2.1.1 Disruption physics, consequences, avoidance, and prediction.

Goal: Analyze the effect of disruptions at low aspect ratio and high beta by measuring halo current, thermal, and current quench characteristics. Develop methods to predict disruptions and mitigate their impact.
Contributes to:

- ITER issue card DISR-1 – Disruption mitigation system in ITER
(i) Understanding the consequences of disruptions in an ST plasma.

Disruptions can quickly eliminate the entire thermal energy and quench the total plasma current in a tokamak/ST facility like NSTX, resulting in impulsive heat loads to plasma facing components and large forces on in-vessel structures. While disruptions do not generally have operational consequences in NSTX for the present parameters, the device represents a unique environment for the study of disruption physics. These studies began in earnest in the 2007, with the initiation of a detailed examination of existing NSTX data for disruption characteristics, particularly the dynamics of the plasma current quench, and continued into 2008 with the installation of a devoted halo current detection system. Studies in the coming research period will continue this effort, with a particular focus on the dynamics of the thermal quench and halo currents. This data will provide valuable contributions to the updated ITPA disruption database [
], and provided critical design data for future low aspect ratio devices such as NHTX or a CTF. Disruption control will be addressed through the implementation of disruption prediction algorithms, and techniques to reduce the disruptivity of NSTX plasmas will be addressed. 
The process leading up a disruption typically begins with some MHD mode or control failure. This event typically leads to a degradation of confinement, typically including loss of H-mode, for a period of time before the actual disruption. The energy loss during this precursor phase is of great importance, as energy lost slowly during this period will not be present to contribute to loading during the thermal quench [R1].  Results from NSTX have demonstrated substantial energy loss in this pre-disruptions phase, as indicated by the histograms in Fig 2.1.1-1. This data was taken from a database of ~800 disruptions spanning the operational lifetime of the device, selected for having large quench rates, large values of stored energy before the disruption, or large halo currents. The blue curve shows a histogram for the maximum stored energy during the discharge; there are values at low stored energy, corresponding to disruptions during the current ramp or shots with low heating power, and at high stored energy, for instance in high-b experiments. The distribution of pre-disruption energies is, however, weighted strongly to low energy, and there are no cases found with stored energy >250kJ. This result bodes well for future large ST devices, as it implies that the full flat-top stored energy will usually not be present for the thermal quench. The extension of the NSTX operating regime to higher fields, currents, and stored energy will be critical in establishing whether the trend will hold for larger devices.
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Figure 2.1.1‑2  The area-normalized current quench time for discharges in the NSTX disruption database, as well as the suggested limit for ITER.
Whatever thermal energy remains after this precursor phase is very rapidly lost to the wall, either through radiation or conduction, during the thermal quench phase. This is of great concern in a burning plasma, where a significant fraction of the first wall material can be melted/ablated in each event [
]. There is not, however, general agreement regarding the broadening of the power deposition profile during this phase: the ITER physics basis assumes a broadening of 1-10 times the equilibrium SOL head deposition width, though results from, for instance, ASDEX upgrade [
] or JET [J1] show substantially greater broadening. This creates significant uncertainty in extrapolation to divertor heat loading in larger devices. Indeed, the load in the divertor may be less than feared, but the loading of the first wall may be unacceptably large [J1]. NSTX has not in the past had the diagnostics to address this issue. However, a fast IR camera was recently purchased for the study of transient power loading events, allowing this to be an important area of focus for future research. This camera, coupled to soft X-ray measurements, should allow an accurate assessment of the time-scale of the thermal quench and it’s associated heat pulse. An important focus of these studies will be to understand which plasma configurations and instabilities lead to disruptions with the largest heat loading.
The thermal quench is followed immediately by the current quench, often resulting in large eddy current induced forces and torques on nearby conducting structures; this subject has been the focus of a recent study is NSTX [SPG1]. A key finding of these studies, first identified in the context of ITPA Disruption Database Activities [W1], is that the maximum current quench rates in NSTX are, on an area normalized basis, up to four times faster than in conventional aspect ratio tokamaks. This is clearly demonstrated in Fig 2.1.1-2, where the NSTX disruption data implies a minimum quench time of 0.4 msec/m2, compared to the a suggested ITER limit of 1.7msec/m2 [2008 ITER Physics Basis]. The faster quenches in NSTX, and STs in general, can likely by understood as an L/R decay effect, where L is the effective inductance of the plasma torus and R is the resistance. Using an inductance 
[image: image2.wmf] yields an area normalized decay time of 


[image: image3.wmf].

The term in brackets is 4-5 times smaller for a highly elongated ST than a conventional aspect ratio tokamak, potentially explaining the difference in quench rates. 
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Figure 2.1.1‑2  The area-normalized current quench time for discharges in the NSTX disruption database, as well as the suggested limit for ITER. Blue points correspond to discharges that disrupt during the IP flat top or rampdown, and red points to those that disrupt during the current ramp.
The process of disruption is often coupled to loss of vertical position control; this can happen in the period between the MHD precursor and the thermal quench, after the thermal quench itself, or in some cases where loss of vertical control and the plasma-vessel contact initiates the disruption. When contact is made between the plasma and plasma facing components, currents can flow that link both the plasma edge (the halo) and nearby PFC. These “halo currents” can result in large forces on the vessel components [
]; they are, for instance, anticipated to be the dominant source of electromagnetic loading during slow current quenches in ITER. In response to ITPA requests, and the anticipated design needs for future ST facilities, NSTX has begun a program to measure and understand halo currents.

This effort began with the implementation of a set of halo current detectors in the lower divertor for the FY08 research campaign. These are composed of two toroidal arrays of individual BT,  six sensors per array, functioning as sections of a partial Rogowski coil. They can measure both the magnitude and toroidal peaking of currents flowing in the lower vessel, and can be used to assess the net current flowing into the outboard divertor. These are complemented by previously installed lower center-column halo current measurements via Rogowski coils and measurements of the currents flowing from the inner to outer vessels through the torus grounding system. [should I include a figure of these diagnostics?]
These efforts during the FY08 physics campaign have proved highly successful, measuring halo currents that had previously gone unnoticed and revising upward the estimates for halo current fractions in NSTX. A sample of this data is shown in Fig 2.1.1-3, which shows maximum halo currents, as a function of IP2/BT., for four different current paths. The blue and red points, corresponding to the currents in the lower center-stack and busswork linking the inner and outer vessel, show maximum halo currents of 40-50 kA. These data have existed for a few years and implied halo current fractions of ~5%, with little dependence on IP or BT. The newly available dark green and turquoise points, corresponding to the current flowing in the lower vessel near the CHI gap and the net current into the lower outboard divertor, show substantially larger halo currents, with a clear IP2/BT scaling as noted on Alcator C-MOD [G1]. The points nearest the bounding lines are for deliberate VDEs with IP2/BT <1.2 MA2/T, and represent a factor of ~5 increase in the measured halo current with the new instrumentation. Note that for the upgraded NSTX (IP=2MA, BT=1T), this scaling implies ~380kA of halo current the lower vessel and a factor of four increase in the expected halo current JxB loading of in-vessel components.
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Figure 2.1.1‑3: The maximum halo current, as a function of IP2/BT, for different paths in the device.
One assumption in the ITER design is that the maximum halo current and eddy current load will not occur simultaneously [ii]; this is based on, for instance, JET results demonstrating the larger halo currents for discharges with slower quench rates [Ric1]. The trend observed in NSTX is exactly the opposite: as shown in Fig. 2.1.1-4, the envelope of halo currents, in this case detected flowing in the vessel bottom near the CHI gap, scales linearly with the IP quench rate, in agreement with the notion that the voltage due to the toroidal and poloidal flux decay drives the halo current. This and similar information is critical in performing design tasks for next-step ST experiments.
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Figure 2.1.1‑4: Halo current magnitude in the vessel near the CHI gap vs. the plasma quench rate. The largest halo currents often occur for the fastest quenches.

While the present halo current detection upgrades have proven successful, they leave many questions open. In particular, this system measures only the net current flowing into the lower divertor; currents that flow into and then out of the lower divertor are not detected. In this sense, the measurements presented above are lower bounds on the halo current magnitude. In order to resolve the local currents in the divertor more clearly, the magnetic diagnostics for halo currents will be augmented by instrumented tiles during this research period, as described in section X. These tiles will allow the local halo current sources and sinks in the divertor to be accurately measured [Shaf1], and provide greater spatial resolution for measurements of local peaking factors. More speculatively, the sensitive measurements allowed by the instrumented tiles may allow a connection to be drawn between SOLC currents during pre-disruption mode growth and halo currents during disruption, potentially allowing more detailed understanding of the mode physics leading to halo current peaking [
].

(ii) disruption prediction, avoidance, and mitigation

Disruption control has typically been addressed through three steps: i) avoiding the discharge configurations and underlying instabilities that lead to disruptions, ii) detecting the approach to a disruption, and iii) implementing a either soft-stop or fast shutdown procedure to mitigate the damaging effects. Substantial progress has been made in the last area via Massive Gas Injection (MGI) [
] in DIII-D and C-MOD, with results that should be broadly applicable to the ST as well.

The research presented in the other sections of this MHD chapter, and to a lesser extent in the control chapter, is largely devoted to understanding and controlling the MHD instabilities that lead to disruptions. By developing discharge designs and control techniques that avoid or mitigate instabilities like low-density locked modes, RWMs and NTMs, it should be possible to reduce disruptivity at high bN. The implementation of NBI control for bN feedback in FY09 should allow comfortable operation closer to limits, i.e. compensate for transients in confinement that otherwise would result in too-high values of beta. Continued improvements in DEFC and RWM feedback will allow better maintenance of stabilizing rotation in high-b plasmas. Furthermore, the potential exists to use the RWM coils to generate traveling waves and the in-vessel sensors to detect the RFA plasma response in real time; this active MHD spectroscopy [HR1] scheme would allow NBI control based on proximity to the with-wall b limit.

However, even with these planned improvements, disruptions will occur when approaching and expanding operation boundaries, as well as due to machine infrastructure malfunctions; this provides an opportunity to test methods that predict the onset of disruptions in an ST. NSTX has an ever-expanding set of real-time measurements that can be used to monitor and predict disruptive behavior. Present capabilities include real-time equilibrium reconstructions with rtEFIT, yielding quantities like bN, q95, li and accurate reconstructions of the plasma position, all in real time, and real-time detection of resistive wall modes and locked modes. These will be expanded during this research period to include, real-time measurements of plasma rotation from CHERS and non-axisymmetric mode growth from dedicated USXR arrays. Specific additional real-time measurements, such as radiated powerand detection of large rotating modes, can be easily added as the need arises.   

These diagnostics and capabilities will be used in order to develop disruption prediction methods. Neural-net algorithms have proven successful in predicting impending disruptions in conventional aspect-ratio tokamaks [
], and are a likely method for disruption prediction in ITER [ITER 2007 Physics Basis]; these methods have never been implemented at low-A. However, other unique precursors can be studied in NSTX, including RFA growth from active mhd spectroscopy and non-magnetic detection of locked modes and RWMs. The relative merits of single-signal vs neural net detection will be examined, and efforts will be made to determine the minimal set of precursor signals for reliable prediction in an ST. 

With the more aggressive parameter regime for the upgraded NSTX, it will likely be advantageous to attempt some mitigation techniques in order to reduce thermal and mechanical stresses on components. The previously mentioned disruption prediction research will then naturally lead to disruptions mitigation research. These will likely include simple techniques like deshaping of the plasma, reducing the heating power, and preemptively ramping down the plasma current, all of which can be relatively easily implemented with the flexible NSTX control system. More aggressive mitigation strategies, including noble gas injection, will be implemented if the physics program and engineering constraints mandate them.

SUMMARY OF RESEARCH PLANS AND TIMELINE

FY09-FY10
Design and test prototype instrumented tiles in the outboard divertor, for SOL and halo current measurements. Install array on ourboard divertors to enable complete assessment of halo current there

FY09-FY10
Implement fast IR camera for studies of PFC loading during the disruption thermal quench. Quantify the time-scale and heat distribution against relative plasma parameters and disruptions type, if possible.

FY10-FY11
Study techniques for the detection of impending disruptions, utilizing techniques such as neural nets, based on quantities measured in real-time on NSTX. Develop strategies to mitigate these disruptions.

FY11-FY12       Implement instrumented tiles on the inboard divertor as part of the center-stack upgrade. This should allow near complete measurements of halo currents in NSTX.

FY12-FY13
Test mitigation strategies in upgraded NSTX plasmas. Determine how previously measured disruption characteristics extrapolate to IP=2MA, BT=2T configurations. 
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