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NSTX EXPERIMENTAL PROPOSAL

Combined HHFW and NBI Heating of Plasmas
OP-XP-413 

1.
Overview of planned experiment  

NSTX operation utilizes the two auxiliary heating techniques NBI and HHFW, which are rarely used together because of difficulties encountered previously, which stem primarily from the plasma-wave interaction issues. On the other hand the long-term goals of NSTX would be greatly helped by a successful combination of these two heating techniques, which should give access to higher stored energy and  and possibly new modes of operations.
PHD work done by Adam Rosenberg has shown that NBI-induced fast particles can absorb a substantial amount of HHFW wave power, at a level comparable to the electron power absorption. But this study was limited to HHFW heating into low-power NBI heated plasmas and ensuing low . Under such conditions, ray-tracing calculations indicate that the single pass absorption is low enough for a significant fraction of the wave power to reach the core region where the fast particles reside. But theory also suggests that electron single pass absorption can be increased by operating at high e, and a similar comment can be made for thermal ions*.  Hence it might be possible to obtain combined HHFW-NBI operation with lower fast-particle HHFW wave power absorption and higher electron and thermal ion wave power absorption. The bulk of the HHFW power would be deposited outside of the core region.  The aim of the present proposal is to combine NBI-HHFW heating at higher  than done previously and in plasmas with H-mode confinement. 
This experiment has two parts. (1) Couple HHFW power into a high-  H-mode NBI-heated target plasma. In this case the fast particles are already present in the plasma before HHFW onset. Furthermore the target plasma is rapidly rotating and has good confinement properties. (2) Apply NBI power to a HHFW H-mode target plasma which should be essentially not rotating. Fast particles will be created after the H-mode transition. The HHFW H-mode target will be developed in the course of XP-425. It should be of interest to observe the effects of the application of HHFW or NBI power on the plasma rotation and confinement.

New developments warrant this effort. The antenna feed-through junctions have been improved to support operation at higher voltage. The availability of real-time EFIT control can insure a better plasma control, which should improve the stability of the gap between the plasma edge and the antenna. NSTX now routinely operates in high  regimes.
2.
Theoretical/ empirical justification


Previous NSTX experimental work has shown that HHFW power is absorbed by the fast ions present during NBI. The present experiment will attempt to reduce this effect as much as possible by increasing  in the peripheral region. This condition should be favorable for absorption of the HHFW power by the electrons and thermal ions in the peripheral region, and reduce the amount of HHFW power deposited in the fast particles, which typically have a centrally peaked density profile.
* M. Ono, Phys. Plasmas 2 (1995) 4075

3.
Experimental run plan

HHFW into high- NBI heated H-mode plasma

The goal here is to use a NBI-driven H-mode plasma, preferably double null as target for HHFW heating. A T between 10 and 15% is desired, which should require Ip between 0.7 and 0.8 MA, two nominal energy (80-90 keV) NBI beams, and a toroidal field of 0.45 T.  
The development of the DND H-mode plasma could be done based on 111921 which is a 0.7 MA, LSN, or using 111387 which is a 0.5 MA, DNB with only one NBI beam. The plasma outer edge will be moved in the 1.5-1.56 m range. The initial target plasma should have its edge at 1.50 m. Based on previous experience, one should expect an H-mode transition between 0.2 and 0.25 s. The HHFW power will be applied from 0.25s on, until the end of the Ip flattop. Hence HHFW pulse duration should be 0.1s to 0.2s. The minimum HHFW power needed is 3 MW. 
Some cautionary comments follow.

1- Avoid applying HHFW power during H-mode transition.

2- Avoid pushing the plasma edge too close to the antenna in order to prevent elm-related density increase within the antenna box, which is conducive to arcing

3- If double-null proves to be a problem, the experiment will be conducted with lower single null configuration.
4- Outer gap control of better than 3 cm is needed. rtEFIT machine control is the preferred way of achieving this requirement.

Based on the results from XP-401, a plasma current of 0.7 MA was chosen to do this experiment. 

	Step
	Ip 

(MA)
	BT 

(T)
	k//
(m-1)
	Goal
	Comment
	#  ((#)

	1
	0.7
	0.45
	
	Prepare NBI H-mode target at 0.45 T
	DND, without large Elms, or LSN. Redge=1.50 m
	4   (4)

	Increase Ip to 0.8 MA if large ELMS occur at 0.7 MA.

	2
	0.7
	0.45
	14
	HHFW/ Redge scan 1/3
	Redge =1.50 m
	2   (6)

	3
	0.7
	0.45
	14
	HHFW/ Redge scan 2/3
	Redge =1.53 m
	2   (8)

	4
	0.7
	0.45
	14
	HHFW/ Redge scan 3/3
	Redge =1.56 m
	2  (10)

	Observe antenna loading and maximize stored energy. Choose best Redge based on 2-4, → R0, choose toi (time of interest) for beam notch for CHERS. May skip beam notch based on time availability.

	5
	0.7
	0.45
	14
	Repeat best condition + beam notch for toi
	Redge = R0, do only 1 shot if successful
	2  (12)

	Change to k// = 7 m-1. Time permitting do a radial scan here. Here it is assumed that such a scan is not done.

	6 
	0.7
	0.45
	7
	Repeat best condition at k// =7m-1.
	Redge = R0
	2  (14)

	7
	0.7
	0.45
	7
	Repeat best condition at k// =7m-1 and beam notch.
	Redge = R0, do only 1 shot if successful
	2  (16)

	Option to repeat at k//  = 3.5 m-1 if warranted 14 and 7 m-1 results.

If after 1 pm, then go to lower BT instead of k//  = 3.5 m-1.

	8
	0.7
	0.35
	
	Prepare NBI H-mode target at 0.35 T
	Redge =1.50 m
	4  (18)

	9
	0.7
	0.35
	14
	HHFW/Redge scan 1/4
	Redge =1.50 m
	2  (20)

	10
	0.7
	0.35
	14
	HHFW/Redge scan 2/4
	Redge =1.53 m
	2  (22)

	11
	0.7
	0.35
	14
	HHFW/Redge scan 3/3
	Redge =1.56 m
	2  (24)

	Choose best Redge based on 9-11, → R1 and select toi for beam notch CHERS. May skip beam notch based on time availability.

	12
	0.7
	0.35
	14
	Repeat best condition + beam notch for toi
	Redge = R1, do only 1 shot if successful
	

	13
	0.7
	0.35
	7
	Repeat best conditions at k// =7m-1.
	Redge = R1
	2  (28)

	14
	0.7
	0.45
	7
	Repeat best condition at k// =7m-1 and beam notch.
	Redge = R0, do only 1 shot if successful
	2  (30)

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	


NBI into HHFW driven H-mode plasma

Depending on the outcome of XP425, apply one or two beams after the H-mode transition of a HHFW driven H-mode plasma. It would be desirable to repeat at different Ip.
4.
Required machine, NBI, RF, CHI and diagnostic capabilities


HHFW and NBI auxiliary hearting system are needed. Machine operation with HHFW power ≥ 3 MW with rtEFIT plasma control is preferred.
5.
Planned analysis


Analysis will be made with EFIT, TRANSP, and CURRAY.
6.
Planned publication of results


Depending of the quality of the data and physics results, publication will be made in Physical Review Letters or Physics of Plasmas.
PHYSICS OPERATIONS REQUEST

Combined HHFW and NBI Heating of Plasmas
OP-XP-413 

Machine conditions (specify ranges as appropriate)

ITF (kA): 52 kA
Flattop start/stop (s):  _____/_____
IP (MA): <= 0.9 MA
Flattop start/stop (s):  0.2 s / 0.45 s
Configuration: Inner Wall / Lower Single Null / Upper SN / Double Null
Outer gap (m):
5-9 cm,
Inner gap (m):
As in base line shot
Elongation :
2,
Triangularity :
As in base line shot
Z position (m):
0.00
Gas Species:  D ,
Injector:   Inner wall 
NBI - Species: D,
Sources: A/B/C,
Voltage (kV): 80-90,
Duration (s): _____


ICRF – Power (MW): > 3 MW,
Phasing: Heating, 14/m and 7/m,

Duration (s): > 0.2 s
CHI:  Off
Either:
List previous shot numbers for setup: 111378, 111921
Or:
Sketch the desired time profiles, including inner and outer gaps, , , heating, fuelling, etc. as appropriate. Accurately label the sketch with times and values.
HHFW into NBI H-mode plasma
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NBI  into HHFW H-mode plasma
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DIAGNOSTIC CHECKLIST

Combined HHFW and NBI Heating of Plasmas
OP-XP-413 

	Diagnostic
	Need
	Desire
	Instructions

	Bolometer – tangential array
	x
	
	

	Bolometer array - divertor 
	
	x
	

	CHERS
	x
	
	

	Divertor fast camera
	
	x
	

	Dust detector
	
	x
	

	EBW radiometers
	
	x
	

	Edge deposition monitor
	
	x
	

	Edge pressure gauges
	
	x
	

	Edge rotation spectroscopy
	x
	
	

	Fast lost ion probes - IFLIP
	
	x
	

	Fast lost ion probes - SFLIP
	
	x
	

	Filtered 1D cameras
	
	x
	

	Filterscopes
	
	x
	

	FIReTIP
	x
	
	

	Gas puff imaging
	
	
	

	Infrared cameras
	
	x
	

	Interferometer - 1 mm
	
	
	

	Langmuir probe array
	
	x
	

	Magnetics - Diamagnetism
	
	x
	

	Magnetics - Flux loops
	x
	
	

	Magnetics - Locked modes
	
	x
	

	Magnetics - Pickup coils
	x
	
	

	Magnetics - Rogowski coils
	x
	
	

	Magnetics - RWM sensors
	
	x
	

	Mirnov coils – high frequency
	
	x
	

	Mirnov coils – poloidal array
	
	x
	

	Mirnov coils – toroidal array
	
	x
	

	MSE
	
	x
	

	Neutral particle analyzer
	
	x
	

	Neutron measurements
	x
	
	

	Plasma TV
	x
	
	

	Reciprocating probe
	
	x
	

	Reflectometer – core
	
	x
	

	Reflectometer - SOL
	
	x
	

	RF antenna camera
	x
	
	

	RF antenna probe
	x
	
	

	SPRED
	x
	
	

	Thomson scattering
	x
	
	

	Ultrasoft X-ray arrays
	x
	
	

	Visible bremsstrahlung det.
	x
	
	

	X-ray crystal spectrometer - H
	
	
	

	Visible spectrometers (VIPS)
	x
	
	

	X-ray crystal spectrometer - V
	
	
	

	X-ray PIXCS (GEM) camera
	
	x
	

	X-ray pinhole camera
	
	x
	

	X-ray TG spectrometer
	
	x
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	



