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CrossMark
Abstract

Key plasma physics and real-time control elements needed for robustly stable operation

of high fusion power discharges in ITER have been demonstrated in recent research
worldwide. Recent analysis has identified the current density profile as the main drive for
disruptive instabilities in discharges simulating ITER’s baseline scenario with high and low
external torque. Ongoing development of model-based profile control and active control of
magnetohydrodynamic instabilities is improving the stability of multiple scenarios. Significant
advances have been made toward real-time physics-based prediction of instabilities, including
path-oriented analysis, active sensing, and machine learning techniques for prediction

that are beginning to go beyond simple disruption mitigation trigger applications. Active
intervention contributes to prevention of disruptions, including forced rotation of magnetic
islands to prevent wall locking, and localized heating/current drive to shrink the islands. Stable
discharge rampdowns have been achieved with the fastest ITER-like scaled current ramp rates,
while maintaining an X-point configuration. These elements are being integrated into stable
operating scenarios and new event-handling systems for off-normal events in order to develop
the physics basis and techniques for robust control in ITER.
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1. Introduction

The large thermal and magnetic energy contained in a full-per-
formance discharge means that ITER must have an exceedingly
low rate of disruptions by the time it reaches DT operation. A
disruption budget [1] will be part of the ITER’s operating plan
[2], in order to track the cumulative effects of all disruptions.
Although early operation at reduced parameters will allow
more leeway for disruptions, unmitigated disruptions at cur-
rents above 8.4 MA may be severe enough (Category III) to
be tolerable only once or twice in the machine’s lifetime [3].
Thus, as experiments advance toward the planned current of
15 MA, the tolerance for unmitigated disruptions is expected
to become of the order 1 in 10* discharges. Figure 1 shows one
possible scenario for the evolution of ITER’s disruption rate
[1]. After an initial learning curve at reduced parameters, by
the time full fusion power operation is reached the allowable
disruption rate per discharge is only 1%, and those few dis-
ruptions must be mitigated with 95%-99% accuracy. That is,
nearly disruption-free operation will be required, in addition
to highly reliable mitigation of any disruptions that do occur
[4]. Uncertainties in prediction [5] and mitigation [6] of run-
away electrons in ITER disruptions may place an even higher
premium on disruption-free operation.

Sustaining a low disruptivity tokamak plasma is funda-
mentally a plasma control problem. Beginning with a mini-
mally disruptive target scenario, continuously-operating
algorithms in the plasma control system must be able to regu-
late the plasma state to maintain the desired operating point,
with passive stability to as many potentially disruptive modes
as possible. Any remaining potentially disruptive modes must
be actively and robustly stabilized. In addition to quantifiably
robust continuous algorithms, the control system must be able
to detect and respond asynchronously to hardware faults and
off-normal plasma conditions (‘exceptions’ in ITER termi-
nology) [7, 8] in such a way as to prevent the exception from
leading to a disruption. However, the plant and the nominal
scenario should be so reliable that exceptions are extremely
rare. Disruption mitigation must also be integrated into the
plasma control system [9], but is outside the scope of this
paper. In ITER, disruption mitigation should be a rarely-used
last resort.

This paper provides an overview of recent research toward
the goal of disruption-free operation. Section 2 discusses pro-
gress in identifying stable operating scenarios and robust con-
trol to maintain the desired operating state. Section 3 describes
real-time algorithms that detect off-normal conditions, or
predict that an instability will occur later in the discharge.
Section 4 describes active intervention by various means to
enable recovery of stable operation in the same scenario or
an alternate one (maximizing the physics productivity of the
discharge), or allow a controlled termination of the discharge.

These elements contribute to an integrated control solution,
capable of robustly maintaining stable plasma conditions, or
recognizing and responding to off-normal and fault events so
as to reliably prevent disruptions (section 5).

2. Plasma configuration control

Reliable operation of ITER (and burning plasmas beyond
ITER) requires a robustly stable, stationary operating state.
Active control measures, up to and including a rapid shutdown
by massive impurity injection, must be available to recover
from off-normal conditions and prevent a disruption, or miti-
gate the severity of a disruption. However, it is clear that high
reliability is needed in the normal operating state, so that the
use of these safeguards is very rare. This is achieved through
the selection of a stable plasma configuration, controls to
achieve and maintain that configuration, stable paths to access
the configuration at the beginning of the discharge and to exit
from it at the end, and (where needed) active stabilization to
extend the stability limits.

Optimization of the equilibrium configuration has been
shown to improve the stability of zero torque ITER-like
discharges. Previously, many such discharges in DIII-D dis-
rupted due to tearing modes, and in general neoclassical
tearing mode (NTM) stability appeared to become poorer as
neutral beam torque was reduced [10]. In JET, NTMs were
the largest single cause of disruption with the carbon wall
[11], and could enhance core accumulation of impurities in
operation with the ITER-like wall [12]. Recent DIII-D results
have shown that tearing instabilities in ITER baseline scenario
plasmas are related to the shape of the current density profile
around the g = 2 surface. A deeper current ‘well’ between the
ohmic current in the core and the bootstrap current at the edge
is correlated with greater instability [13] (see figure 2).

In addition to the existence of a stable operating state, it
is essential to have controls that will maintain the discharge
in that state. Tokamak plasma control is complex, with non-
linear, coupled processes to be controlled, and possible bifur-
cations of the plasma state, putting a premium on integrated,
model-based control [14]. The advent of transport simulations
that can operate faster than real time [15] will be important
for discharge monitoring and control. Simultaneous control of
plasma pressure and safety factor using model-based control
has been tested in a common environment [16] in TCV using
several different controllers, [17-20]. In DIII-D, as shown in
figure 3, a model-based feedforward + feedback algorithm
[21] controls both neutral beams and gyrotrons to achieve
simultaneous targets of plasma energy and a current density
profile with high minimum safety factor g,, in development
of discharges for non-inductive operation [22]. Model-based
control may be applicable to other scenarios as well.
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Figure 1. A potential scenario for ITER’s allowable disruption rate and required mitigation rates, over the evolution of the planned

research. Reproduced with permission from [1].
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Figure 2. Current density gradient inside and outside the minimum
or ‘well’ of current density near the ¢ = 2 surface at p ~ 0.76-0.81
(see inset) in DIII-D discharges simulating the ITER baseline
scenario. Colours indicate discharges stable (blue) or unstable (red)
to m/n = 2/1 tearing modes. Reproduced courtesy of IAEA. Figure
from [13]. Copyright 2018 IAEA.

Impurities can lead to instabilities and disruptions by
altering the evolution of the pressure and current density pro-
files. In the initial operation of JET with an ITER-like metallic
wall, disruptions were often caused by high impurity radiation
from the plasma core, causing broadening of the current den-
sity profile that led to tearing modes [23, 24]. Disruptivity is
reduced by using central electron heating with ion cyclotron
resonance heating (ICRH) to improve the central power balance
and reduce core impurity accumulation [23], perhaps similar to
the use of central electron cyclotron resonance heating (ECRH)
in ASDEX Upgrade with an all-tungsten wall [25]. The JET
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Figure 3. Demonstration in DIII-D of a feedforward + feedback
g-profile control scheme with model-based optimization, achieving
a target profile with gy, = 1.9 while tracking a target value for
plasma energy W.

disruption mitigation system is now in routine use, in many
cases triggered by the onset of a locked tearing mode [26].
Maintaining a stable operating state may include extending
the bounds of stable operation through direct control of insta-
bilities. Real time active tracking and control of NTMs is well
established, but recent analysis [27] indicates that the presence
of ITER’s blanket modules can cause m/n = 2/1 tearing modes
to lock in a time significantly shorter than previous estimates
that considered only the vacuum vessel wall. If active NTM
stabilization is required, this result reduces the time available
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Figure 4. Comparison of two H-mode discharges in JET with constant (left) and 3 Hz modulated (right) ICRF heating, illustrating
the reliable sawtooth pacing and total suppression of the n = 2 MHD activity in the latter. (a) Auxiliary heating power; (b) electron
temperature; (¢) n = 2 MHD mode amplitude. Reproduced courtesy of IAEA. Figure from [36]. © 2017 Koninklijke Militaire School.
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Figure 5. Density dependence (left panel, DIII-D data) and g9s dependence (right panel, EAST data) of the critical ‘overlap’ amplitude for
n = 2 field penetration in Ohmic discharge, compared to n = 1 thresholds for similar discharges in DIII-D, KSTAR, JET, and (left panel
only) NSTX and C-MOD. Reprinted from [37], with the permission of AIP Publishing.

for re-aiming gyrotrons to suppress the mode after detection,
and increases the attractiveness of continuous electron cyclo-
tron current drive (ECCD) applied at the rational surface to
maintain NTM stability. The estimated power requirement of
about 5 MW for pre-emptive stabilization of the 2/1 mode is
consistent with ITER’s electron cyclotron (EC) system, and
would still allow demonstration of a fusion gain of Q = 10
[28]. Small-amplitude sweeping of the deposition location
across the rational surface can reduce the requirements for
accuracy of aiming, as first tested on TCV [29, 30] and later
on ASDEX Upgrade [31]. Alternatively, a recently demon-
strated fast resonant diplexer [32] could allow some gyrotrons
to switch as needed between central heating/current drive and
NTM control, without delay.

A need for control of the sawtooth instability is also antici-
pated in ITER, in order to avoid long period sawteeth with large

amplitude crashes that could trigger an NTM instability [33],
and several schemes using ECCD or ion cyclotron range of
frequency (ICRF) heating have been proposed [34]. Controlled
sawteeth and edge-localized modes (ELMs) can also improve
disruptivity by flushing impurities out of the core and edge,
respectively. Recent JET experiments have shown that the saw-
tooth period can be controlled with low field side ICRF heating
(as will be available in ITER) near the ¢ = 1 surface [35], and
that sawtooth pacing can be achieved with modulated central
ion cyclotron heating [36], a method that is less sensitive to
the deposition location. Figure 4 shows an example where
irregular sawteeth repeatedly seed an n = 2 tearing mode, but
pacing at a higher rate using modulated central ICRH reduces
the sawtooth period and eliminates the seeding. Further work
is needed to validate ICRF sawtooth control in ITER-relevant
high-confinement (H-mode) discharges.
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Equilibrium control for stable operation includes non-
axisymmetric aspects of the equilibrium. A large body of lit-
erature exists on the topic of n = 1 error fields, and ITER will
include external non-axisymmetric coils for n = 1 error field
compensation. However, as seen in figure 5, recent data from
DIII-D and EAST show that the threshold for n = 2 error field
penetration and driven reconnection may be comparable to
that of n = 1 error fields [37]. This result suggests that the use
of the in-vessel coils for n = 2 error field correction should be
kept as an option for ITER, since the external correction will
be hard-wired for n = 1. More complete data are needed to
characterize the scaling of thresholds for n = 2 error field pen-
etration in existing devices and to establish criteria for n = 2
error field control in ITER.

High beta, high g, discharges in ITER’s steady state sce-
nario are expected to exceed the no-wall ideal magnetohydro-
dynamic (MHD) kink stability limit. Despite the predicted
stabilizing effects of particle-orbit resonances, active feed-
back control of non-axisymmetric fields for stabilization of
the resistive wall mode or dynamic error field correction may
be needed in this regime, in order to avoid instabilities leading
to beta collapse and, in some cases, disruption. Experiments
on NSTX [38] and DIII-D [39] have shown that feedback sta-
bilization can indeed extend the stable operating range toward
the ideal-wall limit (the theoretical maximum). Advanced
state space control algorithms can achieve stabilization with
external coil arrays [38, 40].

3. Real-time disruption warnings

Achieving a low rate of disruptions requires the ability to
recognize or anticipate exceptions (i.e. conditions and events
that are likely to lead to a disruption) in real time, and to take
action that enables a return to normal operation or a controlled
shutdown. It is important to distinguish such warnings from
those that trigger a rapid shutdown by the disruption mitiga-
tion system; the latter require only a short warning time, per-
haps as little as 30 ms before the thermal quench [4], and a
binary output. In contrast, in order to allow the discharge to
continue, notification of an exception must include informa-
tion about the nature of the exception, enabling a control deci-
sion on a course of action using available actuators, and must
occur early enough that the control system has time to change
the evolution of the discharge. Potential solutions to this
problem include ‘physics-driven’ methods based on a qualita-
tive or quantitative model of the physical processes that would
ultimately lead to an instability, and ‘data-driven’ or machine
learning methods, where statistical analysis of a large database
of discharges yields empirical correlations between measured
data and instabilities. This is an area of rapid development in
physics and mathematics.

To date, most real-time systems have used one or more
single-parameter physics-based detectors (e.g. MHD mode
amplitude, radiated power fraction, global energy confine-
ment level, ...) to trigger a disruption mitigation system when
a specified threshold is passed, or (with a lower threshold) to
initiate more benign preventive actions. For example, routine
JET disruption detection is based on detection of high levels
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Figure 6. Upper panel: DECAF decomposition of rotating MHD
in an NSTX discharge, with the timing of various events identified
by DECAF on the path toward disruption. Lower panel: total MHD
warning signal, based on the event chain identified at the top of the
figure. Reproduced with permission from [46].

of MHD activity and radiation peaking, precursors to the
thermal collapse, as well as large plasma current excursions or
voltage spikes, following the thermal spike and signalling the
start of the current quench [41]. Analysis of a multi-machine
database [42] has provided a basis for normalizing the crit-
ical locked mode amplitude for disruption, independent of
machine size, while analysis of a DIII-D database [43] shows
that the proximity of the outer edge of the island to the plasma
surface is a key factor in whether a locked mode leads to a
disruption. Machine-learning approaches (discussed below)
should be applicable to data analysis for optimization of these
individual physics-based tests [44] and the control responses.
Although each such test is specialized to certain classes of dis-
ruptions, multiple threshold tests can be combined with suit-
able weighting to make a more general warning system with a
high success rate [45].

Path-oriented analysis seeks to identify specific chains
of events that can lead to a disruption [11]. Detection of an
event or condition early in the chain could enable a warning
signal in time for modification of the discharge before it
becomes unstable. The disruption event characterization and
forecasting (DECAF) code [46], now being used to analyze
data from several devices, identifies multiple events that
may precede a disruption and aims to predict other instabili-
ties using validated physics models such as a reduced model
for resistive wall mode stability with kinetic effects [47] or
tearing mode torque balance bifurcation to a locked state [48].
In the NSTX discharge shown in figure 6, DECAF identi-
fies the onset of a tearing instability and several subsequent
events, all of which contribute to a rising disruption warning
signal. Multiple variable tests in DECAF have produced early
warnings on transport timescales, potentially allowing time
for actions to prevent a disruption. Another path-oriented
approach is described in [49], including a discussion of the
sensor and actuator requirements. Figure 7 shows an example
of this second approach in ASDEX Upgrade of discharge
recovery after a warning of crossing the H-mode density limit
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Figure 7. Operation diagram of H-mode density limit discharges
in ASDEX-Upgrade, in terms of scaled energy confinement time
versus scaled density. One discharges disrupts after crossing the
density limit detection contour; the other is recovered by turning
off gas fueling and applying ECCD. In all cases the proposed
trigger threshold would have been early enough to safely avoid
the approaching disruption. Reproduced from [49]. © 2017
Max-Planck-Institut for Plasmaphysics.

boundary. As a demonstration, TCV has isolated a specific
path to disruption—impurity influx leading to an NTM that
later locks—and developed controls to address each step of
this path [50].

Data driven approaches such as the advance predictor of
disruptions (APODIS) system [51] at JET have, so far, been
tested mainly for binary warnings where the actuator is a dis-
ruption mitigation system. Adaptive methods to train an algo-
rithm ‘from scratch’ have achieved satisfactory performance
after only a few tens of disruptive shots [52—54]. Probabilistic
predictors [54, 55] express output in terms of a likelihood of
disruption rather than a binary classification, and the probabil-
istic approach has also been applied to forecasting the onset
of a tearing mode [56]. Cross-device portability of data-driven
algorithms (i.e. training the algorithm on one device and testing
it on another) has had mixed success [57-59]. However, tests
have shown that the accuracy can be significantly improved
by adding to the training set as few as two discharges (one
disrupting and one non-disrupting) from the target device [60].
Very recently deep-learning algorithms have begun to incor-
porate time-sequential data and higher-dimension data via
advanced neural net methods with promising results, including
more accurate cross-device predictions [61].

A key challenge for machine learning algorithms is to
deliver detailed information about the exception that has been
detected, so that the control system can generate an appropriate
response to prevent the disruption. Work toward this goal is
in progress. As seen in an example from EAST in figure 8§,
Random Forest algorithms can reveal the relative contrib-
utions of the various input data signals to the final disruption
probability [59, 62]. Generative topographic mapping (GTM)
reduces a complex multi-dimensional space of input data to a
2D or 3D space of safe and unstable regions, simplifying the
tasks of classification, prediction, and control of instabilities
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Figure 8. (a) Disruptivity signal (blue curve) from a Random
Forest machine-learning algorithm rises as an EAST discharge
approaches a vertical displacement event (VDE) instability.

(b) Relative importance of the 13 input signals. Rising traces
indicate high importance for discharge elongation, vertical position,
and vertical control error. Reproduced with permission from [59].
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Figure 9. GTM of 5D JET data (peaking factors of electron
temperature, electron density, and radiated power; internal
inductance ¢;; and gos/q ratio) to a 2D ‘latent space’. Colours on the
map distinguish stability regimes: core radiative collapse disruptions
(CoreRC, magenta), edge radiative collapse (EdgeRC, green),

and non-disrupting cases (blue). © 2018 IEEE. Reprinted, with
permission, from [64].

[63, 64] (see figure 9). A proposed general approach [65] is
to estimate the future trajectory of a discharge in the mul-
tidimensional space of input data—or perhaps in a reduced
space such as that of figure 9—in order to project its future
proximity to disruption boundaries and the time to collision
with a boundary; any necessary actions would be based on the
gradient of the decision function (e.g. disruption probability)
and its dependence on the input data and available actuators.
Translating these principles to a practical control scheme is a
challenge for future work.

Methods for direct assessment of the plasma’s stability
are conceptually elegant, but are still in their infancy. Recent
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advances in numerical methods and computing power have
enabled first-principles calculation of ideal MHD stability in
real time [66] and resistive stability in near real time [67]. Low-
frequency active MHD spectroscopy offers the possibility of
a direct real-time measurement of plasma stability. Originally
developed for measuring the damping rates of ideal MHD
modes [68], the technique has also shown a rising response
correlated with the onset of tearing modes in ITER baseline
scenario discharges in DIII-D [69]. As shown in figure 10, the
dependence of the inferred damping rate on plasma param-
eters is in qualitative agreement with ideal MHD modeling
[70], and this stability-related measurement has been used for
closed-loop control of the heating power in an ITER baseline
scenario discharge.

4. Response to off-normal conditions

A warning of an off-normal condition that is about to occur,
or that is already in progress, is likely to require a response
by the control system in order to prevent a disruption, with
the response being determined by the nature of the off-normal
condition. If feasible, continuing the discharge is preferable
to ending it prematurely, and a controlled shutdown is prefer-
able to a rapid termination. For example, the onset of a locked
tearing mode is often a precursor to a disruption, but may
allow time for other actions aimed at removing the instability
and recovering normal operation, or limiting its growth during
a controlled shutdown.

Forced rotation of magnetic islands by applied electro-
magnetic torque prevents locking to the wall, and reduces
the island size. Several experiments [71-73], have demon-
strated entrainment of a locked island by a rotating resonant
magnetic perturbation (RMP) at frequencies in the 5-50 Hz
range, limited in frequency by close coupling of the coils to
the conducting vacuum vessel wall (figure 11). In the absence
of strong wall currents, entrainment at several kHz has been
achieved [74]. A modulated, non-rotating RMP is also pro-
posed as a means of driving mode rotation [75]. During
entrainment, the island maintains a saturated size, and in some

locking
FB on FB off disruption
T

45 08, (G) | 3

o
Py

b o wo
=2
o
C
(=]
-~
=
g
o
Nt

150 2255
100 5
50 32.0

Figure 11. Long duration of post-unlocked sustainment of m/n = 2/1
mode in RFX-mod (#33748): (a) 2/1 B, signal, (b) toroidal phase
of the observed 2/1 mode component, (c) plasma current and safety
factor g,. Feedback-controlled magnetic perturbation drives the mode
rotation during the orange-shaded interval. After feedback was turned
off, the mode survived as a locked mode for a short interval (green)
before disruption. Reproduced courtesy of IAEA. Figure from [72].
Copyright 2017 IAEA.

cases the H-mode edge pedestal is recovered [76]. Two-fluid
modeling shows that island stabilization can occur with suffi-
cient rotation of the RMP relative to the electron fluid [77, 78].
A reduced MHD simulation of the dynamics of island locking
and entrainment [79] shows good qualitative agreement with
experimental data [80]. A simple OD model indicates that in
ITER, the internal non-axisymmetric coils could entrain a
locked island of 6-8 cm width at sub-10 Hz frequencies [73].

Pioneered in FTU, ASDEX Upgrade, and DIII-D, localized
injection of EC power at the ¢ = 2 surface has been developed
as a means of preventing or postponing a disruption after a large
amplitude locked mode is present—unlike the pre-emptive or
small-amplitude NTM control by ECCD mentioned above in
section 2. Joint experiments in FTU and ASDEX Upgrade show
similar behavior in low-beta density limit disruptions and high-
beta NTM-driven disruptions [81]. Rutherford equation analysis
indicates that while the island is large, EC heating plays a larger
role in stabilization than does current drive, and is less sensitive
to the location of deposition. Real-time mirror steering has been
included in the technique [82]. As shown in figure 12, TCV has
demonstrated control of a large tearing mode destabilized by
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Figure 12. (a) Gyrotron power, (b) stored energy, and (c¢) plasma
current for TCV discharges with real-time disruption avoidance
control. Neon injection at # = 1.5s induces a large tearing mode.
ECCD targeted at ¢ = 2 (panel (a), yellow curve), and triggered by
SXR and locked mode signals, restores the plasma energy to pre-
impurity levels through a combination of mode stabilization and
island power balance (panels (b) and (c), blue and green curves).
Red curves show a reference discharge with no action. Reproduced
courtesy of IAEA. Figure from [50]. © EURATOM 2018.

impurity injection, before or after locking, using ECCD with
real-time mirror steering based on real-time equilibrium recon-
structions and ray tracing [50].

Forced island rotation has been combined with injection
of EC power into the island for disruption prevention and
discharge recovery [83]. A slow, controlled rotation of the
island driven by the RMP, with modulated ECCD that is syn-
chronized for deposition in the island O-point, avoids locking
while maximizing the efficiency of stabilization by EC power.
With this method, suppression of the island and recovery of
H-mode operation has been demonstrated.

Stable discharge termination, whether planned or
unplanned, is a critical element of disruption-free operation.
An extensive study [84] of discharge terminations in existing
tokamaks, in comparison with modeling for ITER, shows
that ITER’s expected trajectory may lie near the edge of the
parameter space defined by present experiments. ITER’s path
is dictated by a rapid reduction of elongation while restricting
the increase in internal inductance #;, in order to maintain ver-
tical stability. Recent experiments in EAST and DIII-D (figure
13) have demonstrated stable rampdowns with equivalent
scaled dl/dt up to the maximum expected for an unplanned
‘soft landing” shutdown in ITER, including ITER-like X-point
shape with reduced elongation, and low /; for vertical stability
[85]. KSTAR has also demonstrated a safe rampdown scenario
in response to off-normal events, using simplified shape and

5 6Time (s) 7
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Figure 13. Stable ITER-like rampdown with X-point configuration,
in DIII-D. Reproduced with permission from [85].

position controls for robustness [86], and TCV has tested an
optimized rampdown trajectory developed from rapid plasma
simulator (RAPTOR) simulations [87]. In these scenarios as
well as in rampdowns of JET plasmas [88], an important fea-
ture is the use of modest auxiliary heating to maintain core
power balance during the rampdown, while delaying the high
to low confinement (H-L) transition until the plasma energy
has been reduced. JET also utilizes ELM control (vertical
kicks and pellet pacing) to minimize impurity accumulation
[89]. A multi-machine database is being developed to improve
physics-based simulations of the ITER rampdown [90].

5. Integrated control

The elements needed to minimize the occurrence of disrup-
tions must be integrated, routine, and highly reliable in ITER.
These include robustly stable operation, real-time identi-
fication of conditions likely to lead to a disruption, and the
means to recover, switch to an alternative operating scenario,
or terminate the discharge safely after an off-normal event.
As discussed above, some building blocks are in hand in
present experiments, while others are still under development.
Conceptual design of exception handling for ITER and its
integration into the plasma control system is in progress [7].
Many facilities are now starting to work toward more
integrated control as will be needed in ITER. Key actuators
are likely to be oversubscribed, and algorithms for actuator
sharing based on generalized, device-independent logic are
being developed [18]. Integrated control with actuator sharing
has been demonstrated on ASDEX Upgrade [91, 92], and
TCV [30, 93]. In the example from TCV shown in figure 14,
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Figure 14. TCV discharge showing integrated control with actuator
sharing. (1,2) During normal operation, central ECCD controls beta
and g-profile. (3,4) After NTM onset, the heating power is reduced and
one EC launcher is re-aimed to ¢ = 2. (5,6) After stabilization of the
NTM, heating power is raised and the launcher is returned to central
current drive. (7,8) After onset of a second NTM, one EC launcher is
re-aimed to ¢ = 2. The EC pulse ends as a second launcher is being
targeted to ¢ = 2. Reproduced with permission from [93].

gyrotrons are used for simultaneous control of beta, and cen-
tral g-profile, and switched to NTM control as needed.

With similar goals, DIII-D has implemented a general-
ized off-normal/fault response (ONFR) system to handle
off-normal plasma events, and hardware faults [94]. Based
on finite-state machine logic, the ONFR consists of multiple
discrete operating states with rules for the transitions between
states, and the rules may vary with the state. It provides the
supervisory logic for recognition of off-normal conditions
and appropriate actions to recover the discharge, change to an
alternate mode of operation, or shut down the discharge. In a
typical application, the ONFR system employs ECCD (con-
tinuous and pulsed) and forced island rotation by an applied
n = 1 field to limit the growth of an n = 1 tearing mode, ena-
bling a stable rampdown without disruption.

As the largest tokamak now in operation, JET faces many
of the same issues as ITER. In preparation for the coming D-T
campaign, JET has added controls to maintain the required
operating point (including isotope ratio), carry out a con-
trolled shutdown if the discharge is not evolving as planned,
and trigger the disruption mitigation valve if a disruption is
judged inevitable [95]. Work is in progress to ensure integra-
tion of these controllers with the rest of the control system
[96]. The impact of central impurity accumulation on stable
operation, including stable discharge termination, will be
addressed by methods including improved detection of impu-
rity accumulation, and optimization of ELM pacing by pellets
and ICRH heating [97].

6. Discussion

The requirement of a disruption rate of <1% in ITER is chal-
lenging. As a point of comparison, JET achieved an average

rate of 3.4% unintentional disruptions in the 2008-2010 time
period [11], made possible mainly by development of reliable
operating scenarios. However, the disruption rate increased sig-
nificantly following the change from a carbon wall to an ITER-
like metal wall [23]. Control of the edge tungsten transport and
central power balance have improved disruptivity [96], and a
disruption rate comparable to that of carbon-wall operation was
realized in repeated operation of a specific discharge [26]. The
low average disruption rates of carbon-wall operation have not
been recovered for metal-wall operation in a broader parameter
space, and this remains a challenge for ongoing research.

Many of the key elements of disruption-free tokamak opera-
tion have been demonstrated in present devices. The challenge
now for present large and medium-size tokamaks is twofold.
First, disruption prevention must move beyond proof-of prin-
ciple experiments to become an integrated part of the facility’s
normal operation, in order to demonstrate robustly stable oper-
ation. Routine, integrated disruption prevention over a range of
plasma conditions (preferably with diagnostics and actuators
similar to those available in ITER) will enhance the reliability
and consistency of operation of today’s devices, build confi-
dence in the ability of tokamaks to operate without disruptions,
and drive the control engineering development that is neces-
sary for extension to ITER and other future devices. Second,
methods of warning and prevention of disruptions must move
beyond empirical criteria to establish well-supported physics
bases, in order to enable application of the methods in future
devices with little or no empirical training. This work is vital in
preparation for disruption-free operation of ITER.

The actuators for control of the axisymmetric plasma in
ITER (poloidal field coils, gas and pellet fueling systems, and
heating and current drive systems) are similar to those in pre-
sent facilities, as are the more specialized actuators for control
of plasma stability (vertical stability coils, steerable launchers
for localized EC current drive, and non-axisymmetric coils
external and internal to the vacuum vessel). As in present facili-
ties, the actuators will be controlled using input from diag-
nostics measuring spatially resolved profiles of temperature,
density, and magnetic field in the plasma, as well as the external
magnetic field, impurity radiation, etc. The close similarity
in actuators and diagnostics should allow models and control
methods developed in present experiments to guide the design
of controls for operation of ITER without disruptions.

A key difference between ITER and present devices is
that the response to many actuators is likely to be slower in
ITER, owing to longer time scales for transport and magnetic
relaxation. For example, the relaxation time for the current
density profile scales as [98] a*/n (where 1) is the plasma resis-
tivity and a the minor radius), and is expected to be of order
10>-10% s in ITER’s Q = 10 discharges [2]. Consequently, the
profiles—and the effect of control actions intended to change
the profiles—could continue to evolve over the duration of
the discharge. This result points to the importance of control
scenarios that establish a stable current density profile during
the discharge startup and robustly maintain it through the rest
of the discharge. The long time scales for discharge evolution
may be a benefit for predictive models that operate faster than
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real time in order to look ahead as the discharge occurs, assess
the impact of off-normal events, and foresee the results of pos-
sible corrective actions.

Theory and simulations will continue to be crucial in
the development of disruption-free operation. Ideal MHD
models have been successful in predicting stability limits and
the response to external magnetic perturbations, and kinetic
models have extended these capabilities to accurately predict
the stability of resistive wall modes. In future work, nonlinear,
nonideal models should be further extended, in order to pre-
dict the onset, growth, and saturation of metastable or linearly
unstable tearing modes, for example, and to guide methods
of maintaining or restoring stability through EC power [99,
100] or applied magnetic perturbations [77, 79]. Modeling is
essential in order to develop the physics understanding that is
needed to extend results in disruption warning and prevention
from existing devices to ITER. In addition, a key goal of this
research should be to validate ‘reduced’ models capable of
predicting the discharge evolution and stability in real time.
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