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Heliotron J
 IAE, Kyoto University
 Topics fromTopics from NNew Approachesew Approachesin Plasma Confinement Experimentsin Plasma Confinement Experiments
 in Helical Devicesin Helical Devices
 presented byMIZUUCHI Tohru
 Institute of Advanced EnergyKyoto University
 Kyoto University, Gokasho, Uji, Japan, Feb. 05-07, 2007
 US-Japan Workshop on Fusion Power Plants and Related Advanced Technologieswith participation of EU
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Heliotron J IAE, Kyoto University
 2nd Joint Meeting ofUS-Japan Workshop and Kyoto University 21st Century COE Symposium onNEW APPROACHES IN PLASMA CONFINEMENT EXPERIMENTS IN
 HELICAL SYSTEMSNov. 13-15, 2006
 http://www.auburn.edu/cosam/events/plasma/usj06/
 • F. SANO, Overview of RecentExperiments in Heliotron J
 • D. ANDERSON, Overview of HSXResults
 • S. OKAMURA, Topics from CHSexperiment
 • S. KOBAYASHI, ExperimentalStudies of NBI-heated plasmas inHeliotron J
 • W. GUTTENFELDER, Turbulencemeasurements and theory-basedtransport modeling of ECRHplasmas in HSX
 • T. MINAMI, High density edgetransport barrier during reheatmode on CHS
 • Y. SUZUKI, MHD EquilibriumAnalyses of Advanced HelicalConfigurations
 • T. RAFIQ, Microinstabilities andresistive ballooning modes inhelically symmetric stellarators
 • D. SPONG, Shear flowgeneration in stellarators -configurational variations
 • S. KITAJIMA, Dependence of ionviscosity on ripple structures ofmagnetic configurations inTohuku University Heliac andCHS
 • K. MATSUOKA, Effect ofmagnetic configuration onelectron energy transport in CHS
 • M. ZARNSTORFF, Physics researchplans for NCSX
 • N. POMPHREY, Magnetic Flux LoopDesign for NCSX
 • J. HANSON, Progress in 3-Dequilibrium reconstruction instellarators
 • R. MAINGI, The edge physicsprogram during initial NCSXoperation
 • T. MIZUUCHI, Dynamic shift ofdivertor plasma position during adischarge in Heliotron J
 • T. OISHI, Edge HarmonicOscillations measured using BeamEmission Spectroscopy in CHS
 • K. NAGASAKI, ECCD experimentsin helical systems
 • G. MOTOJIMA, Toroidal currentcontrol in ECH plasmas onHeliotron J
 • T. OKADA, Fast ion study usingICRF heating in Heliotron J
 • C. DENG, Studies of energeticelectron-driven Alfvenic modes inHSX
 • J. BERKERY, Confinement of PureElectron Plasmas in CNT
 • S. KNOWLTON, Overview ofCTH experiments
 • W. REIERSEN, PromisingInnovations for Future CompactStellarators
 • A. WELLER, Progress of W7-X• S. OKAMURA, Discussion on
 stability and confinement inLHD
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Heliotron J IAE, Kyoto University
 Topics from New Approachesin Plasma Confinement Experiments in Helical Systems
 Advanced Helical (Stellarator/Heliotron) Concepts– Quasi-Symmetry– Quasi-Isodynamic (Quasi-Omnigeneous)
 Topics from Recent Plasma Experiments inHelical Devices– Configuration effects on NC/turbulent transport– Progress in high-, high density steady state operation– Divertor relevant experiments
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Heliotron J IAE, Kyoto University
 Evolution ofHelical (Stellarator/Heliotron) Concepts
 HelicalHeliotron
 Helical Windingsw/o TFC
 Planer Axis System Helical-Axis HeliotronHelical Winding + TFC
 Quasi-Isodynamic(Quasi-Poloidally Symmetric)
 OptimizedHelical Heliotron LHD
 H-J
 (H-E, CHS), U-3M
 Spatial AxisSystem
 StellaratorConcept
 HeliacHellically displaced
 TFC + CC
 Helias
 Quasi-HelicallySymmetric
 Quasi-Axisymmetric
 Quasi-Isodynanmic
 Planer AxisSystem
 StellaratorHelical Windings
 with TFC
 Modular Coil
 System
 HSX
 TJ-II, H-1NFTU-Heliac
 W7-AS
 W7-XSpatial Axis
 System
 (construction)
 (construction)
 QPS(design)
 NCSX
 1950s today
 Kyoto Original
 Quasi-Pol.Symmetric
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Heliotron J IAE, Kyoto University
 Helical ripple leads to high transportin conventional stellarators.
 How to reduce it?
 • Particles trapped in helical ripple have netradial drift in conventional stellarators.
 • Electric field can mitigate scaling.– Ambipolarity constraint on NC fluxes can create Er.
 • Advanced helicals reduce the ripplelosses through recovering of symmetry ortailoring the field harmonics.
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Heliotron J IAE, Kyoto University
 World-wide research activitiesfor optimization of helical systems
 TJ-II (CIEMAT, 1997~)
 H1-NF (ANU, 1993~)
 TU-Heliac(Tohoku, 1988~)
 Heliac
 Heliotron J (Kyoto, 2000~)helical-axis heliotron
 W7-X(IPP, 2012?~)
 Quasi-Isodynamic(Quasi-Omnigeneous)
 Continuous Helical Coil(s)Modular CoilsConcept
 U-3M (Kharkov, )
 CTH (Auburn, 2006~ )Others
 QPS(ORNL 2010?~)Quasi-Poloidally Symmetric
 LHD (NIFS, 1998~)helical heliotron
 HSX(UW, 1999~)Quasi-Helically Symmetric
 NCSX(PPPL, 2008?~)
 Quasi-Axisymmetric(Quasi-Toroidally Symmetric)
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Heliotron J IAE, Kyoto University
 Helical-Axis Helical Devices in the World
 装置図
 ヘリアス配位の改良型。
 自発電流の低減とヘリアス配位の最適化を追求する超伝導大型実験装置。
 準ポロイダル対称系
 （ＱＰＳ）の閉じ込め性能の概念開発。<> ～ 2%
 準軸対称系（ＱＡ）、高自発電流（>50%)のよる閉じ込め性能の原理
 検証。<> ～ 4%
 柔軟な磁場配位制御
 によるヘリカル軸ヘリオトロンの最適化を追求。
 ヘリカル対称性の確保による閉じ込めの向上。
 回転変換角(0.96-2.5)、シア、磁気井戸(0-6%)、ビーン形状等の制御が可能。特に、高ベータ実
 験を目標。
 高回転変換角、低シア、ビーン形状、大きな立
 体磁気軸回転。特徴
 ECH+NBI20 - 30 MW
 ECH/EBW : 1 MWICRF : 1 MW
 RF : 6 MWNBI : 6 MW
 ECH : 0.4 MWNBI : 1.5 MW
 ICRF : 2.0 MW
 ECH : 0.2 MWECH : 0.6 MWNBI : 4 MW
 ECH : 0.2 MW加熱装置 Heating
 102.74.4786-154.5アスペクト比 R/a
 10.01.51.20.50.60.51.0パルス幅 t （ｓ）
 3.01.01.2 – 1.71.51.371.01.0閉じ込め磁場 B （Ｔ）
 542-330.820.441.430.96体積 V （ｍ3 ）
 0.650.3-0.40.320.180.150.1-0.250.22小半径 a （ｍ）
 6.50.95-1.01.41.21.21.51.0大半径 R （ｍ）
 Ｍ＝５ （修正）ヘリアス
 （超伝導モジュラーコイル）
 Ｍ＝２ 準ポロイダル
 対称系（ＱＰＳ）
 （モジュラーコイル）
 Ｍ＝３ 準軸対称系（QA)
 （モジュラーコイル）
 Ｍ＝４／Ｌ＝１ヘリカル軸ヘリオトロン
 Ｍ＝４ ヘリアス
 （モジュラーコイル）
 Ｍ＝４ ヘリアック（CR + l=1 HFC + TFC)
 Ｍ＝３ ヘリアック（CR + l=1 HFC x2 +
 TFC)
 コイル形式
 ２０1２年?～２０１０年?～２００８年?～２０００年～１９９８年～１９９７年～１９９３年～スケジュール
 W7-Xドイツ
 マックスプランク研究所
 QPS米国
 オークリッジ国立研究所
 NCSX米国
 プリンストン大学
 Heliotron J日本
 京都大学
 HSX米国
 ウィスコンシン大学
 TJ-IIスペイン
 CIEMAT研究所
 H-1NFオ－ストラリア
 オーストラリア国立大学
 プラズマ装置
 国名
 研究所
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Heliotron J IAE, Kyoto University
 Topics from New Approachesin Plasma Confinement Experiments in Helical Systems
 Advanced Helical (Stellarator/Heliotron)Concept
 Topics from Recent Plasma Experiments inHelical Devices– Configuration effects on NC/turbulent transport– Progress in high-, high density steady state
 operation– Divertor relevant experiments
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Heliotron J IAE, Kyoto University
 Er driven by Electron-Root ScenarioInternal transport barrier formation
 observed in CHS experiments.
 The electron-root condition isfound inside ~0.6 creatingthe large Er-shear regime.
 Steep Ti-gradient is found inEr-shear regime.
 Te-gradient also increasesinside ~0.4.
 HIBP measurements showedsuppression of turbulenttransport with the internaltransport barrier formation.

Page 10
                        

Heliotron J IAE, Kyoto University
 Effects of Configuration on NC transport: Exp. from HSXSignificant differences have been measuredbetween plasma profiles w/ & w/o QHS. (I)
 Mirror fields are added for symmetrybreaking in HSX.
 Density profiles are peaked w/ Quasi-Helical Symmetry (QHS),hollow when symmetry is broken.– Discharges shown:
 ~50 kW of ECH power,central deposition
 – higher temperature, more peakeddensity profile with QHS.
 Hollow/flat ne-profile in w/o QHS is dueto thermodiffusion, which is reducedwith QHS
 D. Anderson, et al
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Heliotron J IAE, Kyoto University
 Effects of Configuration on NC transport : Exp. from HSXHSX experiment also shows the effectiveness of the
 symmetry recovering to reduce the thermal diffusivity.
 Thermal diffusivity isreduced in QHS.– at r/a ~ 0.25,
 e : 2.5 m2 /s in QHS,4 m2 /s in Mirror
 – Difference is comparable toneoclassical reduction(~2 m2 /s)
 Two configurations havesimilar transport outsideof r/a~0.5. anomalous transport dominant
 D. Anderson, et al
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Heliotron J IAE, Kyoto University
 Effects of Configuration on High Energy Particles : Exp. from HSX
 Soft X-ray, Hard X-ray Emissions indicatefast electrons are better confined in QHS.
 Soft X-ray (600 eV-6 keV) emission;QHS >> Mirror
 Hard X-ray flux: QHS>>Mirror;decay time longer
 Indicates these fast electrons driveAlfvénic modes.
 – No mode observed in MirrorConfiguration.
 D. Anderson, et al
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Heliotron J IAE, Kyoto University
 Bumpy (mirror) component is essentialto realize the quasi-isodynamic feature
 in Heliotron J.
 To investigate the bumpiness effects onfast-ion confinement,▬ the bumpiness was varied by controlling
 the current ratio of the two toroidal coilsets under the fixed condition of(a)/2=0.56.
 ▬ The fast-ions are created by ICRF or NBI.
 (a)/ 0.56
 b
 t
 h better worse
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Heliotron J IAE, Kyoto University
 Configuration effects on fast-ions confinement in Heliotron J
 Better confinement of fast ions by ICRFin higher bumpiness configuration
 For ICRF heating, the high-energy ion tailtemperature increases with b.
 Power-moderation experiments indicate lowerloss-rate for higher b configuration.
 Due to better confinement of fast-ions, higherincrement of the bulk ion-temperature isobserved for higher b configuration.
 0
 0.05
 0.1
 0.15
 0.2
 0.25
 0 50 100 150 200 250 300 350 400
 23.2MHz High bumpiness
 19MHz Low bumpiness19MHz Medium bumpiness
 power [kW]
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Heliotron J IAE, Kyoto University
 The b-dependece of BS current is consistent with the predictions from SPBSC calculations. For ECCD, the ripple structure at the resonance region is important.
 ECCD control
 -1.0
 -0.5
 0.0
 0.5
 1.0
 1.5
 2.0
 2.5
 0.0 0.5 1.0 1.5 2.0
 B04
 /B00
 =0.15
 B04
 /B00
 =0.01
 B04
 /B00
 =0.06
 Ip[k
 A]
 ne [1019 m-3]
 =0.499
 High-b
 Medium-b
 Low-b
 Configuration effects on NC transportNon-inductive current control
 ▬ b dependences ▬
 Bootstrap current control
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Heliotron J IAE, Kyoto University
 turbulence transport and improved modesPNBI-Dependence of Delay Time of L-H Transition
 Comparison between CHS and Heliotron J
 Delay time of H spontaneous drop after the start of NBIbecomes longer as decreasing NBI power.
 The edge field structure (rationals?) might be importantfor the transition. T. Minami, S. Kobayashi, et al
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Heliotron J IAE, Kyoto University
 turbulence transport and improved modesConfinement and magnetic topology
 ITB in TJ-II
 Positioning a low order rational (e.g. 3/2,4/2, 4/3) near the core (using, e. g., inducedOH current or ECCD) triggers an ITB in acontrollable way.
 The rational must be inside the plasma totrigger the transition.
 Change in Er is observed near the rational. So far no cases found where the e-ITB
 triggered by 5/3.
 T. Estrada, et al
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Heliotron J IAE, Kyoto University
 Topics from New Approachesin Plasma Confinement Experiments in Helical Systems
 Advanced Helical (Stellarator/Heliotron)Concept
 Topics from Recent Plasma Experiments inHelical Devices– Configuration effects on NC/turbulent transport– Progress in high-, high density steady state
 operation– Divertor relevant experiments
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Heliotron J IAE, Kyoto University
 Super Dense Core operationenables a new reactor scenario.
 Central density : 51020m-3
 Central temperature : 0.85 keV exceeding 1 atmospheric pressure
 Magnetic field : 2.64 T Central beta : 4.4 %
 : > 5 % at B of 1.5T
 0
 1
 2
 3
 4
 5
 0.0
 0.5
 1.0
 1.5
 2.0
 -1.0 -0.5 0.0 0.5 1.0
 n e(1
 020m
 -3) T
 e(keV
 )
 ne
 Te
 IDBIDB
 21st FEC (2006)
 Den
 sity
 (10
 20m
 -3)
 Temperature (keV)100 20
 1
 2
 3
 4
 5
 30
 High density operationHigh density operation
 High temperatureoperation
 Contour lines:Pex
 Self-ignition
 Observation of Internal Diffusion Barrierand super dense core plasma in LHD
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Heliotron J IAE, Kyoto University
 progress in high- performance
 High –plasma studies in LHD
 Degradation canbe attributed to thechange of effectivehelical ripple dueto Shafranov-shift,not on MHD effect.<> > 4 % was sustained for >> 10E
 Goal : 5 %
 10 -3
 10 -2
 10 -1
 100
 101
 102
 0 1 2 3Mag
 netic
 Flu
 ctua
 tion
 (10-
 5 )
 disappear
 =0.5
 <> (%)
 21st FEC (2006)
 self-stabilization realization of
 high- plasma, needs 3D
 equilibriumreconstructiontechnique.
 0
 1
 2
 0 1 2 3 4
 Rax
 =3.6m, Apa=6.3
 Rax
 =3.75m with LID, IDB
 Eex
 p /E
 ISS
 95
 <dia
 > (%)
 Degradation in high regime will be improved bydynamic Rax control in nearest future.
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Heliotron J IAE, Kyoto University
 Request for 3-D Equilibrium Reconstruction isIncreasing in Helical Experiments. V3FIT
 Equilibrium reconstructionis invaluable for tokamaks– Equilibrium Control– MHD Stability and
 Confinement Studies⇒ Example: EFIT code
 Helical Trends– Higher beta– Bootstrap current
 ⇒ Equilibrium fluxsurfaces are notvacuum flux surfaces.
 MHD Equilibrium Input:
 – External B Field– Current profile– Pressure profile– Toroidal flux
 Equilibrium Reconstruction: Use observed diagnostic
 signals to determine:– External B Field– Current profile– Pressure profile– Toroidal flux
 Output:– Flux surface
 geometry(Key to furthercomputations)
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Heliotron J IAE, Kyoto University
 3-D Equilibrium Reconstruction requiresa sophisticated flux loop system.
 Design of Ex-VesselFlux Loops in NCSX
 Both SS fields withn=3·j and periodicity-breaking non-SSfields with |n|=1,2,4,5, ... must bediagnosed.
 N. Pompherey, et al
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Heliotron J IAE, Kyoto University
 Topics from New Approachesin Plasma Confinement Experiments in Helical Systems
 Advanced Helical (Stellarator/Heliotron)Concept
 Topics from Recent Plasma Experiments inHelical Devices– Configuration effects on NC/turbulent transport– Progress in high-, high density steady state
 operation– Divertor-relevant experiments
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Heliotron J IAE, Kyoto University
 Several Divertor Concepts are proposedfor Helical Devices
 baffle
 LIDhead
 topump
 coreplasma
 LCFS
 m/n=1/1 islandseparatrix
 Separatrix(disappeared)
 Helical Field Coil
 DivertorProbe Array
 Edge MagneticFields
 #14-pin
 #1-pin
 LCFSR (m)
 Z (m)
 Helical Field Coil
 DivertorProbe Array
 Edge MagneticFields
 #14-pin
 #1-pin#14-pin
 #1-pin
 LCFSR (m)
 Z (m)RDPA
 helical divertor: LHD
 island divertor:NCSX, W7-X
 Local island divertor: LHDquasi-helical divertor: Heliotron J
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Heliotron J IAE, Kyoto University
 progress in long-pulse operation
 Steady State Operation in LHD
 Steady state operation by ICRFdemonstrates the high potentialof helical systems towards acurrentless steady state reactor.
 Minority heating ICRF acceleratesperp. component of ion velocityeffectively up to MeV range.
 – demonstrates the high capabilityof LHD to confine high energy ions.
 Record of input energy to hightemperature plasmas in FY20051.6GJ : 490kW 3268s
 Planning longer pulse withhigher heating power
 3 MW for 1 hour
 21st FEC (2006)
 0
 0.5
 1.0
 1.5
 2.0
 10 100 1000 104 105
 Tore Supra(F)
 JT-60(JAERI)
 JET(EU) HT-7(China) TRIAM-1M
 Inje
 cted
 Ene
 rgy
 (GJ)
 Plasma Duration (sec)
 1 Min 1 Hr 1 Day
 LHD(FY2005)
 LHD
 (Kyushu)
 LHD(FY2005)
 LHD(FY2004)
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Heliotron J IAE, Kyoto University
 ParticleParticle/heat/heat loadload onon thethe divertor platesdivertor platesare dispersed byare dispersed by RRaxax sweepingsweeping..
 Main divertor trace is switched frominboard to outboard side by a small changeof Rax (R/R~0.8%)
 UPPER UPPER
 Rax = 3.67m Rax = 3.7mZ=0
 Temp. of div. tiles saturatesat a tolerable level
 21st FEC (2006)
 Probe
 Projected Shape of Divertor Tiles
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Heliotron J IAE, Kyoto University
 The shift of the diverted plasma footprintsis observed during a single discharge.
 The shifts of Rtarget and RDPA are closelyrelated to the change of plasma current.
 – In #23624, Wp and Ip were kept increasingup to almost the end of discharge, but in#23635, Ip started to decrease at t ~ 240 mswhile Wp did not decrease and was keptalmost the same value until the end of theNBI pulse.
 – For #23635 discharge, the inward shifts ofRtarget and RDPA were observed until t~ 240 ms and they started to change thedirection of shift for t > 240 ms, i.e. comingback to the values at the initial phase of thedischarge.
 This experiment points out– the importance of current control to fix
 the divertor plasma position in a lowshear helical device,
 – the possibility of "divertor swing" forthe divertor particle/heat load reductionby controlling a small amount ofplasma current.
 targ
 et
 Zt= -0.195m
 1.25
 1.30
 time (ms)
 DP
 A
 200 250 300
 1.40
 1.45
 p
 0.01.02.03.0
 HJ/HB2NBI
 p
 #23624(B<0)#23635(B<0)
 NBI0.0
 1.0
 2.0
 3.0
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Heliotron J IAE, Kyoto University
 MODEL CALCULATION (HINT2)Current Effects on /2 x-point control.
 Again, we need 3D ER!
 <> ~ 0.32 %, p=p0(1-s2)2
 (a) j = j0(1-s)8, Inet = +2.0 kA(b) j = j0(1-s)8, Inet = -2.0 kA(c) j = j0(1-s4)2, Inet = +2.0 kA(d) j = j0(1-s4)2, Inet = -2.0 kA(e) j = j0(60(1-s2)s2-5(1-s2)),
 Inet = +2.0 kA(f) j = j0(60(1-s2)s2-5(1-s2)),
 Inet = -2.0 kA
 r/a (=s1/2)
 current profile model
 curr
 ent/
 unit
 area (a), (b)
 (c), (d)
 (e), (f)
 0 0.2 0.4 0.6 0.8 1-5
 0
 5
 10
 15
 20
 Since the value of vacuum rotational transform is close tothe natural resonance condition, even a small change inthe edge rotational transform by a small current can makea big change in the plasma radius, i.e. in the x-point.
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Heliotron J IAE, Kyoto University
 Divertor swing by a small current drivein W7-X or other helicals?

Page 30
                        

Heliotron J IAE, Kyoto University
 Topics from New Approachesin Plasma Confinement Experiments in Helical Systems
 Advanced Helical (Stellarator/Heliotron) Concept– Several advanced concepts are experimentally examined.
 » Topics from recent plasma experiments in helical devices arereported.
 • Configuration effects on NC/turbulent transport• Progress in high-, high density steady state operation• Divertor-relevant experiments
 Helical research activities in the world contribute to– assess the attractiveness of helical systems
 » a disruption free, high density (no GW-limit) steady-statereactor
 – advance understanding of 3-D plasma» for basic fusion science relating also to tokamaks & ITER» for physics of non-linear/complex-systems in the natural world
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Heliotron J IAE, Kyoto University
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