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Introduction

Consistency

One of the important issues toward the future device and the fusion 
power plant

SOL-Divertor Plasma OperationCore Plasma Operation
H-mode,  RS mode, ELM, 
current drive, etc. 

Detached condition, He exhaust
Impurity seed, MARFE, etc.

In the ITER modeling, the fitting scaling laws for divertor plasma 
property are built by a 2D divertor transport code, and these are 
used as boundary conditions for the 1D core plasma analysis[1,2].

Demerit of the multi-dimension code.
A multi-dimensional transport code is generally massive, and requires 
divertor geometry and large calculation cost.  

Precise analysis by a multi dimensional code is preferable.



A simple Core-SOL-Divertor model is supposed to be a useful 
tool to understand qualitatively the overall features of the 
plasma operational space.

To carry out efficiently precise and consistent analysis for the 
core and edge plasma operation by the multi dimensional 
code.

It is necessary and effective to understand qualitatively the 
overall features of  the integrated core and edge plasma 
operation space.

Motivation



To develop a Core-SOL-divertor model (C-S-D model)  to investigate 
overall and integrated feature of operation space for core and SOL-
divertor plasmas operation.

Concept of the C-S-D model[3]
SOL-Divertor PlasmaCore Plasma

0D core plasma model of
ITER physics guidelines Two-point model

Core parameter SOL-divertor parameter
•Heat flux across the separatrix

•Upstream SOL density:ns

•Heat flux across the separatrix
•Particle flux across the separatrix

Problem : How to derive the upstream SOL density ns ?
How to consider the recycling effect ?

•solve the particle balance for the SOL-divertor region including neutral 
transport.

Integrate

Objectives

•Particle source by recycling effect •Recycling effect 



0D plasma model based on ITER physics guidelines[4]
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LH transition condition[5]

When the total input power within the separatrix (Pin) becomes larger than LH threshold power 
(Pthr), L to H transition occurs.
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Two-point model[7]
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•momentum balance in the SOL-divertor region

•global energy balance in the SOL-divertor region

•radial energy transport in SOL region

•electron thermal transport along the field lines
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Fig. The basic features of density, temperature, 
and   Mach number in the SOL-divertor region.

SOL-Divertor Model



1. All neutral particle source rate at the edge region Nn including gas puff term 
Npuff

( ) ( ) puffndsddn sin2 NRTCMnN +∆= ψπ

Assumption: Neutral particle source rate at the divertor region is 
proportional to the particle flux to the divertor plate.

Neutral Transport Model

Core

SOL divertor

core
nN

div
nNsol

nN

coreΓ
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||Γ

pump

puffN

2. Some neutral particles ionize in the divertor region by the fraction of          . div
ionf

3. Other neutral particles go into the core, SOL, and pumping regions by the  
fraction of         ,        and           , respectively. core

ionf sol
ionf pump

ionf

Fig. A simple model of the steady state particle balance.
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•ionization rate in the divertor region[8]

•ionization rate in the SOL region
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Acore, Asol, and  Apump are effective area from the divertor region. 
To specify these parameters more precisely, numerical analysis by multi-
demensional Monte Calro nueutral transport code will be done in the future.

Neutral Transport Model (cont.)
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Particle balance of SOL-divertor region
Total particle flux to the divertor plate is equal to the sum of total flux from 
core plasma, particle source in both SOL and divertor region 
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Fig. particle balance of the SOL-divertor region.



JT-60U simulation result for the attached state[9]
•We focus on the inner divertor.
•The fraction of the power entering inner SOL 
across the separatrix to the total power is Pin/Pall
=0.34.

•The percentage of the total radiation power to 
the input power fimp is about 30 %

Te

ne

Fig Te and ne of B2-EIRENE

Comparison with B2-EIRENE

~5550.0SOL Temp. Ts  [eV]

~1012.3Div Temp. Td  [eV]

~2.4××××10192.3××××1019Div density nd  [m-3]

~1××××10191.0××××1019SOL density ns  [m-3]

B2-EIRENEC-S-D model



Dependence on the particle flux from core plasma.

•The parameter dependence of the 
C-S-D model looks reasonable in 
comparison with B2-EIRENE

•At Φp~1.3x1022 s-1(where 
divertor densities of CSD and B2 
are equal), C-S-D model 
reproduces other SOL-divertor 
parameters similar to B2-
EIRENE.

•C-S-D model reproduce the 
transition from  low to high 
recycling state 

Comparison with B2-EIRENE(cont.)

Difference after Φp~1.5x1022s-1 is caused from momentum loss effect

Low recycling

High recycling

Detached plasma



HT-7U Operational space for LHCD[10] 

Application to HT-7U Operation Space
Divertor heat load

constraint

LH transition
condition

Power balance
constraint

LHCD power
constraint

Operational Space

•Upper boundary of Qin is divertor heat load constraint
•Upper boundary of Φp is power balance constraint for low Qin, 
LHCD power constraint for high Qin

•Lower boundary of Φp is divertor heat flux constraint



This result implies that careful operation will be required during LH 
transition phase

Application to ITER LH Transition phase
• Plasma parameters at t=250 sec 

are almost the same as the 
reference parameters of ITER 
inductive operation scenario 

• At t=100 sec, plasma parameters 
are also similar to the reference 
parameters of ITER.

• Density increases from t=95 sec.
• Auxiliary heating is added at 

t=100 sec.
• LH transition occurs at t=104 sec.

•Just after LH transition, divertor temperarure increases
•Divertor deinsity oscillate according to this result. 

Fig. (a) Density and temperature, (b) core plasma 
parameter during the ITER LH transition phase.



1. Detached plasma modeling from the divertor density (nd), 
temperature (Td), neutral particl (Nn) condition.
Comparison with the experimental recycling data.

2. Evaluate the operation guideline for the divertor plasma 
during LH transition.

　　Operation condition e.g., gas puff, impurity seeding, for the 
alpha heating just after LH transition．

3. Effects of the divertor operation on the core plasma.
　　consistency between the divertor operation (gas puff, 

impurity seeding) and LH transition condition 
→install C-S-D model into 1D plasma transport code．

Future Plan (Application to ITER)
Application to ITER LH transition phase, and evaluate the overall 
feature of divertor operation conditions for detached plasma.



Comparison with JT-60U Divertor Recycling DB1

•JT-60U Divertor Recycling Database (DRC-JT60U.DB.v1)[11]

•Comparison with neutral particle source and recycling effects

Neutral flux from the 
upper plasma region

Neutral flux from the 
middle plasma region

Neutral flux from the 
inner baffle plate

Neutral flux from 
the divertor region

Neutral flux near the 
outer baffle region

Neutral flux from 
the Inner divertor

Neutral flux from the 
Outer divertor region

Neutral flux from 
the dome region

Ion flux and electron temperature 
on the divertor plate

Fig．JT-60U Divertor Recycling Database (DRC-JT60U.DB.v1)



Outline of Divertor Recycling Database
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（Database）

•The same order of ion flux to the divertor plate．
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1. Detached plasma modeling from the divertor density (nd), 
temperature (Td), neutral particl (Nn) condition.
M.Sugihara, et al., “Modelling of transition from attached to detached state and self 
consistent calculations of He levels in ITER”, J.Nucl. Mater. 241-243(1997)299-304

2. Evaluate the operation guideline for the divertor plasma 
during LH transition.

　　Operation condition e.g., gas puff, impurity seeding, for the 
alpha heating just after LH transition．

3. Effects of the divertor operation on the core plasma.
　　consistency between the divertor operation (gas puff, 

impurity seeding) and LH transition condition
→install C-S-D model into 1D plasma transport code．

Future Plan (Application to ITER)
Application to ITER LH transition phase, and evaluate the overall 
feature of divertor operation conditions for detached plasma.

CSD
model

1D transport 
code
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By using this trasnport code,  how to 
analyze the consistency between core and 
edge will be examined.  

Other LH transition model      
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Summary 

• The C-S-D model has been developed to investigate overall and 
integrated features of core and edge plasma in tokamaks. The C-
S-D model is qualitatively consistent with B2-EIRENE. 

• By using the C-S-D model, the basic features of possible 
operational space have been studied for the LHCD steady-state 
operation. the C-S-D model is considered as a useful tool to 
understand qualitatively the overall features of the operation 
space

• Comparison with JT-60U recycling database is carried out, and 
the neutral flux by the CSD model is almost the same order.

• The consistency between core and edge during LH transition of 
ITER will be examined in the near future by using C-S-D model 
and 1D transport code. 
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Gas puffing into the divertor region

extend

This extension comes from the transition of low to high 
recycling state in the lower ΦΦΦΦp region with gas puffing 
effect(Npuff~ΦΦΦΦp).



Impurity seeding in the edge region

extend

This extension comes from the smaller heat flux caused by impurity 
seeding(fimp=0.3 --> 0.6).

For high Qin region of operational space, upper boundary of 
Φp is the available LHCD power.

The LHCD power is a key parameter to 
extend the operation density of core plasma.


