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球状トカマク（ST）とは

• アスペクト比の低いトカマク （A < 2程度）

• 小型装置で閉じ込めのよい高β プラズマが実現可能

ST

プラズマ
安定

小型の燃焼プラズマ装置・核融合実証炉（デモ炉）実現の可
能性
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プラズマ
不安定

安定

典型的な
磁力線
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核融合炉の効率を高めるにはどうすればよいか？

核融合出力密度 β = プラズマ圧力／磁場圧力

磁場がプラズマ閉じ込めにどれだ
け有効に使われているかを表す指
標
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閉じ込め磁場B0を高めるのではなく、
β を高める方が経済的に有利

高β 化
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Aをできる限り小さくすればよい
球状トカマク

但し技術的制約より、アスペクト
比はいくらでも小さくできるわけ
ではない。

A = R0 / a



STによる高β プラズマ安定性の実証

ST

普通のトカマ
ク

の達成領域



デモ炉と商業炉の設計例
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JT-60U

fBS ~ 100%
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(
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) E046687const. ICS

perp. and counter NB only
BT=4T

Nearly constant current (~ 0.54 MA) is maintained by BS current with 
constant ICS and counter-NBCD current for > 0.5 sec.
Fully bootstrap-driven plasma (fBS ~ 100%) is realized.

• Duration of self-sustained phase is limited by slow confinement 
degradation.

Both Wdia and Ip decrease gradually after 5 sec.

Internal loop voltage Vloop(r) ~ 0 V, Itot = 543kA, Iind = −5kA, IBD = −35kA, 
IBS = 583kA
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CS-less Start-up Demonstrated in JT-60U

Univ. Tokyo / JAEA JT-60U



� 6 + 6 internal array - ≤ 2kA, 4 turn coils 

for ELM control (n = 3). 

Additional 6 coils will be installed in 2010 

to allow n = 4, n = 6

ELM control

Even parity

MAST

Odd parity



n=3 H-mode experiments - Type III ELMy / ELM-free H-mode

� ELMs stimulated in ELM-free regime� ELM character changed

MAST

L-mode – Dithering – Type III ELMs – ELM-free – Type I ELMs

Power across separatrix Psep

the application of the coils is equivalent to a small drop in Psep wrt. PLH

In the standard sequence for the L-H transition
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Heat flux profiles during ELMs

� Evolution of heat flux profiles during an ELM in connected DND 

(1 frame every 72 ms):

Inner divertor Outer divertor

MAST
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� Heat flux profile in inner divertor only slightly modified during an ELM

� Eouter is between 15 and 40 times higher than Einner

� Filamentary structure clearly observed in outer divertor



� Anomalous fast ion diffusion 

(Db ~ 0.5m
2/s) needed to 

match neutron rate and stored 

energy – linked to n = 1core 

MHD (fishbones)

� MSE confirms j(r) broadening during off-axis NBCD

Off-axis NBCD
MAST
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� HAGIS (non-linear drift-kinetic δf code) 

calculations of fast ion diffusion

arising from n = 1 fishbone activity are 

consistent with experiment



Sawtooth control with off-axis NBI

� Scan the deposition location by moving plasma vertically

� Sawtooth behaviour affected by deposition location relative to q=1

� Passing ion effects dominate over change in NBCD, vφ, shape etc
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MAST Upgrade 

� Address gaps in the physics basis of an ST CTF

� Provide influential input to EFDA missions in support of ITER

� Increased heating power (NBI, EBW)

- adaptable system providing control of j(r), p(r), v(r)

� Contribute to development of divertor concepts for DEMO

Objectives MAST

- adaptable system providing control of j(r), p(r), v(r)

� Relaxed current profile

- fully non-inductive operation possible

� Improved exhaust and density control

- closed cryopumped divertor

� Increased TF, increased solenoid flux

- higher current, longer pulse routine operation



NSTX
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HHFW Heating Efficiency Improved with BT

• NSTX HighNSTX HighNSTX HighNSTX High----Harmonic Fast Wave (HHFW) Harmonic Fast Wave (HHFW) Harmonic Fast Wave (HHFW) Harmonic Fast Wave (HHFW) 
heating and current drive research heating and current drive research heating and current drive research heating and current drive research 
utilizes utilizes utilizes utilizes sophisticated ICRF launcher:

• 12 strap antenna, 6MW capability12 strap antenna, 6MW capability12 strap antenna, 6MW capability12 strap antenna, 6MW capability

• 6 independent transmitters

• Real-time control of launched k|| from 0 to 14m
-1

• Achieved high Te=3.6keV 

(nearly double the previous 

value) in current drive phasing 

for first time at BT = 5.5kG

• Higher BT and k|| improved 

HHFW core electron heating -

reduced edge parasitic loading

k|| = 7m
-1

CD phasing

J. Menard, IAEA 2006



AORSA |EAORSA |ERFRF| field amplitude for | field amplitude for --9090oo

antenna phase caseantenna phase case with 101 nφ

•• Waves propagate around plasmaWaves propagate around plasma

axis in + Baxis in + Bφφ directiondirection

–– similar to GENRAY rays similar to GENRAY rays 

•• Wave fields very low near innerWave fields very low near inner

wall wall 

NSTX clearly separates edge HHFW losses from core NSTX clearly separates edge HHFW losses from core 

depositiondeposition

18HHFW Edge Heating Properties on NSTX (Hosea) March 16 - 18, 2009US-JA-KR RF Physics WorkshopNSTXNSTX

wall wall 

•• RF SciDAC project will include edgeRF SciDAC project will include edge

loss mechanisms in codesloss mechanisms in codes

•• NSTX is good platform for NSTX is good platform for 

benchmarking advanced RF codesbenchmarking advanced RF codes



��  ∆  ∆WWee at at -- 8 m8 m
--11 about half about half ∆∆WWee

at 14 mat 14 m--11 for the first pulsefor the first pulse

•• ∆∆WWee at at -- 8 m8 m
--11 and 14 mand 14 m--11

comparable for the last two comparable for the last two 

RF pulsesRF pulses

•• Density in plasma edge is highDensity in plasma edge is high

Edge power loss increases when perpendicularEdge power loss increases when perpendicular

propagation onset density is near antenna/wallpropagation onset density is near antenna/wall

19HHFW Edge Heating Properties on NSTX (Hosea) March 16 - 18, 2009US-JA-KR RF Physics WorkshopNSTXNSTX

•• Density in plasma edge is highDensity in plasma edge is high

for first pulsefor first pulse and low for last low for last 

two pulsestwo pulses

•• Edge density affects heating Edge density affects heating 

when above onset density close when above onset density close 

to antenna, consistent with to antenna, consistent with 

surface wave propagation nearsurface wave propagation near

antenna/wall contributing to RF antenna/wall contributing to RF 

losses losses 



Revisiting possible parametric decay effects in plasma 
edge

Poloidal heating in edge may eject energetic edge ions

20HHFW Edge Heating Properties on NSTX (Hosea) March 16 - 18, 2009US-JA-KR RF Physics WorkshopNSTXNSTX

• Edge ions are heated to hundreds of eV: CIII, CVI, LiII, and Helium
• Emission location for CIII and CVI is ~ 150 cm, just inside separatrix
• Edge ion heating may result in loss of energetic ions to SOL and the divertor



Wall-stabilized High β Plasma

NSTX

• Critical rotation velocity is consistent with 
Bondeson-Chu
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2-Strap HHFW Antenna
(only 1 strap was used)

21MHz, up to 400 kW
(up to 30 kW was used)

TST-2 Spherical Tokamak and Heating Systems

TST-2

X-mode launch horn antenna for ECH

2.45 GHz, up to 5 kW

R ≤ 0.38 m 

a ≤ 0.25 m 

Bφ ≤ 0.3 T

Ip ≤ 0.2 MA
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Correlation Between PDI and Electron/Ion Heating

TST-2

Stronger PDI    ↔ • Less electron heating

• More ion heating

inboard-shifted

outboard-limited

outboard-limited

inboard-shifted



3 Phases of Ip Start-up by ECH

Open Field Lines Current Closed Flux Surfaces

TST-2

Open Field Lines Current 
Jump

Closed Flux Surfaces
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Evolution of Equilibrium
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Preparation for LHCD Experiment

200 MHz transmitters

Combline antenna
(11 elements)

(200 kW x 4, from JFT-2M)

TST-2

� Initially, the combline antenna used on JFT-2M, adapted for use on 

TST-2, will be used to excite a unidirectional fast wave with nφ = 12 

(corresponding to n|| = 5).

� Direct excitation of the LH wave is planned in the future. 

� The fast wave can mode convert to the LH wave and drive current.  



Ip scan at low ne
ne0 = 1 x 1017 m-3; Te0 = 1 keV; n||0 = 7; θant = 0°

Ip = 10 kA Ip = 30 kA Ip = 100 kA

Core absorption expected only at very low ne (< 5 × 10
18 m-3 ) and Ip (< 50 kA).



ne0 = 1 x 1018 m-3; Te0 = 1 keV; Ip = 100 kA; θant = 0°

n||0 scan at high Ip

n||0 = +7 n||0 = +3 n||0 = -3 n||0 = -7

At high plasma current (100 kA) only low n|| LHW can reach the plasma core.



ne0 = 1 x 1017 m-3; Te0 = 1 keV; Ip = 10 kA; n||0 = 7

Antenna location scan

θant = 0° θant = 90° θant = -90° θant = 180°

Wave excitation from the low field side midplane is adequate. 
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QUEST Experiment
R=0.68m

a=0.4m

A=1.78

BT=0.25T @ 0.64m

PRF=0.2MWX2

8.2GHz

The experiments 

started on Oct. 2008. 
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Local Plasma Current Sources + Helical Vacuum Local Plasma Current Sources + Helical Vacuum 
Field Give Simple DC Field Give Simple DC HelicityHelicity Injection SchemeInjection Scheme

• Current is injected into the existing helical magnetic field

• High Iinj & modest B ⇒ filaments merge into current sheet

• High Iinj & low B ⇒ current-driven Bθ overwhelms vacuum Bz

– Relaxation via MHD activity to tokamak-like Taylor state w/ high toroidal 
current multiplication

Aaron J. Redd, 2009 International ST Workshop, Madison, WI USA  October 22-24, 2009

Reduced Bz

BT=10 mT, Bz = 5 mT



Magnetic Magnetic helicityhelicity injection is current driveinjection is current drive

Magnetic helicity: linkage between magnetic fluxes

K is conserved in magnetized plasmas, 
decaying on resistive timescales. 

Aaron J. Redd, 2009 International ST Workshop, Madison, WI USA  October 22-24, 2009

decaying on resistive timescales. 

In tokamaks, K is proportional to the product ITFIp.
Increases in K correspond to increases in Ip.

Driving current on open field lines is helicity injection



DC DC helicityhelicity injection startup on injection startup on PPEGASUSEGASUS utilizes utilizes 
localized washerlocalized washer--gun current sourcesgun current sources

• Plasma gun(s) biased relative to anode:

– Helicity injection rate:

Vinj - injector voltage

BN - normal B field at gun aperture

Ainj - injector area

Ý K inj = 2VinjBNAinj
Divertor
injection

Aaron J. Redd, 2009 International ST Workshop, Madison, WI USA  October 22-24, 2009

Ainj - injector area

• Plasma guns have geometric flexibility

• Gun-based system can be scaled to 
larger devices, such as NSTX

Anode

3 plasma 
guns

Plasma 
streams

Midplane
injecton



Taylor relaxation criteria also limits the Taylor relaxation criteria also limits the 
sustainable sustainable IIpp for a given magnetic geometryfor a given magnetic geometry

Aaron J. Redd, 2009 International ST Workshop, Madison, WI USA  October 22-24, 2009



Maximum Maximum IIpp achieved when achieved when helicityhelicity and and 
relaxation limits are satisfied simultaneouslyrelaxation limits are satisfied simultaneously

Estimated 
plasma 
evolution

Anode

Helicity limit
IIIIpppp maxmaxmaxmax

ITF = 288 kA
Vbias = 1kV
Vind = 1.5 V
Iinj = 4 kA 
w = dinj
L-mode τe

Aaron J. Redd, 2009 International ST Workshop, Madison, WI USA  October 22-24, 2009

Plasma 
guns

These particular parameters require a Bv ramp, 
both for radial force balance and some 
induction.

Relaxation limit
Time



STを含めた核融合開発のロードマップ案

2010 2020 2030 2040 2050

ITER

Burning plasma

Q = 10

Technology

testing

Advanced plasma

トカマク実験

Construction

Construction

ST

ST CTF

デモ炉

JT-60SA

ST実験

Demonstration of

power production

Component Testing

Advanced plasma

Design

Design Construction

Construction

Construction


