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JET Pulse No: 83640, 2T, 2MA
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Figure 1. Signals from a typical pulse (83640) in the set 83630-83794. The signals shown are: Be |l radiptibe (otal radiated power
(b), the current in the Enhanced Radial Field Ampli er vertical control systenand the line integrated edge density.(The ELMs are
associated with a strongly peaked Be Il and radiated power (sigmadsi{l )), a rapid response of the vertical control system to keep the
plasma stablec], and a drop in the edge densit))(
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Figure 2. The ELM waiting time pdf inferred from analysing 120 pulses and combining the data to form a single pdf. Each line corresponds
to data from an additional pulse.

pulses. The purpose was to investigate material migratidfl, M between time andt + 0.001 seconds were counted, and
fuel retention, and evolution of wall conditioning during H-used to form a probability density function (pdf) for the waiting
mode with the ITER-like wall (ILW). Excluding pulses thattimes between ELMs in the 9.5-13.5s interval. Adding
have reports of impurity in uxes (UFOs), Nitrogen seedingtogether and normalizing the 120 pdfs produces ddjnghich

or any problem preventing them from being steady-statepmbines the data from nearly 15000 ELMs and 8 min of
leaves 120 nearly-identical pulses each with approximatedieady state JET plasma time.

6s of steady H-mode plasma, with clear type | ELMs. The A previous study §] reported details of 84 high quality
berylium Il (527 nm) radiation was observed at the innelET datasets for which good agreement was found between
divertor and recorded in 0.0001s time intervals. The tintbe measured ELM waiting times and a simple but rigorous
series of emissions was analysed, with ELMs inferred frotheoretical model. The study was intended to test the
large amplitude signals that exceed the average by at letigtoretical model, which applied to ELM waiting time pdfs
two standard deviations6]. An example of the signals with a single maximum. Consequently the study explicitly
studied is in gurel, and a large sample of typical timeexcluded datasets with more than one maximum. In contrast
traces are provided in the online supplementary material the pdfs studied in§, gure 2 shows a sequence
(stacks.iop.org/PPCF/56/075017/mmediaFor each pulse, of sharp maxima (and minima) separated by 7-8 ms time
the number of ELMs with waiting times since the previougtervals, corresponding to frequencies of approximately
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Figure 3. The occurrence time of ELMs (horizontal axis), is plotted against the waiting time since the previous ELM (vertical axis), for the
83630—83794 pulse set described in the main text and analysed between 11.5 and 13.5s. The ELM occurrence times are offset so that the
rst ELM is at time zero. If ELMs were being affected by a periodic external system, then we would expect to see clustering of ELMs into
vertical stripes, which we do not.

83, 50, 37, 28, and 24Hz. The pdf's variation betwee®.012, 0.020, 0.028, 0.036, and 0.044 s, then more evenly
maxima and minima is substantial. Whereas the rspread for large time delays. This corresponds to the way
peak contains 5-10% of the ELMs, the following minimunin which ELM waiting times are clustered in horizontal stripes
indicates that there is approximately zero probability doh gure 3. If the occurrence times of successive ELMs are
observing an ELM at 0.016 s aftany ELM. The structure at least approximately independent (we have found a weak
in the pdf becomes clearer as more data is added, buthegative correlation between successive waiting times), then
clearly visible once data from 5-6 pulses are combinedfter a small number of ELMs we would expect to lose the
corresponding to about 500 ELMs. The same results areherence between ELM times, and we would not expectto see
found with independent ELM analysis algorithms such as thoaeclustering of ELMs with respect to the horizontal time axis.
used in [/] and those detailed in the online supplementarihe lack of vertical stripes in guré is consistent with this.
material 6tacks.iop.org/PPCF/56/075017/mmédiand the This is a key observation. Remember that we have offset the
phenomenon is not always present in pulses with differeBt M-times so that the rst ELM is at = 0, and that roughly
heating and fuelling. Therefore we do not think that &alf of those ELMs will have occurred with waiting timesin the
diagnostic or analysis algorithm is incorrectly producingst four peaks of gure2, so any pacing with a xed external
this result, and are condent that the phenomenon fsequency(s) would be in phase for the entire duration of at
real. Immediate questions are: what is the cause of théast half of the 120 pulses. Therefore if the ELMs were being
phenomenon? And importantly, do the maxima correspoiriggered by an external in uence with a xed frequency(s),
to physical resonances at which ELMs could more easily lieen we would expect to see a clearly visible clustering of
triggered? ELMs with respect to the horizontal time co-ordinate in gure
The rest of this article refers to these observed maxima aBdwhich we do not. Putting it another way, if a coil current
minima in the ELM waiting time pdf as ‘resonances’, althoughad an oscillation with a 50 Hz frequency for example, that was
we do not necessarily claim that they are, and explores téiher directly or indirectly triggering ELMs with that 50 Hz
possible causes of the phenomenon. The evidence we vriiquency, then we would expect to see vertical clusters with
present suggests that the cause is either a naturally occuri@ngeriod of 150 = 0.02 s; which we do not. Because the
‘self-organized’ B] plasma phenomena, or a control systermresonances are only observed relative to consecutive ELMs, we
that is interacting with the plasma in a plasma-dependent wagnclude that they are caused either by a naturally occurring
We will conclude by proposing a simple experimental test ®elf-organized plasma phenomena, or by an interaction with a
decide whether there are resonant frequencies at which ELMsal-time plasma control system. An alternative argumentis to
are more easily triggered; this question is key to any attemptisserve that the maxima in gur2are separated by 0.008 s,
to pace or trigger ELMs in a time-dependent way. so if ELMs are triggered by an external system then we would
Figure3 shows the occurrence times of ELMs (horizontatxpect it to have a period of 0.008 s—which fails to explain
axis) against the waiting time since the previous ELM (verticalthy the rst ELM is after 0.012s. Again the conclusion is
axis), with the occurrence time of ELMs offset so that ththat the resonances are only observed relative to consecutive
rst ELM appears at timg = 0. The waiting time pdf in ELMSs, not with respect to a xed time co-ordinate. It is well
gure 2 indicates that the waiting times are clustered arourithown that the real-time vertical control system can trigger
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Figure 4. The current (Amps) in the ERFA vertical control system measured between the star{oftHgth ELM and the start of the
(n + 1)th ELM, with time offset so that theth ELM appears at = 0, is averaged over all ELMs in a pulse, and then all pulses from the 120
pulse dataset are simultaneously plotted over each other.

ELMs [9], soitis an obvious potential cause of the resonancder ELMs with waiting times in excess of 0.044 s, consistent
This possibility is considered next. with the pdf in gure 2. These remarks do not rule out a
Consider the current owing in the vertical controlcoupling to the vertical control system, but we have not been
system’s coils (the Enhanced Radial Field Ampli er systemable to demonstrate one yet. The co-incidence of the 0.008 s
[10]), measured from the time of th@ — 1)th ELM to the oscillation period of the current in the vertical control system’s
time of the(n + 1)th ELM, with the time offset so that time coils, and the 0.008 s period between maxima and minima in
t = 0 corresponds to the time of tm¢h ELM. If we combine gure 2 is particularly striking. The possibility of a coupling
and average these over a single pulse, then superimposehibigveen the vertical control system and the ELMing plasma is
resulting plots from the 120 pulses in our data set, the reshking explored with more sophisticated techniques.
is gure 4. There are a number of striking features. First A further search of plasmas with the ITER like wall has
there is a distinctive large-amplitude response of the systdéound that the resonances are sensitive to heating. The plasma
immediately following an ELM, roughly between= 0 and parameters of the JET H-mode pulses 83393, 83429, and
t = 0.008s, that is the same in different plasmas. ThB3593, are equivalent to pulses 83630-83794, but have only
response is however known to be dependent on the vertibab MW of NBI heating. For these pulses no evidence of
control system settings. When JET'’s carbon plasma facingsonances has been found. For pulse 83155 the heating was
materials were replaced with the new ILW, the vertical contrahcreased from the approximately 11.5 MW of NBI heating
system was modi ed and optimized for use with the newn pulses 83630-83794 to 17 MW, while the fuelling rate was
wall [11]. We have noticed that the large amplitude responseduced from approximately5x 10?2 to 0.9 x 10?2 particles
that immediately follows an ELM is very different for theper second. Here again there is no evidence for resonances
carbon-wall plasmas, with a large-amplitude signal that damsgisnilar to those in gure2. The sensitivity of the waiting
towards zero much less rapidly than in the present systetime resonances to the plasma heating (and possibly also to
We have not yet found evidence of resonances in carbduoelling), indicates that they are either caused by a plasma
wall data. Returning to gure4, ast increases positively phenomenon, or by an interaction between the plasma and a
the signals average to zero. This indicates that the responeatrol system in real time, and in a way that is sensitive to
of the system to different ELMs is out of phase, and differthe plasma’s rate of heating. Because a clear observation of
between ELMs. For negativethere is the appearance of arresonances requires more ELMs than are usually present in the
oscillation in the signal. This is a necessary consequencestéady phase of typical JET H-mode plasmas, and even more
the pdf shown in gure2, that ensures that the large amplitudéor higher frequency resonances, it is presently uncertain how
signal that immediately follows th@@ — 1)th ELM is observed common the ‘resonance’ phenomenon is.
predominately at intervals of 0.012, 0.020, 0.028, 0.036, and The time interval of 0.008s between the observed
0.044 s prior to theth ELM. Because gured plots from the resonances in gur@ could be explained if the plasma was
start of the(n — 1)th ELM to thestart of the (n + 1)th ELM, rotating with a frequency of order 125Hz and interacting
the large amplitude signal thftilowsthe start of thén + 1)th  with some toroidal asymmetry, sometimes triggering ELMs
ELM is not plotted, and consequently similar oscillations arend sometimes not. The rotation rate as measured by
not produced for positiveé. Oscillations are not observedthe charge exchange diagnostic in pulses 83630-83794, is
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greatest in the plasma’s core, reduces to approximately 1 kbiz the rate of heating, and the ‘resonances’ are observed
at the top of the pedestal, then reduces further towanddative to other ELMs, but not in absolute time. These
the separatrix. Unfortunately the uncertainty in the owobservations suggest that they are either caused by naturally
measurement increases with proximity to the separatrix, wherecurring self-organized plasma phenomenon or triggered by
the ow rate is likely to be lowest. Therefore all we can say real-time interaction between the plasma and a control
with certainty at present is that we do not know whether tteystem. We have no clear evidence that they are related to
plasma ow in the region between the top of the pedestal atide plasma’s rotation, or to an interaction with the vertical
the separatrix could be responsible for the resonances, or mantrol system, but it is presently not possible to conclusively
Interestingly a time interval of 0.008s was found 2] to rule out these possibilities. The phenomenon has not yet
equal an estimate for the resistive diffusion time of the plasnb@en observed in carbon-wall JET plasmas, but this could
pedestal. Whether this is coincidental or important, remaibg because an experiment was not performed with a series
to be determined, but it does suggest that transport processesuf ciently long and steady plasmas, with appropriate
to restore the equilibrium could be involved. physical conditions for resonances to be observed. From a
From a practical perspective, an important question igractical perspective, an important question is whether there
are there resonant frequencies at which ELMs can be triggeggé frequencies at which ELMs can be more (or less) easily
more easily? Fortunately this can be answered relatively eagiliggered. Fortunately this latter question can be answered by
without understanding the cause of the phenomenon, by &sing ‘vertical kicks’ to explore if ELMs are triggered more (or
ploring whether ELMs in equivalent plasmas can be triggeréeks) easily at resonant (non-resonant) frequencies. Because
more (or less) easily with vertical kick8][at frequencies of the of the relative simplicity but importance of this experiment for
maxima (or minima) of the pdfin gur@. Asensitivity ofkick- our basic understanding of ELMs and ELM control, this is an
triggering success to kick frequency was found in TAQ\3]] experiment we recommend. New developments are required
with similar ranges of kick frequencies remaining successftd successfully understand and model this newly observed
(or not), in different plasmas. It was suggested that the prgaenomenon. This is likely to include successful modeling
ferred frequencies might be an intrinsic property of the plasnadithe processes by which the post-ELM plasma edge reforms
when it is regarded as a driven dynamical systefi],[page prior to successive ELMs, and the inclusion of any relevant
1645). A similar cause was suggested for the formation ofirteractions between the plasma and real-time control systems.
bimodal ELM waiting time pdf as gas fuelling is systematicallfither way, the results here seem to require new lines of
increased 14]. Whether this is the correct physical interpreresearch, and a fresh picture of ELMs and the ELMing process.
tation remains to be seen, but a carefully designed experiment
in conjunctior_l with the results_ pre_sented he_re should ConCIR(':knowIedgments
sively determine whether the likelihood of triggering an ELM
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