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Edge Localised Modes (ELMs) naturally occur in tokamak plasmas in high confinement mode. We
find in ASDEX Upgrade that the plasma can transition into a state in which the control system field
coil currents, required to continually stabilize the plasma, continually oscillate with the plasma
edge position and total MHD energy. These synchronous oscillations are one-to-one correlated
with the occurrence of natural ELMs; the ELMs all occur when the control system coil current is
around a specific phase. This suggests a phase synchronous state in which nonlinear feedback
between plasma and control system is intrinsic to natural ELMing, and in which the occurrence
time of a natural ELM is conditional on the phase of the control system field coil current. © 2018
Author(s). All article content, except where otherwise noted, is licensed under a Creative

Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0]).

https://doi.org/10.1063/1.5025333

I. INTRODUCTION

Large-scale tokamak experiments self-organise to gener-
ate large scale structures and flow with enhanced confine-
ment, known as H-mode.' Edge localized modes.”™ (ELMs)
are intense, short duration relaxation events observed in
tokamak H-mode regimes. Typically, in present day devices,
a few hundred ELMs occur naturally 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 are unacceptable.”® ELMs
are also a key in removing plasma impurities which must be
achieved in a controllable manner. Thus, ELM prediction,
mitigation, and control’2° are central to MCF research. The
peeling-ballooning MHD instability of the plasma edge is
believed to underliec ELM initiation.>'~%3 However, a fully
comprehensive model for the birth-to-death ELM cycle is
not yet available. These large-scale experiments exhibit non-
linear coupling of plasma physics processes over several
orders of magnitude in spatio-temporal scale. A ubiquitous
aspect of such strongly connected, many component physical
systems is the potential for self-organisation to synchronous
states where nonlinear active feedback between global and
local scales leads to emergent global dynamics.?*~°

Active control of the plasma is required to automatically
maintain a global steady state and this is achieved by the
control system’s real-time monitoring of the plasma (Ref. 27
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and references therein). The control system takes a variety of
inputs, and one of its automatic, internally generated outputs
is to apply voltages to field coils that regulate the vertical
plasma position (vertical stabilization control coils, see Fig.
1 of Ref. 28). The applied voltages modify the currents in
the field coils, generating inductive magnetic fields that react
back on the plasma. In the standard paradigm for the natural
ELM cycle, the control system is constantly active by stabi-
lizing the plasma and simply acts on a relatively short time-
scale to restore the plasma steady state following an ELM.
The control system is not a part of standard physical models
for the ELM cycle. A new hypothesis®* 2 is that phase
coherent nonlinear feedback between the plasma and the
automatic control system is part of the observed natural
ELM cycle. Importantly, this phase coherent feedback which
we propose here is distinct from a scenario, whereby the con-
trol system causes ELMs by direct destabilisation, and from
the entrainment of triggered ELMs by externally applied ver-
tical magnetic kicks’~'? which relies on kicks of sufficiently
large amplitude, typically much larger than that seen in the
control system vertical field coil current during natural
ELMing. Phase coherent feedback in natural ELMing is
found on JET?7? in which the occurrence time of natural
ELMs can be conditioned by the phase, rather than the
amplitude, of the control system and global plasma dynam-
ics. If such a relationship exists between the control system
and naturally occurring ELMs, then we would anticipate that
under certain conditions the coupled control system and

© Author(s) 2018.
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plasma dynamics governing natural ELM occurrence can
access a state in which they are fully phase synchronized.**
We report the observation of just such a dynamics here and
discuss the physical context with a simple example of phase
synchronization.

Il. DETAILS OF THE TIME SERIES ANALYSIS

We focus on global signals that are all at high time reso-
lution (~ 50 ms), examples of which are shown in Fig. 1 for
an interval of synchronous dynamics. The time series will be
plotted in this format throughout, and the panels from top
to bottom are: (i) the location of the outboard edge of the
plasma (R,,,), (i) an ELM monitor from which we identify
the ELM occurrence times, (iii) total magnetohydrodynamic

30416
6.6 6.62 6.64 6.66 6.68 6.7

2.15

€ 2,148

FIG. 1. Time traces plotted for a short time window within interval
t = 6.4s-7.1s of synchronous dynamics in plasma 30416 showing one-to-
one correlation between ELM occurrence and vertical control system current
temporal phase. From top to bottom (black traces): the edge position (R,,,);
the ELM monitor; the total plasma MHD energy (Wyp); the current in the
upper vertical control system coil (/¢); its analytic temporal phase (¢ (/¢));
and the averaged plasma density (72,). Filled blue circles are at times for all
the ELMs just before the start of each ELM crash, t3 = tz — 0.35 ms, where
tr is the ELM onset time. Additional times determined from the ELM moni-
tor signal are also plotted: the ELM onset time #; (open blue circles) and end
time # (filled red circles) at the ELM monitor signal upcrossing and down-
crossing of a threshold (green line) one standard deviation away from the
running baseline (red line) of the ELM monitor signal. The ELM monitor
signal for one ELM is annotated with times 7, fz, and tz for clarity. This
short time interval is indicated by the red bar in Fig. 3 top panel.
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field and plasma stored energy (Wyyp), (iv) the current in the
upper (/¢) and lower (I’C) field coils (I{ time series are shown),
which are actively used for vertical stabilization of the plasma
by the control system (vertical stabilization control coils, see
Fig. 1 of Ref. 28) (v) its instantaneous phase, and (vi) the line
averaged plasma density (72,). We are concerned with the tem-
poral phase of this vertical field coil current.

The ELM monitor signal performs a steep rise at the
start of each natural ELM from which we can identify an
ELM onset time. The ELM can also be identified by the
steep drop in plasma stored energy Wy,yp and sharp inward
movement of the plasma outboard edge R,,,. We can apply a
simple algorithm across the entire timeseries to identify the
time just before the ELM, at which the stored energy Wyup
and outboard edge R,,, are both at peak values just before
the ELM. We determine the ELM occurrence times from the
ELM monitor signal using an algorithm as follows (Fig. 1
second from top panel). We find a 300 pt (0.015s) locally
weighted regression (LOESS) running mean R(f) which
down-weights outliers (red line). We then subtract this run-
ning mean from the ELM monitor signal () giving
S(t) =1(t) — R(¢). We select as a threshold TH(r) the run-
ning mean plus one standard deviation of S(f) (green line).
ELM onsets can be seen at the time when the ELM monitor
is sharply rising which we identify as time #z (of the data
point before) the first up-crossing time when S(r) > TH(r)
(open blue circles). The end of the ELM crash is identified as
the time when the ELM monitor falls below the same thresh-
old at time #; (of the data point before) the first down cross-
ing time S(#) < TH(¢) following the ELM monitor peak,
(filled red circles). 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 75 just before the beginning of
the ELM. We find that a single value of the time interval dt
used to define t3 = fgx — dt, when applied to both these plas-
mas, can quite closely identify the time just before the ELM
monitor trace performs a steep rise at ELM onset. From Fig.
1, we can see that fz also quite closely identifies the time
where the MHD energy is maximal, and where the plasma
edge position R, is at a peak value just before each ELM
crash (times 75 are shown as filled blue circles on the plots).
Throughout we will use df ~ 0.35ms or 7 data points. To
avoid detection of multiple crossings due to noise, S(f) is a 5
point running average of the original signal and we exclude
multiple crossings within 50 data points of each other.

The control system field coil current instantaneous phase
¢(I%) is obtained from the analytic signal S(r)+ iH(t)
= Aexp [ig(t)] (H() is the Hilbert transform of S(z)). This
defines an instantaneous temporal analytic amplitude A(¢)
and phase ¢ (1) = w(r)t. We compute the analytic signal by
Hilbert transform over the entire plasma flat top after remov-
ing the time-varying baselines of the Ié’l by subtracting a
1000 pt running LOESS mean (red line in Fig. 1). Baseline
removal is required in order to obtain positive instantaneous
frequency, that is, time increasing analytic phase from the
Hilbert transform for the characteristic signal oscillations.
Provided that the signal crosses the baseline on each such
oscillation, the analytic phase is insensitive to the details of



062511-3 Chapman et al.
the baseline. Phases are given relative to the average (¢ (7))
over all ELMs in the interval.

lll. OVERVIEW OF INTERVALS OF SYNCHRONOUS
DYNAMICS IN PLASMAS 30416 AND 30930

We present here two examples of intervals of synchro-
nous dynamics in the steady state H-mode flat-top of ASDEX
Upgrade plasmas 30416 and 30930. We have®® briefly dis-
cussed an example in another ASDEX-Upgrade plasma,
30792, which had parameters: Ip = 0.8 MA, B, = —2.5T,

e ~ 6.7 x 10"”m~3, neutral beam injection heating (NBI)
Pnpgr = 2.5MW, and electron cyclotron resonant heating
(ECRH) of 1.3 MW. An estimate of the ELM frequency from
the average inter-ELM time interval over the time intervals of
synchronous dynamics gives 66.7s~' and 80s~' for plasma
30416 and plasma 30930, respectively. The change in condi-
tions that coincides with the transition to synchronous dynam-
ics is different for these two cases.

A. Plasma 30416 overview and time domain behaviour

Figure 2 gives an overview of this plasma which has
parameters [, = 0.8 MA,Br = 2.5 T, Pyp; = 2.5MW, and
n, ~ 5.7 x 10”’m=3. Electron cyclotron resonant heating
(ECRH) of 1.2 MW at 140 GHz ends at t = 6.2 s. At the time
of the ECRH switch-off, the total MHD energy drops by
about 6% and we then see a transition to a synchronous state;
this dynamics persists until 7 ~ 7.1 s, after which the plasma
terminates. This transition is shown in more detail in Fig. 3,
and Fig. 1 shows a short (0.1 s) time interval of synchronous
dynamics. The natural ELM crash generates a sharp drop in
total plasma energy (Wy;p) and an inward movement of the
plasma edge (R,,,). Following the transition to synchronous
dynamics at r ~ 6.2 s, we can see that at times  (filled blue
circles) the I current temporal phase of its oscillatory
behaviour is around the same value (zero, phases are plotted
w.r.t. the average). This time 7z is where the Wy,yp and R,

#30416

NBI

Radiation Power (MW) 7] 2
s e e e TN e T

ECRH ‘

MHD stored energy (kJ)

Wwwmw% 300
2

fie (10" m™9)
WMMMMM 6

Outermost separatrix position (m) Pellet monitor (a.u.)

5
216~ -u.

214
0

ELM monitor thermoelectric current outer divertor (kA)

. -

. . ELM frequency (Hz)
. — 200
IR ao Wl ‘f’ : ;“, e, o EREATE AN vﬁw A .
5.0 6. 0 TIVE (s) 7.0

FIG. 2. Experimental plasma parameters for the latter part of plasma 30416.
Top panel: Neutral beam injection (NBI) heating (blue line) and plasma
radiation (red line) are constant. Electron cyclotron resonant heating
(ECRH, purple line) is stepped down at t = 6.2s. Second panel: Total MHD
stored energy which drops at ECRH switch-off. Third panel: Line averaged
plasma density which is enhanced on pellet injection. Fourth panel: Pellet
monitor spikes identify pellet times. Fifth panel: ELM monitor (blue line)
from which we identify the ELM occurrence times as the rise in the thermo-
electric current observed at a tile in the divertor region, and pellet monitor
(black line) and sixth panel: ELM frequency.
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FIG. 3. Vertical control system current temporal phase just before each natu-
ral ELM becomes localised by following the transition to synchronous
dynamics which occurs after # ~ 6.2s in plasma 30416. The format of the
plot is a simplified version of that of Fig. 1. From top to bottom (black
traces): the edge position (R,,,); the ELM monitor; the total plasma MHD
energy (Wyup); the current in the upper vertical control system coil (I¢"); its
analytic temporal phase (¢(I%.)); and the averaged plasma density (ii,).
Filled blue circles are at times for all the ELMs just before the start of each
ELM crash, 3 = tg — 0.35 ms, where f is the ELM onset time.

are locally at peak values just before each natural ELM
occurs (rise in the ELM monitor and sharp drop in Wy;p
and R,,,). Before the ECRH heating switch-off, they occur
over a broad range of ¢(I}%). This synchronous dynamics per-
sists, whilst two pellets are injected during this interval, one
of which enhances the line averaged plasma density (7i,) by
about 7%. For comparison, Fig. 4 plots a short time interval
before the transition to synchronous dynamics; it is of the
same time duration (0.1 s), and in the same format, as Fig. 1.

B. Plasma 30930 overview and time domain behaviour

Figure 5 gives an overview of this plasma which has
parameters [, = 0.8 MA,Br = 2.5T, Pyp; = 2.3MW, and
fle ~ 6.2 x 10" m=3. Electron cyclotron resonant heating of
1.8 MW at 140 GHz ends at t = 8.0s. An overview plot in
the same format as Fig. 3 is given in Fig. 6. From
t =2.0-2.6s, there is a shift in plasma position, and just
after the plasma has passed the maximum shift in R, we see
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30416
6.1 6.12 6.14 6.16 6.18 6.2
215 H Rout _

6.1 6.12 6.14 6.16 6.18 6.2
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FIG. 4. Time traces plotted for a 0.1 s time window (of the same duration as
in Fig. 1) at a time before the transition to synchronous dynamics in plasma
30416. Format is as in Fig. 1. This short time interval is indicated by the
blue bar in Fig. 3 top panel.

a transition to synchronous dynamics at about ¢ = 2.35s.
The synchronous dynamics ends after + = 2.7 s where there
is a NBI beam dropout with corresponding drop in Wyyp;
following this there is a sequence of injected pellets that
modify the plasma, the first of these can be seen to enhance
the line averaged plasma density (7z,) by about 3%—4%.

#30930

NBI Radiation

mye—

I ' H Power (MW) —{1
0
WWVWWWMWA/WWWMWMWSOO

MHD stored energy (kJ)

200
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FIG. 5. Experimental plasma parameters for the early part of plasma 30329,
in the same format as Fig. 2. The plasma position is shifted during
t =2.0-2.6s and at t = 2.75s, the NBI beam drops shortly, changing the
heating. Following this is the first of a sequence of injected pellets.

Phys. Plasmas 25, 062511 (2018)

30930
1.8 2 22 24 26 28 3
2.16- |
E 215 |
214 . . . . .
20 TELM monitor ‘ 1
%10
: (e
0
36 Wuap
““5; 34 m l”[ .
=32} 1
< 2 V| l“ H 1
2o ‘||l,I1 ]] ~
X Ul[]llyll |!||||” 1 ll“ | ‘ l Il
2f e ORI R R
< ol W'L lm‘lli’ﬁllul{)“l"l'!ll‘ll l“lxl W lm oy HI
2 }l ‘HW‘ w'”“ ‘J/“ \¢J"‘/“Jﬂr“w“"“l“ il ‘,‘H““" A:‘\“\““”/‘“L
0% fﬁ"“ I‘\”’oy\‘o‘ ‘}\’r'\‘h //Ile ",{‘f of ]
Obf,’m%‘f.ﬂ {‘(9“?\‘97('{,‘5”: Ll 9*“"’"\"“? ‘m’, MTJ’I’ wm
kA HeA T HARAAAA MU Al
.2“/‘( | “,H‘ ;”u‘,r‘\ it /"J/I‘,I‘ /W/J”{/‘ /“‘me"

FIG. 6. Vertical control system current temporal phase just before each natu-
ral ELM becomes localised by following the transition to synchronous
dynamics which occurs between ¢ ~ 2.35-2.7 s in plasma 30930. The format
of the plot is a simplified version of that of Fig. 1; from top to bottom (black
traces): the edge position (R,,,); the ELM monitor; the total plasma MHD
energy (Wypp); the current in the upper vertical control system coil (/¢); its
analytic temporal phase (¢(I{.)); and the averaged plasma density (iz.).
Filled blue circles are at times for all the ELMs just before the start of each
ELM crash, 3 = tg — 0.35 ms, where f is the ELM onset time.

More detailed plots are given in Figs. 7-10 which are
plotted in the same format as Fig. 1. Figure 7 plots the full
time interval r = 2.35-2.7s of synchronous dynamics. We
can see that again, at time 7z (filled blue circles) the . cur-
rent temporal phase of its oscillatory behaviour is found to
be around the same value (zero, phases are plotted w.r.t. the
average) when the Wy;;p and R, are locally at peak values
just before each natural ELM occurs (rise in the ELM moni-
tor and sharp drop in Wyyp and R,,,,). Plots of short (0.1s)
intervals are given to provide a comparison of the synchro-
nous dynamics (Fig. 8) and the behaviour at times before
(Fig. 9) and after (Fig. 10) in plasma 30930.

IV. STATISTICAL QUANTIFICATION OF PHASE
ALIGNMENT

We now quantify the level of phase bunching. The tem-
poral analytic phase at which each kth ELM occurs ¢,
defines a unit magnitude complex variable r, = e'%. A
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2.35 2.4 2.45 2.5 2.55 2.6 2.65 2.7
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FIG. 7. Time traces plotted for the full time interval ¢t = 2.35-2.7 s of syn-
chronous dynamics in plasma 30930. Format is as in Fig. 1.

measure of phase alignment is the magnitude of the vector
sum, normalized to N, the Rayleigh number: R = 4| S 7l
If R=1, the temporal phases are completely aligned. An
estimate of the p-value under the null hypothesis that the vec-
tors are uniformly distributed around the circle is:** p
= exp[y/1 + 4N +4N2(1 — R2) — (1 4+ 2N)]; a small value
of p indicates significant departure from uniformity, i.e., the
null hypothesis can be rejected with 95% confidence for
p <0.05.

Figures 11 and 12 (left panels) plot histograms of the
I and I phases at all natural ELM occurrence times for
time intervals of synchronous dynamics in plasmas 30416
and 30329, respectively. For comparison (right panels), we
also plot histograms for all ELMs occurring in intervals of
equal duration at times outside of the intervals identified
with synchronous dynamics. Statistics are shown for the
phases at the ELM onset times (upper panel, 7g) and just
before the ELM (lower panel, #3); we calculate Rayleigh’s
R at both these times. In both plasmas 30416 and 30329, we
observed R > 0.85 for ELMs occurring in time intervals of
synchronous dynamics (p < 107> for all cases of synchro-
nized dynamics) for the upper field coil current [%. The
lower field coil current /5 is at antiphase to that in /% and
shows the same level of phase bunching in 30329 and
slightly weaker phase bunching in 30416. These field coils

Phys. Plasmas 25, 062511 (2018)

30930
25

2.45 2.5 2.55
t(s)

FIG. 8. Time traces plotted for a short time window of the same duration as
in Fig. 1 at a time within the interval of synchronous dynamics in plasma
30930. Format is as in Fig. 1. This short time interval is indicated by the red
bar in Fig. 6 top panel.

interact with the plasma in a manner that does not vary toroi-
dally and in this sense act to modify global plasma dynamics.
Importantly, we see equally strong phase synchronization
when each ELM onset has begun and at a time before it; thus,
this phase relationship is not simply due to the response of the
control system to each ELM crash, and it involves the active
feedback between control system and plasma that is con-
stantly occurring. For comparison, at times outside of the
intervals identified with synchronous dynamics (right panels)
plots, these we find R<0.4 and R <0.25 for I and IIC,
respectively.

V. SYNCHRONOUS DYNAMICS

Figures 13 and 14 show the synchronized dynamics of
control system and plasma. These plots are constructed for
the intervals of synchronous dynamics t = 6.4s to 7.1s in
plasma 30416 and ¢t =2.35s to 2.7s in plasma 30930. In
each of these figures, the left hand panels plot the running
mean subtracted location of the plasma outer edge R,
—(R,u;) and the total plasma MHD energy Wymup — (Wyup)
versus the (running mean subtracted) current in the control
system field coils 7% — (1) for the interval where there is
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30930
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® 6.3
B 6.25
o 62
6.15

FIG. 9. Time traces plotted for a short time window of the same duration as
in Fig. 1 at a time before the interval of synchronous dynamics in plasma
30930. Format is as in Fig. 1. This short time interval is indicated by the first
blue bar in Fig. 6 top panel.

synchronous dynamics. Blue circles plot the signal values
just before each ELM, at time 7. 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 cur-
rent in the control system coils becomes more negative fol-
lowed by (b) the ELM crash, in which both the total energy
sharply drops and the plasma edge moves rapidly inward,
whilst the control system current does not change signifi-
cantly then (c) a recovery in which the control system
becomes more positive, the plasma edge moves outwards
and the total energy at first does not change significantly.
The control system field coil current (/) phase orders the
global plasma dynamics as captured by the total plasma
energy and edge location; the right hand panels plot these
quantities versus I{. signal phase. Just before the ELM
onset, at time tg (blue circles) the I’ phases are clustered
about zero and we can see that the build up (a) and recovery
(c) occur over two halves ([—,0] and [0, 7]) of the (I{.) con-
trol system current cycle. This synchronous dynamics can
be quite stable, the synchronous dynamics in plasma 30416
persists, whilst an injected pellet enhances the line averaged
plasma density 72, by about 7%.
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FIG. 10. Time traces plotted for a short time window of the same duration
as in Fig. 1 at a time after the interval of synchronous dynamics in plasma
30930. Format is as in Fig. 1. This short time interval is indicated by the sec-
ond blue bar in Fig. 6 top panel.

VI. DISCUSSION

There are several possible physics scenarios that could
generate this observed phase coherent dynamics and to dif-
ferentiate them we discuss some examples here. The sugges-
tion that in natural ELMing “the control system and plasma
[is] behaving as a single nonlinearly coupled system, rather
than as driver and response” was first made by some of the
present authors in the context of JET.?’ In these JET plas-
mas, we found that the phase of toroidal full flux loop signals
became aligned around a single value just before the onset of
each natural ELM.?? In particular,”® we found a class of
prompt natural ELMs which are at distinct short inter-ELM
time intervals that occur at a specific phase of the plasma’s
own response to the previous ELM. For these ELMs, the ini-
tial ELM and its successor form a linked pair, in that the sec-
ond ELM arises near the end of the first. We would thus
expect under some plasma conditions a global dynamics in
which all the ELMs are “prompt,” with each ELM directly
following the previous one. We have identified just such a
dynamics here on ASDEX Upgrade in which the excursions
of the control system and perturbations in the plasma are
completely phase synchronized,*2° with their synchronous
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FIG. 11. Each set of four panels plots histograms of instantaneous temporal
phases of the current in the vertical control system coils at the ELM occur-
rence times (7z, upper panels) and at times just before (73, lower panels) with
Rayleigh’s R values (top left), each panel. The left hand set of panels are for
all ELMs that occur in the time interval ¢ = 6.4s—7.1s of synchronous
dynamics in plasma 30416 and confirm strong phase localization in the
upper (/¢) coils and to a lesser extent, the lower (I’C) coils. The right hand set
of panels are for all ELMs that occur in a time interval of equal duration
before the transition to synchronous dynamics, t = 5.5s—6.2s.

oscillations coinciding with the occurrence times of all the
natural ELMs. In such a synchronous state, continual non-
linear feedback between global plasma dynamics and control
system is intrinsic to natural ELMing.

ELMs can also be triggered externally. One method is
to modify the conditions at the edge by injecting quickly
ionizing frozen deuterium pellets.">™"” Toroidally non-
uniform magnetic perturbations also can modify ELMs.'*°
Externally applied vertical magnetic kicks’ ' are used to
pace ELMs, they exert a force on the large toroidal current
carried by the plasma which induces vertical plasma motion.
These vertical magnetic kicks are induced by pulsing the cur-
rent in the same vertical stabilization field coils, discussed
here, that are used by the control system to regulate the
plasma. In particular (see, for example, Fig. 8 of Ref. 12),
kick experiments that can scan a range of kick frequencies
find that the more closely the kick frequency approaches the

30329 t=2.35-2.7 s t=2.7-3.05
20 20
R=0.9 R=0.85 R=0.22 R=0.25
10 10
o o hL ‘-*.-l-_l
2 20
R=0.89 R=0.86 R=0.24 R=0.24
10 10
0 | 0 LJ...I. ‘-h—l.l.-l
-2 0 2 -2 0 2 -2 0 2 -2 0 2
o(I¢) oIt o(I¢) o(Ig)

FIG. 12. Each set of four panels plots histograms of instantaneous temporal
phases of the current in the vertical control system coils at the ELM occur-
rence times (7g, upper panels) and at times just before (73, lower panels) with
Rayleigh’s R values (top left), each panel. The left hand set of panels are for
all ELMs that occur in the time interval t =2.35 —2.7s of synchronous
dynamics in plasma 30930 and confirm strong phase localization in both the
upper (/£) coils and the lower (I’C) coils. The right hand set of panels are for
all ELMs that occur in a time interval of equal duration after the end of the
interval of synchronous dynamics, t = 2.7 s-3.05 s.
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FIG. 13. Vertical control system current phase orders ELM cycle dynamics
in plasma 30416. The mean subtracted location of the plasma outer edge
(upper panels) and the total plasma MHD energy (lower panels) are plotted
versus the mean subtracted current in the control system field coils (left pan-
els) and its phase (right panels). The signals are plotted for the full interval
of synchronous dynamics ¢ = 6.4 —7.1s (grey dots). One cycle of this
dynamics, from one ELM to the next, is overplotted (solid black line). All
ELMs occurring in t = 6.4 — 7.1s are shown; for each ELM, the signals at
the time #z just before ELM onset are plotted (blue filled circles). The
dynamics is a build up phase (a) terminating in ELM onset, followed by the
ELM crash (b) and recovery (c).

frequency of natural ELMing, the smaller the kick amplitude
required to trigger ELMs. This is consistent with entrainment
where the ELMs are forced, or entrained, to occur at the kick
frequency. It raises the possibility of a resonant interaction

108 30930 t=2.35-2.7 s %107

Winp— < Wayup > (J x 10

-2 0 2 4 -7/2 0 /2
Ii— < IE > (A x 10%) O(I%)

FIG. 14. Vertical control system current phase orders ELM cycle dynamics
in plasma 30930. The format is the same as in the previous figure. The sig-
nals are plotted for the full interval of synchronous dynamics ¢t = 2.35-2.7 s.
One cycle of this dynamics, from one ELM to the next, is overplotted (solid
black line). All ELMs occurring in ¢t = 2.35-2.7 s are shown; for each ELM,
the signals at the time f just before ELM onset are plotted (blue filled
circles). The dynamics is a build up phase (a) terminating in ELM onset, fol-
lowed by the ELM crash (b) and recovery (c).
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between control system and plasma. This possibility was
then explored on JET by Ref. 35 who as in Refs. 29-31
found the “simplest and clearest evidence” for the involve-
ment of the control system in natural ELMing to be in toroi-
dal full flux loop signals. In addition® identified vertical
displacements, consistent with a mechanism analogous to the
magnetic kick experiments.

Resonant instability is a fundamental aspect of active
feedback control (for a simple mechanical example see Ref.
36). If the control system has an unstable region of its fre-
quency response and if the ELMs happen to naturally occur
at this resonant frequency of the control system or one of its
harmonics, then the control system will sympathetically
oscillate at large amplitude with the ELM cycle and one will
see phase correlation. The ASDEX Upgrade control system
is specifically designed to suppress known plasma instabil-
ities.”” It does this on a fast timescale: “the entire control
loop is executed in a base cycle of up to 1 ms duration. This
length is given by the response time of ASDEX Upgrade
fastest actuator, the power supply for the vertical stabilisa-
tion coils.”*’ The control system takes as its inputs multiple
plasma properties, including parameters inferred from
plasma equilibria calculated in real time. Examples of these
are the plasma stored energy Wup and the edge position
R, which are at ~50 ms time resolution. There are also pos-
sible time-lags in the coupling between control system and
plasma. On ASDEX Upgrade, there is passive vertical posi-
tion control by the passive stabilizing loop (PSL, see Fig. 1
of Ref. 28). The vertical stabilization coils may be too far
from the plasma for a fast vertical position correction.
Nevertheless, voltage pulse trains applied to these vertical
stabilization field coils are capable of achieving kicked or
entrained ELMs.

For resonance with the control system to feature in the
physics of natural ELMing would require a frequency match-
ing between the natural ELMs and the control system. An
estimate of the ELM frequency observed here is given by the
average inter-ELM time interval over the time intervals of
synchronous dynamics. These are 66.7s~' and 80s~! for
plasma 30416 and plasma 30930, respectively. Whilst reso-
nance cannot be excluded, it would require quite specific
conditions for the plasma and control system.

In contrast, phase synchronization can occur over a
broad range of conditions.>* An exemplar is Huygens’ obser-
vation that several pendulum clocks placed on a shelf will in
time become completely synchronized with each other. This
is a physical analogue for systems which can become phase
synchronized through the interaction with a mean field or
through active feedback from a control system.

Importantly, the elements of synchronized systems, in
general, do not execute simple harmonic motion, instead
they have limit cycle dynamics. Huygens’ clock pendula, for
example, slowly lose energy by damping, and then once per
cycle, gain energy almost instantaneously from the clock
escapement mechanism. Under time reversal, this becomes
integrate-and-fire dynamics, which is also a central charac-
teristic of the natural ELM cycle: the system slowly gains
total energy which it then releases during the ELM on a fast
timescale. It has been found that “regardless of the ratio
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between the pendulum frequency and the natural frequency
of the platform, both synphaseous and antiphaseous motions
of the pendulums are stable” [Ref. 37, p. 154]. Huygens’
clocks are found experimentally to phase synchronize when
placed on a bench that is free to move, or on a solidly
anchored house beam. Phase synchronization thus encom-
passes rich dynamics. Huygens’ clocks are still an active
area of research with dynamics including period doubling
and the bifurcation route to chaos.”® Key properties, such as
the frequency of synchronous dynamics, emerge from the
coupled system and can be different to those of the individ-
ual elements: Huygens’ clocks on the shelf can become
slow.”

Further work that explores a wider range of plasma con-
ditions is needed to determine over what range of ELM fre-
quencies synchronization can occur. In particular, during
intervals of synchronous dynamics, the phase relationship
found in the control system field coils should hold even if
the ELM frequency is drifting. An informative experiment
would be to see if the plasma could be continually main-
tained in a synchronous state with fixed phase relationship,
whilst plasma conditions are slowly changed to sweep the
ELM frequency. This might distinguish between different
physical scenarios.

VIl. CONCLUSIONS

We report observational support for a new hypothe-
sis?**™? that naturally occurring ELMs can result from phase
coherent nonlinear feedback between plasma and the control
system that is required to stabilize the plasma. We suggest
that this is an example of phase synchronization; it involves
phase coherent feedback and is a distinct mechanism from
that of the entrainment of triggered ELMs by externally
applied vertical magnetic kicks® ' which relies on kicks of
sufficiently large amplitude, typically much larger than that
seen in the control system vertical field coil current during
natural ELMing. The vertical control coil current phase may
provide a parameter that orders ELM cycle dynamics even if
the ELM frequency is drifting. On JET, we found a class of
prompt**=? natural ELMs that occur at a specific phase of
the plasmas own response to the previous ELM. We would
thus expect under some plasma conditions a global dynamics
where all the ELMs are “prompt” with each ELM directly
following the previous one. We have identified just such a
dynamics here on ASDEX Upgrade in which the excursions
of the control system and perturbations in the plasma are
completely phase synchronized,”*® with their synchronous
oscillations coinciding with the occurrence times of a/l the
natural ELMs. In such a synchronous state, continual non-
linear feedback between global plasma dynamics and control
system is intrinsic to natural ELMing.

When there is fully synchronous dynamics, the ELM
occurrence times and energies become more predictable with
ELMs naturally occurring at a specific phase of the vertical
control coil current and with a frequency which is an emer-
gent property of the non-linearly coupled control system and
plasma. This may provide real-time operational information
on the likelihood of ELM occurrence, suggesting mitigation
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strategies in which the vertical control system phase is used
to modify natural ELMs. It suggests the possibility that in
these fully synchronous states the coupled plasma, control
system, and environment, taken as a single system, could be
tuned to give natural ELMing at a frequency which in turn
may lead to more benign levels of peak heat load to plasma
facing components.
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