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Abstract 

On the basis of the outstanding progress in high-density and high-temperature plasma 

experiments in the Large Helical Device (LHD) at National Institute for Fusion Science (NIFS), 

the conceptual design studies on the LHD-type helical fusion reactor, the FFHR series, have 

been conducted since 1993. In order to strongly promote this research activity in parallel with 

the acceleration of the related technological R&D for reactor components, the Fusion 

Engineering Research Project (FERP) was launched at NIFS in FY2010. The FERP consists of 

13 tasks and 44 sub-tasks, each strongly assisted by domestic and international collaborations. 

The reactor design studies have focused on FFHR-d1, the demo-class reactor having a major 

radius of 15.6 m, which is four times larger than that of LHD. The similar heliotron magnetic 

configuration is employed to ensure steady-state operation with 3 GW self-ignited fusion power 

generation. The design activity has proceeded with the staged program, named ñround,ò that 

defines iterative working. The first round is to determine the basic core plasma parameters, the 

second is to compose all of the three-dimensional designs, the third focuses on construction and 

maintenance schemes, and the fourth is dedicated to passive safety. Since 2015, a multi-path 

strategy has been taken to include various options in the design, with FFHR-d1A as the base 

option. As a remarkable achievement of the reactor design, the Direct Profile Extrapolation 

(DPE) method is included in the helical systems code, HELIOSCOPE, in order to predict the 

confinement capability. The radial-build was successfully fixed and the neutronics calculation 

was carried out for the determined three-dimensional structure. The cost evaluation is also being 

conducted using these outcomes.  

The related R&D works in FERP are categorized into five key subjects: (1) large-scale 

superconducting (SC) magnet, (2) long-life liquid blanket, (3) low-activation structural 

materials, (4) high heat & particle-flux control, and (5) tritium and safety. Using the remarkable 

achievements of the related R&D works, the engineering design of FFHR-d1 defines the basic 

option and challenging option. While the basic option is an extension of the ITER technology, 



the challenging option includes innovative ideas from the following three purposes: (1) to 

overcome the difficulties related with the construction and maintenance of three-dimensionally 

complicated large structures, (2) to enhance the passive safety, and (3) to improve plant 

efficiency.  

 

For the superconducting magnet, the high-temperature superconductor (HTS) using ReBCO 

tapes is considered as an alternative (challenging) option to the cable-in-conduit conductor 

using low-temperature superconducting Nb3Sn strands. One of the purposes for selecting the 

HTS is to facilitate the three-dimensional winding of the helical coils by connecting 

prefabricated segmented conductors. A mechanical lap joint technique with low joint resistance 

has been developed and a 3 m-long short-sample conductor has successfully achieved 100 kA-

current at a magnetic field of 5 T and temperature of 20 K. Further tests will be carried out in 

the world-largest 13 T, 700-mm bore superconducting magnet facility.  

For the tritium breeding blanket, we have chosen, as a challenging option, the liquid blanket 

with molten salt FLiNaBe from the viewpoint of passive safety. To increase the hydrogen 

solubility, an innovative idea to include powders of titanium was also proposed. An increase of 

hydrogen solubility over five orders of magnitude has been confirmed in an experiment, which 

makes the tritium permeation barrier less necessary for the coating on the walls of cooling pipes. 

The ñOroshhi-2ò testing facility was constructed as a platform for international collaborations, 

having a twin-loop for testing both molten-salt (FLiNaK) and liquid metal (LiPb) under the 

perpendicular magnetic field of 3 T, the worldôs largest for this purpose. For the structural 

material of blankets, a dissimilar bonding technique has been developed to join the vanadium 

alloy, NIFS-HEAT2, and a nickel alloy.  

For the helical built-in divertor, the diverter tiles could be placed at the backside of the blankets 

where the incident neutron flux is sufficiently reduced by an order of magnitude. It is thus 

expected that a copper-alloy could be used for cooling pipes under the bonded tungsten tile, 

since the maximum neutron fluence is limited to be lower than the allowable limit of ~1 dpa for 

copper within the operation period. We note that the peak heat flux on the helical divertor is 

expected to reach or exceed ~20 MW/m2 because of the non-uniform strike point distributions, 

and effective removal of this heat flux is a concern. The maintenance scheme for the full-helical 

divertor is also a critical issue. To solve these problems, a new concept of liquid divertor has 

been proposed as a unique idea. Ten units of molten-tin shower jets (falls) are proposed to be 

installed on the inboard side of the torus to intersect the ergodic layer. It is considered that the 

vertical flow of tin jets could be stabilized using an internal flow resistance such as wires, chains, 

and tapes imbedded. In case the liquid divertor actually works, the full-helical divertor would 

become less necessary, though it should still be situated at the rear. Neutral particles are 

expected to be efficiently evacuated through the gaps between liquid metal showers.  

The mission of the NIFS FERP is to establish the scientific and technological basis that 

demonstrates the engineering feasibility of the helical fusion reactor and to promote the entire 

fusion engineering research toward the realization of fusion reactors in the mid-21st century. 

The progress of the NIFS FERP during the second six-year mid-term period in Japan for 

FY2010-2015 is overviewed in this full report. The numerical targets for the major components, 

which are the SC magnet, the in-vessel components, and the blanket, were compiled in FY2016, 

and its summary is also added in this report.  
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Figure 1.1.1 2   
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₈ Ⱬꜞ◌ꜟ ⌐ ↑√ ה ◦☻♥ⱶ─ ─ ₉ 
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╩ ⇔⁸ ╩ ☻כⱬ♃כ♦╢∆≥─╙─ ⌐ ∆╢⁹ 

É 1. 2.2  

╛ ◦☻♥ⱶ─ ╛ ⌐│ ⌐ ⅜№╢√╘⁸

≢│ ⌂▪▬♦▪╩ ⌐ ╡ ╣⁸ ─ ™ ⌂ ⌐╟∫

≡ ₒ ⱴ◓Ⱡ♇♩ ⁸xo Ⱪꜝfi◔♇♩ ⁸x

ₒ ⁸xo ⱪꜝ☼ⱴ ⁸xo ♩ꜞ♅►ⱶ ₓ

─ ╩ ⌐ ∆╢⁹ 

É ☻◔☺ꜙכꜟ 1.2.3  

─ ╩ ≢ ∆╢⁹↓╣⌐╟∫≡⁸∕╣╕≢─

[1.2.3]╩ ⇔⁸ ה ה ╩ ⇔≡⁸ ─ ╩ 2020

⌐ ∆╢↓≤╩ ∆⁹ ∑≡⁸ITER ╛⁸ ™▪ⱪ꜡כ♅(BA) ⌐⅔↑╢
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╛ IFMIF/EVEDA ⁸ ┼╙ ⌐ ∆╢⁹ 

É ↕╣╢  

ₒ ≤ ה ⌂ ₓ 

─╖⌂╠∏⁸ MRI ⁸ ⁸

⁸ ◦☻♥ⱶ⁸ ◦☻♥ⱶ⁸ ◄Ⱡꜟ◑כ◦☻♥ⱶ⌂≥⁸

™ ┼─ ⅜ ↕╣╢⁹ 

ₒ ≤ ₓ 

ᶘρχẶ ᾆẕϬ ṍτ μοὓᵊ τ βϥάρτϢμο ᶋ̋ › χם

ᾝϬ Ξֿ︣בᾆẕּיϞṪ χӾיּ τ‟ᾅπΦϥʻϘθʺ ᶘπψ₉ σῬᶘ♯ᾓ

ʾ ṐṀϬᶋ ›ᾆΥ ΰʺẶ τằβϥάρτϢϤʺ ᶘ ρχẶ

ᾆẕΥ ῟ᴮτϢϤᴥ ΰʺᶋ ›Ῥᶘχᶊ χ Υṍ πΦϥʻ 

[1.2.1] http://www.mext.go.jp/b_menu/shingi/gijyutu/gijyutu2/056/shiryo/attach/1339230.htm 

[1.2.2] http://www.nifs.ac.jp/press/150525_001.html 

[1.2.3] A. Sagara, Y. Igitkhanov, F. Najmabadi, Fusion Eng. Des. 85(2010)1336. 

 
Figure 1.2.1 ◄Ⱡꜟ◑כ ─ ─  

Ceremony for start of operations of  research facilities on 

άLƴƴƻǾŀǘƛǾŜ 9ƴŜǊƎȅ /ƛǊŎǳƭŀǘƛƻƴ ¢ŜŎƘƴƻƭƻƎȅ ά
and memorial lectures with 100 participants, May 25, 2015
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1.3 ⱪ꜡☺▼◒♩─  

ⱪ꜡☺▼◒♩─ ╩ 1.3-1 ⌐ ∆⁹ ⱴ◓Ⱡ♇♩ה ה

◦☻♥ⱶ ─ 3 ⱪ⁸כꜟ◓ 13 ─♃☻◒⅔╟┘ 44 ─◘Ⱪ♃☻◒⌐╟∫≡ 5

╩◌Ᵽכꜟ◓◒☻♃╣∙╣⧵⁸⇔≥≥↓╢∆כⱪꜞכ♄כ TGL ≤◘Ⱪה♃☻◒

כ♄כꜞ STGL ⅜ ≤⌂∫≡ ⇔≡™╢⁹ 

60 ─ⱷfiⱣכ│ 6 ≈─ ⅛╠ ⌐ ⇔≡⅔╡⁸ ⅛╠ TGL ╕

√│ STGL ≤⇔≡╙ ™√⁹╕√⁸TGL ╛ STGL ⌐ ⌐ ╩ ⇔⁸

⌐ ╘√⁹↓─ ⌐╟∫≡⁸LHD ⅔╟┘ ─ ⱪ꜡☺▼◒

♩⅔╟┘ ≤─ ╩ ∫√⁹╕√⁸Ⱬꜞ◌ꜟ FFHR-d1 

(demo, type1)─ ⅔╟┘ ∆╢ R&D ╩ ≤⇔≡⁸ ⌐ ∂

⅜ ∆╢↓≤⌐╟∫≡⁸ ─ ╩ ∫√⁹ 

 

Figure 1.3.1 ⱪ꜡☺▼◒♩ FERP ─♃☻◒ ⁹ 

 

Testing of  full-scale 

SC conductor

Helical winding 

engineering

Testing for lifetime 

expansion of  liquid 

blanket

Thermo-f luid 

dynamics under high 

magnetic f ield

Prototype testing of 

3D divertor

Hydrogen retention in 

LHD irradiation

Removal and recovery 

of  trace tritium

Development of  Real-

time detection system 

Helical reactor 

conceptual 

design

Helical DEMO 

basic designLarge-scale high-field

conductor testing facility
Yanagi, Mito

CIC conductor & winding
Obana, Imagawa,

Hishinuma

Indirect cooling conductor &

winding

Takahata,

Tamura

HT SC conductor & winding Yanagi, Mito

EM force support structure Tamura, Imagawa

Cryostat Tamura

Cryogenic system
Hamaguchi,

Iwamoto

Bus-line, Current lead
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─ ╙ 1.3.2 ⌐ ∆╟℮⌐⁸TGL ╩ ≤∆╢ ⌐╟∫≡

─ ╛ ─ ╩ ∫√⁹ ⌐ ╛ ─ ⌂≥⌐ ⇔≡│⁸ ≡

≢─ ⌐╟∫≡ ∆╢↓≤≤⇔√⁹↓╣⌐ ⇔≡⁸ ₁─ ⌐≈

™≡│⁸ⱪ꜡☺▼◒♩ ⌐╟∫≡ ⌐ ⅛╣√ ─ ╩ ↑√⁹↓─ 2 ≈─

╩ ⌐ ∆╢↓≤⌐╟∫≡⁸ ╩ ∆╢↓≤ ↄ⁸ ♃☻◒─ ╩

ↄ ∆╢≤ ⌐⁸ⱷfiⱣכ─ ╛ ⅜ ⌐ ╦╣╢╟℮ ⇔√⁹

⇔≡⁸ ♃☻◒ ─ ⱪכꜟ◓⁸╙ ╛ NIFS ⌂≥╩ ⅎ⌂⅜╠

⌐ ╘╢↓≤≤⇔√⁹ ⌐ ⌐ ⇔≡│⁸ ♃☻◒ ─ ≢│ ─

⅜ ≢№╢√╘⁸ ╩ ≢ ⇔⁸ ⱪfiכ○╙ ≤⇔⁸

─ⱷfiⱣכ⌐≈™≡│ TV ◦☻♥ⱶ≢─ ╙ ⌐⇔√⁹ 27 ⅛╠│⁸

│ ─ ⌐ ⱪfiכ○⁸≈≈⇔⌐≥↓╢╘ │ ⇔√⁹

∑≡ ╟╡⁸ ה ─ ╩ ╘╢ ≢⁸ ⱷfiⱣכ ⌐╟

╢ ╩ⱶכ♅ ∟ →√⁹∕↓≢─ │ ─ ╕≢≤⇔⁸ │

─ ≢ ℮↓≤≤⇔√⁹ 

 

 

Figure 1.3.2 ⅔╟┘ⱪ꜡☺▼◒♩ ╩ ≤⇔√ ─ ⁹ 
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2. Ⱬꜞ◌ꜟ ─  

2.1 ─  

Ⱬꜞ◌ꜟ ─ │,ⱪꜝ☼ⱴ ╩ ≤⇔⌂™↓≤⌐ ∆╢⁹ ∟⁸ 

 ⌐ ⅜ ≢№╢ ⁸ 

 ♦▫☻ꜝⱪ◦ꜛfi⅜⌂ↄ⁸ ⅜ ™ ⱪꜝ☼ⱴ ⁸ 

 ⱪꜝ☼ⱴ ─√╘─ ◄Ⱡꜟ◑כ⅜ ≢№╢ ⅝™ ⁸ 

 ⱪꜝ☼ⱴ ⌐╟╢ⱪꜝ☼ⱴ ─ ⅜ ™ ™ ⁸ 

 ♄▬Ᵽכ♃⅜ ⌐ ╦∫≡™╢ ╡ ↑♄▬Ᵽכ♃ ⁸ 

≢№╢⁹↓╣╠─ ╩ ⅛⇔√ ⅜⁸1970 ⅛╠ 1980 ╘⌐⅛↑

≡ ⌐ ↕╣√⁹ 

 ,♩◌ⱴ◒ ≤ ⇔≡⁸Ⱬꜞ◌ꜟ ─ ≤⇔≡⁸ 

 a Ⱬꜞ◌ꜟ◖▬ꜟ─ ⅜ ⌐ ⁸ 

 b ─√╘ⱪꜝ☼ⱴ ∂ ╘─ ⅜ ⇔™⁸ 

 c Ⱬꜞ◌ꜟ◖▬ꜟ≤ⱪꜝ☼ⱴ─ ⅜ ™⁸ 

⅜ ↕╣≡⅝√⁹⇔⅛⇔⁸↓╣╠⌐ ∆╢ ╛ ╩ ℮⅛√∟≢⁸ √

⌐Ⱬꜞ◌ꜟ ─ ⅜ ↕╣ ╘≡™╢( 2.1.1 [2.1.1]⁹ 

☺♇ꜞ◒כ○  ─♩ꜟ◘♩꜡fi ─ CT (Compact Torsatron)◦ꜞכ

☼⁸ⱴ♇◒☻ⱪꜝfi◒ ─Ⱬꜞ▪☻ HSR(Helias reactor) ─

⅜№╢⁹ │⁸◖fiⱤ◒♩ ⌐╟╡ ◖☻♩ ⅜♩◌ⱴ◒ ⌐ ╢ ╩

 

Figure 2.1.1 Stellarator reactor designs and current typical designs [2.1.1].  

 

FFHR2m1FFHR2m1

HSR based on W7-AS & W7- X FFHR based on LHD ARIES-CS based on NCSX

Heliotron-H T-1 UWTOR-M MSR CT6 HSR FFHR 2m1 MHR-S SPPS ARIES-CS

Main field coils 2 3 (modular) 3 (modular) 2(modular) 2 50 (modular) 2 2(modular) 32(modular) 18(modular)

Toroidal field periods 15 20 6 6 6 5 10 10 4 3

Major radius (m) 21 29.2 24.1 20.2 6.57 20 14 16.5 13.95 7.75

Average plasma radius (m) 1.8 2.3 1.35 1.84 1.74 1.6 1.73 2.36 1.6 1.7

Toroidal field on axis (T) 4 5 5.5 6.4 6 5 6.2 5 4.95 5.7

Maximum field (T) 9 8.7 9.5 13 16 10.6 13.3 14.9 14.5 15.1

  Magnet current density (A/mm
2
) 22 30 12.5 19 55 25 26.6 30 100

Stored magnetic energy (GJ) 460 190 200 74 133 221 80

Plasma volume (m
3
) 1343 3240 1408 1340 394 1000 827 735 444

Average beta (%) 6% 3.54% 5% 4% 4.70% 4-5% 3% 5% 5% 6%

Fusion output (GW) 3.4 4.3 5.5 4 1.8 ~ 3 1.9 3.8 2.29 2.44

Plasma-magnet space (m) 1.5 1.5 0.9 1.1 1.1 1.14 1.21

T-breeder Li2O Li Li17Pb83 6Li17Pb83 HCPB / LiPb Flibe Li LiPb

Structure material SUS HT-9 HT-9 SS, FS FS V FS

 Neutron wall loading (MW/m
2
) 1.3 1 1.5 2.8 1.2 1.5-1.8 1.9 1.18~2.11 2.6-5.4

COE (mill/kWh) 67 97.8 106 74.6 78

1974 ~ 1982 1978 1981 1981 1989 ~ 1992 ~ 1995 ~ 1996 ~ 1997 2002~

Kyoto-U MIT Wisconsin-U
Los Alamos

Princeton
ORNL   IPP-Garching  NIFS NIFS ARIES ARIES

references 5, 6 7 8 9 10 14 11, 12 13 15 16
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⇔√⁹ │⁸ ∂ ╘ ╩

⁸╡╟⌐ꜟ▬◖כꜝꜙ☺⸗√⇔

┼─ ⌂ ⇔╩ ⇔≡

™╢⁹ ≢│⁸LHD ≤ ≢─

[2.1.2] ╩ ⌐⇔√

FFHR (Force Free Helical Reactor) ◦ꜞ

☺⸗⁸┘╟⅔⁸[2.1.5 ,2.1.4 ,2.1.3] ☼כ

Ⱬꜞ○♩꜡fiכꜝꜙ MHR [2.1.6]⅜

╘╠╣√⁹↓╣╠⌐ ⇔≡⁸♩◌

ⱴ◒ ─ ARIES ⱶכ♅ ≢╙

SPPS (Stellarator Power Plant Study) ┘

ARIES-CS(Compact Stellarator)

⅜ ╦╣⁸ ⌐ ⇔℮╢↓≤⅜

↕╣√ [2.1.7]⁹ 

 FFHR ⁸│☼כꜞ◦ 2.1.2 ⌐ ∆╟

℮⌐⁸ ╩ ⌐⇔√ l = 3─

FFHR-1 ╩ ⌐⁸LHD ─◖fiⱤ◒

♩ ╩ ∫√ FFHR2⁸Ⱪꜝfi◔♇♩

─√╘⌐ ◘▬☼╩ ╛⇔≈≈

╩ →√ FFHR2m1 2.1.3 ⁸

LHD ⌐ ╢ ╩ ╣√

FFHR2m2 ┼≤ ⇔≡⅝√[2.1.1]⁹↓

─ ⁸ ─☻Ɑ◒♩ꜟ ⌐

╟╢ Ⱪꜝfi◔♇♩─ ─

[2.1.4]⁸ Ⱬꜞ◌ꜟ◖▬ꜟ─

⅝ ─ [2.1.8]⁸ ≢─ ─ [2.1.9]⁸

╩ ⇔√ Ⱬꜞ◌ꜟ◖▬ꜟ [2.1.10]⁸ ה ≢─ ─

[2.1.11]⁸◖☻♩ ⌐ ≠ↄ [2.1.12]⁸ ─ ╩ ⇔√⁹

2.1.4 ⌐ ╢╟℮⌐⁸↓─ ⅛≈ ⌂ ⇔√ │ ⌐╙ ↄ

↕╣≡™╢[2.1.13]⁹ 

2010 ╟╡ ≢│ 2 ─ ⌐ ∑≡⁸↓╣╕≢─ FFHR

┘ NIFS ╩ ⇔⁸ ⌐ ↑√ ╩ ⌐∆╢√╘─

╩ ≤⇔≡⁸ ⱪ꜡☺▼◒♩ FERP : Fusion Engineering 

Research Project ╩ ⇔√⁹ ⱪ꜡☺▼◒♩│⁸ ⱴ◓Ⱡ♇♩ה ה

◦☻♥ⱶ ─ 3 ⱪ⁸כꜟ◓ 13 ─♃☻◒⅔╟┘ ─◘Ⱪ♃☻◒⅛╠ ╢⁹LHD

P⁸ P ⅔╟┘ ≤ ⇔⁸Ⱬꜞ◌ꜟ FFHR-d1 (demo, type1)─

⅔╟┘ ∆╢ R&D ╩ ≤⇔≡⁸ ─ ╩ ╘≡™╢⁹ 

─ 2 ╩ ꜝ►fi♪≤⇔⁸ ≤∆╢Ⱬꜞ◌ꜟ ─ ה☼▬◘

─ ╩╒╓ ╘√⁹ 

 
Figure 2.1.2 Design history of FFHR [2.1.1].  

 

 
Figure 2.1.3 Schematic view of FFHR2m-1.  
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↓╣╠⌐ ≠™≡ 2 ꜝ►fi♪≤⇔≡ 3 ─ ╩ ⇔⁸∕╣⌐ ≠

™≡ ≤ ╩ ⇔√ 3 ꜝ►fi♪╩ ╘≡™╢⁹↓╣╠ ─ ╩

2.1.5 ⌐ ∆[2.1.14]⁹ 

 

Figure 2.1.4 History of fusion reactor designs in the world ˢby courtesy of Laila A. El-

Guebaly [2.1.13]ˣ 
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FFHR-d1 ─ ⌐⅔™≡│⁸1995 ⅛╠ ╩ ⇔≡ ╘≡⅝√ ─

FFHR ╩☼כꜞ◦ ╕ⅎ⁸ ≤⇔≡⁸◖▬ꜟ◦☻♥ⱶ─ ◄Ⱡꜟ

╩כ◑ 160GJ ⁸ ╩ 1.5MW/m2 ⌐ ⅎ╢↓≤╩ ≤⇔≡™

╢⁹ 

─ ╘ │ ─ ╡≢№╢⁹ ⱪ≢│⁸Ⱬꜞ○♩꜡fiכꜟ◓◒☻♃

◦☻♥ⱶ◖כ♪ HELIOSCOPE ╩ ™≡⁸ ⱪꜝ☼ⱴ♃☻◒◓ꜟכⱪ

⅜ ⇔≡™╢ (DPE)⌐╟╢ ⱪꜝ☼ⱴ ╩ ⇔√

─ ╩ ™⁸FFHR-d1 ─ ≤⇔≡Ⱬꜞ◌ꜟ◖▬ꜟ Rc=15.6m⁸◖▬ꜟ

Bc=4.7T⁸ Pfus=3GW ╩ ⇔√⁹↓─ ⌐≈™≡│⁸

╢╟⌐ⱪכꜟ◓ ⌐Ⱪꜝfi◔♇♩ ⌐ ∆╢ꜝ☺▪ꜟⱦꜟ♪ ⁸Ⱪꜝ

fi◔♇♩♃☻◒◓ꜟכⱪ⌐╟╢♩ꜞ♅►ⱶ ⅔╟┘ ⁸

ꜟ▬◖ꜟ◌ꜞⱪ⌐╟╢Ⱬכꜟ◓◒☻♃ꜟ▬◖ ╩ ∂≡∕─ ╩

⇔√⁹ 

⁸ 2.1.6 ⌐ ∆╟℮⌐⁸ ≤ ─꜠ⱬꜟ⌐╟∫≡ FFHR-d1 ⌐≈™≡ 3 ≈─Ᵽ

fiꜛ☺כ A, B, C ≤⁸ ⇔√ c1 ╩ ∆╢↓≤⌐╟∫≡⁸ ⌐ ╩

∆╢ ╩ ∆╢↓≤≤∆╢⅜⁸3 ─ ⌐ ⇔≡│⁸ ╩ ≡

⌐≈™≡ ╘╢↓≤│⁸ ⌐╙ ⌐╙ ≢│⌂ↄ⁸◖fiⱳכⱠfi♩╛

 
Figure 2.1.5 Staged progress in designing FFHR-d1 in NIFS collaborative activities.  
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⌂≥─ ⌂ │ ≢

№╢√╘⁸ 2 ꜝ►fi♪ ┘ 3 ꜝ

►fi♪│ FFHR-d1A ⌐≈™≡ ╘

╢↓≤≤⇔√[2.1.15]⁹ 

FFHR-d1A  FFHR-d1 ╩ ▪☻Ɑ◒

♩ gc =1.20 ⌐ ⇔≡ Shafranov 

shift ╩ ∆╢⁹ 

FFHR-d1B  FFHR-d1A ╩ 20%

⇔≡ ╩ ∆╢⅜⁸

│ ⅜╢⁹ 

FFHR-d1C  ◖▬ꜟ VFC

─ ╩ ∆╢↓≤≢⁸

◄Ⱡꜟ◑כ╩ ≢⅝⁸ ≤⇔

≡ ╙ ⇔ ╢⁹

─ FFHR-2m ≢ ⇔√ ⅜ ≢⅝╢⁹⇔⅛⇔ LHD ≢─♦

─♃כ ╩ ⅎ╢─≢ │ ⅜╢⁹ 

○ⱪ◦ꜛfi≤╙ ≤⇔≡ ∆ │ ∂⁹ 

FFHR-c1  òbefore demo & compactò─ ≢⁸◘Ⱪה▬◓♬◦ꜛfi╩ ≤∆╢⅜⁸

≢№╣┌ ╙ ⅎ╢ ≤∆╢⁹ 

FFHR-z1: ≢─ ─ ╩ ∑┌⁸ ⌂ ₁⌂ ⅜ ≢№╢√╘⁸

⇔™ ─ ↑ ≤∆╢⁹ 

Ɽꜝⱷכ♃─ ╩ ↑⁸ ⱪꜝ☼ⱴ♃☻◒◓ꜟכⱪ⅜ ⱪꜝ☼ⱴ─

╩ ⱪ꜡☺▼◒♩≤─ ⌐╟╡ ╘≡™╢⁹↓↓≢│ ⱬכ♃ ⁸

⁸▪ꜟⱨ□ ─ ╩ ╘≡⅔╡⁸LHD ┼─ⱨ▫כ♪Ᵽ

♇◒╙ ∫≡™╢⁹ ≤⇔≡│⁸ ⱳכ♩─ ╩ ⅛⇔≡⁸

┘♄▬Ᵽכ♃ ♄◒♩╩ ⇔√ 3 CAD ⌐ ↑√ ╩

╘≡™╢⁹ ≡™⅔⌐ⱪכꜟ◓◒☻♃ ╩ ™≡

⅔╟┘Ⱪꜝfi◔♇♩⁸♄▬Ᵽכ♃─ ⅜ ↕╣⁸∕╣╩ ™≡Ⱪꜝfi◔♇♩

│ⱪכꜟ◓◒☻♃ MCNP⸗fi♥◌ꜟ꜡ ╢╟⌐♪כ◖ 3 ≢─

╩ ╘≡™╢⁹ ♩ꜞ♅►ⱶ TBR≤ ╩ ─ Ⱪꜝfi◔

♇♩⌐≈™≡ ⇔√ ⁸ ⱨꜝ▬ⱬ FLiBe ⅜ ≢№╡⁸↓╣╩ ⌐

⇔√ ╩╕≤╘√⁹╕√⁸Ⱬꜞ○♩꜡fi ─ ≤⇔≡⁸♄▬Ᵽכ♃ ╩

⅛╠ ≢⅝⁸ ─ ─ ≤≤╙⌐ ─

╩ ⇔√⁹↕╠⌐ ○ⱪ◦ꜛfi≤⇔≡⁸☻☼ Sn ─ ◦ꜗ꞉כ╩

─ X ⌐ 10 ⅝⁸ ╙ ≤∆╢ ╙ ╘≡™╢[ 2.1.16 ] ⁹

┘╟⅔♃כⱪ│♄▬Ᵽכꜟ◓◒☻♃ ⱳכ♩─ ╩ ╘≡™╢⁹

ⱪ│⁸כꜟ◓◒☻♃ꜟ▬◖ (Nb3Al) ─ (CICC)─ꜞ▪◒

♪꞉▬fiה♪fi▪ה♩ R&W ⅝╩ ≤⇔⁸ ⇔≡ ⁸

⌐╟╢ ─ ⁸ ─ ─ 100 kA ⅔╟┘◖▬ꜟ ⌐

∆╢ ╩ ⇔≡™╢⁹ ⅔╟┘ │ⱪכꜟ◓◒☻♃ ⱳכ♩

 
Figure 2.1.6 A multi-path strategy for FFHR-d1 
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─ ≤ ⌐ ◦♫ꜞ○─ ⁸ │ⱪכꜟ◓◒☻♃ ⌐ ↑√

─ ⁸♩ꜞ♅►ⱶ ◦☻♥ⱶ♃☻◒◓ꜟכⱪ│ ─ ⁸

ה ╛ ┘ │ⱪכꜟ◓◒☻♃ ─ ◦♫ꜞ○╛

─ ⅔╟┘◖☻♩ ─ꜟכ♠ ⁸ ╩ ╘╢⌂≥⁸ ⌐ ↑√

─╟╡ ⌂ ╩ ⇔≡™╢⁹↓╣╠─ ⌐ ⇔≡⁸2015 ╕

≢⌐ ⅝ 82 ╩ ⇔√⁹ 

 

 

[2.1.1] A. Sagara et al., Fusion Engineering and Design 85 (2010) 1336-1341. 

[2.1.2] O. Motojima et al., Fusion Engineering and Design 81 (2006) 2277-2286. 

[2.1.3] A. Sagara et al., Fusion Engineering and Design 29 (1995) 51-56. 

[2.1.4] A. Sagara et al., Nuclear Fusion, 45 (2005) 258-263. 

[2.1.5] A. Sagara et al., Fusion Engineering and Design 83 (2008) 1690-1695. 

[2.1.6] K. Yamazaki et al., 16th IAEA/FEC, Montreal, 1996, IAEA-CN-64/G1-5.  

[2.1.7] F. Najmabadi et al., Fusion Science and Technology, 54 (2008) 655-672. 

[2.1.8] S. Imagawa et al., Nucl. Fusion 49 (2009) 075017 (7pp). 

[2.1.9] T. Tanaka et al., Nucl. Fusion 48 (2008) 035005 (7pp). 

[2.1.10] H. Hashizume et al., J. of Plasma and Fusion Research SERIES 5 (2002) 532-536. 

[2.1.11] O. Mitarai et al., Fusion Science & Technology, 56 (2009) pp.1495-1511. 

[2.1.12] Y. Kozaki et al., Nucl. Fusion 49 (2009) 115011 

[2.1.13] Laila A. El-Guebaly, Energies 2010, 3, 1067-1086; doi:10.3390/en30601067. 

[2.1.14] A. Sagara et al., Nucl. Fusion 57 (2017) 086046.  

[2.1.15] A. Sagara et al., Fusion Engineering and Design 89 (2014) 2114  

[2.1.16] J. Miyazawa et al., Fusion Engineering and Design (2017) in press. 
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2.2 ≤ⱪꜝfi♩  

2.2.1 Ⱬꜞ◌ꜟ FFHR-d1─ ↑ 

LHD ─ ⅝Ⱬꜞ◌ꜟ◖▬ꜟ╩ ™√Ⱬꜞ◌ꜟ ⌐≈™≡│⁸1995

⌐ ↕╣√⁸3 ─Ⱬꜞ◌ꜟ◖▬ꜟ╩ ™≡ ⌐Ⱬꜞ◌ꜟ◖▬ꜟ─

╩ ⇔√ FFHR (Force Free Helical Reactor) -1[2.2.1.2]⌐ ╕╡⁸↓╣╕≢ 20

⌐╦√∫≡ ⅜ ↕╣⁸FFHR-2[2.2.1.3]⁸FFHR-2m1⁸FFHR-2m2[2.2.1.4]≤

─ ⅜ ↕╣≡⅝√⁹ ─ FFHR ─☼כꜞ◦ │ ╩ ⌐

╘╠╣⁸FFHR-1 ─ ≢│∕─ ─ ─ ╡⁸3 ─Ⱬꜞ◌ꜟ◖▬ꜟ╩ ™≡⁸

─ ╩ ∆╢↓≤≢ ─ ⅜ ⌂ ╩ ⇔⁸∕─

─ ↕╣≡™√ ⱪꜝ☼ⱴⱤꜝⱷכ♃≢╙ ⌂ ─ ⅜

≤ ⅎ╠╣╢ ◘▬☼ 20 m⁸ 10 T ≤™℮ ⁸ ─ ⅜ ↕

╣√⁹FFHR-2 ─ ≢│ LHD ─ ⌂ ╩ ↑⁸LHD ≤ ─ 2

─ ⅝Ⱬꜞ◌ꜟ◖▬ꜟ⌐╟╢ ╩ ╘⁸ ⌐ ╩ ⌐ ─

┘ ⅜ ↕╣≡⅝√⁹↓─ ≢ ⇔≡ ↕╣≡⅝√↓≤│⁸

╩ 1.5 MW/m2 ⌐ ⅎ≡ ─ ╩ ╢↓≤≤⁸Ⱬꜞ◌ꜟ◖▬ꜟ─

┘ ◘▬☼─ ⌐╟∫≡ 1 m ─Ⱪꜝfi◔♇♩ ☻Ɑכ☻╩

∆╢↓≤≢№╢⁹╕√⁸FFHR-2 ─ ⌐⅔™≡│⁸ ⱨꜝfi☻≢ ⅜ ╗

ITER ≢ ↕╣√ ◖▬ꜟ ─ ≢─ ╩

⌐∆╢√╘⁸◖▬ꜟ◦☻♥ⱶ─ ◄Ⱡꜟ◑כ╩ 160 GJ ⌐∆╢

≤⌂∫≡™╢⁹FFHR-d1 │⁸↓╣╠⌐ ⅎ≡ ─ ⁸♩ꜞ♅►ⱶ ⁸ⱷ

fi♥♫fi☻ ─ ⌐ ╩ ≡⁸ ─꜡Ᵽ☻♩ ⁸ ─ ⁸↕╠⌐

╙ ⇔√ ─↕╠⌂╢ ≤⇔≡ ↑╠╣⁸ Ɽꜝⱷכ♃─ ⌐⅔™

≡╙╟╡ ╩ ⇔√ ⅜ ╦╣√⁹ 

 

2.2.2 Ɽꜝⱷכ♃─  

 ◦☻♥ⱶ─ ⌂ ⌐ ⇔ ╩ ╘╢√╘⌐│⁸ ≤⌂╢

─ Ɽꜝⱷכ♃╩ ∆╢ ⅜№╢⁹ ─ ⌐ ╦╢Ɽꜝⱷכ♃│

№╢⅜⁸ ∂ ╘ ─ ⌐⅔™≡│⁸ ⱪꜝ☼ⱴ ┘ ≡

─◘▬☼ ┘ ☻Ɑכ☻≤ ∆╢ ◘▬☼⁸ ⱪꜝ☼ⱴ ⌐ ↄ ⇔⁸

◖▬ꜟ ┘ ─ ⁸↕╠⌐│ ╩ ⇔√ ─

⌐ ∆╢ ─ │ ≢№╢⁹╕√⁸ ∂ↄ ⱪꜝ☼ⱴ ≤

⇔⁸ⱪꜝ☼ⱴ ─ ⁸ ◦☻♥ⱶ ≤ ∆╢ ╙ ⌐

⌂Ɽꜝⱷ⁸≢↓⧵⁹╢№≢♃כ╕∏ ─ 1 ꜝ►fi♪≤⇔≡⁸↓╣╠─

Ɽꜝⱷכ♃╩ ∆╢√╘─ ╩ ∫√⁹ 

≢│ ─◦☻♥ⱶ⅜⅔ ™⌐ ⇔ ℮√╘⁸↓↓≢ →√ Ɽ

ꜝⱷכ♃╙∕╣∙╣╩ ⇔≡ ┬↓≤│≢⅝⌂™⁹↓╣╠─ Ɽꜝⱷכ♃╩

⁸ ╩ ∫≡ ∆╢⌐│⁸ ⱪꜝ☼ⱴ⅛╠ ╕≢╩ ╗

◦☻♥ⱶ ╩ ⌐ ╡ ℮↓≤─≢⅝╢◦☻♥ⱶ ╩♪כ◖ ™√ ►

▬fi♪► ⅜ ≢№╢⁹ ⌐ ↄ─♩◌ⱴ◒ ─ ⌐⅔™≡╙⁸
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↓─╟℮⌂◦☻♥ⱶ ⅜♪כ◖ ↕╣⁸ ↕╣≡™╢[2.2.2.1-3]⁹FFHR-d1 ─

⌐⅔™≡╙⁸╕∏│◦☻♥ⱶ ╩♪כ◖ ⇔⁸ ►▬fi♪►─ ≤

─ ╩ ∫√⁹◦☻♥ⱶ ─♪כ◖ ⌐≈™≡│ ≢ ═╢⅜⁸

─ FFHR-d1 ─ ►▬fi♪► ⌐⅔™≡│⁸ ⱪꜝ☼ⱴ ─ ─

╩ ╘╢√╘⁸ ⱪꜝ☼ⱴ♃☻◒⌐╟∫≡ ↕╣√⁸LHD ─ ╩

⌐ ∆╢ │ 2.3.2.1 ╩ ╩ ⇔√ ⅜ ⅝⌂ ≢

№╢⁹╕√⁸◦☻♥ⱶ◖כ♪⌐╟∫≡ ↕╣√ ⌐≈™≡│⁸ Ɽꜝⱷ

⌐♃כ ↄ ∆╢ ⁸Ⱪꜝfi◔♇♩⁸ ◖▬ꜟ⁸ ◦☻♥ⱶ─ ♃☻

◒⅜ ╩ ™⁸ ⌐ 0 ─ ⸗♦ꜟ─ ╖ ╦∑≢№╢◦☻♥ⱶ◖כ♪─

╖≢│ ⅜ ⇔™ ─ ─ ╩ ⇔√⁹ 

 

 

[2.2.2.1] Z. Dragojlovic et al., Fusion Eng. Des. 85 (2010) 243-265. 

[2.2.2.2] T.C. Hender et al., UKAEA Fusion 333 (1996). 

[2.2.2.3] H. Fujieda et al., JAERI-M 92-178 (1992) [in Japanese]. 
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2.2.3 ◦☻♥ⱶ ─♪כ◖  

FFHR-d1 ─√╘⌐ ⇔√Ⱬꜞ○♩꜡fi ◦☻♥ⱶ◖כ♪

HELIOSCOPE [2.2.3.1,2]─ ⌐≈™≡ ═╢⁹ 

♩◌ⱴ◒ ◦☻♥ⱶ◖⁸│♪כ∕─ ↄ⅜ ◘▬☼⁸

┘ ⱪꜝ☼ⱴ─ ⁸ ה ╩▬fiⱪ♇♩Ɽꜝⱷכ♃≤⇔≡ ⅎ⁸♩כꜝ

☻ ⌐ ∫√ ─ ─ ╩ ⇔≈≈⁸ ⱪꜝ☼ⱴ─

⁸ ∂ ╘ ╩Ɽ꞉כⱣꜝfi☻ ┘ ⌂ ∂ ◓fiꜞכ◔☻╘ ╩

™≡ ∆╢⁸≤™℮ ╣⌐ ∫≡™╢⁹∕─ ⌂ ⅎ │Ⱬꜞ◌ꜟ ⌐

⅔™≡╙ ⇔≡™╢⅜⁸Ⱬꜞ◌ꜟ ─ ⅜ ⌂ ≤⇔≡⁸ 

 ̧

 

 ̧

 

⅜ →╠╣╢⁹ⱪꜝ☼ⱴ ─Ɽꜝⱷכ♃─ ⌂ ─√╘⌐│⁸ כ◖

♪╩ ™√ ─ ⁸ ╩ ℮ ⅜№╢⅜⁸↓╣╠─

│ ╩ ™≡╙ ⅛╠ ─כ♄כ○─ ╩ ⇔⁸

⌂Ɽꜝⱷכ♃☻◐ꜗfi╩ ∫≡ ►▬fi♪► ╩ ℮◦☻♥ⱶ◖כ♪─

≤ ╣⌂™⁹ ⌐⅔™≡│ ⌐ LHD ⌐ ⌂ ╩ ⇔≡™╢

↓≤⅛╠⁸↓╣╠─ ⌐≈™≡│ ╘№╢ ◘▬☼⌐⅔™≡

╩ ╩☻כⱬ♃כ♦≡∫ ⇔≡⅔⅝⁸◦☻♥ⱶ◖כ♪ ☻כⱬ♃כ♦─╠╣↓│≢

ꜟⱩכ♥─ ≤∕─ ⁸╕√│ ⌐╟∫≡ ╩ ╘⁸ ─ ⌐

⇔≡ ↕∑╢⁸≤™℮ ╩ ╢↓≤≢ ─ ╩ ∫√⁹ ⌐│ LHD

≢ ↕╣√ ꜟ▬◖ꜟ◌ꜞ⁸Ⱬ╛☻כⱬ♃כ♦ ─

[2.2.2.3]╩ ⇔≡™╢⁹ ⌂ ≤⌂╢◖▬ꜟ◦☻♥ⱶ─ ◄Ⱡꜟ

⁸│≡™≈⌐כ◑ ⌐╟╢ ≢│№╢⅜ ─◖▬ꜟ ┘ ╩

↕∑√ ╩ ∫≡™╢⁹↓╣⌐╟╡ ╩ ⇔≈≈╙⁸ ◦☻♥ⱶ

─ ╩ ⇔√ ⅜ ≤⌂∫√⁹ 

╕√ ⌂◦☻♥ⱶ◖כ♪⌐⅔↑╢ ⱪꜝ☼ⱴ ⌐⅔™≡│⁸∕─ ה

⌐≈™≡⁸ ─ ╩ ™ ≢ ⅎ⁸⅛≈ ⅜ ⌐ ⅎ╢

↓≤⅛╠⁸ ⌐ ∆╢ ⅜ ™╠╣╢↓≤⅜ ™⁹⇔⅛⇔⌂⅜╠

≢ ═√ ╡⁸FFHR-d1 ─ ≢│⁸ ⱪꜝ☼ⱴ ⌐⅔↑╢ ─

⅛╠⁸LHD ╩♃כ♦ ⌐ ∆╢ ╩ ⇔√⁹↓─√╘⁸

HELIOSCOPE≢╙↓─ ╩ ↕∑√ ╩ ⅎ╢╟℮ ╩ ∫√⁹

⌐│⁸ⱪꜝ☼ⱴ─ ה ≤ⱪꜝ☼ⱴ ∂ ╘ ─ ╩ ─

≤⇔√ LHD ╠⅛♃כ♦ ⇔⁸↓╣╠⌐ ⇔ ⁸ⱬכ♃ ─ ╩

⇔≡ ⱪꜝ☼ⱴⱤꜝⱷכ♃╩ ⇔≡™╢⁹ 

 

 

[2.2.2.1] T. Goto et al., Nucl. Fusion 51 (2011) 083045 (6pp). 

[2.2.2.2] T. Goto et al., Plasma and Fusion Res. 7 (2012) 2405084 (5pp). 

[2.2.2.3] T. Goto et al., Fusion Sci. Technol. 56 (2009) 925-929. 
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2.2.4 ►▬fi♪► ≤ ─  

◦☻♥ⱶ ♪כ◖ HELIOSCOPE ╩ ™≡ ∫√ FFHR-d1 ─ ►▬fi♪►

─ ╩ ⌐ ∆⁹↓↓≢│ 3.2.3.3 ≢ A ≤⇔≡ ⅎ╠╣╢ⱪꜝ☼ⱴ

╩ ≤⇔⁸ │ LHD ─ ≤⇔≡ ╩ ∫√⁹ ⇔Ⱪꜝfi◔♇♩

☻Ɑכ☻╩ →╢√╘⁸Ⱬꜞ◌ꜟ◖▬ꜟ─ │ ─ FFHR ≢╙ ↕

╣√ 2.0⁸Ⱬꜞ◌ꜟ◖▬ꜟ─ │ 25 A/mm2 ╩ ⇔≡™╢[2.2.4.1,2]⁹╕√⁸ⱷ

fi♥♫fi☻ ☻Ɑכ☻ ─√╘⁸LHD ≢│ №╢ⱳ꜡▬♄ꜟ◖▬ꜟ─℮∟⁸

─ ╩ ⇔√ ╩ ⇔≡⅔╡⁸↓╣╠│ ◄Ⱡꜟ◑כ─ ⌐

↕╣≡™╢ 2.2.4.1 ⁹ 

►▬fi♪►╩ ╡ ╗⌐ √∫≡│⁸ ┘ ╩ ∆

╢ ⅜№╢⁹ ≤⇔≡│⁸ 

 ̧ -  Dc-p 

 ̧  Wmag 

 ̧  <Gnw> 

╩ ⇔√⁹↓─℮∟⁸ⱪꜝ☼ⱴ-◖▬ꜟ Dc-p│ⱪꜝ☼ⱴ ⅜ ≤

☻ꜝכ♩╢⌂ ☻ꜝכ♩⁸≡™⅔⌐ ≢Ⱬꜞ◌ꜟ◖▬ꜟ─ ─ ╙

ⱪꜝ☼ⱴ ╡─ ≤⁸ ≢ ╘╠╣√ⱪꜝ☼ⱴ ∂ ╘ ─ כ♩╙

ꜝ☻ ─ ≤─ ≤⇔≡ ⇔√

2.2.4.2 ⁹LHD Ⱬꜞ○♩꜡fi

⌐⅔™≡│⁸↓─ ≢Ⱬꜞ◌ꜟ◖▬ꜟ

≤ⱪꜝ☼ⱴ⅜ ╙ ∆╢√╘⁸↓─

│Ⱪꜝfi◔♇♩ ☻Ɑכ☻⌐ ∆╢

≤⌂╢⁹↓─ │ ◘▬☼⌐

⇔⁸╕√Ⱬꜞ◌ꜟ◖▬ꜟ─ ╩

⇔≡™╢√╘⁸ ⅜ ⇔⁸Ⱬꜞ

◌ꜟ◖▬ꜟ ⅜ ∆╒≥ ↕ↄ⌂

╢⁹ ◄Ⱡꜟ◑כ│⅔⅔╟∕

◘▬☼─ 3 ≤ ─ 2 ⌐ ∆

╢ Wmag ́  R3B2 ⁹↓╣╠─ │

ⱪꜝ☼ⱴ⌐ ⌂ↄ◖▬ꜟ─

─╖≢ ╕╢╙─≢№╢⁹3 ≈ ─

│⁸ ◘▬☼≤

Pn─ <Gnw>  ́Pn / R
2 

≢№╢⁹2.3.2.1 ⌐ ↕╣≡™╢╟℮

⌐⁸LHD ─ ⌐⅔™≡

│⁸Gyro-Bohm ─Ɽꜝⱷכ♃ ╩

∆╢√╘⁸ ⌐ ◘▬☼ R≤

 B≤─ ⌐│ 

 

R ́ gDPE*
Ӈ5/6 fb

Ӈ1/3 BӇ4/3 

 
Figure 2.2.4.1 Poloidal cross-sectional view 

of (a) LHD and (b) FFHR-d1 at vertically- 

elongated cross section. FFHR-d1 has a coil 

system similar to that of LHD but no IS coils 

in order to keep large spaces for the 

maintenance. (from Fig. 1 of Ref.[2.2.4.3] ). 

 
Figure 2.2.4.2  Definition of minimum 

distance between the plasma and the helical 

coil Dc-p . (From Fig. 3 of Ref.[2.2.4.3] ). 
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─ ⅜ ╡ ∟⁸ ─╠⅛♃כ♦ ∂ ╘  gDPE*╩ ∆╣┌ ⱪꜝ☼

ⱴ─ ⁸ │ ◘▬☼≤ ─ ≤⇔≡ ╕╢⁹↓─√╘↓╣╠─

≢№╢ ╙ ◘▬☼≤ ⌐╟∫≡ ⌐ ↕╣╢⁹ 

⌐ ⇔√ 3 ≈─ ≤⇔≡⁸ ⌐≥─╟℮⌂ ╩ ∆╢⅛⅜

≢№╢⁹ ⌂ │╙∟╤╪ ⌐╟╢⅜⁸ ►▬fi♪►╩ ⅎ╢

℮ⅎ≢⁸ ╕⅛⌂ ╙╡╩ ⅎ≡⅔ↄ↓≤│ ≢№╢⁹╕∏Ⱪꜝfi◔♇♩☻Ɑכ

☻⌐≈™≡│ ⌐ 1 m №╣┌ ⌂♩ꜞ♅►ⱶ ה ╩ ⇔

√Ⱪꜝfi◔♇♩─ ╩ ∫√ ⅜ ≤⌂╢⁹ ◄Ⱡꜟ◑⁸│≡™≈⌐כ

⌐ FFHR-2m1 ─ ⌐⅔™≡⁸120 Έ 140 GJ ≢№╣┌ ITER ─

≢─ ⅜ ≢№╢≤─ ⅜ ╦╣[2.2.4.2]⁸ ⌂Ⱪ꜠כꜟ☻◒כ⌂⇔⌐

⅜ ⌂ ≤⇔≡ 160 GJ ⅜└≤≈─ ≤⇔≡ ⅎ╠╣≡⅝√⁹

⌐≈™≡│⁸ ─ ⅛╠↓╣╕≢─ ≢ ⇔≡ 1.5 MW/m2

≤™℮ ⅜ ↕╣≡⅝≡⅔╡[2.2.4.1,3,4]⁸ ─ ≢╙∕╣╩ ⇔√⁹ ⁸

≤⇔≡│⁸ⱬכ♃ ≤ ⅜ ⅎ╠╣╢⁹↓─℮∟ⱬכ♃ ⌐≈™

≡│╕∞Ⱬꜞ◌ꜟ ⱪꜝ☼ⱴ─ ⅜≥─╟℮⌐ ╕╢⅛ ≢⌂™⅜⁸ ⌐

≈™≡│ 3.2.3.4 ≢ ═╠╣╢ ╡⁸ⱪꜝ☼ⱴ ─ ⅜ ⌐ ∆

╢≤ ⅜ ≢№╢↓≤⅜ ⅛∫≡™╢⁹↓╣╠─Ɽꜝⱷכ♃─ ╩ ⅜Ⱬ

ꜞ◌ꜟ◖▬ꜟ ≢─ ⁸ ⅜Ⱬꜞ◌ꜟ◖▬ꜟ─ ─

─ ⌐ⱪ꜡♇♩⇔√╙─╩ 2.2.4.3 ⌐ ∆⁹↓↓≢ ↄ ⇔√ │

─℮∟ ◄Ⱡꜟ◑160 כ GJ ┘  1.5 MW/m2

─ ╩ √⇔⁸⅛≈ ⌐≈™≡╙ ≡ ≤⌂∫≡™╢⁹↓─ ≢│ⱪ

ꜝ☼ⱴ-◖▬ꜟ ⅜ 1 m ╩ ⅎ╢ │ ⇔⌂™⅜⁸ ≢ 90 cm ⅜

≢⅝≡™╢↓≤⅛╠ ─

≢│ 1 m ╩ ⅎ≡™╢↓≤⁸╕

√Ⱪꜝfi◔♇♩☻Ɑכ☻⌐≈™≡

│Ⱪꜝfi◔♇♩ ─ ╛

─ ⌐╟╡№╢

─ ⅜ ≢⅝╢↓≤⅛╠⁸

↓─ ╩ FFHR-d1 ─ ►▬fi

♪►≤⇔≡ ⇔√⁹ 

►▬fi♪► ⌐⅔™≡│⁸╟

╡ ⌐ ∆╢ ╒≥Ⱪꜝ

fi◔♇♩☻Ɑכ☻⅜ ⅝ↄ⁸╟╡

⌐ ∆╢ ╒≥ ┘ⱬ

♃כ ⅜ ∆╢⁹Ⱪꜝfi◔♇♩

─ ⅛╠Ⱪꜝfi◔♇♩☻Ɑכ

☻│ ⅝↑╣┌ ⅝™╒≥ ╕⇔

ↄ⁸ ┘ⱬכ♃ ╙↓─ ►

▬fi♪►─ ≢│ ≢│⌂™

√╘⁸ ►▬fi♪►─ ╙ ⌐

 
Figure 2.2.4.3 Result of design the window 

analysis of helical fusion reactor FFHR-d1 by 

systems code HELIOSCOPE. 
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√╢⁸ 2.2.4.3 ⌐ ≢ ⇔√ ⁸∆⌂╦∟Ⱬꜞ◌ꜟ◖▬ꜟ Rc = 15.6 m⁸

Ⱬꜞ◌ꜟ◖▬ꜟ Bc = 4.7 T ╩Ⱬꜞ◌ꜟ FFHR-d1 ─

≤⇔≡ ⇔√[2.2.4.5]⁹↓─ ◘▬☼│ LHD ─∟╞℮≥ ≤⌂∫≡™╢⁹╕

√ ⁸ ⁸ ◄Ⱡꜟ◑כFFHR-2m2 ≢ ↕╣√╙─≤╒

╓ ∂≢№╡⁸↓╣╕≢─ ─ ╩ ⅛⇔≈≈⁸ ⌐╟╡

ⱪꜝ☼ⱴ ─ ╩ ╘√ ≤⌂∫≡™╢⁹FFHR-d1 ─ⱪꜝ☼ⱴ │⁸

⌐ ™╠╣√ LHD ─ ─♃כ♦ ⌐ ≠⅝⁸ ⱬכ♃ ╩ ╘√╙─

≤⌂∫≡™╢⁹ 

↓─ ─Ɽꜝⱷ⁸│≡™≈⌐♃כ ♃☻◒⌐╟╢ ꜝ☺

▪ꜟⱦꜟ♪ ─ ⁸Ⱪꜝfi◔♇♩♃☻◒⌐╟╢♩ꜞ♅►ⱶ ה

─ ⁸ ◖▬ꜟ ┘ ♃☻◒⌐╟╢ ◖▬ꜟ ─ ─

─ ─ ╩ ≡⁸ ⌐ FFHR-d1 ─ Ɽꜝⱷכ♃≤⇔≡ ↕╣⁸ ♃

☻◒≢─ ⅜ ↕╣√⁹⌂⅔⁸2.3 ≢ ═╠╣╢╟℮⌐⁸ ⌐│

ⱪꜝ☼ⱴ ─ ⅛╠⁸╟╡ ▪☻Ɑ◒♩ ≢№╢Ⱬꜞ◌ꜟⱧ♇♅Ɽꜝⱷכ♃

gc = 1.2 ╩ ≤⇔≡ ⇔≡™╢⅜⁸↓╣│Ⱪꜝfi◔♇♩☻Ɑכ☻╩╟╡ ↕∑

╢ ≢№╡⁸ ─ ⅛╠│ │⌂™ ⌐│ ◄Ⱡꜟ◑כ

╩ % ↕∑╢⅜⁸↓─ │ ↕™≤⇔√ ⁹↓╣│ 2.2.4.1 ⌐↓╣╠ FFHR-d1

─ Ɽꜝⱷ⁸≥♃כLHD ┘ FFHR-2m2 ≤─ ╩ ∆⁹ 

  

 

 

[2.2.4.1] A. Sagara et al., Proc. of 17th Fusion Energy Conference, 19-24 Oct. 1998, Yokohama, 

Japan, FTP/03. 

[2.2.4.2] S. Imagawa et al., Nucl. Fusion 49 (2009) 075017. 

[2.2.4.3] T. Goto et al., Plasma and Fusion Res. 7 (2012) 2405084. 

[2.2.4.4] A. Sagara et al., Fusion Technol. 34 (1998) 1167. 

[2.2.4.5] A. Sagara et al., Fusion Eng. Des. 83 (2008) 1690. 

Table 2.2.4.1 Comparison of the primary design parameters of the candidate design point 

of helical fusion reactor FFHR-d1 with LHD and FFHR-2m2.  

   FFHR-d1 FFHR-

2m2 

LHD 

       

Coil pitch parameter gc  1.25 1.2 1.2 1.25 

Helical coil major radius Rc m 15.6 ă 17.3 3.9 

Plasma major radius Rp m 14.4 ă 16 3.75 

Average toroidal field at 

the winding center 
Bt T 4.7 ă 4.84 3 

Plasma volume Vp
 m3 1878 1710 1744 30 

Fusion output Pfus GW 3 2.6 3 ī 

Helical coil current density jc A/mm2 25 ă 25 53 

Stored magnetic energy Wmag GJ 160 ă 160 1.64 

Average neutron wall load Gnw MW/m2 1.5 1.3 1.5 ī 
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2.3 ⱪꜝ☼ⱴ 

2.3.1  

FFHR-d1 ⌐⅔↑╢ ⱪꜝ☼ⱴ─ ╩ ∫√⁹FFHR-d1 │ LHD ≤─

⌐ ╩ ™≡ ↕╣≡⅔╡⁸ ⱪꜝ☼ⱴ ╩ ╠⅛♃כ♦ ∆╢

─ ╩ ⇔≡™╢⁹ ⱪꜝ☼ⱴ⌐⅔↑╢ │ LHD ≢ ╠

╣√ ╩♃כ♦ ⌐ ∆╢↓≤≢ ⇔√⁹ ⌐│☺ꜗ▬꜡Ⱳכⱶ

⸗♦ꜟ⌐ ≠ↄ ╩ ™√⁹MHD ╩ ∫√ ⁸ ▪☻Ɑ◒

♩ ⌐ⱪꜝ☼ⱴ ─ ╩ ∆↓≤≢◦ꜗⱨꜝⱡⱨ◦ⱨ♩╩

≢№╡⁸ ⱬכ♃ ≢╙ LHD ⌐⅔↑╢ ∑ ─ ≤ ─ MHD

⅜ ╠╣╢↓≤⅜╦⅛∫√⁹↓─╟℮⌂ ╩ ∫√ ⌐│⁸ ╩

ɖ ≤ ─꜠ⱬꜟ⌐╕≢ ≢⅝⁸ɖ ─ ╙ 10 % ⌐ ⅎ╠╣╢⁹

∆╢ɖ │⁸╒╓ ≡♄▬Ᵽכ♃ ⌐ ∆╢⁹ 

─ FFHR ≥[2.3.1.1]☼כꜞ◦ ⇔√ ─ FFHR-d1[2.3.1.2, 3]─ ─ ≈⌐⁸

◖▬ꜟ─ ╩ LHD ≤ ⌐⇔√↓≤[2.3.1.1-4]⅜ →╠╣╢⁹↓╣⌐╟╡⁸

LHD ─ MHD ╩☻כⱬ♃כ♦ ≢⅝╢╟℮⌐⌂╢≤ ⌐⁸ ─♃כ♦

╙╟╡ ⌐⌂╢≤ ⅎ╠╣╢⁹ ─ⱪꜝ☼ⱴ⅜ ⇔≡™⌂™ ≢│⁸

─╠⅛♃כ♦ ≤™℮ ⅜ ⌐⌂╢⁹ │ ה ╩

⇔⁸ISS95[2.3.1.5]╛ ISS04[2.3.1.6]⌂≥─◄Ⱡꜟ◑כ ∂ ≡∫╟⌐◓fiꜞכ◔☻╘

╩ ∆╢↓≤≢ ╩ ℮─⅜ ≢№╢⁹ ⇔⁸↓─╟℮⌂ ≢│

─╠⅛◓fiꜞכ◔☻╛ ∂ ╘ ⌂≥ ↄ─ ╩ ↄ ⅜№╢⅜⁸

─ │↓╣╠─ ⌐ ↄ ⇔⁸╕√ ─ ╙ ⅝™√╘⁸ ─

⌐ ⅜№∫√⁹FFHR-d1 ─ ⱪꜝ☼ⱴ ≢│⁸ ─ 2.3.2.1 ≢ ═╢

Direct Profile Extrapolation⁸

DPE [2.3.1.7,8]╩ ™√⁹↓╣⌐╟╡

─ ╩ ⌂ ╡ ╠⇔⁸

╩ ╘≡™╢⁹ 

FFHR-d1 ─ ◖▬ꜟ │

⌐ LHD ≤ ≢№╢⅜⁸LHD ≢

™╠╣≡™╢ⱳ꜡▬♄ꜟ◖▬ꜟ─ ⁸

LHD ⌐⅔↑╢ IS ◖▬ꜟ⌐ ∆╢

│ ⅝⌂ⱷfi♥♫fi☻ⱳכ♩╩ ∆

╢√╘ ↄ↓≤≤⇔√ 2.3.1.1

[2.3.1.4]⁹↓─√╘⁸♩꜡▬♄ꜟ ⇔√

ⱪꜝ☼ⱴ │ ╩ ↑╢

↓≤⌐⌂╢⁹ ─ ⅛╠│

ⱪꜝ☼ⱴ ╩ ≤∆╢─⅜

≢№╢⅜[2.3.1.9]⁸ ⱪꜝ☼ⱴ≢│

ↄ─ ⁸ ╟╡╙

⅜ ⌐⌂╢≤ ⅎ╠╣≡™╢

[2.3.1.10]⁹ ⌐⁸LHD ≢│

 
Figure 2.3.1.1 Comparison of the supercon-

ducting magnet coil arrangement in FFHR-d1 

(upper half) and LHD (lower half). Because 

FFHR-d1 has no IS coils, large aperture of 

maintenance ports can be obtained, whereas 

vertical elongation of the plasma cross-

section of FFHR-d1 is slightly larger than 

that of LHD.  
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⌐⅔↑╢ ◄Ⱡꜟ◑כ ∂ ╘ │ ⌐╟∫≡ ⅝ↄ│ ↕╣

∏⁸╗⇔╤ ∆╢ ╙№╢↓≤⅜ ≢ ↕╣≡™╢[2.3.1.4]⁹ ⌐│

ⱬכ♃ ≢─◦ꜗⱨꜝⱡⱨ◦ⱨ♩╩ ∆╢ ⅜№╢↓≤⅜ ⌐ ↕

╣≡™╢⅜⁸↓╣│ LHD ≢╙ ↕╣≡™╢[2.3.1.4,11]⁹ ≢ ∆╢╟℮⌐⁸

≢│ ⱬכ♃⌐⌂╢↓≤⅜ ≢№╡⁸⅛≈◦ꜗⱨꜝⱡⱨ◦ⱨ♩⌐╟

╢ ╛ɖ ∂ ╘ ─ │ ⌂ ╩╙√╠∆√╘⁸◦ꜗⱨꜝ

ⱡⱨ◦ⱨ♩│ ⅎ╢─⅜ ╕⇔™⁹↓╣╠─ ⌐╟╡⁸FFHR-d1 ≢│ LHD ⌐

⅔↑╢ IV ┘ OV ◖▬ꜟ⌐ ∆╢ ─ⱳ꜡▬♄ꜟ◖▬ꜟ─╖╩ ™╢↓≤≤⇔

√⁹ 

≢│⁸2.3.2 ≢ ╩ ⇔⁸ ╡─ ╩ ⇔√ ⁸↓╣╠⌐

⇔≡⁸ ⌐ ∆╢ 2.3.3 ⁸MHD ≤ MHD 2.3.4

⁸ ⱪꜝ☼ⱴ ⌐╟╢♦♃♇♅ⱷfi♩⌐ ∆╢ 2.3.5 ⁸ ─

2.3.6 ⁸ ◄Ⱡꜟ◑כ ∂ ╘⌐ ∆╢ 2.3.7 ⁸

≤ ─ 2.3.8 ╩ ™⁸2.3.9 ≢│ⱪꜝ☼ⱴ ⌐≈™≡

⇔√ ╩ ∆⁹╕√ 2.3.10 ≢│ ⱪꜝ☼ⱴ⌐⅔↑╢ ─ ⅛╠

─▪ⱪ꜡⁸≡⇔≥♅כ ╛◘Ⱪ▬◓♬◦ꜛfi ⌐≈™≡ ⇔√ ╩⁸

2.3.11 ≢│ ⌐ ─ ⅛╠◖▬ꜟ ╩ ╗ ─ ⌐≈™≡

⇔√ ╩ ∆⁹2.3.12 ≢↓╣╠╩╕≤╘╢⁹ 

 

 

[2.3.1.1] A. Sagara et al., Fusion Eng. Des. 85 (2010) 1336. 

[2.3.1.2] A. Sagara et al., Fusion Eng. Des. 87 (2012) 594. 

[2.3.1.3] T. Goto et al., Plasma Fusion Res. 7 (2012) 2405084. 

[2.3.1.4] J. Miyazawa et al., Plasma Fusion Res. 7 (2012) 2402072. 

[2.3.1.5] U. Stroth et al., Nucl. Fusion 36 (1996) 1063. 

[2.3.1.6] H. Yamada et al., Nucl. Fusion 45 (2005) 1684. 

[2.3.1.7] J. Miyazawa et al., Fusion Eng. Des. 86 (2011) 2879. 

[2.3.1.8] J. Miyazawa et al., Nucl. Fusion 52 (2012) 123007. 

[2.3.1.9] H. Yamada et al., Plasma Fusion Res. 3 (2008) S1032. 

[2.3.1.10] J. Miyazawa et al., Fusion Sci. Technol. 58 (2010) 29. 

[2.3.1.11] J. Miyazawa et al., Plasma Fusion Res. 3 (2008) S1047.  

  



24 

2.3.2  

2.3.2.1 DPE  

ⱪꜝ☼ⱴ─ ╩ ∆

╢√╘⁸ ≢ ╠╣√ ╛ ─

╩ ⌐ ∆╢

DPE ╩ ⇔√[2.3.2.1,2]⁹DPE │

╩ ≢ ╠╣√╙─⌐ ⇔⁸

∕╣╠─ ╩☺ꜗ▬꜡Ⱳכⱶ⸗♦

ꜟ⌐ ≠⅝⁸ ╩ √∆╟℮

⌐ ∆╢≤™℮ ≢№╢⁹ ─

FFHR ╢↑⅔⌐[2.3.2.3]☼כꜞ◦ ⱪ

ꜝ☼ⱴ ≢│⁸ ה ─

╩ ⇔ ⁸ ∕ ╣ ╠ ─ ╩

ISS95[2.3.2.4]╛ ISS04[2.3.2.5]≤™∫√

⌂◄Ⱡꜟ◑כ ∂ ꜞכ◔☻╘

fi◓⌐ ⇔√ ∂ ╘ ╩

∆╢↓≤≢ ⇔≡™√⅜⁸ ╛

∂ ╘ ─ ⅜ ⅝ↄ⁸⅛≈

↓╣╠⅜ ⌐ ⅎ╢ ╙ ⅝™√

╘⁸ ─ ⌐│ ⅜№∫√⁹

DPE ≢│ ─ ╩ ╠

∆↓≤≢⁸↓╣⌐ ∆╢ ↕╩

⇔≡™╢⁹ ∂ ╘ ⌐≈™≡╙⁸

↓╣╩ ─ ≤⇔≡

≢⅝╢≤™℮ LHD ─ ⌐ ≠

™≡⸗♦ꜟ ⇔⁸ DPE ⌐ ⇔√

[2.3.2.2]⁹∕─ ⁸ ─ ∂ ╘

╩ ∆╢↓≤⌂ↄ ⱪꜝ☼ⱴ─

⅜ ⅎ╢╟℮⌐⌂∫√⁹ 

╕∏☺ꜗ▬꜡Ⱳכⱶ⸗♦ꜟ⌐≈™≡

∆╢[2.3.2.6,7,8]⁹◄Ⱡꜟ◑כ ∂

╘  tE ≢ ╩ ∟≈≈

∆╢ ⱪꜝ☼ⱴ ─◄Ⱡꜟ◑כ

 e(r,t) = e(r) exp(ït/tE) ⇔⁸r = r/a 

│  a ≢ ⇔√ ⌐⅔

↑╢ ─◄Ⱡꜟ◑כⱨꜝ♇◒☻ G 

│⁸  c ⅜ ≢ ≢№

╢≤∆╣┌ G = ïcҼe ≢ ↕╣╢⁹

─  (µe/µt) = ïҼÖG ╟╡⁸(ï1/tE) e(r) = 

cҼ2e ≤⌂╢⁹↓─ ─ │♀꜡

 
Figure 2.3.2.1  Relation between electron 

density and normalized electron pressure at 

various normalized minor radii in LHD 

experiment. Open and closed symbols 

correspond to the data from gas-puff (GP) 

and pellet injection (PI) discharges, 

respectively. Electron pressure is almost 

proportional to the 0.6 power of the electron 

density. Vertical broken line denotes Sudo 

density limit (common for GP and PI). (From 

Ref. [2.3.2.2]) 

 

 
Figure 2.3.2.2  Example of gyro-Bohm 

normalized pressure profile. (From Ref. 

[2.3.2.9]) 
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─ⱬ♇☿ꜟ ╩ ™≡ ↕╣⁸e(r) = e0 J0(2.4r) exp(ït/tE) ≤⌂╢⁹↓─≤⅝⁸◄Ⱡ

כ◑ꜟ ∂ ╘  tE ≤  c ─ ⌐│⁸tE ́  a2/c ≤™℮ ⅜№╢⁹ ─

∂ ╘ⱪꜝ☼ⱴ≢│⁸ ╛ ─ ⅜ ⌐ ∆╢ ⌐ ↕

╣╢ ─ ™↓≤⅜ ╠╣≡™╢⁹ ─ כⱴכꜝl ⅜▬○fi ꜟכ◔☻  

ri ⁸ t ⅜▬○fi ꜟכ◔☻ ♪ꜞⱨ♩  wi*  ─ ≢№╢≤∆

╢⁹∕╣∙╣  T ┘  B ≤ ─ ⅜№╢⁹ ∟⁸ri  ́T0.5/B ≢№╡⁸

 wi*  │▬○fiꜝכⱴכ ≤ ─ ꜟכ◔☻  a ─  (ri/a)⁸  k ~ 1/ri⁸

┘  ́T0.5 ─ ⌐ ∆╢↓≤⅛╠⁸wi*  ́  T0.5/a ≤⌂╢⁹↓─ ─  

DGB │⁸DGB ́  l2/t ́  ri
2 wi*  ́  T1.5/aB2 ≢ ⅎ╠╣╢⁹DGB │Ⱳכⱶ  DB ́  T/B 

⌐ ▬○fiꜝכⱴכ  ri*  = ri/a  ́T0.5/(aB) ╩ ∂√ ⌐⌂∫≡⅔╡⁸☺ꜗ▬

꜡Ⱳכⱶ ≤ ┌╣╢⁹↓─╟℮⌂☺ꜗ▬꜡Ⱳכⱶ⸗♦ꜟ⌐ ≠ↄ◄Ⱡꜟ◑כ

∂ ╘  tGB │ a2/DGB ⌐ ∆╢↓≤⅛╠⁸tGB ́  a12/5 R3/5 P-3/5 n3/5 B4/5 ≤⌂╢⁹

⁸↓─ │◄Ⱡꜟ◑כ ∂ ╘ ≤ Ɽ꞉כ P ─ ⅜ⱪꜝ☼ⱴ ◄Ⱡꜟ◑

Wp  ́n T a2 R כ ⇔n⁸T⁸a⁸R│∕╣∙╣ⱪꜝ☼ⱴ─ ⁸ ⁸ ⁸

⌐ ⇔™↓≤⅛╠ ╘╠╣╢⁹☺ꜗ▬꜡Ⱳכⱶ⸗♦ꜟ≤ ─Ɽꜝⱷכ♃

│⁸Ⱬꜞ◌ꜟⱪꜝ☼ⱴ─◄Ⱡꜟ◑כ ∂ ╘ ╩ ⌐╕≤╘√ ISS95 ┘ 

ISS04⁸№╢™│♩◌ⱴ◒─ H-mode ≢◓fiꜞכ◔☻ ╘╠╣≡™╢[2.3.2.7]⁹ 

LHD ≢╙☺ꜗ▬꜡Ⱳכⱶ Ɽꜝⱷכ♃ ⅜ ↕╣≡™╢[2.3.2.2]⁹ ⅎ┌

2.3.2.1 ⌐ ⇔√╟℮⌐⁸№╢  r ⌐⅔↑╢ⱪꜝ☼ⱴ─  p(r) │

⌐⅔↑╢  n(r) ─ 0.6 ≤ Ɽ꞉כ P ─ 0.4 ⁸ ┘  B ─ 0.8 ⌐╒

╓ ⇔≡ ∆╢ p(r)  ́n(r) T(r)  ́P tE ─ ⌐ ⁹↓─ ⅛╠ ⌂

 
Figure 2.3.2.3  Relation between heating profiles (above) and gyro-Bohm normalized 

pressure profiles (below) in LHD. As the heating profile changes from peaked one 

(rightmost) to flat (second right) and hollow ones (leftmost and second left), the peak value 

of the gyro-Bohm normalized pressure profile decreases. The rightmost figure is the data 

from electron cyclotron wave heating (ECH) and the formation of electron internal transport 

barrier (e-ITB) is observed. In such case, fitting by zeroth order Bessel function 

underestimates the peak value of the normalized profile. The leftmost figure is the data from 

full-detachment discharge (Serpens mode) with the electron density at peripheral region 

which exceeds the Sudo density limit. In such case, penetration length of neutral beam (NB) 

is very short and the heating profile becomes extremely hollow. 
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⅜☺ꜗ▬꜡Ⱳכⱶ⸗♦ꜟ⌐ ℮≤

⇔⁸p(r) ╩ n(r)0.6 a2.4 R0.6 P0.4 B0.8 ≢

⇔√╙─╩₈☺ꜗ▬꜡Ⱳכⱶ

₉≤ ∆╢⁹LHD ≢│☺ꜗ

▬꜡Ⱳכⱶ ⅜ⱤꜝⱲꜞ

♇◒ ≤⌂╡⁸♀꜡ ─ⱬ♇☿ꜟ

≢ ≢⅝╢↓≤⅜ ↕╣≡™╢

2.3.2.2 [2.3.2.9]⁹☺ꜗ▬꜡Ⱳכⱶ⸗

♦ꜟ⌐ ≠™≡⁸ ≢ ╠╣√

┘ ─ ╩ ⌐ ∆

╢↓≤⅜≢⅝╢⁹DPE ≢│⁸☺ꜗ▬꜡

Ⱳכⱶ ⅜ ↕╣╢≤

⇔⁸ ◘▬☼╛ ⅜ ⅛

↕╣√ ≢∕─ ╩ ╢ ⌐

⌂ Ɽ꞉כ ☺ꜗ▬꜡Ⱳכⱶ⸗♦ꜟ

⅛╠ ⅜ ⌐╟╢ɖ ─

╖≢ ╠╣╢ ╩ √∆╟

℮ⱬכ♃≤ ─ ╩ ∆╢⁹ 

LHD ≢│ ⅜ ⌐Ⱨכ◒⇔

√ ─ ⅜ ─ ╟╡╙◄Ⱡꜟ◑כ ∂ ╘ ⅜ ™[2.3.2.10]⁹ ⌐

⅔↑╢◄Ⱡꜟ◑כ─ ╩ ⅎ╣┌⁸ ∂ ╘ ⅛╠╟╡ ™ ╩ ⇔√

⅜◄Ⱡꜟ◑כ ∂ ╘⅜ ™↓≤│ ⌐ ⅜≈ↄ⅜⁸LHD ─ │↓─

⌂ ≤ ⌐ ⇔⌂™⁹ 2.3.2.1 ⌐ ↕╣≡™╢●☻Ɽⱨ GP ≢♃כ♦─

│⁸ ⅜ 4 ³ 1019 m-3 ─ ≢ ─ 0.6 ⌐ ∆╢≤™℮☺ꜗ▬꜡Ⱳכ

ⱶ─ ⅜ ╦╣≡™╢⁹↓─ ∂ ╘ │ⱪꜝ☼ⱴ ─ ⌐╟∫≡

ⱦכⱶ─ ⅜ ⇔⁸ ⅛╠ ┼≤ ∆╢↓≤⌐╟╢⁹

2.3.2.3 ⌐ ╩ ⇔√╟℮⌐⁸ ⅜ Ⱨכ◒⅛╠ⱨꜝ♇♩ ┘ⱱ꜡כ⌐⌂

╢⌐ ™⁸☺ꜗ▬꜡Ⱳכⱶ ─ ↕│ ∆╢⁹↓↓≢⁸ ⇔√

 Pdep(r) ╩⁸∕─ⱪꜝ☼ⱴ ⌐⅔↑╢  Pdep1 = ≢ ⇔

√ ─  (Pdep/Pdep1)avg ╩ Ⱨכ◐fi◓ⱨ□◒♃כ≤⇔≡ ∆╢⁹

2.3.2.4 ⌐☺ꜗ▬꜡Ⱳכⱶ ─  a0* №╢™│ a0 ╩ (Pdep/Pdep1)avg 

─ ≤⇔≡ ∆⁹ ΰʺa0* ψ 0.5 < r < 1.0̋ a0 ψ 0.0 < r < 1.0 χЅаϱкЩ˔Э

ṛᶊᴟӊ Д˔ЌϬζϦηϦТϰАГϰрϽΰο ϣϦθ πΚϥ ᾓם̒ Ὧτ

ϢμοψЀϯ χӊ Υ ᴟβϥ ›ΥΚϥΥʺa0* ╩ ™╢↓≤≢∕─

╩ ≢⅝╢⁹ ─ ⌐≈™≡│ ─≤↓╤╟ↄ╦⅛∫≡™⌂™⅜⁸ ≤

⇔≡│◖▪ ⅜☻♩◐ꜗ☻♥▫♇◒⌐⌂╢ [2.3.2.11]╛⁸ №╢

™│ ─ ⅜№╢⁹™∏╣⌐∑╟ ─ │◖▪ ─ ╛

ⱪꜝ☼ⱴⱤꜝⱷכ♃⌐ ∆╢≤ ⅎ╠╣╢⁹ ≢│⁸FFHR-d1 ⌐⅔™≡│ ─

⅜ ⇔⌂™╙─≤ ⇔≡ ╩ ╘╢↓≤⌐∆╢⁹ ╟╡⁸a0* │ 

(Pdep/Pdep1)avg ─╒╓ 0.6 ⌐ ⇔≡ ∆╢↓≤⅜╦⅛╢⁹ ⁸ ≢─

 
Figure 2.3.2.4 Dependence of central value 

of gyro-Bohm normalized profile a0* and a0 

on the peaking factor of heat deposition 

profile in LHD. In addition to the data with 

neutral beam (NB) heating, the data from 

electron cyclotron heating (ECH) with 

extremely peak deposition profile and the 

data from full-detachment discharge (Serpens 

mode) with extremely hollow deposition 

profile are also plotted. 



27 

ⱦכⱶ NB ⌐╟╢ ≤ ═⁸ ⌐⅔↑╢ɖ ⌐╟╢ │╟

╡ ─ ⌐ ∆╢⁹ ∫≡⁸◄Ⱡꜟ◑כ ∂ ╘│ NB ─

ⱪꜝ☼ⱴ╟╡╙ ⱪꜝ☼ⱴ─ ⅜ ↄ⌂╢≤ ≢⅝╢⁹↓─╟℮⌂

╩ ╡ ╣╢√╘⁸ ∂ ╘  gDPE ╩  gDPE = ((Pdep/Pdep1)avg,reactor / 

(Pdep/Pdep1)avg,exp)
0.6 = (0.65 / (Pdep/Pdep1)avg,exp)

0.6 ≢ ⇔⁸DPE ⌐ ⇔√[2.3.2.6]⁹ 

⇔⁸(Pdep/Pdep1)avg,reactor ┘ (Pdep/Pdep1)avg,exp │∕╣∙╣ FFHR-d1 ┘ LHD ⌐⅔↑╢

Ⱨכ◐fi◓ⱨ□◒♃⁸╡№≢כ 0.65 │ ⱪꜝ☼ⱴ⌐⅔↑╢

Ⱨכ◐fi◓ⱨ□◒♃כ≤⇔≡ ⇔√╙─≢№╢⁹ ⁸ ≢ ∆╟℮⌐⁸DPE ⌐

  
Figure 2.3.2.5 Two reference radial profiles, reference A (left) and reference B (right), used 

in the detailed physics analysis of the core plasma of the FFHR-d1, where (a) is the electron 

density profile ne(r), (b) is the electron temperature profile Te(r), (c) is the plasma beta 

profile b (r)ˢ¹ 2 ne(r) Te(r) / (B0
2 / (2 m0)) (B0 is magnetic field strength on the axis in the 

vacuum equilibrium), (d) is the alpha particle birth profilea Paô(r), (e) is the sum of the 

volume integrated alpha heating power and Pa(r) and the bremsstrahlung loss PB, and  (f) 

is the profile Pdep(r) and the line-averaged value of heat deposition normalized by its value 

on the plasma surface (r = 1) Pdep1. Horizontal axis corresponds to the normalized minor 

radius r ¹ reff / a99 (reff and a99 are the effective minor radius and the effective minor radius 

of the region contains 99% of plasma stored energy, respectively). Open circles in (a) ï (c) 

and (f) denote the data from LHD. 
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╟∫≡ ╠╣╢ FFHR-d1 ⱪꜝ☼ⱴ≢│⁸ ⅜ɖ ─ ≤ ≢

№╢≤ ⇔≡ ╠╣╢ Ⱨכ◐fi◓ⱨ□◒♃כ│╒╓ 0.65 ⌐⌂╢⁹ 

 

2.3.2.2  

─ ⌐ ═╢ ╩ ℮√╘⁸DPE ⌐╟∫≡ ⌂ ╩ ╘√

2.3.2.5 [2.3.2.12]⁹ │ A ≤ B ─ ╩ ⇔√⁹ A │ LHD

⌐⅔↑╢ ─ ≢№╢  Rax = 3.60 m⁸  B0 = 2.75 T⁸

Ⱬꜞ◌ꜟ◖▬ꜟⱧ♇♅ gc = 1.254 ─ ⌐⅔™≡ ╠╣√ ╩♃כ♦ ⇔√╙

─≢№╢⁹↓↓≢ gc │ (m ac) / (l Rc) ≢ ↕╣⁸m │♩꜡▬♄ꜟⱧ♇♅ ⁸l │ⱳ

꜡▬♄ꜟⱧ♇♅ ⁸ac│Ⱬꜞ◌ꜟ◖▬ꜟ ⁸Rc │Ⱬꜞ◌ꜟ◖▬ꜟ ≢⁸LHD

⌐⅔™≡│m = 10⁸l = 2⁸ac ~ 0.9 ï 1.0 m⁸Rc = 3.9 m ≢№╢⁹ Ɑ꜠♇♩

╩ ∫≡⅔╡⁸ │ ⌐Ⱨ⁹╢™≡⇔◒כ B │ ▪☻Ɑ◒♩

≢№╢Rax = 3.60 m⁸B0 = 1.5 T⁸gc = 1.20 ─ ≢ ∫√●☻Ɽⱨ ≢ ╠╣√

╩♃כ♦ ⇔√╙─≢№╡⁸ │ⱱ꜡⁹╢™≡∫⌂⌐כ ─ ™╩

⇔⁸ⱪꜝ☼ⱴ │ B ╟╡╙ A ─ ⅜ Ⱨכ◒─ ™⅜ ↄ

⌂∫≡™╢⁹DPE ⌐╟╡ ↕╣╢ FFHR-d1 ≢─ɖ │ A ≤ B ™∏╣─

≢╙ 500 MW ≢№╡⁸ Ⱨכ◐fi◓ⱨ□◒♃כ╙ 0.66 ≤ ≢№╢⁹↓

╣╠─ │ DPE ⌐⅔™≡ gDPE ╩ ∆╢ ⌐ ™√ (Pdep/Pdep1)avg,reactor = 0.65 ─

2.3.2.1 ╩ ∆╢╙─≢№╢⁹ ⇔⁸↓↓≢│ɖ ╩ɖ ─

≤ ∂≢№╢≤ ⇔≡™╢√╘ ⅜ ≢№╢⁹ ≢ ═╢╟℮⌐⁸ɖ

─ ╩ ⇔≡ ╘√◄Ⱡꜟ◑כ ≤ │ ∏⇔╙ ⇔⌂

™⁹ 

 

 

[2.3.2.1] J. Miyazawa et al., Fusion Eng. Des. 86 (2011) 2879. 

[2.3.2.2] J. Miyazawa et al., Nucl. Fusion 52 (2012) 123007. 

[2.3.2.3] A. Sagara et al., Fusion Eng. Des. 85 (2010) 1336. 

[2.3.2.4] U. Stroth et al., Nucl. Fusion 36 (1996) 1063. 

[2.3.2.5] H. Yamada et al., Nucl. Fusion 45 (2005) 1684. 

[2.3.2.6] H. Yamada, J. Plasma Fusion Res. 79 (2003) 592. 

[2.3.2.7] U. Stroth, Plasma Phys. Control. Fusion 40 (1998) 9. 

[2.3.2.8] J.G. Corday, Nucl. Fusion 39 (1999) 301. 

[2.3.2.9] J. Miyazawa et al., Plasma Fusion Res. Ser. 9 (2010) 94. 

[2.3.2.10] H. Yamada et al., Nucl. Fusion 43 (2003) 749. 

[2.3.2.11] K. Ida et al., 23rd Fusion Energy Conf. (Daejeon, Korea, 2010) (Vienna: IAEA) 

EXS/5-2. 

[2.3.2.12] J. Miyazawa et al., 24th Fusion Energy Conf. (San Diego, USA, 2012) (Vienna: 

IAEA) FTP/P7-34. 
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2.3.3  

2.3.3.1 LHD ⌐⅔↑╢  

☺ꜗ▬꜡Ⱳכⱶ⸗♦ꜟ≢│ ⅜ ™╒≥◄Ⱡꜟ◑כ ∂ ╘⅜ ↄ⌂╢⅜⁸

⌂ↄ ╩ ∆╢↓≤│≢⅝⌂™⁹ ⅎ┌ LHD ≢ ╩ ⇔≡™ↄ≤⁸№╢

⅛╠ ⅜ ⌐ ∆╢≤ ⌐ ⅜ ⇔⁸ ⌐ⱪꜝ☼ⱴ⅜ ∆

╢[2.3.31,2]⁹↓╣╩ ≤ ╪≢™╢⁹↓╣╕≢─ ≢⁸LHD ≢│

⅜₈ nc
Sudo₉[2.3.3.3]≤ ┌╣╢ ◓fiꜞכ◔☻ ≢ ↕╣╢

⌐⌂╢≤ⱪꜝ☼ⱴ⅜ ⌐◦ꜙꜞfi◒⇔ ╘⁸ ⌐ ╩ ∆╢≤

⌐ ╢↓≤⅜╦⅛∫≡™╢⁹nc
Sudo (1019 m-3) │⁸ Ɽ꞉כ P (MW)⁸

 B (T)⁸ⱪꜝ☼ⱴ  a (m)⁸ ┘  R (m) ╩ ™≡⁸nc
Sudo = 2.5 (P B / (a2 

R))0.5 ≢ ⅎ╠╣╢⁹ 

♩◌ⱴ◒─ ⁸ ♪ꜟfi꞉כꜞ◓₈⅜  nG₉[2.3.3.4]⌐ ≠ↄ⌐≈

╣≡ⱪꜝ☼ⱴ ⅜ ∆╢♦▫☻ꜝⱪ◦ꜛfi─ ⅜ ∆╢⁹nG (1019 m-3) 

│ ⅜ⱪꜝ☼ⱴ ⌐ ∆╢≤™℮╙─≢⁸ⱪꜝ☼ⱴ  Ip (MA) ≤ⱪ

ꜝ☼ⱴ  a (m) ╩ ™≡⁸nG = 10 Ip / (p a
2) ≢ ↕╣╢⁹↓╣╩ⱪꜝ☼ⱴ ─

⌂™Ⱬꜞ◌ꜟⱪꜝ☼ⱴ⌐ ∆╢⌂╠┌⁸Ip ─ ╦╡⌐ⱪꜝ☼ⱴ ⌐⅔↑╢

qa ─ ╩ ™≡⁸nG = (50 B) / (p qa R) ≤∆╢─⅜ ≢№╤℮⁹LHD

─╟℮⌂Ⱬꜞ○♩꜡fi ≢│ ⌐ qa │ ⌐╟∫≡ ↕╣⁸ⱬכ♃⌐

╟∫≡ ∆╢╙──⁸╒╓ ≤⌂╢⁹LHD ≢│ Ɽ꞉כ╩ ∆╢≤

╙ ∆╢↓≤⅜ ╠⅛⌂√╘⁸ Ɽ꞉כ⌐ ∆╢ ╩ √⌂™

♪ꜟfi꞉כꜞ◓ ≢ LHD ─ ╩ ∆╢↓≤│≢⅝⌂™⁹ ─Ⱬꜞ◌

ꜟ ⁸ ⅎ┌♪▬♠─ W7-AS ≢╙ │ ≥◓fiꜞכ◔☻ ─

Ɽ꞉כ ╩ ∆[2.3.3.5]⁹ 

⅜ nc
Sudo ╟╡╙ ™⌂╠┌ ─ │ nc

Sudo ╩ ⅎ╢↓≤⅜

≢№╡⁸ Ɑ꜠♇♩ ≢ ┼≤ ╩ ∆╢↓≤⌐╟∫≡

™ ╩ ╢↓≤⅜≢⅝╢⁹LHD ≢│↓─╟℮⌂ ╩ ⅛⇔⁸ ⱪꜝ☼

ⱴ◖▪ SDC: Super Dense Core ≤ ┌╣╢ 1 ³ 1021 m-3 ⌐ ∆╢ ╩

⇔≡™╢[2.3.3.6,7,8]⁹ 4.2-1 ⌐ ↕╣≡™╢ PI ⁸ⱪꜝ☼ⱴ╙≢♃כ♦─ ≢

│ nc
Sudo ╟╡ ™ ⅜ ╠╣≡™╢⁹ ⇔⁸ ⅜ ™⁸№╢™│ ⅜

™⌂≥─ ≢│⁸Ɑ꜠♇♩ ⌐╟∫≡ ╩ ⇔√ ⌐ ⅜ ⇔⁸

ⱱ꜡כ⌂ ⁸ ∟₈ ⱱ₉ꜟכ╩ ∆╢ ⅜№╢[2.3.3.1]⁹ ⱱכꜟ│

─Ɽ꞉כⱣꜝfi☻⅜ ╣╢ Ɽ꞉כ  ↓≤≢ ∆╢≤

ⅎ╠╣╢⁹↓─╟℮⌂ ≢╙ ⅜ nc
Sudo ╟╡ ↑╣┌ ⌂ ⌐

│ ╠∏⁸ │ ∆╢⁹ 

 

2.3.3.2 ─  

2 ≈─ ™∏╣─ ≢╙ │ ⌐ ™⁹╙⇔ FFHR-d1

≢╙ LHD ≤ ─ ◦♫ꜞ○⅜ ≢⅝╢─≢№╣┌⁸2.3.5 ≢ ═╠╣╢

╟℮⌂ ♦♃♇♅ⱷfi♩─ │ ≤ ⅎ╠╣╢⁹⇔⅛⇔⌂⅜╠⁸LHD ⌐⅔↑╢

√╢ radiator ⅜ ≢№╢ ≢⁸FFHR-d1 │ ⱷꜟכ○─כꜞⱲfiⱨכ◌⌐
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♃ꜟ ≤⌂╢↓≤⅜ ↕╣≡™╢⁹↓─√╘⁸ ⅜ LHD ≤ FFHR-

d1 ≢ ⌂╢ │ ∫≡™╢⁹ 2.3.2.3 ┘ 2.3.2.4 ≥♪כ⸗☻Ɽfiכ◘│⌐

↑√ ♦♃♇♅ⱷfi♩─♦כ♃╙ ⁸│≥♪כ⸗☻Ɽfiכ◘⁹╢™≡╣↕

╩ ╕≢ ⇔⁸ ♦♃♇♅ⱷfi♩≤⌂∫√ ⅜ ⅛╠─

⌂⇔⌐ ↕╣╢ ≢№╢[2.3.3.9]⁹LHD ╙♪כ⸗☻Ɽfiכ◘│≢ ╘≡

≢ ◄Ⱡꜟ◑כ ∂ ╘─ ⅜ ↕╣╢⅜⁸↓╣│ 2.3.2.3 ┘

2.3.2.4 ⌐ ↕╣╢╟℮⌐⁸ ⌐ NBI ─ ⅜ ⇔⁸

⅜ ⇔√√╘≤ ⅎ╠╣╢[2.3.3.10,11]⁹FFHR-d1 ≢│ ⅜ ⌐ ⇔≡╙

─Ɽꜝⱷכ♃⌐ ⅜⌂↑╣┌ɖ ⌐╟╢ │ ↕╣╢√╘⁸

◄Ⱡꜟ◑כ ∂ ╘─ │⌂™≤ ⇔≡™╢⁹ 

 

 

[2.3.3.1] J. Miyazawa et al., Nucl. Fusion 48 (2008) 015003. 

[2.3.3.2] J. Miyazawa et al., Fusion Sci. Technol. 58 (2010) 200. 

[2.3.3.3] S. Sudo et al., Nucl. Fusion 30 (1990) 11. 

[2.3.3.4] M. Greenwald et al., Nucl. Fusion 28 (1988) 2199. 

[2.3.3.5] L. Giannone et al., Plasma Phys. Control. Fusion 44 (2002) 2149. 

[2.3.3.6] N. Ohyabu et al., Phys. Rev. Lett. 97 (2006) 055002. 

[2.3.3.7] H. Yamada et al., Plasma Phys. Control. Fusion 49 (2007) B487. 

[2.3.3.8] R. Sakamoto et al., Fusion Sci. Technol. 58 (2010) 53. 

[2.3.3.9] J. Miyazawa et al., Nucl. Fusion 46 (2006) 532. 

[2.3.3.10] J. Miyazawa et al., Fusion Sci. Technol. 58 (2010) 29. 

[2.3.3.11] H. Yamada et al., Nucl. Fusion 43 (2003) 749. 
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2.3.4 MHD ה  

2.3.4.1 Ⱬꜞ○♩꜡fi─ MHD  

 Ⱬꜞ○♩꜡fi ─ │⁸  Rax⁸ⱪꜝ☼ⱴ▪☻Ɑ◒♩  Ap⁸

 k ─ 3 ≈─Ɽꜝⱷכ♃⌐╟╡ ↑╠╣╢⁹LHD ─ ⁸ │ IV

◖▬ꜟ⌐╟╢ ⁸ⱪꜝ☼ⱴ▪☻Ɑ◒♩ │ Ⱬꜞ◌ꜟ◖▬ꜟ─ ⁸

│ IS ◖▬ꜟ⌐╟╢ ⌐╟╡ ↕╣╢⁹↓─ 3 ≈─Ɽꜝⱷ⁸∟℮─♃כ

⅜ MHD ⌐ ╙ ⌂Ɽꜝⱷ⁸│╣⧵⁹╢№≢♃כⱫꜞ○♩꜡fi

─ │⁸L=2 ─☿Ɽꜝ♩ꜞ♇◒☻ ≢ ╕╢ ≤

≢╒╓ ╕╢⅛╠≢№╢⁹∕↓≢⁸ ≤ MHD ⅜≥─╟℮⌐ ∆╢

⅛╩ ≢ ═╢⁹ 

Ⱬꜞ○♩꜡fi │ ╩ ≤⇔⌂™√╘⁸∕─ MHD │ ─

MHD ⌐╟∫≡ ↑╠╣╢⁹↓─ ⁸ ╙ ∆═⅝│ ─

MHD ≢№╢⁹ MHD │♪כ⸗ ─ ─

⌐╟╡ ↕╣╢⁹ │⁸ ⌐╟∫≡ ╩

⌐ ⇔ ↕∑╢↓≤≢ ≢⅝╢⁹ ⅜ ─ ╟╡╙

⌐ ∆╣┌⁸ ⌂ ⅜ ↕╣╢⁹↓↓≢ ═√ │

≢ ╩ ∆╢↓≤≢ ↕╣√╙─≢№╡⁸ ╩ ⅎ╢≤ ─

╩ ≤ ⅝⌐ ⇔√≤ ⅎ╢↓≤╙≢⅝╢⁹ ⁸◦ꜗⱨꜝⱡⱨ◦ⱨ

♩⌐╟╡ ╩ ∆╢↓≤╙≢⅝╢⁹ⱬכ♃ ─ ≤ ⌐ ☻ꜝכ♩⅜

┼◦ⱨ♩∆╣┌⁸ⱪꜝ☼ⱴ Vô─ ⅜ ⇔ ╩ ∆╢⁹

↓─ ⁸ │ⱪꜝ☼ⱴ ─ Vôô≤⇔≡ ↕╣╢⁹

─♪כ⸗ ─ ≈⌐ⱷꜟ◦▼ ⅜№╢⅜⁸ⱷꜟ◦▼ ─ ≢ ⌐

╟╡ │⁸◦ꜗⱨꜝⱡⱨ◦ⱨ♩⌐╟╢ Vôô─ ≢ ╡⁸

─ ⌐╟╢ ─ │ ─ ─ ≢ ╢⁹ ─↓≤⅛

╠⁸Ⱬꜞ○♩꜡fi ─ MHD ╩ ⅎ╢ ≢│⁸ ∞↑≢⌂ↄ ⱬכ♃

─ ╙ ∆╢↓≤⅜ ≢№╢⁹╙∟╤╪⁸ⱷꜟ◦▼ ⌐│ ⌐

≤⇔≡ ◦▪⁸ ≤⇔≡ ─ ⁸ ⅜ ∆╢⁹⇔⅛

⇔⁸LHD ─ ⅛╠⁸ ─♪כ⸗ │ ⌐╟╡ ╕╢

MHD ≤ ™ ╩ ≈↓≤⅜╦⅛∫≡⅔╡⁸ ╩♪כ⸗ ∆╢

√╘⌐│ ⱬכ♃ ─ ╩ ╙ ∆═⅝≢№╢⁹ 

⌂ MHD ╩ ╢√╘⌐ ⌐ ∆═⅝ ╩ ═√⅜⁸↓╣│

ⱬכ♃ ─ MHD ╩≥℮ ∆╢⅛≤™℮ ≤ ∆╢⁹∕↓≢⁸

≤ MHD ≤─ ╦╡⌐≈™≡ ═╢⁹MHD ─ ⅛╠Ⱬꜞ○♩꜡fi

─ ╩ ⅎ√ ⁸ ≤☿Ɽꜝ♩ꜞ♇◒☻ ─ ⅜ ™

⌐ⱪꜝ☼ⱴ ⅜ ⅝ↄ⁸∕╣╟╡╙ ⁸№╢™│ ┼ ⅜◦ⱨ♩

∆╢≤ⱪꜝ☼ⱴ ⅜ ↕ↄ⌂╢ ⌐№╢⁹↓╣│⁸ ◦ⱨ♩⌐╟╡ⱪꜝ☼ⱴ

⅜☿Ɽꜝ♩ꜞ♇◒ ⌐ ╠╣╢√╘≤ ⅎ╠╣╢⁹ ∆═⅝ │⁸↓─

≤ ─ │ ∞↑≢ ╕╢╙─≢│⌂ↄ⁸ ⱬכ♃ ≢

╙ ⅜ ╡ ≈↓≤≢№╢⁹ ∫≡⁸ ≢ ⅝⌂ⱪꜝ☼ⱴ ╩ ⇔√≤

⇔≡╙⁸ ⱬכ♃ ⌐ ☻ꜝכ♩⅜ ┼ ⅝ↄ◦ⱨ♩∆╣┌ⱪꜝ☼ⱴ
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⅜ ∆╢⁹ ⌐⁸ ≢ ⅜ ⌐◦ⱨ♩⇔≡™╢√╘⌐ⱪꜝ☼ⱴ ⅜

↕™≤⇔≡╙⁸ ⱬכ♃ ⌐│ⱪꜝ☼ⱴ ⅜ ∆╢⁹ ⱪꜝ☼ⱴ╩ ⅎ√

♃כⱬ╢∆≥♩♇◕כ♃⁸ ≢─ ╩ ⇔≡ MHD ╩

ⅎ╢ ⅜№╢⁹↓↓≢│ⱪꜝ☼ⱴ ─ ╩☿Ɽꜝ♩ꜞ♇◒☻ ⌐╟╡ ╕╢

≤ ⇔√⅜⁸ ◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╢ MHD ─ ⅛╠⁸

ⱬכ♃ ⌐ ⅜☻♩◌☻♥▫♇◒⌐ ⇔⁸ⱪꜝ☼ⱴ ⅜ ∆╢

╙ ↕╣≡™╢⁹↓╣│⁸♩꜡▬♄ꜟ♪ꜞⱨ♩⌐╟╢ ╩◐ꜗfi☿ꜟ∆

═ↄⱪꜝ☼ⱴ ⌐ ↕╣╢ Pfirsch-Shl¿ter P-S ⌐ ∆╢╙─≢№╢⁹Ⱬꜞ

○♩꜡fi │ ⌂ ─ ╩ ∆╢─≢⁸∕╣╠─ ⌐ ╣

╢ P-S ─ ╣│ ≢ ↕╣√ ╣ ─ ╩ ∆ ┼ ∆╢⁹P-

S │ ⌐ ∆╢─≢⁸◦ꜗⱨꜝⱡⱨ◦ⱨ♩⅜ ⅝™ ☻ꜝכ♩│

─ ⅜ ╘╠╣⁸ ≢│ ─ ⅜ ╕∫≡ ⅜ ∆╢⁹

∕─ ⌂ ≢│ ™ P-S ⅜ ↕╣╢─≢⁸ ┼─ ⅜ ™≤ ╦

╣╢⁹√∞⇔⁸P-S ⅜ ┼ ⅎ╢ │ ⌂ ≢⁸P-S ─

⅜ⱪꜝ☼ⱴ ⌐ ╡ ↕╣√╙─≢№╢⁹ ∫≡⁸ ⱪ꜡ⱨ□▬ꜟ

╩ ⌐ ┬↓≤≢ P-S ⅜ ╩☻♩◌☻♥▫♇◒⌐ ↕∑╢

╩ ∆╢↓≤⅜ ≢№╢⁹ ⌐⁸Ⱨכ◒⇔√ ─ ⅜ ┼

P-S ⅜ ⅎ╢ │ ↕™⁹ ⁸Ⱨכ◒⇔√ │ ◦ⱨ♩╩ ⅝ↄ∆╢

─≢⁸ ♪כ⸗ ─ ⅛╠│ ⌂ ╙№╢⁹ ─↓≤⅛╠⁸MHD

⅛╠ √ ⁸ │ ⁸ ⌐ⱪꜝ☼ⱴ ⌐ ↄ ∆╢⁹╕

√⁸ ⱬכ♃ ⌐│ ⅜ ∑─ ⌐ ⅜☻♩◌☻♥

▫♇◒⌐⌂╢ ⅜ ™⁹ 

↓↓╕≢ ═√Ⱬꜞ○♩꜡fi ─ MHD ⌐≈™≡│ ⌐ ╣√꜠ⱦꜙכ

⅜№╢─≢⁸ ⇔ↄ│∕∟╠╩ ⌐↕╣√™[2.3.4.1,2]⁹ ⌐⁸FFHR-d1 ─ MHD

╩ ∆╢ ≢ ⌐ ⌂ ╩ ═╢⁹FFHR-d1 ─ │ LHD ╩

⇔√╙─≢№╢⅜⁸ⱷfi♥♫fi☻ⱳכ♩╩ ∆╢ ⌐ IS ◖▬ꜟ⅜ ╡ ⅛╣

╢⁹LHD ≢ IS ◖▬ꜟ│Ⱬꜞ◌ꜟ◖▬ꜟ⅜ ╢ ╩ ∆╢√╘─◖▬

ꜟ≢№╡⁸ⱪꜝ☼ⱴ─ ╩ ∆╢⁹LHD ⌐⅔↑╢ │Ⱬꜞ◌ꜟ◖▬ꜟ⅜

╢ ╩ ∟ ⇔√╙─≢⁸♩꜡▬♄ꜟ ⌐ ↕╣√ ─

│ 1 ≢№╢⁹ ⁸IS ◖▬ꜟ─ ⅜⌂™ FFHR-d1 ─ ⁸Ⱬꜞ◌ꜟ◖▬ꜟ⅜

╢ ╩ ⌐ ∟ ∆↓≤⅜≢⅝∏⁸ │ 1 ╟╡ ⅝ↄ⌂∫≡ ⌐

⅜ ∆╢⁹ ⌐ ⅜ ⇔√ ─☻ꜝכ♩⁸ ≤ ─

⌂ ─ ⅜ ↕ↄ⌂╢─≢ P-S ╩ ≢⅝╢⁹ ≢⁸P-S ╩

⇔≡◦ꜗⱨꜝⱡⱨ◦ⱨ♩╩ ⅎ╢≤⁸ ⱬכ♃ ⌐ ╩ ↄ∆╢↓

≤⅜≢⅝⌂™⁹↓─↓≤│ ∑ ⌐≤∫≡ ⌐ ↄ↓≤⌐ ∆╢

⅜№╢⁹ 

 

2.3.4.2 ─ MHD  

 ↓↓≢│⁸DPE ⌐╟∫≡ ↕╣√ ⱪ꜡ⱨ□▬ꜟ╩ ™≡ MHD

╩ ∫√ ⌐≈™≡ ═╢⁹4.4.1 ≢ ═√╟℮⌐⁸ ⱬכ♃ ⌐│⁸
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╩ ═╢↓≤⅜ ≢№╢─≢⁸ MHD │ ╣ ─

╩ ⇔⌂™ MHD ♪כ◖ HINT2[2.3.4.3]╩ ™√⁹╕√⁸HINT2 ≢

⇔√ MHD │⁸ ╩ ⇔√ MHD כ◖

♪≢№╢ VMEC ≢ⱴ♇Ⱨfi◓⇔⁸ⱷꜟ◦▼ ≤∕─ ─ MHD ⁸

⌐ ⌂ⱷ♩ꜞ♇◒╩ ⇔

√⁹ 

 2.3.4.1 ⌐ DPE ⌐╟╡ ╠╣√

╩ ∆⁹2 ─ ⅜

☻כ◔╣∙╣⧵⁸╡№≡⇔ A⁸B ≤

┬⁹◓ꜝⱨ─ │ ≢№

╡⁸” Ѝ ≢№╡⁸↓─    │♩꜡▬

♄ꜟ ≢№╢⁹ │ⱪꜝ☼ⱴ ╩

⇔⁸ │ MPa ≢№╢⁹ ⅛╠╦⅛

☻כ◔⁸⌐℮╟╢ A │Ⱨכ◒⇔√

☻כ◔⁸≢ B │ Ⱪ꜡כ♪⌂ ≢

№╢⅜⁸™∏╣╙ⱤꜝⱲꜝ ͯρ

” ─ 1.5 ⅛╠ 2 ⌐ ⇔≡™╢

√╘⁸ ≤⇔≡│Ⱨכ◒⇔√ ─ MHD ╩ ℮≤ ⅎ≡ ™⁹ 

 2.3.4.2 ⌐ HINT2 ─♪כ◖ ⌐╟╡ ╠╣√ ╩ ∆⁹ 2.3.4.2 (a) 

│ LHD ≢ 3.6 m⁸ⱪꜝ☼ⱴ▪☻Ɑ◒♩ 5.8⁸ 1.08 ─

☻כ◔≡™≈⌐ A ─ ≢ ⇔√╙─⁸ 2.3.4.2 (b) │ LHD ≢ 3.6 

m⁸ⱪꜝ☼ⱴ▪☻Ɑ◒♩ 6.6⁸ 1.06 ─ ⌐≈™≡ ╩ ∫√ ≢

№╢⁹ 2.3.4.2 (a) ─ⱳ꞉fi◌꜠ │⁸ ⅜ ⁸ │ ⱬכ♃⅜

6.8 %⁸ │ ⱬכ♃⅜ 8.0 %≢№╢⅜⁸ ╩ ∆╢↓≤⌐╟╡◦ꜗⱨꜝ

ⱡⱨ◦ⱨ♩╩ ⇔√ ≢№╢⁹ ─ │⁸LHD ─ ⌐ ≢

ⱪꜞ☿♇♩↕╣√ ⅜ 3.5 m ⌐⌂╢╟℮⌐ ⇔√⁹ⱪꜝ☼ⱴ▪☻Ɑ◒♩

⅜ 5.8 ─ ⁸ 1 ─ ≢ ⱬכ♃ │ ≢ 2.8 %≤⌂∫≡™

╢⁹↓╣│ MHD ─ ⁸ ⱬכ♃ ⅜ 3 %╩ ⅎ√№√╡⅛

╠ ⌐ ⅜ ⇔⁸MHD ⌐ ∆╢≤™℮ ≤ ⇔

⌂™⁹ 2.3.4.2 (a) ─ⱳ꞉fi◌꜠ ╙⁸ ⅜ ⇔ P-S ⅜ ↕╣≡™

╢⌐╙⅛⅛╦╠∏⁸ │ ⅝ↄ ╣≡™╢⁹ ╩ ⇔⌂™ ⁸

ⱬכ♃ ⅜ 9.1%≢№╢⌐╙⅛⅛╦╠∏ ≢│ 9.1 %≢─ ⅜ ╠╣⌂

⅛∫√⁹ ☻ꜝכ♩│ ┼ ⅝ↄ◦ⱨ♩⇔≡⅔╡⁸MHD │ ≤

ⅎ╠╣╢╙──⁸ ─ ≢ ∆╢╟℮⌐⁸ │ ⅝ↄ ⇔

≡™╢╙─≤ ⅎ╠╣╢⁹ ⁸ ╩ ∫√ ╙ ⌐ ⱬכ♃

⌐ ∆╢ ⅜ ╠╣⌂⅛∫√⁹ │ ╣√╕╕≢№╡⁸ ⌂

ⱪꜝ☼ⱴ ∂ ╘ │ ↕™⁹↓─ ╩ ∆╢√╘⌐⁸LHD ⱬכ♃ ≢

≤↕╣╢ ⱪꜝ☼ⱴ▪☻Ɑ◒♩ Ap = 6.6 ≢ IS ◖▬ꜟ ╩ 0 ⌐⇔√

≤ ⌂ ⌐≈™≡ ╩ ∫√⁹ 2.3.4.2 (b) ╙ (a) ≤ ⌐⁸ ⅜

⁸ ⅜ ⱬכ♃ 7.5 %⁸ │ ⱬכ♃ ⅜ 8.2 %≢№╢⅜

 
Figure 2.3.4.1 Reference profile used for 

MHD equilibrium analysis. Case A has 

higher peakedness compared with Case B. 
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⌐╟╡ ╩ ⇔√ ≢№╢⁹↓─ ╙⁸ │ LHD 

─ ⌐ ─ ⅜ 3.5 m ⌐⌂╢╟℮⌐ ⇔√⁹ ⱪꜝ☼ⱴ▪☻Ɑ◒♩

⅜ LHD ⌐⅔↑╢ ⱬכ♃ ≢ ↕╣√ │⁸◦ꜗⱨꜝⱡⱨ◦ⱨ♩⅜ⱪꜝ

☼ⱴ▪☻Ɑ◒♩ ⌐ ∆╢─≢⁸ ⱬכ♃ ⅜╟╡ ™≤ ⅎ╠╣╢√╘

≢№╢⁹ ⁸ⱪꜝ☼ⱴ▪☻Ɑ◒♩ ╩ ─ 5.8 ⅛╠ 6.6 ≤ ⅝ↄ∆╢⌐≈╣

≡⁸LHD ≢─ ⱬכ♃ ╩ ∆╢↓≤⅜≢⅝√⁹ ⁸ⱪꜝ☼ⱴ▪☻Ɑ

◒♩ ╩ ⅝ↄ∆╢≤ ⅜ ∆╢↓≤⅜╦⅛∫≡⅔╡⁸LHD ⱬכ♃

≢│ⱪꜝ☼ⱴ▪☻Ɑ◒♩ 6.6 ⅜ ≢№╢⁹ 2.3.4.2 ─ ╩

╢≤⁸ⱪꜝ☼ⱴ▪☻Ɑ◒♩ 6.6 ─ │ 5.8 ─ ⌐ ═≡ⱪꜝ☼ⱴ ⅜ ↕

ↄ⁸ ─☻♩◌☻♥▫♇◒ ─ ╖│ ↄ⌂∫≡™╢↓≤⅜╦⅛╢⁹

⇔─ ⁸ ⱬכ♃ ⌐ ∆╢ ⅜ ╠╣√⅜⁸ ⅝⌂◦ꜗⱨꜝⱡⱨ◦

ⱨ♩≤ ─ ╣⅜ ╣√⁹ ⁸ №╡─ │◦ꜗⱨꜝⱡ

ⱨ◦ⱨ♩⅜ ↕ↄ⁸ ⱬכ♃ ⌐╙ ╦╠∏ ─☻♩◌☻♥▫♇◒

│ ☻כ◔⁹√∫⅛↕ B ─ №╡─ │⁸ ≤ ─

─ ⅛╠│ ≤ ⅎ╠╣╢⅜⁸MHD ╩ ⅎ√ ⌐│ ∏⇔╙∕℮

ⅎ⌂™ ⌐ ∆╢ ⅜№╢⁹ 2.3.4.3 (a) ≤ (b) ⌐◔כ☻ A⁸B ─ ⌐≈™≡

≤ ה ╩∕╣∙╣ ∆⁹ ≤ ה

│ ─ⱪꜝ☼ⱴ ≢ ⇔⁸ ─ ≤⇔≡ ⇔√⁹

2.3.4.3 (a) ─ ╩ ╢≤⁸◦ꜗⱨꜝⱡⱨ◦ⱨ♩⌐ ™ ─ ⅜

∆╢⅜ ≢ ⅝⌂ ™│ ╠╣⌂™⁹↓─↓≤│⁸MHD ⌐ ∆╢ ◦

▪─ ⅜ ⅝ↄ ⅛⌂™↓≤╩ ∆╢⁹ ⁸ ה ╩

╢≤⁸ⱪꜝ☼ⱴ▪☻Ɑ◒♩ 5.8 ─ ≢│◦ꜗⱨꜝⱡⱨ◦ⱨ♩⌐╟╢

 (a)                    (b)  

   
Figure 2.3.4.2 The result of MHD equilibrium analysis by HINT2 code for (a) Case A (Ap 

= 5.8) and (b) Case B (Ap = 6.6). 



35 

⅜ ╠╣╢⅜⁸ⱪꜝ☼ⱴ▪☻Ɑ◒

♩ 6.6 ─ ≢│╒╓ⱪꜝ☼ⱴ

⌐ ∫≡ ≢№╢⁹↓

─↓≤│ MHD ♪כ⸗

⌐ ⇔≡ ≢№╢↓≤⌐

╩ ∆╢⁹ 

 

2.3.4.3 ─ MHD  

FFHR-d1 ─ ⌐⅔™≡

ⱪꜝ☼ⱴ─ MHD │ ⌂

≢№╢⁹↓↓≢│⁸ n 3

MHD ◖ כ ♪

TERPSICHORE [2.3.4.4]╩ ™√

⌐≈™≡ ∆╢⁹

─ │ ↕

╣√Rax
vac = 14.0 m⁸gc = 1.20 ─

≢⁸ ⱬכ♃ │ b0 

= 8.5 %≢№╢⁹ ≤ⱷꜟ◦▼

│ VMEC ≢ ↕╣⁸

2.3.4.4 (a) ⌐ ∆╟℮⌂

┘ⱷꜟ◦▼fi♦♇◒☻ DI

╩ ∆╢ 2.3.4.4 (b) ⁹

≢ i / (2p) = 0.5⁸r = 0.8─

⌐ i / (2p) = 1─ ⅜ ∆

╢⁹◦ꜗⱨꜝⱡⱨ◦ⱨ♩╩ ⇔

√√╘ ⌐╟╢ ⅜

∑∏⁸ⱪꜝ☼ⱴ ⌐╦√╡ⱷꜟ◦▼ DI > 0 ≤⌂∫≡™╢⁹ n 3

MHD ╩ ™⁸ ≢ n = 1⁸2⁸3⁸4 ≡™≈⌐כꜞⱨ□Ⱶ♪כ⸗

═√⁹ ⌐⅔↑╢ ─ ⅛╠⁸ⱷ♇◦ꜙ ⅜ ≢⌂™ r < 0.2─

≢─ │↓↓≢│ ∑∏⁸i / (2p) = 1⌐ ≡™≈⌐♪כ⸗╢∆ ∆╢⁹

─ ⁸ m / n⸗כ♪ 1 / 1⁸2 / 2⁸3 / 3⁸4 / 4 │ ↕╣∏⁸ ─╟

℮⌂ ⅜♪כ⸗─ ↕╣╢≤™℮ ╩ √⁹ 

(n = 1  (כꜞⱨ□Ⱶ♪כ⸗

n = 11, m = 10, 11, 12, 13, 14 

(n = 2  (כꜞⱨ□Ⱶ♪כ⸗

n = 12, m = 11, 12, 13, 14, 15 

(n = 3  (כꜞⱨ□Ⱶ♪כ⸗

n = 13, m = 12, 13, 14, 15, 16 

(n = 4  (כꜞⱨ□Ⱶ♪כ⸗

n = 14, m = 13, 14, 15, 16, 17 

 (a)  

 

(b) 

 
Figure 2.3.4.3  Radial profiles of (a) the 

rotational transform and (b) the magnetic 

well/hill.  
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2.3.4.4 (c) ï (f) ⌐ ∆╟℮⌐⁸∕

♪כ⸗─╣∙╣ ⌐│ x S⅜ ≡

∂ ─ ⇔√ⱳ꜡▬♄ꜟ⸗כ♪

⅜ ╣╢⁹↓╣│Ᵽꜟכ♬fi◓⸗כ♪

─ ╩ ↕∑╢⁹↓╣╕≢─LHD

≢│⁸ ⅜♪כ⸗─ ⌂ ∂

╘ ╩ ⅎ╢≤™∫√ │

╠╣≡™⌂™⅜⁸ ≤╙

⁸ ⌂≥─☻

◐ꜗfi╩ ™⁸ ™Ɽꜝⱷכ♃

⌐⅔↑╢ FFHR-d1 ⱪꜝ☼ⱴ─ MHD 

─ ╩ ╠⅛⌐∆╢

⅜№╢⁹ 
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[2.3.4.2] K.Y. Watanabe et al., Nucl. 

Fusion 45 (2005) 1247. 

[2.3.4.3] Y. Suzuki et al., Nucl. Fusion 46 

(2006) L19. 

[2.3.4.4] W.A. Cooper, Plasma Phys. 

Control. Fusion 34 (1992) 1011. 

  

 
 

2.3.4.4 Radial profiles of (a) the rotational 

transform i / (2p), (b) the Mercier parameter DI, 

and the mode structure of the mode families of 

(c) n = 1, (d) n = 2, (e) n = 3, and (f) n = 4. 
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2.3.5 ⱪꜝ☼ⱴ  

2.3.5.1 ♄▬Ᵽכ♃ ה  

♩◌ⱴ◒ ≢│♄▬Ᵽכ♃ ╩ ∆╢√╘ ⌐ⱳ꜡▬♄ꜟ◖▬ꜟ ♄▬

Ᵽכ♃◖▬ꜟ ⅜ ≢№╢─⌐ ⇔

≡⁸Ⱬꜞ○♩꜡fi ≢│

◖▬ꜟ⌐╟╡ ↕╣╢ ⌐

ⅎ ↑─ ♄▬Ᵽכ♃

⅜ ⇔≡⅔╡⁸♄▬Ᵽכ♃◖▬ꜟ│

≢№╢⁹ ⅎ ↑─ ♄▬Ᵽכ♃

╩ ⅛⇔√ ╩ ⌐⁸Ⱬ

ꜞ◌ꜟ♄▬Ᵽכ♃ ≤ ┬⁹Ⱬꜞ◌

ꜟ♄▬Ᵽכ♃ ☻ꜝכ♩⁸│≢

⌐╟∫≡ ∂╢ ⌐╟╡

─ ⌐ ⅜

↕╣≡™╢⁹∕─ ≢│

ⱳ꜡▬♄ꜟ⸗כ♪ ⅜ ⇔≡

─ ⅜ ⅜╡⁸ ⅜ ⌂╡

℮↓≤⌐╟∫≡◄ꜟ◗♦▫♇◒

⅜ ↕╣≡™╢⁹ ⌐◄ꜟ◗♦▫

♇◒ ─ ⌐│⁸ ⅜

≢ ↕╣╢↓≤⌐╟╡ ∂╢

─ ╡√√╖ ╩ ∆╢ⱥ◕

⅜ ↕╣≡™╢⁹◄ꜟ◗♦▫♇

◒ ─ ╩☻ꜝכ♩│ ∆

╢ ⌐ ⌐╙ ∆╢√╘⁸♩◌

ⱴ◒ ─╟℮⌂⅝╣™⌂

╩ ∆╢─≢│⌂ↄ⁸◄ꜟ◗♦▫♇

◒ ╩ ∆╢⁹◄ꜟ◗♦▫♇◒

─ │ⱥ◕ ╩ ╡⁸

residual X-point ╩ ≡⁸ │

♄▬Ᵽכ♃ ⌐ ∆╢⁹ 

↓─╟℮⌐ ⌂ ╩

≈Ⱬꜞ◌ꜟ♄▬Ᵽכ♃ ⌐⅔↑╢

♄▬Ᵽכ♃ ה │⁸

≤ ™ ╩ ≈↓≤⅜

LHD ≢─ ⌐╟╡ ⅛∫≡™╢

[2.3.5.1]⁹ 2.3.5.1 ─ ⌐⁸2 ─

⌂╢♄▬Ᵽכ♃ ⌐⅔↑╢

∑ ─

≤ ╩ ∆⁹

 
 

Figure 2.3.5.1 (above) toroidal and poloidal 

profiles of the particle flux on helical divertor 

estimated by magnetic field line tracing 

calculation for inward-shifted (Rax = 3.6 m) 

and outward-shifted (Rax = 3.75 m) magnetic 

configuration. (below) Profiles of the 

connection length of the magnetic field line 

and the particle flux along the divertor plate 

located at two different positions.  
 

 

 
 

Figure 2.3.5.2  Profile of the connection 

length of the magnetic field line at the divertor 

of the FFHR-d1. 
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─ │ m ─ ™ ╩╙∟⁸ ⱪꜝ☼ⱴ⅛╠♄▬Ᵽכ♃

┼─ ה ─ √╢♅ꜗfiⱠꜟ≤⌂∫≡™╢⁹ ⁸ ™ ╩ ≈

ⱥ◕ ─ │ ⌐│ ≠⅛∏⁸ ה │ ╩ ╢ ⌐

╟╡ ↕╣╢⁹∕─√╘♄▬Ᵽכ♃ ─ ה │Ⱨכ◒╩ ≈⌂≥

♩◌ⱴ◒─∕╣⌐ ═≡ ⌂ ⌐⌂∫≡™╢↓≤⅜ ⅛╢⁹ ⌐↓╣╠─ │

♄▬Ᵽכ꜠♩♃כ☻⌐ ∫≡ ≢│⌂ↄ⁸╕√ ⌐╟∫≡╙ ∆╢⁹

2.3.5.1 ⌐⁸ ╩ ™≡ ╠╣√ LHD ─♄▬Ᵽכ♃ ⌐⅔↑╢

╩ ∆⁹ ⌂ ∑ ≢№╢Rax = 3.6 m ≤⁸ ∑ ≢№

╢Rax = 3.75 m ⌐≈™≡ ⇔≡™╢⁹Ⱬꜞ◌ꜟ♄▬Ᵽכ♃─♄▬Ᵽכ꜠♩♃כ☻

│Ⱬꜞ◌ꜟ◖▬ꜟ≤ ⌐⌡∂╣≡™╢⁹↓─ ≢│⁸LHD ─ ⅛╠

╩ ≡⁸╕√ ⌐ ╢╕≢─ ♩꜡▬♄ꜟ 72°⁸ⱳ꜡▬♄ꜟ 360° ─

╩ ⇔≡™╢⁹ ⌐│ ™ ⅜№╡⁸╕√∕─ │

⌐╟∫≡╙ ╦╢⁹ ⌐ ⅝⌂ │ ─ ⌐╟╡ ⅝╢⁹ ∑

☻ꜝכ♩│≢ ─⁸ ∑ ☻ꜝכ♩│≢ ─ ⅜ ⅝™↓≤⅜

⅛╢⁹↓╣╠─ │ LHD ≢╙ ⱪ꜡כⱩ▪꜠▬╛ ⌐╟╢ ⌐

╟∫≡ ⅛╘╠╣≡™╢⁹ 

ⱪꜝ☼ⱴ ⅜ ↄ⌂╡⁸b ⅜ 1 % ╩ ⅎ╢╟℮⌐⌂╢≤⁸◦ꜗⱨꜝⱡⱨ◦ⱨ

♩⌐╟∫≡ ┘ ☻ꜝכ♩⅜ ┼ ↄ⁹∕─ ⁸ ⅎ ─

⅜ ∑ ≢╙⁸ ⱬכ♃≢│♄▬Ᵽכ♃ ─ ה ⅜

∑ ─ ╩ ∆╟℮⌐⌂╢⁹ 

FFHR-d1 ─ A ⌐⅔↑╢ b  = 0≢─♄▬Ᵽכ♃≢─ ╩

2.3.5.2 ⌐ ∆⁹ ∑ ☻ꜝכ♩⁸╘√╢№≢ ⌐ ─ ⅝™ ⅜≢

⅝≡™╢⁹FFHR-d1 ─ │b ⅜ ↄ⌂╢√╘⁸ ⌐♄▬Ᵽכ♃ │

LHD ≤ ⌐ ∑ ─ ⌐⌂╢⅜⁸ ╩ ⅎ≡◦ꜗⱨꜝⱡⱨ

◦ⱨ♩╩ ⅎ╢↓≤⅜≢⅝╣┌♄▬Ᵽכ♃ │ 2.3.5.2 ≤ ⌐⌂╢≤ ⅎ

╠╣╢⁹ 

 

2.3.5.2 ♦♃♇♅ⱷfi♩◦♫ꜞ○ 

♄▬Ᵽ⁸│≢♃כ ∆╢ MW ─ ╩ ∆╢ ⅜№╢⁹♄▬Ᵽכ♃

─ ╩ ≈√╘⁸♄▬Ᵽכ♃ ┼─ │ ™↓≤⅜ ╕⇔ↄ⁸♄▬Ᵽ

♃כ ┼─ │ ה ⅛╠ 10 MW/m2 ⌐ ⅎ╢ ⅜№╢⁹FFHR-

d1 ─♄▬Ᵽכ꜠♩♃כ☻ │ 900 m ≢№╢⁹↓╣│♩◌ⱴ◒ ⁸ ⅎ┌ Slim-CS

─ 70 m ⌐ ═≡ ⌐ ↄ⁸♄▬Ᵽכ♃ ─ ─ ⅛╠│ ≢№╢⁹

ⅎ┌♄▬Ᵽכ♃┼─ ⅜ 500 MW ≢№╢ ⁸♄▬Ᵽכ♃ ─ ⅜♄▬Ᵽכ♃

☻כ꜠♩ ⌐╦√∫≡ 6 cm ≢№╢≤ ∆╢≤⁸ ⌂ │ 10 MW/m2 ╟

╡╙ ↕ↄ⌂╢⁹⇔⅛⇔ ≢ ⇔√╟℮⌐Ⱬꜞ◌ꜟ♄▬Ᵽכ♃─♄▬Ᵽכ♃♩꜠

☻כ ⁸ │Ⱬꜞ◌ꜟ ⌐ ≢№╡⁸ ⅜ 10 MW/m2 ╟╡╙

⌐ ↕ↄ⌂╢ ⅜№╢ ≢⁸ ⅝⌂ ≢│ MW/m2 ─ ⅜ ↕╣╢

╙№╢⁹∕─√╘Ⱬꜞ◌ꜟ♄▬Ᵽ⁸╙≢♃כ ⌐╟╢♄▬Ᵽכ♃┼─

⁸∕⇔≡♄▬Ᵽכ♃♦♃♇♅ⱷfi♩⅜ ≤⌂╢⁹ 
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LHD ╛↓╣╕≢─ ה ♩◌ⱴ◒ │⁸ ─ⱪꜝ☼ⱴ ⌐

╩ ⇔≡⅝√⁹∕─√╘⁸ ─ ↄ│ ─ ⌐╟╢╙─≢№╢⁹ ⁸

─ ⌐⅔™≡│⁸ ╛♩ꜞ♅►ⱶ ─ ⅛╠ⱪꜝ☼ⱴ │♃fi◓☻

♥fi⌂≥─ Z ⅜ ⌐⌂∫≡™╢⁹∕─√╘⁸ ⱪꜝ☼ⱴ ≢ ⌂

╩ ╢√╘⌐│ ●☻╩ ∆╢ ⅜№╢⁹∕↓≢ LHD ≢│⁸ ●

☻╩ ⇔ ╩ ∆╢ ╩ ∫≡™╢⁹ ⁸Ⱡ○fi⁸▪ꜟ◗fi─ 3

─●☻ ╩∕╣∙╣ ⇔≡⁸ⱪꜝ☼ⱴ ⌂≥╩ ═√⁹™∏╣─●☻╩ ™≡╙⁸

Ɽ꞉כ─ 30 % ─ ≤♄▬Ᵽכ♃┼─ ה ─ ╩ ⇔≡

╢↓≤⅜≢⅝≡™╢⁹ 

LHD ⌐ ╦╢ ◖▬ꜟ╩ ™≡n / m = 1 / 1 ─ ╩ ⌐ ∆╢

↓≤≢⁸ ⅝⌂ ╩ ⌐ ≢⅝╢↓≤⅜ EMC3-EIREEN ╩♪כ◖ ™√

◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╡ ↕╣⁸ ≢╙ ⅛╘╠╣√[2.3.5.2]⁹ ╩⁸n 

/ m = 1 / 1 ─ ⅜ ⌐№╢ ∑ ≤⇔≡ ╩ ⇔⁸●

☻Ɽⱨ⌐╟╡ ╩ →≡™ↄ≤⁸ ─ X ⌐ ™ ⅜

⌐ ↕╣╢⁹♄▬Ᵽכ♃ ╩ ⱪ꜡כⱩ╛ ╩ ™≡ ∆╢≤⁸ ↄ

─ ≢♄▬Ᵽכ♃┼─ ⅜ ↕╣╢↓≤⅜ ⅛╘╠╣√⁹ ⁸ ⌐ ⅜

ⅎ╢ ╙№╢↓≤⅜ ↕╣≡⅔╡⁸♄▬Ᵽכ♃ ⌐│♩꜡▬♄ꜟ ⅜

№╢↓≤╙ ⅛∫≡™╢⁹ 

ⱪꜝ☼ⱴ─ ⅜ ↄ⌂╡ ─ ⅜ [2.3.5.3,4]⌐ ⇔√

⌐⁸ⱪꜝ☼ⱴ⅜◦ꜙꜞfi◒∆╢╙── ∑∏⁸ ⌐ ⅜ ↕╣╢

⅜№╢⁹↓╣╩ ♦♃♇♅ⱷfi♩№╢™│◘כⱤfi☻⸗כ♪≤ ╪≢™╢[2.3.5.5]⁹

≥─╟℮⌂ ⌐╟∫≡ ≤ ♦♃♇♅ⱷfi♩⌐ ⅛╣╢─⅛⌐≈™≡⁸

╩ ╘≡™╢⁹ 

↓╣╠─ LHD ⌐⅔↑╢♄▬Ᵽכ♃ ≤ ◦Ⱶꜙ꜠כ◦ꜛfi⌐╟

╡⁸ ≢─♄▬Ᵽכ♃ ─ ╩ ╘≈≈№╢⁹ 

 

 

[2.3.5.1] M. Shoji et al., Fusion Sci. Technol. 58 (2010) 1336. 

[2.3.5.2] M. Kobayashi et al., Phys. Plasmas 17 (2010) 056111. 

[2.3.5.3] S. Sudo et al., Nucl. Fusion 30 (1990) 11. 

[2.3.5.4] J. Miyazawa et al., Fusion Sci. Technol. 58 (2010) 200. 

[2.3.5.5] J. Miyazawa et al., Nucl. Fusion 46 (2006) 532. 
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2.3.5.3 ⱪꜝ☼ⱴ⸗♦ꜞfi◓ 

♄▬Ᵽכ♃ⱪꜝ☼ⱴ─⸗♦ꜞfi◓─ │ ↄ⅛╠ ↕╣≡⅔╡⁸SOL ⅛╠♄

▬Ᵽכ♃ ⌐ ╢ ╩ ╙⇔ↄ│ ─ ╦╡⌐ ─ ≢ ↕∑

╢⁸™╦╝╢ ⸗♦ꜟ⌂≥─ ⌂⸗♦ꜟ⅜ ─Ɽꜝⱷכ♃ ⌐ ™╠╣≡⅝√⁹

⇔⅛⇔⁸ ─ ≤ ⅜ ╘╠╣╢⌐≈╣⁸╕√ ╛ⱷfi♥♫fi☻

⌂≥╩ ╘√ ⅜ ╗⌐≈╣⁸♄▬Ᵽכ♃ ⌐│╟╡ ⌂ ⅜ ≤⌂

∫≡⅝√⁹↓─╟℮⌂ ⌐ ⅎ╢√╘⁸ ─ ╛ ─ ╩ ╘√╟╡

⌂ ╩ ⅎ╢⸗♦ꜟ─ ⅜ ─♪כ◖┘╟⅔ꜟ♦⸗⁸╡╕ ⅜ ─

≢ⱪכꜟ◓ ╦╣≡™╢⁹ 

ⱪꜝ☼ⱴ╩ ≢⁸ ●☻╩ ≢ ∆╢♃▬ⱪ─ ♪כ◖

⅜ ⌐ ↕╣⁸╕√ ⌐ ™╠╣≡™╢⁹ ⌂╙─⌐│ SOLPS (B2-

EIRENE)⁸SONIC⁸EDGE2D-EIRENE⁸UEDGE-EIRENE ⌂≥⅜№╢⁹↓╣╠│™∏╣

╙♩◌ⱴ◒╩ ⌐ ╩ ⇔√ ꜟ◌ꜞ⁸Ⱬ╡№≢♪כ◖ ⌐ ⇔≡│

Max-Planck-Institut f¿r Plasmaphysik─Dr. Feng⌐╟∫≡ ↕╣≡™╢EMC3-EIRENE 

[2.3.5.6-7]⅜ ↄ │♪כ◖─↓⁹╢™≡╣╠™ LHD ╩ ╘[2.3.5.8]⁸ ⌂Ⱬꜞ◌ꜟ

≤♩◌ⱴ◒ ⌐ ⇔≡ ↕╣≡™╢⁹ 

Ⱬꜞ◌ꜟ♦⸗ ┼─ EMC3-EIRENE ─ ≤⇔≡⁸LHD ╩ ⌐ ☻◔

╢╟⌐ꜟ♦⸗ⱪ♇▪ꜟכ ╩ ∫√⁹ R
ax = 3.6 m ─ כ○≥

ⱪfi♄▬Ᵽכ♃ ╩ ⌐⁸2 ⅔╟┘ 4 ⌐ ⇔√ ⱷ♇◦ꜙ≤ ╩

⇔√⁹ ─√╘⁸ D ≤̂ĉ│∕╣∙╣ 0.5 m2/s ≤ 1 m2/s ─ ╩

≢ ™√⁹ ≤ ─ ─ ⌐ 7³1019 m-3 ╩ ≢ ™⁸ ╩

 
Figure 2.3.5.4 Distribution of electron 

temperature. 

 
Figure 2.3.5.3 Distribution of electron 

density. 
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╢ ⱨꜝ♇◒☻ ≤▬○fi⌐ ╩ 9.375 MW⁸75 MW⁸600 MW ≤ 8

─ⱪ⇔√⁹600 MW♇▪ꜟכ◔☻≈∏ Ɽ꞉3│כ GW─ ⌐ ∆╢⁹

│ ™≡⅔╠∏⁸ ─ ⌐╟╢◄Ⱡꜟ◑⁹™⌂╙☻꜡כ ●☻─

≤ ╩ ╦⌂™ꜞ◘▬◒ꜞfi◓ 1 ╩ ⇔⁸ ●☻│ ╩ ™√⁹↓

╣│ ─ ≤ ⌂╢⅜⁸LHD ≤─ ─√╘⁸LHD ─ ⱪꜝ☼ⱴ ≢ ™≡

™╢ ╩ ⇔√⁹ 

2.3.5.3 ⌐ ─ ╩ ∆⁹ ─ scale │ LHD ╩ ≤⇔√

╩ ⇔≡™╢⅜⁸ ─√╘⌐ ≢│ ⇔≡ ∂◘▬☼≢ ⇔≡™╢⁹

─ ™ │ ≢№╡⁸EMC3-EIRENE ≢│ ⅛∏⁸∕─ ⌐⅔™≡

─ ≤ ∆╢ ⱨꜝ♇◒☻╩ ⇔≡™╢⁹╙∫≤╙ ⌂ ™│⁸4

≢ꜟ♦⸗ⱪ♇▪ꜟכ◔☻ ⅜ ⌐ ↄ⌂∫≡™╢↓≤≢№╢⁹2 ꜟכ◔☻

▪♇ⱪ≢╙ ⅜ ╠╣╢⅜⁸ ↕ↄ ≢№╢⁹╕√⁸ ≢│◘▬☼╩ ╦

∑≡ ⇔≡™╢√╘⌐ ≢╒╓ ∂ ╩ ≈╟℮⌐ ⅎ╢⅜⁸ ⌐│

╡╟≡∫╟⌐ⱪ♇▪ꜟכ◔☻ ⌂ ≤⌂∫≡™╢⁹ 

ⱪꜝ☼ⱴ─ │ ≢⅔⅔╟∕ ↕╣╢⅜⁸ │ ⌐ ↕╣∏⁸

ⱪꜝ☼ⱴ┼─ │ⱪꜝ☼ⱴⱤꜝⱷכ♃⅜ ∂≢№╣┌ ⌐╟╠∏ ≢№╢⁹

∕─√╘⁸ ⌐╟╢ⱪꜝ☼ⱴ♁כ☻⅜ ⌐ⱪꜝ☼ⱴ ⌐ ∆╢↓≤⌐⌂

╡⁸ ┼─ ⅜ ∆╢⁹ ⁸ ┼─ ─ │ 4 ⸗♦ꜟ≢

│ LHD ⸗♦ꜟ─ 5% ≤⌂∫√⁹↓╣│ ─ ╩ ∆╢√╘⌐│╟╡

™ ≤ ●☻ⱨꜝ♇◒☻⅜ ≢№╢↓≤╩ ⇔⁸ 2.3.5.3 ≢ ╠

╣╢ ─ ≢№╢⁹ 

2.3.5.4 ⌐ ─ ╩ ⌐ⱪ♇▪ꜟכ◔☻⁹∆ ∫≡⁸ ─ ⅜

⇔≡™╢ ⁸♄▬Ᵽכ♃꜠◓─ │ ⇔≡™╢⁹↓─ ≢│ ╩

⌐⇔≡™╢√╘⁸4 ⅔╟┘ 16 ─ ⌐ 8 ⅔╟┘ 64 ─ ╩ ∆

↓≤⌐⌂╡⁸ ╩ ⇔√ ⌐⅔™≡ ⅜ ⇔√↓≤⅜

↕╣╢⁹ ≢⁸♄▬Ᵽכ♃꜠◓≢│ ─ ─ ⅜ ╢√╘⁸╟╡

⌐⌂∫≡™╢≤ ⅎ╠╣╢⁹ 

⅛╠⁸ ╩ⱪ♇▪ꜟכ◔☻⌂ ™√ ≢│⁸ ─ ⌐ ⅝⌂ ™

⅜ ∂⁸ ≤⇔≡ ─ ⌂ ⅜ ∂℮╢↓≤⅜ ↕╣√⁹↓─

│ ⱪꜝ☼ⱴ ─ ⌐ ⅝ↄ ∆╢≤ ⅎ╠╣╢⁹EMC3-EIRENE ⌐

╟╢ LHD ─ ≢⁸Ɑ꜠♇♩╩ ⇔√ ┼─ ≤●☻

╩ ╖ ╦∑╢↓≤≢⁸ ⅜ ∆╢ ⅜ ╠╣≡⅔╡[2.3.5.9]⁸ ⌐⅔

™≡│↓─╟℮⌂ ⅜╟╡ ⌐⌂╢≤ ⅎ╠╣╢⁹ ≢│Ɑ꜠♇♩⌐

╟╢ ≤ ⱳfiⱪ⌐╟╢ ⅜ ╦╣╢√╘⁸∕╣╩ ⇔√ ─

╩ ╘╢ ≢№╢⁹ 

 

 

[2.3.5.6] Y. Feng et al., J. Nucl. Mat. 266-269 (1999) 812.  

[2.3.5.7] D. Reiter et al., Fusion Sci. Technol. 47 (2005) 172.  

[2.3.5.8] G. Kawamura et al., Contrib. Plasma Phys. 54 (2014) 437.  

[2.3.5.9] G. Kawamura et al., TH/P6-39, 25th IAEA FEC, 2014, Saint Petersburg, Russia.
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2.3.6  

2.3.6.1 Ⱬꜞ○♩꜡fi⌐⅔↑╢  

♩◌ⱴ◒─╟℮⌂ ⌐⅔↑╢ ─ ⅛╠─ │

[2.3.6.1,2,3]⌐ ╢↓≤≤⇔⁸ ≢│⁸LHD ─╟℮⌂ ≢─

╩ ∆╢↓≤≢⁸Ⱬꜞ○♩꜡fi ≢─ ─ ⌐≈™≡ ∆╢

[2.3.6.4]⁹ 

LHD ─№╢ ╩ ╡ ⇔⁸

─ ╩ ∆≤ 2.3.6.1 ─╟℮

⌐⌂╢⁹♩꜡▬♄ꜟ M = 10 ≢№

╢─≢⁸♩꜡▬♄ꜟ(f) │⁸2p / M ≢

1 ≢№╢⁹ 2.3.6.1 ⌐│⁸ f 

= 0 ⁸ f / (2p / M) = 0.5 ─

─ⱳ꜡▬♄ꜟ ≤⁸ ─Ⱬ

ꜞ◌ꜟ◖▬ꜟ≤─ ╙ ⇔≡№

╢⁹ ─ A כ♩⁸│≢

ꜝ☻ ♠♫כ♪ ─ ⌐ ⁸

Ⱬꜞ◌ꜟ Ⱬꜞ◌ꜟ◖▬ꜟ≤─

⌐ ≤╙⌐ ╩ ⅝ↄ∆╢ ╩⇔≡™╢⁹B ☻ꜝכ♩⁸│≢ ⌐╟∫

≡ │ ↕ↄ⌂╢⅜⁸Ⱬꜞ◌ꜟ ⌐╟∫≡│ ⅝ↄ⌂╢⁹ ─ C

☻ꜝכ♩⁸│≢ ⌐╟∫≡ │ ⅝ↄ⌂╢⅜⁸Ⱬꜞ◌ꜟ ⌐╟∫≡│ ↕

ↄ⌂╢⁹↕╠⌐⁸D ☻ꜝכ♩⁸│≢ ⌐╟∫≡ ⅜ ↕ↄ⌂╢ ⌐⁸Ⱬꜞ◌

ꜟ ⌐╟∫≡↕╠⌐ ↕ↄ⌂∫≡™╢⁹↓─╟℮⌐⁸ │ ─  (f / 

(2p / M), q / (2p)) = (0, 0.5) ≢ ≤⌂╡⁸ ─  (f / (2p / M), q / (2p)) = (0.5, 

0) ≢ ≤⌂╢⁹╕√⁸Ⱬꜞ◌ꜟ ⌐╟∫≡ ⅜♩꜡▬♄ꜟ ⌐ ⌐⌂╢

⅜ ☻ꜝכ♩─  (f / (2p / M), q / (2p)) = (0.5, 0.5) ⌐ ╣╢⁹↓─

⌐╟∫≡⁸♩◌ⱴ◒⌐⅔↑╢Ᵽ♫♫ ≤│ ⌂∫√ ╩ ≈⁸ כ♩

ꜝ☻ ─ ⁸Ⱬꜞ◌ꜟ ≤ ┬ ⅜ ∆╢↓≤≤⌂╢⁹ 

Ⱬꜞ◌ꜟ ─ ─ ≥ꜟכ◔☻ ≤─ ≢⁸

┼─ ╩ ╙╢↓≤⅜ ╢⅜⁸Ⱬꜞ○♩꜡fi ≤ ╩ ⅎ

╢ ≢ ╙ ⅛≈ ⌐ ↕╣╢⁸™╦╝╢₈ꜞ♇ⱪꜟ ₉№╢™│₈1/n 

₉≤ ┌╣╢ ⌐≈™≡ ≢ ∆╢⁹↓↓≢⁸n │ ≢№╢⁹ 

Ⱬꜞ◌ꜟ ⌐╟╢ ─ ⌐ ∆╢ҼB- ♪ꜞⱨ♩ ⁸Ⱬꜞ◌ꜟ♪

ꜞⱨ♩≤ ┬ ⌐≈™≡ ⅎ╢⁹ ≢─ ⌐╟╢♪ꜞⱨ♩│⁸B ³ 

ҼB⌐╟∫≡ ╩ ™≡™╢⅜⁸∕─ │⁸Ⱬꜞ◌ꜟ ⌐╟╢ ─  
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Figure 2.3.6.1 Magnetic field strength on a 

certain magnetic surface of LHD. 
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↑≢│ ⌂ │≢⅝⌂™⅜⁸ ∑ ≢ ⅛╠─ ⅜ ∆╢↓
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∂ ╘≤ MHD ─ │⁸Ⱬꜞ○♩꜡fi ╩ ⅎ╢ ≢ ⌂ ≢№
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◦ⱨ♩⌂≥ ─ ╩ ⌐ ⇔√ ⌂ ─

│⁸ ╩♪כ◖ ™≡ ╦╣╢⁹ ⅎ┌⁸ [2.3.6.6]≢│♪ꜞⱨ♩

╩ ↄ DKES ꜡ꜟ◌♥fi⸗│≢[2.3.6.7]⁸⅜♪כ◖ ⌐ ≠ↄ DCOM ⅜♪כ◖
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⅔╡⁸LHD ╩│∂╘≤⇔√ Ⱬꜞ◌ꜟ ⌐⅔↑╢ⱬfi♅ⱴכ◒

⅜ [2.3.6.9]⌐╕≤╘╠╣≡™╢⁹ [2.3.6.6]⌐│⁸LHD ⌐⅔™≡⁸

◦ⱨ♩⁸ Bq ⁸Ⱬꜞ◌ꜟ◖▬ꜟ─Ⱨ♇♅⸗☺ꜙ꜠כ◦ꜛfi⌂≥⁸ ™Ɽ

Vacuum magnetic axis position 

        Rax = 3.55 m    3.60 m        3.75 m    3.90 m 
 

Figure 2.3.6.4 Dependence of deeply trapped particle orbit and magnetic hill/well as an 

index of MHD stability on vacuum magnetic axis position in LHD (reprinted and partly 

revised from the Fig. 1 of Ref. [2.3.6.8]). 
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⅜ ↕╣╢⁹ ⌐╙ ⇔√⅜⁸ ≢─ │⁸
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─ ≤ ⌂ↄ ╡ ℮ ⅜№╢⁹↓─ ─ ⌐╟╢

─ │⁸ ─ ∂╢ ◄Ⱡꜟ◑כ ⌂≥⁸╟╡ ™ ♪ꜞⱨ♩

╩ ∆╢ ─ ⌐ ⇔≡│ ↄ⌂╢⁹⇔√⅜∫≡⁸ ─ ⅛╠↓

─ ⌐⅔↑╢ ─ ╩ ←√╘─ ⅜ ⌐ ⌐⌂

╢⁹ 

 

2.3.6.2 ⌐⅔↑╢  

FFHR-d1 ⌐⅔↑╢Ᵽꜟ◒ⱪꜝ☼ⱴ─ │ FORTEC-3D [2.3.6.12]♪כ◖ ▬

○fi ┘ GSRAKE [2.3.6.13]♪כ◖ ╩ ™≡ ↕╣√⁹↓↓≢⁸ │

─ ♪ꜞⱨ♩─ ╛⁸ ɗⱪꜝ☼ⱴ≢◦ꜗⱨꜝⱡⱨ◦ⱨ♩⅜

⅝ↄ⌂∫√ ─ ⱨכꜞ◄☻Ɑ◒♩ꜟ⌐ ⱳ꜡▬♄ꜟ⁸♩꜡▬♄ꜟ ⅜ ⅎ

√ ⌐╙ ⇔™●▬♦▫fi◓☿fi♃כ ╩ ⇔≡ ╩ ≢⅝╢⁹

│Ᵽ►fi☻ ♪ꜞⱨ♩ ╩ ™√ ≢№╡⁸ ─

⌐≈™≡│ ≢⅝╢⅜⁸ ɗ ⅔↑╢ ─ ╡ ™⌐│№╢

 

Figure 2.3.6.5  Dependence of ripple 

diffusion coefficient (normalized by plateau 

diffusion coefficient) on the vacuum 

magnetic axis position in LHD.  
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Figure 2.3.6.6 (above) Radial profiles of 

the integrated total neoclassical heat loss for 

Case A with vertical field, Case A without 

vertical field,  Case A with vacuum 

equilibrium, and Case B with vertical field. 

(below) Comparison of the radial profiles of 

neoclassical heat loss, alpha heating and 

bremsstrahlung loss for Case B. 
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2.3.6.3 ─ ≤ ∂ ╘┼─  
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 GSRAKE ≤ FORTEC-3D ─ ╩ ═╢≤⁸r > 0.7 ─ ≢─ ⅜ ≈⁹
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Figure 2.3.6.7 Radial profiles of bipolar radial electric field of Case A (left) and Case B 

(right) . Open circles are the calculation result using GSRAKE only. Lines are the 

calculation result using FORTEC-3D for ion transport [2.3.6.14]. 
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2.3.7 ◄Ⱡꜟ◑כ ∂ ╘ 
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↓╣│ LHD Ⱬꜞ○♩꜡fi⌐ ∆╢ ─ ≢№╢⁹ ≤│Ⱬꜞ◌

ꜟ ≤♩꜡▬♄ꜟ ╩ ╡ ⇔⁸ ∂√ ╩ ⅛⌂™ ─↓≤≢№

╢⁹∕─√╘⁸ ⌐⅔™≡╙ ╩ ⇔√ │ ∆
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Figure 2.3.7.1  Particle (left) and energy (right) loss fraction of alpha particles calculated 

by GNET code. 
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2.3.7.2 FFHR-d1≤⇔≡ ↕╣╢ⱪꜝ☼ⱴ⌐⅔↑╢ɖ  
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A ≢│ɖ ─ ⅜ birth ⌐ ═≡ ⇔ↄ ↕ↄ⌂∫≡™╢↓≤⅜╦⅛

╢⁹↓─ ⁸ɖ ─◄Ⱡꜟ◑כ │ 41 %⁸ │ 69 %≤⌂∫≡⅔╡⁸ɖ

─ ∂ ╘ ⅜ ⌐ ™⁹↓╣│◦ꜗⱨꜝⱡⱨ◦ⱨ♩⌐╟∫≡ ─

⅜ ∑ ≤ ◦ⱨ♩⇔√√╘ 4.4 ⁸ 4.4-2 ⁸ ∑ ⌐ ™

ɖ ∂ ╘ ≤⌂∫√√╘≢№╢⁹ ⁸ B ≢ ╩ ∫√

2.3.7.2 ⁸ɖ ─ │╒╓ birth ≤ ⌂™↓≤⅜╦⅛╢⁹

↓─ ⁸ɖ ─◄Ⱡꜟ◑כ │ 11 %⁸ │ 20 %≤⁸ A ⌐ ═

⅝ↄ ↕╣≡™╢⁹↓─↓≤⅛╠⁸ ɗ⌐╟╢ ◦ⱨ♩╩ ⅎ╢↓≤⅜ɖ

─ ∂ ╘ ╩ ⅝ↄ ∆╢↓≤⅜╦⅛╢⁹ 

↓─ ≢│⁸NBI ╩ ™√ LHD ─ ⅛╠ ⇔√ⱪꜝ☼ⱴ╩ FFHR-d1 ≢

─ⱪꜝ☼ⱴ≤⇔≡⁸ɖ ─ ⁸ ╩ ∫≡™╢⁹ ⁸

B ≢│ɖ ─ ⅜ⱪꜝ☼ⱴ ≢ ⌐ ≢№╡⁸ ≢│⌂∞╠⅛⌐

⌂∫≡™╢⁹↓─╟℮⌂ ≢≥─╟℮⌂ ⁸ ⅜ ≢⅝╢─⅛⌐≈™≡

│⁸ ─ɖ ╙ ╘√ ◦Ⱶꜙ꜠כ◦ꜛfi⅜ ≢№╡⁸∕─√

╘ 3 ◦Ⱶꜙ꜠כ◦ꜛfi◖כ♪ TASK3D [2.3.7.3]─ ⅜ ╦╣≡™╢⁹ 

 

 
 

Figure 2.3.7.2 Birth profile (dotted line) and deposition profile (solid line) of alpha 

particles for Case A (left) and Case B (right). 
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LHD ⌐⅔™≡│ LCFS ⌐╙ ⌐ ™ ─ ⅜ ⇔⁸

≤ ┌╣╢ ⌐≢≡╙ ┘ ⌐ ∫≡ↄ

╢ ⅜ ⇔⁸ ⌐⁸ ∑ ⌐ ≠ↄ≤Ⱬꜞ◌ꜟꜞ♇ⱪꜟ⌐ ↕

╣√ ⅜ ∆╢╟℮⌐⌂╢↓≤⅜ ╠╣≡™╢[2.3.7.2]⁹↓─╟℮⌂

│⁸LHD ≤─ ╩ ≈ FFHR-d1 ⌐⅔™≡╙ ∆╢↓≤⅜ ↕╣╢⁹

≢⁸ ─ GNET ╩♪כ◖ ⇔√ ≢│⁸ ∂√ ╩ ⇔√

╩ ⇔≡⅔╡⁸ ─╖╩ ≤⇔√⁹∕─√╘⁸ ∆╢ɖ

│ ⇔√╙─≤ ↕╣≡⅔╡⁸ ⅜ ↕╣≡™╢ ⅜№╢⁹

∕↓≢⁸ ╩ ⇔√ ה Ɽ꞉כ ♪כ◖ MORH [2.3.7.4] ╩

™≡⁸Ⱪꜝfi◔♇♩╩ ≤⇔√ ⌐⅔↑╢ɖ ∂ ╘ ╩ ═

╢⁹↓─≤⅝⁸ ╩ ≤⇔√ ≤ ∆╢↓≤≢⁸ ─

⇔≡™╢ ╩ ═√⁹ 

2.3.7.3 ⌐ ⌐⅔↑╢ⱪꜝ☼ⱴ ⌐ ∂ ╘╠╣√ɖ ─ ╩⁸

GNET ≥♪כ◖ ⌐ ╩ ≤⇔√ ─ ≤ ╦

∑≡ ⇔√⁹ │ ⌐ɖ ─ ∂ ╘ prompt loss

─ ⌐⌂╢⁹ 2.3.7.3 ⅛╠⁸ ╩ ≤⇔√ │╒╓

GNET ─≢♪כ◖ ≤ ─ ⅜ ↕╣≡⅔╡⁸ B ≢ ╩

∫√ ⅜ ╙ ∂ ╘⅜ ™↓≤⅜╦⅛╢⁹ ≢⁸Ⱪꜝfi◔♇♩╩ ≤⇔

√ │ A ≤ B ─ ⅜╒≤╪≥⌂™⁹↓╣│⁸ A

≢ ≤╖⌂↕╣≡™√ ─ ↄ⅜Ⱬꜞ◌ꜟꜞ♇ⱪꜟ⌐ ↕╣√ ≢№╡⁸

⅜ ∑─ ≢│ ∆╢ ≢№∫√√╘≢№╢⁹ ─ │⁸

A ≢│ 20 % №╡⁸ B ≢│  % ≢№∫√⁹ ⅜ ⌐

◦ⱨ♩⇔≡™╢ ≢│ ─ ⅜ ↕ↄ⁸ ∆╢ɖ ╩ ⇔√

≢╙ GNET ⌐℮╟─♪כ◖ ⇔⌂™ ≢╙ ⅜⌂™↓≤⅜╦⅛╢⁹ 

 

 
 

Figure 2.3.7.3 Ratio of confined alpha particles for Case A (left) and Case B (right). 
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2.3.7.3 ─ɖ  

─ MORH ⌐╟╢ɖ ≢─ɖ ╩Ⱪꜝfi◔♇♩ⱳ꜡▬♄

ꜟ ⌐ ↕∑√╙─╩ 2.3.7.4 ⌐ ∆⁹Ⱪꜝfi◔♇♩ ─ ⌐≈™≡│

7.2.2 ╩ ↕╣√™⁹↓↓≢⁸× ⅜ A ─ ⁸ ⅜ B ─

≢№╢⁹╕√ │ ⌐ A ─ ≢─ ╩

⇔≡™╢⅜⁸♄▬Ᵽכ♃꜠◓─ │ ⁸ⱬכ♃ ≢│╒≤╪≥ ╦╠⌂™─

≢⁸ ⌐ ↕╣√♄▬Ᵽכ♃꜠◓⅜Ⱪꜝfi◔♇♩⌐ √∫≡™╢ ⅜♄▬Ᵽכ♃

≤ ⅎ≡ ⌂™⁹ ⅛╠ ⅛╢ ╡⁸╒≤╪≥─ɖ │♄▬Ᵽכ♃ ┼ ⇔≡

™╢↓≤⅜ ⅛╢⁹ ≤╙ a ⁸ A ≢│ ╘ d

☻ꜝכ♩╙≢ Ⱪꜝfi◔♇♩┼─ ⅜ ↑╠╣╢⅜⁸↓╣╠─ɖ │ⱪꜝ☼

ⱴ ⅜ ─╙─≢№╡⁸ ⌐│◄Ⱡꜟ◑כ⅜ ⱴΊכꜝ╘√╢™≡⇔

⅜ ╕╡Ⱪꜝfi◔♇♩⌐│ ⇔⌂™ ⁸╕√│ ⇔√≤⇔≡╙ ⅜

↕ↄ⌂╢↓≤⅜ ⅎ╠╣╢╒⅛⁸Ⱪꜝfi◔♇♩─ ─ ≢ ─

╙ ≤ ⅎ≡™╢⁹ 

(a)                                  (b) 

 
 (c)                                 (d) 

 
Figure 2.3.7.4 Result of the alpha particle orbit tracing calculation by MORH. 

































































































































































































































































































http://www-naweb.iaea.org/napc/physics/meetings/TM49934.html
http://www.ulvac-cryo.com/products/cryo-pump/about_cp/cp-basic_04/
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