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燃焼 様 時空間 物理現象 複雑 絡 合

燃焼 予測及 制御 複雑物理現象 含

開発 必要

第一原理 基 燃焼 調 有効 手段

広範囲 時空間 扱 段階 未 至

一方 各物理現象 化 統合化

有効 手段 世界各国 統合 開発 進

我 時間発展 TOPICS 燃焼

統合 中核 開発 進 以下 研究成果 紹介

- 新古典

- 強 負磁気 電流

- ITER定常運転



Strategy of the development of 
burning plasma simulation code



NTM study by the modified Rutherford equation

� 

µ0a
2

η
dW
dt = Γ ′ Δ + ΓBS + ΓGGJ + Γpol + ΓECCD

: Disappearance of bootstrap current due to plasma profiles 
flattened in the magnetic island destabilizes the mode.

� 

ΓBS

� 

Γ ′ Δ : Classical tearing stability index term

� 

ΓGGJ : Stabilization by magnetic well 
(Glasser-Green-Johnson effect)

� 

Γpol
: Stabilization or destabilization by ion polarization current

� 

ΓECCD : EC current compensating bootstrap current lost in the magnetic island 
stabilizes the mode.

In the modified Rutherford equation, 
there are several uncertainties depending 
on models, such as constant coefficients 
of each term and model formulas. 
(O.Sauter, 1997). W
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NTM model  :  Modified Rutherford equation

Parameters of kBS, kGGJ, kpol, kEC are constant of 
order unity.
Value of Wd depends on theoretical models 
( to limit the parallel heat transport ).
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(kBS, kGGJ, kpol, kEC, Wd) should be estimated 
by fitting to experiments.

W  :  Magnetic island width in ρ coordinate  
kc=1.2, Δ'(W) :  Cylindrical model
Lq = q / ( dq/dρ) ,   ρs : Rational surface position
Wd  :  Finite χ⊥/ χ// effect (R.Fitzpatrick, 1995)

ηEC : Localized efficiency of EC current
IEC : Total EC current

kBS can be estimated from large W.

kGGJ, kpol, Wd from small W



Modified Rutherford equation EC code

Physical values 
at rational surface Additional 

current & 
heating sources

Geometry &
Plasma profilesCurrent profile

(Bootstrap current, etc)

EC current

NTM simulation model (Hayashi, JPFR04 & NF04)

1.5D tokamak simulation code ( TOPICS )

Neoclassical resistivity  :  Hirshman & Hawryluk model

Bootstrap current  :  Matrix inversion method for Hirshman & Sigmar formula

1D current diffusion equation

2D MHD equilibrium : Grad-Shafranov equation ( Free boundary )
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Ray tracing method & 
Fokker-Planck equation

Confinement 
degradation due 
to magnetic island
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Determination of parameters in JT-60U experiments (Hayashi, JPFR04)



PEC(MW) ~ 0.23 IEC(kA) for 3/2 mode

For kBS~4, kpol~1, kEC~4, Wd~0.01 estimated from JT-60U experiment, 
Ifs0 ~ 74 kA for 3/2 mode and ~ 54 kA for 2/1 mode on ITER ( error~20% ) .

ECCD power necessary for both 3/2 and 2/1 modes stabilization is 30 MW.

EC code results : ~ 0.24 IEC(kA) for 2/1 mode

Necessary ECCD power can be reduced to 12 MW when the EC current width 
is half decreased by optimizing injection angles. 

Evaluation of ECCD power necessary for stabilization in ITER

Similar to ITER inductive scenario #2 : 

Fundamental O-mode EC wave of 170 GHz

ne, Te, Ti profiles  :   Fixed profiles

EC current ( WEC=0.04 )

EC current location is assumed to be just island center.
EC
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� 

Ip =15 MA, BT = 5.3 T,  R0 = 6.2 m, a = 2 m, 

βN ≈1.8, n e =1.0 ×1020  m-3,  T e = 9.1 keV, T i = 8.3 keV

(Hayashi, JPFR04 & NF04)



JT-60U
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TOPICS simulation with modified Rutherford equation

• Spontaneous decay at W~0.04  
• Longer time to stabilize for slight misalignment
• Destabilization for |ρEC-ρs|~W
Precise identification of mode location is required

EC on

TOPICS code simulations clarify detailed island evolution   
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JT-60U
Shift of mode rational surface for misaligned ECCD

• Change in mode location = Current profile evolution + ECCD 
• NTM tries to escape from ECCD
   Both contribute to misalignment     real-time tracking is needed
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Isayama, 7th ITPA MHD
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Sharp reduction of anomalous transport in RS region (k~0) can reproduce 
JT-60U experiment.

Transport becomes neoclassical-level in RS region, which 
results in the autonomous formation of ITB and strong RS 
through large bootstrap current.
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χano = χ0F s − kα( )
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Autonomous formation of strongly-reversed-shear (current-hole) 
plasmas



Anomalous transport model with k~0 can reproduce scalings of 
the box-type ITB in JT-60U RS plasma. (Hayashi, NF05)

Energy confinement inside ITB agrees 
with JT-60U scaling : εfβp,core ≈ 0.25.
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外部電流駆動 強負磁気 維持

小  CH  fBS<1 誘導電流

染込 収縮 (case A, PNB=12 MW) 

電流 形成段階 (t < 2 s), 

加熱 増 電流 半径 ( CH ) 

内部輸送障壁足位置 ( f ) 拡張

形成後,
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大  CH  fBS̃1 維持 (case B, PNB=18 MW)

B

B

f ̃ qmin 維持 必要

f > qmin (k̃1) 場合 内部輸送障壁位置 継続的

拡張 (case C) 実験 矛盾
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外部電流駆動 (ex. ECCD) case A 
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駆動電流 電流密度 外側 電流

半径  ITB 足位置半径 拡張 (case E)
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 fCD̃1 - fBS 駆動電流 収縮止 (case D)
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Formation of Strongly-Reversed-Shear plasma in ITER

High βN (~ 4) & High fBS (~ 89%) plasma

Thermal instability after NB power off
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Thermal instability in SRS plasma

High temperature operation is necessary for SRS plasma

τ E ∝ χ−1dW
dt

= −
W
τ E

+ Pα − Prad

Zero-dimensional model :
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!Small radiation : Temperature increase 
                             over 40 keV
Large radiation : Temperature decrease

After NB heating off,

Only T perturbation :  Stable for Ti > 42 keV (M. Ohta, 4th IAEA)

( Bohm-type diffusion χ ∝ T : Stable for Ti > 14 keV )

Neoclassical transport inside ITB : χ ∝T −1/2



Suppression of thermal instability by NB feedback control 
and profile sustainment by external current drive

External current drive (EC) : fEC ~ 1− fBS
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Weakly-reversed-shear plasma in ITER

Steady-state : βN~3.1, Q~4.6, HH98(y,2)~1.8

k=0, C=1.2, w/o ExB shear stabilization
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新古典 NTM

- 修正 方程式 基 NTM TOPICS 結合 統合 開発

- 未定 JT-60U実験 比較 求 実験 再現 確認

- ITER NTM安定化 必要 ECCD JT-60U実験 妥当性 確認 用

評価

- ECCD位置及 実時間制御 必要性 解明

強 負磁気 電流

- 異常輸送 負磁気 領域内 新古典 以下 急 減衰 輸送 JT-60U 観測

分布 時間発展 再現

- ITB位置 広 電流 完全電流駆動 維持

- ITB位置 狭 電流割合 小 誘導電流 染込 収縮

- 適切 外部電流駆動 収縮 妨 ITB位置 制御可能

- 強負磁気 外部電流駆動 対 自律的 反応 解明

ITER定常運転

- JT-60U実験 妥当性 確認 輸送 用 ITER定常運転

- 粒子加熱 強 負磁気 ITB 新古典 輸送 Tĩ40 keV

高温 熱的不安定

- NB加熱 制御 Ti ̃ 30keV位 熱的不安定性 抑制 外部電流駆動

完全電流駆動 強 負磁気 燃焼 維持 解明


