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Five-Year ST Research Priorities for Mission Options of High-Gain Burning Plasma, Fusion Nuclear Science, and Plasma Material Interface

1. Assignment
This assignment is to produce a ~5-page white paper addressing the high priority ST research needs for the next ~5 years, accounting for the strengths of the world ST Programs in present and planned research capabilities.
In a next assignment, the STCC is to carry out an assessment of the high priority research needs for the succeeding 6-10 years, including further upgrades of ST experiments required to do so.  The information in this white paper will serves as the starting point.

2. ST Mission Options for ITER Era
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 mission/facilities for the ITER Era: High-Gain Burning Plasma (BP), Fusion Nuclear Science (FNS), and Plasma Material Interface (PMI).  
Since the ReNeW focused on the research required to enable design of a DEMO but specifically did not consider what facility designs are required to address these needs, the STCC identified these mission options (BP, FNS, PMI) to address the importance of 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 the designs.  The research priorities for the next ~5 years and the available research tools are identified. 

The STCC further agree to use the key research elements identified in the ReNeW Thrust 16 Report [1] to guide the discussion and selection of high priority research needs for each of these missions.
2.1. High-Gain Burning Plasma Mission
To assess the viability of achieving high fusion gain in the compact ST configuration under plasma conditions of potentially strong self-organization with application to increased fusion performance in a nuclear fusion science facility and to provide the physics basis for a fusion power reactor. [JM: simplified version –Nov. 29, 2009]
2.2. Fusion Nuclear Science Mission [see Appendix W for FNS concept]
To elucidate the synergistic effects in the science of fusion plasma material interactions and power extraction outside the ITER scope – simultaneously encountering four phases of matter across the nuclear, atomic, nano, meso, and macroscopic scales for continuous durations of 10 – 106 s, in a fully integrated fusion nuclear environment of moderate gain (0.8 – 2), and substantial fusion neutron flux (0.3 – 2 MW/m2) and fluence (1 MW-yr/m2). [MP: improved on 11/29/09 in response to suggestions]
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 fusion nuclear science facility or DEMO), in order to reduce design uncertainties.
3. ST Attractiveness for These Missions 
Potential attractiveness of ST for BP mission:
· Assuming adequate thermal and energetic particle confinement, the ST could provide a reduced size, complexity, and cost path to a burning plasma and possibly a power reactor.

· The ST could also provide access to a unique burning plasma regime relevant to both low-A and high-A tokamak reactors – namely the combination of:
· High normalized pressure above no-wall limit, approaching with-wall limit
· Strong self-organization through large self-generated current and heating
· Potentially strong Alfvénic instabilities and fast-ion transport driven primarily by the fusion alpha population
Anticipated advantages of ST for FNS mission, using the working assumptions and parameters provided in Appendix W: [MP: reduced to FNS]
· Very high experimentally verified stability beta limits in ST allow prospective disruption-free plasma operation, which is absolutely required by the FNS (up to 106 s continuous plasmas) mission, over a wide parameter space sufficiently far away from these limits.
· Experimentally verified high ion and adequate electron energy confinement so far to provide high confidence to extend to the JET-level plasma confinement conditions required to commission operation in D-D and begin the FNS mission in D-T.
· Compact designs with R0 ~ 1+ m would become adequate for the FNS mission, if R&D for the single-turn toroidal field center leg and start-up and ramp-up of plasma to full current with little or no central induction are successful, allowing modest fusion power requirements while providing substantial fusion neutron fluxes.
· Extensive component modularization and remote handling becomes possible due to this  simplify the engineering configuration to allow.  These are required to achieve adequate duty factors for component testing R&D as part of a future energy development program.

· These in turn would enable flexible staging of the FNS research program by allowing major component replacement on a regular basis, starting from D-D to D-T stages with increasing driven burn plasma conditions to enter into FNS research beginning with substantial fusion neutron fluxes.

The advantages an ST holds for this mission are: [earlier draft from Dick]
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.  
4. High Priority Research Needs and Tools
4.1. BP [Verbatim from file “Menard-BP-priorities-v2-draft1-MP-JEM”, 11/29/09]
The research priorities for BP below are organized by the elements of ReNeW Thrust 16. 
1.
Plasma current formation and ramp-up
The shorter pulse duration and reduced neutron damage to the center post of BPST should enable use of solenoid for inductive ramp-up to 8-10MA.  High Q~10 requires IP=12-17MA, so achieving flux savings from non-solenoidal start-up is high priority.

2. Innovative magnetic geometries and first wall solutions

Mitigation requirements for high heat, particle, and neutron flux are comparable to FNS facility but at reduced pulse duration (few 102s), thus heat flux reduction via magnetic flux expansion/extension is high priority.  For high density/fBS scenarios, heat flux mitigation utilizing divertor radiation is potentially useful and high priority.  Control of the plasma density and impurity content is a high priority enabling capability.

3.
Test the understanding of ST confinement, stability at fusion-relevant parameters

QDT > 10 requires high HH98 ( 1.5.  The underlying modes/scalings for electron transport are not well understood, and could make high HH difficult to achieve, so e-transport is a high priority research area. Means of improving/increasing confinement may be required to achieve a compact device size with minimized auxiliary power. A low recycling wall is a leading candidate tool for confinement improvement and is high priority.  Drive for fast-ion modes may be strong since W/ W= 5-20% and v / vAlfvén = 5-8, so fast-ion transport predictive capability is high priority.

4.
Active and passive control to enable long-pulse disruption-free operation at low li
Baseline operation (Q~1-10) has N ~ 4, li ( 0.6 near no-wall limit and higher performance scenarios (Q ~ 4 to >> 10) operate closer to the ideal-wall limitN ~ 5-6, li ( 0.4.  Thus, active (and passive) control of resonant field amplification and RWM instability is high priority.

5. Tools to maintain the current and control the plasma profiles
For low-medium density, NBI is likely sufficient to control profiles while sustaining IP, so this tool development would be low-medium priority, but for high density/fBS scenarios, NBI will not be sufficient for profile control, and core fueling is a leading candidate tool for density/pressure profile control and is high priority.

6. Develop normally-conducting radiation-tolerant magnets 

Provided shielding required for TF and OH is not unacceptably thick, this is low priority.

7.
Extend the ST to near-burning plasma conditions

The BP mission/goal is to extend the ST well beyond “near-burning plasma conditions”. 
5. 4.2. FNS [MP: updates to indicate relationship to suggestions.] [blue as place holders]
The following research needs are of high priority during the next ~5 years (see Appendix X for basis that determines priority).  The available and planned research tools in the U.S. and world ST Programs to fully or substantially address these research needs are also identified.
· Start-up: Minimal or non-solenoid formation of plasma with ~keV-level electron temperatures.   EBW + Helicity Injection + outboard vertical field are strong candidates at present, based on recent data.  Planned research on ST devices 1, 2, etc. has an opportunity to prove the scientific principle for FNS. 
· Ramp-up: Ramp-up further to ST proof of principle level current while maintaining ~keV electron temperatures and substantial densities, by adding NBI and EBW to the above are strong candidates at present.  Planned research on ST devices x, y, etc. and DIII-D has an opportunity to prove the scientific principle for FNS.
· Divertor and PFC: Verify eXtended or eXpanded-SOL Divertor (XXD) performance at proof of principle level plasma current for Hot-Ion H-Mode (HIHM) plasmas.  Planned research on ST devices a, b, etc, has a chance to test some of these approaches in ~5 years at the proof of principle level.
· 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 ~ 1.3nwl for Hot-Ion H-Mode (HIHM) plasmas.  Experiments on ST devices r, s, etc., and tokamak DIII-D, EAST, etc. can be adjusted to resolve this issue in the next ~5 years.
· Stability Control: Determine the threshold in normalized resonant field errors (possibly < 104-5), below which passive control can ensure sustained operation free of plasma induced disruptions in the presence of adequate plasma rotation.  The needed research can be carried out in ST and tokamak where and when such field errors are reduced toward the ~104 level. 
· 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).  This can be carried out fully during the next ~5 years.
Other research elements identified in the Thrust 16 report are of lower near term ST research priorities in support of the ST FNS mission, as discussed in Appendix X.  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 relative mature Tokamak physics understanding.
4.3. PMI [New draft from JP and dick on 11/29/09]
The long-term vision for an ST-based PMI program is to establish a staged development path for first wall and divertor plasma-facing materials solutions suitable for use in a DEMO nuclear reactor.  A nuclear reactor environment will feature very long pulses, hot walls, and high neutron wall loading, along with strong plasma-material interactions.  There is a critical gap in our understanding of how current PMI candidate materials extrapolate to an environment with a factor of ~4 higher power delivered to plasma-facing materials and components, compared to ITER.  This extrapolation is challenged by a number of PSI issues that include: heat exhaust (an increase of ~ 104 times in DEMO, with wall P/S ~ 1 MW/m2), the use of wall temperatures which may exceed 700 C, a present lack of consistent SOL empirical scaling, lack of experience with steady-state plasma-material interactions (over > 107 sec), requirements for transient energy exhaust, neutron damage (dpa > 50), and gross material removal rates exceeding current systems by  103(.  To address these critical needs in a ~10 year time frame, a promising approach would be adoption of a staged, systematic and comprehensive ST-based PMI/PFC mission.

Neutron damage related issues would be addressed in separate test stands that could couple high-intensity plasma and accelerator sources.  In addition, extensive experimental and theoretical/computational studies are also necessary to identify material response behavior, and its scaling with environmental parameters likely to be encountered in a burning plasma device. 

Within 5-10 years, the research needs in an ST-based PMI mission are:

· Understanding integrated coupling of the plasma-material interface:  Testing a spectrum of materials innovations (i.e. liquids vs advanced solid alloys) -- developed for the specified needs -- in an integrated reactor-relevant PMI environment including: 1) pulse length of 10’s of seconds, 2) hot walls, up to 600-700 C, and 3) wall heat exhaust levels of P/S ~ 0.5 MW/m2.  Provide for PMI testing of various materials options (developed in needs above) including: high-Z solids, innovative solids (i.e. high Z/lowZ alloys), and high or low recycling liquids and unprecedented access for in-situ PMI diagnosis.   
· Controlled single-effect evaluation of plasma-surface interactions with solids and liquids under ST-relevant power load: Employ test stands to decipher both solid and liquid surface coupling, and evolution under plasma exposure. In the longer term, testing at divertor power loadings in the 10-20 MW/m2 range, transient heat loads in the 1-5 MJ/s range, and particle fluxes in the range of 1022 m-2s-1, at near steady-state conditions.

· Controlled single-effect evaluation of synergistic neutron and plasma-material interactions:  Employ test stands capable of handling neutron - irradiated (activated) materials. In addition, integrated test stands that supply either neutron or neutron surrogate sources coupled to ST-relevant plasma test stands able to conduct synergistic beam-material interaction studies should be considered. 
· Manage and mitigate MHD effects on flowing liquid-metal PFCs:  Employ magnetic field (vacuum) test stands with ST-appropriate magnetic field magnitudes and components to test flowing liquid metal wall solutions, at both high and low Hartmann number.

· Coupling single-effect science to PMI with theoretical and computational modeling: Validate and verify theoretical and computational models for solid and liquid materials, in close coordination with the test stand programs. Divertor and wall in-situ diagnosis in ST PMI environments are used to link test stand materials experiments with edge/materials simulation codes. 
· Deciphering the operating temperature window of liquid-metal PFCs: Evaluate both low recycling (lithium) and high recycling liquid metals as PFCs, in LTX and NSTX, for the purpose of selecting between the two options.  Identify PMI attributes of both low/high recycling liquid metals including: particle (He, D) retention, MHD properties, erosion, surface chemistry, and reactor-relevant operating temperature limits.
· Identifying innovative adaptive solid PSI (plasma-surface interface) materials: Develop novel materials that address: helium-induced surface degradation, hydrogen embrittlement, chemical variation and enhanced erosion in solids exacerbated by running with hot walls at power loads exceeding 10 MW/m2.  This includes high Z/low Z alloys.
6. Summary and the Planned ~6-10 Year Assessment [blue as place holders]
The STCC has identified high priority ST research needs from among the research elements listed in the ReNeW Thrust 16 Report [1]:

1) Start-up and Ramp-up for the X, Y, or Z mission,
2) Divertor and PFC for the X, Y, or Z mission,
3) Confinement Stability for the X, Y, or Z mission,
4) Stability Control for the X, Y, or Z mission,
5) Maintain Current and Profiles for the X, Y, or Z mission.
A summary of the key results of this white paper in a table format is provided in Appendix Y.


References:
[1] ReNeW Thrust 16 Report.
 Appendix A. Possible LTX contributions to the ReNew Thrust 16 elements
LTX capabilities base program + ARRA-funded (as of FY12)
Ip < 400 kA, (discharge< 0.25 sec., BTF < 3.5 kG, R0 =  40 cm, a=26 cm (A=1.5), ( = 1.6, configuration: wall limited, with conformal heated SS-faced copper shell, continuous temperature limit 550 (C, replacement molybdenum-faced shell, fast internal gas-cooled PF coil pair. Paux = 100 – 200 kW (5 A, 20 – 40 keV), 1 sec. H NBI, primarily for diagnostics.

      Primary diagnostic capabilities, base
16 radial channels core Thomson scattering, 5 channel edge Thomson, (both at    single time point), 140 channels magnetics, 2mm moveable + 1 mm fixed interferometers, Lyman-alpha arrays, scanning VUV spectrometer, digital holography (time-resolved high resolution density perturbations), materials sample exposure probe.
     Proposed additional LTX capabilities, FY12
Li-CHERS for impurity, Ti measurements, BES. Tungsten spraying of present SS    faced shell to compare full hot W vs. Mo first walls in the same device. 

     FY13 and beyond (proposed upgrade)


Full core NB fueling with 40A, 15 keV, 0.5 sec source.
Contributions to Addressing ReNew Thrust elements

1 – Exploit and understand magnetic turbulence, electromagnetic waves, and energetic particles for megampere plasma current formation and ramp-up.
A. Possible minor contribution to outer coil PF rampup (somewhat off-topic).
2 - Develop innovative magnetic geometries and first-wall solutions such as liquid metals to accommodate multi-megawatt per square meter heat loads.
a. Develop and understand innovative magnetic geometries and particle control.

b. Develop and understand liquid metal plasma-facing components.
A. Proof-of-principle operation of a spherical tokamak with a full liquid metal wall.

B. First tokamak operation with a full low-recycling liquid lithium wall for particle control.

C. First tokamak operation with a full 500 (C high-Z wall.

D. Material probe operation to test solids, nonlithium liquids (tin, gallium) as PFCs.

3 - Utilize upgraded facilities to increase plasma temperature and magnetic field to understand ST confinement and stability at fusion-relevant parameters.
A. Effect of global recycling coefficient on confinement, edge and core temperature. 

B. Confinement scaling (Ip, BTF, ne, T) with very low recycling boundary.

C. Examine global electron confinement with a very low recycling boundary.

4 - Implement and understand active and passive stability control techniques to enable long-pulse disruption-free operation in plasmas with very broad current profiles.
A. Examine effect of broad, flat Te profile on current (q) profile.

B. Examine effect of wall-localized E(B generated shear flow layer. 

C. Disruptions with a full, close fitting shell.

D. (+FY13 NB fueling) MHD stability, (N limits with very close-fitting conducting wall. 

E. (+FY13 NB fueling) Plasma rotation and stability with very high momentum input (40 A NBI into 0.8 m3 plasma).

5 - Employ energetic particle beams, plasma waves, particle control, and core fueling techniques to maintain the current, and control the plasma profiles.
A. Test control of density, pressure profiles with fueling profile, reduced edge particle source.

B. (+FY12 beam-based diagnostics) Validate, verify models for density-gradient turbulence.

C. (+FY13 NB fueling) Test pressure profile control with full beam fueling, negligible wall/edge particle source.

D. Test novel fueling techniques such as molecular cluster injection.

6 - Develop normally conducting radiation-tolerant magnets for low-A applications.

No significant contribution.
Appendix B. NSTX Program and Proposed Plans?
Appendix C. Opportunities for Pegasus ST Research Contributions w.r.t. ReNew Goals

Pegasus Projected Capabilities for next ~ 4+ year period
· I - Base – existing and proposed with minimal resource increase 

· Ip ≤ 0.3 MA; A ~ 1.15 – 1.3; Ro ~ 0.25 – 0.45m; Bt ≤ 0.3T; 2-null diverted; PHHFW ≤ 0.8 MW

· II – Base + proposed addition of PEBW ≤ 1 MW @ 2.45 GHz

· III – Possible upgrade = II + Ion channel measurements (Ti and v via DNB)
Contributions to Addressing ReNew Thrust elements

· 1 – Exploit and understand magnetic turbulence, electromagnetic waves, and energetic particles for megampere plasma current formation and ramp-up.
· I – Base = scalable non-solenoidal formation via helicity injection
· Develop understanding of point-source helicity injection (HI) for projection of non-solenoidal startup of ST to ~MA scale in NSTX-class experiment
· Specific goals: Ip ~ 0.3 MA demonstration with resolution of critical elements: 
· a) Verification of scaling model for Ip limits
· b) Determination of physical processes which set the edge current scale length, source impedance, and helicity dissipation rates (i.e., confinement)
· II – Base + EBW
· Integrated development and tests of non-solenoidal startup using EBW, HI, and synergistic combination thereof to verify predictive models for selection of startup techniques in the design of larger devices.
· Use of high-power EBW to grow and eventually help sustain ST plasma without solenoid
· III – II + ion channel diagnosis
· Ion dynamics and critical role in HI-plasma helicity and power balance in presence of reconnection processes during HI
· Explore flows and flow shears resulting from strong edge biasing.
· 2 - Develop innovative magnetic geometries and first-wall solutions such as liquid metals to accommodate multi-megawatt per square meter heat loads.
· No contributions.
· 3 - Utilize upgraded facilities to increase plasma temperature and magnetic field to understand ST confinement and stability at fusion-relevant parameters.
· I, II – Minor contributions without ion-channel diagnostics:
· Confinement information at extremely low A and Bt to complement database.
· Confinement properties of HI and EBW-heated plasmas

· Possible comparison with LTX if Li-vapor deposition added

· III – Modest contributions with ion-channel diagnosis

· Added Ti(r,t) and v(r,t) measurements for ion channel and flows
· 4 - Implement and understand active and passive stability control techniques to enable long-pulse disruption-free operation in plasmas with very broad current profiles.
· I, II – Disruption boundaries and Peeling-ballooning studies
· Determination of disruption boundaries with no wall at high IN as A approaches unity – validation of understanding

· Validation of peeling-ballooning model for edge stability and ELM precursors, exploiting high jedge(r)/B intrinsic to operation at A ~1.

· J(r) and Pe(r) profiles in edge plasma region

· Effects of local shear and separatrix operation

· Potential modification of jedge via current injection

· Modification of edge flows via biasing

· Extension to H-mode regime with possible aux heating
· III – Detailed validation of peeling-ballooning models

· Added contributions of critical ion pressure and flow-field measurements
· 5 - Employ energetic particle beams, plasma waves, particle control, and core fueling techniques to maintain the current, and control the plasma profiles.
· I – Current channel control during formation
· Tests of understanding of formation and stability at li ≥ 0.2, including j(r) manipulation via HI and OH formation schemes, and some auxiliary heating

· II – Added EBW heating and CD

· Effects of local electron heating to manipulate j(r) formation and possible localized CD tests for maintenance via EBW
· III – Improved contributions with ion-channel diagnosis
· 6 - Develop normally conducting radiation-tolerant magnets for low-A applications.
· I, II, III

· Very minimal direct contributions

· Design and operational experience with high electro-mechanical stress systems in tight centerstack environment at extremely low aspect ratio.
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Appendix F. Table Summary of White Paper (promised)

Appendix V. BPST Concept and Basis for High Priority Research Needs (?)

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

	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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