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Intro Paragraph

The ITER tokamak needs!™ to sustain a plasma in a regime of high energy confinement (H-
mode*®) to exceed fusion breakeven where power output exceeds input. H-mode plasmas are
typically unstable to edge localised modes’° (ELMs), in which plasma escapes and strikes
the plasma facing components. Scaled up to ITER, the energy released by ELMs can cause
critical damage?® and needs to be addressed to achieve sustainable breakeven. Proposed
methods for ELM control*"*® include externally triggering smaller, more frequent ELMs by
injecting pellets!’8 of frozen deuterium that modify the plasma edge, or by externally
applying magnetic kicks!:** by pulsing the current in toroidal magnetic field coils near the
plasma boundary. Maintaining a steady state plasma requires active control'® and this control
system includes these global field coils. The standard paradigm is that the control system acts
on a relatively short timescale to restore the plasma steady state following an instability such
as an ELM. We find that under certain conditions the plasma transitions into a state in which
the control system current in these field coils continually oscillates and is synchronized with
oscillations in the plasma edge position and several characteristic plasma parameters such as
total MHD energy. These synchronous oscillations have a one-to-one correlation with the
naturally occurring ELMs; the ELMs all occur when the control system coil current is around
a specific phase. In this synchronous state, there is a continual non-linear feedback between
the active control system and the global plasma dynamics that is intrinsic to the natural
ELMing process. This supports the new paradigm?!-2 that the nonlinear feedback between
plasma and control system is an intrinsic part of the cyclic dynamics of naturally occurring
ELMs for which there is evidence on JET?%-?%, Real time knowledge of the control system
signal phase indicates future times when ELM occurrence is more likely.
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Main Text

Edge localized modes’1° (ELMs) are intense, short duration relaxation events observed in
high confinement H-mode regimes in tokamak plasmas. Typically, in present day devices a
few hundred ELMs occur in the quasi-stationary phase of H-mode plasmas. Each ELM
releases particles and energy which load the plasma facing components; scaled up to ITER?,
the largest such loads would be unacceptable?®. In addition, ELMs are key in removing
impurities from the plasma which must also be achieved in a controllable manner. Thus ELM
prediction, mitigation and control**8 are central to magnetic confinement fusion (MCF)
research. The peeling-ballooning MHD instability of the plasma edge is believed to underlie
ELM initiation®-2%, however a comprehensive model for the birth-to-death ELM cycle is not
yet available. Low dimensional features in the overall ELMing process have been observed in
JET?,

Empirically, longer waiting times between one ELM and the next correlate with larger ELM
amplitudes®, so that proposals for mitigation include externally triggering, or pacing, many
smaller, more benign ELMs. This can be achieved by modifying the conditions at the edge by
injecting frozen deuterium pellets!®8 which quickly ionise. Successful triggering conditions
depend on plasma and pellet parameters'’*8, Externally applied vertical magnetic kickst!4
are also used to pace ELMs, they exert a force on the plasma which itself carries a large
toroidal current (see the schematic ED Fig. 1). These magnetic kicks are implemented by
inducing large scale plasma perturbations by pulsing the current in toroidal field coils that
encircle the plasma. These field coils are also the vertical part of the active control system
essential to maintaining the plasma in a global steady state!®. Active control of the plasma is
achieved by real-time monitoring of the plasma including changes in global plasma shape,
current, position and velocity. The control system takes these inputs, and one of its outputs is
to apply voltages to the field coils. This modifies the current in the field coils, generating
inductive magnetic fields that react back on the plasma.

This prompts the new hypothesis?>-?: that the nonlinear feedback between plasma and control
system can be a substantial part of the natural dynamics of ELMs which are naturally
occurring. If such a relationship between the control system and naturally occurring ELMs
exists, then we would anticipate that under certain conditions the coupled control system and
global plasma dynamics that governs natural ELM occurrence should access a state in which
they are fully synchronized. We report the observation of just such a dynamics here.

We study in detail ELM occurrence in the steady state flat-top of H-mode ASDEX Upgrade
(AUG) plasmas (the experiment details are given in the Sl and ED). The ELM occurrence
time is identified (see Methods) from an ELM monitor, the rise in the thermionic current
observed at a tile in the divertor region. We will focus on high time resolution (50
microsecond, the same as for the ELM monitor) global signals (see the schematic, ED Fig 1):

(i) the current in the field coils (1,1 ), which are actively used for vertical stabilization of
the plasma by the control system; (ii) total magnetohydrodynamic field and plasma energy

[2]
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(Wwmhp); (iii) the location of the outboard edge of the plasma (Rout) and (iv) the line of sight
integrated plasma density (71, ). In ASDEX plasma 30416 we have found a transition to
synchronous dynamics just after the electron cyclotron resonant heating (ECRH) is switched
off at t=6.2 s, this dynamics persists for 0.7 s, after which the plasma terminates. Overview
time-series are given in ED Fig 2 and 3. This interval of synchronous dynamics is quite
robust, persisting whilst two pellets are injected during this interval which can be seen to
enhance the line of sight plasma density. Fig 1 plots a time sub-interval of this global
synchronous dynamics.

We use the ELM monitor signal (see methods) to identify times associated with the ELM
onset and crash. ELM onset can be seen at the time when the ELM monitor is sharply rising.

We identify this onset time (t; ,open red circles throughout Fig 1) where the ELM monitor is

just about to cross a threshold which is one standard deviation above its background (green
line). The end of the ELM crash is identified as the time when the ELM monitor falls below
the same threshold, indicated by the blue stars. To test the idea that the control system is in
continual feedback with the plasma-ELMing process and so influences ELM onset, as well as

responding to ELM crash, we also identify a time (t; ) which is 350 microseconds before
ELM onsett, , indicated on all panels of Fig 1 by filled blue circles. In Fig 1 the ELM crash

can be seen as a sharp drop in total plasma energy (Wwmnp) and an inward movement of the
plasma edge (Rout); We can see that the time (t; ) is when the plasma MHD energy and edge

position are at their peak values; the ELM crash has not yet occurred. The current in the
control system field coils, the 12 signal, is roughly oscillatory and the ELMs tend to occur
when it is at a particular phase of its oscillation. The control system field coil current (1¢)
instantaneous phase plotted in Fig 1, #(t), is obtained via Hilbert transform such that the
signal S(t) = A(t) exp[ig(t)] (see Methods). Phase is defined relative to a single reference
value, here, the average instantaneous phase of the signal at the time of the ELMs in the time
window. In Figure 2 we plot a histogram of the 1. phases at the ELM onset times (upper
panel, t;) and 350 us before this, (lower panel, t; ), and we calculate Rayleigh’s R number
at t; and t;. A value of R =1 indicates that all phases are exactly aligned, for the interval
t=6.4—7.1 seconds where we identify synchronous dynamics we find R(t;) =0.91 and
R(t;) =0.88. We find similar phase bunching in 1} with slightly lower R values (see ED).

Importantly, we see strong phase synchronization when ELM onset has begun, and also at a
time before it; thus this phase relationship is not simply due to the response of the control
system to each ELM crash.

The synchronized dynamics of control system and plasma is shown in Fig 3. The left hand
panels plot the mean subtracted location of the plasma outer edge (Rout) and the total plasma
MHD energy (WwmHp) versus the (mean subtracted) current in the control system field coils (

[3]



118

119

120
121
122
123
124
125

126

127
128

129

130

131
132
133

134
135
136

137
138
139
140
141
142
143
144
145
146

147
148

149
150
151
152

153

Control system-plasma synchronization and ELMing
Chapman et al

I ) for the interval t =6.4—7.1s where there is synchronous dynamics. The signal values
just before each ELM, at time t;, are again plotted with blue circles. For each ELM, the

plasma and control system together execute a cycle: (a) there is a build up during which the
plasma total energy increases with little change in the outer edge location whilst the current
in the control system coils becomes more negative followed by (b) the ELM crash, in which
both total energy sharply drops and plasma edge moves rapidly inward whilst the control
system current does not change significantly then (c) a recovery in which the control system
becomes more positive, the plasma edge moves outwards and the total energy does not
change significantly. The control system field coil current (1: ) phase orders the global

plasma dynamics as captured by the total plasma energy and edge location; the right hand
panels plot these quantities versus 1. signal phase. Just before the ELM onset, at time t;

(blue circles) the 12 phases are clustered about zero and we can see that the build up (a) and
recovery (c) occur over two halves of the (1) control system current cycle. In this

synchronous state, there is a continual non-linear feedback between global plasma dynamics
and control system that is intrinsic to the natural ELMing process. During this time interval,
pellets are injected into the plasma and these can be seen to modify the plasma conditions-

the plasma line-of sight density (1, , see ED Figure 2) which is enhanced by about 7%. This
does not perturb the dynamics of the I signal phase which suggests that this is attractive,
limit cycle dynamics.

On JET we previously found a class of prompt?®-?2 natural ELMs in which the plasma’s own
response to the previous ELM provides the necessary global plasma dynamics to precipitate
the next ELM. We would thus expect that fully synchronous dynamics should occur under
certain conditions where coupling between the control system and perturbations in the
plasma, become synchronized?®2° and their synchronous oscillations coincide with the
occurrence times of all the natural ELMs. We have identified just such a synchronous
dynamics here. This suggests a paradigm shift in which the control system-plasma feedback
can be a significant part of the natural ELMing process. This may have potential to be
developed as a direct tool for ELM pacing and hence mitigation. In this synchronous
dynamics, the ELM occurrence times and energies both become more predictable.

Methods
The experiments

We present detailed analysis of AUG discharge 30416. Plasma 30416 has a flat-top H-mode
with ECRH heating of 1.2 MW at 140 GHz which ends at t = 6.2s at which time we see a
transition to a synchronous state. In 30416 the plasma parameters are

I, =0.8MA, B, =2.5T,R =25MW and we analyse the synchronous interval 6.4-7.1s, and

compare with an earlier interval in the same plasma of the same duration at 5.5-6.2s.

[4]
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ELM occurrence times are inferred from an ELM monitor which is the thermionic current in
a tile in the divertor region. The control system dynamics is inferred from the instantaneous

analytic phase of high time resolution signals 1 and I which are the current in the
toroidal field coils for active vertical control of the plasma. The global plasma state is

inferred from the total MHD energy (WwmHp) and the outboard edge location (Rout). These
signals are sampled at 50 microsecond time resolution.

Determination of ELM occurrence time

We determine the ELM occurrence times from the ELM monitor signal as follows. We find a
300pt rloess running mean R(t) which down-weights outliers. We then subtract this running
mean from the Ipolsola signal giving S(t)=I(t)-R(t). We take as a threshold TH(t) the running
mean plus one standard deviation of S(t). We then can usefully identify three time points in

an ELM: (i) the data point before the first up-crossing time when S(t)>TH(t), t; (red open
circles) (ii) a time just before the beginning of the ELM which is t; =t; —dt (blue filled

circles) and dt is determined by inspection of the ELM monitor and Wwp signals, for the
plots here this is 7 pts (dt =350s ) and (iii) the data point before the first down crossing

time S(t)<TH(t) following the ELM monitor peak, (black star) t.. To avoid detection of

multiple crossings due to noise we work with S(t) which is a 5 point running average of the
original signal. These can be seen to independently identify both the sharp energy drop in
WwHp and the change in Royt. We use the same symbols on all the panels.

Determination of pellet occurrence time

Frozen Deuterium pellets are injected into the plasma and the injection times can be found
from peaks in a pellet ablation radiation monitor signal and their impact on the plasma is seen
in the line-of-sight plasma density (1, ), see ED Figure 2.

Instantaneous amplitude and phase of the control system field coil currents

A real valued signal S(t) and its Hilbert transform, H(t) together define the analytic signal
S(t) +iH (t) = A(t) exp[ig(t)] with instantaneous amplitude A(t) and phase ¢(t); so that the

signal is represented by a single mode with time dependent amplitude and frequency. The 1
and 1. signals have a time-varying baseline. We first subtract a 1000 pt running rloess mean.

The analytic amplitude and phase is then obtained by Hilbert transform of this signal. The
(mean subtracted) signal can have a strongly varying amplitude as the response to an ELM is
much larger than other components in the signal that are of interest. Before obtaining the
analytic phase by Hilbert transform we non-linearly transform these signals by dividing by
the square root of the absolute magnitude. We have verified that the phase relationships
determined here are robust against this transformation, that is we obtain the same phase

[5]
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relationships, in particular, the result that ELMs occur at the same phase in these signals, is
obtained whether or not this transformation is applied.

These methods are only effective if the signals have good signal/noise and if the mean of the
signal does not vary too rapidly. The high rate of change of instantaneous phase with time of
these signals requires well defined ELM occurrence times in order to cleanly determine any
phase relationship. Phase is always determined from some reference value, here we use as our
reference the average phase of the signal at the time of all ELMs in a given time window. All
the ELMs in a given analysed time window then have phases given relative to this same
reference phase value.

Circular statistics and surrogates

We use the Rayleigh test to quantify the extent to which the instantaneous phases of the field
coil at a particular time before each ELM, for all ELMs in a given time window, are aligned,
and the statistical significance of any such alignment. Using the procedure described above,

we determine the instantaneous phases ¢, (t), for the k =1..N ELMs in the steady flat top of
a given plasma. If each phase is represented by a unit vector

r. =X, Y.) =(cosg (t),sing (t)) then a measure of their alignment is given by the
magnitude of the vector sum, normalized to N . This is most easily realized if we use unit
magnitude complex variables to represent the r, =expl[ig, (dt)]. The mean phase angle ¢ is
then given by:

irk =re"

k=1

and the Rayleigh number is the magnitude of the sum:

If R =1 the phases are completely aligned. We obtain R(t) both at the ELM time t, and just

before, at t; . An estimate of the p-value under the null hypothesis that the vectors are
uniformly distributed around the circle is:

D= expN1+4N +ANZ(1-RY) —(1+ 2N)J

This null hypothesis can be rejected with 95% confidence for p < 0.05; here we found

p <107 for the phases plotted in Fig 2.

[6]
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Figure Captions

Figure 1: ELM- control system synchronous dynamics. Time traces are plotted for a short
time window within the interval t=6.4-7.1 s of synchronous dynamics in plasma 30416. From
top to bottom we plot with black traces: the edge position (Rout), the current in a tile in the
divertor region (ELM monitor), the total MHD energy in the plasma (WwmHb), the current in
the upper vertical control system coil (1), its analytic phase, and the plasma line of sight

density (N, ). ELM occurrence times are determined from the ELM monitor signal. The ELM

onset time t, (open red circles) and end time t. (blue star) are at the data points just before

the ELM monitor upcrossing, and downcrossing of a threshold (green line) which is one
standard deviation away from the signal running baseline (red line). The filled blue circles are

at a time just before the start of the ELM crash, t; =t, —dt (here, dt =350us).

Figure 2 Quantifying the phase alignment. Circular statistics (see methods) for the interval
t=6.4-7.1 s of synchronous dynamics in plasma 30416. Histograms of instantaneous phase of
the I signal are plotted at the ELM onset t, (upper panel) and just before at t, (lower
panel), the Rayleigh number (see methods) is given for each; if at a given time before the
ELM, the signal was always at exactly the same phase, then one would obtain R(t) =1. The
p-value for the null hypothesis that the phases are uniformly distributed can be rejected with
95% confidence for p <0.05, here p<107"°.

Figure 3 ELM-control system limit cycle. The location of the plasma outer edge (Rout,
upper panels) and the total plasma MHD energy (WwmHb, lower panels) are plotted versus the

current in the control system field coils (1, left panels) and its phase (right panels). Except
for the 12 phase, the plotted traces have their respective running means subtracted, and the

signals are plotted for the full interval of synchronous dynamics t=6.4-7.1s (grey dots). One
cycle of this dynamics, that is, from one ELM to the next, is overplotted (solid black line).
For each ELM, the signals at the time just before ELM onset t; are plotted (blue filled

circles). The dynamics is a build up phase (a) terminating in ELM onset, followed by the
ELM crash (b) and then recovery (c).
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Supplementary Information

We study in detail ELM occurrence in the steady state flat-top of H-mode ASDEX Upgrade
plasmas. The ELM occurrence time is identified (see Methods) from an ELM monitor: the
rise in the current observed at a tile in the divertor region. We focus on high time resolution
(50 microsecond) global signals as shown in the schematic ED Figure 1: (i) the current in the

fast radial field coils (12,1 ), which are actively used for vertical stabilization of the plasma
by the control system; (ii) total magnetohydrodynamic field and plasma energy (Wwmmp) (iii)
location of the outboard edge of the plasma (Rout) (iv) plasma line of sight density (7, ). In
plasma 30416 the ECRH heating is switched off at t=6.2 s (see ED Figure 2) following which
there is a transition to synchronous dynamics which persists for 0.7 s, after which the plasma
ends (see ED Figure 3). This interval of synchronous dynamics is quite robust, persisting
whilst two pellets are injected during this interval which can be seen to enhance the line of
sight plasma density.

In ED Figures 5 and 6 we consider an interval earlier in the same plasma, for the same length
of time interval (0.7s) for which we have found synchronous behaviour. Here the I phase is

far less bunched, however it is not random, if we calculate Rayleigh’s R excluding smaller
ELMs we find alignment that is significant (R=0.55) but is not as strong as in the fully
synchronised interval.

The energy released by ELMs as measured from the WMHD drop is plotted in ED Figure 7.

[1]
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Extended Data Figures

ED Figure 1

(1) experiment
(2) signal processing

-

! ’ } \ W - ELM monitor used
Iy it b4 M todetermine ELM
time of occurrence

v

! time
/. current —

Hilbett transform:
obtain| analytic signal of /' current
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wCircuIar | (3)analysis
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) LY
Nk 2 sIA I,
m’ _ time

Schematic of the ASDEX plasma experiment and the analysis in this Letter. Counter-
clockwise from top left: (1) experimental setup; (2) signal processing; (3) characterisation
and statistical analysis. In (1), the plasma and its toroidal electric current (both green) are
shown within twin poloidal projections (black) of the last closed toroidal magnetic flux
surface, with the divertor region below the X-point. The plasma is maintained by a control
system which takes as its inputs multiple signals which monitor changes in plasma position,
plasma movement and changes in the magnitude and spatial distribution of the electric
current density within it. The control system, as its output, applies voltages to system scale
field coils including those used to correct vertical position, a subset of which are the toroidal

radial field coils, we analyse the current in these coils (labelled 1., lower, and 12 ,upper,

shown blue). Short duration edge localised modes (ELMSs) cause loss of plasma particles
which strike the material walls (not shown). This results in a reflux of neutral particles from
the walls which, on entering the plasma and becoming ionised, give rise to the ELM monitor
signal which is the thermo-electric current into an outer divertor tile, shown in red. In (2), the
ELM monitor signal is used to determine ELM occurrence times, which can then be
compared to the instantaneous amplitude and phase of the radial field coil signals, as well as
other variables such as plasma edge position and total MHD energy that indicate the global

plasma state. The 1 and I instantaneous amplitude and phase are determined by
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constructing an analytic signal by performing a local Hilbert transform over the full time
duration of the plasma. The information content of the analytic signal is optimal if it is

obtained from a timeseries that is zero-crossing, this is achieved here by subtracting a locally

determined mean as shown (see Methods).

Once the instantaneous amplitude and phase are determined, we then perform analysis (3) to

quantify the degree of phase alignment, and to explore limit cycle dynamics.

ED Figure 2
#30416
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Time evolution of the experiment. Experimental plasma parameters are plotted for the latter
part of plasma 30416. From the top panel we see that neutral beam injection (NBI) heating

and plasma radiation are constant whereas electron cyclotron resonant heating (ECRH) is

stepped down at t=6.2s. This results in a drop in total MHD stored energy (second panel).

Pellets are injected throughout this interval, resulting in enhancements in line of sight

integrated density (third panel) and spikes in the pellet monitor (fourth panel). ELM arrival

times and frequency are indicated in the lower two panels.
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38 ED Figure 3(a)
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Overview plots of the transition to synchronous dynamics. Fig 3(a) plots a time interval
showing the transition to synchronous dynamics and Fig 3(b) shows the full time interval in
which synchronous dynamics occurs. From top to bottom we plot with black traces: the edge
position (Rout), the current in a tile in the divertor region, the ELM monitor, the total MHD

energy in the plasma (Wwmrb), the current in the upper vertical control system coil (1), its
analytic phase, and the plasma line of sight density (1, ). ELM occurrence times are
determined from the ELM monitor signal. The ELM onset time t, (open red circles) and end
time t_ (blue star) are at the data points just before the ELM monitor upcrossing and

downcrossing of a threshold (green line) which is one standard deviation away from the
signal running baseline (red line). The filled blue circles are at a time just before the start of

the ELM crash, t;, =t; —dt (here, dt =0.35x5).

In Fig 3(a) we can see a transition at t=6.2 s, the total MHD energy drops by about 6% and
the I2 phases just before the ELM crash times become more aligned around zero. Fig 3(b)
plots the interval t=6.4-7.1s over which we can see that the 1. phases just before the ELM

crash times remain around zero, histograms for these phases are given in Fig 2 main text and
below. This interval of synchronous dynamics is quite robust and persists whilst two pellets
are injected during this interval enhancing the line of sight plasma density.
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64 ED Figure 4

20
R=0.51
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R=0.54
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#(15) ¢(I¢)

65

66  Histograms as in Figure 2 main text for both upper and lower control system field coils.

67  Circular statistics (see methods) for the interval t=6.4-7.1 s of synchronous dynamics in
68  plasma 30416. Histograms of instantaneous phase of the 12 (left panels) and 1. (right

69  panels) signals are plotted at the ELM onset t; (upper panels) and just before at t; (lower

70  panels), the Rayleigh number (see methods) is given for each; if at a given time before the
71  ELM, the signal was always at exactly the same phase, then one would obtain R(t) =1. The

72 p-value for the null hypothesis that the phases are uniformly distributed can be rejected with
73 95% confidence for p <0.05, here p <107,
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Overview of a time interval earlier in the same plasma for comparison. We plot in the
same format as ED Figure 3 an interval of 0.7s duration from a time interval before the
plasma transitions into synchronous dynamics. ELMs which generate an energy drop (in the
WMHD signal ) of <10* J are plotted with filled green circles, all other ELMs with black
filled circles.

ED Figure 6
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Histogram of the control system field coil phases at, and just before ELM onset for the
interval plotted in ED Figure 5. The format is the same as in Figure 2 of the main paper
except that ELMs which generate an energy drop (in the Wwnp signal) of <10* J are
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overplotted with green bars. Rayleigh’s R is calculated for all ELMs (upper R value) and only
large ELMs with energy drop >10*J (lower R value).

ED Figure 7
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