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HHFW heating & current drive (CD) being developed for 
non-inductive ramp-up, bulk heating & q(0) control  

(4) Sustain with 

     HHFW + NBI 

•   Near-term approach is to heat low-Ip ohmic plasmas and access 100%  
  non-inductive current drive 

(1) HHFW couples to  
     start-up plasma 

(2) HHFW for IP overdrive  
      through bootstrap &  
      HHFW CD 

(3) HHFW generates  
     sufficient IP to confine  
     NBI ions 

(4) HHFW provides bulk  
     heating & q(0) control  
     in H-mode 

IP  Target [kA] 

Time 

(2) HHFW 

(3) HHFW + NBI 

(1)  CHI, PF, Guns 

~300"

~500"

~750"

Non-Inductive Strategy" HHFW Goals 

H-mode 
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HHFW double end-fed upgrade was installed in 2009, shifted 
ground from end to strap center to increase maximum PRF 

•  Designed to bring system 
voltage limit with plasma  
(~15 kV) to limit in vacuum  
(~25 kV): 

  Increasing PRF ~ 2.8 times 

•  Antenna upgrade was 
beneficial: 

  Reached arc-free PRF ~ 4 MW 
after a few weeks of operation 
at the end of 2009 campaign 

•  In 2008-9, Li wall conditioning 
was observed to enhance 
HHFW coupling by decreasing 
edge density  

PAC27-27!
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•  Tested prototype ELM/arc discrimination system in 2010: 
  Worked well on bench using recorded data, but tripped 

undesirably 20-30 times during real shot 

•  In 2010 RF plasma operations started after extensive Li injection, only 
reached arc-free PRF ~ 1.4 MW; observed copious Li ejections during arcs 
  Before run quickly reached stand-off voltage ~ 25 kV during vacuum conditioning 
  After extensive Li injection difficult to reach ~ 15 kV in vacuum 
  Dust seen during plasmas & inside antenna 

PAC27-28!

Li coated & cleaned antenna straps 
after 2010 campaign 

PAC27-27!

•  For FY11-12 will return to FY09 Li levels:  
  should be okay for HHFW operations 

Clouds of dust observed 
during plasmas 

White dust found 
around antenna straps 
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• Low Ip HHFW experiments in 2005 could not maintain PRF during H-mode 

• Produced sustained RF-only H-mode in 2010: 
  Better plasma-antenna gap control than in 2005, due to reduced PCS latency 

  Modeling predicts IRFCD ~ 85 kA, IBootstrap~ 100 kA  fNI ~ 60% 

  High fNI enabled by positive feedback between ITB, high Te(0) and RF CD 

  fNI ~ 100% requires PRF ~ 3 MW, well below arc-free PRF available in 2009 

  No q-profiles for these RF-only plasmas – MSE-LIF will enable this in FY11-12  

PAC27-27!

PAC27-29!
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•  Density increased during HHFW heating 
probably due to fast-ion interaction with the 
antenna 

•  Much lower Te(0) & higher ne(0) than  
RF-only H-mode, resulted in IRFCD ~ 20 kA 

•  60% of PRF to electrons, 40% to fast-ions 

•  ~ 50% of injected NBI fast-ions are 
promptly lost at this low current: 

  Predict ~ 80% will be confined using  
more tangential 2nd NBI in NSTX-U 

•  IBootstrap =  60-90 kA, INBICD = 50-70 kA 

•  fNI ~ 50% 

PAC27-27!

PAC27-29!
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PAC27-28!
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PNBI = 1 MW 

PRF = 1 MW 
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3-D AORSA full-wave model with 2-D wall boundary predicts 
large ERF following magnetic field near top & bottom of NSTX 

•  In addition to RF power coupling to core, AORSA predicts some RF power  
 propagates just inside LCFS as an edge localized RF eigenmode 

•  Beginning to make divertor tile current measurements to compare to theory 

H-mode 
kφ = -8 m-1 

HHFW 
Antenna 

Center Stack 

ERF 

PAC27-28!

H-mode 
kφ = -8 m-1 

Edge RF eigenmode looks similar to striated 
structures imaged by visible plasma TV 

9 



PAC-29 - HHFW Progress & Plans (Taylor) January 27, 2011 

PAC27-28!
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Summary 
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B	

IP	



12 Antenna Straps 

RF Power Sources	


5 Port 
Cubes 

Decoupler 
Elements 

HHFW antenna extends toroidally 90°  
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Double-fed HHFW antenna operation improved with 
time in 2009, but degraded over time in 2010 

• Operation spread out evenly 
over ~ 5 months 

• Initial plasma conditioning, 
then majority of time on 
experiments 

• Most operation in 2-3 MW 
range throughout campaign 

• 2009 operation concentrated 
in last 4 weeks 

• Majority of time spent on 
plasma conditioning 

• Operation in 2.5-4 MW range, 
improved with time 

• 2010 operation widely 
separated over ~4 months 

• Almost all time spent on 
plasma conditioning 

• Operation < 3 MW, 
deteriorated with time 

PRF 

(MW) 

128000 130000 
Shot Number 

134800 135200 
Shot Number 

139000 141000 
Shot Number 
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Plasma Conditioning 
Experiment 

5 

0 

2008: Single-fed antenna  2009: Double-fed antenna 2010: Double-fed antenna 
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TRANSP-TORIC simulation with no RF coupling losses 
predicts ~180 kA Bootstrap CD + ~120 kA RFCD 

• RF coupling efficiency is 
typically ~ 60% for  
H-mode, giving fNI ~ 60% 

• TRANSP-TORIC RF CD 
efficiency of ~ 85 kA/MW 

• GENRAY-ADJ RF CD 
efficiency ~ 115 kA/MW 
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TRANSP-TORIC analysis of matched NBI+HHFW & NBI-only ELM-
free H-modes predicts ~ 50% of PRF is absorbed inside LCFS 

•  Fraction of PRF absorbed within LCFS (fA) 
obtained from TRANSP-calculated electron 
stored energy: 
WeX – from HHFW+NBI H-mode 

WeR – from matched NBI-only H-mode 

WeP – using χe from NBI-only H-mode to 
predict Te in HHFW+NBI H-mode 

•  fA = (WeX-WeR)/(WeP-WeR) = 0.53 ± 0.07 

•  TORIC used to calculate the power 
absorbed by electrons (PeP) assuming 
100% RF plasma absorption 

•  Electron absorption, PeA= fA × PeP 
For PRF = 1.9 MW: 

–  0.7 MW        electrons 

–  0.3 MW        ions 

5.5 kG, Ip = 1 MA 

kφ = -13 m-1 

PNBI = 2 MW!
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CQL3D Fokker-Planck code predicts significant fast-ion 
losses in HHFW-heated ELM-free NBI H-modes 

•  Without fast-ion loss CQL3D predicts much higher neutron 
production rate (Sn) than is measured 

•  Simple-banana-loss model predicts  
Sn just below measured Sn : 

  Assumes prompt loss of fast-ions 
with a gyro radius + banana 
width > distance to LCFS 

  ~ 60% RF power to fast-ions is lost  

•  For this shot FIDA fast-ion diagnostic 
measures no change in fast-ion 
density during HHFW heating  

•  First-order finite-orbit width loss model being implemented in CQL3D 

20 



PAC-29 - HHFW Progress & Plans (Taylor) January 27, 2011 

Slow fall of PRF results in sustainment of high Te(0) and 
core electron heating even down to PRF < 1.4 MW  

•  Slow transition to H-mode from L-mode as 
power is ramped to 3.7MW 

•  During slow ramp down of PRF, the core 
temperature is maintained and broadened in 
radius even down to 1.36 MW 

•  Large ELM at even lower power strongly 
reduces the stored electron energy and marks 
the transition back to the L-mode 

21 



PAC-29 - HHFW Progress & Plans (Taylor) January 27, 2011 

Divertor tile currents are used to track presence of 
RF fields (sheath) and driven currents 

•  Tiles in row 3 and 4 of divertor 
plate are instrumented with 
Rogowski sensors 

•  Bay I and K tiles are in line with 
“hot” zone for RF edge deposition 

Shunt Tiles (x12) 
Bay K 

Bay I 

Bay J 

Tile I3, I4 Tile K3, K4 
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Divertor tile currents in row 3 show movement of RF hot 
zone across tiles as magnetic field pitch is increased!

•  ΔItile 3k decreases and ΔItile 3i increases as magnetic field pitch increases and 
RF spiral hot zone moves toward the center stack  
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Tile currents in row 3 are consistent with RF hot zone 
movement measured with the fast IR camera at Bay H!

•  Movement of RF hot zone with magnetic field pitch is relatively fast in the 
lower pitch range but slows considerably in the higher pitch range 

Fast IR at Bay H vs field pitch 
for t = 0.450 sec 

 Shift of RF hot zone 
with pitch  
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