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Japan Atomic Energy Agency (JAEA) conducts research and development (R&D) in various fields 

related to nuclear power as a comprehensive institution of nuclear energy R&Ds, and utilizes com-

putational science and technology in many activities. 

The number of R&D results in JAEA by utilizing computational science and technology increased 

significantly to more than double in five years. Large computer system has become an important 

infrastructure to support computational science and technology utilization. 

In March 2010, Center for Computational Science & e-Systems (CCSE) introduced the nation's 

largest system and started operations to meet growing demand of calculation. Although the per-

formance of new system is 14 times higher than that of old system, the utilization of new system 

reached 90% in the first three days, bearing out the strong demand of calculation in JAEA. 

This report presents a great amount of R&D results accomplished by using the system in its the first 

year of operation (FY2010), as well as user support structure, operational records and overviews of 

the system, and so on. 
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Pavel Avramov 

 

Discovery of graphene and multilayer graphenes opens a new era in development of novel 
devices with exceptional charge and spin transport properties. Weak van der Waals interactions 
determine the stacking order and interlayer distances of multilayer graphenes. For extended 
structures like graphenes and graphite dispersion van der Waals forces determine the initial 
conditions and main features of potential energy surfaces (PES) of chemical reactions. DFT theory 
is widely used to study atomic and electronic structure of molecules and condensed matters. The 
accuracy of DFT methods to reproduce the main features of chemical reactions and 
thermochemistry is limited by the type of exchange-correlation potential. The simplest and 
computationally the cheapest DFT LDA approach gives surprisingly satisfactory results in 
determination of structure and enthalpies of chemical reactions of for weakly bound systems like 
molecular solids due to local nature of exchange-correlation hole. The accuracy of reproduction of 
interlayer distances in multilayer graphenes and graphite is very important for correct description 
of chemical reactions involving extended 2D and 3D species. The goal of the initial part of the 
study is to investigate the accuracy of HSE PBC method coupled with Gaussian-based basis sets to 
reproduce structure and symmetry of 2D and 3D extended multilayer graphenes and graphite. 
The purpose of the second part of study is to investigate atomic and electronic structure of 
graphene-based complex composites with transition metals like nickel using sophisticated 
quantum-chemical methods.  

 

1. The LDA approach gives qualitative reproduction of atomic structure of graphen sheets for 
3-21G*, 6-31G* and 6-311G* basis sets with 0.018-0.010 Å errors in determination of C-C 
bong lengths (1.422±0.001 Å experimental value). PBC PBE provides quantitative description 
of atomic structure of graphene sheets with 0.01 – 0.005 Å overestimation of C-C bond 
lengths.  

 
2. Long-range corrected HSE scheme leads to the best description of graphene atomic structure. 

Mostly PBC HSE slightly underestimates the length of C-C bonds (up to -0.004 Å for 4-31G* 
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calculations of graphite). The 6-31G basis set with the error equal to 0.000 Å is the best for 
geometry optimization of graphite. For other systems (graphene and multilayer graphenes as 
well) the PBC HSE/6-31G also provides the best results for C-C bonds in respect with 
experimental data. Based on PBC HSE, PBC LDA and PBC PBE calculations of the atomic 
structure of graphene, bi-, tri-, tetragraphenes and graphite as well, it was found that 
long-corrected HSE scheme demonstrates the best performance in determination of the C-C 
bond lengths of extended graphene-based materials. The PBC HSE approach satisfactorily 
reproduces the interlayer distances and conserves the symmetry of graphene-graphene 
stacking sequence. The ab initio PBC HSE approach can be used as reliable DFT-based 
approximation for theoretical study of chemical interactions and reactions involving layered 
graphene-based species. 

 
3. Atomic and electronic structure of graphene and multilayer graphenes deposited on nickel 

plates in different coordination types was studied using LDA PW technique. It was found that 
Ni/graphene and Ni/multi-graphene eclipsed configuration is energetically preferable and 
causes the shortest Ni-graphene distance. Increasing of the number of graphene layers leads to 
consequent decreasing of Ni-graphene binding energy with increasing of total fragmentation 
energy. The spin states of the Ni/graphene and Ni/multi-graphene composites are determined 
by the Ni-graphene interface with localization of visible part of the spin density at the first 
graphene layer. 
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ab initio DFT calculations of TM nanoclusters deposited on �-conjugated hydrocarbon 
molecules in cluster approximation; 
 
DFT PBC calculations of superlattices of 2D nc-TM/graphene nanoclusters; 
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Comparison of ��eff (pcm) for fast systems
Category Core Deterministic

(Reference)
Monte Carlo

Fast, Bare Godiva 632.6 630.8(3.5)
Jezebel 182.9 180.3(2.1)
Jezebel-233 291.9 293.1(2.6)

Fast, 
Reflected
(Normal U)

Flattop-U 678.5 679.8(3.4)
Flattop-Pu 281.0 280.0(2.3)
Flattop-233 376.7 375.2(2.7)

Comparison of �eff (pcm) for fast systems
Category Core Deterministic

(Reference)
Monte Carlo

Fast, Bare Godiva 632.6 630.8(3.5)
Jezebel 182.9 180.3(2.1)
Jezebel-233 291.9 293.1(2.6)

Fast, 
Reflected
(Normal U)

Flattop-U 678.5 679.8(3.4)
Flattop-Pu 281.0 280.0(2.3)
Flattop-233 376.7 375.2(2.7)

Comparison of �eff (pcm) for thermal systems
Category Core Deterministic

(Reference)
Monte Carlo

Thermal,
Unreflected

Flattop-U 716.1 721.1(5.4)
Flattop-Pu 225.4 228.8(2.8)
Flattop-233 298.9 300.8(3.4)

Thermal,
Reflected
(Water)

Reflected-Sphere-U 842.4 849.9(7.5)
Reflected-Sphere-Pu 275.2 270.7(4.1)
Reflected-Sphere-233 350.4 352.0(4.8)

Comparison of �eff (pcm) for thermal systems
Category Core Deterministic

(Reference)
Monte Carlo
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Unreflected

Flattop-U 716.1 721.1(5.4)
Flattop-Pu 225.4 228.8(2.8)
Flattop-233 298.9 300.8(3.4)

Thermal,
Reflected
(Water)

Reflected-Sphere-U 842.4 849.9(7.5)
Reflected-Sphere-Pu 275.2 270.7(4.1)
Reflected-Sphere-233 350.4 352.0(4.8)
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1   

Case 
Height of test zone 

 (zt × 2) [cm] 
Equivalent radius of 

test zone [cm] 
Equivalent radius of 
core zone (rc) [cm] 

Case-1  5.08 × 2 9.34 31.30 
Case-2 10.16 × 2 9.34 31.45 
Case-3 15.24 × 2 9.34 31.45 

 
C/E 2

JENDL-3.2 -4.0 JENDL-3.3 ENDF/B-VII.0 JEFF-3.1

BFS
235U 1keV

 
 

2  C/E  

Library Case-3 Case-2 Case-3 

JENDL-3.2 1.20  ±0.09* 1.03  ±0.05* 1.09  ±0.07* 
JENDL-3.3 0.78  ±0.07* 0.72  ±0.04* 0.85  ±0.06* 
JENDL-4.0 1.20  ±0.09* 1.13  ±0.05* 1.13  ±0.07* 

ENDF/B-VII.0 0.62  ±0.06* 0.66  ±0.04* 0.74  ±0.05* 
JEFF-3.1 0.79  ±0.07* 0.77  ±0.04* 0.82  ±0.05* 

*:MC  

  
 

1) 
 
 
 

M. Fukushima*, Y. Kitamura, T. Kugo, T. Yamane, M. Andoh, G. Chiba, M. Ishikawa and S. 
Okajima,  "Benchmark Calculations of Sodium-void Experiments with Uranium Fuels at the 
Fast Critical Assembly FCA", Journal of Progress in Nuclear Science and Technology 
(accepted) 
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Timur Esirkepov

Our purpose is the investigation of the high harmonics generation in a super-intense laser-plasma 
interaction with underdense plasma. My investigation fits the following topic in the mid-term plan:

108 0.1Hz
X

Using the PRIMERGY BX900 
supercomputer we found a new 
mechanism of high-order harmonics 
generation during an interaction of a 
high-intensity laser pulse with 
underdense plasma. These harmonics 
resolved up to 130-150th order were 
observed in experiments as an XUV 
harmonics comb with 9 TW 
J-KAREN laser (JAEA, Japan) and 
120 TW Astra Gemini laser (CLF 
RAL, UK). Our simulations show 
that a tightly focused laser pulse 
creates a cavity in plasma pushing 
electrons aside and exciting the wake 
wave and the bow wave, Fig. 1(a). In 
a multi-stream electron flow formed 
at the head of the laser pulse, the 
initially flat phase space of cold electrons gets stretched and folded, Fig. 1(b). The stretched region 
makes a cavity while inner and outer folds correspond to the cavity boundary and the bow wave, 
respectively. At the joint of the two folds an annular spike of electron density is formed. This spike 

 

1. (a) 3D PIC simulation of plasma with a laser pulse
polarized along y-axis propagating along x-axis. Electron 
density, ne, is shown by the ray-tracing (blue 'boat'; upper 
half-box removed to reveal the cavity) and by the surface plot 
of the cross-section ne(x,y,z=0). The energy density of 
electromagnetic field for frequencies > 4� (red arcs at both 
sides of the 'boat') reveal the source of high-order harmonics at 
the corresponding electron density spikes.
(b) The catastrophe theory model of electron spikes formation.
The laser pulse pushes electrons aside stretching and folding the
surface of the electron momentum py (red).
The outer and inner folds represent the boundaries of the bow 
wave and cavity, respectively, corresponding to singularities 
(type A2) in the electron density (blue). At the joining of the 
folds appears a higher order singularity, the cusp (type A3), 
representing the electron spike.
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surrounds the cavity and moves 
together with the laser pulse. 
Collective motion of electrons in 
the spike driven by the laser field 
generates high-order harmonics. A 
strong localization of the electron 
spike, its robustness to oscillations 
imposed by the laser field and, 
consequently, its ability to produce 
high-order harmonics is explained 
by the mathematical catastrophe 
theory. In the multi-stream electron 
flow appear universal structurally 
stable singularities, insensitive to 
perturbations. The bow wave and 
cavity boundaries produce the 
‘fold’ type singularity, where the 

density grows as r�1/2 with 
decreasing distance to the 
boundary, r. At the joint of the two 

folds, the density grows as r�2/3,
forming a higher order singularity, the ‘cusp’. This cusp makes the annular spike of electron 
density. The cusp singularity ensures a strong concentration of electric charge, which makes the 
emission coherent, i. e. the emission intensity is proportional to the particle number squared. In 
two-dimensional Particle-in-Cell simulations with the conditions close to experimental ones, the 
XUV harmonics comb resolved up to 128th order was observed thanks to a high-resolution allowed 
by the PRIMERGY BX900 supercomputer, Fig. 2. The obtained spectrum consisting of both the 
even and odd harmonics and exhibiting quasi-periodic modulations is in agreement with the 
experimental observation.

1) A. S. Pirozhkov, M. Kando, T. Zh. Esirkepov, et al., " X-ray harmonic comb from relativistic 
electron spikes". arXiv:1004.4514 (2010).

Further investigation of the mechanism described above is planned. The parameter dependence 
study and optimization of the high-order harmonics generation will be carried out, especially in 
connection with the future experiments with the high-energy J-KAREN laser.

 

2. 2D PIC simulation of laser-plasma interaction. (a) The 
laser pulse (colour scale) creates a bow wave, cavity and spikes 
in the electron density (black curves). (b) The upper spike 
emission spectrum corresponding to the electric field 
component in the dashed rectangle of (a). Harmonics are
revealed in insets (c) and (d) . 
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3 Maxwell
Khon-Sham

(a)
(b) (c) 

(d)
Khon-Sham

1 1

1)

2)

3)

First-principle calculation for multiphoton absorption in -quartz under intense short laser 
irradiation T. Otobe J.Phys.:Cond. Matt.Vol.22, 384204 (2010)

First-principle calculation for coherent phonon generation in diamond Y.Shinohara, Y. 
Kawashita, J.-I.Iwata, K.Yabana, T.Otobe, G.F.Bertsch, J.Phys.: Cond.Matt.Vol.22 384212 
(2010)

Coherent phonon generation in time-dependent density functional theory Y.Shinohara, K. 
Yabana, K. Kawashita, J.-I.Iwata, T.Otobe, G.F.Bertsch , Phys.Rev.B Vol.82, 155110(2010)

(a) (b) (c) (d) 

3 Maxwell TDDFT
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10)

11)

. (2010). Computational study on the free energy profile when 
nucleosomal DNA sliding. 9 , .
Fernandez, M., , . (2010). 

. 10 , .
, , . (2010). 

. , .
Kanaeda, N., Ishida, H. & Kono, H. (2010). Free energy profile of nucleosomal DNA sliding. 
International workshop, Statistical physics and topology of polymers with ramifications to 
structure and function of DNA and proteins, Kyoto (Japan)

. (2010). .
(CPS) , .

, . (2010). DNA
. 48 , .

, . (2010). . 50
, .

. (2010). 
. , .

Kono, H. & Yonetani, Y. (2011). Stability of the Nucleosome Containing a H3 Variant, H3T 
studied by Molecular Dynamics Free Energy Calculations. International Symposium 
Physicochemical Field for Genetic Activities, Awaji (Japan)
Kanaeda, N., Ishida, H. & Kono, H. (2011). The Free Energy Profile of Nucleosomal DNA 
Sliding. International Symposium Physicochemical Field for Genetic Activities, Awaji 
(Japan)
Kono, H., Kanaeda, N. & Ishida, H. (2011). Free energy profiles for nucleosome position 
changes. 55th Annual Meeting of Biophysical Society, Baltimore (USA)
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2 TRS

1)

2)

3)

A.Kitao, “Transform and relax sampling for highly anisotropic systems: Application to protein 
domain motion and folding”, Journal of Chemical Physics, submitted.

66 , 2011 3

91 , 2011 3

22 TRS
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N. Kanaeda, H. Ishida and H. Kono, “Free energy profile of a nucleosomal DNA sliding” on 
Physicochemical Field for Genetic Activities, Jan. 24, 2011, Awaji Island
N. Kanaeda, H. Ishida and H. Kono, “Free energy profile of a nucleosomal DNA sliding”
( 2010 9 )
N. Kanaeda, H. Ishida and H. Kono, “Free energy profile of a nucleosomal DNA sliding” on 
“Statistical Physics and Topology of polymers with ramifications to structure and function of 
DNA and proteins”, Aug. 5, 2011, Kyoto
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Ishida, H., Molecular Dynamics Simulation System for structural analysis of biomolecules by 
high performance computing, Progress in Nuclear Science and Technology, (2011), accepted 

kÞ#Ð 
Ishida, H., Molecular Dynamics Simulation System for structural analysis of biomolecules by 
high performance computing, Joint International Conference on Supercomputing in Nuclear 
Applications and Monte Carlo 2010 (SNA + MC2010), Tokyo, Japan, October 17-21, (2010) 

Ishida, H., Ribosome dynamics and tRNA movement using electron microscopy density map 
and molecular dynamics simulations, 7th Asian Biophysics Association Symposium & Annual 
Meeting of the Indian Biophysical Society, New Delhi, India, January 30 – February 2, (2011) 

kl#Ð 
Ishida, H., Analysis of translocation of tRNA molecules through ribosome using electron 
microscopy density map and molecular dynamics simulations,� � 48���Uúú*#Ð
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Matsumoto, A.,  A new approach for building an atomic model from a three-dimensional 
electron microscopy data, Progress in Nuclear Science and Technology, (2011), accepted

Matsumoto, A., A new approach for building an atomic model from a three-dimensional 
electron microscopy data, Joint International Conference on Supercomputing in Nuclear 
Applications and Monte Carlo 2010 (SNA + MC2010), Tokyo, Japan, October 17-21, (2010)

Matsumoto, A., Structural analysis of bound molecules to ribosome by EM-fitting technique, 
48 22 10
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Plasma turbulence is now commonly believed to be responsible for anomalous transport in 
tokamaks, in which the particle, momentum and heat losses greatly exceed those predicted from the 
neoclassical theory. This issue is studied with the help of gyrokinetic codes, which solve a 
Fokker-Planck equation coupled with Maxwell’s equations. The physical size of the system is 

described by �*=�s/a, where �s is the ion sound gyroradius and a is the minor radius of the 
tokamak. The scaling of heat transport with respect to �* is of particular importance for future 
fusion devices such as ITER, whose �* value will be 2 to 3 times smaller than actual tokamaks. 
The scaling can be classified into Gyrobohm, Bohm or Worse-than-Bohm (decreasing, constant, 
increasing with plasma size, respectively). Gyrokinetic simulations usually find Bohm scaling at 
small plasma sizes, followed by a transition to Gyrobohm scaling for large plasma sizes. However, 
the previous studies all used a fixed-gradient approach, which operates far from the marginal point. 
In the present work, we revisit the plasma size scaling with the global gyrokinetic code GT5D 
[Idomura et al., Nucl. Fusion 49, 065029 (2009)] using a fixed-power approach, which operates 
close to marginality. Such approach is experimentally more relevant. 

 

 The GT5D code solves the Fokker-Planck equation, coupled with the Poisson equation written in 
the quasineutrality limit in global geometry. The model contains a drift-kinetic linearized collision 
operator allowing a correct treatment of neoclassical physics. In addition, a fixed-flux source 
algorithm enables to fix the total input power. A sink operator absorbs the power at the edge. 
Consequently, the system reaches a steady state described by the density, parallel momentum, 
temperature and electric field profiles which is constrained by a force balance relation. Decreasing 

�* will decrease the characteristic lengths of density and temperature and will affect the amplitude 
of the electric field, which will in turn affect heat transport. A plasma size scaling at 

�*=1/100,1/150 and 1/225 has been performed. The power input is scaled proportionally to the 
plasma size, as is done in experiments.  
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Fig. 1 shows the time-averaged radial 
profile of the normalized heat diffusivity 

�i/�GB for the 3 simulations. The 
transport is Worse-than-Bohm and is 

roughly described by �i/�B=(�*)-0.66. In 
particular, the transport is increased 
around r/a=0.8. These simulations are 
the first theoretical demonstration of 
Worse-than-Bohm scaling in 
experimentally relevant conditions. 
Previous studies [Garbet et al., Phys. 
Plasmas 3, 1898 (1996), Waltz et al., 
Phys. Plasmas 9, 1938 (2002)] found 
Worse-than-Bohm scaling in extreme 
conditions.  
Fig.2 shows the time-averaged radial 
profiles of the electric field and the 
parallel profile. As the plasma size 
increases, a plateau forms in the parallel 
velocity profile close to the plasma edge, 
flattening in turn the electric field profile 
through the force balance relation. This 
phenomenon explains the large transport 

observed on Fig.1 for the �*=1/225 case. 
A common criterion to assess the 
suppression of turbulence through the 
shearing of turbulent eddies consists in 

comparing the shearing rate �E�dEr/dr to 
the maximum linear growth rate �L. 
Turbulent transport is reduced if �E>�L. 
This condition is broken close to the 
plasma edge for large plasma sizes, due to the coupling between parallel and heat transport. 

Transport models usually assume ���*: this assumption is obviously incorrect, as shown from Fig. 
2. Therefore our simulations suggest that transport models should be refined to include the 
influence of parallel momentum.  
 

Correlation lengths (in �s units) and times (in cs/a units) are insensitive to plasma size, suggesting a 
contrario Gyrobohm scaling. Note that experimental values on DIII-D are qualitatively and 
quantitatively similar to our simulations. In order to separate the effects of momentum and heat 

Fig.1: Time-averaged profiles of heat diffusivity for the 

��=1/100 (blue), 1/150 (red) and 1/225 (green) simulations. 

Dashed-lines are the Bohm-scaled diffusivities. 

Fig. 2: Time-averaged profiles of the electric field (top) and 

parallel momentum (bottom) for the ��=1/100 (blue), 1/150 

(red) and 1/225 (green) simulations. 
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transport, a new dynamic momentum source has been implemented in GT5D. This source aims at 
cancelling the momentum profile. The time average value is 100 times smaller compared to the 
case without the cancelling source. An additional plasma size scan with this adaptive source has 
been performed. The qualitative features of these simulations are identical to the previous scan. The 

heat transport is again worse-than-Bohm, with a scaling law �i/�B=(�*)-0.74. These simulations 
show that the momentum transport has indeed a favorable impact on turbulence. 
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Future works will focus on various numerical checks of the collision operator. Then, we should 
proceed to the validation of the multiple-species collision operator through various neoclassical 
tests. Then, nonlinear simulations including several kinetic species will be performed. In addition, 
the adaptive algorithm implemented for this work could be easily transformed into a fixed-gradient 
algorithm. Fixed-gradient simulations could be useful in view of benchmarking GT5D with other 
existing gyrokinetic codes. 
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Containment of the energy of alpha particles is critical to achieve break even in magnetically 
confined fusion devices. In an ignited tokamak, these highly energetic particles can give birth to 
Alfvèn wave instabilities (AEs) in the form of isolated single modes. A concern is that AEs may 
lead to the premature ejection of the energetic population before they could give their energy to the 
core to sustain the reaction. The estimation of the growth rate of AEs is complex, and the crucial 
question of their stability in future burning plasma remains to be clarified. 

In general, these instabilities are described in a three-dimensional (3D) configuration space. 
However, if we assume that the modes are isolated, it is possible to transform the coordinates and 
reduce the problem to a set of one-dimensional equations, which have the same mathematical 
structure as the so-called Berk-Breizman (BB) model [Breizman et al., Phys. Fluids B 5 (1993) 
3217]. The BB model describes the wave-particle interactions between an electrostatic wave and a 
beam of high-energy particles, taking into account collisions and background dissipative 
mechanisms. This analogy enables the application to a fully nonlinear problem in a complex 
geometry of a model that is analytically and numerically tractable, instead of heavier 3D analysis. 

From this possibility stems our motivation to use numerical computations to apply the BB model 
to a nonlinear analysis of experimental AEs. Our ultimate goal is to estimate fundamental kinetic 
parameters based on simple experimental diagnostics for these instabilities. 

 

The Vlasov-Poisson (VP) model is a kinetic model yielding the time-evolution of a system of 
particle subject to an electrostatic field as the solution of the collisionless Boltzmann equation and 
the Maxwell-Poisson equation. The BB model is an augmentation of the VP model including a 
collision term that includes particle annihilation and injection processes, and an external wave 
damping accounting for background dissipative mechanisms. The initial particle distribution 
function comprises a Maxwellian bulk and a beam of energetic particles, and at initial time we 
apply a small single-mode electrostatic perturbation. Depending on the parameters of the system, 
the perturbation can be amplified due to the transfer of energy between resonant particles and the 
wave. Eventually, the trapping of resonant particles significantly modifies the distribution function 
and an island structure appears in phase space. In a regime of low collisionality, we observe that the 
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energy of an unstable wave splits into two spectral components, the frequency of each drifting in 
time. These shifting frequencies correspond to the evolution of holes and clumps in phase-space. In 
a previous work, we performed simulations of the BB model that reproduced experimental 
observations of AEs in terms of several nonlinear features of frequency sweeping, or chirping. 
Namely, we were able to obtain a quasi-periodic regime with similar sweeping rate, hole/clump 
lifetime, and period of chirping bursts. However, a major caveat was the absence of a quiescent 
phase between each burst, which is clearly observed in experiments, as shown in Fig.1(a). 

 

Fig.1. Fitting of nonlinear chirping 
features. (a) Spectrogram of the magnetic 
fluctuations in the JT-60U tokamak, 
featuring 5 chirping bursts of a TAE. (b) 
Spectrogram of the electrostatic 
fluctuations in our simulation. The input 
parameters were found using our 
matching technique. Note the 
quantitative agreement for the chirping 
velocity, life-time and period. This figure 
shows only a small part of the total 
simulation time, which is of the order of 
one second in order to accurately 
estimate the period. 

This year, we found that when collisions are described with a Bhatnagar–Gross–Krook (BGK) 
collision operator, the model cannot reproduce the part of holes and clumps dynamic that leads to 
such quiescent phases. We extended our code to include both dynamical friction (drag) and velocity 
diffusion, which turned out to be essential to reproduce the latter dynamic. We investigated 
numerically the nonlinear features of chirping with this updated model, in regimes relevant to 
experimental observations of AEs with periodic chirping bursts. Such a statistical study required 
long-time simulations, of the order of 10000 times the period of the wave, since it takes several 
bursts before the system reaches a state where the period of chirping bursts is constant. In this 
regime, we showed that the three above-mentioned chirping characteristics depend smoothly on 
four fundamental parameters of the model. In addition, we showed that the extent of this regime is 
small enough to provide an additional constraint on the latter parameters. Based on these new 
findings, we developed a method to estimate the local linear drive, external damping rate, drag and 
diffusion rates by fitting these chirping characteristics between AE experiments and the BB model. 
We applied this procedure by analyzing a special AE that owns its existence to the geometry of a 
tokamak, the Toroidicity-induced Alfvén Eigenmode (TAE). The application to a TAE on JT-60U is 
illustrated in Fig.1. We obtained growth and damping rates which suggests the existence of TAE 
relatively far from marginal stability, and collision frequencies that agree with independent 
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estimation from equilibrium profiles. Fig.2 shows the agreement in terms of perturbation 
amplitude. We then applied this method to a TAE in the European tokamak MAST, yielding similar 
results. 

 

Fig.2. Time-evolution of the 
perturbation amplitude during the first 
chirping burst of Fig.1. Note the 
quantitative agreement between 
experiment and simulation for the 
time scales, the growth rate, and decay 
rate. The horizontal line shows a level 
of measurement noise. 
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Andreas Bierwage 

 
 

In Tokamak plasmas energetic ions arise from beam injection, cyclotron heating and nuclear 
fusion reactions. In particular, the concept of a plasma in which conditions for nuclear fusion are 
self-sustained (a so-called “burning plasma”), relies on energetic Alpha particles to provide the 
majority of heating power. 

Energetic ions are known to excite magnetohydrodynamic (MHD) plasma waves of the shear 
Alfvén branch. As a result of these wave-particle interactions, energetic ions are displaced radially 
and a certain amount of the population is lost from the plasma. It is important to understand and 
numerically simulate these nonlinear processes in order to be able to interpret experimental results 
in present-day externally heated tokamak plasmas and to make predictions for future burning 
plasmas as will be explored in ITER [www.iter.org]. 

The spectrum of shear Alfvén waves consists of a continuum and discrete eigenmodes. The 
frequencies and mode structures of the discrete modes are determined by the MHD plasma 
equilibrium. On the other hand, when energetic particle drive is strong enough to overcome 
continuum damping, instabilities arise whose mode structures and frequencies are determined by 
the spatial and velocity distribution of the driving particles. These fluctuations are called Energetic 
Particle Modes (EPM) [L. Chen, Phys. Plasmas 1 (1994) 1519]. 

The dynamics of EPM and the energetic particle transport they cause is significantly influenced 
by the geometry and non-uniformity of the system. Their study largely relies on global nonlinear 
simulations. The state-of-the-art tools for this task are hybrid (MHD-gyrokinetic) codes, which 
utilize the fact that the energetic ion density is low compared to that of the bulk plasma, and their 
dominant contribution comes from their (anisotropic) pressure. 

 

We use the hybrid code MEGA, which was originally developed by Prof. Y. Todo at NIFS [Y. 
Todo et al., Phys. Plasmas 12 (2005) 012503; Y. Todo, Phys. Plasmas 13 (2006) 082503]. Our work 
includes (i) the use of the present code version to study the excitation of EPM under conditions 
with high bulk plasma pressure, and (ii) the extension of the code in order to model the plasma 
equilibrium more realistically. 

In fiscal year 2010 (Heisei 22), we have completed the porting of MEGA to JAEA’s BX900 
supercomputer system and implemented an interface with the MHD equilibrium solver MEUDAS 
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[M. Azumi et al., Proc. 4th Intl. Symp. Comp. Methods Appl. Sci. Eng., Paris (1980) 335]. This 
allowed us to carry out first nonlinear simulations with realistically shaped magnetic flux surfaces. 
We used the equilibrium of JT-60U discharge E039672 and compared our results with those from 
earlier studies, which used a simplified geometry with circular plasma cross-section [S. Briguglio 
et al., Phys. Plasmas 14 (2007) 055904]. In the experiment, so-called fast-frequency-sweeping 
(fast-FS) modes and Abrupt Large Events (ALE) were observed, which were both suggested to be 
manifestations of EPM [M. Ishikawa et al., Nucl. Fusion 45 (2005) 1474].  

 
Fig.1:  Mode intensity contours as function of radius r/a and frequency normalized by 

Alfvén frequency, ω/ωA0. White dashed lines indicate the Alfvén continuum. 
Panels (a) and (b) show results for the case with circular plasma cross-section, 
and (c) and (d) for the realistically shaped scenario. The respective linear 
instability is shown in (a) and (c), and snapshots of the nonlinear regime are 
given in (b) and (d). 

 

The simulation results for both the circular and shaped equilibrium show linear instabilities and 
nonlinear dynamics in the frequency range 22kHz – 70 kHz, which is similar to that in the 
experiment. Contour plots of the mode intensity are shown in Fig. 1, where one can see frequency- 
sweeping modes [(i)�(ii) and (I)�(II)], which run along the continuous spectrum (white dashed 
lines), and centrally located modes [(iv) and (IV)], which have a relatively constant frequency and 
exploit a gap in the continuous spectrum, where continuum damping is weak or zero. Together, 
these modes cause a relaxation in the energetic particle density, which is shown in Fig. 2. 
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Fig. 2: Change in the energetic particle density field plotted in the poloidal R-Z plane. 

Red indicates a gain and blue indicates a loss, the amplitude of which is 
normalized by the central value of the density at t=0. The change is computed by 
taking the difference between the density after the first two bursts of mode 
activity [(a) t=350 in the circular case, (b) t=650 in the shaped case] and the 
density during the regime of linear instability growth (t=150). The outer black 
line indicates the plasma boundary and the inner black line indicates the flux 
surface where the linear instability peaks, which corresponds to r/a=0.5 in Fig. 1.. 

 
The main difference between the circular and shaped case is that the latter gives a lower growth 

rate for the linear instability and a lower saturation level: both are lower by a factor of 2 for the 
parameters used in the simulation. Given this difference (the reason for which remains to be 
determined) it is interesting that the redistribution of energetic ions is similar: in both cases, Fig. 2 
shows a 15% – 20% loss in the central region of the plasma. This indicates that growth rates and 
saturation levels may not be reliable indicators for the transport caused by an EPM instability. This 
underlines the importance of making further advances in global nonlinear simulations. 

 

1) 
 
 

“Nonlinear Hybrid Simulations of Energetic Particle Modes in Realistic Tokamak Flux- 
Surface Geometry”, A. Bierwage, Y. Todo, N. Aiba, K. Shinohara, M. Ishikawa and M. Yagi, 
20th International Toki Conference, Gifu, Japan, 2010. To appear in Plasma Fusion Research. 

 

The simulation comparing circular and shaped equilibria will be repeated with an upgraded 
version of MEGA, which will include additional diagnostics in order to understand in detail the 
transport processes and differences in the linear stability and saturation level in the two cases. 

We also expect to obtain first publishable results or our study of EPM near the MHD 
kink-ballooning instability threshold. 
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Ovidiu Mihalache 

u[Ñ�ÖNO�  

The main aim of simulations is to validate experimental data taken during both Pre-Service 
Inspection (PSI) and In-Service Inspection (ISI) of Monju steam generator tubes. Also, the aim is to 
validate multi-frequency algorithms using that are able to suppress the eddy current noise from 
sodium around SP and U-bend area and to maximize signal/noise ratio, where the signal is the eddy 
current amplitude due to a defect in the SG tube. Additional noise as the vibration noise due to 
lift-off of eddy current coils is computed. 

Experimental observations of sodium structures are limited and simulations are used to optimize 
ECT sensor technology and to choose the proper operation frequency depending on the structure 
(SP or U-bend) 

 

Simulations are used to confirm detectability of several types of defects under support plates and 
in the U-bend area. Experimental evidence pointed out that after sodium is drained from SG vessel, 
sodium adheres to SG tubes and SP and will eventually fill the void spaces between SP and SG 
tubes. Also, sodium drops are formed in the lower part of U-bend or under the SP. If there is a 
defect, located on the outer surface of tube, the defect will be filled partially or completely with 
sodium depending on the size/location of defect. During experimental measurements is not possible 
to control the filling of sodium and sodium structures and after each sodium draining are obtained 
different sodium structures. 

In a concrete way , the following 3D simulations using 3D-RFECT code were executed by 
combing the following factors: 

- different eddy current transducer: classical Bobbin type coil and new multi-coils system (see 
Fig. 1) 

- SP structure: small SP or large support plate (SP), U-bend tubes (see Fig. 2) 
- 1 SG tube attached to a small SP or large number of SG tubes (9) attached to a large SP model 
- shielding electromagnetic effect when 9 tubes are in SP or U-bend area 
- sodium filling 0%, 20%, 50%, 100% defects volume  
- defects in the tube free area, defect near or under SP, defects near U-bend area 
- defects: outer tube defects with depths 20% and 50% from tube wall thickness 
- eddy current distribution at different inspection frequencies:150,450,600 Hz in order to validate 
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different multi-frequency algorithms 
- lift-off +2mm, -2mm noise of excitation or detection of coils to compute vibration/wobbling 

coil noise. 
Numerical simulations are able to investigate all sodium structures and to compute the maximum 

electromagnetic noise from sodium during eddy current inspection and also to investigate the 
relationship between sodium, support plate and defect size/location. Simulations of an enhanced 
defect detection under SG tube SP is investigated using a multi-coil RFECT approach (Fig. 3). 
where noise is coming from vibrations of ECT probes inside of SG tubes, as in actual ISI. 

By adopting a multi-frequency approach in which the electromagnetic signal is computed at 
various frequencies, various algorithms are investigated using simulated data in order to validate an 
algorithm which is able to suppress the maximum sodium signal and which does not depends of 
how much sodium is filling the defect volume or if sodium drops exist next to defects (see Fig. 4). 

   

Fig. 1 View of the Bobbin coil and multi-coil RFECT. 

   
Fig. 2. Small SP with one tube and large SP with nine tubes 

 

 

Fig. 3 Simulations of the enhanced detection of defects under SG tube SP using multi-coil 
RFECT sensor. Noise is simulated from vibrations (±2mm) of probes inside of SG tubes.  
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Fig. 4 Verification of multi-frequency algorithm for enhanced detection using ECT coils (bobbin 
type) : simulations results for support plate and sodium. Maximum sodium noise signal. 
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Ovidiu Mihalache, Toshihiko Yamaguchi, Masashi Ueda," Computational Challenges in 
Numerical Simulations of ISI of Magnetic Steam Generator Tubes in Fast Breeder Reactors 
using Eddy Currents and Multi-frequency Algorithms", E-Journal of Advanced Maintenance, 
2011, (submitted for review and publication 2011). 

Ovidiu Mihalache, Toshihiko Yamaguchi, Masashi Ueda," Advancement and Performance in 
Large Scale Eddy Current Simulations for ISI of FBR Steam Generator Tubes", Joint 
International Conference on Supercomputing in Nuclear Applications and Monte Carlo 2010 
(SNA + MC2010), Tokyo, 2010. (submitted for review and publications to PNST journal 
Atomic Energy Japan). 

Ovidiu Mihalache, Toshihiko Yamaguchi, Masashi Ueda, Shinya Miyahara, "3D RFEC 
Simulations for the In-Service Inspection of Steam Generator Tubes in Fast Breeder Reactors", 
International Journal of Applied Electromagnetics and Mechanics, Vol. 33, pp. 1165-1171, 
2010. 

Ovidiu Mihalache, Toshihiko Yamaguchi, Masashi Ueda, Kazuyuki Tsukimori , “FEM 
Simulations for ISI of Double Wall of SG Tubes in JSFR using Eddy Currents", Annual 
Meeting of the Atomic Energy Society Japan, 15-17 September, Hokaido University, 2010. 

Future work will be focused on optimization of ISI of Monju SG tubes by simulating the eddy 
current noise arising : a) addition of sodium layer on the outer surface of SG tubes and SP; c) 
validation of 3D numerical simulations with various experimental measurements from a sodium 
tank mock-up experiment to be conducted in 2012. 
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� A.1� �� 22�����
!�'�'Ý%íÉ'&������� 

BX900 FX1 

 
l|È 
�*�ß 

Ð8 
�*�ß 

ÝÅ 
*�(H) 

l|È 
�*�ß 

Ð8 
�*�ß 

ÝÅ 
*�(H) 

4- 13,242 9,197 10,015,465 2,728 437 341,789 

5- 13,675 7,213 8,602,516 2,020 290 539,476 

6- 13,815 6,986 9,423,536 1,952 314 689,885 

7- 14,547 6,053 9,738,889 695 228 647,582 

8- 20,183 6,573 10,591,658 948 355 728,425 

9- 17,647 6,850 9,586,939 1,886 285 784,474 

10- 18,332 6,196 8,706,343 1,041 357 678,351 

11- 17,989 7,415 9,433,724 1,578 461 761,235 

12- 16,079 7,154 10,300,280 1,112 371 808,206 

1- 19,694 7,441 9,420,128 854 261 822,046 

2- 15,060 7,620 7,685,938 709 257 631,585 

3- 10,243 5,078 5,584,879 871 210 256,045 

5� 190,506 83,776 109,090,295 16,394 3,826 7,689,098 
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� B.1� �� 22����¶·�ß,¾¿ÀC�L/ 

 BX900 FX1/ 
M9000 

UNIX 
(Linux) »D ��
 9:;<= network �3ö 

(���5) 5� 

4- 78 14 4 2 2 24 0 39 163 

5- 62 11 5 3 1 8 1 10 101 

6- 70 5 12 0 1 14 2 9 113 

7- 49 2 24 0 5 12 2 5 99 

8- 60 11 5 1 4 8 0 14 103 

9- 46 12 9 0 13 8 7 12 107 

10- 45 0 24 1 3 1 8 13 95 

11- 45 0 19 1 3 1 10 13 92 

12- 69 1 6 0 0 7 0 18 101 

1- 80 0 15 2 1 4 8 12 122 

2- 52 1 19 2 0 12 6 17 109 

3- 31 0 7 3 4 3 5 9 62 

5� 687 57 149 15 37 102 49 171 1267 
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国際単位系（SI）

乗数　 接頭語 記号 乗数　 接頭語 記号

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60s
時 h 1h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10800) rad
秒 ” 1”=(1/60)’=(π/648000) rad

ヘクタール ha 1ha=1hm2=104m2

リットル L，l 1L=11=1dm3=103cm3=10-3m3

トン t 1t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1u=1 Da
天 文 単 位 ua 1ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1メートル系カラット = 200 mg = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー）4.184J（｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 sA
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 sA
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 sA
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 sA
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立法メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立法メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 基本単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量, 方向

性線量当量, 個人線量当量
シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100kPa=105Pa
水銀柱ミリメートル mmHg 1mmHg=133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)2=10-28m2

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ ジ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ ｪ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ｃ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（c）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。
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