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ARTICLE INFO ABSTRACT

Keywords: In recent years a strong effort has been made to investigate disruption avoidance schemes in order to aid the
Tokamak development of integrated operational scenarios for ITER. Within the EUROfusion programme the disruptive
Plasma control H-Mode density limit (HDL) has been studied on ASDEX Upgrade, TCV and JET. This paper presents the results

Disruption avoidance from these studies in the view of the plasma control system (PCS).

The successful migration of disruption avoidance schemes based on direct measurements as well as
state space based HDL observers across the devices has been demonstrated. HDL disruption avoidance using
continuous control is now routinely available at TCV and ASDEX Upgrade, using both observer types. Exception
handling based disruption avoidance has been utilized on all three devices. All three control systems allowed
the implementation of the desired schemes with minimal adaptions, implementing the equivalent detection
algorithms. Using the same experimental methodology it is confirmed that the XPR/MARFE movement, which
is preceding the disruptive HDL, is similar on all three devices. The main difference lies in the associated times
scales which increase with machine size. This would be beneficial for large devices, such as ITER and DEMO,
since it would give the control system more time to apply the appropriate disruption avoidance action. As
actuator auxiliary heating, gas flow and plasma shaping have been successfully demonstrated.

This work gives input for the requirements of future tokamak control systems which should enable the
necessary disruption avoidance schemes. All disruption avoidance schemes developed during the studies can
be implemented in the ITER PCS with its currently foreseen capabilities.

1. Introduction The basic requirements for the implementation of disruption avoid-
ance for a specific disruption path are the following.

Disruptions pose a significant threat for large fusion devices such
as ITER and DEMO. The thermal and mechanical stresses they induce
onto the device become intolerable if not mitigated [1]. However, even
if mitigated, only a limited number of disruptions will be tolerable.
Disruption avoidance aims to prevent the plasma to become disruptive
via means of active control. non disruptive.

» An observer needs to be available to the control system to
monitor if the plasma and/or plant state are approaching a likely
disruption.

+ An actuator which is capable of changing the plasma state to be
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» A control logic to judge and apply the appropriate action to
avoid the disruption.

Both continuous control and exception handling, and their com-
bination, have demonstrated the capability to implement disruption
avoidance on existing devices [2-10] for various disruption paths.

An open question that remained was the extrapolation and transfer
of disruption avoidance schemes in between devices and especially to-
wards larger devices. In order to investigate this, TCV, ASDEX Upgrade
and JET have been used in a step ladder approach, implementing
disruption avoidance with the available capabilities for the specific
device.

There are various causes leading to disruptions [11,12]. As a test
case for the investigation the disruptive H-Mode density limit (HDL) has
been chosen, since it fulfilled the following requirements on all three
devices.

« It is achievable/existent.

» Diagnostics to detect the proximity to the HDL in real time are
available to the specific control systems.

+ Actuators for the prevention of the HDL are available and con-
trollable in real time.

The actuators that have been tested to implement HDL disruption
avoidance on the three devices are the increase of the auxiliary heating
power, the reduction of the gas fuelling rate as well as the combination
of both.

2. H-mode density limit

The HDL is especially relevant for future fusion reactors in which a
high plasma density is desired in order to maximize the fusion gain. It
has been extensively studied on various devices [9,13-19]. Empirical
[20] and theoretical [21,22] models exists for its description.

The rough outline of an HDL is as follows. As the density is increas-
ing first the plasma stored energy is increasing up to a point where it
saturates. If the density is further increased the stored energy gradually
starts to decrease. At some point the HL-transition occurs which leads
to a strong reduction of the stored energy and density, even if the gas
fuelling is increased further. Commonly the HDL is accompanied by
a poloidally localized toroidal symmetric phenomenon called X-Point
radiator (XPR) [23,24] or Multifaceted Asymmetric Radiation From the
Edge (MARFE) [13,14,25,26] which performs a characteristic poloidal
movement (Figs. 2 and 3) and ultimately leads to a significant cooling
of the confined plasma from the edge. If not reacted on, this induces a
loss of confinement or disruption.

It was found on ASDEX Upgrade that the characteristic XPR/MARFE
movement away from the X-Point can either start in H- or L-Mode
depending on the applied auxiliary heating [9]. It has to be noted
that the onset and development of the MARFE depends on the local
conditions in the edge of the plasma. The onset of the MARFE might
align with density limits, such as the Greenwald density, which are
described using global averaged quantities, when core and edge con-
ditions are strongly coupled. However, there can be a considerable
discrepancy when this coupling is broken., by e.g. impurities [24,27]
and/or strongly peaked core density profiles [28,29].

3. Observers

For the HDL detection two main observers have been developed and
implemented on the different devices.
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Fig. 1. Trajectories of ASDEX Upgrade HDL disruption avoidance experiments in the
HDL state space. The red and black dots mark the start of the movement of the
XPR/MARFE away from the X-Point. The blue dots indicate the HL-transition. The
red box indicates the empirically defined critical area for the HDL [4].

3.1. HDL state space

The first one is an empirical state space [4] defined by the con-
finement factor Hygy, and an edge electron density fraction fqy-

n,
For = —— (€]
et Ae crit
where n, is the line integrated edge electron density measured by the
DCN interferometer channel H-5 [30]. n,,; is the empirical description
of the line integrated edge electron density at which the HL transition
occurs in ASDEX Upgrade [16]:

n . = 0.506 . PY3% . 18,265 g0 o)

ecrit heat 95

where P, is the auxiliary heating power in MW, [, the plasma current
in MA and g5 the safety factor. In this state space a critical area [4] (see
red box in Fig. 1) has been empirically defined using HL-transitions
from previous HDL experiments performed at ASDEX Upgrade.

Fig. 1 shows the trajectories of the disruption avoidance exper-
iments performed in ASDEX Upgrade in the HDL state space. The
trajectories are shown up to the time point when the XPR/MARFE
started moving away from the X-Point and the disruption avoidance
action was triggered. This is marked by red (discharge in H-Mode) and
black (discharge in L-Mode) dots. The blue dots mark the HL transition
for the discharges where the XPR movement started in L-Mode. It is
seen that the critical area covers most of the HL transitions.

It has to be noted that at ASDEX Upgrade the critical edge density
regression (Eq. (2)) has been performed using the edge line integrated
DCN interferometer channel H-5 [30]. Therefore, the critical edge
density has to be adapted to the specific diagnostic setup on other
devices.

3.2. Direct observation of XPR/MARFE

The XPR/MARFE which occurs during the development of the HDL
is observable via bolometry and/or fast photo diodes. An example of an
offline reconstruction of the XPR/MARFE movement towards an HDL
disruption on ASDEX Upgrade is shown in Fig. 2.

Real time tracking of the XPR/MARFE has been developed on
ASDEX Upgrade [9] and successfully used for detachment control
[23] and disruption avoidance [9]. In experiments on TCV similar
XPR/MAREFE behaviour as documented on ASDEX Upgrade is observed.
The utilization of the XPR/MARFE observer for disruption avoidance on
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Fig. 2. Offline 2D poloidal XPR/MARFE tracking for ASDEX Upgrade #37035 during
a developing HDL with subsequent disruption. The colour of the single points indicate
the time during the discharge.

TCV remains a task for future studies, but seems feasible based on the
available observations [24].

Due to the availability of real-time bolometry on JET the decision
was taken to use the direct observation of the XPR/MARFE for the
disruption avoidance experiments.

Fig. 3 illustrates the poloidal observation geometry of the bolometry
system KB5H [31] in JET. The system is available to the JET control
system in real time with a time resolution of 2 ms. The viewing
geometry of the bolometry system is optimized to cover the whole main
chamber, with a higher line of sight (LOS) density in the divertor region
(LOS 1-8).

Fig. 4 shows the evolution of an XPR/MARFE observed around the
switching on of NBI heating in L-Mode. In order to avoid NBI shine
through the gas fuelling is increased around 300 ms before the NBI
is switched on. This leads to the plasma getting closer to an L-Mode
density limit with the development of an XPR/MARFE. The MARFE
is moving from the X-Point towards the top of the main chamber
(red arrow) and is observable by KB5H during the whole movement.
The trajectory of the MARFE roughly corresponds to the green to the
dark orange dots illustrated in Fig. 3. After the NBI is switched on
the MARFE is moving back down (green arrow) towards the X-Point
where finally the XPR disappears and the discharge continues. This
observation is common for the way the NBI system is switched on in
JET. It shows that the NBI system is suitable to prevent the MARFE to
become critical and move further into the confined region (red dots in
Fig. 3), which would likely initiate a disruption.

The robust peak detection algorithm developed on ASDEX Upgrade
[9] has been implemented into the JET Real-Time Central Controller
(RTCC2). It proved robust in detecting the position of the XPR/MARFE
with sub LOS accuracy. For disruption avoidance the empirical thresh-
old of 5.5 has been chosen, based on control room experience. The
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Fig. 3. Poloidal cross section of JET with indicated observation geometry of the
horizontal bolometry system KB5H. The coloured dots roughly indicate the XPR/MARFE
evolution expected during an HDL. The numbers denote the LOS channel number.

same observer has been used for detachment control using Argon and
Neon seeding in both pure deuterium as well as deuterium tritium
experiments during JET DTE3. Here the range in which the controller
has been applied was between 3.3-3.7 in numbers of LOS of KL5B.

4. Control system implementation

The implementation of the disruption avoidance schemes varied de-
pending on the devices specific control system capabilities. Due to the
different size, age and boundary conditions of the devices the available
capabilities were different. It was, however, possible to implement the
desired control strategies in all devices.

The control system of TCV is based on MATLAB/Simulink® with
a MARTe2 backend [10], which allows rapid development and imple-
mentation of new control schemes. Within the WPTE framework the
state space observer has been implemented and used for proximity
control as well as exception handling [32]. It required the adaption of
the calculation of the critical edge electron density (Eq. (2)) to account
for the different diagnostic geometry.

The ASDEX Upgrade discharge control system (DCS) is designed
to be a distributed control system whose behaviour is defined via
configuration [33]. It allows the definition of feedback control modes
via configuration and the pulse schedule allows dynamic changes of the
control goal based on observed exceptions [34,35]. Both the state space
based as well as the XPR/MARFE observer have been implemented
to be available to the control system and are now routinely available
for experiments. This approach, together with the sufficient length
of an ASDEX Upgrade discharge, allowed to provoke and avoid an
HDL disruption multiple times within one discharge, allowing more
comprehensive scans of the HDL whilst saving experiment time.

For the JET experiments the implementation of the observer has
been done using RTCC2 with its MARTe2 backend, using the C++
implementation of the robust peak detection algorithm [9] developed
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Fig. 4. XPR/MARFE movement in L-Mode before and after application of auxiliary
heating. The first plot shows the plasma current, the second the auxiliary heating
applied via neutral beam injection (NBI). The stored energy is shown in the third plot.
The fourth plot shows the deuterium gas fuelling. The electron density is shown in the
fifth plot. The following plots show the intensity of the different bolometry channels
of the KB5H system.

on ASDEX Upgrade. The exception handling was achieved by triggering
the so called JTT (JET Termination Time) using the observer from
RTCC2 and implementing the feed forward disruption avoidance action
into the termination sequence of the pulse which can only be initiated
once during the pulse. This did not allow multiple experiments within
one discharge, as possible in ASDEX Upgrade, but was sufficient to
validate the disruption avoidance scheme.

5. JET: Experimental results

Fig. 5 shows an example of HDL disruption avoidance in JET-BeW
with its Beryllium Tungsten wall. The aim of the experiment was to
provoke an HDL using a ramp in the applied deuterium gas fuelling.
When the XPR/MAREFE is detected above the set threshold of 5.5, in
numbers of LOS of KB5H, (red dashed line) the disruption avoidance
action is triggered (vertical green line). The defined action is the
reduction of the gas flow and an increase of the NBI heating power from
8 MW to 16 MW. It has to be noted, however, that the influence of the
reduced gas flow is significantly delayed (~200-300 ms) due to the long
travel path [36] of the gas from the valve to the plasma. Therefore, the
observed reaction of the disruption avoidance action can dominantly
be attributed to the increase of auxiliary heating. The XPR/MARFE
movement is stopped at around a LOS number of 7.5 and is moving
back towards the X-Point. The plasma stored energy is increasing again
until one NBI system after the other (vertical orange and red lines) are
turned off due to an internal safety interlock. As a consequence of this
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Fig. 5. H-Mode density limit disruption avoidance test on JET-BeW. In the first plot the
plasma current is shown. The second plot shows the auxiliary heating applied using
NBI. The plasma stored energy is shown in the third plot. The next plot shows the
deuterium gas flow. The real-time estimation of the XPR/MARFE position is shown in
the fifth plot. The red dashed line indicates the threshold for the disruption avoidance
action to be performed. The last plot shows the total radiated power of the plasma. The
vertical green line indicates the start of the disruption avoidance action triggered by the
XPR/MARFE position exceeding the preset threshold. The orange and red vertical lines
indicate the consecutive switching off of the two beam boxes by internal interlocks.

the XPR/MAREFE is moving back up and the discharge exhibits a slow
disruption (plasma current quench time > 0.7 s), instead of a proper
ramp down.

It is concluded that the disruptive HDL density limit could be
avoided in JET using auxiliary heating as actuator. The role of the
technical NBI interlocks on the achievable H-Mode density in JET is
further discussed in Section 6.

Comparing the XPR/MARFE movement on the different devices
it is observed that the time scale on which it occurs increases with
increasing size of the device. On JET the movement takes longer as
compared to ASDEX Upgrade, where it in turn takes longer as compared
to TCV. Currently the observation is only qualitatively and no scaling is
available. If this trend holds it is likely that the XPR/MARFE movement
in ITER or DEMO will be even slower, but more insight about the
dynamics driving the XPR/MARFE movement are required to make
predictions.

Comparison to HDL state space

In the following the disruption avoidance experiments performed on
JET, with the XPRE/MARFE observer as trigger, are discussed using the
empirical HDL state space.

Fig. 6 shows the successful HDL disruption avoidance discharges
performed during this work on JET in terms of the empirical HDL
state space. Note here that the critical edge density (Eq. (2)) has been
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Fig. 6. HDL state space evolution of the HDL in JET. The dots indicate the XPR/MARFE
exceeding the set threshold for the disruption avoidance action.

adjusted for the chord length of the edge channel of the interferometer
system at JET. JPN103203 (black trajectory) starts at a reasonable H-
Mode confinement factor of around 0.8. When the gas flow is increased
the critical edge density fraction f; is increasing whilst the confine-
ment factor is decreasing. The trajectory enters the critical area (red
border). At f..; ~ 1.1 the HL transition is occurring after which both
ferie and Hyg, » are decreasing together. The black dot indicates the time
when the disruption avoidance action is triggered. The fast decrease of
Hogy» and f; are due to the abrupt increase of auxiliary heating. fq
is increasing back to around 0.95 which shows that the density loss
due to the HL transition is recovered. After this Hyg, , is only slowly
increasing until the auxiliary heating is decreased to 8 MW due to
the technical interlock. This leads to a further increase of f; and the
consecutive slow disruption.

JPN103201 exhibits a similar trajectory as JPN103203. The plasma
current is higher compared to JPN103203 and the auxiliary heating is
lower. The performance of the discharge is lower from the start, but the
initial degradation of the confinement with increasing gas flow is seen.
The confinement then stays constant with increasing gas flow and just
the f, is increasing until the XPR/MARFE movement is detected and
the disruption avoidance action is triggered. After this the discharge
behaves similar as JPN103203.

It is concluded that the disruption avoidance scheme itself is suc-
cessful in avoiding the HDL disruption at JET. In the presented cases,
the consecutive disruptions are caused by the device specific technical
limitations present at JET, which do not necessarily apply to future
large fusion devices such as ITER or DEMO.

6. Achievable density limit at JET

In this section the influence of technical boundary conditions im-
posed by the NBI system on the achievable density in JET is discussed.
The experiments discussed in Section 5 were significantly hindered by
the technical interlocks of the NBI system. During high density oper-
ation the neutral density within the NBI beam duct is also increased.
This leads to an increase of charge exchange reactions and with this
an increased heating of the duct. Both the beam duct pressure and
the surface temperature of dump plates can lead to an NBI interlock.
Depending on the discharge the reaction to these interlocks can vary.
It can trigger a switching off of the deuterium gas flow or a decrease
of the NBI heating power, or both.

Fig. 7 shows the discharges performed in previous studies of the
H-Mode density limit in JET [17]. Two discharges were compared
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Fig. 7. Trajectories of previous H-Mode density limit experiments in JET. The first plot
shows the plasma current. The second plot the applied auxiliary heating via NBI. The
deuterium gas flow is shown in the third plot. The fourth plot shows the line averaged
core density. The plasma stored energy is shown in the last plot.

with the same toroidal magnetic field and plasma current but different
auxiliary NBI heating (JPN85209 (black) with 10 MW and JPN85211
(red) with 20 MW). The aim of the experiments was to achieve an HDL
by applying a deuterium gas ramp at constant heating power.

The maximum achieved density in these discharges is indicated with
the vertical dashed lines. It is seen that the line averaged core electron
density is similar for both discharges. The existing study [17] concludes
from this that the achievable electron density in JET has no dependence
on the auxiliary power. This is in contrast to the observations made on
other devices and also in contrast to what has been observed during
this study (see below).

The reason for the maximum achieved in these discharges is, how-
ever, different. JPN85209 (black) exhibits a non disruptive HL transi-
tion after which the density is decreasing due to the reduction of the
confinement time. This is, for example, compatible to the behaviour at
ASDEX Upgrade [9]. JPN85211 (red), in contrast, does not reach the
HL transition. The confinement is slightly degrading with increasing
deuterium gas flow. In this case, the gas flow is switched off due to
an NBI duct pressure interlock. After this the discharge is recovering
to a Type-I ELMy H-Mode and only disrupts during ramp down due to
impurity accumulation.

Fig. 8 shows the evolution of the plasma stored energy Wyyp in
dependence on the line averaged core electron density 7, q.. Both
discharges exhibit an initial increase of the plasma stored energy Wyup
with the increasing fi, . At some point Wy saturates and from
that point on Wjyp starts to decrease with increasing 7, ... During
the gas ramp JPN85209 (black) then exhibits the HL transition after
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which both Wyyp and 7. are decreasing. In JPN85211 (red) the
degradation of Wy with increasing 7, . continues until the NBI
interlock switches off the deuterium gas flow. After this 7, . decreases
and Wyyp is recovering again until the auxiliary heating is reduced
from 20 MW to 10 MW.

The dashed light blue arrow indicates the likely trajectory
JPN85211 would have taken if the NBI interlock would not have
prevented the HL transition. This suggests the actual existence of a
dependence of the HDL on the auxiliary heating power which is masked
by the technical limitations of the NBI system of JET.

7. Conclusions

Active disruption avoidance for the H-Mode density limit (HDL)
has been successfully implemented on ASDEX Upgrade, TCV and JET.
Two observers for the onset of the HDL which have been developed
at ASDEX Upgrade were migrated to TCV and JET. An empirical state
space based observer has been used on ASDEX Upgrade and TCV for
disruption avoidance using both exception handling as well as proxim-
ity control. The second observer, the direct observation of a radiative
phenomenon called XPR or MARFE, has been ported from ASDEX Up-
grade to JET. It has been used for exception handling based disruption
avoidance. The same observer has also been used for detachment
control in ASDEX Upgrade and JET DTE3.

All three devices exhibit the HDL in a similar fashion. The XPR/
MAREE has a similar development and describes a comparable poloidal
movement during the HDL. The time scale on which the HDL is devel-
oping appears to be dependent on the size of the device. The HDL pro-
gresses slower the larger the device, i.e. it is slower on JET compared
to ASDEX Upgrade and in turn it develops slower on ASDEX Upgrade
compared to TCV. This would suggest that the development on larger
devices such as ITER and DEMO would be even slower compared
to todays devices. A prediction of the actual time scales, however,
will have to be part of future studies and will require simulation and
modelling of the dynamics of the HDL and XPR/MARFE. In addition to
this other disruptions paths should be studied and handled in a similar
fashion in future work.
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