide addition (Fig.3-20). 

　Next, the reduction of Li2TiO3 with added oxide in the H2 

atmosphere was examined by means of thermogravimetry. If 

Li2TiO3 is reduced with H2, O loss is caused. The amount of 

the oxide addition was adjusted to achieve the optimum 

density as shown in Fig.3-20. The color of the sample 

changed from white into thin blue if the sample was reduced, 

and a weight decrease due to O loss was observed. Fig.3-21 

shows the calculated O deficiency in the samples. Li2TiO3 

with CaO added had less oxygen deficiency than the other 

kinds of Li2TiO3.

　The overall results suggest that the oxide additives are able 

to control not only the growth of the grain size but also the 

amount of oxygen deficiency. Thus, the present study 

confirmed the efficacy of oxide addition to Li2TiO3 in 

developing high-temperature resistant breeding materials.
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Shu, W.M. et al., Blister Bursting and Deuterium Bursting Release from Tungsten Exposed to High Fluences of High Flux and Low Energy Deuterium 

Plasma, Nuclear Fusion, vol.47, no.3, 2007, p.201-209.

　Gas (hydrogen, helium, etc.) ion implantation into solids 

will cause surface structures like blisters. For blisters formed 

by ions with energy higher than 1 keV, the cavity filled with 

gases between the surfaced layer and the bulk is generally 

assumed to be of a lenticular shape with a typical ratio of 

height against inner diameter of base of about 0.05.

　Tungsten is a most promising plasma facing material 

because of its high melting point. Thus, we investigated its 

blistering and deuterium retention by exposing recrystallized 

tungsten samples to simulating edge plasma at fusion reactors 

(energy: a few tens of eV; flux: 1022 D+/m2s; fluence: up to 

1027 D/m2). As shown in Fig.3-22 and Fig.3-23, two kinds of 

high-dome blisters appeared at the tungsten surface after 

deuterium plasma exposure. One is a big blister with 

magnitude of greater than a few microns and various shapes, 

even pyramids (Fig.3-22), and the other is a small blister with 

size of less than a few microns (Fig.3-23). The ratio of height 

against inner diameter for both blisters is one-order greater 

than that reported before, indicating local superplasticity. In 

addition, there were cavities inside small blisters (Fig.3-23), 

whereas there were voids/cracks along the grain boundary 

beneath the big blisters but no hollow lid formed (Fig.3-24). 

Furthermore, bursting release of deuterium with sudden 

peaks was observed during heating (Fig.3-25).

　These high-dome blisters were considered to be formed by 

hydrogen-induced local superplasticity due to the generation 

of atom vacancies and subsequent formation and clustering 

of hydrogen and vacancies which diffuse deeply into the bulk 

(i.e. diffusion of tungsten atoms to the surface). Blister 

formation is a drawback to tungsten as plasma facing 

material. Since the mechanism has been revealed, efforts will 

be made to develop techniques for alleviating blistering.
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　In the JT-60 modification there is a device with a new 
addition of a superconducting coil. The device will be 
operated with deuterium plasma and a deuterium beam, but 
no blanket is planned. Therefore, some shielding structure is 
required for the DD neutrons (En=2.45 MeV) in order to 
suppress nuclear heating at the superconducting coil. The DD 
neutrons will be shielded mainly by the water in the double 
walled vacuum vessel. However at the port duct where the 
double wall structure is not available, another neutron shield 
material will be required. Such a neutron shielding material is 
required to be resistant to the baking temperature of the 
vacuum vessel, 150～300℃. The neutron shielding material, 
such as resin, will be installed outside the vacuum vessel of 
the device, between the port wall and the superconducting 
coils (Fig.3-26).
　When the plasma quenches, a big electromagnetic force is 
generated in the vacuum vessel and the structure materials. 
Therefore, it is necessary to have mechanical strength in the 
neutron shielding material. In addition, lightness of the 
materials in the narrow part around the port section is 
indispensable. Neither heat resistance nor strength is found in 
borated polyethylene. We evaluated resins as the raw 
material. Ten kinds of test materials were produced. Six 
consisted of epoxy-based resin, two consisted of the glass 
fiber, one consisted of polyurethane and the last one 
consisted of phenol-based resin. Only the phenol-based resin 
and the glass fiber were useful above 250℃. Further 

improvement of the phenol-based resin to reduce production 
cost was carried out. 
　In the next step, modification of the resin so that it will 
capture the thermal neutrons was investigated. At first, we 
tried to mix boric acid into the resin. However, it was 
difficult to produce neutron shielding material having more 
than 5cm thickness. We tried developing a neutron shielding 
resin by mixing boron carbide (B4C) with phenol-based resin 
that had improved heat-resistance (Fig.3-27). The density of 
the resin was 1.8g/cm3. The heat-proof temperature was more 
than 300℃ by the determination of the temperature of 
deflection under load in a test according to the Japanese 
Industrial Standard (JIS).
　Mechanical strength characteristic of the developed resin 
and existing neutron shielding materials are shown in Fig.3-
29. The developed resin has enough mechanical strength at 
both room temperature and 250℃. The resin was compared 
with concrete. The volume of the resin was 1/2 that of 
concrete. The weight of the resin was 1/2～1/3 that of 
concrete. Thus, the resin used is expected to be much lighter 
than the concrete.
　Finally, the neutron shielding performance of the 
developed resin using 252Cf neutron source was almost the 
same as that the polyethylene (Fig.3-28). Thus, a neutron 
shielding resin that could be used in a high temperature 
environment was developed. This resin is suitable for 
application to the port section of the vacuum vessel. 
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Long-range electrostatic
forces, caused by the
ferroelectricity, might be
an important factor for
planetary formation.

Neutron
beam

(a)

(b)

Ferroelectric
ice XI

HRPD at “JRR-3”
in Tokai a precise
structure of ice XI
was clarified.

WAND at “HFIR”
in Oak Ridge the
structural change
of ice XI with time
was first observed.
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Indolecetic acid (IAA)

N
H

CH2COOH
O － CH2COOH

Cl

Cl

2,4-dichlorophenoxyacetic acid
(2,4-D)
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(Γ: Zone center, L: Zone boundary along [ζζζ],
X: Zone boundary along [00ζ], q: Momentum)
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611CO2 ＋ 6H20 ＋ light → 11C6H12O6 ＋ 6O2

11CO2

O2

H2O

11C-Sucrose

Atomosphere

Vein

chloroplast
mesophyll cellPetiole

Leaf blade

Vein

Calvin-
Benson
Cycle

Photoassimilation

Photosynthetic compartment model

Modeling

Sucrose
export

Leaf tissue

Inside the plant body Outside the plant body

Surrounding
atmosphere Leaf tissue

K1

k2
Ci(t) L(t) k4

k3
Petiole

Carbon Kinetics

 L(t) : 11C tracer concentration in the leaf tissue   λ : physical decay constant of 11C
Ci(t) : 11C tracer concentration og the surrounding atmosphere
  K1 : photo-assimilation   k2 : 11CO2 respiration   k3 : sucrose export rate constant

The respiration is assumed to given by k2=0 because a low 11C- concentration was detected
in the recovering gas.

Analytical Solution Eq.2

  Eq.1－ ＝ 　・　　 －（ 　 ＋ 　＋λ）・K1　Ci(t)        k2　 k3　　　  L(t)

L(t)　　K1　Ci(t)　 e　k3　　　 t

dL(t)

dt

＝　　・　　 ○   －（　 ＋λ）・

(○ : convolution integral)

5 min

(a) (b)

10 min 15 min 20 min

:11CO2 in the input gas
60

0
0 10

Measurement time (min)
20 30
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Fit result

:11C in the leaf
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　To ensure the safety of nuclear installations, the regulatory 
authorities conduct strict investigations and inspections. 
Nuclear safety research is necessary to improve the safety 
regulations. The latest scientific and technical knowledge is 
essential for the development and improvement of the safety 
guidelines and regulatory criteria.
　The Nuclear Safety Commission (NSC) proposed a 
“Prioritized Plan for Nuclear Safety Research” in July 2004, 
to be carried out in order to meet the future regulatory needs. 
The main tasks expected for us to accomplish are shown in 
Fig.5-1.
　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.
　We have conducted various safety studies based on the 
Prioritized Plan for Nuclear Safety Research and have 
obtained many results in each field. In our research on risk-
informed safety management in nuclear power plants, we 
developed a procedure for uncertainty analysis of source 
terms that is important for applications of PSA results such as 
the comparison of risk with safety goals (Topic 5-1). In the 
study on high burnup fuel safety, it was clarified that 
hydrogen absorption by the clad makes fuel failure possible 
under accident conditions (Topic 5-2). In addition, regarding 
fuel failure during reflooding by Emergency Core Cooling 
System, we have revealed that cladding gets brittle when it is 
slowly cooled to relatively low temperature before quench 
(Topic 5-3). In the safety assessment of advanced uses of a 
light water reactor, the possible enhancement of the boiling 
heat transfer by the wettability enhancement on the fuel clad 
surface due to the irradiation has been proved experimentally 
using the Japan Material Testing Reactor (Topic 5-4). We 
received awards from the Atomic Energy Society of Japan in 

2006 for these results. For research on the structural integrity 
assessment of reactor components, we have developed a 
probabilistic fracture mechanics analysis program, PASCAL 
ver.2, which considers the scattering and uncertainties of 
loads applied to the vessel, fracture toughness, and frequency 
of cracks with non-destructive examination and evaluates the 
conditional fracture probability of reactor pressure vessel 
(Topic 5-5). For research on safety evaluation of nuclear fuel 
cycle facilities, we have developed a high-precision 
criticality safety evaluation method that is applicable to 5% 
to 10% 235U-enriched uranium fuel cycle facilities expected in 
the future (Topic 5-6). Moreover, data of the thermal 
properties of additional material required for prediction of a 
criticality accident in the powder preparation process of a 
fuel fabrication plant was acquired (Topic 5-7). In the field of 
radioactive waste disposal and decommissioning safety 
research, radionuclide migration experiments were performed 
at a depth of 240 m under international collaboration with 
AECL to demonstrate retardation of radionuclide migration 
deep underground (Topic 5-8). We developed the 
probabilistic assessment code system (PASCLR ver.2) for 
evaluating the radionuclide concentrations (clearance levels) 
at which radioactive materials do not need regulatory control. 
The results calculated by this code will contribute to the 
future establishment of clearance levels for the uranium and 
TRU wastes by the regulatory body (Topic 5-9).
　Moreover, we carried out the investigations of cracks and 
damages in the control rod with hafnium plates at Unit 6, 
Fukushima Daiichi Power Station, Tokyo Electric Power 
Company (TEPCO) in cooperation with the Japan Nuclear 
Energy Safety Organization (JNES), based on a request from 
the Nuclear and Industrial Safety Agency (NISA). The causes 
of crack generation and mechanisms of its growth were 
clarified by analysis (Fig.5-2).

・Probabilistic safety assessment

・Safety of high burnup fuel

・Thermohydraulic safety for advanced utilizations 
　of LWRs

・Safety assessment of plant aging

・Safety of nuclear fuel cycle facilities

・Safety of waste disposal and decommissioning

Provide technical data 
for regulatory judgment

・Ensure safety
・Increase public
　confidence

Research programs conducted in accordance 
with the policy determined by the Japanese 
Nuclear Safety Commission
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　Recently, the use of probabilistic safety assessment (PSA) 

methods is making rapid progress in the safety regulation and 

risk management of nuclear power plants in Japan. For the 

sake of maintaining the quality of PSA results, the Standards 

Committee of the Atomic Energy Societies of Japan (AESJ) 

is developing the standards for PSA procedures. Uncertainties 

should be considered in applications of PSA results such as 

the comparison of risk with safety goals.

　In a PSA, source terms, defined as the timing and the 

characteristics of radionuclide release into the environment, 

are evaluated by using severe accident analysis codes which 

simulate thermal hydraulic and radionuclide behavior in the 

plant. Because of the complexity of severe accident 

phenomena and the computer resources thus needed, 

development of an efficient procedure of uncertainty analysis 

was needed. Therefore, we proposed a procedure for 

uncertainty analysis of source terms using the severe accident 

analysis code THALES2, and applied this procedure to the 

source term analysis of a BWR-5/Mark-II plant. This 

procedure consists of four steps. First, we identified 

uncertainty issues that might have strong influence on source 

terms. We divided the progress of a severe accident into four 

stages, and selected important factors in each stage 

systematically. Next, we selected important parameters that 

can contribute to the uncertainty of each uncertainty issue. 

Then, the probability distributions of these important 

parameters were determined by surveying existing 

experimental and analytical studies. Finally, the uncertainties 

of these parameters were used to make estimates by the 

Monte Carlo method.

　The uncertainty analysis was performed for six containment 

vessel overpressure-caused failure scenarios. Fig.5-3 shows 

the calculated release fractions of Cesium Iodide (CsI) to the 

environment. From these analyses, it was found that the 

release fractions of CsI to the environment (mean value) for 

all six scenarios are about 10% of the initial core inventory 

and the uncertainty ranges from one to two orders of 

magnitudes. This application confirmed the usefulness of this 

procedure. This procedure was reflected in the above-

mentioned AESJ operations standards for level 2 PSA.
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Ishikawa, J. et. al., Uncertainty Evaluation of Source Terms under Severe Accident Conditions at LWRs, Nippon Genshiryoku Gakkai Wabun Ronbunshi, 

vol.5, no.4, 2006, p.305-315 (in Japanese).
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　Extending the fuel utilization period in light water reactors, 

i.e. fuel burnup extension, is being promoted for more 

efficient use of the uranium resource and so on. The long-

term use, however, increases the fuel clad corrosion and 

fission product accumulation in the fuels. Hence, the safety 

of burnup extension should be confirmed under accident 

conditions as well as under normal operation conditions. To 

determine high burnup fuel behavior and failure conditions in 

a Reactivity Initiated Accident (RIA), we have performed 

RIA-simulating power burst tests at the Nuclear Safety 

Research Reactor (NSRR).

　Fig.5-4 shows a cross-section of the PWR fuel clad, which 

failed due to pellet thermal expansion at a power burst in the 

NSRR test. High burnup fuels typically have an oxide layer 

at the clad outer surface due to long-term contact with 

coolant water. As the hydrogen generated in the surface 

oxidation process was absorbed into the clad, the excess 

hydrogen precipitated mainly under the oxide layer and 

formed a “hydride rim” which is not as fragile as the oxide, 

but has higher brittleness than the normal regions.

　Previous studies showed that the fuel can fail at lower fuel 

enthalpy, i.e. with smaller pellet expansion, when the clad 

oxide is thicker. The present study, however, focused on the 

influence of the hydride rim rather than the oxide layer, and 

performed RIA tests using a fresh fuel rod with an artificially 

produced hydride rim only. Fig.5-5 shows examples of the 

pre- and post-test clad cross-sections. The fracture shape and 

surface cracks observed in the case of the high burnup fuels 

were reproduced, indicating that the hydride rim plays a key 

role. In the relation between the hydride rim thickness (��) 

and the fuel enthalpy at failure in Fig.5-6, results from the 

two test series show a consistent tendency of fuel enthalpy at 

failure being in inverse proportion to the square room of ��. 

This curve can be explained as being due to the stress 

intensity factor at the surface crack tip, if the crack depth is 

regarded as ��. Thus, it is suggested that the surface cracks in 

clad hydride rim are generated in the early stage of RIA, and 

one of them grows due to the stress concentration and results 

in a fracture. The knowledge obtained from this study will be 

reflected in advanced safety evaluation methods for RIA.
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Tomiyasu, K., Sugiyama, T. et al., Influence of Cladding-Peripheral Hydride on Mechanical Fuel Failure under Reactivity-Initiated Accident Conditions, 

Journal of Nuclear Science and Technology, vol.44, no.5, 2007, p.733-742.
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Udagawa, Y. et al., Effect of Cooling History on Cladding Ductility under LOCA Conditions, Journal of Nuclear Science and Technology, vol.43, no.8, 

2006, p.844-850.

　Loss-of-coolant accident (LOCA) is one of the postulated 
accidents in the safety design of a nuclear power plant. In a 
LOCA condition, the fuel temperature increases until the 
Emergency Core Cooling System (ECCS) starts to quench 
the fuel bundle in a few minutes. The water level in the 
reactor vessel is recovered by ECCS and the overheated fuel 
is cooled. A fuel rod consists of Uranium dioxide pellets and 
Zircaloy tube (cladding). When the cladding is severely 
oxidized and embrittled due to long time exposure to steam at 
high temperatures, fuel fracture might occur by thermal 
shock during the quench. Fuel fragments can block coolant 
channels and reduce coolability of the reactor core.
　To avoid embrittlement of the fuel cladding, which would 
be dangerous in a LOCA, the safety criteria limits of the peak 
cladding temperature and of the ratio of the thickness of 
oxidized cladding were determined. These safety criteria 
were determined based on tests simulating the steps of a 
LOCA to clarify the conditions in which fracture occurs. In 
these tests, heated and oxidized cladding is slowly cooled and 
then quenched by re-flooding water. Simulation of the slow 
cooling process before the quench was considered necessary 
because the post quench ductility of the cladding might be 
affected by the change of cladding microstructure which is 
caused by the diffusion of oxygen atoms during slow cooling 
process. Data, which showed the effect of slow cooling on 
cladding ductility after quench were limited, and the 

conditions under which the cladding ductility changes were 
not clear. 
　In the present study, cladding specimens were oxidized in 
steam at high temperatures, cooled slowly, and quenched by 
water flooding (Fig.5-7). These tests were conducted with 
different rates of slow cooling and quench temperatures in 
order to investigate their effects on the post quench ductility 
of the cladding. As a result, it was found that the post-quench 
ductility decreased with decrease in the quench temperature 
as shown in Fig.5-8. On the other hand, the effect of the slow 
cooling rate was negligible. In the metallurgical examination 
after oxidation (Fig.5-8), the area of the α phase region, 
which appeared to be a white agglomerate, was large in the 
embrittled cladding specimens. The α phase region is 
oxygen-rich, hard, and brittle compared to the matrix region 
around the agglomerates. The ductility reduction with the 
quench temperature decrease can be attributed to the relative 
increase in the area of α-phase regions, which can be a 
preferential path for crack propagation.
　LOCA-simulated experiments regarding fuel safety have 
been conducted with slow cooling processes. The present 
results indicate that the slow cooling processes give 
conservative conditions regarding cladding ductility. The 
present study provided useful information to establish an 
experimental method appropriate for the safety evaluation.
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　The Radiation Induced Surface Activation (RISA) effect is 
now drawing significant research interest because it may 
enhance the wettability and coolability of an irradiated 
surface. The RISA effect, caused by the photochemical 
activation of an oxidized metal surface by heavy irradiation, 
was discovered recently. A large amount of a cumulative 
irradiation dose is required for the effect to appear. The heavy 
irradiation environment in a nuclear reactor should 
effectively improve the wettability and coolability, especially 
on the fuel rod surface. We have conducted an experimental 
study using the Japan Materials Testing Reactor “JMTR” in 
JAEA to investigate the applicability of the RISA effect to 
enhance heat removal under critical cooling conditions.  
　Boiling Water Reactor (BWR) is designed so that the fuel 
rod surface is always covered with continuous liquid film to 
prevent the excessive increase of surface temperature that 
occurs when there is depletion of liquid film, so-called 
dryout, which may pose a threat to fuel integrity. The 
maximum thermal power, at which a thin liquid film can exist 
on the fuel rod surface, is defined as the critical power in the 
thermal hydraulic design, which determines the operational 
power range of BWR.
　The critical heat flux (CHF), defined as the critical power 
for a unit area of fuel rod surface, is usually evaluated by 
empirical correlations based on the extensive experimental 
data. In a recent experiment, it was learned that the CHF is 
dependent on the surface properties including the wettability. 
If the critical power is increased by the wettability 
enhancement due to the RISA effect, it may provide an 
additional margin to the nuclear fuel design and should be 
favorable for operational power uprate. The previous research 

on the RISA effect using small irradiation facilities did not 
provide experimental evidence for increasing the CHF in the 
forced flow boiling condition.
　Our experiments tested a water up-flow through a small 
diameter channel concurrent with gamma and neutron 
irradiation in the JMTR. These experiments were unique in 
that they dealt with forced flow boiling, rather than pool 
boiling, and were conducted under radiation dose rate and 
spectrum similar to those in the core of commercial BWRs. 
The test section had a 2-mm diameter flow channel and was 
heated electrically. Quasi-steady state experiments were 
conducted before irradiation (out-of-pile and in-pile before 
reactor operation), during irradiation and after irradiation (in-
pile), under the same thermal hydraulic conditions using the 
same test section. This approach allowed direct evaluation of 
the RISA effect through comparison of experimental data. 
　The results are plotted against the mass flux in Fig.5-9. 
The CHF obtained during and after irradiation was larger by 
about 17%, on average, than that before irradiation. Fig.5-10 
shows the observation of static spread of a liquid droplet put 
on the surface of the test piece, which was a part of the flow 
channel, before and after the irradiation. A super-hydrophilic 
state was achieved after the irradiation in JMTR, while a 
droplet remains in the original form for non-irradiated test 
piece.
　In this way the RISA effect was confirmed for the first 
time in the case of forced convection boiling heat transfer on 
a metal oxide surface. The next stage experiment, under 
nearly real plant conditions, high pressure, high mass flux, 
and high heat flux, is being planned.
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Sibamoto, Y. et al., In-Pile Experiment in JMTR on the Radiation Induced Surface Activation (RISA) Effect on Flow-Boiling Heat Transfer, Journal of 

Nuclear Science and Technology, vol.44, no.2, 2007, p.183-193.
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Osakabe, K., Onizawa, K. et al., Development of Probabilistic Fracture Mechanics Analysis Code PASCAL ver.2 for Reactor Pressure Vessel, Nippon 

Genshiryoku Gakkai Wabun Ronbunshi, vol.6, no.2, 2007, p.161-171 (in Japanese).

　Some of the light water reactors (LWRs) in Japan have 
been operated for over 30 years. To assure the structural 
integrity of components is an important issue for the safe 
operation of these aged LWRs. Probabilistic Fracture 
Mechanics (PFM) has attracted a great deal of interest as a 
useful tool for evaluating the failure probability of aged 
components appropriately. In the PFM approach, the 
uncertainties of loads applied to structural components, the 
distributions of flaw size, and the probability of occurrence 
of flaws are considered.
　We have developed a PFM analysis code PASCAL. This 
code evaluates the conditional probabilities of failure of a 
reactor pressure vessel (RPV) under transient loading 
conditions such as pressurized thermal shock (PTS), the 
concept of which is shown in Fig.5-11. The following is a 
brief description of the analysis function of PASCAL.
　RPV steel is subjected to neutron irradiation from the 
reactor core, so that it tends to embrittle as operation 
continues. This phenomenon is evaluated using the 
embrittlement prediction equation formulated in Japan. For 
the assessment of structural integrity of the RPV, a flaw in the 
RPV wall is assumed to exist. The flaw size is chosen from 
among a distribution of flaw sizes using a random number 

(i.e. flaw sampling). The flaw is evaluated as to its growth 
and whether it penetrates the RPV wall during a PTS. The 
sampling is repeated, and the conditional probability of 
failure is calculated as the ratio of the number of failed flaws 
to the number of samples. In PASCAL, one can analyze 
easily by setting various parameters on graphical user 
interface (GUI) including the type of a transient, the chemical 
compositions in steel, and the accuracy of nondestructive 
inspection.
　The effect of nondestructive inspection on the conditional 
probability of failure is shown in Fig.5-12. Any 
nondestructive inspection reduces the failure probability. 
Especially, the failure probability after an inspection with 
high accuracy was reduced to approximately 1/100 that 
where there was no inspection.
　We are continuing research to incorporate the latest 
knowledge about evaluation items such as residual stress 
distributions in PASCAL, focusing on making a contribution 
to possible revisions of codes and standards.
　This work was performed by JAEA under the contract 
research entrusted from the Ministry of Economy, Trading 
and Industry of Japan.
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　From nuclear fuel cycle facilities including power reactors, 
various wastes are discharged. The amount of wastes can be 
reduced if fuels are burned for a longer duration. In order to 
introduce higher burnup uranium fuels, both the integrity and 
increased initial enrichment of fuels become important.
　The former topic was discussed in Topic 5-3 of this review 
series in 2006. Research efforts related to the latter topic will 
be explained below.
　The traditional nuclear fuel cycle restricts the upper limit 
of uranium enrichment to 5%. The use of uranium fuels 
in 235U enrichment higher than 5% would reduce the critical 
mass. For example, when the means of criticality safety 
control is adjustment of the diameter of the cylindrical 
container for uranium solution, the diameter of the container 
should be reduced.  A simple reduction of the container 
diameter would reduce the throughput, which should be 
avoided as much as possible. This minimum reduction can be 
realized by estimating precisely the required neutron 
multiplication factor (NMF); this is crucial for determining 
the cylinder diameter.
　We have performed criticality experiments to confirm 
errors in the calculated NMF. The critical heights of 10% 235U-
enriched uranium solutions were measured to a high degree 

of precision at the STACY facility (Fig.5-13).
　By analyzing the data of criticality experiments, performed 
at STACY and at facilities in foreign countries and whose 
high precision was guaranteed through international 
cooperation, we evaluated the errors of calculations made 
with a combination of the computer program MVP II and the 
nuclear data library JENDL 3.3. The results of this analysis 
are shown as symbols in Fig.5-14. The NMF for critical 
conditions should be unity. However, the calculation results 
deviate and scatter from 1.0 because of errors in the computer 
code and nuclear data library.  The estimated critical value of 
the NMF, at which systems are likely to become critical, and 
the estimated lower-limit value, below which systems are 
unlikely to be critical, were obtained by a statistical analysis 
and plotted as solid and broken lines, respectively in Fig.5-14. 
The dependences on uranium enrichment and on H/235U 
atomic ratio, which greatly affect neutron moderation, were 
considered.  These considerations are expected to lead to a 
higher precision in criticality safety evaluation.
　We are performing criticality experiments and analytical 
research as described above for preparing methods and data 
for nuclear criticality safety evaluation of high-burnup fuel 
cycles; these will be carried out in the near future.
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Okuno, H., Development of a Statistical Method for Evaluation of Estimated Criticality Lower-Limit Multiplication Factor Depending on Uranium 

Enrichment and H/Uranium-235 Atomic Ratio, Journal of Nuclear Science and Technology, vol.44, no.2, 2007, p.137-146.
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　To confirm safety of a nuclear fuel facility, evaluation of 
the influence to the environment after a hypothetical 
criticality accident is important. Data and a method for 
estimating total fission number and time history of power are 
necessary for this evaluation. In the MOX fuel fabrication 
facility being planned, a dry process will be adopted as main 
process, but zinc stearate ((CH3(CH2)16COO)2Zn) will be 
added to the MOX powder as an additional material to adjust 
the density. If too much of the zinc stearate is added by 
mistake, the criticality characteristics of the MOX powder 
will be influenced because of its neutron moderation effect. If 
a criticality condition should be induced by the excess 
addition, melting and pyrolysis of the zinc stearate could be 
caused by the fission energy, and therefore, the kinetic 
characteristics of the MOX fuel would be affected in a 
feedback mechanism. Consumption of the zinc stearate by 
pyrolysis should be a criticality terminating mechanism 
(Fig.5-15). In this study, exothermic and endothermic 
properties and gas release behavior due to pyrolysis of zinc 
stearate were examined by differential scanning calorimeter 
(DSC) and pressure vessel tests, respectively, and an 

evaluation model for pyrolysis properties of the zinc stearate 
during this accident was developed.
　Fig.5-16 shows examples of the experiment results. From 
the DSC results, the zinc stearate was recognized as a stable 
material without radical exothermic reaction. It indicated 
some ego/endothermic peaks with rising temperature and a 
large endothermic peak over about 400℃ (3rd peak). Since 
the rapid rise in pressure over about 400℃ was also observed 
in the pressure vessel test, the 3rd peak can be attributed to 
the progress of pyrolysis. The calorific values and reaction 
rates of the respective peaks were estimated from the DSC 
result and average molecular weight of the pyrolysis gas was 
estimated by the pressure vessel test result. Moreover, 
variation of the physical and chemical conditions of the zinc 
stearate during the accident could be simulated well using our 
calculation model based on the data. In the future, by 
establishing a link between this model and a detailed kinetic 
characteristic analysis code, a method for evaluating kinetic 
characteristics of the MOX fuel which takes fluidity and 
density variation with melting of the material into 
consideration will be investigated.
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Abe, H. et al., Investigation of a Model to Evaluate the Pyrolysis Properties of Zinc Stearate, Nippon Genshiryoku Gakkai Wabun Ronbunshi, vol.6, no.1, 

2007, p.10-21 (in Japanese).



��　����������	
�	�����

�������	
����	��������

���

　In the Japanese program, high-level radioactive waste 

(HLW) is vitrified, encapsulated in a metal container called 

overpack, surrounded by engineered buffer material, and 

emplaced in a repository constructed in stable rocks at a 

depth of 300m or greater. In safety assessments of this 

disposal method, the possibility that long-lived radionuclides 

may be leached from the wastes and may subsequently be 

transported through surrounding rock masses must be 

considered. It is therefore necessary to understand the 

transport of radionuclides through water-bearing fractures in 

rocks surrounding the repository. For this purpose, in situ 

radionuclide migration experiments were performed at the 

240-m level in Atomic Energy of Canada Ltd.’s (AECL) 

Underground Research Laboratory under a five-year 

cooperative research program with AECL.

　Two granite blocks, each with a volume of ~ 1m3 and 

containing a single fracture were excavated from a water-

bearing fracture zone with special care to minimize changes 

in the geochemical conditions (Fig.5-17). Migration 

experiments were performed by injecting 3H, 85Sr, 95mTc,   237Np,

  238Pu, and synthetic colloids, followed by groundwater 

injection.

　As predicted from earlier sorption studies, radionuclide 

transport by groundwater through the fractures was retarded 

by sorption on rock-forming minerals and was element-

specific (Fig.5-18). Strontium exhibited weak reversible 

sorption. Plutonium was strongly sorbed near the inlet of the 

fractures, as shown by post-experiment radiometric analysis 

of the fracture surfaces. The elution peaks for 95mTc and 237Np 

suggested that fractions of these radionuclides were 

transported without retardation and that the remainder was 

retained within the fractures. Transport of 95mTc and 237Np can 

be explained by a kinetically slow redox reaction. The redox 

kinetics is often affected by microbial activities.

　Colloid concentrations in the eluted groundwater were low, 

again as expected, and may have been controlled by 

sedimentation and diffusion into stagnant zones.  

　We demonstrated the retardation of radionuclide migration 

deep underground and gave possible mechanisms. Further 

investigations are needed to determine if the postulated 

mechanisms are valid over long periods of time, to be 

confident of the safety of the disposal. Of particular interest 

is whether colloids enhance or limit radionuclide migration in 

fractures.
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Yamaguchi, T. et al., Radionuclide and Colloid Migration Experiments in Quarried Block of Granite under In-Situ Conditions at a Depth of 240m, 

Proceedings of 15th International Conference Nuclear Engineering (ICONE15), Nagoya, Japan, 2007, ICONE15-10374, in CD-ROM.
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Takeda, S. et al., Development of PASCLR Code System Version 2 to Derive Clearance Levels of Uranium and Trans Uranium Wastes, JAEA-Data/Code 

2006-003, 2006, 137p. (in Japanese).

　Radioactive materials generated from operation and 

dismantling of nuclear facilities include those with extremely 

low levels of radioactivity. The clearance level concept is 

used to categorize such materials as not requiring treatment 

as radioactive wastes. The radionuclide concentration below 

which such treatment is not required is called the clearance 

level. The “cleared” material is either reused/recycled or 

disposed of as industrial waste. The Nuclear Reactor 

Regulation Law was amended to set the clearance levels for 

short-lived radionuclides contained in the waste from major 

nuclear facilities. It is also necessary to set the method for 

deriving the clearance levels of uranium and transuranium 

(TRU) wastes. These wastes contain long-lived radionuclides 

in decay chains. 

　We developed a probabilistic assessment code system 

(PASCLR ver.2) to derive the clearance levels of 

radionuclides contained in the uranium and TRU wastes. This 

code supports the dose estimation for the exposure pathways 

in two typical scenarios; landfill disposal of industrial waste 

and recycling or reuse of the released materials (Fig.5-19). 

The growth of daughter radionuclides in decay chains can 

lead to a high dose contribution over a long time periods. 

This code can estimate such long time effects for all exposure 

pathways considered. The contribution from gaseous radon 

(222Rn) is included in the calculations. 

　Uncertainties in the parameters used in the clearance level 

calculations include observational error and variations in the 

environmental conditions at the disposal site. The effect of 

these uncertainties on the clearance levels obtained from the 

deterministic analysis can be accounted for in a probabilistic 

calculation using the Monte Carlo technique (Fig.5-20).  

　These results, as well as consideration of the consistency 

of international clearance levels reported by the IAEA, will 

contribute to the future establishment of the clearance levels 

for uranium and TRU wastes by this regulatory body.

　This work was performed by JAEA under contract with 

Nuclear and Industrial Safety Agency in Ministry of 

Economy, Trade and Industry.
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　The R&D activities of nuclear science and engineering 
research at the Japan Atomic Energy Agency have the four 
roles shown in Fig.7-1.  In order to carry out these roles, 
nuclear data and reactor engineering, fuels and materials 
engineering, environment and radiation science, and nuclear 
applied heat technology are being conducted.
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　Various types of research are being performed to 
investigate the feasibility of advanced and innovative nuclear 
systems and to establish the basic technology  for these 
systems, i.e. nuclear data, advanced nuclear and thermal 
design methods, etc. Detailed two-phase analysis codes 
processed with supercomputing technology as well as model 
experiments for code validation are being developed to 
establish new thermal design methods for advanced water 
reactors, super critical water reactors, and fast reactors.  The 
feasibility of a tight-lattice core for an advanced water 
reactor, which aims at effective use of Pu in light water 
reactors, was confirmed as shown in Topic 7-1.  Basic study 
on transmutation technology for long-lived nuclides is being 
conducted so as to reduce the burden of radioactive waste 
management.  The effectiveness of partitioning and 
transmutation technology for waste management was 
evaluated as shown in Topic 7-2.
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　Basic studies on advanced nuclear fuel and cycle 

technology and the degradation of nuclear power plant 
materials are being made. In the advanced nuclear fuel 
cycles, minor actinides (MA: Np, Am, Cm), which are 
classified as high level radioactive wastes in the current 
nuclear fuel cycle, are expected to be recycled to reduce the 
burden of waste disposals. Topic 7-3 and Topic 7-4 describe 
important progress in fundamental technology of MA 
separation by aqueous and pyrochemical processes. Excellent 
results were also obtained for research into nuclear power 
plant materials to understand mechanisms of stress corrosion 
cracking (Fig.7-2), irradiation damage and corrosion 
degradation. 
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　The R&D on environmental behavior, radiation protection 
and technology for strengthening the non-proliferation 
regime are carried out. For radiation protection, a model was 
established for estimating the cosmic ray spectra at any 
location in the atmosphere. Based on the model, we 
developed software named “EXPACS” that enables us to 
calculate the cosmic radiation doses instantaneously with 
precision by specifying the altitude, latitude and longitude, 
and time of interest (Fig.7-3). It is incorporated into 
JISCARD (Japanese Internet System for Calculation of 
Aviation Route Doses) of National Institute of Radiological 
Sciences (NIRS), and is utilized to enforce the administered 
radiation dose limits recommended for aircrews of Japan.

�������	�

����	���	���������
　To expand nuclear energy application to heat utilizing 
industries, we continue extensive efforts of research and 
development for the high-temperature gas-cooled reactor 
(HTGR) technology and for the HTGR-heated hydrogen 
production system. Using the High Temperature Engineering 
Test Reactor (HTTR), safety demonstration tests simulating 
the events of partial loss of reactor coolant and inadvertent 
control rod withdrawal have been conducted as shown in 
Topic 7-7. Even in such abnormal events the reactor responds 
by self modulating to new stable states without any deviation 
from safe operating conditions. The planned first commercial 
HTGR power plant named GTHTR300 is conceptually 
designed based on these results, and promises to have 
excellent plant economy as shown in Topic 7-8. 
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(1)Forming sound basis for 
innovation
（high-temperature gas-cooled reactor, 
partitioning and transmutation etc.）

(2)Supporting various nuclear-related 
activities of government and industries
(basis formation of nuclear safety, technology 
for non-proliferation regime etc.)

(4)Proparing basic codes and 
databases

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

(3)Providing technological platform 
to industries and universities

(Nuclear Energy Research Collaboration 
Center etc.）
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　An Innovative Water Reactor for Flexible Fuel Cycle 

(FLWR) aims at the achievement of a high conversion ratio 

of plutonium mixed oxide (MOX) fuel, based on well-tested 

BWR technology. Since the FLWR makes plutonium multi-

recycling possible, the reactor fills the need for effective 

utilization of uranium resources and long-term energy supply. 

Fig.7-4 shows a comparison of the specifications of rod 

bundles of a boiling water reactor (BWR) and the FLWR. 

The FLWR core has a tight-lattice bundle structure, and it is 

operated under low mass velocity and high void fraction 

conditions. These conditions make core cooling difficult, and 

the FLWR thermal-hydraulic characteristics under such 

conditions are not known well. The confirmation of thermal-

hydraulic characteristics is, therefore, one of the most 

important R&D requirements for the FLWR design.

　We investigated the thermal-hydraulic performance of the 

FLWR core using a test section with 37-rod bundles under 

high pressure conditions simulating the FLWR operating 

conditions. Fig.7-5 is a photograph of the test section. We 

measured critical power and pressure drop in the tight-lattice 

bundles under steady state and transient conditions.  

　Fig.7-6 shows a typical thermal margin observed under the 

FLWR operating conditions. The result obtains that the 

FLWR has sufficient thermal margins for cooling of the core.

　Present study is the result of “Development of a Fuel 

Assembly for Very High Burnup Water-cooled Breeder 

Reactor” entrusted by the Ministry of Education, Culture, 

Sports, Science and Technology of Japan (MEXT). 
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Tamai, H. et al., Pressure Drop Experiments using Tight-Lattice 37-Rod Bundles, Journal of Nuclear Science and Technology, vol.43, no.6, 2006, p.699-706.
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　In Japan’s current policy, the high-level radioactive liquid 

waste from reprocessing plants is vitrified into glass waste 

forms and is disposed of deep underground. In the PT 

technology, minor actinides (MAs), platinum group metals 

(PGMs), and heat-generating elements (Sr-Cs) are separated 

from the liquid waste as illustrated in Fig. 7-7. Then, MAs 

are transmuted by a “transmuter” and PGMs are utilized. An 

accelerator-driven system or a fast reactor will be employed 

as the transmuter. Sr-Cs and the remaining elements 

including metals and rare earths are disposed of underground. 

We sought to determine rational waste management methods, 

from the processing to storage and disposal, for these two 

element groups according to the properties of each group.

　The heat-generating elements and the other elements are 

processed into calcined Sr-Cs waste and glass with high 

concentrations of waste, respectively. The former generates 

very high heat and the latter generates very low heat.

　If the waste is disposed of in the same type of 

emplacement configuration as the conventional configuration 

using glass, the area of the repository will be reduced to one-

fourth (Fig.7-8). This is because the calcined Sr-Cs, which 

tolerates high temperature and is easy to store, is stored for 

130 years, and the number of glass pieces is reduced in 

number from forty thousand to eight thousand by high-waste-

loading. Moreover, both waste forms can be very compactly 

disposed of in an emplacement configuration similar to that 

of the TRU wastes if longer storage is adopted; 320 years for 

the calcined Sr-Cs and 45 years for the high-waste-loaded 

glass.

　We also studied the impact of PT technology on the 

repository size in various cases of spent fuel (Fig.7-9). Note 

that a large area is required in the case of plutonium fuel due 

to the accumulation of 241Am when the storage period before 

reprocessing is prolonged. Even in such case, the repository 

becomes compact by transmuting the MA. The compact 

repository achieved by PT technology means the area that 

had been used for one repository can be used for a longer 

term.
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Oigawa, H., Nishihara, K. et al., Parametric Survey for Benefit of Partitioning and Transmutation Technology in Terms of High-Level Radioactive Waste 

Disposal, Journal of Nuclear Science and Technology, vol.44, no.3, 2007, p.398-404.
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　For the purpose of reduction in the long-term environmental 

burden of radioactive waste, we have developed an efficient 

extractant for the recovery of long-lived minor actinides from 

spent nuclear fuel. A tridentate diamide, ���������-

tetraoctyldiglycolamide (TODGA) efficiently extracts tri- and 

tetra-valent actinides from nitric acid into �-dodecane at high 

acidity.

　In order to evaluate the applicability of TODGA to the 

extracting process in high radiation fields, we investigated 

the radiolysis of TODGA and its effect on the extraction of 

actinides. We also attempted to develop an improved amidic 

extractant, based on the reaction mechanism of the radiolysis 

of TODGA in the solution.

　Fig.7-10 shows the main reaction of the radiolytic 

degradation of TODGA by γ-rays. It was found that amide-

bonds and bonds in the vicinity of ether oxygen were relatively 

weak against radiation. In particular, in the presence of nitric 

acid, the cleavage of the amide-bond (a) is dominant, and 

mainly dioctylamine and ���-dioctyldiglycolamic acid are 

formed. Furthermore, the radiation effect on the extraction of 

actinides was investigated using a solution of TODGA pre-

irradiated with γ-rays. Good extraction at high acidity was 

maintained even after irradiation up to a dose corresponding 

to dozens of cycles in the actual process. This result suggests 

that there are some radiolytic degradation products 

contributing to the extraction of actinides.

　Next, the radiolytic stability of TODGA in �-dodecane 

containing various additives was investigated. Since �-dodecane 

has a sensitization effect on the radiolysis of TODGA in the 

solution, reduction of the mole fraction of �-dodecane by 

the addition of benzene or ���-dioctylhexanamide protects 

TODGA from radiation.

　From our pulse radiolysis study, we concluded that the 

sensitization effect of �-dodecane was mainly due to a charge 

transfer reaction from the radical cation of �-dodecane (RH+・) 

to the TODGA molecule (S) as shown in Fig.7-11. The 

ionization potential of TODGA is less than that of 

�-dodecane, and the difference in the ionization potentials 

brings about the charge transfer reaction. Accordingly, by 

using solvents whose ionization potentials are lower than 

TODGA, TODGA can be protected from radiation. 

　In addition, it was confirmed that the radiolytic stability of 

diamide was effectively improved by the substitution of alkyl 

groups with aromatic groups, which are much more resistant 

to radiation damage. A still more improved extractant, which 

has high radiolytic stability as well as high ability to extract 

actinides, is being developed.
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Sugo, Y. et al., Influence of Diluent on Radiolysis of Amides in Organic Solution, Radiation Physics and Chemistry, vol.76, issue 5, 2007, p.794-800.
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　In the advanced nuclear fuel cycles, minor actinides (MA: 

Np, Am, Cm), which are classified as high level wastes in the 

current nuclear fuel cycle, are to be recycled to reduce the 

burden of waste disposals. R&D of pyrochemical processes 

using molten salts as a solvent for treating MA-bearing fuels 

is underway. The pyrochemical processes are expected to be 

suitable for the treatment of spent nuclear fuels with high 

radioactivity and decay heat, and to have some advantages 

over hydrochemical processes in proliferation resistance, 

compactness, and economy. To develop the pyrochemical 

processes, understanding of MA behavior in molten salts is 

necessary, but few data are available. In order to obtain such 

data precisely, we installed a hot facility to handle MA 

chlorides in an inert gas atmosphere, because MA chlorides 

easily react with moisture and oxygen in air. A new method 

for the synthesis of MA chlorides on a gram scale without the 

use of HCl or Cl2 gas, which are used conventionally, was 

needed because these gases can corrode the materials of the 

hot facility.

　We developed a method for the synthesis of MA chlorides 

from MA oxides, which are relatively easy to obtain, without 

the use of corrosive gasses. This method consists of two 

steps. First, nitrides are synthesized from the oxides by 

carbothermic reduction. Then, chlorides are synthesized by 

the solid-state reaction of the nitrides with cadmium chloride 

(CdCl2) (Fig.7-12). We succeeded in synthesizing high purity 

MA chlorides including americium trichloride (AmCl3) 

(Fig.7-13, Fig.7-14) in the Module for TRU High 

Temperature Chemistry (TRU-HITEC) maintained with 

argon gas. The solid-state reaction of the nitrides with CdCl2 

is suited for synthesis not only of MA chlorides but also of 

other chlorides with high purity, because reagents containing 

oxygen are not used; they can easily react with chlorides to 

form stable by-products such as oxides.

　Our experiments using the prepared MA chlorides are 

elucidating the behavior of MA in molten chlorides and the 

behavior of americium during the electrolysis of americium 

nitride in molten chlorides. We will continue to study on the 

behavior of MA in pyrochemical processes. 

　This study was carried out within the collaborative 

research program of TRU behavior in pyrochemical 

processes with Tohoku Electric Power Company, Tokyo 

Electric Power Company and The Japan Atomic Power 

Company.
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Hayashi, H. et al., Synthesis of Americium Trichloride by the Reaction of Americium Nitride with Cadmium Chloride, Journal of Alloys and Compounds 

(2007), DOI:10.1016/j-jallcom.2007.02.011, in press.
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Takahashi, F. et al., Development of Rapid Dose Assessment Program from Activated Sodium in Human Body for Criticality Accident, Hoken Butsuri, 

vol.41, no.3, 2006, p.180-187.

　If a criticality accident occurs, radiation dose assessments 

should be performed upon heavily exposed persons, because 

it is essential to carry out the appropriate medical treatment 

according to degree of the given dose. In past accidents, 

however, some persons not carrying any dosimeters have 

suffered from heavy exposure. In such a case, radiation dose 

can be assessed from the activated sodium (24Na) in the body 

due to neutron exposure, as depicted in Fig.7-15. As the type 

and energy distribution of radiation in a field significantly 

affect the relation between the radiation dose and production 

of 24Na, dose conversion is not so easy. This method had been 

therefore criticized for lack of quickness and accuracy soon 

after a criticality accident.

　Thus, we developed a program, named RApid Dose 

Assessment Program from Activated Sodium in human body 

in Criticality Accidents (RADAPAS). RADAPAS consists of 

a database containing dose conversion coefficients and a dose 

calculation program. Fig.7-16 is the dose assessment flowchart 

of RADAPAS. The nuclear fuel source configuration 

significantly affects the characteristics of radiation in a field. 

A user can interactively set the conditions of the nuclear fuel 

and the surrounding shielding with a Graphical User 

Interface (GUI). A coefficient is automatically selected from 

a database in RADAPAS, corresponding to the source 

configuration. After that, the user inputs the activity of the 

produced 24Na, and then radiation dose from neutrons and γ-

rays is calculated. The database has conversion coefficients 

for more than 50 hypothesized source configurations, which 

were derived by radiation transport calculations. Thus, 

radiation dose can be accurately calculated from the 

radioactivity of 24Na and the result is displayed in a chart. In 

addition, RADAPAS can carry out dose assessment more 

accurately if the radiation characteristics in a field have been 

analyzed in detail. 

　The applicability of RADAPAS to a dose assessment after 

a criticality accident was verified with an experiment at the 

Transient Experiment Facility (TRACY). Thus, radiation 

dose can be rapidly and accurately given to medical staff 

after an unexpected accident, where no useful information 

can be obtained from any dosimeters.
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　Environmental factors stimulating a living body, such as 

ionizing radiation, can injure DNA which is important for 

heredity. Ionizing radiation has the ability to cause a variety 

of types of damage in DNA. This radiation may be classified 

into γ-rays, X-rays, neutrons, and heavy ion particles. Each 

type of radiation has an individual DNA damage spectrum. 

Utilizing this fact, we have developed a new-concept 

analytical method to estimate the DNA damage spectrum. 

There are three categories of detection methods so far; one is 

a method using an antibody recognizing a specific type of 

damage, the second one uses chemicals reactive to a specific 

functional group on the damaged site, and the third one uses 

a supercoiled plasmid DNA. Though these methods are 

useful to detect damage whose type is known, it is difficult to 

know the overall spectrum of DNA damage containing 

undetermined damage. The new method introduced here will 

be a powerful technique to view overall DNA spectrum. 

　DNA damage is generally classified into two categories. 

one is “strand break”, which occurs by cleavage of a 

molecular chain of DNA. The other is “nucleobase damage”, 

which occur by destruction of a part of a nucleobase, carrying 

genetic information of the organism. There are two kinds of 

termini in the strand break pattern: the termini with or 

without phosphate (Fig.7-17). We have developed the 

protocols to quantify (1) termini without phosphate, (2) 

termini with phosphate, and (3) nucleobase damage. An 

enzyme, snake venom phosphodiesterase (SVPD), recognizes 

a terminus without phosphate and cuts DNA monomers 

sequentially from this terminus. Then, the yield of (1) can be 

quantified since the amount of the DNA monomers produced 

during incubation for a given period is proportional to that of 

damage (1). Furthermore, pre-treatment of irradiated DNA by 

another enzyme, calf intestine alkaline phosphatase (CIAP), 

enables damage (2) to be recognized by SVPD since CIAP 

removes phosphate and so converts damage (2) to damage (1) 

(Fig.7-17, Fig.7-18). On the other hand, pre-treatment of 

irradiated DNA by a chemical, piperidine, can covert some of 

the (3) damage to terminals (2), which can become 

recognizable after CIAP pre- treatment as mentioned 

previously (see caption in Fig.7-17). The results obtained 

from the analysis are shown in Table 7-1. Other methods of 

DNA damage analysis cannot give us these data in principle. 

This new analytical protocol is a unique idea, and analyses 

using a variety of combinations of other enzymes made 

possible by this methodology will elucidate unknown DNA 

damage. 
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Akamatsu, K., A Novel Methodology for Characterizing Strand-Break Termini and Damaged Bases in Plasmid DNA Exposed to Ionizing Radiation, 

Analytical Biochemistry, vol.362, issue 2, 2007, p.229-235.
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　Working for a wide variety of energy sources ensuring a 

stable supply, as well as global environmental protection, we 

are leading the world in R&D of the high temperature gas-

cooled reactor (HTGR). The high temperature durability of 

coated fuel particles with fourfold ceramic and carbon 

coatings can effectively retain fission products. The large 

heat capacity of the core made with graphite can restrain 

rapid temperature rise. Helium gas, the primary coolant does 

not change phase and does not react chemically, so that there 

is no corrosion of reactor components.

　HTGR has been evaluated highly for its excellent safety 

characteristics, judged to be the reactor least likely to incur 

significant core damage even if an earthquake stronger than 

that envisioned occurs, as shown in Fig.7-19. There is 

worldwide demand that such excellent safety characteristics 

of HTGR which is a next-generation nuclear plant producing 

heat of 950℃ be demonstrated with an actual reactor.

　“HTTR” is the only reactor in the world producing heat of 

950℃ and the nearest reactor of the next-generation HTGR. 

Therefore, the success of the safety demonstration test 

performed at HTTR, the coolant flow reduction test of the 

fuel and core structures performed under very strict 

conditions, is very important.

　In the initial tests, reactor power rose step by step from 

30% capacity (9MW) and the final test was successfully 

completed at full reactor power (30MW) for the first time in 

the world.

　In the test, two out of three gas circulators were stopped so 

that the coolant flow was reduced to one third of the rated 

value. The fuel and graphite temperature rose because the 

cooling capability of the core decreased due to the reduction 

of the coolant flow. As the number of fission reactions 

decreased due to the inherent self-regulating characteristics, 

the reactor power decreased and became stable naturally. The 

reactor inlet and outlet coolant temperatures changed little 

and remained stable as shown in Fig.7-20.

　Improvement of the safety analysis code is in progress; 

with this, prediction of the reactor power which is accurate 

within 8% becomes possible. The experimental results 

confirmed the excellent safety characteristics of the reactor 

even with rapid reduction of the coolant flow. It is considered 

that HTGR doesn’t need an emergency shutdown system. As 

a next stage, we are planning a more severe test with loss of 

the coolant flow in HTTR. The present study is the result of 

project “Quantitative Demonstration of HTGR Inherent 

Safety Features” entrusted to the Japan Atomic Energy 

Agency by the Ministry of Education, Culture, Sports, 

Science and Technology of Japan (MEXT).
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Takamatsu, K. Nakagawa, S. et al., Core Dynamics Analysis for Reactivity Insertion and Loss of Coolant Flow Tests Using the HTTR, Proceedings of the 

15th International Conference on Nuclear Engineering (ICONE15), Nagoya, Japan, 2007, ICONE15-10158, in CD-ROM.
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Excellent safety characteristics

・Fuel 
      Durable at high temperature 
      High retaining capability of 
      fission product 
 
・Core 
      Durable at high temperature 
      Slow temperature transient 
      due to large heat capacity 
 
・Helium gas 
      No phase change, no corrosion 
      and cannot become radioactive
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　We have been developing an advanced electricity 

generation system using the Gas Turbine High Temperature 

Reactor 300 (GTHTR300) to contribute to reducing 

greenhouse gas emissions and preventing climate change. 

The 850℃ reactor helium gas coolant is directly used to 

power a gas turbine for generation of electricity (Fig.7-21). 

The efficiency of electricity generation is as high as 46% 

which is substantially better than the 33% of the Light Water 

Reactor with a 300℃ steam turbine. The design simplicity is 

another important feature of the GTHTR300, which does not 

include a secondary system and a steam supply system, as 

does the LWR. The HTGR, designed to be inherently and 

passively safe, is limited to a low power density of 6MW/m3 

which makes its core larger in size than the LWR. On the 

other hand, the unique strong safety features result in design 

simplicity of the GTHTR300 engineered safety system.

　The fuel, consisting of ceramic coated particles, is highly 

resistant to irradiation and is capable of maintaining integrity 

in fuel burnup of 120 GWd/t or higher. However, the fuel 

fabrication is a complex and thus costly technical process.

　Considering the merits and drawbacks of the system, we 

have evaluated the economics of the GTHTR300 and 

compared it with that of the current large scale LWR. The 

economic evaluation reflects the system basic design. The 

estimated capital cost per unit of electricity is approximately 

25% less than that of the LWR (Fig.7-22 (a)). The fuel cycle 

cost is comparable with that of the LWR, since the high 

fabrication cost is offset by the low backend cost because the 

amount of spent fuel is only about 1/3 of the LWR, which 

reduces the reprocessing cost. The cost of operation and 

maintenance is about 35% less than that of the LWR because 

the use of chemically inert helium gas as reactor coolant 

simplifies maintenance of reactor components.

　In sum, the GTHTR300’s net cost of electricity generation 

with a plant usage rate of 80% is estimated to be ¥4.2/kWh, 

as opposed to the ¥5.3/kWh of the LWR (Fig.7-22 (b)). The 

GTHTR300 thus offers an economically competitive option 

for nuclear power generation.

　This design study was entrusted by MEXT.
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Takei, M., Kunitomi, K. et al., Economical Evaluation on Gas Turbine High Temperature Reactor 300 (GTHTR300), Nippon Genshiryoku Gakkai Wabun 

Ronbunshi, vol.5, no.2, 2006, p.109-117 (in Japanese).
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Simplification of safety system
・Simplified confinement
・Passive indirect vessel cooling
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High performance reactor
・Reactor outlet tmep. 850℃
・Burnup 120GWd/ton
・Operational cycle 2 years

Simplified power conversion
・Gas Turbine in primary circuit
・No secondary, steam system
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　It is the facility owner’s and/or waste generator’s 
responsibility to decommission unneeded facilities and to 
treat/dispose of generated radioactive waste, respectively. 
Research & Development (R&D) might be necessary for 
decommissioning and rad-waste management measures 
allowing these processes to be carried out in a cost effective 
manner while securing safety. We therefore determined the 
technology necessary for decommissioning and rad-waste 
management measures supporting the R&D shown in Fig.9-1, 
and then dedicated our midterm plan (2005-2009) to 
development of this base technology. The major progress 
achieved in this R&D is as follows.
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　A lot of know-how and data on removal remote handling, 
waste management, etc. have been gained through past 
decommissioning experiences. Utilizing this knowledge 
effectively, we are developing a decommissioning engineering 
system and a clearance level verification/evaluation system to 
support the planning of decommissioning and clearance 
implementation, respectively. A prototype version of 
clearance level verification/evaluation system was built and 
the relevant data on clearance were collected for the system.
　In addition, R&D is under way at facility sites, considering 
specific conditions. At the Fugen site, performance of 
abrasive water jet cutting was tested for reactor components 
(Topic 9-1). Decontamination capability of a uranium 
contaminated centrifuge machine at the Ningyo-toge site was 
tested. The waste storage tanks contaminated with 
transuranic nuclides were dismantled to evaluate the 

efficiency of techniques applied at the reprocessing test 
facility in the Tokai site.
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　For accumulation of data on calcination treatment, studies 
are in progress to evaluate the behavior of aluminum metal 
materials during melting and oxidation, obstruction of smoke 
exhaust routes by metal materials with low-melting-
temperature, and transfer of radio nuclides in the calcination 
process. Further, decomposition treatment of organic waste 
liquids was tested using actually used solvents. In addition, 
basic designs for the waste data management system with 
input/output functions for waste identification, etc. were 
studied, and radioactivity data is continuously being collected 
for the database.
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　For disposal of radio-isotope and laboratory waste, studies 
were conducted on selection of essential nuclides for safety 
evaluation and physical, chemical and radiological 
characteristics of wastes. Evaluation of influence of cement 
and nitrate content on nuclide migration in disposal systems, 
and long-term stability of transuranic waste disposition is 
being carried out, and nuclide migration behavior studies are 
planned.
　A multi-γ-ray measurement device was built for 
simplified and rapid measurement of radioactivity for 
evaluation of waste disposal. A simplified tritium 
measurement method was also developed for giving 
clearance to concrete debris (Topic 9-2).

Decommissioning and
waste management in

rational manner

Decommissioning and
waste management in

rational manner

R&D for
decommissioning
nuclear facilities

R&D facility
oriented

R&D for radioactive
waste treatment

R&D for radioactive
waste disposal

■　“FUGEN”: Reactor core dismantling technique, 
　　Tritium decontamination, Tritium removal, etc
■　Ningyo-toge: Dismantling of centrifugal separator, 
　　Uranium decontamination, etc.
■　JRTF: Dismantling of large tanks, TRU 
　　decontamination, etc.

■　Evaluation of physical/chemical characteristics of 
　　radioactive waste
■　Evaluation of waste disposal concept with regard to 
　　long-term stability
■　Radioactivity measurement techniques 
■　Data collection and Evaluation for designing 
　　disposal facility 

■　Decontamination technique　
■　Calcination treatment method
■　Spent solvent dissolving technique
■　Waste data management system

■　Decommissioning engineering system
■　Clearance level verification/evaluation system 
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　Care must be taken to prevent the diffusion of radioactive 

materials during dismantling of nuclear facilities. In the case 

of cutting structural materials of the facilities, fume and/or 

dross may be generated due to the melting or the evaporation 

of the materials with heat. Especially, for the dismantling of 

structure containing the radioactive materials, it is desirable 

to choose a cutting method that produces few fumes, to 

suppress the diffusion of the radioactive materials. Moreover, 

it is required that the cutting device can be used in facilities 

with complicated and narrow geometries as in reactor cores.

　Considering the above, the abrasive water jet (AWJ) 

cutting method, the head of which is relatively small, was 

selected as one of the favored technologies for dismantling of 

the core of “FUGEN”. In this method, the heat generated by 

cutting is low, because structural materials are cut by high-

pressure (200-400 MPa) water with abrasive discharged from 

the cutting head.

　The core of “FUGEN” contains many vertical pressure 

tubes arranged at small intervals. It is, therefore, necessary to 

cut the pressure tube from its inside since this is the wider 

space, in the dismantling work. A downsized AWJ cutting 

head (Fig.9 - 2) which can be inserted inside the pressure 

tube, has been developed. Appropriate cutting conditions for 

dismantling the core were also determined in the experiments 

using a double-tube specimen simulating the pressure and 

calandria tubes, arranged coaxially. The experiments were 

carried out under the water to simulate the actual conditions 

of the dismantling work.

　As the results of the experiments, it was confirmed that the 

AWJ cutting method generates few fumes, and is able to cut 

the two tubes at the same time (Fig.9-3). It was also clarified 

that the relationship between the abrasive supply rate and the 

nozzle rotating velocity can be expressed by considering the 

momentum conservation between the abrasive and the water, 

and the kinetic energy of the abrasive transferred to the 

structural materials (Fig.9-4). The optimum abrasive supply 

rate and cutting velocity can be also estimated using the 

above relation.

　It is concluded that the AWJ cutting method is practical for 

dismantling nuclear facilities that have completed their 

missions. Useful data for optimizing the method were 

obtained in this study.
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Nozzle

High pressure water

Cutting head

High pressure water

Abrasive
φ117.8mm

(Simulating the pressure tube)
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Nakamura, Y. et al., Applicability Examination and Evaluation of Reactor Dismantlement Technology in the Fugen -Examination of Double Tubes Cutting 

by Abrasive Water Jet-, Proceedings of 14th International Conference on Nuclear Engineering (ICONE14), Miami, USA, 2006, ICONE14-89380, in CD-ROM.
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　Decommissioning of nuclear facilities generates a lot of 

waste such as concrete and metal. The radioactivity of some 

of the waste is lower than the clearance level, the 

radioactivity level below which radiation sources can be 

released from regulatory control. From the viewpoint of 

reduction of the amount of radioactive waste and efficient use 

of resources, effective use of the concept of clearance is 

important.

　When the Japan Research Reactor No.3 (JRR-3) was 

modified, a lot of concrete waste was generated. This 

concrete waste had a possibility of contamination with 

tritium generated by the neutron capture reaction of 

deuterium. However, about four thousand tons of this 

concrete was estimated to be under the clearance level for 

radioactivity. Therefore, it was necessary to establish a 

reliable method to determine whether tritium concentration 

was lower than the clearance level in this concrete.

　Because tritium is a low energy β-ray emitter, its 

concentration in concrete cannot be determined by an 

external radiation measurement method. In order to confirm 

the tritium concentration in a massive amount of concrete, it 

is necessary to analyze a lot of representative samples. A 

leaching method, where the sample is immersed in water and 

the tritium in a sample is leached into the water, was applied 

to measure the concentration of tritium in the concrete 

because this method is able to analyze a lot of samples at 

once (Fig.9-5).

　Tritium measurement with the leaching method was 

generally carried out using crushed concrete or a few g of a 

massive sample. However, it is known that some tritium is 

lost during sample powdering or milling. Therefore, ��. 50g 

of a massive sample was used for analysis of tritium to avoid 

a loss of tritium during sample preparation. Two kinds of 

simulated concrete samples doped with tritium were 

immersed in 100g of water, and the relation between the 

fraction of leached tritium and leaching time were 

investigated (Fig.9-6, reference). The result shows that 95% 

of the tritium in the concrete is leached into the dipped water 

in 30days. Based on this result, tritium concentration in 

dismantled concrete samples from “JRR-3” was determined. 

The tritium concentration determined by the leaching method 

was in good agreement with that determined by the heating 

method (sample was heated 2h at 1173K and evaporated 

tritium was recovered with a cold trap and measured). This 

indicates that the leaching method is a useful and reliable 

method to analyze tritium in concrete. Also, the detection 

limit of the leaching method is over 100times lower than the 

tritium clearance concentration. Therefore, it is clear that the 

present leaching method is sufficient to confirm the tritium 

concentration in dismantled “JRR-3” concrete for clearance.
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Fujiwara, A. et al., Analysis of Tritium of Clearance Level in Concrete, Nippon Genshiryoku Gakkai Wabun Ronbunshi, vol.6, no.1, 2007, p.58-64 (in 

Japanese).

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

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

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

Dismantled concrete
(a) Pillar  (b) Crash

Leaching Radioactivity measurement

(a)

(b)
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Simulated concrete sample 1

Simulated concrete sample 2
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Atomic Energy R&D by Simulation

Nuclear reactor

Extension to Atomic Energy R&D

R&D for advanced
Simulation technology:

Support & Maintenance:

Large-scale First-principle
Simulation

Multiscale & Multiphysics
Simulation

Supercomputer, Network

Visualization
Parallel Distribution Tool
Large-data Treatment
Integrated Simulation

R&D for Computational
Science Platform:

Nuclear fusion

Nano-device

Radiation influence

High intensity proton accelerator

Seismic analysis

Grid platform R&D

Fundamental R&DNovel Energy R&D
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　We have two primary missions regarding nuclear 
nonproliferation. One mission is to support the government in 
developing nonproliferation-related policies through research 
and study.
　The other mission is to support government and international 
organizations by performing nuclear nonproliferation 
technology development. Other important missions of JAEA 
are to support denuclearization, nuclear material control JAEA 
completed installation and tests of particle collection/nuclide 
measurement equipment at the Okinawa Monitoring Station; 
its operation began after certification Feb. 2007 as a CTBTO 
certified facility. at its own facilities, and human resource 
development.
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　We are performing two major policy studies, i.e., “the 
Evaluation of the Safeguards Achievements in Japan”, and 
“the Study of Peaceful Use of Nuclear Energy in Asia and 
Improvement of Its Transparency and Confidence Building”, 
based on in-house technical knowledge.
　In 2006, we released the results of these projects 
investigating which measures are necessary for nuclear 
nonproliferation in peaceful use of nuclear energy, using Japan 
as a model, at an international forum and the working group 
meeting held by JAEA. Also, we performed investigation and 
research concerning assuring fuel supply and strengthening 
of nonproliferation by meetings of knowledgeable people and 
investigation of various countries’ intentions.
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　Development of the advanced safeguards system which 
will be applied to effective and efficient safeguards for the 
future Fast Breeder Reactor fuel cycle is underway. In 
collaboration with US as part of GNEP, cooperative research 
plans for next generation safeguards/physical protection have 
been discussed. 
　Regarding environmental sampling for safeguards, we are 
performing development of the fission track method with 
which a uranium particle less than 1μm can be detected, and 
technical development for upgrading of analytical accuracy is 
underway. 
　We have upgraded the “JOYO” Remote Monitoring 
System to get improved security of communication, and have 
started its field trials, as a technical development for 

improvement of the reliability of, and confidence in, peaceful 
use of nuclear energy. 
　We also contribute to the Generation IV International 
Forum and INPRO (International Project on Innovative 
Nuclear Reactors and Fuel Cycles), and we are performing 
research on evaluation methodology for the proliferation 
resistant features of future nuclear cycle systems.
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　As technical development to contribute disarmament and 
denuclearization of the world, we have performed 
cooperative research with Russia to use surplus nuclear 
weapons plutonium as MOX vipac fuels in fast breeder 
reactors. The effectiveness of this method was recognized by 
both the US and the Russian Federation, and its application in 
Fast Breeders has been indicated.
　Concerning CTBT (Comprehensive Nuclear-Test-Ban 
Treaty), at Tokai laboratory, we continue to perform precise 
analysis of environmental specimens collected at nuclide 
stations in the world. 
　In Takasaki Monitoring station we installed Noble Gas 
Analytical Equipment which can detect nuclear explosions 
under the ground, adding to the existing Particle 
Collection/Nuclide Analytical System. 
　Following Takasaki monitoring station, the technical level 
of the Tokai laboratory and Okinawa Monitoring Station was 
certificated by the CTBT Organization Preparatory Committee 
in fiscal 2006, so that all of the monitoring stations/laboratories 
established by JAEA commenced their operations as certified 
CTBT organization facilities (Fig.11-1, Fig.11-2).
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　Concerning safeguards, we contribute to IAEA safeguards 
implementation in technical aspects by conducting several 
technical development projects based on the agreement for 
technical cooperation with US Department of Energy.
　Concerning physical protection, we continue technical 
development for strengthening of physical protection 
measures. For example, we conducted performance tests of a 
system for detection an intruder into the grounds of a facility, 
consisting of surveillance cameras and image processor, etc.
　Concerning nuclear material transportation, we are 
performing technical development of safe and effective 
transportation of MOX powder, etc.
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The Comprehensive Nuclear 
Test Ban Treaty Organization 
International Data Center (IDC)

International 
Monitoring System 
(IMS)

Seismological Stations (170)

Radionuclide Station (80) + 
Radionuclide Laboratories (16)

In Japan  Radionuclide Stations
                 Takasaki and Okinawa
                 Radionuclide Laboratory Tokai

Hydroacoustic Stations (11)

Infrasound Stations (60)

Data 
transmission 
to the member 
states

National 
Data Center
(NDC)

On Site Verification
(OSI)
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　Japan is unique as the only country that has established a 
safeguards system for a series of nuclear fuel cycle facilities, 
including uranium enrichment, fuel fabrication, reactor and 
reprocessing. This is a result of implementing under full 
compliance of IAEA safeguards with various nuclear material 
accounting (NMA) methods and safeguards technologies and 
promoting peaceful use of nuclear technologies and nuclear 
nonproliferation.
　In an inspection of nuclear fuel reprocessing facilities to 
verify no diversion of Pu, which might result in production of 
nuclear weapon, NMA has to be implemented correctly and 
timely. However, in safeguards technologies adopted in NMA 
for nuclear facilities, quantitative measures taken in the design 
stage using numerical simulation have been fairly limited so 
far. During construction of the facilities, any changes or 
addition of measuring or monitoring equipment often results 
in large expenditures. Historically, after the completion of 
facility design or just before the construction of facility, the 
investigation of the safeguards system has been started. 
However, in order to strengthen international safeguards, the 
start of safeguards system considerations after the completion 
of the design has led to an increase of development cost due 
to of the need for the additional safeguards apparatus to 
comply with standards. 
　Under these circumstances, a study of an advanced 
safeguards system which is applicable to future nuclear fuel-
cycle facilities has been started. In the initial design stage, the 
safeguards system should be considered more quantitatively, 
and cost-effective performance meeting the IAEA criteria 
should be estimated before a facility construction. Therefore, 

the development of a safeguards system simulator, which is 
capable of predicting the NMA performance under the 
planned facility operation conditions, has been initiated to 
plan the safeguards system along with the rest of the facility 
design. The whole diagram of the safeguards system 
simulator is shown in Fig.11-3.
　After deciding the design of the facility process and the 
arrangement of various apparatuses, we can investigate nuclear 
material flow and accounting characteristics of the facilities. 
At this time, using the Nuclear Material Accountancy core in 
this simulator, the accounting characteristics and a material 
unaccounted for are investigated to evaluate the effectiveness 
of safeguards system before it is constructed. This simulator 
core was originally developed by JAERI, which is the former 
organization of JAEA, more than 10years ago, and has been 
remodeled by improving the pre- and post-processor functions.
　Moreover, application of a wavelet decomposition method 
has been investigated using simulation results of numerical 
operations applied to an abnormal event signal. The wavelet 
decomposition method is the orthogonal function 
decomposition in time and frequency domains. As shown in 
Fig.11-4, the abnormal event is effectively detected. In this 
way, process monitoring is investigated before the facility 
operation. A Multivariate and Multi-scale core has been 
developed for this purpose.
　We have been developing a Multiple Optimization core 
and a Virtual Visualization core, and the safeguards system 
simulator will enable us achieve reliable safeguards design in 
the near future. 
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Suzuki, M. et al., Development of Safeguards System Simulator, Proceedings of 15th International Conferene on Nuclear Engineering (ICONE15), Nagoya, 

Japan, 2007, ICONE15-10297, in CD-ROM. 

Suzuki, M. et al., Numerical Consideration for Multiscale Statistical Process Control Method Applied to Nuclear Material Accountancy, Journal of Nuclear 
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Dismantling /
Categorize

Recycle 

ingot

Amount of waste is
decreased to 1/10 or less

Subject of 
Engineering Development

Purpose of centrifuge disposal technology development
・Eliminate sensitive information for non-proliferation
・Decrease radioactive waste

Gas Centrifuges
about 6,000 ton
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Sodium-water reaction
product storage tank

Air cooler Relief valve

Pressure relief
plate

Relief valve

Turbine

Generator
Evaporator

Superheater

Feed water pumpDump tank/
Over-flow tank

Intermediate Heat
Exchanger (IHX)

: Primary sodium (Na)
: Secondary sodium (Na)
: Water/Steam

Reactor
Primary pump

Secondary pump
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Ion source
Turbo molecular

pump

90deg.
injection magnet

Pre-acceleration
tube

Electrostatic
quadrupole
triplet lens

180deg.
bending magnet

Faraday Cup

Main acceleration
tube

Ion beam

Faraday cup

Tandem accelerator modeN
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Control rod driving
mechanism

Reactor pool Experimental
cavity

Neutron detector

Reactor core

Experimental
capsule

Outer capsule

Experimental fuel 1,250

Inner capsule

φ200 (Unit: mm)
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λ0

λ
p
ρth

ρ

: Thermal conductivity of specimen with 100%TD
: Thermal conductivity of specimen with porosity of p
: Porosity（p=(ρth-ρ)/ρth）
: Density of specimen with 100%TD
: Density

Maxwell-Eucken equation

λ0 = λ
1+β p
1- p

0.7%Am30%Pu-MOX

2%Am30%Pu-MOX

3%Am30%Pu-MOX
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λ
T
A,B

: Thermal conductivity (W/m/K)
: Temperature (K)
: Coefficient

Phonon transport model
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A+BT

λ0 =
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result
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Exposure Development

Beam part

Pillar part

Two-time irradiation by changing beam energy 3-D
,
 structure

1st: 3.0MeV 2nd:1.2MeV

50μm
polymer film

(resist)

Si Si

The pillar parts are cross-linked by 
irradiation with 3 MeV focused proton 
beams.

The beam part is cross-linked by 
irradiation with 1.2 MeV focused 
proton beams.

The 3-D, structure was fabricated by 
removing the non-irradiated parts using a 
developer of isopropyl alcohol.

(a)

5μm 20μm

(b)

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

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

���������

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

�������	
����
�	
����	
����������

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

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

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

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

�������	
�����	
������	�������	��	��������	�
�������������μ
��������	
�������	
������������	�����������	�
�������������

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�����������	
�����	���������
�
������

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

��������	
������������μ��������	
����������������
��������	
���������	�����������������������	���
��������

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

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

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

��������	
������	����

�������	��
������������	�
������

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

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

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

�������	
�������������
���μ����������	�
�����	����
��������	
�������������	�������������������	�
�������������

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

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

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

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

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



����������	
�	�����　���

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

Main shaft
(φ6.5m)

Main shaft
200.2m

Sedimentary 
Formations

Granite

Unconform
ity 

(Boundary
 between S

edimentary
 

Formations
 & Granite)

Ventilation shaft
193.6m

Main shaft
200.2m

Pilot boreholes

Injection boreholes

Check holes boreholes

2 holes

21 holes

3 holes

Ventilation shaft
(φ4.5m)

Middle stage
GL.-500m

Sub stage
(φ100m)

Main stage
GL.-1,000m

Main shaft
(φ6.5m)

Sedimentary 
Formations

S S30W S60W W N60W N30W N N30E N60E E S60E S30E S

140Sandy layer

Muddy layer

10 11 12 13 14

15 17 18

19 20 21 22 23

P.16

C-3

C-2

C-1

1

6 7 8 9

2 4 5P.3

Conglomerate layer

(m)

148

146

144

142

140
(m)

148

146

144

142

Granite

Unconform
ity 

(Boundary
 between S

edimentary
 

Formations
 & Granite)

Grouting stage
/ Test area

Inflow rate
(L/min)

Hydraulic
conductivity
(m/sec)

Inflow
pressure
(MPa)

Lugeon  
value
(Lu)

Test interval
(m)

Borehole
No.

Before grouting6.52.78E-060.16920.14.6～7.7P.16

After grouting
/ Inside grouting

zone
0.07.79E-070.2194.25.6～7.0

C-3
After grouting
/ Inside grouting

zone
1.14.25E-070.2283.16.7～9.5

After grouting
/ Outside grouting

zone
18.01.76E-060.25811.412.0～14.5
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