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3.1 MHD

3.1.1 Optimizing Macroscopic Stability in the Spherical Torus

(*** OLD TEXT FOLLOWS ***)

Plasma stability at high plasma pressure is required for economically attractive operation of a thermonuclear fusion reactor based on magnetic confinement. For nearly all magnetic confinement concepts, engineering constraints limit the maximum magnetic field that can be applied to contain the plasma, so an important figure of merit for magnetic fusion devices is the plasma beta   20 p/B2 where p is the plasma pressure and B is the magnetic field within the plasma.  For tokamak plasmas, the plasma pressure can vary significantly across the plasma cross-section and the applied toroidal field dominates the total field and varies comparatively little within the plasma.  Thus, a commonly used tokamak figure of merit is the toroidal beta T  20(p(/BT02 where (p( is the volume-averaged pressure and BT0 is the vacuum toroidal field at the plasma geometric center. Experiments to date have shown that ideal magnetohydrodynamic (MHD) stability theory provides an accurate description of the maximum stable beta for tokamak plasmas.  It is expected that this should also be true for spherical torus [1] (ST) plasmas. However, the high beta and low aspect ratio geometry of the ST can lead to significant alteration of stability physics in several important respects.  For instance, the elevated safety factor and large edge magnetic shear, high core rotation and rotational shear, and comparatively low Alfvén speed and associated enhanced drive for fast-ion instabilities are each unique characteristics of the ST, which must be independently evaluated for their impact on stability.  It is also expected this evaluation will benefit significantly from proposed “similarity” experiments with standard aspect ratio tokamaks (DIII-D) and other ST devices (MAST), which will attempt to determine the role of aspect ratio in the physics of several MHD modes, including resistive wall modes, neoclassical tearing modes, and Alfvén eigenmodes.

For the advanced tokamak (AT) and ST concepts to lead to efficient steady-state reactors, high beta alone is insufficient. In particular, most reactor design studies have shown that it is important to have a large fraction of the plasma current be self-generated through the neoclassical bootstrap effect to minimize power requirements for auxiliary systems. Plasma current profiles in largely bootstrap current driven equilibria are generally broad with low plasma internal inductance, li. Tokamak experience has shown that another important beta parameter, the normalized beta N  T(%)aB0 / IP(MA) may decrease with decreasing li [2,3,4] in the absence of wall stabilization.  Since T ( N 2 when the bootstrap fraction is held fixed, it is critical to test such scaling in both the AT and ST.

The potential incompatibility between high  and efficient self-sustainment has motivated several theoretical investigations of the stabilization of highly bootstrapped AT [5,6] and ST [7] plasmas.  Significant experimental progress has already been made in removing this incompatibility in advanced tokamak plasmas by combining conducting structure (wall stabilization) with plasma rotation [8,9] and feedback systems [10] to achieve values of T significantly above the level possible without stabilizing systems [11]. Applying this experience and understanding to the ST is particularly important, since design studies [12] indicate that a self-sustained ST reactor would simultaneously require N values well above and li values well below those achieved in present advanced tokamaks.  

The programmatic focus of MHD studies in NSTX in the coming five years will be to optimize ST plasma stability in discharges lasting significantly longer than a current diffusion time with beta values significantly above the no-wall stability limit with a large fraction of the plasma current being self-generated.  In the near term, optimization of plasma shape and profiles, error-field correction, and feedback suppression of the resistive wall mode are viewed as capabilities most likely to aid in the achievement of the above goals.  Neoclassical tearing modes, fast-ion-driven MHD, and edge-localized modes (ELMs) have already been observed to often have a deleterious impact on performance.  It is also expected that significant progress in the understanding and control of these modes will be made as improved diagnostics and additional heating and current profile control tools become available.  

(*** OLD TEXT PRECEDES ***)

3.1.2 Overview of Research Plans for FY2009-2013
MHD research on NSTX has produced high beta plasmas yielding several classes of beta-limiting instabilities. With transient beta goals established, and instabilities observed and documented, the natural emphasis of MHD research turns to (i) the physical understanding of observed modes and methods of stabilizing them and (ii) controlling these modes either directly, or indirectly. Another important approach to understanding and exacting mode stabilization is through control of the underlying equilibrium profiles. One such area addressed by the MHD topical area is control of the plasma rotation…
3.1.2.1 Long-term Goal

Demonstrate sustained operation of high confinement, high beta low aspect ratio tokamak plasmas operating near the computed ideal, no-wall N limit and near or at the highest N achieved in the device by gaining a physical understanding of the underlying mode stabilization physics, applicable in general to tokamaks, and implementing appropriate control techniques to reach this goal.

3.1.2.2 Year 2009-2013 Goals:

1. Utilize the unique aspects of the advanced tokamak equilibrium produced in NSTX, including very high beta, low aspect ratio, and low li to leverage comparison to physical theories of key phenomena, such as mode stabilization and control. 
2. (RWM physics and control goal)
3. (NTM goal)

4. (Plasma rotation physics and control goal)
5. (ELM physics goal)

6. (DEFC goal)
7. (Disruption physics goal)
3.1.3 Macroscopic Stability Results and Plans by Topical Area

(***NOTE: There was no lengthy discussion at the MHD 5 year plan meetings on plasma profile and shaping control. Are we going to include this as an explicit plan element? ***)

3.1.3.1 RWM

(i) physics

- searching for a new stabilization physics model that can reproduce all aspects of present experiments:
- consider search for new physics model to be fairly wide open. Past theoretical research provides some framework, but present models are unsatisfactory to explain results from all machines. (SAS)

- stabilization physics as a function of toroidal rotation

- stabilization physics as a function of nu_i, other plasma parameters

- role of boundary conditions – may be a key factor in stabilization physics – role of scrape-off layer currents in this context.

- poloidal deformation of RWM during stabilization

- multi-mode analysis as hypothesis for RWM poloidal deformation during active feedback

- NMA code: non-axisymmetric coils in next 5 years

- NMA code initial results – what it does is briefly discussed

- NMA results: shows results near “optimal” gain, single mode is dominant, but if phase alignment is not correct, more modes appear (understandable)

- VALEN testing multi-mode model – should be tested this year, and used in timescale of 5 year plan – should cross-check NMA code with VALEN

- significance of higher n modes

- n > 1 RWM (or lack thereof) during n = 1 RWM stabilization

- M3D modeling of n = 1,2 internal modes during actively stabilized n = 1 RWM at low rotation.

- significance of scrape-off layer currents (SOLC)



- proposal to measure the SOLC in NSTX, determine the importance of the SOLC on MHD modes, and then make a longer-term decision if these currents could be used to control MHD modes (Hiro and Eric)
- M3D for SOLC analysis? It does have SOLC (and also preliminary studies with resistive wall), encourage theoretical calculations to support this in near term. J. Breslau thinks that SOLC studies are possible by changing the boundary conditions in M3D.
- propose to couple the study of SOLC measured on NSTX in the nest 5 years to modeling the influence of this current in RWM stabilization. Propose to upgrade VALEN to first model SOLC given measurements, and eventually incorporate these currents into VALEN stability calculations. (SAS)

- diagnostics
- multi-chord interferometer (300 GHz, > 4-5e19 m-3 cutoff density (Shigei showed this proposal in his T+T group talk)

- add new vertical channels (what wavelengths?) – for poloidal view of modes

- SOLC measurements proposed (Hiro and Eric)

- capability to measure current in the passive plates will be key – also couples to the SOLC study proposal (SAS)
-  toroidal array of reflectometers at edge to measure small displacements of RWM – useful for RWM studies (Eric and Neil)
- USXR future system should have two toroidal positions (Kevin mentions this)
- tangential array SXR (TOSXR) – Kevin shows results

- new cartridges – 60 channels / cartridge total, far smaller, so could have a lot more of them

- cost would be mostly determined by amplifiers

- looking for lower cost amplifiers

- cost is the key driver – amplifiers are going to be the largest part of the cost

- will cover both NTM and RWM studies (f = 250kHz)

- should consider SOLC research needs for new USXR system (SAS)

(ii) control

- New RWM control coils  – consider internal, off-midplane coil set (in-vessel control coil - IVCC), and one that works synergistically with both ELM mitigation and plasma rotation control plans. Discussed already with Jon, Masa, and Rajesh. VALEN studies underway to model the coil (SAS)
   - Determine best overall option. ELM control not as well known as RWM control, so broad option set should be considered

   - Try to optimize use for (i) RWM control, (ii) ELM mitigation and (iii) rotation control via non-resonant magnetic braking 
   - Even non-optimal configurations for RWM control are ok, as they could be used with advanced RWM stabilization algorithms

- connection to ITER is a significant goal. The present idea of the NSTX IVCC has significant overlap with KSTAR, and directly supports present KSTAR RWM stabilization and rotation control design efforts by the US.

- Furth-Hartmann coils to impose some amount of external transform – can apply to general MHD studies (RWM, ELM, etc.) as well as cross-cutting with transport (JM)

(still under consideration? Can the geometry be modeled with new internal RWM coil design?)

- Modification of passive plate material to support IVCC studies

- The new coil will also suggest implementation of new passive plate material, perhaps stainless steel in the position of the secondary passive plates. VALEN results now available regarding the change in n = 1 growth rate implied by new plate material. (SAS)
- alteration to passive plate jumpers for different n configurations to optimize passive stabilization (DG)
- possible elimination of some passive plates; replacement with internal active coils in locations where plates are changed (impact on sensors?)
- changes to passive plate geometry to support NHTX, cross-cutting with boundary?)

- non-magnetic sensors for RWM mode amplitude / phase. This would have direct impact for ITER, and could be developed immediately and tested on NSTX. Discussed with Dan Stutman and Kevin Tritz in this regard, and decided that new JHU/CU proposals to DOE should include this study.

- advanced feedback control algorithms – this work has already started by the CU group using present NSTX data, and to model the expected control improvements of the new RWM coisl to be added in the next 5 years. (SAS)
- assess needs (desire?) for n > 1 mode control

- SOLC as control for MHD modes
- proposed to attempt control of MHD modes with SOLC (Hiro and Eric). Subsequent discussions indicate that proposing control in 5 years is a risky. This is a new research area, with strong overlap to past RWM research on NSTX.

- suggested approach: first focus on measuring the SOLC and determine the key physics aspects of MHD modes that can be influenced by SOLC (M3D modeling , possible VALEN modeling, etc.). Second, use the NSTX RWM coil system to study the effect on the SOLC (there is a lot of research here). Use this knowledge, coupled with comparison to theory, to at least make a decision re: controlling SOLC through tile biasing, or other means. Even if SOLC control modifications do not happen in 5 years, in sure that the decision is made for SOLC control implementation in 5 year timescale.
3.1.3.2 Tearing mode / NTM

(i) physics

- mode characteristics as a function of aspect ratio – comparison to DIII-D and other tokamaks

- marginal island width for stabilization (e.g. LaHaye XP739)


- stabilization threshold at low rotation (e.g. Strait XP740)
- (expand ideas here past what was discussed in group sessions – speak to Dave, Eric, Ted, Rob, Chris, etc.)

- diagnostics

- increased MSE resolution to improve analysis capability for NTMs

- Fast ion transport by low frequency MHD – FIDA diagnostic

- Fast ion redistribution by Alfvenic mode activity

- should have a standard diagnostic to show fast particle redistribution

- new spectrometer – to be funded by new diagnostic call for NSTX

- (Eric) island width w/ scanning reflectometer (could couple to DIII-D for A scaling studies)

- NTM frequency “chirping” – what is this? Can it be explained in standard NTM paradigm?

(EF) suggests that fast particle population/modes interact w/NTMs to explain these effects

(SAS) good, and now a more specific plan should be laid out for 5 year plan
(ii) control

- active control by RF:

- need to state a full plan of what we want to do, from characterization to a decision point
of either mitigation, or possible active control what can be done? What can be funded? Is
this important enough to pursue? Is EBW control possible, or will be preclude it from

the start? NOTE: as per last meeting, the idea of researching NTM control on NSTX by
RF was not supported by the group as a whole.
- new control application: affect tearing mode in DIII-D – shows reversal of TM phase velocity (2/1 mode) (MO)
- what is dependence of this effect on plasma rotation? (SAS)
- we could try this in NSTX after slowing down plasma with n = 3 NTV braking) (SAS)
- Can plans for SOLC study be envisioned for internal mode control via alteration of boundary conditions.
3.1.3.3 Plasma viscosity and rotation
(i) physics

- physics of plasma viscosity due to applied non-axisymmetric fields, or mode activity

- non-resonant drag described by neo-classical toroidal viscosity (NTV) and documented on NSTX, but further study is important to evaluate (i) saturation of NTV at low ion collisionality, (ii) focused scaling studies in key regimes, such as at low rotation.
- non-resonant drag by NTV in the near-field of magnetic islands (INTV) appeared as an XP (XP743) for study in NSTX in 2007, but did not run. This is an important research topic, based on theory by Shaing, et al. for NSTX over the next few years.

- the role of resonant (e.g. electromagnetic) vs. non-resonant (NTV) torques in plasma viscosity in the presence of islands, or otherwise, is important to complete a model to predict plasma rotation dynamics in future devices.

- Physics understanding of plasma torque balance supports real-time control models for plasma rotation control in NSTX and other devices (combined NTV, electromagnetic (possibly other) physics model to described toroidal rotation dynamics).
(ii) control

- sensors for plasma rotation control:

- real-time CHERS
- mode frequency detection (inferior, but possible to use at least to support CHERS)
- feedback on real-time rotation calculation to alter both/either (i) NBI power, (ii) n = 3 (or other) applied field to control rotation. The new IVCC will give greater flexibility
- new NSTX IVCC should be designed, along with other constraints, to maximize flexibility of the applied field spectrum, especially to allow applied torque on the plasma at different radii. Optimal would be to have different radial distributions of torque possible when using (i) upper IVCC, (ii) midplane RWM coil, (iii) lower IVCC.

3.1.3.4 ELMs
(i) physics

(i) physics

- analysis of ELMs with MHD hypothesis

- Question: Will MHD begin to bring back ELM studies? They were shipped out to boundary in some part due to a distribution of work. With the increased scope of boundary work going forward, will MHD begin to recover ELM studies?

- suggestion here is that ELM research be conducted in both Boundary and MHD groups. Have ELM study in MHD be devoted to the physical mode underlying the much more general (and many times inaccurate) acronym, and have the Boundary group work continue in assessing the impact of ELMs as a phenomenon.
-diagnostics

- Fast SXR camera and Langmuir probes / fast Langmuir probes

- so far, we have 500 kHz camera

- up to 100 – 200 kHz Langmuir probes (+ in divertor)

- present SXR camera – tangential port, full camera view

- is this better access for the camera? Right at the midplane would be better(Crocker)
- more specific views of edge (e.g. for ELM filaments) and divertor region
(ii) mitigation
- off-midplane coils for ELM mitigation (greater poloidal spectrum of applied field)

- sawtooth coils (old idea) can get good vacuum surfaces, mapping of error fields. The coils are called “sawtooth” in that they physically look like a sawtooth. (SAS – perhaps these can be simulated with standard RWM coils).

3.1.3.5 Dynamic error field correction

(i) physics

- continue successful study of DEFC in reaching the long-term MHD goal of the 5 year plan

- M3D error field studies

- effect of static/ applied error field on MHD modes

(***EXPAND THIS – we have a lot of great results here***)

(ii) control

- Expand present studies that used the RWM coil to using the new IVCC coil
- feedback upgrades for RWM study directly transfer to DEFC in most all cases

(***EXPAND THIS***)

3.1.3.6 Disruption physics

- characterization of most important modes leading to disruption

- plasma characteristics as disruption precursors – reduced plasma rotation, relatively slow drop in beta, no precursor?

- disruption studies – how to study and how extensive?

- focus on physics, not just database work. This is NSTX strength.

- couple study to main emphasis on unstable modes of interest

- ergodization of edge to mitigate disruptions

- CHE (“anti”-CHI) for disruption control (keep plasma off walls)

3.1.3.7 NHTX SUPPORT

(*** No explicit discussion on NHTX support areas at the planning meetings. We can easily fill this is now ***
7) Other (move these into other areas)
- M3D modeling of NSTX

- proposal for study:

(i) sawteeth – showed 3 cycles for CDX-U plasma

Summary of Research Goals for FY2009-2013
The major NSTX MHD research goals by topical area from section 3.1.3 are re-stated below to summarize the proposed research plan for the upcoming five-year period.  The proposed research program time line is shown following these goals.

Influence of profiles and shape on global stability  *** ADD/INCLUDE THIS?? ***
Resistive wall mode physics and control
Neoclassical Tearing Mode physics and control

Plasma rotation damping physics and control 

Edge-localized modes

Dynamic Error Field Correction

Disruption Physics

NHTX Support
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Macroscopic Stability Research Timeline

RWM physics and control

5 Year Plan time period

08 09 10 11 12 13 FY07

14

Advanced RWM / NTM / ELM control / mitigation coils, plate mods

Advanced USXR (two full toroidal positions; non-magnetic detection of RWM)

High time resolution CHERS, greater MSE, pressure meas.

Rotation control: rt-CHERS and NBI/n=3 applied field feedback

SOLC measurement/control; greater Langmuir coverage; passive plate currents

Advanced RWM control algorithms

Long 



measurement for NTM, RWM (toroidal array of reflectometers, etc.)

Plasma viscosity physics and control

ELM physics and mitigation

Tearing mode / NTM physics and control

Dynamic Error Field Correction

Disruption physics

NHTX support

Routine FIDA for fast ion redistribution measurement

Physics

Tools
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