5-7 Year ST Research Priorities for Mission Options of Burning Plasma, Fusion Nuclear Science, and Plasma Material Interface
December 10, 2009
U.S. STCC members
Martin Peng (Chair, ORNL)

Ray Fonck (Co-Chair, University of Wisconsin)

Jean Paul Allain (Purdue University)

Larry Baylor (ORNL)

Rob LaHaye (GA)

Dick Majeski (PPPL)

Jon Menard (PPPL)

Steve Sabbagh (Columbia University)

Kevin Tritz (Johns Hopkins University)

Aaron Sontag (Secretary, ORNL)
Advisors
Ahmed Hassanein (Purdue University)

Chris Hegna (University of Wisconsin)

Fred Levinton (Nova Photonics, Inc.)

Brian Lloyd (Culham Fusion Science Center, U.K.)

Yuichi Takase (University of Tokyo, Japan)

Manager and Ex-Officio

Steve Eckstrand (OFES)
Nirmol Podder (OFES)

Table of Content

1. Assignment

2. ST Facility and Mission Options

2.1.  High-Gain Burning Plasma Mission
2.2.  Fusion Nuclear Science Mission
2.3.  Plasma Material Interface Mission
3. High-Gain Burning Plasma (BP)

3.1.  ST Attractiveness for BP
3.2.  Five-Seven Year Research Priorities for BP
4. Fusion Nuclear Science (FNS)

4.1.  ST Attractiveness for FNS 
4.2.  Five-Seven Year Research Priorities for FNS
5. Plasma Material Interface (PMI)

5.1.  ST Attractiveness for PMI
5.2.  Five-Seven Year Research Priorities for PMI
6. Issues and Next Opportunities of Assessment 
Appendices
5-7 Year ST Research Priorities for Mission Options of Burning Plasma, Fusion Nuclear Science, and Plasma Material Interface

1. Assignment
This assignment is to produce a 5-page report addressing the high priority ST research needs for the next 5-7 years, accounting for the strengths of the world ST Programs.
2. ST Facility and Mission Options
In the interest of enhancing the opportunities for ST research to contribute strongly to the Fusion Energy Sciences Program, the STCC agreed to consider three important options of ST research facilities for the ITER Era: High-Gain Burning Plasma (BP), Fusion Nuclear Science (FNS), and Plasma Material Interface (PMI).  
Since ReNeW focused on the research needs required to be able to design a DEMO but specifically did not consider what facilities are needed to address these needs, the STCC identified these facilities (BP, FNS, PMI) to address subsets of these scientific issues. The purpose of this white paper therefore is to lay out the research that must be done to be able to design and build each of these facilities.  The research priorities for the next 5-7 years are also identified. 
The STCC further agreed that the key research elements identified in the ReNeW Thrust 16 Report [1] will be used to guide the discussion and selection of high priority research needs for each of the following missions.
2.1. High-Gain Burning Plasma Mission
To assess the viability of achieving high fusion gain in the compact ST configuration under the unique plasma conditions of high normalized pressure and potentially strong drive for Alfvénic instabilities, with application to increased fusion performance in a nuclear fusion science facility and to provide the physics basis for an ST-based fusion power reactor.
2.2. Fusion Nuclear Science Mission

To enable the investigation of synergistic effects for time scales of interest to fusion plasma material interactions and power extraction in an integrated fusion nuclear environment – encountering four phases of matter and across the nuclear, atomic, nano, meso, and macroscopic scales.
2.3. Plasma Material Interface Mission

To qualify candidate wall PFCs and divertors in a long-pulse, DD facility with edge conditions, power loads, and other non-nuclear operating factors approaching those expected in a fusion nuclear device (e.g. a CTF or DEMO), in order to reduce design uncertainties.
3. High-Gain Burning Plasma (BP)

3.1. ST Attractiveness for BP 

3.2. Five-Seven Year Research Priorities for BP 

4. Fusion Nuclear Science (FNS)
4.1. ST Attractiveness for FNS 
The ST configuration, using the working assumptions and parameters (Appendix W), compared to the higher aspect ratio Tokamak, has the following anticipated advantages:

1) Very high experimentally verified stability beta limits in ST allow prospective disruption-free plasma operation, which is absolutely required by the FNS mission, over a wide parameter space sufficiently far away from these limits.  

2) Experimentally verified high ion (~neoclassical) and adequate electron energy confinement (~ITER H-mode scaling) to provide high confidence to extend to JET-level plasma confinement conditions (Q<1, Hot-Ion H-Mode, HIHM) and beyond, for all the stages of FNS research operation. Current research indicates somewhat more favorable electron energy confinement as collisionality is reduced.

3) Assuming successful R&D for the single-turn toroidal field center leg, and for start-up and ramp-up of plasma to full current with little or no central induction, very compact designs with R0 ~ 1+ m would become adequate for the FNS mission, allowing modest fusion power requirements (20-75MW) while providing substantial fusion neutron fluxes (WL=0.25-1MW/m2).

4) This further simplifies the engineering configuration to allow extensive component modularization and remote handling.  These are required to achieve adequate duty factors for future component testing as part of an energy development program.

5) These in turn enable flexible staging of the FNS research program, starting from D-D to D-T stages with increasing driven burn plasma conditions to enter into FNS research beginning at WL=0.25MW/m2, increasing progressively to 1MW/m2.

6) If a closer approach to the stability beta limits is achieved, the ST plasmas of similar sizes can be optimized for burning plasma research at high gain (Q~20) for 10’s s.  

Multi-turn, jointed toroidal field coils with a substantial solenoid are allowed for the missions of PMI using only D-D and High-Gain Burning Plasmas with a limited neutron fluence.  The first two advantages remain in these cases.

4.2. Five-Seven Year Research Priorities for FNS

This section summarizes the highest near term research priorities to ascertain the projected plasma conditions for the ST application to FNS.  Based on the information provided in Appendix X, the following research topics are of high priority during the next 5-7 years:

 High priority research needs among the Thrust 16 research elements:
· Start-up and Ramp-up: Minimal or non-solenoid formation of ~0.5 MA with high plasma Te (~1 keV): EBW + Helicity Injection + outboard vertical field are strong candidates at present, based on recent data.

· Start-up and Ramp-up: Ramp-up further to ~1 MA with high plasma Te (~1 keV) and density (1-3x1013/cm3): adding NBI and EBW to the above are strong candidates at present.

· Divertor and PFC: Verify eXtended or eXpanded-SOL Divertor (XXD) performance at ~1 MA for Hot-Ion H-Mode (HIHM) plasmas, adding to the boundary physics database common with the large tokamak database.

· Stability Control: Determine feasibility and requirements of passive control for sustained operation free of plasma induced disruptions with N <<nwl, N < nwl, and eventually N ~ 1.2nwl for HIHM plasmas.

· Stability Control: Determine the threshold in normalized resonant field errors exists (possibly < 104-5) below which passive control can ensure sustained operation free of plasma induced disruptions in the presence of adequate plasma rotation.

· Maintain Current and Profiles: Apply modern and ITER plasma simulation tools to the above FNS plasma operation scenarios to determine potentially new requirements for very long pulse plasma operations (103 ( 106 s).

Divertor and PFC: Liquid Metal Surface is a poorly explored but potentially high priority research area for FNS application independent of aspect ratio.  The following priorities are therefore suggested:
· Develop high heat flux liquid metal surface research program and carry them out, using toroidal device as well as separate test stands,  to determine the scientific uncertainty and the potential benefit/impact for application to the FNS mission.

· Verify, as a first research goal, the capability of liquid metal surface not to cause larger than normal impurity influx.

Other research elements identified in the Thrust 16 report are of lower near term ST research priorities in support of the ST FNS mission.  These include: electron turbulence and transport; energetic particle instabilities; active mode control; neutral beam injection system; plasma waves; particle control; and core fueling.  These elements share a strong common basis with the large Tokamak physics understanding.
5. Plasma Material Interface (PMI)

5.1. ST Attractiveness for PMI

The advantages an ST holds for this mission are: 1) A small radius divertor, which provides high power density at reduced input power. 2) A simple geometric form, which eases wall testing and replacement. 3) A small wall area relative to the plasma volume, which provides high wall power density. 4) Small overall size, for reduced construction costs.
5.2. Five-Seven Year Research Priorities for PMI

6. Issues and Next Opportunities of Assessment

1) Three members of the STCC strongly advocated limiting this white paper to within the content of the ReNeW Thrust 16 Report and the recently proposed NSTX research and NSTX Upgrade plans.

2) Questions were raised with regard to longer term ST research mission and priorities.
3) …
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Appendix W. Working Assumptions and Parameters Required by the FNS Mission [1,2,3,4], and Research Issues with Regard to ReNeW Thrust 16 Research Elements [5]:
	Stages*
	I
	II
	III

	Fuel
	D-D ( D-T
	D-T
	D-T

	Pressure, TB2 (%T2)
	18
	86
	133

	Outboard fusion neutron WL (MW/m2)
	0.01 ( 0.25
	1.0
	2.0

	Plasma current Ip (MA)
	3.4
	8.2
	10.1

	Safety factor qCyl
	9.2
	3.7
	3.0

	Toroidal beta T (%)
	5
	18
	28

	Normal beta N (MA/Tm)
	1.9
	3.8
	5.9

	Avg. Ti (keV)
	5.4
	10.3
	13.3

	Avg. Te (keV)
	3.1
	6.8
	8.1

	
	
	
	

	Research questions organized by ReNeW Thrust-16 research elements (additions in blue)

	1: Startup and ramp-up

	1a: Startup (formation)
	· Can CHI, EBW, CHI+EBW startup large toroidal current with high Te?

	1b: Ramp-up
	· Can CHI, EBW, NBI, CHI+EBW+NBI ramp up to full current with high Te and density?

	2: Divertor and PFC

	2a: Configuration
	· Can extended or expanded SOL divertor be made to reduce peak heat flux to levels that permit very long pulse operations, even with uncertain SOL thickness?

	2b: Liquid metal surface
	· Can high impurity influx be prevented? 

· What research will be required to provide long pulse high heat flux data?

	3: Confinement stability

	3a: Confinement
	· Will Ei ~ 0.7 Neo,i; Ee ~ 0.7 ITER-H remain sufficiently correct?
· Can HIHM be maintained, even if Ee improves as *(10-3?

	3b: Stability (energetic particles)
	Will sub-Alfvenic beam and some super-Alfvenic  cause unacceptable effects on fast ion confinement and JNB profile?

	4: Stability control

	4a: Active
	Will N << nwl require active control?
	Will N < nwl require active control?
	Will N ~ 1.3nwl require active control?

	4b: Passive
	· Does disruption-free plasma operation require only passive control?

	4c: Resonant field error Berror/BT
	· Can Berror be made sufficiently small to avoid the need for active stability control for Stage I, II, or III?

	5: Maintain current and profiles

	5a: Energetic particle beam (co-ENBI, kV)
	Can 100-kV PINB be made continuous?
	Can 240-kV NINB be made continuous?
	Can 300-kV NINB be made continuous?

	5b: Plasma wave
	· Can EBW be applied to maintain qmin > 2 or 3 and avoid NTM?

	5c: Particle control
	· Can extended or expanded SOL divertor + cryo-pump be adequate?

	5d: Core fueling
	· Can high-field side pellet provide adequate fueling? 

	5e: Continuous burn time
	· Can the plasma be maintained continuously for 103 s, and in steps progressively for 106 s?


*using A95=1.5 case used in 2008 publications with R0 = 1.2 m, BT = 2.18T, fBS ~ 0.5; A=1.7 and 1.35 designs, including D-T operation with the JET level plasma pressure, are also calculated during 2009 showing similar range of possibilities, based on the same set of systems analysis models and assumptions [3,4].  **nwl = no-wall limit.
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