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Magnetohydrodynamics (MHD) describes the self-consistent interaction of magnetic, inertial and pressure forces of highly conducting plasmas using a fluid based model.  Any magnetic configuration meriting consideration for a fusion reactor must satisfy constraints imposed by MHD equilibrium and stability.  Since it is widely appreciated that ideal MHD equilibrium and stability theory accurately describes macroscopic force balance in toroidal confinement devices and provides an upper bound to plasma stability, ideal MHD theory can be used as a foundation for use in the design of next step options.  However, non-ideal MHD effects are not as well understood; the effect of resistivity, neoclassical physics, energetic particles, etc. on next step devices cannot be predicted with as much certainty as ideal MHD.  Burning plasma experiments will improve our present understanding of MHD physics by extending the operational space of various key plasma parameters present in non-ideal MHD theories and by addressing the role of self-consistent interactions of energetic particles, alpha heating, profile evolution and plasma stability. 


In order to provide a uniform assessment for the three burning plasma options, the MHD physics working group will address the important burning plasma physics issues in a number of topical areas.   In each of these areas, the working group will articulate the new physics to be learned from a burning plasma, assess the limitations imposed by MHD physics on the ability of the proposed experiments to achieve its full range of scientific goals and identify the impact the physics to be learned will have on development of future tokamak and non-tokamak fusion devices. 


The MHD equilibria to be used in the detailed stability calculations will be provided by the proponents for each experiment.  For each of the devices, conventional tokamak and advanced tokamak scenarios will be studied.  In addition to reference cases for each device, equilibria with varied shaping and profile quantities will be generated in order to perform sensitivity studies.  Of particular interest for conventional tokamak scenarios is the role of m = 1 modes.  Therefore cases with q(0) < 1 as well as equilibria with q(0) > 1 will be generated.  Ultimately, equilibria produced from self-consistent transport modeling will be used for stability studies.  The important burning plasma issue is to address the role of generating self-consistent MHD equilibria including alpha particle heating, plasma transport, profile evolution, edge properties, and plasma current evolution.


For each of the equilibria generated, ideal MHD calculations will assess the stability of Mercier, ideal ballooning, n = 1 internal kink and external kink modes using the stability codes DCON, PEST and GATO.  In conventional tokamak scenarios, the presence (or the lack of) a q = 1 surface in the plasma is a crucial feature in deducing stability.  Generally, ideal MHD instability to an m = 1 internal kink is predicted for a sufficiently high plasma stored energy, as measured by the plasma .  The philosophy of the IGNITOR device is to operate at low in order to avoid internal kink stability.   Ideal internal stability boundaries will be calculated as functions q(0),  and the location of the q =1 surface for each device.  Additionally, the -limit for each device will be calculated by varying the total stored energy and keeping the plasma shape, current and plasma profiles fixed.  Variations in plasma peaking p(0)/<p> and edge-q will also be performed as part of the sensitivity studies.

In advanced tokamak scenerios, wall stabilization plays an important role since the anticipated broad current profiles, elevated q(0), and large N make the plasma susceptible to ideal external kink modes.  If external modes require wall stabilization, the plasma can be unstable to resistive wall modes in the presence of a wall with finite conductivity.  Resistive wall modes can be stabilized in the presence of sufficient plasma flow and in principal can be controlled using active feedback.   For the initial assessment of each of the proposed experiments, the critical toroidal rotation frequency will be calculated as a function of wall radius using the MARS code with different models for the dissipation required for stabilization.  Additionally, the possibility of feedback stability control will be assessed for each device. 


The crucial stability issue for conventional tokamak operation is the role of the q = 1 surface.   The primary impact of sawteeth is to flatten the plasma profiles inside the q = 1 radius.  However, large-scale m = 1 modes can efficiently couple to other MHD instabilities, such as NTMs.  A linear theory of  m = 1 mode stability has been developed by Porcelli, et al that accounts for the ideal MHD stability properties via a W for the internal kink, kinetic effects using the Kruskal-Oberman model for trapped thermal ions and alpha particles as well as non-ideal MHD effects which allow for magnetic reconnection.  Marginal stability of the linear mode can be used to predict the onset of sawteeth.  When this calculation is coupled with a transport code, predictions for the sawtooth period and mixing radius can be made.  For each of the proposed experiments, the TSC transport code will be used in combination with the PEST ideal MHD stability code to predict q(0) and radius of the q = 1 surface at the time of sawooth onset accounting for kinetic effects using the Porcelli model.  Following these calculations, nonlinear consequences of the predicted magnetic configuration will be addressed with the M3D nonlinear fluid-based code.  In particular, nonlinear simulations will account for the degree of toroidal mode coupling present as well as possible magnetic stochasitization.   

One of the critical issues for any long pulse, high temperature tokamak is the appearance of neoclassical tearing modes (NTM).   Empirical observations indicate that the critical  for neoclassical tearing mode onset scales with *.  Since this scaling is not favorable for larger plasma experiments and the fact that there are uncertainties in theoretically predicting the nonlinear island width threshold and seed island mechanisms, neoclassical tearing mode physics is one of the key MHD science questions to be addressed in a burning plasma experiment.  While there are uncertainties in predicting NTM onset, predictions of the timescale of the island evolution and the island saturated island width are in good agreement with experimental observations.  For the assessment of each device, the analytic theories will be used to estimate the critical , the saturated island width and growth time.  In order to calculate the asymptotic matching parameter ´, the PEST code is used.  It is expected that both FIRE and ITER plasmas will be susceptible to NTMs.  Due to the anticipated low values of plasma  and small bootstrap current, IGNITOR should be less susceptible neoclassical tearing modes.  However, saturated island widths and growth times will calculated for all three devices.  Additionally, feedback stabilization needs and plans for FIRE and ITER will be assessed.  In particular, estimates for how localized the current drive source needs to be for stabilization will be calculated using analytic estimates. 


Relatively small non-axisymmetric magnetic fields can slow plasma rotation and cause locked modes or produce seed islands for neoclassical tearing mode growth.  Observationally, slowly rotating plasmas with resonant surfaces in the plasma are susceptible to the penetration of field errors with resonant magnetic helicities.  This sensitivity rises as  approaches the n = 1 ideal kink limits.  To a large extent, these phenomena can be described by analytic theories.  For the assessment of each plasma device, calculations of the critical rotation rate as a function of field error strength will be made using analytic theory predictions for both low-density ohmic regimes and for plasmas near the no wall ideal kink beta limit.

ELMs can limit performance of burning plasmas through large transient heat loads on divertors and impact global confinement through the strong dependence on ped.  The scaling of the important edge parameters is not well understood.  Present theoretical efforts for understanding edge MHD properties address intermediate-n ballooning/peeling modes, which may be unstable due to steep edge gradients and the associated edge bootstrap current.  The assessment of each device will rely on application of the ELITE code that will investigate the ideal MHD stability properties of the edge plasma using H-mode like profiles and bootstrap consistent current profiles.  The stability of n  = 8, 10, 15, 20, 30 modes will be investigated with a systematic variation in pedestal width.  The calculations will yield constraints on the pedestal height as a function of pedestal width, plasma shape and density.  The structure of the most unstable mode is expected to be an estimate of the ELM depth.  Initial investigations of non-ideal MHD models for ELMs will also be addressed.  Additionally, available empirical scalings for ELM character will be applied. 


The ability to survive and/or mitigate disruptions is required for a burning plasma experiment.  Consequences of disruptions include the generation of runaway electrons, vertical displacement events, and halo currents that can all produce structural damage to the confinement device.   From the MHD standpoint, the important question to answer is what instabilities lead to disruptions.   While ELMs and “small” sawteeth generally modify profiles rather than directly lead to disruptions, large scale instabilities such as external kinks and tearing modes can produce disruptions.  As part of the studies of each of the individual instabilities listed above, an effort should be made to address the consequences of violating instability boundaries.  Since these studies involve understanding nonlinear physics, for which there are no definitive predictive tools, it is difficult to make precise predictions.  Disruption mitigation techniques using high-pressure injections of low-Z gas jets have proven successful in forcing a fast shutdown and preventing the production of runaway electrons.  This technique should be available to all three proposed experiments.


An important scientific outcome from the burning plasma experiment would be the generation of MHD science that could be applied to a broad range of magnetic fusion energy concepts.  Therefore, it is important to have MHD theory and modeling efforts closely coupled to burning plasma activities.  In order to facilitate this interaction, it is necessary that the burning plasma experiment be well diagnosed so that detailed comparisons between theory and experiment can be made.


Initial studies have indicated a number of tentative conclusions.  In conventional tokamak operation, the presence of a q = 1 surface in the plasma nearly always leads to internal kink instability in high  tokamaks.  This points to modeling of m = 1 modes in the three proposed experiments as a clear priority.  ITER and FIRE should be susceptible to neoclassical tearing modes due to their anticipated values of  and the low values of the critical beta for NTM onset (crit~ *) that scaling indicates.  IGNITOR should be not susceptible to neoclassical tearing modes.  Plasma flow enters in the analysis of resistive wall stability and the effects of error fields.  Detailed calculations remain to be performed in all of the MHD topical areas.
