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INTRODUCTION 
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High-Harmonic Fast-Wave (HHFW) heating on NSTX supports 
non-inductive Ip ramp-up and bulk electron heating 

Sustain Ip with HHFW + NBI 

IP [kA] 

Time 

Ramp Ip with 

HHFW 

Ramp Ip with 
HHFW + NBI 
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~ 750 

NSTX Non-Inductive Strategy 

H-mode 

•  Future spherical torus devices need to operate without a central solenoid:  

  HHFW enables fully non-inductive Ip ramp-up through bootstrap current drive 
(BSCD) and direct fast-wave CD (RFCD) during early HHFW H-mode 

  Also provides bulk electron heating of NBI H-Mode during Ip flat top  
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TSC modeling* predicts 5-6 MW of HHFW heating can achieve 
fully non-inductive Ip ramp-up in NSTX 

•  HHFW provides heating & CD  
at low Ip and Te 

•  HHFW-assisted Ip ramp-up 
started at 100 kA 

  6 MW HHFW (k|| = 8 m-1)  
Co-CD phasing  

  6 MW NBI added when  
Ip ≥ 400 kA (only 2-3 MW 
absorbed due to slow Ip ramp 
rate in 1.8 s plasmas) 
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[*C. E. Kessel, et al., Nuclear Fusion 45, 814 (2005)]  

HHFW!

NBI!

Total Power!

4 



   High Non-Inductive Fraction HHFW H-Modes (Taylor)                          November 16, 2011   53rd APS DPP Meeting 

•  Since 2005 approach to developing HHFW-assisted Ip ramp-up has 
been to heat low Ip plasmas (Ip ~ 250-300 kA) 

2005: 
•  Transiently generated 85% BSCD in HHFW-heated BT = 0.45 T,  

Ip = 250 kA H-mode with PRF ~ 2.8 MW, using heating 
antenna phasing (k|| = 14 m-1)  

•  Plasma position control system 
(PCS) could not maintain antenna- 
plasma gap at L-H transition, causing 
HHFW power to trip off 

Improvements in HHFW heating since 2005 support 
development of HHFW-assisted Ip ramp-up 

2006: 
•  Higher BT ( 0.45 T ⇒ 0.55 T) resulted in improved HHFW 

heating efficiency in Ip ≥ 600 kA L-modes 
2007-9: 

•  Reduced PCS latency & Li conditioning improved HHFW heating 
efficiency in H-modes at Ip ≥ 600 kA 
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Experiments in 2010 studied HHFW H-Modes  
and NBI+HHFW H-modes at Ip = 300 kA, BT(0) = 0.55 T  

•  Achieved non-inductive fraction (fNI) ~ 0.65 with only  
1.4 MW of HHFW power, using co-current drive antenna 
phasing (k|| = -8 m-1), in HHFW-generated H-mode 

•  Attempts to heat NBI-generated H-mode with 1.4 MW of 
HHFW power produced only fNI ~ 0.45, due to significant 
RF-enhanced fast-ion interaction with antenna  
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NSTX HHFW SYSTEM 
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B	


IP	



12 Antenna Straps 

30 MHz Power Sources	


5 Port 
Cubes 

Decoupler 
Elements 

12-strap antenna extends toroidally 90°  
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Arc-free HHFW power limited to ≤ 1.4 MW in 2010 

•  Double feed antenna upgrade in 
2009 designed to bring system 
voltage limit with plasma (~15 kV) 
to limit in vacuum (~25 kV): 

  Increasing PRF ~ 2.8 times 

•  Upgrade was beneficial; reached 
arc-free PRF ~ 4 MW after a few 
weeks of operation at the end of 
2009 run 

•  In 2008-9, Li conditioning enhanced 
HHFW coupling, but in 2010 a 
combination of massive Li injection, 
no boronization, and no between 
shots glow limited arc-free  
PRF ≤ 1.4 MW * 

    [*P. M. Ryan et al., Poster PP9.00063]  
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HHFW-Generated  
Ip = 300 kA H-Mode 
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• Large increase in Te(0) and Wtot as RF power ramped up 

• But Te(0) and Wtot collapsed near start of flat top in RF power 

• PCS controlled antenna-plasma outer gap through the L-H transition    
 and during most of the H-mode, except at a large MHD event ~ 0.39 s 

Ip = 300 kA 

BT(0) = 0.55 T 

Deuterium 

 kφ = - 8 m-1 
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GENRAY/ADJ-QL 

IRFCD ~ 50 kA/MW 

Shot 138498 

Time = 0.382 s 

IP = 300 kA 

BT = 5.5 kG 

Deuterium 

RF H-mode r/a 
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Time (s) 
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138498B01 TRANSP-TORIC 

•  ηeff ~ ΔWT/(τ*PRF)  

•  At 0.382 s: 

    ΔWT ~ 15 kJ 
    τ ~ 20 ms 
    PRF~ 1.4 MW)  ηeff ~ 50% 

For ηeff=50% 

IBS 50 kA 

IRF 25 kA 

fNI 0.25 

• The observed decreases in core  
 electron heating appears to be  
 due to a large drop in ηeff   during  
 RF pulse 

Time of GENRAY 
analysis 
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• Reduced plasma density resulted in sustained HHFW-generated H-mode  
 that reached Te(0) ~ 3 keV with only 1.4 MW of RF power 

• Combination of ITB and higher Te(0) significantly increased BSCD 
 and RFCD 

Te(0) ~ 3 keV 

Ip = 300 kA 

BT(0) = 0.55 T 

Deuterium 

 kφ = - 8 m-1 
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GENRAY/ADJ-QL 

IRFCD ~ 115 kA/MW 

Shot 138506 

Time = 0.382 s 

IP = 300 kA 

BT = 5.5 kG 

Deuterium 

RF H-mode 

r/a 

r/a 
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TRANSP-TORIC simulation, assuming ηeff = 100%, predicts 
IBootstrap = 220 kA and IRFCD = 120 kA 

Time of GENRAY-ADJ analysis 

TORIC-TRANSP modeling for ηeff = 100% 
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80% of the non-inductive current generated inside ITB;  
Actual ηeff ~ 60%  fNI ~ 0.65 

TORIC-TRANSP modeling for ηeff = 100% 

HHFW H-Mode 

IBS 130 kA 

IRF 70 kA 

fNI 0.65 

For ηeff = 60% 

•  ηeff = ΔWT/(τ*PRF) 

	

 	

ΔWT ~ 15 kJ 
	

 	

      τ ~ 15 ms 
    PRF~ 1.4 MW 

  ηeff ~ 60% 
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HHFW-Heated Ip = 300 kA  
NBI H-Mode 
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•  50% of injected NBI fast-ions promptly lost at this low Ip 

•  Core density increased during HHFW heating due to NBI fast-ion 
interaction with the antenna 

•  ne @R = 1.56 m > onset density for fast-wave propagation (nonset)  
 ηeff  only ~ 40% 

140352/3 

19 

NBI+HHFW 

NBI 
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40% of coupled RF power accelerates NBI fast-ions that are 
mostly promptly lost at this low Ip 

Shot 140352 

Time = 0.450 s 

IP = 300 kA 

BT = 0.55 T 

Deuterium 

NBI+HHFW H-mode 

GENRAY/ADJ-QL 

IRFCD ~ 20 kA/MW 
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HHFW+NBI NBI 

IBS (kA) 60 kA 40 kA 

INBI (kA) 65 kA 75 kA 

IRF (kA) 10 kA - 

fNI 0.45 0.40 

For ηeff ~ 40%:  

TORIC-TRANSP modeling for ηeff = 100%: 

21 

•   
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•  Simulation of non-inductive 
Ip ramp-up at BT(0) = 1 T predicts  
Ip ~ 1 MA is possible 

•  6 MW HHFW Co-CD phasing  
(k|| = 8 m-1) used at beginning of  
Ip ramp-up: 
–  7 MW NBI added when Ip ≥ 600kA 

–  3 s pulse needed for ramp-up  
to higher Ip  

22 

On NSTX-U Ip ramp-up experiments will benefit from center 
stack upgrade to BT(0) = 1T & 2nd NBI system  

Heating"
Power"
(MW)"

0"

10"

Ip"
(MA)"

Time (s)"0"

0"

3"

1"

HHFW"
NBI"

Total"

RFCD"
NBCD"

Total"

Bootstrap"

Total Non-Inductive CD"

•  Higher HHFW & NBI power absorption at increased BT eases  
ramp-up requirements"

•  HHFW antenna design changes will be implemented to reduce fast-ion 
interaction  

TSC"
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Summary 

•  Experiments run in 2010 generated a sustained deuterium HHFW  
Ip = 300 kA H-mode with Te(0) ~ 3 keV, an ITB and fNI ~ 0.65 

 A combination of massive Li injection, no boronization, and no between 

shots glow in 2010 limited arc-free PRF to ≤ 1.4 MW 

•  Attempts to heat Ip = 300 kA NBI H-mode with PRF = 1.4 MW  
produced only fNI ~ 0.45  due to significant RF-enhanced fast-ion 
interaction with antenna  

•  Experiments originally planned for this year to extend the the low Ip 
HHFW H-mode experiments to fNI ≥ 1 using PRF ~ 3-4 MW were 
cancelled due to NSTX TF failure 

•  High fNI low Ip and Ip ramp-up HHFW experiments will benefit from the 
improved operational parameters of NSTX-U beginning in 2014 
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