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Report on the Operation and Control 
of the Fusion DEMO Reactors 

 
 

Preface 
 
This is the final report under the NIFS Joint Research Program concerning one of the 

important theme “System Analysis on Operation and Control of the Fusion DEMO 
Power Plant”.  Joint studies have been made in the past three years through four 
symposiums focusing on the critical subjects. This report was written after these 
symposiums reflecting the most critical subjects that should be stressed and initiated 
at this phase of the fusion development. There have been a lot of meetings and 
symposiums on DEMO related topics, but little documents have been made on a 
common view of researchers. Therefore, similar discussion took place and repeated 
when the generation changed. For this reason, this activity started with “a declaration 
of issuing final agreed report at the end of the activities”.  
The report deals with possible actuators for the operation and control of steady state 

DEMO reactor, and clarified the importance of the inward plasma transport that 
determines the fusion output.  Systematic study of plasma and neutral particle 
transports of DT and He initiating from the fueling and ending to the vacuum pumping 
further illuminates the importance of DT neutrals as hidden parameter from the view 
point of reactor operation and control.  
 
Editor of the Study Group on the Operation and Control of the Fusion DEMO Reactors  
S. Matsuda 
 

 







1 ITER DEMO

2

3



1



Q 10Q~5Q 20

Q 10
Q 10

2



1-1

3



,  , ,  ,   
f( ( ), ( ), ( ), )

  (  ,  , , , ,  )

4



1-4

5



[1-1]

1-2

1-3 ITER Physics Basis, Nuclear Fusion, Vol.39, No.12 (1999) IAEA, Vienna 

 

 

 

6



7



8



9



10



1100

22-11  

2--1 2--1

11



22--22 7  
4  . × .  

2  . × .  
1   . ×   

 

12



2--2  
BTR ITER

2 3
7  

13



 

 

[2-1] 2 4.1a 2015  

[2-2]

W. Biel et al., “Demo diagnostics and burn control”, Fusion Eng. And Design 96-97 (2015) 8.

14



 

 

15



 
3-1  

 
 

16



0.3MWa/

1.3
[3-6]  

33-22 ITER gap  
66 ggap  

[3-5] 

17



 

 

)(
1035

136.1157.3 3

2

320

7.1

MW
m
V

m
n

keV
TP Pii

f
 

3-1

[3-7]

ITER DT
DD

validation
 

18



 

1-2kHz intrinsic rotation

10kHz [3-12] NBI

RWM NBI

[3.13]

ITER 300km/s 600km/s

 

19



 

3-1

 

20



 

 

 
 
 

 
 
 
 

 

33--55aa LL--mmode (ITER89P scaling
POPCON

E

 
 
 
 
 
 
 
 
 
 
 
 
 

21



 

 

33-55b ELMy H--mode IPB98(y,2) scaling POPCON
3-5a

E
 

22



 

 

MHD
 

2 1
MHD 10ms

VDE
VDE

VDE

MHD

Grad-Shafranov
2

L.L. Lao J. Blum ITER
[3-15]~[3-19]  

MHD
MHD MHD

MHD
MHD

MHD

3-6 MHD
1 MARG2D 1 DCON

[3-20] [3-21] MHD 
MARG2D

[3-22] PC 64 1

2 MHD
TOPICS MARG2D MHD

23



[3-23] 1
MARG2D

 
 
 

3-6

MARG2D

 
 
 
 
 
 3-7 MARG2D n=1

 
IFERC Helios 32 1

 
 
 
 

 

3.2  
1  

2

1 keV
0.8

 

24



 

 

0
[3-24]

MHD 1
1

LHD 1
MHD [3-25]

1

 

 

 
2 key plasma parameter 

 
Gyro-Bohm

Gyro-Bohm
0.6 [3-26] Gyro-Bohm

 ( ) = ( ). . . ( ) .  

 
 

= 0.25  
[3-27]

25



 
 

3  
3-8 1

( ) = . .  

1  ( ) = 1 ( ) + ( )  
 d ( )d  = 1 ( ) . . . . ( ) . ( )  

( ) NGS

LHD
[3-28]

MHD VMEC HINT2

[3-29]
VMEC  

(2)
(1)

3-9 POPCON

33-88 1

(a)
((b)

(c)
((d)

(e)
 

26



5% 0.1%

[3-30]

POPCON

 
3-8 5 ms ON

OFF

 

3-8 1 1 MW
1

 

100%
 

ITER

33--99 3--8 360 s POPCON
20 MW

 
 

27



 

ECH
[3-31]

1 2 2 20 
MW

 
 

4  
LHD

MHD

m/n = 1/1 
Mercier 0.3

LHD
FFHR-d1B

Rc = 15.6 m, Bc = 5.6 T [3-32]
3-10 11

[3-33]

MA MHD
[3-33, 3-34]  

MHD
Mercier

33-110  LLHD
1/2

m/n=1/1 Mercier
00.3

10 MW

POPCON

  

28



LHD

[3-35]
[3-36]

 
 
33.3  

29



 

 

 
 

3.1  
[3-1] K. Kurihara, “A new shape reproduction method based on the Cauchy-condition surface for real-time 

tokamak reactor control”, Fusion Eng. Des. 51-52 (2000) 1049.  
[3-2] 3 2.0.2 

[3-3] 2 4-4

2013 . 

[3-4] Y. Miyata et al., “Study of JT-60SA Operation Scenario using a Plasma Equilibrium Control 

Simulator ”, Plasma and Fusion Res. 8 (2013) 2405109. 

[3-5] Y. Miyata et al., “Study of Plasma Equilibrium Control for JT-60SA using MECS”, Plasma and Fusion 

Res. 9 (2014) 3403045. 
[3-6] 87 Supplement 18 2.13  

[3-7] Y. Miyoshi and Y. Ogawa “Multi-Input Multi-Output (MIMO) Control System with a State Equation 

for Fusion Reactors”, Plasma and Fusion Res. 9 (2014) 1405015. 

[3-8] Y. Sakamoto et al., 25th IAEA Int. Conf. on Fusion Energy (At. Petersburg, Russia, 2014) FIP/3-4Rb. 

[3-9] M. Greewald et al., “A new look at density limits in Tokamaks”, Nucl. Fusion 28 (1988) 2199. 

[3-10] H. Takenaga et al., “The characteristics of the internal transport barrier under reactor relevant 

conditions in JT-60U weak shear plasmas”, Nucl. Fusion 49 (2009) 075012. 

[3-11] P.T. Lang et al., “High-density H-mode operation by pellet injection and ELM mitigation with the 

new active in-vessel saddle coils in ASDEX Upgrade”, Nucl. Fusion 52 (2012) 023017. 
[3-12]  

[3-13] J.E. Rice et al., “Inter-machine comparison of intrinsic toroidal rotation in tokamaks”, Nucl. Fusion 

30



 

 

47 (2007) 1618. 
[3-14] , , 775, (1999) 1353-1359. 

[3-15] M. Itagaki et. Al., “Boundary integral equation approach based on a polynomial expansion of the 

current distribution to reconstruct the current density profile in tokamak plasmas”, Nucl. Fusion 45 (2005) 

153 

[3-16] K. Kurihara et al., “The basic methods for understanding of plasma equilibrium toward advanced 

control”, Fusion Eng. Design 74 (2005) 527. 

[3-17] L.L.Lao et al., “MHD equilibrium reconstruction in the DIII-D tokamak”, Fusion Sci. Technol. 448 

(2005) 968. 

[3-18] J. Blum et al., “Reconstruction of the equilibrium of the plasma in a Tokamak and identification of 

the current density profile in real time”, J. Comp. Phys. 231 (2012) 960. 

[3-19] R. Imazawa et al., “A new approach of equilibrium reconstruction for ITER”, Nucl. Fusion 551 (2011) 

113022.  

[3-20] S. Tokuda, T. Watanabe, “A new eigenvalue problem associated with the two-dimensional Newcomb 

equation without continuous spectra”, Phys. Plasmas 6 (1999) 3012.  

[3-21] A.H. Glasser, M.S. Chance, “Determination of Free Boundary Ideal MHD Stability with DCON and 

VACUUM”, Bull. Am. Phys. Soc. 42 (1997) 1848. 

[3-22] N. Aiba et al., “Extension of the Newcomb equation into the vacuum for the stability analysis of 

tokamak edge plasmas”, Comp. Phys. Communications. 175 (2006) 269.  

[3-23] N. Hayashi and JT-60 Team, “Advanced tokamak research with integrated modeling in JT-60 

Upgrade”, Phys. Plasmas 17 (2010) 056112.  

 
3.2  

[3-24] O. Mitarai et al., “Minimization of the external heating power by long fusion power rise-up time for 

self-ignition access in the helical reactor FFHR2m” Nucl. Fusion 47 (2007) 1411. 

[3-25] T. Goto et al., “Integrated physics analysis of plasma start-up scenario of helical reactor FFHR-d1”, 

Nucl. Fusion 55 (2015) 063040. 

[3-26] J. Miyazawa et al., “Formularization of the confinement enhancement factor as a function of the 

heating profile for FFHR-d1 core plasma design”, Nucl. Fusion 52 (2012) 123007. 

[3-27] J. Miyazawa et al., “Density limit study focusing on the edge plasma parameters in LHD”, Nucl. 

Fusion 48 (2008) 015003. 

[3-28] R. Sakamoto et al., Proc. of 26th Symp. Fusion Eng., Austin, Texas, USA, 2015, SO15-2.  

[3-29] J. Miyazawa et al., “Helical reactor design FFHR-d1 and c1 for steady-state DEMO”, Nucl. Fusion 

54 (2014) 043010. 

[3-30] T. Akiyama et al., “Conceptual design of high resolution and reliable density measurement system 

on helical reactor FFHR-d1 and demonstration on LHD”, Nucl. Fusion 55 (2015) 093032. 

[3-31] J. Miyazawa et al., “Physics analyses on the core plasma properties in the helical fusion DEMO 

reactor FFHR-d1”, Nucl. Fusion 54 (2014) 013014. 

31



 

 

[3-32] A. Sagara et al., “Helical reactor design FFHR-d1 and c1 for steady-state DEMO”, Fusion Eng. Des. 

889 (2014) 2114. 

[3-33] T. Goto, “Development of a Real-time Simulation Tool towards Self-consistent Scenario of Plasma 

Start-up and Sustainment on Helical Fusion Reactor FFHR-d1”, Preprint of 26th IAEA Fusion Energy 

Conf., Kyoto, 2016: https://conferences.iaea.org/indico/event /98/session/32/ 

contribution/109/material/paper/0.pdf, submitted to Nuclear Fusion. 

[3-34] B. Huang et al., “Benchmark of the bootstrap current simulation in helical plasmas”, submitted to 

Plasma Fusion Res. 

[3-35] S. Okamura, “Magnetic coil design for the improved configuration of LHD”, Proc. of 41st EPS 

Conference on Plasma Physics, Berlin, Germany, 2014, P4.011. 

[3-36] N. Yanagi et al., “NITA Coil- Innovation for Enlarging the Blanket Space in the Helical Fusion 

Reactor”, Plasma and Fusion Res. 11 (2016) 2405034. 

[3-37] M. Isobe et al., “Plasma diagnoctics required for a Heliotron-type DEMO reactor”, Plasma Fusion 

Res. 7 (2012) 2405053. 

[3-38] M. Sasao et al., “Strategy for the absolute neutron emission measurement on ITER”, Rev. Sci. 

Instrum. 81 (2010) 10D329. 

[3-39] J. Strachan et al., “Neutron calibration techniques for comparison of tokamak results”, Rev. Sci. 

Instrum. 61 (1990) 3501. 

[3-40] M.S. Cheon et al., “Development of the prototype pneumatic transfer system for ITER neutron 

activation system”, Rev. Sci. Instrum. 79 (2008) 10E505. 

[3-41] T. Nishitani, et al., “Fusion power measurement based on 16O(n,p)16N reaction in flowing water”, 

J. Nucl. Sci. Technol. Supple 2 (2002) 1139. 
 

32



 

 

= = 60 /1.51.6 × 10 = 2.5 × 10 / 1.5 × 3.55 × 10 / = 5.3 × 10 /
44-11 ITER  

ITER Baseline
2009 5mm 5mm 3300m/s 

33



 

 

44-22

34



 

 

3.55 × 10  atms/s

35



 

 

36



 

 

700 /
13 /

NNBI 2 He 3
NBI He D2

[[4--11]]   

37



 

 

 /
= /2 /[ / ]/2 [ / ]

 ~1.0 ± 0.2

1.5 ×10 3.6 × 10

44-77 [4--12] He /
 

38



 

 

= × . × = 2.1 ×10 / = 2.1 ×1020 × 12 × 12.4×1020 = 0.43 3/  

ITER Q=10
150 /

 3/ 1 /
4-10 ELM pacing 

4-11 [4-19]

39



 

 

 

4--11 ITER HFS
LFS 16Hz,  

5mm Gas /
 

44-112 ITER Q=10,, 

[4--15]  

44-99 ITER
ELM

2
[44-119]

44-110 ITER 300m/s  
 

 [4-19]  

40



 

 

1Pa / ~0.25 × 10

3.55 1020 

/s= 1.48 Pa / U He

V He ,  , DT  , 
 He  ( )/ =   SOL He

He He

He   

DT  

( V)/ =   
DT

 /  ITER 5  /( )  
 He DT /  

SOL

 >   

    

DT

 

 He SOL

He DT

 

He

He

41



 

 

[4-11][4-12]  

He

He

DT  

 GW

4-13

 

(1) He 
He 3.55 1020 /s

1.48 Pa / He

net

SOL

He

He

 

(2) D, T  

D, T 3.55 1020 /s 0.74Pa /
DT SOL

SOL

A ion/s net 3.55 1020 /sA 3.55 × 10  /s net SOL

He

SOL net A 3.55 × 10  /s 

 

(3)  

(1) He 1Pa

4.4 He  = /2 /[ / ] 1/2 [ / ]

44--113 D,T

SOL
 

42



 

 

1[ / ] = 0.05 21 , 2 =  . = 10 = 10 = 2.4 × 10 / 3   

He S = =  .  / = 1.48 /   

D,T 3 10Pa  Q = pS = 10Pa × 1.48 /  = 14.8 /   ,   7.4Pa = 2.4 × 10 × 7.4  = 1.78 × 10 /s = 3.55 × 10 /  

(4)  

 D,T A 3.55 × 10  /s =  3.55 × 10 /   A = 11 × 3.55 × 10 /   

11

 

DT 1Pa He 0.1Pa 14.8 /  

2 2GW

2

1

 

( 4-14)  

B GW,  He

He    1   =  × × (1) S = =  × .  [
/ ] (2) 

 DT  =  × = . ×   [ / ] (3) 

 ,   . × × 2.4 × 10 [ ]  
= 1.78 × 10 ×  [ / ]  44-114 He  

43



 

 

 A B × 3.55 × 10  = 1.78 × 10 ×    

B  = × 3.55 × 10  = 12  + 1 (4) 

= 0.05,  = 1    = 0.5 21 20

5%

 

He 1 DT   =  × ×
 ITER DT Pa

[4-21] 2GW 5Pa  ~1
4.8

(1),(2) S =  . ××    6 /  

He

He DT He DT

SOL

 

 
44.7  

DT

DT  

 
DT  

MARFE SOL DT

 

DT  < <  ) 

 

He >  

He>  DT <  

 

44



 

 

4.6 He< <
4-15 He He

(1),(3)< <  )
 

He 5

He

DT

DT

 

 

He

[4-14] 0.1Pa

RMP

He [7.6.16]

7.6  

  
 

SOL

SOL

SOL ITER

 

4--15  

45



 

 

44.8  
4.4 4.5 4.7  

JT-60U He

JT-60U W
JT-60U

ITER DEMO ITER He   
JT-60U

ITER

DEMO JT-60U

NBI

ITER DEMO

SOL
4-13    = /2 /[ / ] 1

  

 ~1 4.6  

JT-60U reactor relevant He

 

 
4.  

6 D:T

50 50  

He T T

D T

[4-23] T
(0.1~0.15)  

D T

4-13

DT T

gain  

 
 

46



 

 

  
 

[4-1] M. Honda and A. Fukuyama, “Dynamic transport simulation code including plasma rotation and 

radial electric field”, J. Comp. Phys. 227 (2008) 2808. 

[4-2] M. Honda et al., “Modeling of neutral transport for self-consistent transport simulations in 

tokamaks”, J. Plasma Fusion Res. SERIES, Vol 9 (2010). 

[4-3] B. Pegourie et al., “Recent results on the fueling and control of plasmas by pellet injection, 

application to ITER”, Plasma Phys. Control. Fusion 51 (2009) 124023.  

[4-4]  M. Honda et al., “Modelling of anomalous particle transport for dynamic transport simulations”, 

Nucl. Fusion 50 (2010) 095012. 

[4-5] D. Reiter et al., “Burn condition, helium particle confinement and exhaust efficiency”, Nuclear 

Fusion Vol.30,No.10 (1990) 2141. 

[4-6] Y. Sakamoto, et al., 25th IAEA Fusion Energy Conference, FIP/3-4Rb, St. Petersburg, Russian 

Federation, Oct. 2014.  
[4-6a]   

[4-7] N. Asakura et al., 22th International Conference on Plasma Surface Interactions in Controlled 

Fusion Devices, O16, Rome, Italy, May, 2016. 
[4-8]  M. Shimada et al., “Helium ash exhaust with single-null poloidal divertor in Doublet ”, Phys. 

Rev. Letters, 47 No. 11 (1981) 796. 

[4-9]  H. Nakamura et al., “Helium ash exhaust studies with core fueling by a helium beam: L-mode 

divertor discharges with neutral beam heating in the JT-60 tokamak”, Phys. Rev. Letters Vol.67, No.19 

(1991) 2658. 
[4-10]  ( ) Vol.69 No.5

1993 403. 
[4-11]  A.Sakasai et al., “Helium exhaust in ELMy H-mode plasmas with W-shaped pumped divertor of 

JT-60U”, J. Nuclear Materials 266-269 (1999) 312. 

[4-12]  A.Sakasai et al., “Helium exhaust in divertor-closure configuration with W-shaped divertor of 

JT-60U”, J.Nuclear Materials 290-293 (2001) 957. 

[4-13] D.L.Jassby, “Neutral-Beam-Driven Tokamak Fusion Reactors”, Nucl. Fusion 172 (1977)309.  

[4-14]   D.N.Ruzic et al., “Neutral gas temperature and densities in the divertor region and pump duct of 

ITER”, J. Nucl. Materials 176&177 (1990) 926. 

[4-15] A.R. Polevoi et al., “Analysis of fueling requirements in ITER H-modes with SOLPS-EPED1 

derived scalings”, Nucl. Fusion 57 (2017) 022014. 
[4-16] ITER  

[4-17] L.R.Baylor et al., “Comparison of deuterium pellet injection from different locations on the D -D 

tokamak”, Nucl. Fusion 47 (2007) 1598. 

[4-18] B.Pegourie et al., “Recent results on the fueling and control of plasmas by pellet injection, 

application to ITER”, Plasma Phys. Control. Fusion 51 (2009) 124023. 

47



 

 

[4-19] L.R. Baylor et al., “Pellet fueling and control of burning plasmas in ITER”, Nucl. Fusion 47 (2007) 

443. 

[4-20] N.Commaux et al., “Influence of the low order rational q surface on the pellet deposition profile”, 

Nucl. Fusion 50 (2010) 025011. 
[4-21]  

[4-22]  H. Takenaga et al., “Fuelling characteristics of supersonic molecular beam injection in JT-60U”, 

Nucl. Fusion 50 (2010) 115003. 
[4-23] 2 2015.3.13 

 

 
 

 
 

X
SOL  

 

SOL

 
 

5  

48



 

 

1  
D T He  

1-1 GW He D T
 

 
DT D+T He 3.52MeV 14.06MeV  

PNF PNF/17.6MeV/s He  
GW He  × /. × × . × = 3.55 × 10  atms/s  

He 300K 1Pa 1m3 2.4 1020 
1Pa 3 2.4×1020pcls  

1GW He (3.55 1020 atms/s)/(2.4x1020pcls)/Pam3 = 1.48 Pa /  
 

He D T He
3.55 1020 atms/s  

D2 T2 GW 0.74 Pa / U  
 

1GW ITER 0.5GW
  ×1.48Pa / = 0.74 /  

200 Pa / 270  
 
1-2 GW  

1GW T2 0.74 /s  
 3.55 × 10 × 3 × 1.66 × 10 = 1.77 × 10 = 6.37 = 153 /   =   55.8 /  

 
NBI  7.1 × 107.1 × 10× 10  / / × . ×  /  = 6.3 × 10  /

49



 

 

 6.3 × 10  /

=  =  ~ . × ×  ( ~2) × 10 7.1 × 10 /
7.1 × 10 ( ~2) × 10

6.3 × 10  /
. ×  /  . ×  / ~ 0.09

. ×  /( ~ )×  /  ~ 0.036 0.07

 
[A-1] [A-2] [A-3, A-4,]

[A-5, A-6]  
 

 
18  

18 9  
1 1 0.3 0.6  

8  
5 8 40 0.6  

 
 

1  

50



 

 

C = × . ×   = 3.3 /  

He 5 1.5 Pa /  D/T 30 Pa /  = 1Pa = 0.5Pa N  Q = C( )  
31.5 Pa /  = N×Pa / × ( ) = × 3.3 / × (1.0 0.5) = 1.65   

19  
18 TF 1/2

2  
D=1m 1 25 /  2.5

 
1 0.3 9 16 D=1m

 
 

× . × 9   = 156 / × . × 3   = 195 /   C = 86.7 /  
31.5 Pa /  = 86.7 / × (1 ) = 0.64  

 
10Pa 3.2 /

Pa
6.3

 
 
 

 
[A-1] 1985  

[A-2] J. Vac. Soc. Jpn. ( ) 47 (2004) 690. 

[A-3] 30 1987 658. 

[A-4] ( ) 49 (2006) 552. 

[A-5]  37 (1994) 218. 

[A-6]  B 62

1996-4 27. 

 
 
  

51



 

 

 
 

He
He DT

[B-1]  
[B-2 B-5]  

SOL  1 Braginskii  + ( ) =  (1) ( ) + ( + ) =  (2)  

         = 2     = ( + ) (3) = { + ( + )} (4) 
 

 
  0

 
0   = 0  = +   

SOL stagnation point =  = +  

 

 

DT D2 T2 Z  [B-6]( 
2-1 300 ITER 2-3Pa

[B-7]  

52



 

 

=  . × ~(5 7) × 10   

5-7mm ,  = 3 /   
Z+ 5eV    Z D,T

,  < 0.15  

1
1

z 2-2

 

MARFE  

Q
S Q/S

He 4.5  
 
 

 

22-22

  

53



 

 

 
[B-1]  2016 14P081 

[B-2]  80 2004 181-227  

[B-3]  86 2010 681. 

[B-4]  S. Nakazawa et al., “One –dimensional simulation on stability of detached plasma in a tokamak 

divertor”, Plasma Phys. Control Fusion 42 (2000) 401. 
[B-5]  W.M. Stacey text  “Fusion Plasma Physics” , Wiley-VCH Verlag GmbH & Co. KGaA , 2008 

[B-6]  50 1981 278. 

[B-7]  SEI 176

2010 1 

 

54



5--1  

 

ｒ



 

=0.4-0.7 (a) (b)  

 

 

56



 

 

55.2 ( ) 
(1)  

[5-6] 3

[5-7, 5-8]

 

5-4 3

 

5-5 CL

res

//// /VLCres Dionres 2/2

//V ion

D resres //

CL

resres //

 

resres //

 

 

 
2  

3

 

57



 

 

 [5-9] 5-6 (b) m

mam /2~ a m

1m

 

5-7

mm ///

ee qq ///

high recycling

high recycling

m 3

5-7 5
//

2
// 106.3)/()/( eemm qq

[5-10, 5-11]  

 
3  

 

[5-12, 5-13]

58



 [5-11]  

 
 

 

 

 

 

5-4 Te, ne, Te, ne

( ) ( D )
3.75 m, #109715, PNBI=7 MW, t = 4.40 

± 0.05 sec.  

0

100

200

0

1

2

= 0.2 m2/s 4.04.0 30.030.0

Experiments

= 4.0 m2/s
(fixed)

= 0.2 m2/s
(fixed)

D = 1.0 m2/s
(fixed)

Non-uniform 

LC
FS

2.6 2.7 2.8 2.9 4.7 4.8 4.9 5.0
R (m)

Io
ni

za
tio

n 
ra

te
(1

02
2 /s

/m
3 )

10-1

100

101

59



  

 

 

 

 

 

 

 

 

 

 
5-5 3.75 m

5-6  ( //V ) (a)
(b) //V  ±

 

2D axi-symmetric divertor
Pressure conservation along flux tube

Divertor plate

poloidal

+V//
(+ )

-V//
(- )

ra
di

al

Divertor plate

D
iv

er
to

r
le

g

3D configuration (e.g. stochastic layer, ID)

//-Momentum loss due to counter flows

+V// -V//

Divertor plate Divertor plate

poloidal

ra
di

al

Open field 
lines

m

(a)

(b)

100

101

102

103

104

105

106

4.5 4.6 4.7 4.8 4.9 5
R (m)

Out-boardRax=3.75 m

100

101

102

103

104

105

106

2.5 2.6 2.7 2.8 2.9 3
R (m)

In-board

 

60



5-7 3

mm ///

ee qq /// mm /// ee qq /// 3
High recycling

High recycling
5

//
2

// 106.3)/()/( eemm qq  High 
recycling  

 

 

 
5.3  

SOL

1

2 3

SOLPS SONIC EDGE2D-EIRENE

UEDGE-EIRENE 2 Max-Planck-Institut für 

10-4

10-3

10-2

10-1

100

101

10-3 10-2 10-1 100 101

TEXTOR-DED
(m/n=12/4)

DIII-D
(m/n 10/3)

LHD
(m/n~5/10, 

strong shear)

W7-AS
(m/n=9/5)

Tore Supra
(m/n=18/6)

W7-X
(m/n=5/5)

ITER
(m/n~10/3)

TEXTOR-DED
(m/n=3/1)

HSX(m/n=4/4)
(m/n=7/8)

TEXTOR-DED
(m/n=6/2)

EAST
(m/n~3/1)

ee qq ///

updown nn 3)(
)3(High recycling

No High recycling

collisional
collisionless

tr BB /large

La
rg

e

La
rg

e 
m

ag
ne

tic
 

sh
ea

r

La
rg

e 
m

61



 

 

Plasmaphysik Dr. Feng 3 EMC3-

EIRENE [5-14, 5-15] LHD [5-16]

RMP 3

 

SOL/

LHD

LHD

LHD EMC3-EIRENE

 

Rax=3.6m LHD 2 4

D 0.5 m2/s

1 m2/s LHD

7 1019/m3 9.375MW

75MW 600MW 8 9.375MW LHD

600MW 3GW DT

1  

5-8 scale LHD 2 4

EMC3-EIRENE

4

2

 

5-9 4

1 0.3% 4 0.02%

62



 

 

 

5-10

4 16 8 64

 

 

LHD [5-17]

Rax=3.6m LHD 3

EMC3-EIRENE (a) (b)

(c)

(b)

(c)

5-

11 3 (b)

(c)

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

 

 

 

 

63



 
5-8  5-9  

 
 

 
5-10  5-11  

64



 

 

 
[5-1] H. Takenaga, K. Tanaka, K. Muraoka et al, “Comparisons of density profiles in JT-60U 
tokamak and LHD helical plasmas with low collisionality”, Nucl. Fusion 48 (2008) 075004 
[5-2] K. Tanaka et al, “Particle Transport of LHD”, Fusion Sci. Tech. 58 (2010) 70
[5-3] C. Angioni et al, “Particle transport in tokamak plasmas, theory and experiment”, Plasma 
Phys. Control. Fusion 51 (2009) 124017 
[5-4] O. Yamagishi et al, “On the particle fluxes and density profiles in helical systems”, Phys. 
Plasmas 14 (2007) 012505.
[5-5] A. Ishizawa et al, “Turbulent transport of heat and particles in a high ion temperature 
discharge of the Large Helical Device”, Nuclear Fusion 55 (2015) 043024 
[5-6] M. Goto et al., “Evaluation of hydrogen atom density in the plasma core region based on the Balmer-alpha 

line profile”, Nucl. Fusion 51 (2011) 023005.

[5-7] M. Kobayashi et al., “Edge impurity transport study in the stochastic layer of LHD and the scrape-off layer 

of HL-2A”, Nucl. Fusion 53 (2013) 033011.

[5-8] G. Kawamura et al., “First EMC3-EIRENE Simulations with Divertor Legs of LHD in Realistic Device 

Geometry”,  Contrib. Plasma Phys. 54 (2014) 437.

[5-9] M. Kobayashi et al., “3D effects of edge magnetic configuration on divetor/scrape-off layer transport and 

optimization possibilities for a future reactor”, Nucl. Fusion 55 (2015) 104021.

[5-10] S. Masuzaki et al., “Neutral Gas Compression in the Helical Divertor with a Baffle Structure in the LHD 

Heliotron”, Plasma and Fusion Research 6 (2011) 1202007.

[5-11] S. Masuzaki et al., “Design and installation of the closed helical divertor in LHD”, Fusion Engineering and 

Design 85 (2010) 940.

[5-12] S. Masuzaki et al., “The divertor plasma characteristics in the Large Helical Device”, Nucl. Fusion 42

(2002) 750.

[5-13] Y. Feng et al., “Nodelling of island divertor physics and comparison to W7-AS experimental results”, J. 

Nucl. Mater. 313-316 (2003) 857.

[5-14]  Y. Feng et al., “3D edge modeling and island divertor physics”, Contrib. Plasma Phys. 44 
(2004) 57.  
[5-15]  D. Reiter et al., “The EIRENE and B2-EIRENE Codes”, Nuclear Fusion 47 (2005) 172.  
[5-16]  G. Kawamura et al., “First EMC3-EIRENE Simulations with Divertor Legs of LHD in 
Realistic Device Geometry”, Contrib. Plasma Phys. 54 (2014) 437.  
[5-17]  G. Kawamura et al., “Transport simulation analysis of peripheral plasma with the open and 
the closed LHD divertor”, TH/P6-39, 25th IAEA FEC, 2014, Saint Petersburg, Russia. 

 

  

65



 

 

 

 

 
 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

 

 
4  

66



67



r/a
1.2 ×10

66--11 JT--60U LHD
ITER

 

66-11  ×
. 

68



2 × 10

3 × 10 /

69



6--3..  DT  

66-22 DTT 50 50
T

70



=  , =  DT

2 6-3

DT

=1 225A/m2

D 90%

66-44 ITER[ ] [ / ]
[[6-111] [[6-112]   

71



66-55 PPD
[6-13]   

P D  

72



73



 6-2  

ITER (0.5 GWth) DEMO (3GWth)

DT flow rate [Pam
3
/s]: 200 ~ 200

DT reaction rate [%]: 0.3 A few 

T processing [kg/day]: 5.8 ~ 23

T Combustion [kg/day]: 0.017* 0.45

Tritium Inventory (Main Fuel cycle loop) [kg]: < 1 ~ 1

*: 0.5GW x 450s x 2shots/h x 24

 

74



[6-1] ITER 92(6) 2016 440. 

[6-2] 92(1) 2016 21. 

[6-3]  R. Sakamoto, H. Yamada, “Fueling requirements of super-high-density plasmas towards 

innovative ignition regime” Fusion Eng. Design 89(6) (2014) 812. 

[6-4]  R. Sakamoto, H. Yamada, “Prospects for Self-Burning Operation in Heliotron-Type Fusion Reactor”  

IEEE Transactions on Plasma Sci. 44(11) (2016) 2915. 

[6-5]  S.L. Milora et al., “Review Paper  Pellet Fueling”, Nucl. Fusion 35(6) (1995) 657. 

He
D-T

 

66-88

75



[6-6]  K. Kizu et al., “A repetitive pellet injection system for JT-60U”, Fusion Eng. Design 58-59 (2001) 

331. 

[6-7]  H. Takenaga et al., “The characteristics of the internal transport barrier under reactor relevant 

conditions in JT-60U weak shear plasmas”, Nucl. Fusion 49 (2009) 075012. 

[6-8]  A.S. Kukushkin et al., “Physics requirements on fuel throughput in ITER”, J. Nucl. Materials 415 

(2011) S497. 

[6-9]  S.Tokunaga et al., “Conceptual design of pellet fueling system for DEMO”, Fusion Eng. Design 

(2017). 

[6-10] Y.Kojima et al., “Analysis on acceleration of DT-mixed ion beams in a negative ion acceleration for 
a DT-mixed Neutral Beam Injector”, 

[6-11] R. Pearce et al., “Vacuum Systems and Disruption Mitigation”, ITER Fueling Wokshop Dec. 2008. 

[6-12] R. J. Pearce et al., “The ITER divertor pumping system, design evolution, simplification and 

performance”, Fusion Eng. Design 88(6-8) (2013) 809. 
[6-13]

[6-14]

[6-15]
[6-16]

[6-17] P. Clark Souers “Hydrogen properties for fusion energy”, Univ. Calif. Press Ltd., London, Eng. 

ISBN 0-520-05500-4. 

[6-18]  R.J.H. Pearce et al., “Gas species, their evolution and segregation through the ITER vacuum 

systems”, Vacuum 86 (2012) 1725. 
[6-19]

76



 

 

 
 

 TASK/TX  [7.1-1] 

 

 

Open-ADAS [7.1-2] 

 
 

77



 
SOL

SOL

[7.1-3]

SOL

 SOL

 [7-1-4]  

TASK/TX

 [7.1-4]

SOL

 

 

.



 

 

77.2.  

 

 
 

LHD TRIAM-1M

(PWI)

[7.2-1~7.2-5]

Z Z (A) Mixed-material

(B) [7.2-4, 7.2-5] LHD

PWI  

 
 

LHD ICH+ECH

PICH+ECH 1.2 MW  ne 1.2×1019 m-

3, Ti,e 2 keV, 48 ( wall) 7.2-1

[7.2-5] ( wall) 3 phase(1 3) Phase 1 300

wall 1.0×1020He/s 100%

400 Phase 2 wall 3.5×1018He/s

1500

Phase 3 wall 1.4×1019He/s

7.2-2

LHD (SUS316L) 7.2-1 1000

, 3389 , 9980 7.2-3 SUS316L

(TEM) SUS316L

5nm 15nm 40nm

(RBS) 1 2% Mixed-

material

Mixed-

material (TDS)

1000 , 3389 , 9980 1.1 × 1020He/m2 1.7 

× 1020He/m2, and 5.2 ×1020He/m2 7.2-4 Mixed-material

Mixed-material

Mixed-material LHD 3/4

79



 

 

8.8× 1018 He/m2s [7.2-4] 7.2-1 Phase 3 LHD

Mixed-material

Phase 1, 2, 3 Mixed-material

 Phase 1 Mixed-material

Phase 2

1500 10nm

LHD

TRIAM-1M [7.2-2, 7.2-3]  

(A) Mixed-material

Mixed-material

  

 
 

7.2 1 LHD

7.2-5 7.2-5

(FIB) TEM 7.2-5

TEM TEM (C) (Fe)

Mixed-material

Mixed-material

Si Mixed-material Mixed-material

Mixed-material 7.2-

6 Mixed-material Type 1 2

80



 

 

7.2-6 Type 1 2

TEM [7.2-4] Type 1

100-200nm 500nm

Type 2 nm

nm

Type 1, 2 Mixed-material

Z Z

ITER Z

Z LHD

 

 
 

6

SOL

[7.6-1]

Alcator C-mod SOL

 

 

81



 

7.2-1 LHD ( wall) He gaspuff exhaust
wall [7.2-5]

 
 

 

 

 
7.2-2 LHD

PWI
[7.2-4]

 

 

 

 

4.5L Port

LHD Vacuum vessel

t4.5L Port

LHD Vacuum vessel

Exposure position
First wall eq.

Plasma

Rotating 
Shutter

C

SUS
(TEM)

Si

82



 
7.2-3 1000 , 3389 , 9980 (SUS316L) TEM

[7.2-4]

 

 

7.2-4  Mixed-material [7.2-4]. 

 

 
 

7.2-5 Mixed-material TEM
TEM (C) (Fe)

83



 

 

 

7.2-6 (Type 1) LHD Si Mixed-material TEM
(C) (Fe) Mixed-material [7.2-4]

(Type 2) LHD Mixed-material
Mixed-material [7.2-4]  

84



 

 

85



MHD MHD

 

MHD

MHD

MHD

(IKBM) (RWM) [7.4-1] IKBM

IKBM

3.1

RWM

[7.4-2]

RWM

RWM

RWM

[7.4-3, 7.4-4]

RWM

77.3-11 TRIAM

86



 

 

1  

MHD

MHD MHD

CDC

[7.4-

5] MHD

[7.4-6]

LHD MHD

  

VDE

Z

ITER like wall JET

Z

 

87



7.5

ITER DEMO

ITER DEMO D-T

ITER <Ti>=10 keV Q=10

67 n 7.5-

1 nth

0.2% [7.5-1]

th(~5%) 8

DEMO <Ti>=20 keV, Q=20

n / nth~1 % ~

3.5 MeV

(TAE)

ITER DEMO / th~0.25

ITER TAE

TAE

>0 ITER

0

 
7.5-1 D-T

88



ITER TAE 7.5-2 ITER 3

TAE [7.5-2]

7.5-2 ELMy H n<10

n TAE Hybrid n=10-15 TAE

Advanced tokamak(AT) TAE

(RSAE) TAE

TAE ( )

ITER n TAE

~ 1 n~(a/ )/q
ITER DEMO a 1/40

TAE

(EPM)

EPM fishbone 7.5-1

fishbone 1/2 [7.5-2]

giant sawtooth

(NTM) TAE

(BAE) BA

[7.5-2] BAE

(GAM)

n 0 ITER AT BAE

(RSAEs)

BAE n=0 EGAM

EGAM ( counter)NBI EGAM

DIII-D [7.5-3] JET

ICRF EGAM [7.5-4],

NBI EGAM

ITER DEMO

7.5-2 ITER ( )ELMy H-mode, ( ) hybrid mode ( ) advanced tokamak (AT

reversed magnetic shear ) TAE

D 

89



TAE

MHD hybrid

[7.5-2]

DT

7.5-3 AUG TAE

[7.5-5] TAE

RSAE( Alfven cascade )

TAE RSAE

7.5-3(a) 7.5-

3 (b) TAE

2

AUG

TAE RSAE

TAE

 

7.5-3 AUG (a) 

TAE

(b) TAE

 

7.5-4 FIDA

EFIT MHD

TRANSP (
)  

90



7.5-4 TAE RSAE

DIII-D [7.5-6]

(FIDA)

ITER DT

NBI q TAE

DT

ITER DT

DEMO

 
77.6  

 

H24 H25 2

NIFS-MEMO-68

H26 3

DT

 

4 7.4

[5-3]

[4-1][4-2][4-4]

[7.6-1]

77.6-11 AAlcator C-MMode

 

91



 

Alcator C-Mode 

[7.6-1] 7.6-1

SOL

4-5cm 100 1

Alcator C-Mode

L-mode H-mode H-mode

1cm H-mode

 

 

D -D

[7.6-2]

X

[7.6-3] 7.6-3 X

private region 

X

L-mode H-mode

H-

mode Alcator

 

1990 L-H  

 

 

77.6-33  DD -DD
1- = 0 X  

92



 

 
D -D

 [7.6-4]

GTNEUT OEDGE

[7.6-5]

7.6-4

7.6-5 JT-60U  

 

2000

 

1990 L-H 

[7.6-6],[7.6-7],[7.6-29] [7.6-8]

  

77.6-55

 

77.6-66 JT--60U   
+

[7.6-8]
  

93



 

 

[7.6-9]

 

3.2

LCMS

3x1019 m-3

1x1019 m-3 NBI

 

NIFS-MEMO-68

 

MARFE

hidden parameter 

ITER

OK

 

QST NIFS

 

 
LHD  

 

94



 

 

 

[7.6-10]  

 

7.6-7 LHD

 

 

 

 

He  
4

He D.Reiter [4-5]

7.6--7 LHD
a H

 
 

95



 

 

ITER He [7.6-11]

[7.6-15] 5 He

 

He

He LHD

He He

[7.6-16] He

minority He He

He 

He

 

He  [7.6-17]

RMP He He

TEXTOR LHD

He 43 28

He  

 
 

[7.6-18] [7.6-

19] MARFE

[7.6-20]  

Greenwald [7.6-21]

[7.6-22]~[7.6-25] P.H.Rebut

[7.6-26] ELM

[7.6-27] [7.6-28]  

2000 L-H 2010 7.6-5

H

 

Alcator C-Mode [7.6-1]

100 2mm

5

96



 

 

Alcator C-Mode

 

ITER Alcator-Cmod, D- -D, JT-60SU, JT-60SA, JET

7.6-

5 D- -D

NBI

He D,T

1GW D,T 3.55 × 10 / 4.6 He = 0.2
50 17.8 × 10 /  

validate

 

4

SOL [7.6-29] HALO

Franck-Condon 

SOL  

 
 

3

 

 
 

[7.1-1] M. Honda and A. Fukuyama, " Dynamic transport simulation code including plasma 

rotation and radial electric field", J. Comp. Phys. 227 (2008) 2808 

[7.1-2] http://open.adas.ac.uk/ 

[7.1-3] T. Takizuka, M. Hosokawa, K. Shimizu, "Particle simulation of detached plasma in the presence of 

diffusive particle loss and radiative energy loss", Trans. Fusion Technol. 39 (2001) 111. 

[7.1-4] M. Honda and A. Fukuyama, " Development of the fluid-type transport code on the flux coordinates 

in a tokamak", Comp. Phys. Comm. 208 (2016) 117.  

97



 

 

  
[7.2-1] M. Sakamoto et al., “Global particle balance and wall recycling properties of long duration 

discharges on TRIAM-1M”, Nucl. Fusion 44 (2004) 693-698. 

[7.2-2] M. Miyamoto et al., “The effect of co-deposition of hydrogen and metals on wall pumping in long 

duration plasma in TRIAM-1M”, J. Nucl. Mater. 337-339 (2005) 436-440. 

[7.2-3] M. Tokitani et al., “Hydrogen retention properties of co-deposition under highdensity plasmas in 

TRIAM-1M”, J. Nucl. Mater. 367-370 (2007) 1487-1491 

[7.2-4] M. Tokitani et al., “Plasma wall interaction in long-pulse helium discharge in LHD-Microscopic 

modification of the wall surface and its impact on particle balance and impurity generation”, J. Nucl. Mater. 

463 (2015) 91-98 

[7.2-5] G. Motojima et al., “Global helium particle balance in LHD”, J. Nucl. Mater. 463 (2015) 1080-1083. 

 

[7.3-1] M. Yokoyama, “A Statistical Approach for Predicting Thermal Diffusivity Profiles in Fusion 

Plasma as a Transport Model”, Plasma and Fusion Res. Letters, 9 (2014) 1302137. 
[7.3-2] 3 2016

2 . 

 

[7.4-1]  ITER Physics Expert Group on Disruptions, Plasma Control and MHD, “MHD stability, 

operation limits and disruptions”, Nucl. Fusion 39 (1999) 2251. 

[7.4-2]  M. S. Chu and M. Okayabashi, “Stabilization of the external kink and the resistive wall mode”, 

Plasma Phys. Control. Fusion 52 (2010) 123001. 

[7.4-3]  G. Matsunaga et al., “Dynamics and Stability of Resistive Wall Mode in the JT-60U high-beta 

plasmas”, Proceedings of 22nd IAEA-FEC, Geneva, 2008, EX/5-2 (IAEA, Vienna, 2008). 

[7.4-4]  N. Aiba and M. Hirota, “Excitation of Flow-Stabilized Resistive Wall Mode by Coupling with 

Stable Eigenmodes in Tokamaks”, Phys. Rev. Lett. 114 (2015) 065001. 

[7.4-5]   H.Yamada et al., "Characterization and operational regime of high density plasmas with internal 

diffusion barrier observed in the Large Helical Device", Plasma Phy. Control. Fusion 49, B487 (2007). 

[7.4-6]  K. Y. Watanabe et al., “Characteristics of MHD equilibrium and related issues on LHD”, Fusion 

Sci. and Technol. 58 (2010) 160. 

 
[7.5-1] J.W. Van Dam, ITER international summer school, University Provence, 2011.

[7.5-2] N. Gorelenkov, S.D. Pinches and K. Toi, “Energetic particle physics in fusion research in preparation for burning 

plasma experiments”, Nucl. Fusion 54 (2014) 125001.

[7.5-3] R. Nazikian et al., “Intense geodesic acousticlike modes driven by suprathermal ions in a tokamak plasma”, Phys. 

Rev. Lett. 101 (2008) 185001.
[7.5-4] H. L. Berk, C. J. Boswell, and D. Borba et al., “Explanation of the JET n=0 chirping mode”, Nucl. Fusion 46 (2006) 

S888.

[7.5-5] M. Garcia-Munoz et al., “Convective and Diffusive Energetic Particle Losses Induced by Shear Alfven Waves in 

98



 

 

the ASDEX Upgrade Tokamak”, Phys. Rev. Lett. 104 (2010) 185002.

[7.5-6] W.W. Heidbrink et al., “Anomalous Flattening of the Fast-Ion Profile during Alfven-Eigenmode Activity”, Phys. 

Rev. Lett. 99 (2007) 245002.

[7.6-1] R.L.Boivin et al., “High resolution measurements of neutral density and ionization rate in the 

main chamber of the Alcator C-Mod tokamak”, J. of Nucl. Materials 290-293 (2001) 542. 
[7.6-2] R.J. Colchin et al., “Measurement of neutral density near the X point in the D -D tokamak”, Nucl. 

Fusion, 40 No.2 (2000) 175. 
[7.6-3] J. Mandrekas et al., “Neutral transport analysis of recent D -D neutral density experiments”, 

Nucl. Fusion 43 (2003) 314-320. 

[7.6-4] B.A. Carreras et al., “Effect of edge neutrals on the low-to-high confinement transition threshold 
in the D -D tokamak”, Phys. Plasmas 5 Vol.7 (1998) 2623. 

[7.6-5] Z.W.Friis et al., “Analysis of neutral particle recycling and pedestal fueling in a H-mode D -D 

discharge”, Phys. of Plasmas 17, 022507 (2010)-1. 

[7.6-6] K. Tsuchiya et al., “Effect of edge neutrals on the condition of the H-mode transition in JT-60U”, 

Plasma Phys. Control. Fusion 38 (1996) 1295. 

[7.6-7]  B.A. Carreras et al., “Effect of edge neutrals on the low-to-high confinement transition threshold 
in the D -D tokamak”, Phys. of Plasmas Vol.5, No.7 (1998) 2623. 

[7.6-8] N.Asakura et al., “Degradation of energy and particle confinement in high-density ELMy H-mode 

plasmas on JT-60U”, Plasma Phys. Control. Fusion 39 (1997) 1295. 

[7.6-9]  A. Loarte et al., “Effect of divertor geometry on tokamak plasmas”, Plasma Phys. Control. Fusion 

43 (2001) R183. 

[7.6-10] M. Goto et al., “Evaluation of hydrogen atom density in the plasma core region based on the 
Balmer-  line profile”, Nucl. Fusion 551, 023005 (2011). 

[7.6-11] G. Becker, “Transport simulations of the ignited ITER with high helium fraction”, Nucl. Fusion 

34 (1994) 507. 

[7.6-12]  U.Samm et al, “On the relation between radiation level, central impurity concentration and 

helium in a burning fusion plasma”, J. Nucl. Matrials 241-243 (1997) 827. 

[7.6-13]  A. S. Kukushkin et al., “Divertor issues on ITER and extrapolation to reactors”, Fusion Eng. 

Design 65 (2003) 355. 

[7.6-14]  A.S. Kukushkin et al., “Physics requirements on fuel throughput in ITER”, J. Nucl. Materials 

415 (2011) S497. 

[7.6-15]  I.Ivanova-Stanik et al., “Influence od impurity seeding on plasma burning scenarios for ITER”, 

Fusion Eng. Design 109-111 (2016) 342. 

[7.6-16] K.Ida et al., “Helium transport in the core and stochastic edge layer in LHD”, Plasma Phys. 

Control. Fusion, 58(2016) 074010.  

[7.6-17]  O.Schmitz, K. Ida et al., “Enhancement of helium exhaust by resonant magnetic perturbation 

fields at LHD and TEXTOR”, Nucl. Fusion 56 (2016) 106011. 

99



 

 

[7.6-18] K.Itoh and S-I. Itoh, “Deatched and Attached Plasma in Stellarators”, J. Phys. Soc. Jap. 57(4) 

(1988) 1269. 

[7.6-19]  S. Sudo et al., “Scaling of energy confinement and density limit in Stellarator/ Heliotron devices”, 

Nucl. Fusion 30 (1) (1990) 11. 

[7.6-20]  B.J.Peterson et al., “Multifaced asymmetric radiation from the edge-like asymmetric radiative 

collapse of density limited plasmas in the Large Helical Device”, Phys. Plasmas 8(9) (2001) 3861. 

[7.6-21]  M. Greenwald et al., “A new look at density limits in Tokamaks”, Nucl. Fusion 28(12) (1988) 2199. 

[7.6-22]  Wesson et al., “Disruptions in JET”, Nucl. Fusion 29(4) (1989) 642 

[7.6-23]  T. Nishitani et al., “MARFE phenomena on neutral beam heated JT-60 Plasmas”, J. Nucl. 

Materials 176-177 (1990) 763. 

[7.6-24] J. Rapp et al., “Density limits in TEXTOR-94 auxiliary heated discharges”, Nucl. Fusion 39(6) 

(1999) 765. 

[7.6-25]  B. LaBombard et al., “Particle transport in the scrape-off layer and its relationship to discharge 

density limit in Alcator C-Mod”, Phys. Plasmas 8(5) (2001) 2107. 

[7.6-26]  D.A. Gates et al., “Physics of radiation-driven islands near the tokamak density limit”, Nucl. 

Fusion 53 (2013) 063008. 

[7.6-27] K. Borrass et al., “A scrape-off Layer Based density Limit for JET ELMy H-modes”, Plasma Phys. 

38 (1998) 1/2 130. 

[7.6-28] L.D. Horton et al., “Performance near operational boundaries”, Plasma Phys. Control. Fusion 41 

(1999) B329. 

[7.6-29] R.J. Groebner et al., “The role of neutral in high-mode (H-mode) pedestal formation”, Phys. 

Plasmas 9 (2002) 2134. 

 

 

 

 
  
 

100



 

 

101



8-1
R = 9m, a = 3m, Ip = 21MA, Bt = 5.9T, PF = 3GW

N = 2.8, N = 3.1  

8-2 FTE
FTE 3MA

GFTE = 2~3 

1970

[8-

9]

FFHR-

d1[8-10], [8-11] [8-12] ~[ 8-14]

1974

UWMAK-1

[8-15]

HYLIFE-I HYLIFE-II [8-16]

KSF Kunugi-Sagara type 

Free-surafce FFHR [8-17] APEX

ARIES-RS

CLiFF Convective Liquid Flow 

First-wall concept [8-18] 181°C

102



 

 

CPS Capillary Pore System

T-11M [8-19] FTU Frascati Tokamak Upgrade

[8-20] TJ-2 [8-21] LTX

Lithium Tokamak Experiment

[8-22]

NSTX National Spherical Torus Experiment LLD Liquid Lithium Divertot

[8-23]

IFMIF

1 GW/m2

15 – 20 m/s 1 GW/m2

[8-24]

TEMHD, Thermo-Electric Magneto-Hydro-Dynamics

LiMIT [8-25] HT-7 LiMIT

FLLL Flowing Liquid Lithium Limiter [8-26]

ACLMD Actively Convected Liquid Metal Divertor

[8-27]

T-3M Ga

[8-28] 2 [8-29]

1986

[8-30]

LHD FFHR-d1

[8-10], [8-11] FFHR-d1

/ REVOLVER-D Reactor-oriented 

Effectively VOLmetric VERtical Divertor [8-12] ~ [8-14] FFHR-d1

LHD[8-31] LHD 4

15.6 m 5 T 3 GW

FFHR-d1 LHD

LHD

LHD 2 m2 [8-32]

FFHR-

d1 2 m2 42 = 32 m2 FFHR-d1

600 MW

20 MW/m2

103



 

 

[8-33]

LHD

[8-34], [8-35]

[8-36]

FFHR-d1 MW/m2

ITER

20 MW/m2 10 MW/m2 [8-37] FFHR-d1

FFHR-d1

REVOLVER-D [8-12]

~ [8-14]

REVOLVER-D

~230°C

10

REVOLVER-D

MHD

FFHR-d1

km

REVOLVER-D

10

5 T

REVOLVER-

D

REVOLVER-D 170 MW/m2

104



 

 

200°C

550°C FFHR-d1 3,000

1 5,100 3,000

[8-38]

REVOLVER-D

[8-39]

REVOLVER-D FFHR-d1

REVOLVER-D

REVOLVER-D MHD

105



[8-40]

( 8-3)

8-3
L0-L1

8-4 ASDEX
[8-40]

106



 

 

x

107



 

 

[8-1] Progress in the ITER physics basis, chapter 4: power and particle control, Nucl. Fusion 47 (2007) S203.
[8-2] K. Hoshino, K. Shimizu, N. Asakura, T. Takizuka, et al., “Simulation study of an extended divetor leg for heat control in the 
SlimCS DEMO reactor”, Contrib. Plasma Phys. 52 (2012) 550.

108



 

 

[8-3] D.D. Ryutov, “Geometrical properties of a “snowflake “ divertor”, Phys. Plasmas 14 (2007) 064502.
[8-4] M. Kotschenreuther, P.M. Valanju, S.M. Mahajan, “On heat loading, novel divertors,and fusion reactors”, Phys. 
Plasmas 14 (2007) 072502.
[8-5] P.M. Valanju et al., Super-X advanced divertors and high power density fusion devices”, Phys. Plasmas 16 (2009) 

056110.

[8-6] T. Takizuka, S. Tokunaga, K. Hoshino, et al., “Combination of helical ferritic inserts and flux-tube-expansion divertor 
for the heat control in tokamak DEMO reactor”, J. Nucl. Mater. 463 (2015) 1229.
[8-7] M. Kikuchi, A. Fasoli, T. Takizuka, et al., “Negative Triangularity Tokamak as Fusion Energy System”, 1st Int. e-
Conf. on Energies (2014) e002.
[8-8] S.Yu. Medvedev, M. Kikuchi, T. Takizuka, et al., “Single null divertor in negative triangularity tokamak”, 26th IAEA 
Fusion Energy Conf. (Kyoto, 2016) ICC/P3-47.

 
[8-9] , ,

3. , 92 (2016) 119. 

[8-10] A. Sagara, et al., “Design activities on helical DEMO reactor FFHR-d1”, Fusion Eng. Des. 87 (2012) 594.

[8-11] A. Sagara, et al., “Helical reactor design FFHR-d1 and c1 for steady-state DEMO”, Fusion Eng. Des. 89 (2014) 

2114.

[8-12] J. Miyazawa, et al., “Liquid Metal Divertor Concept Consisting of Vertical Free-Surface Streams and a Supersonic 

Jet Pump,” First IAEA TM on Divertor Concepts (Vienna, Austria, 29 Sep. – 2 Oct., 2015) P-7.

http://www-naweb.iaea.org/napc/physics/meetings/TM49934.html

[8-13] J. Miyazawa, et al., “Basic concept of the ergodic limiter/divertor consisting of showers of molten tin sheath jets,”

The 1st International “All-about-Divertor” Symposium (Kyoto, Japan, 14 – 15 Oct., 2016), submitted to Fusion Eng. Des.
http://fusiondivertor.wixsite.com/all-about-divertor
[8-14] J. Miyazawa, et al., “REVOLVER-D: The Ergodic Limiter/Divertor Consisting of Molten Tin Shower Jets Stabilized 
by Chains,” 26th IAEA Fusion Energy Conf. (Kyoto, Japan, 17 – 22 Oct., 2016) FIP/P7-2.

http://www-pub.iaea.org/iaeameetings/48315/26th-IAEA-Fusion-Energy-Conference

[8-15] [22] B. Badger, et al., “UWMAK-I - A Wisconsin Toroidal Fusion Reactor Design,” UWFDM-68 (1974). 

http://fti.neep.wisc.edu/pdf/fdm68.pdf

[8-16] R.W. Moir, “Hylife- Inertial Confinement Fusion Power Plant Design”, Particle Accelerators 37-38 (1992) 

467.

[8-17] A. Sagara, et al., “Innovative Liquid Breeder Blanket Design Activities in Japan”, Fusion Sci. Tech. 47 (2005) 

524.

[8-18] M.A. Abdou, et al., “On the exploration of innovative concepts for fusion chamber technology”, Fusion Eng. Des. 

54 (2001) 181.

[8-19] S. Mirnov, “Plasma-wall interactions and plasma behaviour in fusion devices with liquid lithium plasma facing 

components”, J. Nucl. Mater. 390-391 (2009) 876.

[8-20] G Mazzitelli, M.L. Apicella, A. Alexeyev, “Heat loads on FTU liquid lithium limiter”, FTU Team, Fusion Eng. 

Des. 86 (2011) 580.

[8-21] F.L. Tabarés, et al., “First liquid lithium limiter biasing experiments in the TJ- stellarator”, J. Nucl. Mater. 463

(2015) 1142.

109



 

 

[8-22] J.C. Schmitt, et al., “High performance discharged in the Lithium Tokamak experiment with liquid
lithium walls”, Phys. Plasmas 22 (2015) 056112.

[8-23] H.W. Kugel, et al., “NSTX plasma operation with a Liquid Lithium Divertor”, Fusion Eng. Des. 87 (2012) 1724.

[8-24] M. Ida, et al., “Thermal-hydraulic characteristics of IFMIF liquid lithium target”, Fusion Eng. Deg. 63-64 (2002) 

333.

[8-25] D.N. Ruzic, W. Xu, D. Andruczyk, and M.A. Jaworski, “Lithium-metal infused trenches (LiMIT) for heat removal 

in fusion devices”, Nucl. Fusion 51 (2011) 102002.

[8-26] G.Z. Zuo, et al., “Liquid lithium surface control and its effect on plasma performance in the HT-7 tokamak”, 

Fusion Eng. Des. 89 (2014) 2845.

[8-27] M. Shimada and Y. Hirooka, “Actively convected liquid metal divertor”, Nucl. Fusion 54 (2014) 122002.

[8-28] S.V. Mirnov and V.A. Evtikhin, “The tests of liquid metals (Ga, Li) as plasma facing components in T-3M and T-

11M tokamaks”, Fusion Eng. Des. 81 (2006) 113.

[8-29] F. Okino, R. Kasada, S. Konishi, “Study on flow instability for feasibility of a thin liquid film first wall”, Fusion 

Eng. Des. 89 (2014) 1054.

[8-30] K. Maki, ‘Tokamak Concept Innovations’ IAEA-TECDOC-373 (1986) 87.

http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/17/056/17056491.pdf

[8-31] A. Komori, et al., “Goals and Achievements of Large Helical Device Project”, Fusion Sci. Tech. 58 (2010) 1.

[8-32] J. Miyazawa, et al., “Role of recycling flux in gas fueling in the Large Helical Device”, Nucl. Fusion 44 (2004) 

154.

[8-33] J. Miyazawa, et al., “Characteristics of the Global Energy Confinement and Central Pressure in LHD”, Fusion Sci. 

Tech. 58 (2010) 200.

[8-34] S. Masuzaki, et al., “The divertor plasma characteristics in the Large Helical Device”, Nucl. Fusion 42 (2002) 750.

[8-35] M. Shoji, et al., “Investigation of the Helical Divertor Function and the Future Plan of a Closed Divertor for 

Efficient Particle Control in the LHD Plasma Periphery”, Fusion Sci. Tech. 58 (2010) 208.

[8-36] N. Yanagi, et al., Proc. of the 24th IAEA Fusion Energy Conf. (San Diego, USA, October 2012) FTP/P7-37.

[8-37] J. Schlosser, et al., “Technologies for ITER divertor vertical target plasma facing components”, Nucl. Fusion 45

(2005) 512.

[8-38] F. Okino, K. Noborio, Y. Tamamoto, S. Konishi, “Vacuum sieve tray for tritium extraction from liquid Pb-17Li”, 

Fusion Eng. Des. 87 (2012) 1014.

[8-39] , “ ”, 

(2017).
[8-40] J. Santos, ASDEX Upgrade Team, “Reflectometry-based plasma position feedback control demonstration at 
ASDEX Upgrade”, Nucl. Fusion 52, (2012) 032003.

[8-41] C.H. Skinner, C. A. Gentile, K. M. Young “Observation of flaking of co-deposited layers in TFTR”, 

Symp. Fusion Eng. Proceedings (Albuquerque, NM, 1999) pp89-92.  

[8-42] L. Colas, V. Basiuk, B. Beaumont, et al., “Key results of long pulse ICRH operation in Tore Supra”, 

Nucl. Fusion 46 (2006), S500-S513. 

[8-43] M. Shoji, H. Kasaharam H. Tanaka, et al., “Observation of termination Process of long pulse plasma 

discharge using stereoscopic fast framing cameras in the Large Helical Device”, Plasma and Fusion Res. 

110



 

 

11 (2016), 2402056. 

[8-44] Y. Oya, H. Fujita, C. Hu, et al., “Effect of impurity deposition layer formation on D retention in LHD 

plasma exposed W”, Nucl. Mater.and Energy 9 (2016) p84-88. 

[8-45] C. H. Skinner, C. A. Gentile, N. M. Menon, et al., “Flaking of co-deposition hydrogenated carbon 

layers on the TFTR limiter”, Nucl. Fusion 39 (1999) pp1081-1085. 

[8-46] P. Petersson, M. Rubel, H. G. Esser., et al., “Co-deposited layers in the divertor region of JET-ILW”, 

J. Nucl. Mater. 463 (2015) pp814-817.  

[8-47] C. Martin, R. Ruffe, C. Pardaaud, et al., “Structure of the carbon layer deposited on the toroidal 

pump limiter of Tore Supra”, J. Nucl. Mater., 415 (2011) S258-S261. 

[8-48] Y. Ueda, M. Fukumoto, M. Nishikawa, et al., “Surface studies of tungsten erosion and deposition in 

JT-60U”, J. Nucl. Mater., 363-365 (2007) pp66-71. 

[8-49] H. Kasahara, Y. Yoshimura, M. Tokitani, et al., “New development on high-performance steady-

state discharge and plasma wall interaction research toward a fusion reactor” Plasma Phys. Fusion Res. 

91 (2015) pp402-411.  

[8-50] M. Mayer, S. Krat, W. Van. Renterghem, et al., “Erosion and deposition in the JET divertor during 

the first ILW campaign”, Phys. Scr. T167 (2016) 014051. 

[8-51] H. Kasahara, T. Seki, K. Saito, et al., “Development of steady-state operation using ion cyclotron 

heating in the Large Helical Deivice”, Phys. Plasmas, 21 (2014) 061505. 

[8-52] K. Kurihara, “A new shape reproduction method based on the Cauchy-condition surface for real-
time tokamak reactor control”, Fusion Eng. Des. 51-52 (2000) 1049.
[8-53] K. Takeuchi et al., “Magnetic Analysis of Plasma Configuration in Tokamak Experiment Using 
Boundary Element Method”, JJAP 30 (1991) 398.
[8-54] S. C. Jardin et al., “A new method for computing normal modes in axisymmetric toroidal geometry 
using a scalar form of ideal MHD”, J. Comput. Phys. 66 (1986) 481.
[8-55] A. Kameari, “Transient eddy current analysis on thin conductors with arbitrary connections and 
shapes”, J. Comput. Phys., 442 (1981) 124. 
[8-56] J. Doody et al. “Modeling technique to Periodic Fields, Current, and Loads for C-Mod’s Advanced Outer Divertor
During a Disruption With a 2.5-MA Plasma Current and 9-T Toroidal Fiel”, IEEE Trans. Plasma Sci. 42 ( 2014 ) 568.
[8-57] S. Äkäslompolo, et al., “Calculating the 3D magnetic field of ITER for European TBM studies”, Fusion Eng.
Design, 98-99 (2015) 1039.

 

111



 

 

 

112



 

 

 
3  NIFS

4

 

 
 

 
NIFS  

 
NIFS QST

QST
NIFS NIFS QST

QST QST QST QST
NIFS NIFS

QST NIFS QST NIFS
NIFS NIFS NIFS NIFS NIFS
QST NIFS NIFS
NIFS NIFS NIFS
QST QST QST QST

NIFS) QST QST  
 

 
1 2014 7 8-9 49  
2 2015 3 12-13 50 60 50  
3 2016 2 18-19 52 40 33.3  
4 2017 3 2 25 35 5  

Dropbox  
2016 2017 7

1  
 

 

113




