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Abstract

Disruption prediction and avoidance is a critical need for next-step tokamaks such as ITER. The Disruption Event
Characterization and Forecasting Code (DECAF) is used to fully automate analysis of tokamak data to determine chains of
events that lead to disruptions and to forecast their evolution allowing sufficient time for mitigation or full avoidance.
Disruption event chains related to local rotating or global MHD modes and vertical instability are examined with warnings
issued for many off-normal events including density limits, plasma dynamics, confinement transitions, and profile variations.
Along with Greenwald density limit evaluation, a local radiative island power balance theory is evaluated and compared to
the observation of island growth. Automated decomposition and analysis of rotating tearing modes produce physical event
chains leading to disruptions. A total MHD state warning model comprised of 15 separate criteria produce a disruption
forecast about 180 ms before a standard locked mode detector warning. Single DECAF event analyses have begun on
KSTAR, MAST, and NSTX/-U databases with thousands of shot seconds of device operation using from 0.5 - 1 million
tested sample times per device. An initial multi-device database comparison illustrates a highly important result that plasma
disruptivity does not need to increase as Sy increases. Global MHD instabilities such as resistive wall modes (RWM) can
give the least amount of warning time before disruption. In an NSTX database with unstable modes, the RWM onset, loss of
boundary and current control, and disruption event warnings are found in all cases and vertical displacement events are
found in 91% of cases. An initial time-dependent reduced physics model of kinetic RWM stabilization created to forecast the
disruption chain predicts instability 84% of the time for experimentally unstable cases with relatively low false positive rate.
Instances of disruption event chain analysis illustrate dynamics including H-L back transitions for rotating MHD and global
RWM triggering events. Disruption warnings are issued with sufficient time before the disruption (on transport timescales)
to potentially allow active profile control for disruption avoidance, active mode control, or mitigation.

1. INTRODUCTION

Disruption prediction and avoidance is a critical need for next-step tokamaks such as ITER, since plasma
disruptions [1,2] can place significant thermal heat loads and electromagnetic forces on the device and can
potentially lead to damage from runaway electrons [3]. Meeting these challenging goals with the high reliability
required for ITER and future tokamaks goes beyond active instability control alone and will require multiple
approaches, including an understanding of the connection between events leading to disruptions, and the ability
to forecast such events well before they occur. The Disruption Event Characterization and Forecasting Code
(DECAF), under development for this purpose, is used to automate analysis of tokamak data to determine chains
of events that lead to disruptions and to forecast their evolution to inform plasma profile and mode control
systems aimed to avoid, or if needed to mitigate the deleterious effects of a disruption. The events largely follow
the paradigm established by the manual analysis performed by de Vries, et al. [4] for JET. DECAF further aims
to automatically determine the relation of the events and quantify their appearance to characterize the most
probable and deleterious event chains, and also to forecast the onset of the events and chains, especially for
events that experimentally manifest in close time proximity to the disruption and would elude disruption
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avoidance control systems, or even disruption mitigation systems. The DECAF paradigm is primarily physics-
based and aims to provide a quantitative and, importantly, a deterministic (rather than a statistical) predictor for
disruptions. It also aims to provide an understanding of the dynamics of the events leading to disruptions to best
ensure disruption prediction extrapolability to future devices. This is highly important in high fusion power
devices such as ITER in which the production of disruptions to teach purely automated model building
approaches is highly restricted. Still, the DECAF approach and code are highly flexible and allow a large range
of models from simple empirical comparisons, to reduced explicit analytic models based on computationally
intensive first-principles physics analysis, or machine learning reductions of first-principles physics models. To
best validate the expanding models continually being implemented in DECAF, significant effort is being placed
on testing the algorithms against full tokamak databases on multiple tokamak devices throughout the world. As
shown later, this approach is required to avoid errant determination of plasma parameters from databases limited
to time periods that are only in close time proximity to the disruption. A larger variety of devices also provides
essential depth in testing physics models and determining uniqueness and commonality in the events and their
chains leading to disruptions. In the present work, the KSTAR, MAST, and NSTX/NSTX-U databases are
examined, with analysis expanding to the DIII-D and TCV databases that are also available. The following
sections examine an important subset of the event analysis in the code and insights gained on the connection of
plasma dynamics to the events.

2. DISRUPTION CHAIN EVENTS AND WARNING LEVELS

Figure 1 simply illustrates the paradigm that DECAF follows in providing automated understanding of the
dynamics leading to a tokamak disruption along with an example from experiment. Continuous tokamak plasma
operation at high fusion performance is desired (Fig. 1a). However, at some point this “normal” operational
plasma state can be altered by many different “events” ranging from purely technical aspects (e.g.
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Fig. 1. (a) Schematic diagram illustrating a paradigm of plasma state evolution away from normal operation toward a
plasma disruption as a series of events that form a disruption event chain, (b) automated evaluation of the disruption event
chain for a plasma discharge with gy = 4.5, (c) and (d) higher time resolution illustration of n = 1 RWM amplitude and
plasma toroidal rotation as the disruption is approached.

magnetic field power supply interruption) to more complex reasons such as plasma instabilities. This alteration
is considered as a chain of individual events, starting with a trigger event and evolving toward the plasma
disruption (here labelled by the acronym DIS representing the plasma current quench). DECAF analysis of
device databases aims to automatically determine and provide understanding of this chain of events. Future real-
time implementations of DECAF diagnostic interpretation and forecasting models of such events can then be
used to trigger disruption avoidance systems. This strategy can be contrasted to present disruption avoidance
systems, e.g. MHD instability control [5] that essentially wait until the “disruption precipice” to address
avoidance of the oncoming disruption. Figure 1b) shows a DECAF analysis of a plasma with “mid-range”
normalized beta fy = 108<,b’t>aBollp (where B, = 2uo<p>/By’ = 4.5 toroidal beta, p is the plasma pressure, By is
the vacuum toroidal magnetic field at the plasma geometric center, and a is the plasma minor radius at the
midplane) in NSTX. In this case, a global magnetohydrodynamic instability (resistive wall mode, RWM) is
identified by DECAF as the event chain trigger, which is normally thought to be the direct precursor to the
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disruption (DIS). However, DECAF identifies several interceding events. Next in the chain, 7 ms later, is a
vertical displacement event (VDE). Five milliseconds later, a wall proximity warning (WPC) is issued
indicating that the plasma boundary is about to touch the device first wall (and does soon after the warning). A
low plasma density warning (LON) is issued 2 ms later, followed 5 ms later by the IPR event warning that the
feedback control target plasma current request is no longer being met. By now, the original separatrix-limited
plasma is in contact with the wall and is decreasing in size, with the edge plasma safety factor, g, decreasing as
plasma poloidal flux is lost. At 9 ms later, a low g warning (LOQ) is issued. DIS occurs over 30ms after the
trigger RWM is issued, which is expected to be just enough time in ITER to trigger the disruption mitigation
system effectively. However, this relatively short-duration disruption chain would be better handled if the RWM
event itself was forecast at an earlier time. DECAF presently has a model to do this, as discussed in Section
3.3.4. At present, DECAF event warning levels are determined by a flexible diagnostic and physics model
“point” system similar to that successfully used for NSTX [6]. A key expansion of the present DECAF approach
is that several event criteria can be used in conglomerate to determine combined “levels” that allow DECAF to
issue event warnings. For example, at present, 15 separate criteria are used to determine the total MHD warning
level for rotating MHD modes (see Section 3.2.1).

3. PHYSICAL MODEL DEVELOPMENT

A profound power of the DECAF approach is the ability to test any physical model developed by the fusion
research community for practical use as part of a disruption prediction model ensemble. Models that can
quantitatively forecast disruptions more accurately across all devices can then objectively be chosen as being
more desirable. Over 50 disruption chain events are presently identified, with over 20 events that have
diagnostic evaluation and physical models providing warning levels. Simpler evaluations examine key
diagnostics in combination to compute warning levels, with comparison to critical levels to determine when
DECAF issues event warnings. For example, the VDE event combines a comparison of axis position (|Z[), axis
velocity (|dZ/dt|), and Z dZ/dt against threshold levels set in the model. Critical levels of such models will differ
for each machine. The validation of the technical and physics-based models for each of the 5 devices in the
present DECAF database now comprises the primary near-term research effort. More desirable are models that
more transparently reproduce the behaviour of all tokamak devices. The simplest models in this class are
empirical models such as the Greenwald density limit. A next level includes models that are more closely based
on first-principles physics, examples of which are discussed below.

3.1. Density limits

The Greenwald density limit [7] (event GWL) is included in DECAF as a universal empirical model for
disruption forecasting. Recently several theories have been developed to explain the observed global Greenwald
limit in tokamaks, including a ballooning stability limit at the separatrix [8] and a local island power balance
theory [9,10]. In the latter theory, power balance in an island between input Ohmic heating and radiated power
loss results in a maximum local density that scales with local current density. If the density at the island exceeds
the limit, or alternatively if the radiated power at the island exceeds the input power (Pjss > Pingu), then the
island grows and can lead to plasma disruption. The limit can be written either in a form which mimics the
global Greenwald density limit in a local form, or one that mimics a radiated power fraction localized to the
magnetic island surface. This model has been added
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calculated from Pippye = n/°. The resistivity profile, #, is calculated based on electron temperature and the
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effective charge Z.; (formula from Ref. [8]) which are measured by Thomson scattering and charge exchange
recombination spectroscopy. The current density profile used here is the total surface-averaged current density
profiles from various sources (Ohmic, bootstrap, beam-driven), which are computed by the TRANSP code.
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time of MHD onset and the local island power

balance fraction has a range of about 0.60 to 1.50. Continued analysis is focussed on reducing this variation and
eliminating the need for full TRANSP analysis for each plasma, for example through neural net evaluation of a
representative set of TRANSP runs to determine the required input for the IPB event.

3.2. Rotating MHD instabilities

Automated analysis of rotating MHD modes with tearing characteristics has started by using a DECAF module
to produce physical event chains leading to disruptions through slowing of the modes by resonant field drag
mechanisms and subsequent locking. An algorithm portable across tokamaks devices has been developed that
processes the spectral decomposition and signal phase matching of magnetic probe signals for mode
discrimination. Multiple modes occurring simultaneously are tracked and bifurcation of the toroidal rotation
frequency and locking for each mode due to the loss of torque balance under resonant braking are detected.

3.2.1. Disruption Event Characterization

The information analysed for these modes along with plasma rotation profile and other plasma measurements
produces predictive warnings for the individual modes, along with a total MHD event warning signal showing
initial success as a disruption forecaster. These capabilities are illustrated in Figure 4 for the same plasma shown
in Figure 3. In the plasma illustrated, rotating MHD instabilities thought to be non-linearly saturated and slowly
evolving resistive modes are found using a generalized phase matching algorithm in DECAF using an array of
toroidal magnetic probes typically available in tokamaks. The code discriminates the toroidal mode number of
the instabilities and tracks all modes greater than a specified amplitude. Modes that approach the disruption are
indicated by the chevrons in the diagram (which show the mode n number). DECAF events based on the mode
evolution are also shown, including the bifurcation of the modes (BIF-n1,2) (loss of torque balance leading to
rapid loss of mode rotation), and events marking the locking of the modes (LTM-n1,2). A single “total” MHD
warning signal that varies with time is also shown. This warning is created by a set of criteria and can be used as
a disruption predictor, as described in the next section.
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Fig. 4. Rotating MHD mode discrimination capabilities in DECAF. The upper left frame shows the mode discrimination and
decomposition into DECAF events. The lower left panel shows a total MHD warning level that increases as the disruption is
approached. The right panel shows a heat map illustration of 15 event criteria that comprise the total MHD warning level.

3.2.2. Forecasting

A significant part of DECAF research is determining the best criteria to create predictive warnings. The warning
model shown in Fig. 4 is comprised of 15 separate criteria, also shown in the figure displayed as a heat map.
This summary of model criteria provides a useful illustration of how the total warning level reaches high values,
indicating a disruption onset. A total warning level of 4 indicates close proximity to the disruption for this
model. The heat map also gives us an understanding of what is happening in the plasma to create the undesirable
plasma states approaching the disruption. Early in the discharge, MHD modes are also found, and core plasma
rotation is low as the plasma starts up and typically transitions from counter-NBI rotation to co-NBI rotation.
However, the mode frequencies are relatively high at this time, which is generally a safe condition. Later, near
t = 0.25s, the MHD warning level increases as modes are again found but now with decreased and decreasing
rotation frequency. However, these frequencies are not critically low (no mode bifurcations are found) and
plasma rotation is not low, so the warning level remains low. However, after t ~ 0.6s the heat map clearly shows
more negative criteria occurring simultaneously including an increased mode amplitude, decreasing mode
frequencies, and decreasing plasma rotation across the profile. Near t ~ 0.7s more negative criteria occur: mode
frequencies are below past computed bifurcation frequency levels, the modes drop to very low frequency, and
core plasma rotation is critically low. Late in the evolution in close time proximity to the disruption (t ~ 0.8s), a
critical level of locked mode amplitude occurs. Such a locked mode detector signal is typically used to predict a
possible disruption, but this indication occurs very late in the evolution. We see here that the DECAF analysis
starts to show a significant change in the total MHD warning level about 180 ms earlier, providing far better
advanced notice of the potential disruption allowing the potential for control systems to alter plasma stability to
avoid disruption. Additionally, and of critical importance, the DECAF analysis provides physical understanding
of the negative evolution of the plasma state as it moves toward the disruption. Further forecasting of resistive
MHD stability using the resistive DCON code is being investigated through supporting KSTAR research [12].

3.3. Global MHD instabilities

Global MHD instabilities such as external kink/ballooning modes or RWMs [13] typically cause the most rapid
disruptions (e.g. Fig. 1) and give the least amount of pre-disruption warning time. Therefore, attention needs to
be put toward forecasting such events to cue profile control systems well before instability develops.

3.3.3. Disruption Event Characterization

To examine disruption event chains with global MHD triggers, DECAF analysis was performed on a database of
44 NSTX discharges that were pre-determined to have unstable RWMs which lead to disruptions. Tearing
modes were stable during these discharges to focus on global MHD in this analysis. A typical disruption event
chain with an RWM trigger was shown in Fig. 1. In this database, the RWM, loss of boundary control (WPC),
LOQ, IPR, and DIS events are found in 100% of the plasmas, and VDE events are found in 91% of the plasmas.
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The GWL event warning is found in a few cases when the warning level is set at a Greenwald fraction of 0.9.
Interestingly, GWL can start the RWM disruption chain and is explained by the correlation of reduced plasma
rotation caused by increasing plasma density, leading to RWM instability by a destabilizing change in the
plasma rotation profile, discovered in NSTX [14]. Analysis shows that 61% of RWM events in a shot occur
within 20 conducting wall current diffusion times, z,, of the disruption. The other RWM events found occur
earlier but are not false positives as they cause significant thermal collapses or “minor disruptions” of the
plasma with subsequent recovery (plasma stored energy can drop by 30% or more over tens of ms, much larger
than the largest ELMs in tokamaks which cause far smaller stored energy decreases up to ~ 6%).

3.3.4. Forecasting

Kinetic RWM analysis has shown high success over years of quantitative comparison to experiment to
determine the mode marginal stability allowed through plasma precession drift and bounce orbit resonances,
collisionality, v, and energetic particle effects [14,15]. To allow rapid processing, full kinetic RWM
computations (using the MISK code [14,15]) that have been used successfully to predict mode stability on
NSTX and DIII-D have been used to create a reduced model of the kinetic RWM stability growth rate in
DECAF (Figure 5a). Gaussian functions with parameters fit from full MISK calculations of NSTX marginally
stable equilibria are used to define the kinetic energy functional 6wy as functions of ExB frequency and
collisionality. The model also incorporates expressions dependent on plasma pressure peaking, internal
inductance, and aspect ratio for the ideal MHD no-wall and with-wall beta limits computed from thousands of
DCON calculations using experimental equilibria [16].The modelled growth rate can be used to forecast RWM
instability based on plasma equilibrium reconstructions and rotation measurements and is time-dependent based
on the equilibrium evolution. Figure 5a) illustrates the evolution of a high normalized beta NSTX experimental
plasma as it becomes RWM unstable near a predicted marginal stability contour (while not shown, the growth
rate contours on Figure 5a change as the plasma evolves). This reduced kinetic RWM stability model in DECAF
performed well in its first incarnation against a larger database of plasmas to determine the proximity of
discharges to marginal stability (Figure
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4. INITIAL INVESTIGATION OF GENERAL DATABASES
4.4. Individual disruption chain events

The DECAF code has recently produced an initial analysis of large databases for multiple tokamak devices for a
small set of disruption characterization events. The analysis is conducted over the full duration of the planned
plasma current flat-top, rather than a limited period near the disruption time as might be available from a
disruption database. Thousands of shot seconds are available in the databases, with upwards of 0.5 — 1 million
tested sample times per database. For example, if the DIS event is used, the analysis produces the equivalent of
“disruptivity diagrams” showing the probability of a disruption occurring within a given parameter space of
tokamak operation. These diagrams are shown for NSTX, MAST, and KSTAR in Figure 6 expressed as
standard stability operational space (l;,5y) figures (I; is the plasma internal inductance). This multi-device
comparison illustrates a highly important and still largely unappreciated result separately published for DIII-D
and NSTX [17] for smaller datasets that plasma disruptivity does not need to increase (and can actually
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decrease) as fy increases. However, as will be shown in the next section, the high beta regions of low
disruptivity are in fact key areas for DECAF algorithms to analyse events that can lead to disruptions.
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Fig. 6. Event probability diagram of DECAF event DIS during I, flat-top showing that disruption probability does not have
to increase as plasma normalized beta is increased based on large databases from the NSTX, MAST, and KSTAR tokamaks.
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4.5. Disruption event chain analysis for arbitrary discharges

DECAF event characterization and event chain analysis shows that disruption forecasting analysis often start
during plasma states that can appear safe. This is illustrated using the disruptivity database plot shown in Figure
6a) and the figures in this section. The regions of high disruptivity in Fig. 6a) may be thought to be the most
important based on human inspection. However, an apparent problem is that the region of high disruptivity at
low gy and mid-range [; is not physically understood to be a dangerous operational region. The enigma is
resolved by understanding that the plasma state can evolve significantly from more usual high performance
parameters to the point at which the disruption actually occurs. This fact is completely missed, for example, by
disruption database studies that only process data near the disruption time. Even worse, such studies may
parameterize disruptive limits based on these misguided terminal states. In contrast, DECAF disruption event
chain analysis of two discharges in Fig. 6a) that disrupt (DIS event in DECAF, marked by red and green X’s in
the figure) show that the start of the event chains appears in the region indicated by the red and green circles —
which are far from what might be expected. The disruption event chain for these plasmas in Figure 6 are shown
in Figure 8 along with the DECAF MHD mode decomposition and total MHD warning level. As before, we see
this warning level rising toward and past the critical value of 4.0 as the disruption is approached. The DECAF
mode decomposition adds information showing that the mode evolution toward lower rotation frequencies is
relatively slow. This is one reason why the plasma disrupts far from the plasma state at the trigger event.

The DECAF event chains in Figure 8 provide a wealth of information. In Fig. 8a), we see a critical warning for
the individual n = 1 rotating MHD mode (MHD-n1) as a starting point for the chain. Note from the top frame
that the low frequency n = 1 mode itself was detected far earlier — near t ~ 0.22s. However, the warning level for
the activity was not determined to be sufficiently high then. The mode bifurcation (event BIF-n1) occurs 5 ms
later. The mode locks (event LTM-n1) 45 ms after the bifurcation. Then, a different dynamic occurs, as DECAF
finds a pressure peaking event warning (PRP) happening 23 ms later. While the warning literally flags that the
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pressure peaking factor is exceedingly high, it also importantly indicates that an H-L energy confinement back-
transition has occurred, the H-mode pedestal is lost, and the neutral beams have better penetration increasing the
plasma pressure peakedness. The IPR warning occurs 5 ms after PRP and simultaneously the plasma is makes a
close approach to the vessel wall (WPC). Finally, the plasma disrupts 4 ms after the WPC event. It is also
interesting that the VDE event warning occurs 3 ms after DIS. Usually the events are reversed in time. This
indicates that the plasma remains mainly on the midplane during the evolution, uncharacteristic of NSTX
disruptions. Figure 8b) shows a relatively slow RWM-triggered disruption (i.e. compared to Fig 1b)). In this
disruption event chain, the PRP warning again indicates an H-L back transition and a VDE is produced
approximately 107y, after the RWM trigger occurs. As shown, the disruptions in these two plasmas occur 77 ms
and 101 ms after the initial DECAF warnings. These intervals represent transport timescales (a few energy
confinement times) and so would allow sufficient time for active profile control for disruption avoidance, or
easily allow time for active mode control or disruption mitigation.
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Fig. 8. (top to bottom) DECAF decomposition of rotating MHD in relatively slow evolutions toward disruption; total MHD
warning signal; DECAF event chains leading to disruption. Plasma in frame (a) is triggered by rotating MHD, (b) by RWM.
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