
Research Thrust on 
Plasma Startup & 
Ramp-up 

Aaron Sontag  

for 

J. Caughman, S. Diem, R. Fonck, A. Garofalo, 
R. Raman, A. Redd, V. Shevchenko 



2  Managed by UT-Battelle 
 for the U.S. Department of Energy ReNeW Theme V ST Panel, Sontag Ð non-solenoidal startup 

Plasma Startup and Ramp-up is a 
Fundamental Issue for the ST 

¥  Identified as Tier-I ST gap in the FESAC TAP Report 
Ð  startup: establishing a confined plasma current channel 

starting from zero plasma current 
Ð  ramp-up: increasing plasma current from startup value to 

final, steady-state value 
Ð  central induction insufficient to get to full current at low-A 

¥ Addition of solenoid decreases advantage of ST 
Ð  increases gap between plasma and TF coil 
Ð  increases design/construction/operating cost  

¥ Several options for solenoid-free operation exist 
Ð  none has been demonstrated to required level 
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Startup Target Must Couple to NBI for 
Ramp-up & Sustainment 

¥ Multi-MA Ip required for ITER-era ST goal 
Ð  8-10 MA for steady-state operation in preliminary CTF design 
Ð  assume NBICD + jBS provide steady-state current 

¥ NBI ramp-up to full current 
Ð  projected ~1 MA startup needed for NBI coupling 

¥  Ip must be sufficient for fast-ion confinement 

¥  density must be sufficient for short neutral particle ionization distance 

Ð  NBI ramp-up modeling for more specific target characteristics 
¥  need to validate models with existing experimental data 

¥  fast-ion effects on NBI efficiency need to be determined 
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DC Helicity Injection (HI) is a 
Promising Startup Option 

¥ Two particular configuration 
presently under study 
Ð  axisymmetric: CHI  

¥  over 0.16 MA on NSTX 

¥  see talk by R. Raman 

Ð  toroidally localized: point-source 
injectors (plasma guns)  
¥  over 0.1 MA on Pegasus 

¥  Implementation technology 
and fundamental physics of 
formation & CD are being 
investigated 

At gun shut-off: 
Ip = 94 kA 
R0 = 0.45 m!
"i = 0.35

κ = 1.6 
βt = 1% 
Wtot = 350 J -1.0
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What Determines the Conditions for 
Relaxation in Point-Source HI? 

¥ Current flows initially on open field lines (vac. fields) 

¥ Empirically, at low-B & high-Igun relaxation can occur: 
Ð  change in magnetic topology 
Ð  relaxation apparently coincides  

 with poloidal null formation 
Ð  Driven edge fields may be stochastic 

¥ Need a theory-based understanding 

  of relaxation: 
Ð  Stability of externally-driven edge fields 
Ð  Detailed mechanism for driving toroidal current in core region 
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What Determines the Impedance of
 the Driven Plasma Edge? 

¥  Impedance is proportional to the helicity injection rate: 
dK/dt ~ Vinj = IinjZinj 

¥ Pegasus discharges are observed to be helicity-starved 
Ð  Better understanding leads to higher rates of helicity injection 

¥ Experimentally, the impedance is affected by: 
Ð Gas fuelling (increased fuelling decreases Zinj) 
Ð  Formation of the tokamak (sharp drop in Zinj) 

¥ Need theory-based  

 understanding of impedance: 
Ð  sheath formation at electrodes 
Ð  current flow in stochastic plasma 

R = 47 cm
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What Mechanisms Relax the Current 
Density and Limit the Relaxation? 

¥ λ (=µ0Ip/φTF) < λedge 
Ð  Ip limit ~ (ITFIinj)1/2 

Ð  what determines λedge? 

¥ Theory-based understanding 

 needed 
Ð  what is minimum ∇λ? 
Ð  different relaxation relaxation requirements: 

¥  point-source injection (3D geometry) 

¥  CHI (2D geometry) 

120 V


900 V


Vbias =
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Relaxation limit


Helicity Limited
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Confinement in HI-Driven Plasmas
 Determines Scaling to Future Devices 

¥ Confinement sets resistivity & the helicity dissipation 

¥ Pegasus gun-driven discharges (Ip up to 0.1 MA) exhibit 
confinement consistent with typical L-mode scalings 
Ð  Extrapolations from existing Pegasus results assume typical 

tokamak confinement 

¥ At some higher current and/or temperature, parallel 
conductivity along stochastic field lines may dominate: 
Ð  Note that χ|| vs. χ⊥ will be dependent on Te and the degree of 

field stochasticity 
Ð  Experimental studies may be able to measure this threshold 

¥ Theory-based modeling may also predict this threshold 
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EBW Startup Uses Grooved Polarizer 
Tile on Center Column 

¥ Microwave beam reflected off tile as X-mode 
Ð  100% mode conversion at UHR 
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EBW Startup Shows Promise 

¥  Initial startup tests on MAST successful 
Ð  up to 55 kA with Te = 700 eV 
Ð  high-power system being installed 

¥ Need to verify scaling as power increases  
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Practical Issues Limit Present EBW 
CD Research 
¥ Lack of high-power, long-pulse sources at desired frequency 

(28 GHz) on MAST 
Ð  experiments to date have been limited to 100 kW for 100 msec 
Ð  350 kW, 0.5 sec source from ORNL being deployed this summer 

¥ Need off-midplane access for current drive 
Ð  agrees with modeling 

¥ Other effects have yet to be fully assessed 
Ð  parametric decay 
Ð  ponderomotive effects 
Ð  collisional damping 
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Primary EBW CD Physics Issue is 
Mode Conversion Efficiency 

¥  Important effects depend on launch scheme 
Ð  perpendicular launch: X Ð B process 

¥  density gradient scale length determines coupling efficiency 

Ð  oblique launch: O Ð X Ð B process 
¥  multiple factors determine coupling efficiency 

Ð density gradient scale length 

Ð B-field magnitude & pitch angle determine launch window 

¥ Edge turbulence has strong affect 
Ð  high –/n leads to reduced coupling 

¥ Need demonstration of high power EBW CD to show 
these effects can be controlled 
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Other Techniques Could Provide 
Startup Assistance 

¥ Ex-vessel PF induction 
Ð  always provides some assist as Ip an pressure increase 
Ð  best results to date in JT-60U 
Ð  dedicated experiments in DIII-D planned with goal of 0.6+ MA 

H-mode using ECCD & NBI assist 

¥ MIC solenoid 
Ð  could survive nuclear environment 
Ð  needs modeling to determine effective flux available 

¥  Iron core 
Ð  technology well understood 
Ð  needs modeling to determine effective flux available 
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Elements of Proposed Research Thrust 
¥ Helicity injection 

Ð  optimize geometry 
Ð  understand relaxation & current drive physics 
Ð  understand limiting physics 

¥ RF heating & CD 
Ð  test EBW startup and CD at high power 
Ð  verify mode conversion scaling physics 
Ð  develop methods to maximize mode conversion 

¥  Integrated experiments 
Ð  couple startup to ramp-up 

¥ Predictive modeling 
Ð  validate startup & NBI models for future applications 


