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Abstract

Abnormal (deviating from the target) variations in the plasma vertical position Z and current I,
(such as vertical displacements, transient /, ‘spikes’ and quenches) constitute common elements
of a disruption, a phenomenon that is to be mitigated, or ultimately avoided in future
reactor-relevant tokamaks. While these abnormalities are generally recognized cross-shot and
cross-device, details in terms of appearance (or not) and order of these abnormalities in
disruption event chains (DEC) are bound to the plasma state at the time of the chain initiation.
Detection of these abnormalities is thus indicative not only of the onset of the plasma collapse
itself but also of the disruption driving cause that is promoted at a particular plasma state. Here,
the occurrence of disruptions, explored via the detection of an I, quench, and the analysis of
DEC constituted by I, and Z abnormalities is reported for in total seven full device-year pairs of
operation of three machines (4, 2 and 1 years of KSTAR, MAST-U and NSTX-U operation,
respectively) using the DECAF code expanded tools and capabilities. It is shown that the
disruption occurrence depends not only on the details of the plasma state but also on
(device-dependent) technical elements of the shot exit scenario. Year-to-year changes in the
main disruption causes and a reduction in the disruptivity rate, bound by device and operation
upgrades, are reported. Particular trigger instances of DEC (and the full chains when applicable)
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are shown to occupy different parts of the operation space diagrams, in accordance with prior
expectations. Plasma elongation is identified as an important factor influencing details of the

chains and its role will be further explored.
Keywords: magnetohydrodynamics, tokamak, disruptions

(Some figures may appear in colour only in the online journal)

1. Introduction

Fast losses of the plasma confinement—disruptions [1]—may
threaten future power plant-relevant tokamaks on numerous
fronts: through generation of runaway beams piercing the first
wall armor [2], deposition of significant thermal and particle
loads leading to melting and erosion of the plasma facing com-
ponents [3] and exertion of substantial electromagnetic forces
(resulting from eddy and halo currents) that can compromise
the integrity of device structural components [4]. As such, dis-
ruptions will have to be mitigated, or ultimately avoided when
necessary, in devices such as ITER [5] and SPARC [6].

Previous studies [7, 8] reported on a number of physics
and technical instances that causally resulted in plasma disrup-
tions. These instances were later formalized in [9] to ‘events’
that form a ‘disruption event chain’ (DEC). A trigger event
of a DEC for example, an impurity influx and accumula-
tion [10, 11], over/underfueling leading to too high [12, 13]
or low plasma density [14] or simply a proximity to known
stability limits, creates favorable conditions for destabiliza-
tion of magnetohydrodynamic (MHD) modes that may cause
the disruption through destruction of the confining magnetic
flux surfaces. Another possible path to plasma collapse may
be through technical issues that are primarily decoupled from
the plasma state, such as faults of critical hardware compon-
ents or faults in the plasma control. Accurate DEC recogni-
tion is important: in real-time for deployment of correct actu-
ators preventing disruption and in post-processing to further
improve the understanding of disruption root causes, which in
return contributes to the development of collapse avoidance
strategies.

Independently of the plasma collapse root cause, common
disruption elements have been recognized cross-device and
cross-shot. Dominant among those are abnormal (deviating
from requested) variations in the plasma current /;, and vertical
position Z, such as I, quenches, transient ‘spikes’ and plasma
column vertical displacements [15—17]. Given their close asso-
ciation with disruptions and their common occurrence, they
can serve as simple, yet reliable indicators of an upcoming/on-
going plasma collapse.

Origins of I, and Z anomalies are diverse. Elongated
plasmas are naturally unstable to vertical displacements of
the plasma column [18] and failure of vertical stabilization
may result in unrecoverable vertical displacement events and
plasma terminations. Through magnetic stochastization, MHD
modes may cause thermal quenches and fast relaxations of
the current density profile featuring /I, spikes [19-21]. This

phenomenon may be perturbative up to a point of being
imminently followed by an I, decay in highly resistive plas-
mas, through a quench, until a complete plasma loss. These
anomalies are typically among the last events within the full
event chain and in principle they may appear in a different
order and/or be missing in the DEC, with their appearance
being bound to a particular plasma state, plasma control cap-
abilities and machine engineering configuration. As such, des-
pite the fact that they are usually not the primary trigger events,
DECs consisting of these anomalies alone may reflect the
earlier disruptive plasma state evolution and thus can be used
to create basic disruption groups defined per trigger events of
those reduced DECs. These disruption groups (presented in
section 3.3) are coarsely, yet robustly indicative of the driving
disruption cause. In addition, a binary disruptive shot classifier
may implement recognition of these anomalies. In particular,
while 7, spikes and vertical displacements may be generally
self-sustained and/or compensated and thus do not lead to an
immediate plasma termination, major /, quenches usually res-
ult in irreversible plasma loss. As such, an I, quench repres-
ents a suitable binary indicator of a disruptive plasma, i.e. its
detection can serve as a simple, yet fundamentally important
classifier of disruptive shots. It is worth noting that a general
consensus on the definition of a binary plasma disruption clas-
sifier, that would separate disruptive and non-disruptive shots,
has not been reached across previous references, for reasons
including a clear definition of the current quench severity, and
even the lack of technical event considerations in the analysis
in certain cases.

The DECAF® [9] code aims at tokamak plasma disrup-
tion characterization and prediction through its continuously
expanding analysis tools and a set of physics-driven modules
that capture various elements of the disruptive chains. Besides
those, DECAF newly recognizes technical events (such as
various hardware and software faults, plasma control system
phase changes etc) in its event module fleet. In a fully auto-
mated and abstracted manner, it captures the above described
I, and Z anomalies of interest and here the code is used to
achieve two goals:

(a) Report on a disruption occurrence indicated by an I,
quench-based disruptive plasma binary classifier. The dis-
ruptivity will be discussed in the context of the inten-
tional plasma termination deployment, a key element to

6 U.S. and international patents pending.
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be recognized in any DEC for proper interpretation of the
causality of events leading to the plasma collapse.

(b) Explore the statistics of disruption groups defined by trig-
ger events in DECs composed of I, and Z abnormalities
and present the location of the groups in the plasma oper-
ation space. The hypothesis is that both the statistics of
occurrence and location of DEC trigger events in the oper-
ation space are bound to the plasma stability boundaries
sensitive to the given DEC, but also to the usual experi-
mental scenario, engineering capabilities and setup.

The two topics combined bring an important insight into
the physics and/or engineering elements driving disruptions
in a given study set. Hence, a background for further study
of disruption root causes and hints for future development
of real-time plasma control and termination schemes can be
obtained. This study was conducted on a large multi-device
(KSTAR, MAST-U and NSTX-U) and multi-year (7 years of
operation in total for the three machines) shot database, tak-
ing advantage of the capability of the DECAF code to ana-
lyze disruptive event chains on large multi-machine datasets
in a time-efficient manner. Thanks to this capability, a unique
year-to-year improvement in the device operation captured by
the DECAF analysis will be reported in the respective paper
sections.

This document is organized as follows: details on the
multi-device/year study database are provided in section 2.
A description of DECAF modules recognizing I, and Z
anomalies can be found in section 3 and the I, quench-
based binary disruptive plasma classifier is described in
section 3.2. Disruption groups are defined in section 3.3.
Disruption occurrence captured through I, quench is shown
in section 4. Statistics of disruption groups and their locations
in the machine operation space are provided and discussed
in sections 5.1 and 5.2, respectively. Similar information has
been reported for the most frequently occurring full DECs in
section 6. A summary of the findings is in section 7.

2. Multi-device and year study database

The database of interest consists of the full KSTAR 2019-
2022, MAST-U 2021-2022 (internally called MUO1 and
MUOQ2) and NSTX-U 2016 campaigns. The corresponding
shot ranges, given in table 3, span from the first to the last
attempt for a plasma discharge. All shots within these ranges
were labeled through a newly implemented DECAF categor-
ization algorithm that discriminates between plasma and no-
plasma discharges. Basic discharge categories recognized by
DECAF are listed in table 1. In the case of the first four cat-
egories, no plasma was achieved during the shot. The cat-
egorization feature is one of the supporting elements that
allows DECAF to study DECs in full year databases in a time-
efficient manner as the analysis is only conducted on plasma
shots. On top of that, it provides an extra information about
the underlying reason for the no-plasma discharge, a detail

Table 1. Criteria for DECAF basic shot categories.

Category I, criteria By criteria

No I,/B; data I, or B; data missing

No toroidal field — |Bi| < Buvac

Vacuum shot || < Ipvac & |Bi| = Biyac
max(Zp) < Ipmax o

Failed I, breakdown Ipvac < || & |Bt| = Bivac

max(lp) < Ip,bd,max &
I(t= time(lp,bd,mm)) <
]p,bd,min

Plasma shot Otherwise

Table 2. Device-dependent thresholds for DECAF basic shot
categorization.

Device KSTAR MAST-U NSTX-U
Time range (s) [0,10] [0,1.1] [0,1.1]
Bivac (T) 0.2 0.1 0.1

Ipvac (MA) 0.05 0.02 0.02

I max (MA) 0.05 0.07 0.05
Ippd,max (MA) 0.3 0.3 0.3

Iy pd,min (MA) 0.1 0.1 0.1
Time(Zp pa,min) (s) 0.15 0.2 0.15

that may be of interest for machine operators and future device
designers.

To categorize a given shot, the mean values of I, and
vacuum magnetic toroidal field on axis B; are compared to
a set of device-dependent thresholds. The thresholds, ini-
tially set to educated guesses (through a port of thresholds
from a device of similar characteristics, or through an assess-
ment of the expected threshold values based on known device
operations and constraints), are iteratively optimized in hun-
dreds to thousands of cases until successful categorization
is achieved on the full test set. Thresholds for the set of
devices of the hereby interest are listed in table 2. A spe-
cific category is assigned to the shot based on fulfillment
of criteria for the given category (see table 1). The mean is
applied to I, and B signals delimited in duration by device-
specific time ranges given in table 2, second row. Shots fall-
ing into the no-plasma category have no disruptive events
to be recognized and were thus omitted by DECAF in the
here presented study. As for the plasma shots, no human
deselection was applied on any discharge and all shots were
analyzed.

Counting of (no) plasma shots is given in table 3, third
column, and in figure 1. Furthermore, to assure completeness
of the input for the DEC analysis in disruptive shots (analysis
results presented in sections 5 and 6), DECs were further ana-
lyzed for plasmas reaching an /,, flat-top phase and shots with
I, and Z measurements acquired up to at least 1 ms after the
onset of the I, quench phase. The final counting of plasma
shots fulfilling these conditions is listed in table 3, fourth
column.
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Table 3. Summary of the study database.

Plasma Shots analyzed
Device & year ~ Shot range shots (%) for DECs (#)
KSTAR 2019 21779-24081 60.2 1030
KSTAR 2020 24 136-27 382 68.2 1953
KSTAR 2021 27 806-30435 83.0 2009
KSTAR 2022 30732-32768 78.6 1499
MAST-U 2021  43313-45513 61.9 1291
MAST-U 2022 4602047174 57.6 377
NSTX-U 2016  202514-205433 35.6 557
BN KSTAR 2019 (2303->1387)
80 IS KSTAR 2020 (3247->2213) |2
B KSTAR 2021 (2630->2182)
70 = KSTAR 2022 (2037->1601) |70
mEE MAST-U 2021 (2201->1362)
n B MAST-U 2022 (1155->665) |0
- [ NSTX-U 2016 (2920>1039)
_g 50 = 50
0
M= 40 40
o
°\° 30 30
20 20
10 10
0 e - | ] . 0
Plasma shot No Ip/B; data No toroidal field Vacuum shot Failed I, breakdown

Shot categories

Figure 1. Results of the DECAF shot categorization for the
device-experimental year pairs. Shots that passed the /, breakdown
fall into the ‘Plasma shot’ category (see table 1). Numbers of
Total—Plasma shots are indicated in parentheses.

3. I, and Z anomaly detection in DECAF

The DECAF code recognizes its physics and technical events
in a fully automated and abstracted manner cross-shot and
cross-device. Modules capturing /, and Z anomalies of interest
are presented in section 3.1. All hereby presented events are
summarized in the form of event’s short description and its
acronym in table 4. Details on I, quench-based disruptive plas-
mas binary classifier are given in section 3.2 and a basic dis-
ruption classification based on these anomalies is defined in
section 3.3.

3.1 Events capturing |, and Z abnormalities

In healthy and well pre-programmed and controlled plasmas,
the experimental /, signal closely follows the target waveform.
Significant deviations between the two may be transient (for
example, during an I, spike), or persist on a longer timescale.
In both cases, the Ohmic current drive actuators may coun-
teract them in feedback controlled plasmas, but strong plasma
perturbations may eventually exhaust the actuators’ capacity,
resulting in a disruption onset. DECAF evaluates the deviation
within its IPR event (firstly presented in [9]) that indicates that
the target plasma current request is no longer being met. The

code issues a warning that can achieve three different levels,
rising from Level 1 (lowest severity warning) to Level 3 (indic-
ating an imminent disruption). To achieve a given level, the
deviation of the target to experimental waveform must surpass
a predefined threshold. The three thresholds, different for the
devices analyzed in this study, were derived experimentally in
a way that maximizes the detection accuracy yet assures low
false positive detection rate.

Ensuring plasma vertical stabilization is a primary control
task in tokamaks. The failure results in a vertical motion devel-
oping on O(1 x 1073 s) time scale that can potentially result in
damage to the device components. DECAF captures the ver-
tical motion of the plasma column and issues a warning of
Levels 1-3, in analogy to the procedure described in the pre-
vious paragraph. Here, however, three distinct target quantit-
ies (all associated with the vertical motion) are monitored and
compared to experimentally derived, device-dependent multi-
level thresholds. Each of the three individual tests contributes
to a total warning ‘score’ [22] that is then mapped to the Level
1-3 warnings in the DECAF VDE event. The target quantities
are the following:

e absolute displacement from the target position;
e absolute vertical velocity;
o product of vertical displacement and velocity.

In this work, DECAF calculates the vertical position and
velocity using fast resolved (at 10 kHz sampling rates) data
acquired by magnetic probes or flux loops, assuring higher
event accuracy compared to previous setup that was using
plasma vertical position calculated by the MHD equilibrium
code [9]. It is noted that the vertical displacement recogni-
tion is decoupled here from the detection of a thermal quench
and as such it does not discriminate between resistive and
non-resistive (sometimes called ‘cold’ and ‘hot’) displacement
events.

I, spikes are commonly associated with magnetic stochas-
tization [19, 20] and thermal collapses. Various MHD modes
may lead to these phenomena: modes that are usually not
imminently disruptive, for instance plasma core sawtooth [23,
24] and edge localized modes [25], and modes frequently
appearing in the disruptive event chains, such as tearing
modes [26, 27], external kink modes [28] and others. Major
thermal quenches spanning across a significant part of the
plasma radius may be followed by an I, quench phase. Both
spikes and quenches are among the most basic transient phe-
nomena to be monitored to evaluate the plasma state proximity
to a disruption. DECAF recognizes these transients through
a hereby expanded processing of the I, time derivative that
allows examination of finer details of constitutional disruption
elements. In particular, it recognizes peaks (positive and neg-
ative) in the df,,/dr signal and associates them with the tran-
sients in an optimized manner that avoids false peak recog-
nition. As stated earlier, /, abnormalities captured by this
algorithm do not have to causally lead to an imminent disrup-
tion. Therefore, in order for a spike and quench to be asso-
ciated with the definitive plasma collapse, the latter must be
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Figure 2. Example of a DEC captured by DECAF in a MAST-U shot 45 473 (left) and a zoom into the disruption interval (upper right) and
the vertical displacement (lower right). The chain of consecutive events of interest here is DCS — IPR — VDE — USD — CQS.

recognized in the vicinity of the plasma termination point (,
falling below a critical threshold set at the order of a couple of
% of maximum /,, achieved in the shot) and the former must be
imminently followed by a disruptive plasma current quench.
These criteria result in DECAF events named disruptive cur-
rent spike (DCS) and disruptive current quench (DCQ). Given
their causal bound to the plasma collapse, these events issue
directly a Level 3 warning at the time they are recognized (con-
trary to the above described multi-level warnings issued by the
IPR and VDE events).

It should be noted that the hereby described DCS and
DCQ recognition (that uses as an input only the I, signal) is
reserved for shot post-processing. Future implementation of
these DECAF events in real-time (that will expand the set of
real-time DECAF events already implemented in the KSTAR
plasma control system [29]) will require the algorithm for peak
recognition in dI;,/d to be complemented with other import-
ant disruption proximity indicators, such as occurrence and
extent of thermal quenches, evaluation of disruptive MHD
mode amplitude [30, 31], recognition of MHD mode coup-
ling [32] and others.

Figure 2 shows an example of a MAST-U discharge ana-
lyzed by DECAF for the above described /, and Z abnor-
malities. The Level 3 DEC is initiated by a DCS, a trigger
event that is closely followed by an above-threshold devi-
ation of the experimental (black) from the requested (red)
I, waveform captured by the IPR event. A VDE event fol-
lows shortly after, as well as USD (engineering Uncontrolled
Shut Down technical event, see section 3.3 for more details).
In figure 2, a DCS is located at the onset of a disruption
interval, an interval defining the period of time over which

a disruption occurs, which is a far more physically reason-
able approach than simply defining the disruption to occur at
a single point in time. The interval is an alternative to the dis-
ruption time indicator (DECAF event DIS) presented in [9].
Physical events (final collapses of the plasma stored energy,
temperature, plasma current etc) are specified in DECAF that
set the criteria that define the disruption interval. These criteria
are unchanged for a given DECAF model. The advantage of
a disruption interval over a singular time is that it can com-
prise the period of major disruption consequences in terms
of heat and particle loads on the plasma facing components,
periods of maximum halo and in-vessel induced eddy cur-
rents and mechanical forces applied on the vessel (that can
reach its peak after full thermal energy content and /;, dissip-
ation [33]). Furthermore, the interval mitigates the ambiguity
over the definition of a particular disruption time encountered
within the research community. Finally, it allows a simple
graphical visualization of distinct disruption elements within
the plasma collapse phase and helps to understand the event
connection and causality. Figure 2 demonstrates the criteria set
for the disruption interval span for the DECAF model applied
in this work. As illustrated in the figure, the interval captures
a DCQ surrounded by the start and end of the current quench
phase (CQS and CQE events, delimiting the negative peak in
the dI,, /dt signal associated with the DCQ event) and the DCS
that imminently preceded the I, quench phase.

While the details of the disruption, captured by all of the
above introduced DECAF events, are important for disrup-
tion dynamics studies, in the following, the focus is on DECs
constituted by DCS, IPR, CQS, VDE and USD events (high-
lighted in bold in table 4). The times at which those events
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Table 4. DECAF events of interest (events constituting DECs in
this study are highlighted in bold).

DECAF event Event code
Disruptive current spike DCS

I, experimental not meeting target IPR
Disruptive current quench DCQ

I, quench phase start CQS

I, quench phase end CQE
Vertical displacement event VDE
Uncontrolled plasma shut down USD

reach the Level 3 warning determine their order within the
DEC. In the example shown in figure 2, the chain of consec-
utive events of interest is DCS — IPR — VDE — USD —
CQs.

3.2. I, quench-based binary disruption classifier

A robust binary classifier of disruptive and non-disruptive
plasmas is a prerequisite for the construction of a plasma shot
database serving for any disruption-related analysis. Several
commonly occurring disruption elements may be implemen-
ted for discrimination of non-/disruptive shots, among which
the most frequently considered ones are major vertical move-
ments and thermal and /, quenches. Each of these three ele-
ments suffers from drawbacks in its application as a binary
disruptive plasma indicator:

e Thermal and current collapses have been observed in plas-
mas vertically centered until the full plasma termination [34,
35]. Hence, disruptive shots may be completely missed
when relying on vertical displacement detection.

e Thermal quenches develop on millisecond timescales and
not all devices are equipped with diagnostics that can
resolve them, preventing a universal cross-machine port-
ability of a thermal quench-based classifier. Furthermore,
step-wise minor thermal collapses, rather than major sin-
gular quenches, and even post-quench recovery of plasma
temperature, were reported in devices with metallic first
wall armor [8], making the disruption identification some-
what ambiguous without additional DECAF events examin-
ing impurity radiation-induced plasma collapses.

e Metal-wall devices were observed to feature slower I,
quenches, frequently accompanied by transient spikes,
which makes the quench phase identification technically
more challenging. Nevertheless, a major I, quench lead-
ing to a complete plasma loss is in general an irreversible
disruption phase, recognized cross-device and cross-shot
and documented through basic I, measurements. Hence, it
may be considered as the most suitable universal disruption
indicator.

Owing to this universality, DECAF has been expanded to
recognize disruptive shots via the detection of the major I,
quench. In the code, the final /, quench phase is detected
through the DCQ event and the quench interval is delimited
by CQS and CQE events (defined in section 3.1). Hence,

the sequence of DECAF events recognizing the disruptive
I, quench is CQS—DCQ—CQE (see figure 2, upper right),
i.e. the first event in the sequence is CQS. Therefore, the I,
quench onset time is given by the time of the CQS event occur-
rence in the following analysis.

In contrast to disruptive shots, plasmas with /, ramping
down at a (roughly) constant rate do not lead to transients in
the df,/dr signal (recall section 3.1) and therefore do not trig-
ger the DCQ event. Altogether, discharges without disruptive
I, quench phase cannot have the DCQ, CQS, CQE and DCS
events recognized.

It is worth noting that despite the technical challenges
described above, recognition of thermal collapses is of primary
importance in the context of disruptive event chain analysis,
given their key role in the disruption onset. As such, a new
fleet of DECAF events, targeting the detection and character-
ization of thermal quenches and their precursors, is currently
under development.

3.3. Basic disruption groups based on |, and Z abnormalities

The reduced set of DECAF events-of-interest consists of four
physics events capturing /, and Z anomalies and one engineer-
ing technical event indicating intentional plasma termination.
Combined, a large number of permutations of events (>100)
within the DECs may in theory be captured in the study set.
The order and appearance (or not) of events within DECs is not
random, it is driven by the particular plasma state, off-normal
plasma state handling and other factors. While the details of
the chains (order and number of events) matter—for example,
it allows a detailed understanding of the path that led to the
plasma termination—a simple, yet robust disruption classifier
can be constructed when the DECs are grouped per trigger
event. The onset of trigger events is not random either, it is
the result of the plasma state at the time of the trigger event
onset that promotes the underlying physics mechanism. As
such, trigger events should locate themselves within distinct
regions of the plasma parameter space. Knowledge of trigger
event location within this space not only helps to further under-
stand the conditions promoting their onset, but it may also help
at formulating strategies for deployment of actuators delaying
the disruption or completely stabilizing the plasma. Possible
driving mechanisms of the trigger events-of-interest (listed in
table 4) are the following:

o VDE: meeting of the vertical instability limit within the x(/;)
space (plasma elongation vs. measure of the current profile
peaking, the plasma internal inductance), fault of the (act-
ive/passive) vertical stabilization;

o [PR: high density limit, in-core impurity accumulation, loc-
alized plasma cooling and radiation causing modification of
the current profile resulting in experimental /, not meeting
the requested waveform (followed frequently by destabiliz-
ation of MHD modes);

o DCS: global MHD modes (external ideal kinks, resist-
ive wall modes, born-locked tearing modes etc) disrupting
plasma through single /, spike without prior IPR event;
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e CQS: underlying cause to be further studied, with prime can-
didate being a fast plasma radiative collapse;

e USD: intentional control transition to plasma termination
following a detection of fault of critical hardware or software
components, proximity to known hardware engineering or
plasma stability limits, intentional deployment of massive
gas injection etc. Given the rather technical nature of this
event, it can in principle be located in any part of the plasma
parameter space.

It is noteworthy that the statistical incidence of disruption
groups may change over time, for example after an upgrade of
critical device hardware and/or software elements [8], major
change in the experimental shot planning etc.

4. Disruption recognition via I, quench detection

Section 3.2 presented the definition of the /, quench-based
classifier of disruptive plasmas implemented in DECAF
through the CQS event. Figure 3(a) displays the percentage
of discharges with CQS recognized by DECAF in the study
set consisting of all plasma shots indicated in table 3, third
column. While the percentage of CQS in spherical tokamaks
MAST-U and NSTX-U is between ~60%—-80%, in KSTAR
the percentages approach 100 in all experimental years.

CQS onset must be necessarily viewed in the context of
the deployment of the actions leading to the USD event, as the
USD may be directly followed by the I, quench. In the KSTAR
case, the USD preceded CQS in [13,11,31,36]% of cases in
the years 2019-2022 (see figure 3(a)), respectively, indicat-
ing that a large number of quenches were induced by other
causes than USD. Nevertheless, KSTAR deploys a rather con-
servative protection of the critical superconducting and other
systems. For example, it aims at preventing quenching of its
poloidal field coils [36], mitigating damage of the first wall
by plasma heating modules etc. These protection schemes are
included in the drivers of the USD DECAF event and it can
be seen in figure 3(b) that prior to KSTAR 2021 this event was
mainly deployed at plasma current /, < 0.1 MA. In the follow-
ing years, an apparent change in the USD application strategy
took place as the USD was deployed also at higher levels of
the I,,, up to the point of the flat-top nominal plasma current.
The change in the USD deployment strategy led to the fact that
it was inducing more I, quenches.

CQS statistics may be viewed in the context of its onset dur-
ing the shot phase. CQS occurrences in the /, flat-top phase
(of which an example is shown in figure 2) are indicated in
figure 3(a). To qualify as a CQS in the flat-top, I, at the time of
the CQS event could not be below 90% of the nominal target I,
flat-top level set by the device operator. It can be seen that the
majority of CQS events are initiated in the /, dynamic phases
of the discharge, i.e. outside of the flat-top phase. Empirically,
the non-flat-top disruptions happen in the /, ramp-down phase,
indicating significant room for optimization of the shot termin-
ation sequence with respect to the prevention of the disruption
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Figure 3. (a) Statistics of automatic DECAF recognition of I,
quench phase through the CQS event in the full study database.
CQS preceded by the USD are indicated, as well as CQS events
happening during or outside of the I, flat-top (FT) phase. (b)
Distributions of I, calculated at the USD event time in KSTAR
2019-2022. (c) Stability diagram Sx(Z;) in the form of mean values
of the quantities calculated during the I, flat-top phase, MAST-U
2021 and 2022 datasets. Shift towards higher mean(Sn) values in
MAST-U 2022 is indicated by an arrow.
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onset (an example of a shot termination improvement leading
to decrease in the disruptivity in the plasma ramp-down is dis-
cussed below for the MAST-U case).

Generally, upgrades of device components and shot
sequence plans may lead to prevention of the disruption and
thus reduction of the disruptivity rate. For example, when com-
pared to MAST-U 2021, the MAST-U 2022 set shows a sig-
nificant decrease (by ~20%) of the discharges with CQS and
far fewer disruptions in the plasma /, ramp-down, which may
be at least partly attributed to the year-to-year improvement of
the plasma shape and vertical stability controllers [37]. On the
other hand, the rate of flat-top disruptions increased in MAST-
U 2022 compared to MAST-U 2021. This may be attributed
to the overall higher plasma performance in MAST-U 2022
compared to the 2021 campaign, demonstrated in figure 3(c)
that compares the campaign’s data points within a Sx(/;) (BN
is the normalized ratio of kinetic to magnetic pressure and /;
the normalized plasma internal inductance) stability diagram
(the data points correspond to mean values of the quantities
calculated during the I, flat-top phase). In MAST-U 2022, the
mean [y in flat-top was overall higher than in 2021, making
the plasma more vulnerable to destabilization of MHD modes
which could in turn disrupt the plasma.

It is necessary to stress that once the I, completes the
pre-programmed flat-top phase, the device operators may set
to automatically switch off active control of critical plasma
parameters. Frequently, this may result in a plasma disrup-
tion, contributing thus to the CQS event occurrence. In cur-
rent machines, the disruptions pose a rather minor risk to
the machine components, but with the transition to reactor-
relevant devices and plasmas, this procedure may generally no
longer be applicable.

5. DEC trigger event statistics and location in
plasma operation space

Section 3.3 introduced basic disruption groups according to
the here studied DECAF events capturing I, and Z abnormal-
ities. In the following, statistics of the basic disruption groups
in the study set will be presented (section 5.1), followed by
examples of DEC trigger event locations in the machine oper-
ation diagrams (section 5.2). Both points expand the analysis
of DECAF events presented in [9] in that here, the focus is on
the analysis of the DEC triggers and the plasma state at the
trigger event times.

5.1 Statistics of disruption groups in the study database

Figure 4 shows the occurrence (in %) of DECs trigger events
in the study database identified by DECAF. The percentage of
VDE:s as trigger events has reduced over the years in KSTAR,
indicating a change of strategy in prevention of this type of
instability. Furthermore, the USD evolves as an important trig-
ger event over time, complementing the observations of the
USD deployment presented in section 4. In the MAST-U case,
the IPR trigger event appears to have been suppressed at the
expense of the DCS event, possibly because of an inclination

to destabilization of different type of MHD instabilities in
the second year of the device operation. Percentage of other
events stayed approximately the same from year-to-year, yet it
should be stressed that the overall disruptivity rate decreased in
MAST-U 2022 compared to MAST-U 2021 (recall section 4).
Finally, in the case of the NSTX-U 2016, IPR, VDE and DCS
were identified at roughly similar percentages, with IPR being
the most frequent trigger event.

5.2. Location of DEC trigger events in plasma operation
diagrams

As introduced in section 3.3, distinct DECs grouped per trig-
ger event may be located in different parts of the device opera-
tion space and stability diagrams as they reflect distinct causes
leading to their onset. The global plasma parameters usually
examined in the context of MHD mode destabilization are
plasma shape parameters (plasma triangularity § and elong-
ation k), A, l;, Greenwald density fraction fgw, safety factor
at the 95% of the toroidal flux g9s and others. The location of
DEC trigger events in various operation and stability diagrams
was examined here for all device and year database pairs,
and the most prominent clustering of the disruption groups
was recognized in diagrams constituted by gos, /; and « para-
meters. In the following, selected diagrams for a represent-
ative part of the database are shown and discussed. Plasma
parameters in the diagrams were calculated at the time of
the DECAF event reaching the Level 3 warning levels (recall
figure 2). USD and CQS events data points are not shown in
the plots. USD is a technical event that can be in principle loc-
ated in any part of the diagrams and CQS as a trigger event
needs further investigation of the disruption root cause prior to
any discussion related to its position in the stability diagrams
(given its overall low occurrence in the data set, its position
in the diagrams does not provide useful hints on the driving
cause).

Figure 5, upper plots, display three selected diagrams for
the MAST-U 2021 database [38]. The DCS trigger event is
clustered in the /;(g9s) diagram (left) at the stability bound-
ary that was previously observed in [34] in the full-tungsten
ASDEX-U device for the high plasma density limit disrup-
tions. A significant fraction of the IPR events are located
in broader current density profiles (i.e. at lower /;). Broader
current density profiles might be inclined to the growth of
external kinks in various mode structures (along the gos line).
Furthermore, DCS trigger events tend to be located in the
highest elongated plasmas for a given /; where VDE events
are expected (x(/;), middle) and in the /;/q9s(x) diagram (right)
the DCS trigger events are found at the highest values of the
ratio for a given k, with [;/q9s being a proxy for the free
energy driving the growth of MHD modes [39]. Note that
the VDE points are roughly homogeneously distributed in the
li(q9s) and x(l;), contrary to usual expectations. A year-to-
year upgrade of the plasma shape controller and improvements
in maintaining the radial field balance led to the apparent
elimination of VDEs destabilized in plasmas with magnetic
axis localized radially closer to the central solenoid (figure 5,
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Figure 4. Percentage of all DECs grouped per trigger event in the study set.
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lower right, encircled), usually destabilized in the early /,, flat-
top phase. This elimination probably contributed to the over-
all reduction of the disruptivity rate (discussed in section 4)
and clearance of the VDE points in the central part of the x(I;)
diagram.

Figures 6(a) and (b) display x(/;) diagrams for the KSTAR
2022 and NSTX-U 2016 sets [40], respectively. The cluster-
ing of the three trigger events of interest is recognizable in
the NSTX-U case, with a clear separation of the IPR data
points (located at an overall lower plasma elongation) from



Nucl. Fusion 64 (2024) 066030

V. Zamkovska et al

(a)

2.6

VDE
IPR
DCS

1
~

¢

g
[N]

-
0 o

=

K @ trigger event
[o)]

=
~

=
N

ke
o

2 3

z
e

g
o

VDE
IPR
DCS

i
»

o
N

g
(=}

=
©

=

K @ trigger event
(o)}

p=
>

=
N

% x
0.5

1.0

1.0 1.5
i @ trigger event

2.0 2.5

Figure 6. Trigger events occurrence in the x(/;) diagram in KSTAR
2022 (a) and NSTX-U 2016 ().

the other events. The predominant location of the VDE and
DCS events is close to the upper stability boundary. In the
case of KSTAR 2022, clustering of the disruption groups is not
so distinct. In other KSTAR experimental years, the trend is
similar.

A multi-device /;(g9s) diagram shown in figure 7 displays
DCS trigger event points for four selected device-year data-
bases. While in the case of KSTAR 2022 the points are approx-
imately restricted to the gos5 ~ 3-6 region, points along the /;
are roughly unrestricted. The situation is clearly reversed in the
MAST-U case with a year-to-year reduction of points below
qos ~ 4.8. Further investigation found that a substantial part of
MAST-U 2021 points located below this limit were acquired

3.0 7
+  KSTAR 2022
o5/ = MAST-U2021 ,
' e MAST-U2022 °
NSTX-U 2016 ' :

n 20 !
o
=)
®15

1.0

0.5

1

Figure 7. Multi-device location of the DCS trigger event in the
li(go5) diagram. Two distinguishable branches of MHD instabilities
(MAST-U case) are highlighted in green color.

during the initial phase of the experimental year, following the
restart of the machine after the major upgrade of the former
MAST device to MAST Upgrade. The progressive develop-
ment of a stable flat-top scenario and beyond (bound with tail-
oring of the stable current profile and other elements) contrib-
uted to the reduction of the DCS trigger event points in this
part of the diagram.

Interestingly, two branches of DCS trigger points can be
recognized in both MAST-U experimental years. The two
branches (visualized in figure 7 with green lines) are separated
along the /; axis into two regions, with the internal inductance
being roughly restricted to /; ~ [1.5,1.7] (branch ) and [; ~

[0.8,1.2] (branch ). The region in between the branches is
free of DCS events for go5 = 6.3. Figure 8(a) reduces figure 7
to the MAST-U 2022 data set. There, the two branches are
separated in the (/;,q9s) space by the following limits: | 1|/; >

1.28; l; < 1.28 and g9s > 4.4 (to eliminate outliers located

below ggs < 4.4). Through those limits, branches and
contain 41 and 88 data points, respectively. Figure 8(b) dis-
plays histograms of the plasma durations of shots falling into
the two groups. Shots with the longest durations (= 0.75 s) are
predominantly located in branch . Plasmas of this duration

represent a minority in branch . This branch also contains
short plasmas disrupted in the early flat-top phase (maximum
duration of ~ 0.3 s). An assessment of the performance of plas-
mas belonging to the two groups was made by calculating the
mean value of the Sy during the I, flat-top phase. Next, the
median values of the 41 and 88 mean(fy,far.0p) Values were
calculated. The resulting median values were Sy = 0.83 and

Bn = 0.60 for branches |1 | and , respectively, suggesting
that plasmas within branch | 1 |tended to have the onset of dis-
ruptive MHD instabilities delayed and achieved better plasma
performance.
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6. Dominant DEC location in I;/qgs5(x) operation
diagram

The order and appearance (or not) of events within DECs
depend on the particular plasma state evolving under the influ-
ence of both internal and external factors. In principle, not just
the single trigger events, but also common chains may be sep-
arated within the operation space diagrams. Figure 9 tests this
hypothesis in the /;/g9s(x) diagram (data points calculated at
the time of the trigger event) for the most frequent (repres-
enting in total at least ~45 % of all DECs) disruptive event
chains for device databases that have sufficient statistical set
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Figure 9. Location of dominant DECs in the /;/q9s5(x) diagram: (a)
KSTAR 2022, (b) MAST-U 2021. DEC trigger events are
highlighted by a gray rectangle.

for the study (here KSTAR 2022 and MAST-U 2021). It can be
seen that the most frequent DECs initiated by DCS are located
along the upper /;/gys(x) boundary, roughly separated (yet still
intermixed for lower /;/gys values) from VDE-triggered DECs
in the KSTAR 2022 case. The MAST-U DECs appear in clear
clusters in the diagram and « seems to be an important factor
in the appearance of events within DECs. For example, in the
VDE trigger event case in the first and third chains (listed in the
plot legend), the DCS only appears in the chain for k = 1.45.

7. Summary and outlook

Unmitigated plasma collapse will have to be avoided in
power plant-relevant fusion devices and beyond. The tokamak
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research community recognizes the ultimate importance of
understanding the disruption root causes and elements of dis-
ruptive event chains and a significant effort is invested in the
development of collapse avoidance strategies.

Abnormal development of the plasma current and vertical
position will have to be monitored in next-step tokamaks due
to their critical role in the disruption onset. Here, the occur-
rence of disruptions was explored via the detection of an I,
quench and exploration of disruptive event chains, consti-
tuted by these abnormalities, was reported for in total seven
full device-years pairs of operation of three machines. The
DECATF code, equipped with new physics and technical event
modules and analysis tools was used for this purpose. It was
shown that the disruption occurrence captured through the I,
quench depended not only on the details of the plasma state,
but also on (device-dependent) technical details of the shot
exit scenario. Year-to-year changes in main disruption trig-
gers and even a reduction in the disruptivity rate, bound to
device and operation upgrades, were reported. Particular trig-
ger instances of disruptive event chains (and the full chains,
when applicable) were shown to occupy predominantly dis-
tinct parts of the operation space diagrams, in accordance
with a prior expectation. Plasma elongation has been identi-
fied as an important factor influencing triggers and details of
the disruptive event chains and its role in them will be further
investigated.

The analysis presented hereby utilizes a subset of DECAF
code events capturing basic disruption elements and explores
their application for the purposes of binary disruptive plasma
classification and basic disruption categorization. The num-
ber of events and the level of detail of disruption dynam-
ics and characterization captured by these events allowed us
to identify the main disruption cause patterns and to follow
year-to-year major collapse cause evolution. Further expan-
sion of the analysis, through inclusion of existing and new
DECAF event modules (among which the most imminent ones
to be implemented focus on recognition of thermal quenches
and characterization of their driving MHD precursors) will
provide more details on collapse driving causes, fragment the
here presented disruption groups into finer segments and add
new elements into the disruptive event chains. This increase of
the disruption grouping and chain ‘resolution’ is undoubtedly
desirable for further understanding of the physics mechan-
isms driving the disruption precursors and tailoring of the
collapse avoidance techniques. At the same time, the light-
weight analysis presented in sections 5 and 6 will eventually
saturate and more advanced automated analysis techniques of
collapse triggers and disruptive event chains will have to be
applied.

Deployment of forecasters of major disruption precursors is
a key, and continuously expanding capability of the DECAF
code. The here presented data on the frequent occurrence of
vertical displacement events such as disruption triggers across
machines and years of operation support the ongoing imple-
mentation of a VDE forecaster based on the vertical stabil-
ity criterion formulated by Leuer [41]. A real-time imple-
mentation of the VDE forecaster is foreseen in the upcoming

KSTAR and MAST-U experimental campaigns. Ultimately,
the forecaster will be coupled to an actuation of the disruption
avoidance and/or mitigation action, a capability that has a pre-
cedent in the DECAF MHD mode locking forecaster that was
successfully deployed in real-time during the KSTAR 2022
campaign [29].

Finally, the presented paper reports on the statistics of
the disruption occurrences and does not categorize disrup-
tions based on their severity. A new capability of the DECAF
code, currently under development, will evaluate criteria
that discriminate between disruptions that require mitigation
and ‘benign’ disruptions, i.e. plasma collapses whose con-
sequences can be inherently sustained by the device compon-
ents and design. This level of disruption classification is of
the utmost interest in devices in which the mitigation action is
highly perturbative to the subsequent device operation (such
as ITER) and is thus meant to be deployed only under the risk
of device damage due to unmitigated plasma collapse.
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