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Requirements for Burning Devices

‣ Requirements of Improved Confinement for 
Burning Plasma
- High energy confinement
- High density
- High normalized β
- High bootstrap current
- High non-inductively driven current
- High fuel purity
- High radiation power
- Low peak power flux to divertor
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Improved Confinement
‣ Various kinds of improved confinement

- ETB Indispensable for high Q operation
- ITB Beneficial for long time operation
- Plasma rotation, Impurity injection, etc.

‣ Results of closely coupled transport 
phenomena

‣ Reliable Scaling and Modeling of improved 
confinement are necessary for projection to 
burning devices.

5



Model of ITB Formation
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Scaling
‣ Global confinement scaling

- L-mode scaling
- H-mode scaling

• β scaling (Takizuka, Kaye)
• R/a scaling (Kaye)
• 1.5D ITER Simulation (Polevoi)

- Density profile scaling (Weisen)

‣ Edge plasma scaling 
- L-mode density limit (Greenwald limit)
- H-mode density limit

• Borrass scaling: nBLS = q⊥0.094B0.53(q95R)-0.88

- Pedestal stability scaling
• δ dependence -> Total βp scaling (Kamada)
• Pedestal temperature scaling (Onjun)

- H-mode power threshold scaling (McDonald)
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T. Takizuka: Origin of the various beta dependence of 
ELMy H-mode confinement properties
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S. Kaye: The Role of Aspect Ratio and Beta in H-mode 
Confinement Scalings
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Modeling of the ITER reference scenario with Ip = 15 MA with the 
newly proposed [1] scalings and y,2 scaling [2] was carried out 
with the 1.5D ASTRA transport code.  
 
It is shown that for each scaling there is an operational window in 
the range of moderate densities n/nG = 0.85 – 0.65 where the 
fusion power Pfus = 250-600 MW can be provided by neutral beam 
injection with power PNBI = 16.5 MW + 16.5 MW and the ion 
cyclotron central heating with PICR = 0 - 20 MW.  
 
In this operational window the fusion multiplication factor can 
reach the level Q = 10 – 20 even with a conservative assumption 
on helium transport: !"#/!E = 5. 

 
[1] J.G. Cordey, K. Thomsen, A. Chudnovskiy et al, Nucl Fusion 45 (2005) 
1078-1084  
[2] ITER Physics Basis, Nucl. Fusion 39 (1999) 2175. 

 

A.R. Polevoi: ITER Plasma Persormance Assessment on the 
Bases of Newly-proposed Scalings



A.R. Polevoi: 
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Comparison of ITER operational space predicted by ASTRA 1.5D 
simulations with different scalings. Revised scalings predictions 
mainly overlap with y,2 predictions.  

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

!E(y,2) = 0.0562 I0.93 B0.15 R1.97n0.41
"

0.58 k0.78 M0.19 P-0.69, 

!E(4) = 0.0228 I0.86 B0.21 R1.31n0.4a-0.99 A0.84 M0.08 P-0.65, 

!E(9) = 0.0198 I0.85 B0.17 R1.21n0.26a-1.25 A0.82 M0.06 P-0.45, 

!E(19) = 0.088 I0.9R1.26n0.3a0.47P-0.47 



A.R. Polevoi: 
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CONCLUSIONS 

 
Revised scalings predict operational spaces for the ITER 
reference scenario which mainly overlap with y,2 predictions.  
 
The fusion multiplication factor can reach the level Q = 10 – 20 
even with a conservative assumption on helium pumping with 
!"#/!E = 5. 

 
The operational space shrinks dramatically with the core particle 
confinement improvement and conservative scaling for LH power threshold.  
This is caused mainly by the increase of the fuel contamination by helium 
up to the 1.5-2.2 % in average.  
 
Scalings 4, 9 and y,2(98) predict operation in the desirable range Q > 10 for 
n/nG = 0.85 even in the case of the improved particle confinement. 
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J.H. Weisen: Scaling of density peaking in JET H-modes



J.H. Weisen:
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Peaking decreases with NG

• Suggests very different (flat) extrapolation to ITER!



J.H. Weisen:

• Density peaking in H-modes is clearly anomalous

• NBI fuelling contributes modestly, as expected for χ/D~1.5

• Ware pinch contribution insignificant

• Dominant parameter dependencies on νeff (or ν*), NG, Γ/neχ, Ti/Te

• Weak, ambigous correlations with various measures of shear, q95

• No dependence on LTe,LTi,β,ρ*

• Strong correlation of νeff and NG, but NG likely not to be appropriate

• Proposed best fits (local quantities at mid-radius): 

    R/Lne = 0.78 -1.28log10νeff +1.28RΓ/(neχ) +0.7Ti/Te            ITER: 2.97 

ne0/<ne> = 1.09 -0.34 log10νeff  +0.2RΓ/(neχ) +0.17Ti/Te              ITER: 1.65     

• Fusion power increase >30%, raises Q to >30

• Partial ‘insurance’ against possible low density limit 

Conclusions
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2. Pedestal βp increases with total βp
At high-δ, pedestal βp  increases with βp-total

Pedestal pressure can be increased by x2 ~ 2.5.
Same tendency for standard H & ITB+H discharges.
                (not the result of profile stiffness)

(positive shear)

Y.Kamada,et al., Plasma Phys. Control.
Fusion 44, A279-A286, (2002).

Y. Kamada: Impact of the Edge Pedestal Characteristics on the 
Integrated Performance in Advanced Operation Modes on 
JT-60U



JT-60URS ELMy H

βp-tot

reversed  shear
type I ELM
0.3<δ<0.5

0.8MA
1MA
1.5MA
positive shear

20.3
triangularity δ

0.8MA
1MA
1.5MA
positive shear

reversed  shear
type I ELM

Similar to the positive shear, βp-ped-max increases with δ,
and βp-ped increases with βp-tot.
But, Ip=0.8MA cases has smaller βp-ped.

Y. Kamada:



JT-60U
ELM crash depth deepens with W-ped

@ ELM crash depth (within 1ms):
   not very regular,
   tends to deepen with W-ped,
   then reached the ITB-foot.

@ ITB-foot
   seems to  barrier the ELM crash
     (5.8-5.95s,6.25-6.49s),
   shrinks after a few ELM attack
    (5.95s-6.0s, 6.49s-6.6s).
  ELM crash depth follows ITB-foot.
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JT-60UContents & Main Results
1. Contribution of Pedestal to the integrated performance
  Pedestal stored energy is ~20% of total stored energy in high-βp H and RS H.
  Fusion Performance G Increasing with Pedestal Pressure.
2. Pedestal βp increases with total βp
  At high-δ, pedestal βp increases with βp-total (both type I and Grassy).
  Same tendency for standard H & ITB+H discharges.
  In RS ELMy H discharges, similar to the positive shear, βp-ped-max increases with

δ, and βp-ped increases with βp-tot on the same line with positive shear (except
Ip=0.8MA high q95 (=8-9).

  When plotted versus βp+li/2, scatter is similar.
  Reason of Gradual Pedestal Evolution is not clear.
3. Compatibility of Type I ELM & ITB
  Up to Ip=1.5MA, ITB has not been degraded by type I ELM crash in JT-60U
          The maximum stored energy Wmax was limited by NTMs.
  At higher Ip=1.8MA, Wmax was degraded without NTMs.
           <= ITB shrinks by ELM crash.
  Full Noninductive CD with ITB (High βp ELMyH) at Ip=1.8MA:
    ELM crash depth deepens with increasing W-ped, then reaches the ITB-foot.
    ITB-foot seems to barrier the ELM crash, and shrinks after a few ELM attack,
    and ELM crash depth follows ITB-foot.

Y. Kamada:
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Electron Temperature Comparisons

! Comparisons between predicted pedestal temperature 
and experimental electron pedestal temperature

i
0.10 Rq!" # 2

i
0.29 s!" #

RMSE = 44%, R2 = 0.8 RMSE = 37%, R2 = 0.8

T. Onjun: Prediction of Ion and Electron Pedestal Temperature 
in ITER
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ITER Predictions as a Function of nped

! The pedestal width ranges between 2-3 cm

Ion pedestal temperature Electron pedestal temperature

i
Rq!" #

2

i
s!" #

R $%" #

i
Rq!" #

2

i
s!" #

R $%" #

Design point Design point

T. Onjun:
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Summary-II

! Models predict Tped , !, and dp/dr in a reasonable 
range compared with high resolution pedestal data

! Tped in the range of 57% - 63%

! ! in the range of 30% - 38%

! dp/dr in the range of 51% - 56%

! At the design point, predictions of ITER

! Both electron and ion pedestal temperature are in the 
range of 2.3 to 2.5 keV

! Pedestal width is in the range of 2-3 cm

T. Onjun:
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INTRODUCTION 

 

! ITER L-H scalings [1] derived from International Global Threshold Database 

(IGDBTH) [2] 

 

! Standard procedure is log-linear Ordinary Least Square (OLS) fit [3] 

 

! OLS uses simple statistical model which assumes 

i. P  errors >> independent variable errors 

ii. Relative errors same for all experiments 

iii. Logs of measurements are normally distributed 

 

! Here, more general Maximum-Likelihood method [3] used to test effect of relaxing 

these assumptions  

 

 

MATHEMATICAL FORMALISM 

 

! As example, take IAEA04R [4, 5] with physics model 

 

" # 432

1;
ccc
nBScfP $$$%% cx  

 

where " #nBS ,,%x  and jc , 4,,1 %% Jj ! , are fitted parameters. 

 

! Fits produced by Maximum-Likelihood method, with likelihood 
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%iP,'  errors in P , %ji ,'  errors in jix , , and 1248,...,1 %% Ii label experiments. 

 

! Use MINUIT [6] package. Compare with OLS and EVOR [7] from SAS [8]. 

 

 

RESULTS: ORDINARY LEAST SQUARES 

 

! M-L with assumptions i), ii) and iii) simply by using logged variables 

 

! gives OLS result (Table 1) 

  

Statistical model 
2

1 10$c  Sc  Bc  nc  

1. OLS 7.7 0.80 0.65 0.44 

2. M-L with i), ii) and iii) 7.7 0.80 0.65 0.44 

3. EVOR 7.5 0.85 0.58 0.56 

4. EVOR with mean errors 7.5 0.85 0.58 0.56 

5. M-L with ii) and iii) only 7.5 0.85 0.58 0.56 

6. M-L with iii) only 7.7 0.97 0.32 0.88 

7. OLS adjusted for log bias 7.6 0.80 0.65 0.44 

Table 1: fits of (1) to IAEA04R assuming errors on logged parameters are Normally 

distributed

 

RESULTS: ERRORS IN VARIABLES 

 

! M-L with assumptions ii) and iii) gives EVOR result (Table 1) 

 

! Errors given in Table 2 and averaged in two ways (give same results) 

 

 

 

 

 

 

 

 

Figure 1. EVOR and OLS fits to 

3000 points: x sampled uniformly 

over [-1,1] with xf 5.1%  (TRUE). 

Normal errors, 1%' , added to x  

and f . 

Table 2. Errors on variables for each 

tokamak and their weighted average. 
†
Indirectly calculated.  

‡
Directly from MAST team. 

*Minimum estimate. 

 

! OLS-EVOR difference 4 OLS biases result (Figure 1) 

 

! EVOR result sensitive to errors (Figure 2) 4 must have good error estimates 

 

  

 

(d) (e) 

Figure 2: (a)-(d) Stability 

of scaling to errors. 

Exponents: B (red), n 

(green), S (orange). 

Scaling constant is blue 

(reads off right axis). (e) 

Effect on ITER estimate of 

error on PL-H. 

 

 

 

RESULTS: MACHINE TO MACHINE VARIATION IN ERRORS 

 

! Assumption ii) violated as ....23.006.0, (%ips …. (Table 2) 

 

! M-L can relax this assumption (Fit 6, Table 1) 

 

! M-L with iii) only differs from EVOR 4 ii) biases fit 

 

! Need to be confident that given errors are correct for each tokamak 

m = 1.4799 m = 1.1245
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RESULTS: SKEWED LOG DISTRIBUTIONS 

 

! Logs Normally distributed if relative error << 1 

 

! Assumption iii) relaxed by fitting to real variables (Fit 8, Table 3) 

 

! Result differs from OLS (Table 1) " logging biases result 

 

Statistical model 
2

1
10#c  

S
c  

B
c  

n
c  

8. M-L,Errors on P  only 5.6 0.86 0.72 0.58 

9. M-L 6.0 0.96 0.45 0.80 

Table 3: fits of (1) to IAEA04R assuming errors on parameters Normally distributed  

 

! Effect due to biasing of $ %xE ln  and/or skewing of $ %xP ln  (Figure 3) 

 

! Adjusting OLS for $ %xE ln  (Fit 7, Table 1) doesn’t significantly improve OLS 

" skewing is dominant effect 

 

Figure 3. PDF of (a) a 

Normally distributed 

variable, and (b) its log, 

both as solid black. Also 

in (b), propagated log 

PDF (dotted red) and 

adjusted Normal 

distribution (dashed blue). 

 

 

! Final M-L fit (Fit 9, Table 1) relaxes all three assumptions 

  

  

ERRORS AND CONFIDENCE 

 

! Errors calculated (Table 4) assuming given statistical model is correct 

 

! OLS, EVOR and M-L differ significantly " statistical model is important in final fit 

 

! Correlation of variables in IAEA04R (Figure 4) enhances this effect 

 

Statistical model 
1
c  

S
c  

B
c  

n
c  

2

N
&  

ITER
P  

OLS 7.7 ± 0.3 0.80 ± 0.01 0.65 ± 0.03 0.44 ± 0.03 7.43 35.6 

EVOR 7.5 ± 0.3 0.85 ± 0.02 0.58 ± 0.03 0.56 ± 0.03 7.09 43.4 

M-L 6.0 ± 0.3 0.96 ± 0.02 0.45 ± 0.04 0.80 ± 0.05 6.26 59.0 

Table 4: Summary of fits for selected statistical models. 

 

! Goodness of fit from  $ %JI
N

'( 22 &&  should be  1)  

 

! M-L has smallest 
2

N
&  " is most consistent with error model 

 

! 2

N
& >>1 " statistical and physical model still has missing information 

 

! ITER estimates (Table 4) with 683(S , 3.5(B , 13.1(n , 
D

HL

TD

HL
PP '

'

' #( 8.0  

 

! Suggest OLS is underestimate and confidence intervals should be wider 

 

! Conservative estimate: base confidence intervals on a set of statistical models  

 

Figure 4. negative n-S 

correlation, 73.0'(
nS

*  
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FUTURE WORK 

 

! Further physics models: other variables, selection criteria, physics constraints 

 

! Improved statistics models: studies of error estimates, correlated variables, 

calibration errors, non-Normal distributions 

 

! Estimates of confidence intervals 

 

 

CONCLUSIONS 

 

! Standard Ordinary Least Squares log-linear fits for 
HL

P '  assume 

i. P  errors >> errors on independent variables 

ii. Relative errors same for all experiments 

iii. Logs of measurements are normally distributed 

 

! Maximum-Likelihood method 

! shows all three above assumptions bias the fit 

! provides an improved method for fitting 

! still shows that physics-statistical model does not fully describe data 

 

! For ITER 

! OLS tends to underestimate 
HL

P '  

! Confidence interval taken may be too small 

! Further study of statistical model is required 
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RESULTS: SKEWED LOG DISTRIBUTIONS 

 

! Logs Normally distributed if relative error << 1 

 

! Assumption iii) relaxed by fitting to real variables (Fit 8, Table 3) 

 

! Result differs from OLS (Table 1) " logging biases result 
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8. M-L,Errors on P  only 5.6 0.86 0.72 0.58 

9. M-L 6.0 0.96 0.45 0.80 

Table 3: fits of (1) to IAEA04R assuming errors on parameters Normally distributed  

 

! Effect due to biasing of $ %xE ln  and/or skewing of $ %xP ln  (Figure 3) 

 

! Adjusting OLS for $ %xE ln  (Fit 7, Table 1) doesn’t significantly improve OLS 

" skewing is dominant effect 

 

Figure 3. PDF of (a) a 

Normally distributed 

variable, and (b) its log, 
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in (b), propagated log 

PDF (dotted red) and 

adjusted Normal 

distribution (dashed blue). 

 

 

! Final M-L fit (Fit 9, Table 1) relaxes all three assumptions 

  

  

ERRORS AND CONFIDENCE 

 

! Errors calculated (Table 4) assuming given statistical model is correct 

 

! OLS, EVOR and M-L differ significantly " statistical model is important in final fit 

 

! Correlation of variables in IAEA04R (Figure 4) enhances this effect 

 

Statistical model 
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n
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N
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OLS 7.7 ± 0.3 0.80 ± 0.01 0.65 ± 0.03 0.44 ± 0.03 7.43 35.6 

EVOR 7.5 ± 0.3 0.85 ± 0.02 0.58 ± 0.03 0.56 ± 0.03 7.09 43.4 

M-L 6.0 ± 0.3 0.96 ± 0.02 0.45 ± 0.04 0.80 ± 0.05 6.26 59.0 

Table 4: Summary of fits for selected statistical models. 
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! Suggest OLS is underestimate and confidence intervals should be wider 

 

! Conservative estimate: base confidence intervals on a set of statistical models  
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FUTURE WORK 

 

! Further physics models: other variables, selection criteria, physics constraints 

 

! Improved statistics models: studies of error estimates, correlated variables, 

calibration errors, non-Normal distributions 

 

! Estimates of confidence intervals 

 

 

CONCLUSIONS 

 

! Standard Ordinary Least Squares log-linear fits for 
HL

P '  assume 

i. P  errors >> errors on independent variables 

ii. Relative errors same for all experiments 

iii. Logs of measurements are normally distributed 

 

! Maximum-Likelihood method 

! shows all three above assumptions bias the fit 

! provides an improved method for fitting 

! still shows that physics-statistical model does not fully describe data 

 

! For ITER 

! OLS tends to underestimate 
HL

P '  

! Confidence interval taken may be too small 

! Further study of statistical model is required 
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Modeling
‣ ITB Modeling 

- Validation of ITB model with ITB width (Hayashi)
- ITB bifurcation, oscillation (Fukuyama)

‣ ELM Modeling
- Pedestal formation and ELM cycles (Bateman)
- Integrated modeling of ETB and ELMs (Pankin)
- Simulation of ELM dynamics (Kochergov)

‣ ETB Modeling
- ETB formation in limiter tokamak (Kalupin)
- H-mode plasma including ETB (Kalupin)
- Edge Er generation and dynamics (Rognlien)
- Dynamic transport simulation (Fukuyama)

30



ITB Modeling

31



Transport modeling and simulation of box-type ITB in JT-60U 

RS (current-hole) plasmas (Hayashi, NF05)

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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US-Japan Workshop ! September, 2005

Predictions for ITER Performance

Integrated Predictive Modeling Simulations of Burning Plasma Experiment 
Designs, Plasma Phys. Control. Fusion, 45 (2003) 1939, by G. Bateman, T. Onjun, 

and A. H. Kritz.

0

5

10

15

0.3 0.5 0.7 0.9
F

u
s

io
n

 Q

ITER

0

2

4

6

8

10

0.2 0.4 0.6 0.8 1

ITER

<ne>/nG

T
p

e
d

(k
e
V

)

--- "=4.86#s2

— "=2.42#s2

"=1.16#s2

Design point

--- "=4.86#s2

— "=2.42#s2

"=1.16#s2

<ne>/nG

Design point

Static ETB modelR. Bateman:



US-Japan Workshop ! September, 2005

Predicted Fusion Q for ITER

•Models used in JETTO simulations:

–Mixed-Bohm/gyro-Bohm transport model 

–Dynamic model for pedestal and ELMs

•Models used in BALDUR simulations:

–Multi-Mode (MMM95) transport model

–Pedestal temperature from JETTO 
simulations provide boundary 
condition in the BALDUR code

• Predicted values of fusion
Q " 5 P

#
/ (Paux + P

$
) 

–JETTO and BALDUR simulations
agree within error bounds

• HELENA and MISHKA stability analyses carried out 

–Profiles and equilibrium obtained from JETTO just before ELM crash

MHD-calibrated edge localized mode model in simulations of ITER, 
Phys. Plasmas, 12, 082513 (2005), by Onjun, Bateman, Kritz 
and V. Parail.

JETTO

BALDUR

Dynamic ETB modelR. Bateman:



ITER-SS simulation with GLF23
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Figure 3: The profiles for ITER steady-state scenario 4 [1] from the ONETWO code with the GLF23 

transport model: a) temperatures, b) densities and toroidal rotation, c) current contributions, and d) 

the initial and final q profiles. 
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Elements of an Integrated 

Tokamak Modeling Code

Core
Transport

Edge
Transport

Plasma
Turbulence

MHD

Equilibrium

Heating
Current Drive

Atomic
Physics

Radiative
Transport

Large Scale
Instabilities

Plasma-Wall
Interactions

• Sawtooth Region (q < 1)

• Core Confinement Region

• Magnetic Islands 

• Edge Pedestal Region

• Scrape-off Layer

•Vacuum/Wall/
Conductors/Antenna

R. Bateman:



Structure Integrated Code TASK
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Scaling Summary

54

‣ Scaling
- H-mode global confinement scaling:

• The origin of β degradation and the effect of aspect 
ratio becomes clearer.

• The shape factor affects the global scaling. 
• The impact of error models on scaling was 

extensively studied.
• Newly-proposed scalings little affect the ITER 

performance.
• The possibility of density peaking and performance 

improvement of ITER was pointed out.



Modeling Issues (1)

55

‣ ITB Modeling
- Magnetic shear, Shafranov shift, ExB rotation 

shear, and Vϕ shear are probable mechanisms 
of turbulence suppression. 

- Modeling including these mechanisms have 
been developed.  More efforts to validate the 
model is required.

- Projection to burning plasmas requires:
• Self-consistent analysis of actuators
• Compatibility with confinement of α 

particles and induced Alfvén eigenmodes
• Effect of ELMs and other MHD activities.



Modeling Issues (2)
‣ Particle transport modeling

- Modeling of density peaking and coupling to 
toroidal and poloidal rotations has to be 
validated. 

‣ ETB modeling
- Several models have been proposed. 
- Validation by systematic comparison with 

experimental data is strongly needed.  
- Dynamic modeling of LH transition is still 

required for threshold power scaling.   
- Two-dimensional and three-dimensional 

effects should be examined quantitatively.
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Modeling Issues (3)
‣ ELM modeling

- Significant progress has been made on the 
modeling of Type-I ELMs.

- Projection to burning plasmas still requires 
reliable ETB models and crash models.

- Modeling of small ELMs and control of ELMs 
are important for reducing the peak heat flux 
to the divertors.  
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