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1.
Overview of planned experiment  

This XP focuses on coupling RF power to the core plasma, on heating the core of H-mode plasmas, and on edge power losses/processes.

The goal is to optimize RF heating of H-mode plasmas - for both RF only and RF + NBI regimes

·  To as high an RF power as possible

·  To as high a NB power as possible

➪ Important for ITER – especially in the electron heating dominated regime
The methodology is

1. Investigate and understand physics of RF core heating

·   With and without ELMs

2. Optimize coupling of RF power to core plasma 

·   Conditioning, edge density control, gap vs edge density vs k||
3. Investigate and understand loss processes in the edge plasma
2.
Theoretical/ empirical justification

The activities in this XP are divided into two parts – Part I for RF only H-mode experiments and Part II for RF + NBI H-mode experiments. 

For Part I, extensions of earlier experiments in helium [1] are planned to more fully document the “ELM-free-like” and ELMy H-mode properties for this electron heating generated regime which has direct relevance for the electron heating regimes on ITER (ICRF, ECH, NNBI, alpha particle heating).  Of special interest are the ELM effect on confinement, ELM heat flux deposition in the divertor region, RF edge power losses and processes, and saturation of the stored energy with RF power during the ELM-free-like phase.  Initial limited data sets show that ELM heat flux deposition is very strongly peaked about the outer strike radius, much more so that with NBI present, and that high k turbulence is probably playing a role in clamping the stored energy in the ELM-free-like phase and causing the confinement time to plummet.  We will strengthen this database to fully document these properties for a range of discharge conditions and will extend the studies to include RF edge deposition properties as well with emphasis on documenting and understanding the properties of the RF “hot” deposition zone on the lower divertor plate.  Also, we plan to extend this study to the deuterium RF only H-mode regime for comparison of its properties with those of the helium case and with those of the RF+NBI and NBI H-mode cases.

For Part II, it is important to extend our studies of RF heating of RF+NBI ELMy H-modes to enhance the RF heating efficiency of the core plasma.  In this regime ELMs have been found to reduce the RF heating efficiency by about a factor of two compared with the no-ELM case, due both to the ELM ejection of energy from the core plasma and to an increase in the edge density in the presence of ELMs relative to the onset density for perpendicular wave propagation [2]. In order to optimize RF power coupling to the core plasma we need to minimize to the extent possible the RF power deposition in the plasma edge.  It will be necessary to minimize the edge density and operate with a large k|| antenna spectrum to do this.  Lithium will continue to be used and the plasma – antenna gap will be optimized to balance coupling against RF losses to the antenna and edge plasmas, as well as to reduce energetic beam ion bombardment of the antenna.  Scans of the magnetic pitch (IP and BT combined scans) will be used to move the RF “hot” zone into regions measured by IR cameras, RF and Langmuir probes, and tile currents to investigate the physics of the zone and its possible link to the extended AORSA RF code predictions for fast wave propagation in the SOL.  The ultimate goal of this part of the XP is to maximize the RF power delivered to the core plasma and to extend the improved RF heating performance to discharges with higher NB power (up to 6 MW). 

[1]  J. Hosea et al, EPS Conference, June 2011, Strasbourg

[2]  J. Hosea et al., RF Conference, June 2011, Newport

A more comprehensive discussion of the Part I and Part II experiments is given in Appendix 1.
3.
Experimental run plan

The experiments are setup in two parts as indicated above:

Part I   RF only H-mode experiments:
The run plan for Part I is also in two parts, the first for helium and the second for deuterium discharges.

Run plan for helium is to be closely coordinated with the conditioning XMP026 as before:

1. Setup conditions of shot 135253 and perform a power scan – 1 MW steps in conditioning.  Add NB blips overlapping the end of the RF pulse on some shots for diagnosing ion properties and to support BES measurements.

2. For conditions with ELMs in latter part of discharge, perform a magnetic field pitch scan to see effects on ELMs and to support diagnosing the divertor RF “hot” zone

· IP/BT scan:  0.65 MA/5.5 kG, 0.5 MA/5.5 kG, 1 MA/4.5 kG.  3 shots with RF, 3 shots without RF (ideally).

· Change gap to 7 cm and repeat with 3 RF shots.

Run plan with deuterium is to be coordinated with the conditioning XMP026 to the extent possible:

1. Setup conditions of shot 135253 in deuterium and perform a power scan – 1 MW steps or greater in conditioning.  Add NB blips overlapping the end of the RF pulse on some shots for diagnosing ion properties and to support BES measurements.

2. For conditions with ELMs in latter part of discharge with as large a gap as possible (ideally 8 cm) perform magnetic pitch scan

·  IP/BT scan:  0.65 MA/5.5 kG, 0.5 MA/5.5 kG, 1 MA/4.5 kG.  3 shots with RF, 3 shots without RF (ideally).

3. For a double null discharge configuration having a low L-H power transition level and small ELMs with RF only at a gap of ~ 8 cm (not coupled with conditioning – lowest priority)

· Requires considerable setup that is outside the scope of this XP

· Perform power scan as permitted – 2, 3, 4 MW etc. up to achievable level, 3 shots

· IP/BT scan:  0.65 MA/5.5 kG, 0.5 MA/5.5 kG, 1 MA/4.5 kG.  3 shots with RF, 3 shots without RF (ideally).

Part II   RF + NBI H-mode experiments (highest priority for 1.5 day allotment separate from conditioning time):

1. Setup conditions of shot 135337 (deuterium, -150° antenna phasing, IP/BT = 0.8 MA/4.5 kG, gap ~ 6.6 cm EFIT02, PNB = 2 MW) at PRF ~ 2 MW and perform a two step gap scan – would like to condition up in power with a gap of ~ 8 cm if possible
· Gap scan 6 cm to 8 cm, 2 shots
2. Perform a power scan in conditioning under XMP026 to maximum sustainable power at a gap of 8 cm
3. Perform a magnetic pitch scan at constant maximum PRF for this single NB source plasma target 
· IP/BT scan: 0.8 MA/4.5 kG, 1 MA/4.5 kG, 0.65 MA/4.5 kG, 0.65 MA/5.5 kG, 0.5 MA/5.5 kG,.  5 shots with RF, 5 shots without RF (ideally).

These values support the H-mode pedestal study and the ELM effect on core heating, as well as the edge RF power deposition/RF “hot” zone properties on the outer divertor plate.  (1 MA/4.5 kG will place the RF “hot” zone in the view of the fast IR camera at Bay H and allow any direct ELM heat flux there to be detected.)
4. Perform RF power scans for 3 NB power levels for the most stable condition in the pitch scan above at a gap of 8 cm
· Scan PRF = 1, 2, 3, 4 MW as permitted for PNB = 2 MW, up to 4 shots
· Scan PRF = 1, 2, 3, 4 MW as permitted for PNB = 4 MW, up to 4 shots
· Scan PRF = 1, 2, 3, 4 MW as permitted for PNB = 6 MW, up to 4 shots
Modulation of the RF power may be employed during Part II to determine the confinement time and the RF power deposited in the core plasma.  This should also help with the analysis of the RF edge losses and in particular with the interpretation of the Langmuir probe characteristics. (A two-pulse waveform is contemplated.)

4.
Required machine, NBI, RF, CHI and diagnostic capabilities

The machine must be well conditioned.  XMP026 or equivalent must be coordinated with Part I and precede the power scans of Part II.   NB source A is needed for XP026, Part I and Part II experiments, and NB sources B and C are needed for the scans at increased NB power in Part II.  CHI is not required.  An XMP separate from this XP is required to develop the double null small ELM discharge with RF heating desired for the deuterium RF only H-mode power scan specified in Part I.2.  Extensive diagnostic capabilities are needed for this XP and throughout XMP026 as well: 

(a) the standard important ones including TS, CHERS, ERD, MHD, EFIT, etc. 

(b) especially important diagnostics for the RF studies proposed here include 


· Cameras

Roquemore
· Soft X-ray

Tritz
· Fast IR at H

McLean/Ahn (strike radius and RF hot zone in view if possible)  

· IR at I and G

Gray

· High k scattering
Ren
· Probes


Perkins, Jaworski, Zweben, Gerhardt, et al. (Langmuir probes in sweep




mode if possible)
· Reflectometer

Kubota, Wilgen, Ryan, et al.

· BES


Smith

5.
Planned analysis

EFIT, GENRAY, AORSA, TORIC etc. codes will be employed.  Power coupling with ELMs and edge power loss will rely especially on IR cameras and analysis of their data as well as on probe analysis, field line analysis, etc. Usual analysis for energy confinement properties and edge heating will be conducted, with special emphasis on high k scattering, and including the estimated effect of PDI.

6.
Planned publication of results

POP, RF Conference, IAEA, EPS etc.
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	Brief description of the most important operational plasma conditions required:

Part I RF only H-mode – need conditions similar to those for shot 135253 at start.  Stable operation at 5.5 kG, 0.65 MA. NB source A as requested at 2 MW. ELMy H-mode desired.

Part II  RF+NBI H-mode – need conditions similar to those for shot 135337 at start. Stable operation at 4.5 kG, 0.8 MA with NB source A injection at 2 MW.  NB sources B&C as requested at 2 MW each.

	Previous shot(s) which can be repeated:
Part I  #135253, Part II  #135337
Previous shot(s) which can be modified:


	Machine conditions
(specify ranges as appropriate, strike out inapplicable cases)

ITF (kA):  54 – 66 (4.5 – 5.5 kG)
Flattop start/stop (s):  
IP (MA): 0.5 – 1.2 
Flattop start/stop (s):  

Configuration: Limiter / DN / LSN / USN – LSN for both Parts to start. DN may be used later in Part I if time permits. Parameters below as for shot 135253 and 135337.
Equilibrium Control: Outer gap / Isoflux (rtEFIT) / Strike-point control (rtEFIT) 

Outer gap (m):  
Inner gap (m):  
Z position (m): 
 
Elongation:  
Triangularity (U/L):  
OSP radius (m):  
Gas Species:  He and D
Injector(s):  

NBI Species: D
Voltage (kV)
A:90 
B: 90
C:90 
Duration (s): 0.5  
ICRF Power (MW):  0.5 - 5
Phase between straps (°):  as selected
Duration (s):  0.4
CHI:
Off 
Bank capacitance (mF):  

LITERs:
 On
Total deposition rate (mg/min):  Optimum for RF
LLD:
Temperature (°C):  

EFC coils:  Off/ON as for 135253_337  Configuration:  Odd / Even / Other 
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 Note special diagnostic requirements in Sec. 4
	Diagnostic
	Need
	Want

	Beam Emission Spectroscopy
	
	X

	Bolometer – divertor
	
	X

	Bolometer – midplane array
	
	X

	CHERS – poloidal
	X
	

	CHERS – toroidal
	X
	

	Divertor L-alpha array
	X
	

	Divertor visible camera
	X
	

	Dust detector
	
	

	Edge deposition monitors
	
	

	Edge neutral density diag.
	
	X

	Edge pressure gauges
	
	X

	Edge rotation diagnostic
	X
	

	Fast cameras – divertor/LLD
	
	X

	Fast ion D_alpha - poloidal
	
	X

	Fast ion D_alpha - toroidal
	
	X

	Fast lost ion probes - IFLIP
	
	

	Fast lost ion probes - SFLIP
	
	

	Filterscopes
	
	

	FIReTIP
	
	

	Gas puff imaging – divertor
	
	

	Gas puff imaging – midplane
	
	

	H camera - 1D
	
	X

	High-k scattering
	X
	

	Infrared camera – standard
	X
	

	Infrared camera – 2-color
	X
	

	Infrared camera – wide-angle
	X
	

	Interferometer - 1 mm
	
	

	Langmuir probes – divertor
	X
	

	Langmuir probes – LLD
	X
	

	Langmuir probes – bias tile
	X
	

	Langmuir probes – RF ant.
	X
	

	Magnetics – B coils
	√
	

	Magnetics – Diamagnetism
	
	

	Magnetics – Flux loops
	√
	

	Magnetics – Locked modes
	
	

	Magnetics – Rogowski coils
	√
	

	Magnetics – Halo currents
	X
	

	Magnetics – RWM sensors
	
	



Note special diagnostic requirements in Sec. 4

	Diagnostic
	Need
	Want

	MAPP
	
	

	Mirnov coils – high f.
	X
	

	Mirnov coils – poloidal array
	X
	

	Mirnov coils – toroidal array
	X
	

	Mirnov coils – 3-axis proto.
	
	

	MSE-CIF
	
	X

	MSE-LIF
	
	X

	NPA – E||B scanning
	
	X

	NPA – solid state
	
	

	Neutron detectors
	X
	

	Plasma TV
	X
	

	Reflectometer – 65GHz
	
	

	Reflectometer – correlation
	
	

	Reflectometer – FM/CW
	X
	

	Reflectometer – fixed f
	X
	

	Reflectometer – SOL
	X
	

	RF edge  probes
	X
	

	Spectrometer – divertor
	
	

	Spectrometer – SPRED
	
	

	Spectrometer – VIPS
	
	

	Spectrometer – LOWEUS
	
	

	Spectrometer – XEUS
	
	

	SWIFT – 2D flow
	
	

	TAE Antenna
	
	

	Thomson scattering
	X
	

	USXR – pol. arrays
	X
	

	USXR – multi-energy
	X
	

	USXR – TG spectr.
	
	

	Visible bremsstrahlung det.
	
	

	X-ray crystal spectrom. - H
	
	

	X-ray crystal spectrom. - V
	
	

	X-ray tang. pinhole camera
	
	


Appendix 1

Overview for XP1168
HHFW and HHFW+NBI H-modes – RF power coupling and edge loss processes
J. Hosea et al.

This XP focuses on coupling RF power to the core plasma, on heating the core of H-mode plasmas, and on edge power losses/processes.
Goal:

Optimize RF heating of H-mode plasmas - for both RF only and RF + NBI regimes

· To as high an RF power as possible

· To as high a NB power as possible

➪ Important for ITER – especially in the electron heating dominated regime
Methodology:

1. Investigate and understand physics of RF core heating

·   With and without ELMs

2. Optimize coupling of RF power to core plasma 

·   Conditioning, edge density control, gap vs edge density vs k||
3. Investigate and understand loss processes in the edge plasma

Part I.  RF only H-mode plasmas
I-1.  Helium RF only H-mode
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Extensions of earlier experiments are planned to more fully document the “ELM-free-like” and ELMy H-mode properties for this electron heating generated regime which has direct relevance for the electron heating regimes on ITER (ICRF, ECH, NNBI, alpha particle heating).  This regime [1] is illustrated in Fig. 1 for shot #135253.  At sufficiently high power the H-mode transitions into an ELMy phase which has a substantial reduction in the stored energy presumably caused by ELM ejection of energy from the core plasma.  The ELM heat flux deposition on the lower outer divertor is very strongly peaked at the outer strike radius as shown in Fig. 2.  If this proves to be a general result for electron heating dominated H-modes, strike radius erosion on ITER could prove to be a severe problem.  In the ELM-free-like phase preceding the ELMY phase, the stored energy is observed to saturate at a level which is maintained even when the RF power level is reduced substantially as shown in Fig. 3.  Initial studies of high k spectra shown in Fig. 4 suggest that high k turbulence may dominate transport in this regime.  
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We plan to extend our database for this regime to include a systematic power scan for investigating the effects of ELMs, edge RF heating, and the high k scattering levels for all 5 channels of the scattering system.  Also, we will add beam blips as appropriate to investigate the ion temperature and rotation properties, and possibly BES indications of ITG mode activity.  We plan to explore this regime in more detail for several values of the magnetic pitch – specifically for IP/BT = 1 MA/4.5 kG and 0.5 MA/5.5 kG in addition to the 0.65 MA/5.5 kG case of shot 135253.  As described in the next section, 1 MA/4.5 kG places the RF “hot’ zone in the Bay H fast IR camera view, well into the Bay I IR camera view, and over probe 4 of the Bay B divertor probe array.  0.5 MA/5.5 kG should place the RF “hot” zone over the Bay J probe, over the Bay E divertor probe, and possibly in the views of the Bay H and Bay I IR cameras on the second pass of the RF “hot” zone spiral.  Thus these conditions should allow us to quantify the edge power deposition and to investigate directly the properties of the hot zone.

It would also be desirable to attempt to produce this H-mode regime at higher density more relevant to ITER if sufficient RF power can be coupled to the core.  Optimization of the coupling at higher density will require a gap scan and antenna phase scan.  Fortunately, since the helium regime discussed above is used to condition the antenna to high power under XMP026, it may be possible to perform most of Part I during conditioning.

                     
[image: image2]
I.2  Deuterium RF only H-modes


It is desired to investigate the ELM, pedestal, and edge loss properties of RF only H-mode plasmas in deuterium to compare these properties to the RF only H-mode helium case (above) and to the H-mode cases with NBI as well.  For the deuterium case it is probably best to have a larger plasma-antenna gap to minimize edge density and for comparisons to properties of NBI only H-modes of other XPs as well as to larger gap HHFW+NBI H-mode regimes of Part II below.  Although it is likely that large ELMs will not strongly affect antenna loading strongly as for the helium case (Fig. 2) even with a gap of 4 cm, the goal will be to increase the gap to ~ 8 cm.  We plan to start with the conditions of shot 135253 but with deuterium – gap ~ 4 cm, lower single null.  We will then plan to perform a gap scan to ascertain the largest gap up to ~ 8 cm that can support a coupled power of PRF ~ 2 MW.  At this point, we plan to perform the magnetic pitch/current scans as in Part I.1 above.  Some of this study can be performed during conditioning in deuterium since optimizing this conditioning will probably depend on the gap and pitch/field conditions as well.


Secondly, if there is adequate time left over after time allocations are made to the higher priority experiments in Part II, we plan to set up discharge conditions compatible with a low L-H transition power as in shot ……..? – i.e., double null configuration – with optimal lithium conditioning to give small ELMs.  Ideally, we would like to set the gap at ~ 8 cm, BT at 5.5 kG, an IP at 1 MA.  We plan to perform a power scan to the highest power attainable for an 8 cm gap and then reduce the gap as required to increase the power further.  Also, if time permits, we would again perform the magnetic pitch/current scans as in Part I.1 above.  This double null experiment has the lowest priority of this XP since setting up this discharge with appropriate RF conditions that will support the small ELM desired is likely to be difficult and time consuming.  It will likely require a separate dedicated XP to perform.

Part II.  RF + NBI H-mode Plasmas
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It is important to extend our studies of RF heating of RF+NBI ELMy H-modes to enhance the RF heating efficiency of the core plasma.  In this regime ELMs have been found to reduce the RF heating efficiency by about a factor of two compared with the no-ELM case as indicated in Fig. 5 for shot 135337 [2]. This is due both to the ELM ejection of energy from the core plasma and to an increase in the edge density in the presence of ELMs relative to the onset density for perpendicular wave propagation as shown in Fig. 6.  It is thought that the direct ELM contribution to the edge RF power deposition on the lower divertor is small as suggested by the Bay H fast IR camera data (Fig. 7) but this needs to be made definitive.  
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In order to optimize RF power coupling to the core plasma we need to minimize to the extent possible the RF power deposition in the plasma edge.  It will be necessary to minimize the edge density and operate with a large k|| antenna spectrum to do this.  Lithium will continue to be used and the plasma – antenna gap will be optimized to balance coupling against RF losses to the antenna and edge plasmas, as well as to reduce energetic beam ion bombardment of the antenna.  Also, it will be necessary to understand the edge deposition properties and physics processes, including fast wave propagation outside the last closed flux surface as is being studied with the extended AORSA code (Fig. 8), PDI mode effects, and the interaction processes at the antenna and at the divertor RF “hot” zones.

We plan to increase the antenna-plasma gap of shot 135337 (~6.6 cm EFIT02) to lower the edge density and reduce energetic ion bombardment while maintaining adequate coupling resistance to the antenna to support multi-megawatt power coupling to the plasma.  This should enhance the core heating efficiency while allowing ultimately higher NB powers as well.  Also, the antenna phase will be generally set at -150° (or 180°) to maximize the fast wave perpendicular onset density for a given magnetic field amplitude, except for comparison studies to support benchmarking the theory for fast wave damping and propagation, and to determine phase effects generally.
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After setting the appropriate antenna-plasma gap and conditioning the antenna to high power, we plan to perform a magnetic pitch scan at constant PRF for a single NB source plasma target similar to that of shot 135337 which has IP/BT = 0.8 MA/4.5 kG.  Several IP/BT values will then be investigated: 1 MA/4.5 kG, 0.65 MA/4.5 kG, 0.65 MA/5.5 kG, and 0.5 MA/5.5 kG.  These values support the H-mode pedestal study as well as the study of the RF edge RF power deposition/RF “hot” zone properties on the outer divertor plate.  In particular, it has been determined with the IR cameras at Bay I and Bay G, and from the divertor tile currents (Fig. 9), that the RF “hot” zone spiral moves inward toward the center column with increasing magnetic pitch.  At IP/BT = 1 MA/4.5 kG the zone in inward of the Bay K #3 tile and its inner edge is over probe 4 of the divertor probe array at Bay B bottom, as indicated in Fig. 10, permitting the influence of the RF fields and directed currents (if any) on the probe characteristics to be measured.  Also the zone should be in the views of the Bay H and Bay I IR cameras which will permit the direct ELM deposition at the zone to be measured.  At IP/BT = 0.5 MA/5.5 kG the zone should be in contact with RF and Langmuir probes at Bay J bottom and the divertor Langmuir probes at Bay E bottom.  At this pitch, the spiral may also be observable by the IR cameras on the second pass of the spiral.
A second scan set is planned for investigating RF heating of NB H-modes at higher NB powers.  We plan to perform an RF power scan of PRF = 1, 2, 3, 4 MW for the best stability conditions of the magnetic pitch scans with 1 NBI source at PNB = 2 MW.  We plan to follow this with the same RF power scan (as permitted) at PNB = 4 MW and then at PNB = 6 MW.  The gap will be adjusted if necessary to hold the edge density down.  Also, all possible diagnostics will be applied for studying heating efficiency, transport and stability properties, ELM and edge power deposition, and RF hot zone direct measurements.

Modulation of the RF power will be employed as desired during the scans of Part II to determine the confinement time and the RF power deposited in the core plasma.  This should also help with the analysis of the RF edge losses and in particular with the interpretation of the Langmuir probe characteristics.

[1]  J. Hosea et al., EPS Conference, June 11, Strasbourg

[2]  J. hosea et al., RF Conference, June 11, Newport
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Figure 1.  Discharge characteristics for the H-mode produced with PRF ~ 3.7 MW.  (BT = 0.55 T, IP = 0.65 MA, helium, k = -8m-1/fAnt = -90°).  The ELM-free-like and ELMy phases are denoted.
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Figure 2.  Fast IR measurements of heat flux at Bay H versus (a) time for 4 major radii at the divertor tiles and (b) major radius at the time of the largest ELM and at the minimum preceding it. (Conditions of Fig. 1.)
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Figure 3.  Stored energy during the ELM-free-phase (a) for a constant PRF ~ 2.7 MW, and (b) for a programmed PRF which falls from PRF ~ 3.7 MW to zero in ~ 150 msec.  (BT = 0.55 T, IP = 0.65 MA, helium, k = -8m-1/fAnt = -90°.)
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Figure 4.  (a) Thomson scattering profiles and (b) high-k scattering spectra for Fig. 1 (3.7 MW) at 0.380 sec and Fig. 3a (2.7 MW) at 0.482 sec.  
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Figure 5.  RF enhancement of stored energy (a) without ELMs and (b) with ELMs for comparable discharge density profiles (ne pedestal ~ 4x1019m-3) and with similar magnetic pitch values. [k = -13 m-1/fAnt = -150°, D2, PNB = 2 MW, (a) IP = 1 MA/ BT = 5.5 kG, (b) IP = 0.8 MA/ BT = 4.5 kG.]
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Figure 6.  Edge density (R = 156.2) as measured with Thomson scattering is above the nonset for FW perpendicular propagation in the ELMy case. 
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Figure 7.  Heat flux to the lower divertor plate due to the ELM at 0.3826 sec. (Conditions of Fig. 5b.)
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Figure 8.  Edge fields with extended AORSA RF code. (Co-current drive, -90° antenna phasing, k = -8m-1)
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Figure 9.  (a) Row 3 divertor tile currents at Bays G, I and K versus 4 ratios of Ip/BT.  (b) Tile 3i and 3k currents versus field pitch in front of the antenna.  (k|| = -8m-1/Ant = -90°, D2, PNB =2 MW.)
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Figure 10.  Inner edge of RF “hot” zone spiral is over probe 4 at ~ Bay B for IP/BT = 1 MA/4.5 kG.
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