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Introduction
   
During the recent OFES-sponsored Research Needs Workshop (ReNeW), the ST community developed research thrust 16 with a goal of “Developing the spherical torus to advance fusion nuclear science”.  Thrust 16 embodies the highest priority research goals for the ST program during the ITER era.  However, it is also recognized that the potential of the ST extends beyond the fusion nuclear science mission, and that the ST could also be potentially advantageous for other related missions, namely: plasma-material-interface (PMI) science and burning plasma science. Further, it is important to effectively address the issues identified in ReNeW with the ST programs and facilities presently available and with planned upgrades.  In the report that follows, the missions and potential ST advantages for achieving these missions are described, followed by a restatement of the ReNeW thrust elements, a comparison of the requirements for the missions, and description of the near-term ST research plans spanning the next 5-10 years.
ST Missions

The three ST missions presently under consideration are to support fusion nuclear science (FNS), plasma material interface (PMI) science, and burning plasma (BP) science.  The missions below are described in terms of possible ST-based facilities which would enable these missions.  An overarching potential advantage of the ST applicable to all three missions is reduced machine size and complexity enabling reduced construction cost and reduced construction duration. 

FNS:
The mission of an ST-based fusion nuclear science facility (ST-FNSF) is to enable the investigation of synergistic effects of interest to plasma material interactions and fusion power extraction in a fusion nuclear environment – encountering four phases of matter, across the nuclear, atomic, nano, meso, and macroscopic scales and for time scales of scientific interest (thousand to million seconds). The ST configuration is attractive for this mission because it has:

· Simplified and modular design enabling extensive remote handling and ready component replacement for high duty factor operation in activated conditions (DD & DT)
· High stability limits, potentially enabling low disruptivity with reduced active control

· Near neoclassical ion confinement from externally-driven E(B flow-shear, potentially enabling QDT ~ 1-2 and neutron wall loading ~1-2MW/m2 in a compact R=1-1.3m device
PMI:
The mission of an ST-based plasma-material interface (PMI) facility is to qualify candidate wall plasma facing components (PFCs) and divertors in a long-pulse, reduced-activation environment (operation in H and D) with edge conditions, power loads, and other non-nuclear operating factors approaching those expected in a nuclear device (CTF or DEMO), in order to reduce design uncertainties.  The ST is attractive for this mission because it since it has:

· Operation with a small radius divertor for high power density at modest input power

· Small wall area relative to the plasma volume, providing high wall power density

· Simplified and modular design enabling remote handling and component replacement
BP:   The mission of a Burning Plasma Spherical Tokamak (BPST) is to assess the viability of achieving high fusion gain (QDT ~ 2-10) in the ST configuration with application to increased fusion performance in a fusion nuclear science facility and to provide the physics basis for an ST-based fusion power reactor. The ST is attractive for this mission because it could:
· Potentially provide a reduced complexity/cost path to a burning plasma and reactor
· Enable access to a unique and reactor-relevant burning plasma regime with high normalized pressure, strong self-organization, and potentially strong Alfvénic instabilities
ST research actions from Thrust 16:

The research actions developed in ReNeW Thrust 16 provide a useful framework for describing the planned research for the U.S. ST program.  These actions/elements are restated below, and a brief comparison of the requirements/importance of the element is noted for each ST mission:

1. Exploit and understand magnetic turbulence, electromagnetic waves, and energetic particles for megampere plasma current formation and ramp-up.

· FNS: 
requires non-solenoidal start-up, ramp-up since device has minimal OH flux
· PMI: 
has sufficient OH flux for both start-up and ramp-up

· BP:
has sufficient OH flux for start-up and ramp-up to ~2/3 of full operating current

2. Develop innovative magnetic geometries and first wall solutions such as liquid metals to accommodate multi-megawatt per square meter heat loads.

· FNS:
requires mitigation of high heat, particle, neutron flux for long durations (103-106s)
· PMI: 
requires mitigation of high heat, particle flux for moderate durations (102-103s)
· BP:
requires mitigation of high heat, particle, neutron flux for short durations (few 102s)
3. Utilize upgraded facilities to increase plasma temperature and magnetic field to test the understanding of ST confinement and stability at fusion-relevant parameters.

· FNS:
requires sufficient electron,  confinement for HH-factor ~ 1.5, QDT ~ 1-2
· PMI: 
requires sufficient confinement for HH-factor ~ 1-1.3
· BP:
requires sufficient electron, ion,  confinement for HH-factor ~ 1.3-1.7, QDT ~ 2-10
4. Implement and understand active and passive control techniques to enable long-pulse disruption-free operation in plasmas with very broad current profiles.

· FNS:
operates well below to near the no-wall stability limit in baseline scenario 
· PMI: 
operates near the no-wall stability limit in baseline scenario
· BP:
operates near/above no-wall limit in baseline, near ideal-wall limit at highest QDT 
5. Employ energetic particle beams, plasma waves, particle control, and core fueling techniques to maintain the current and control the plasma profiles.

NOTE:  100% non-inductive current drive for sustainment is required for all three missions:
· FNS:
30-50% of CD comes from PNBI and/or NNBI + EBWCD, remainder from BS

· PMI: 
10-35% of CD comes from PNBI + ECCD/EBWCD, remainder from BS
· BP:
5-50% of CD comes PNBI and/or NNBI, remainder from BS
6. Develop normally-conducting radiation-tolerant magnets for low aspect ratio applications.
· FNS:
Shielded single-turn TF center conductor is required for long-pulse DT operation
· PMI: 
Multi-turn TF and OH are acceptable for reduced fluence mission in H & D 
· BP:
Shielded multi-turn TF, OH may be acceptable (TBD) for short-pulse DT mission 
7. Extend the ST to near-burning plasma conditions in a new or further upgraded device.

· FNS:
Mission emphasizes high duty factor and neutron fluence at moderate fusion gain
· PMI: 
Mission does not address fusion nuclear issues, has reduced equivalent QDT = 0.2-1
· BP:
Mission emphasizes high fusion gain and high beta over high duty factor & fluence
Thrust 16 Elements and ST Research Actions:

16.1   Exploit and understand magnetic turbulence, electromagnetic waves, and energetic particles for mega-Ampere plasma current formation and ramp-up.

Actions for next 3 years: 
· Develop plasma gun and coaxial helicity injection-based startup to a current level of 0.3-0.5MA on Pegasus and NSTX, respectively.
· Collaborate on ECH start-up experiments on DIII-D tokamak device at the 0.2-0.4MA level.

· Develop physics-based, self-consistent, integrated models of startup, with sufficient predictive capability to permit an evaluation of the most promising startup approaches.

Actions for following 5 years:  
· Develop and demonstrate helicity injection start-up at the 0.4-1MA level in NSTX Upgrade
· Test NBI ramp-up to ~1MA levels on NSTX Upgrade.

· Conduct mechanical and thermal testing of neutron-tolerant inductive systems for startup assist, including small iron core and mineral-insulated solenoid approaches. 
· Develop predictive capability for ramp-up, including RF- and neutral beam- based systems.
16.2  Develop innovative magnetic geometries and first wall solutions such as liquid metals to accommodate multi-megawatt per square meter heat loads.

16.2.1  Develop and understand innovative magnetic geometries and  particle control

Actions for next 3 years:

· NSTX will test the “snowflake” divertor and volumetric momentum and power exhaust, and explore innovative plasma-facing components, e.g. liquid lithium (see below) 

· NSTX will test a liquid lithium divertor for hydrogenic and low-Z impurity control with a goal of density control at levels of 50-70% of the empirical (Greenwald) density limit.
· NSTX will implement and utilize edge and SOL turbulence diagnostics to provide data for validation of theoretical and numerical models of edge transport and turbulence in the ST.

Actions for following 5 years:

· NSTX Upgrade will integrate power exhaust solutions (snowflake divertor, possibly Super-X) with particle control solutions such as a liquid lithium divertor, divertor cryo-pumping, and possibly a low-recycling liquid metal wall (depending on NSTX and LTX results).
· NSTX Upgrade will implement pellet fueling and/or compact toroid injection, and high-density gas jets, for continuous low normalized density, high energy confinement (H-mode) operation with an appropriate edge plasma pressure.

· Theoretical and numerical models of edge transport and turbulence will be validated at the high power density and low collisionality edge plasma condtions of NSTX Upgrade.
16.2.2  Develop and understand liquid metal plasma facing components

Actions for next 3-5 years:
· In LTX, implement and evaluate full liquid lithium wall with full core NBI fueling to assess if high Ohmic energy confinement can be extended to core-fueled, auxillary-heated STs.

· In NSTX, investigate a full liquid lithium divertor with full core fueling to assess whether a full lithium wall is useful and/or required, or if partial walls, or a divertor alone, are sufficient.

· In NSTX and LTX, diagnose edge plasma effects and plasma-material interactions with liquid lithium walls. Use this data to validate models for the plasma edge, and core-edge coupling, over a range of global recycling coefficients.  Understand the effect of low recycling on the edge and core plasma to project the results to larger, hotter devices.

Actions for following 5 years (and beyond):

· If LTX and NSTX LLD experiments demonstrate a substantial plasma performance advantage to the utilization of liquid metal PFCs, implement and evaluate a full flowing liquid metal wall and divertor in NSTX Upgrade at pulse lengths comparable to the flow time for liquid metal from inlet to outlet, over the liquid metal “former” or guide wall; jet path, etc. Evaluate plasma MHD effects on liquid metal flows, stability, and influx to the core plasma, to determine whether liquid metal walls can be implemented, and whether liquid metals can control recycling, in a fusion nuclear device.
16.3   Utilize upgraded facilities to increase plasma temperature and magnetic field to understand ST confinement and stability at fusion-relevant parameters.

 Actions in the area of thermal transport:

Actions for next 3 years:
· Determine confinement trends in NSTX over an extended range of collisionality utilizing particle pumping from the liquid lithium divertor and enhanced high-harmonic fast electron heating

· Utilize the Beam Emission Spectroscopy (BES) diagnostic to measure long wavelength turbulence it relation to ion energy, momentum, and particle transport. Use BES data and advanced simulation to project ion confinement to next-step ST devices/missions. 
Actions for following 5 years:
· Determine confinement trends in NSTX Upgrade over a further extended range of collisionality in higher temperature plasmas enabled by a doubling of the plasma current, toroidal field, and NBI heating power. 

· Extend the high-k scattering system measure both poloidal and radial wave-numbers of turbulent fluctuations to compare turbulence and transport theory to measurement.   Use BES and high-k scattering diagnostics in reduced collisionality plasmas combined with electron and ion turbulence simulations to project thermal and momentum confinement in next-step STs.
Actions in the area of energetic particle (EP) transport
For the foreseeable future, NSTX will engage in theoretical investigation of the interaction between multiple Alfven modes and the background plasma, and measure the Alfven mode structure and the effects of these modes on thermal ion heating and electron transport.
Actions for next 3 years:
· In NSTX, utilize the BES diagnostic to measure the radial profile of the eigenstructure of Alfvenic instabilities and perpendicular and tangential fast-ion D to measure moments of the fast-ion density profiles.  Utilize this data to establish the database of EP loss and transport, for both present day and next step STs, and compare this data to simulation to develop a predictive capability for fast-ion transport. 
Actions for following 5 years:
· Utilize the 2nd NBI in NSTX upgrade to investigate the impact of more tangential injection and varied injection radius on the destabilization of fast-ion-driven instabilities, and on fast-particle and thermal transport.
· Investigate the control of fast-ion instabilities using external antennas as a possible means to control the channeling of the EP energy into thermal electron/ion energy.
16.4   Implement and understand active and passive stability control techniques to enable long-pulse disruption-free operation in plasmas with very broad current profiles.

Actions for next 3 years:
· NSTX will utilize the liquid lithium divertor for improved particle control and/or HHFW for core electron heating – both to reduce the plasma collisionality to test theoretical RWM stabilization and the expected increase of non-resonant magnetic braking.
· NSTX will exploit electron temperature profile broadening from Li operation to reduce the plasma internal inductance to test kink/ballooning and resistive wall mode (RWM) stability near the current-driven kink limit.  
Actions for following 5 years:
· NSTX Upgrade will use the increased current-profile control flexibility of the 2nd NBI to assess elevated safety factor q > 2 for NTM stability. 

· NSTX Upgrade will reduce plasma collisionality up to an order of magnitude to test theoretical RWM stabilization and the expected increase of non-resonant magnetic braking.

· NSTX Upgrade will implement expanded RWM feedback control (e.g. non-magnetic sensors, multi-mode capability, upgraded 3-D control fields), dynamic error field correction, moderate 3-D shaping, and beta control to significantly reduce disruption probability and beta variations.

· Utilizing increased pulse duration (5s, upgradeable to 10-20s), NSTX Upgrade will test sustained operation at normalized beta values beyond ST-CTF, approaching DEMO levels, to reduce performance risk, and rapidly achieve neutron fluence goals. 

· Utilizing the 2nd NBI and expanded mode control capability, NSTX Upgrade will develop control of the plasma rotation and shear using expanded NBI and non-resonant magnetic braking capabilities to understand the effect of rotation and shear on RWM and NTM.
· The NSTX program will develop validated computational tools for the research actions above.

16.5  Employ energetic particle beams, plasma waves, particle control, and core fueling techniques to maintain the current, and control the plasma profiles.

Actions for next 3 years:
· NSTX will access ~factor of 2 lower collisionality using a liquid lithium divertor and HHFW.
· Implement particle pumping to achieve factor of 2 to 4 reduction in normalized density to support access to very low collisionality values. Pumping techniques for access to very low recycling regimes should also be investigated.  

· Assess and optimize the impact of reduced collisionality on core and edge transport – in particular the impact of transport on the bootstrap current density profiles. 

Actions for following 5 years:
· NSTX Upgrade will access up to 1 order of magnitude lower collisionality by increasing plasma temperature with a doubling of magnetic field, plasma current, and heating power. 

· NSTX Upgrade will increase plasma pulse length by ~1 orders of magnitude to assess sustained control of fully-non-inductive ST plasmas for several current relaxation times.
· NSTX Upgrade will increase the sustained non-inductive current-drive capability to 100% with (50-70% bootstrap fraction) using the higher current drive efficiency of the 2nd NBI.  The current drive systems and profile control techniques should enable tests of sustained q above 2 and control the magnetic shear to optimize the stability and confinement. 

· NSTX Upgrade will test the ability of improved pumping/low recycling, combined with the development of deep core fueling to enable modification and control of the core transport and pressure profile (and therefore the bootstrap current profile) for plasma sustainment and optimal stability.
16.6  Develop normally-conducting radiation-tolerant magnets for low-A applications. 

At the present time, the NSTX project is focused on design and implementation of a new centerstack supporting 1 Tesla, 5s operation.  There are presently no NSTX plans to design and construct candidate magnet systems for future ST facilities.  During the next 5-8 years, engineering studies could be performed for:  single-turn centerpost TF magnets, low impedance current sources for TF systems, and radiation-tolerant compact OH systems, to determine if inductive startup is practical for a nuclear ST. 

16.7  Extend ST performance to near-burning-plasma conditions 

Present and upgraded ST facilities will go far in developing the knowledge-base needed for ST fusion nuclear science, PMI, and burning plasma missions. A factor of 5-10 reduction in collisionality and increase in pulse duration should be achievable by doubling of the field, current, and heating and current-drive power in NSTX Upgrade with a modest increase in aspect ratio (A1.31.5). Depending on results from present and upgraded ST facilities and the world-wide tokamak research program, it may be possible to move rapidly to the new ST facilities described above in support of FNS, PMI, or BP missions.
Summary
The thrust elements above provide a comprehensive set of research actions to advance the ST configuration to be ready to contribute to fusion nuclear science applications.  These actions also enable access to a unique plasma parameter regime of high normalized plasma pressure, low collisionality, and low aspect ratio.  This ST research enhances the understanding of compact alternative magnetic configurations, expands the understanding of conventional aspect ratio tokamaks including ITER, and develops capability necessary to prepare for a fusion DEMO.
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