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Abstract. In some JET discharges, type-I Edge Localised Modes (ELMs) are preceded by a

class of low frequency oscillations [Perez et al Nucl. Fusion 44 (2004) 609]. While in many

cases the ELM is triggered during the growth phase of this oscillation, it is also observed that

this type of oscillations can saturate and last for several tens of ms until an ELM occurs. In

order to identify the nature of these modes, a wide pre-ELM oscillation database including

detailed pedestal profile information has been assembled and analysed in terms of MHD

stability parameters. The existence domain of these pre-ELM oscillations and the statistical

distribution of toroidal mode numbers (n) up to n = 16 has been mapped in ballooning alpha

(αball) and either edge current density (Jedge) or pedestal collisionality (ν∗ee,ped) coordinates

and compared to linear MHD stability predictions. The pre-ELM oscillations are reliably

observed when the J/α ratio is high enough for the pedestal to access the coupled peeling-

ballooning (PB) domain (aka stability nose). Reversely, when the pedestal is found to be in

or near the high-n ballooning domain (which is at low J/α ratio), ELMs are usually triggered

promptly, i.e. with no detectable pre-ELM oscillations, or with pre-ELM oscillations only

observable on ECE whose n appears to be too high to be resolved by the magnetics. Individual

discharges can sometimes exhibit a fairly wide range of pre-ELM mode numbers, but for a

wider database the statistical n-number domains are found to be well ordered along the J-α

stability boundary and behave as expected from PB theory: the higher the J/α ratio, the lower

the mode’s measured n tends to be. Within the measurement uncertainties, the measured n is

usually found to be compatible with the most unstable n predicted by the linear stability code

MISHKA1. These results confirm the earlier hypothesis that these modes are coupled peeling-

ballooning modes, and extend and generalise to higher mode numbers the work by Huysmans

‡ See the author list of ”X. Litaudon et al 2017 Nucl. Fusion 57 102001”.
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et al [Nucl. Fusion 38 (1998) 179], who identified the lowest n modes as pure external kink

modes. Since the destabilisation of PB modes is widely accepted to give rise to ELMs, the

mode saturation and delayed ELM triggering that is sometimes observed is rather unexpected.

Possibilities to reconcile the extended lifetime of these modes with current ELM models are

briefly discussed but will require further investigation.

PACS numbers: 52.35.Py, 52.55.Tn
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1. Introduction

The edge region of high confinement (’H-mode’) [1] tokamak plasmas has a strong influence

on the fusion performance of the tokamak as a whole. A narrow boundary layer with reduced

transport (’pedestal’) [2] develops with steep density and temperature gradients that can drive

a variety of macroscopic instabilities. The increase in plasma stored energy is limited by the

onset of periodic bursts called Edge Localised Modes (ELMs) [3–9], each of which leading

to a transient collapse of the pedestal. Understanding these modes is imperative for correctly

predicting fusion performance and controlling ELMs in ITER [10, 11].

The most widely accepted model to explain the occurrence of ELMs is the peeling ballooning

(PB) model [12–14] . According to this model, ELMs are triggered by the destabilisation of

coupled PB modes, which were first theoretically predicted by Connor and Wilson [15].

The body of literature testing the validity of the PB model is vast. The main lines of

investigation have focused on the study of pre-ELM pedestal profiles and ELM characteristics

in detail. This includes the ELMs’ dominant mode numbers and ELM filament dynamics

[16–28], pedestal height and width scalings (e.g. [29]), the comparison of measured pedestal

profiles with linear MHD stability code predictions (e.g. [30–35]), and non-linear modelling

(e.g. [36–44]). Also, the PB model is used as one of the constraints in the predictive pedestal

model EPED [45,46], which has been used to predict the limiting pressure pedestal height and

width for several present tokamaks, with overall good success (e.g. [32, 46–48]). On JET, the

EPED model works quite well at low gas fuelling, but not so well at high gas rates [49–55].

The search for the PB modes has also motivated the study of electromagnetic fluctuation

activity arising near the plasma periphery prior to ELMs. These have been observed on a

number of tokamaks and can be broadly classified into two categories: (a) Quasi-coherent

fluctuations which are present during a large fraction of the inter-ELM period and are often

seen to influence the pedestal profile evolution between ELMs [56–64]. These are transport

phenomena that have been linked with kinetic ballooning mode (KBM) or micro-tearing mode

(MTM) activity, rather than PB modes. (b) Lower frequency more coherent fluctuations

which arise closer to the ELM event (often dubbed pre-ELM oscillations or ”precursors”)

[28, 57, 63, 65–70]. On JET, both types of activity, (a) and (b), are present and clearly

distinguishable from each other [56], but this paper is only devoted to the latter. One example

is shown in figure 1.

Empirically, the low frequency (.20kHz) oscillations regularly precede type I ELM crashes

in some, but not all, discharges on JET [66]. They have only been seen in connection with

type I ELMs, never with type III ELMs. The range of toroidal mode numbers n reported so

far was 1-13, but in this paper this range is extended to n = 16. The poloidal mode number

m could be determined in dedicated studies for modes with lowest n = 1 [71, 72]. Those

cases typically yielded m values of order 4 or 5, which is consistent with the edge localisation

of these modes. The pre-ELM oscillations are localized close to the plasma boundary,

and are most well observed on the optically thick ECE channels in the inner half of the steep

gradient region of the pedestal [66]. Further out ECE is no longer used because it becomes

optically thin, but reflectometry still works there and also detects the modes in the outer part



Long-lived coupled peeling ballooning modes preceding ELMs on JET 4

Time (s)

f 
(k

H
z
)

7.75 7.8 7.85 7.9 7.95 8 8.05 8.1
0

5

10

1

2

3
1

0
1

5
 p

/s
c
m

2
s
r

0

5

10

 emission outer divertorD
α

JET Pulse No: 86537

Toroidal mode numbers

n

−6 −4 −2 0 2

−1.5

−1

−0.5

0

0.5

1

1.5

Time relative to ELM onset (ms)

R
a

d
ia

l 
d

is
p

la
c

e
m

e
n

t 
(c

m
)

n = 11

Ref. time = 8.08245s

JET Pulse No. 86537 ECE CH.36

ELM monitor (a.u.)

C
P

S
1

6
.2

2
7

-6
c

Figure 1. Example of a time window where ELMs are systematically preceded by the low

frequency pre-ELM oscillations (the mostly red-ish spots encircled in magenta, denoting

toroidal mode numbers n = 9-12, inferred from magnetics). Shown below is a zoomed view

for one of the pre-ELM oscillations with n = 11, giving the radial displacement amplitude

evolution measured with an ECE channel in the steep region of the pedestal. Typically, the

radial displacement associated with these modes as seen by both reflectometry and ECE is of

order few mm up to 1cm. For comparison, the pressure pedestal width for JET H-modes is of

order 2cm.

of the steep gradient region and bottom of the pedestal. Typically, the radial displacement

associated with these modes as seen by both reflectometry and ECE on the outboard side of

the plasma is of order few mm up to 1cm , with associated uncertainties for ECE of order 30%

and for reflectometry of order 10-20%. For comparison, the pressure pedestal width on JET

is of order 2cm. Mutichannel O-mode reflectometry also shows the radial mode structure of

the pre-ELM oscillations exhibits no radial phase inversions from inside the pedestal all the

way up to the separatrix and beyond, so they have kink parity, not tearing parity [66]. Also

the array of ECE channels, which does not reach all way to the separatrix (because of loss

of optical thickness) but compared to the O-mode reflectometer has better coverage for radial

locations inwards of the pedestal, shows no radial phase inversions.

Identification of the nature of these modes was so far largely prevented by the limited edge

profile information available. Making use of improved edge profile diagnostics, the work

presented here closes this gap by systematically analysing the lower frequency type pre-ELM
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MHD fluctuation measurements of the pedestal, for a wide operational range, and comparing

the results with stability modelling predictions. Experimentally, we will limit ourselves in

this article to modes with n ≤ 16, which is the highest n that is still resolvable by the mode

number reconstruction algorithm deployed here. However, it should not be implied that this is

the highest mode number that is actually present at JET. In fact, we have found some instances

where pre-ELM oscillations could be detected on edge ECE only, not on magnetics, especially

at high collisionality. Presumably, these are modes with even higher n, but this remains to be

proven.

To our knowledge, this is the first time that data are combined and analysed in such a way

and over a large database. The methods used for this will be explained in section 2. This

section gives information about the database itself, which diagnostics are included, and about

the choice of coordinates used to analyse the database in stability space. It also discusses

the validity of approximations, and which bootstrap current models and simulation codes

are used. The main results of our analysis will be presented in section 3, including the

extent of the domain in stability space covered by the database, in which parts of the domain

the pre-ELM oscillations can be detected, and how the toroidal mode numbers of pre-ELM

oscillations are distributed in stability space and compare with modelling.

2. Methodology

An extensive database has been compiled comprising 460 deuterium type-I ELMy H-mode

discharge flat tops, including discharges run with either a CFC-based or a Be/W-based (ITER-

like) first wall, with and without oscillations. It covers a wide range of operating parameters,

i.e. plasma current (Ip =1.3-4.5 MA), toroidal field (B0 =1.7-3.6T), edge safety factor

(q95 =2.6-4.8), plasma shape (δ = 0.19-0.47), heating (Paux =4-27MW) and fuelling rates.

From this, one can expect to obtain a fully representative dataset for the pre-ELM conditions

in J-α space that are or have been routinely accessed on JET since 2008.

The database combines electron density (ne) and temperature (Te) profiles from high

resolution Thomson Scattering (HRTS) with fast fluctuation data from Mirnov coils and

electron cyclotron emission (ECE) to find the modes. A toroidal array of Mirnov coils is used

to infer the toroidal mode number n of the pre-ELM oscillations during the discharge flat top.

Mode numbers can sometimes vary from ELM to ELM. If more than one mode number is

observed, all n numbers are recorded in the database and equally asigned to this discharge flat

top. A single representative pre-ELM profile is assigned to the whole flat top of a discharge.

To obtain this profile, HRTS profile data during the last 30% of an ELM cycle has been

averaged over several ELM cycles during the flat top and fitted with a modified hyperbolic

tangent [73, 74]. Due to instrument vignetting, for some (older) parts of the database only

pedestal top values are available.

The analysis is done in terms of dimensionless, MHD relevant variables. For the pressure

drive of ballooning modes, we have approximated the maximum normalised pressure

gradient (ballooning alpha, α = −(2µ0Rq2/B2)dp/dr [75]), i.e. the maximum reached

across the pedestal radial profile, as α̂KBM = −2µ0Rp′KBMq
2

95
/B2

0
, with p′KBM = c(1 +
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Figure 2. Comparison of maximum pedestal electron pressure gradient extracted from (pre-

ELM) tanh-fitted profiles (y-axis) with a KBM-based approximation formula that relies on

pedestal top measurements only (x-axis), using a set of 350 discharges covering a large range

of discharge conditions (shape, heating, etc). For this wide set of data, a least squares fit (LSF)

standard deviation of 24% is obtained.

γi)ne,pedTe,ped/∆KBM. Here, R is the major radius, q95 is the safety factor at 95% of normalised

flux, B0 is the magnetic field on axis, γi(Zeff) < 1 accounts for the main ion dilution

by impurities, the subscript ”ped” denotes the pedestal top value, ∆KBM = 0.076β
1/2
pol,ped

is a kinetic ballooning mode (KBM) based scaling for the pedestal width [46] and c =

1.15 is a constant empirical fit factor. This assumes Ti,ped=Te,ped, which for the plasma

boundary region is a good approximation. Thus, the maximum pedestal pressure gradient

in the α formula is replaced with an easier to measure ”pedestal top/KBM width” based

approximation, that only requires measurements at the pedestal top. Dedicated scans on

JET have revealed cases where the pedestal width is not well described by a KBM scaling

[52, 53, 55]. Despite that, comparing this approximation with the fitted profile gradients of

350 discharges yields only a moderate standard deviation of 24% (figure 2).

The boostrap current [76] typically dominates in the edge region. Hence, as a proxy for

the normalised current drive J||/Jav, the flux surface averaged bootstrap current density

computed by the first principles kinetic code NEO [77,78] is used, specifically its peak value

reached across the pedestal radial profile, <J||,BSB>max/B0 (for brevity, JNEO
||,BS) which is then

normalised against the average current density flowing in the plasma (i.e. Jav = Ip/A, with

A the area of the plasma poloidal cross-section). We use NEO rather than the Sauter formula

[79, 80] , which has been also often used in literature, because the database covers a wide

range of pedestal collisionalities and the Sauter formula has been found to overestimate the

bootstrap current at high collisionality [81]. (This latter point is also clearly visible in figure

3.)
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formulas (squares) relative to the NEO profile peak prediction. The dashed lines denote the

boundaries for ±20% deviation from 1.

One difficulty is that NEO is presently not coupled to the HELENA fixed boundary

equilibrium code [82], which produces the input for the MHD stability calculations. Hence,

for the MHD stability calculations the NEO prediction is approximated with the help of two

analytical formulas: the Sauter formula for low collisionality pedestals (ν∗
ee,ped <∼ 0.3) and

the Hager formula [83] for high collisionality pedestals (ν∗
ee,ped >∼ 0.4). Around ν∗

ee,ped = 0.3-

0.4, whichever of the two formulas is closer to NEO is used. By proceeding in this way, it

is possible to approximate the NEO value analytically to better than 20% accuracy across

the entire range of collisionalities in our database, as shown in figure 3. The MHD stability

calculations themselves are computed by the linear finite-n MHD code MISHKA1 [84].

The ratio of the two driving forces, J vs α, is determined by the pedestal collisionality.

This is because the boostrap current is roughly proportional to the pressure gradient, but

is reduced by collisions. As the collisionality is reduced, more current is produced at a

given pressure gradient. Hence, the collisionality determines where the PB boundary is

met, as illustrated in the cartoon of figure 4. Specifically, for a measure of the J/α ratio

we use here the normalised neoclassical electron-electron collisionality at the pedestal top,

ν∗
ee,ped = Rq95ǫ

−3/2/λee, with λee = 1.47×1023 T 2

e,ped/(ne,ped ln Λ), ǫ is the inverse aspect ratio

and lnΛ is the Coulomb logarithm. Figure 4 plots the J/α ratio against ν∗
ee,ped, confirming

the validity of this choice. Figure 4 also quantifies how wide the range of J/α ratios covered

by the database is. Considering only the bootstrap current contribution, it covers a (very
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ν∗ee,ped serves as a good measure of the J/α ratio, and that the database covers a wide range of

J/α ratios.

significant) factor 4-5 variation between lowest and highest collisionalities, and therefore we

can expect the ensemble of datapoints to be scattered along the PB stability boundary over an

extended range, all the way from current dominated (peeling driven) conditions to pressure

dominated (ballooning driven) conditions.

Figure 4 also includes the toroidal Ohmic current contribution Jφ,ind at the radial location of

the maximum bootstrap current, equally normalised, from a separate computation with the

HELENA code. It has some tendency to increase at high collisionality, but overall the Ohmic

contribution has a more flat dependence on ν∗
ee,ped. So, in first approximation we can consider

it introduces simply a constant offset and the trend for the overall edge current to decrease

with collisionality remains valid.

3. Main results

Figure 5 plots the full database (460 datapoints) in α̂KBM-ν∗
ee,ped space, distinguishing between

low triangularity (LT) and high triangularity (HT) of the poloidal plasma cross section.
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Figure 5. (Left:) Existence domain of cases with (full symbols) and without modes (open

symbols) up to n = 16, in α̂KBM-ν∗ee,ped coordinates, distinguishing high (0.33 < δ < 0.47,

triangles) and low (0.19 < δ < 0.31, circles) plasma triangularity. Notice in this plot the

collisionality (y-axis) direction is inverted, increasing from top to bottom. The lines and

shaded transition area are to guide the eye, with colours matching the adjacent PB stability

cartoon (top right). MISHKA stability calculations for four discharges (see labels I-IV on left)

are shown underneath. Here, the overlaid numbers indicate the most unstable n numbers

predicted in stability space (font colour choice for legibility), background shade denotes

growth rate (increases from blue to red) and the operational point with estimated uncertainty

is shown in magenta. For comparison, information on the experimentally observed modes

for each of the four cases is included in the titles. It should be noted that MISHKA uses a

different formula for α (we use HELENA definition), hence α absolute values do not coincide

with left plot. In the MISHKA plots, the edge current includes the inductive contribution, and

the bootstrap contribution was computed using analytical approximation formulas which agree

with NEO to within 20%.

Triangularity is well known to be a key player for ballooning stability, expanding the stable

region as sketched in the adjacent cartoon. It can be seen that the dataset splits into two

distinct domains: At low edge current (high ν∗
ee,ped, or low J/α ratio), LT (circles) and

HT (triangles) datapoints run approximately parallel (same α increase for given reduction

in ν∗
ee,ped, i.e. increase in J||/Jav). This is the domain of the ”pure” ballooning mode (no

peeling component). On the other hand, at low ν∗
ee,ped (high J/α ratio), both groups of

datapoints diverge, such that, for a given increase in edge current density, the α increase
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is more pronounced at high shaping. The transition between the two regimes marks the

grey shaded region highlighted in the neighbouring cartoon, which is the only part of the

PB stability diagram where this bifurcation behaviour occurs§, and is empirically found to

happen in JET around a ”critical” collisionality, ν∗
ee,ped(crit), of ∼ 0.15-0.3.

This interpretation is confirmed by stability calculations with the MHD code MISHKA1,

done for selected discharges above and below the critical collisionality, using analytical

edge current approximations close to the NEO prediction (as described in section 2). For

discharges with collisionality above ν∗
ee,ped(crit), MISHKA predicts these to be in or near the

domain susceptible to high n 30-70 pure ballooning instabilities, whereas for discharges with

collisionality below ν∗
ee,ped(crit), MISHKA predicts these to be near the PB stability nose,

where n ≤ 15 modes are predicted. Four cases along both extremes are shown in sub-figures

I-IV of figure 5.

From the cartoon in figure 5, one would expect to observe a reduction in α if the discharge

crosses the current (peeling) limit well away from the PB nose. Instead, the database shows

that most (if not all) of the ELMs on JET are triggered either towards the pressure limited

side of the stability diagram, or near the PB nose, but not deeper towards the current (peeling)

limited side. The data in figure 5 shows no clear reduction of the achieved α even at the lowest

collisionalities (J/α ratios). This is also consistent with MISHKA, as we have not found any

cases for which MISHKA finds the operational point in the peeling limit region well away

from the PB nose.

Importantly, figure 5 also distinguishes between cases with pre-ELM oscillations up to n = 16

(full symbols) and without pre-ELM oscillations (open symbols), or at least no modes with

resolvable n up to n = 16, as discussed in the introduction. The pre-ELM mode activity is

reliably observed only for ν∗
ee,ped<ν∗

ee,ped(crit), i.e. when discharges approach the PB nose,

while for ν∗
ee,ped>ν∗

ee,ped(crit) (the pure ballooning region) it is generally not detected. Near

the transition region, ν∗
ee,ped∼ν∗

ee,ped(crit), either case can be found. So, we find that the mode

occurrence is as sketched by the arrows in the cartoon on the top right.

As mentioned earlier, the toroidal mode number n of the pre-ELM oscillations has been

reconstructed for every discharge in the database using an array of toroidally distributed

magnetic pick-up coils. One can group all discharges exhibiting a particular mode number

n, and the resulting dataset for that n then forms a ”cloud” in J-α space. The distribution

of the different n number clouds is plotted in figure 6, again using approximate α̂KBM-

ν∗
ee,ped coordinates and distinguishing between LT and HT. Despite the heterogeneity of the

database, the mode number domains are almost perfectly sorted, going from high to low n

along the pre-ELM boundary with decreasing collisionality, i.e. increasing J/α ratio. The

overlap between domains is real as often several modes with different n co-exist in the plasma.

The observed ordering follows PB mode expectations: increasing edge current density is

stabilising for ballooning modes (high n) and destabilising for peeling modes (lower n). The

ordering is preserved when plotting the measured mode number domains in true J-α, full

§ The reader can easily convince himself that the mentioned bifurcation in J vs α space (the coordinates of

the cartoon) equally exists in J/α vs α space (the coordinates of the left plot). Plotting in J/α vs α space will

merely accentuate the bifurcation further.
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Figure 6. Occurrence domains of measured mode numbersn, using the approximated pedestal

top-based coordinates α̂KBM-ν∗ee,ped already used in figure 5. Notice the collisionality (y-axis)

direction is inverted, increasing from top to bottom. Each mode number is represented with a

different colour, and we distinguish again between LT cases (circles), and HT cases (triangles).

For each n, the symbol marks the statistical center of the domain (average coordinate of

the datapoints) and the size of the bars shows the extent of the domain (standard deviation

of datapoints from the domain center), which is not to be confused with the measurement

uncertainty. The dashed lines connect neighbouring mode numbers within LT and HT. Notice

that mode number domains are almost perfectly ordered, going from high to low n along the

pre-ELM boundary with decreasing collisionality, i.e. increasing J/α ratio.

HRTS-profile based (so not KBM-approximated), stability coordinates, as shown in figure 7,

showing again that this is not artefact due to our particular choice of coordinates. Also,

the limited size of the bars in J-α space for such a diverse database demonstrates these

coordinates are succesfully capturing the physics of these modes.

In addition to plasma shaping, it is also known that beta has a stabilising effect on PB

modes [85]. Figure 8 shows the mode number domains for the high triangularity branch

of figure 6, separately for plasmas with low and high poloidal beta. The beta expansion effect

manifests itself through the shift of the domains towards higher α with increasing beta. Note

the statistical n numbers domains shift ”rigidly” and their ordering along the boundary is

maintained. This behaviour is again in line with PB mode expectations: For a given shape,

the n number remains primarily determined by the J/α ratio (i.e. by the collisionality), hence

by where the PB boundary is met (cf also with cartoon in figure 4).

A 1:1 comparison of the experimentally observed toroidal mode numbers with the most

unstable n values predicted by MISHKA has also been attempted. This requires a good

understanding of the uncertainties involved, which are not all well known. Nevertheless, a

limited comparison is possible. To this end, we selected a set of 18 discharges scanning from

low to high collisionality at low and high shaping whose HRTS data was subjected to an even

more meticulous analysis for best possible profile accuracy and statistical error information.

This set includes the four examples I-IV shown in figure 5. Assuming that NEO yields a good
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Figure 7. Same as figure 6, but now the measured mode number domains are shown using

full profile, code computed J-α stability coordinates based on the HRTS profiles (J computed

by NEO, and α computed by HELENA). Compared to figure 6, this uses only a subset of the

database with full profiles information available (i.e. HRTS profiles not affected by diagnostic

vignetting, as discussed in the introduction). Notice also the rather limited extent of each n

domain (size of bars) in J-α coordinates, despite the heterogeneity of the database.

approximation of the actual edge current density in the plasma, and that the overall error is

dominated by the profile gradient determination, we find that in 16 out of 18 cases MISHKA

is consistent with the experiment, while in 2 cases MISHKA predicts a higher n. E.g. a case

with good agreement is subfigure III of figure 5, where the experimental mode numbers 5-

7 feature among the most unstable ones predicted by MISHKA within the J-α uncertainty,

whereas subfigure I of figure 5 shows one of the cases with not so good agreement (here

the observed n = 1-3 modes are seen to be most unstable only just outside the uncertainty

area). It is worth noting that if we just consider n values at the nominal operational point

(star-symbol), we find that there is a general tendency for MISHKA to give a higher estimate

than seen in experiment. Also, it has been generally noticed in the past that for JET plasmas

MISHKA almost never predicts operational points accessing the lowest n < 3 (kink) domain.

One possible explanation for these two observations could be edge velocity shear, which has

not been included in the MISHKA calculations and is known to be destabilising for low n

kink modes [86].

4. Discussion

In this work we have exploited diagnostic enhancements to improve the characterisation of a

class of low frequency edge localised pre-ELM oscillations on JET for toroidal mode numbers

up to n = 16. The method is based on the construction of a broad database combining

fluctuation and pedestal profile information and the application of various techniques for

estimating stability parameters, which are by themselves also valuable. To our knowledge,
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Figure 8. (Top) Cartoon illustrating the well known stabilising effect of beta on PB modes.

Note for a given J/α ratio, the PB boundary is met at higher α when beta increases. (Bottom)

High triangularity branch as from figure 6, but now additionally distinguishing between

low and high poloidal beta discharges. Note the domains shift to higher α with beta, but

the observed n numbers remain primarily determined by the J/α ratio (i.e. the pedestal

collisionality), so by where the PB boundary is met relative to the PB nose.

this type of approach has not been attempted yet on other machines. With this, the existence

domain of the pre-ELM oscillations and the statistical distribution of toroidal mode numbers

has been mapped in ballooning alpha (α) and either edge current density (Jedge) or pedestal

collisionality (ν∗
e,ped) coordinates and compared to linear MHD stability predictions. They

are encountered only at sufficiently high Jedge/α ratio and in particular in the J-α domain

expected for PB modes but not pure ballooning modes. The balance of J and α for a given

shape and/or poloidal beta determines their mode number with n as expected from PB mode

theory, with n clearly observed statistically to increase with decreasing J . Furthermore, the

oscillations can reach radial displacement amplitudes of a significant fraction of the pedestal
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Figure 9. Example for saturated pre-ELM oscillations persisting for several tens of ms until

eventually an ELM is triggered. The pre-ELM oscillations are the orange/red coloured bands

(denoting toroidal mode numbern = 6-8, inferred from magnetics), and the edge ECE channel

shows how the amplitude of the corresponding temperature fluctuations is evolving.

width. Together with earlier findings: (a) they rotate in the ion (not electron) diamagnetic

direction and the radial mode structure of these oscillations has kink (not tearing) parity [66]

, and (b) the lowest n modes have been identified as external kink modes through analysis

of 2D Soft X-Ray data [71] , it is justified to identify the pre-ELM oscillations as coupled

PB ballooning modes with gradual transition into pure peeling modes with decreasing mode

number. Also, magnetics see increasing inboard/outboard (ballooning) amplitude asymmetry

with increasing mode number which are at least consistent with this identification, but here

radial damping in-/out-asymmetries also need to be considered [66].

The ELM triggering causality has not been addressed in detail here, and this should be the

subject of future studies. The observation of increased ELM triggering likelyhood during

the growth phase of the pre-ELM oscillation illustrated in figure 1 corroborates that there is

a causal relationship between the onset of these modes and the ELM. This is in line with

current ELM models that predict the ELM to be triggered by PB modes, and in line with

the predictive pedestal model EPED, that uses the PB boundary as a constraint to predict the

pedestal height. But sometimes the oscillations can saturate in amplitude without an obvious

explanation and last for several tens of ms before an ELM crash is triggered. An example of

this behaviour is shown in figure 9. One possibility for the different non-linear behaviour

is that the strong velocity shear that is known to exist in the pedestal region delays the ELM

onset, by trapping the mode filaments inside the separatrix [8]. Rotational shear has also

been proposed to explain the saturation of Edge Harmonic Oscillations [87–89] in Quiescent

H-mode (QH-mode) plasma regime [90], for which there is strong evidence that these are

nonlinearly saturated external kink modes. It would be significant if this mechanism is not

unique to low n but also occurs for all measured n up to n = 16. This will require further

investigation.
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The population of pre-ELM datapoints below the bifurcation in figure 5 shows unequivocally

that ELMs on JET can be triggered also in the domain of high n pure ballooning modes, well

away from the PB nose. This implies that on JET the high-n boundary does not act merely as

a pedestal gradient limiting ”soft” boundary, as sometimes proposed (e.g. in [14] ).

The ability to detect coupled peeling ballooning modes in experiment enables ways to further

refine ELM physics models. Some questions that could be more easily addressed are: how

does the pedestal pass through marginal stability, which is something that the predictive

pedestal model EPED does not directly address; is the ELM triggered by the coupled PB

mode itself or by a secondary instability facilitated by the PB mode (e.g. a non-linear high-n

ballooning mode [91, 92]); does the mode number and mode width of the PB mode have an

impact on the size of the ELM crash [12].

In addition, they can be used as an extra source of information to constrain linear and non-

linear MHD simulations of ELMs, e.g. by tweaking the starting equilibrium within the

measurement uncertainties to ensure that the experimentally observed toroidal mode number

is reproduced in the early stages of the ELM crash simulation.

Acknowledgments

This work has been carried out within the framework of the EUROfusion Consortium and has

received funding from the Euratom research and training programme 2014-2018 under grant

agreement No 633053. The views and opinions expressed herein do not necessarily reflect

those of the European Commission.

References

[1] F. Wagner, G. Becker, K. Behringer, D. Campbell, A. Eberhagen, W. Engelhardt, G. Fussmann, O. Gehre,

J. Gernhardt, G. v. Gierke, G. Haas, M. Huang, F. Karger, M. Keilhacker, O. Klüber, M. Kornherr,
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K. H. Steuer, G. Venus, O. Vollmer, and Z. Yü. Regime of improved confinement and high beta in

neutral-beam-heated divertor discharges of the asdex tokamak. Phys. Rev. Lett., 49:1408–1412, Nov

1982.

[2] Hajime Urano. Pedestal structure in h-mode plasmas. Nuclear Fusion, 54(11):116001, 2014.

[3] H. Zohm. Edge localized modes (elms). Plasma Physics and Controlled Fusion, 38(2):105, 1996.

[4] J. W. Connor. Edge-localized modes - physics and theory. Plasma Physics and Controlled Fusion,

40(5):531, 1998.

[5] J. W. Connor. A review of models for elms. Plasma Physics and Controlled Fusion, 40(2):191, 1998.

[6] W Suttrop. The physics of large and small edge localized modes. Plasma Physics and Controlled Fusion,

42(5A):A1, 2000.

[7] H R Wilson, S C Cowley, A Kirk, and P B Snyder. Magneto-hydrodynamicstability of the h-mode transport

barrier as a model for edge localized modes: an overview. Plasma Physics and Controlled Fusion,

48(5A):A71, 2006.

[8] A. Kirk, D. Dunai, M. Dunne, G. Huijsmans, S. Pamela, M. Becoulet, J. R. Harrison, J. Hillesheim,

C. Roach, and S. Saarelma. Recent progress in understanding the processes underlying the triggering of

and energy loss associated with type i elms. Nuclear Fusion, 54(11):114012, 2014.

[9] A. W. Leonard. Edge-localized-modes in tokamaks. Physics of Plasmas, 21(9):090501, 2014.



Long-lived coupled peeling ballooning modes preceding ELMs on JET 16

[10] A. Loarte, G. Huijsmans, S. Futatani, L. R. Baylor, T. E. Evans, D. M. Orlov, O. Schmitz, M. Becoulet,

P. Cahyna, Y. Gribov, A. Kavin, A. Sashala Naik, D. J. Campbell, T. Casper, E. Daly, H. Frerichs,

A. Kischner, R. Laengner, S. Lisgo, R.A. Pitts, G. Saibene, and A. Wingen. Progress on the application

of elm control schemes to iter scenarios from the non-active phase to dt operation. Nuclear Fusion,

54(3):033007, 2014.

[11] G. T. A. Huijsmans, C. S. Chang, N. Ferraro, L. Sugiyama, F. Waelbroeck, X. Q. Xu, A. Loarte, and

S. Futatani. Modelling of edge localised modes and edge localised mode control. Physics of Plasmas,

22(2):021805, 2015.

[12] P. B. Snyder, H. R. Wilson, J. R. Ferron, L. L. Lao, A. W. Leonard, T. H. Osborne, A. D. Turnbull,

D. Mossessian, M. Murakami, and X. Q. Xu. Edge localized modes and the pedestal: A model based on

coupled peelingballooning modes. Physics of Plasmas, 9(5):2037–2043, 2002.

[13] H. R. Wilson et al. Ideal magnetohydrodynamic stability of the tokamak high-confinement-mode edge

region. Physics of Plasmas, 6(5):1925–1934, 1999.

[14] J. W. Connor, R. J. Hastie, H. R. Wilson, and R. L. Miller. Magnetohydrodynamic stability of tokamak

edge plasmas. Physics of Plasmas, 5(7):2687–2700, 1998.

[15] J. W. Connor and H. R. Wilson. Ideal mhd stability at the plasma edge. In J. W.Connor, E. Sindoni, and

J. Vaclavik, editors, ISPP-17 Piero Caldirola, Theory of Fusion Plasmas, pages 441–446, SIF, Bologna,

1996.

[16] A. Kirk, H. R. Wilson, G. F. Counsell, R. Akers, E. Arends, S. C. Cowley, J. Dowling, B. Lloyd, M. Price,

and M. Walsh. Spatial and temporal structure of edge-localized modes. Phys. Rev. Lett., 92:245002, Jun

2004.

[17] A Kirk, H R Wilson, R Akers, N J Conway, G F Counsell, S C Cowley, J Dowling, B Dudson, A Field,

F Lott, B Lloyd, R Martin, H Meyer, M Price, D Taylor, M Walsh, and the MAST team. Structure

of elms in mast and the implications for energy deposition. Plasma Physics and Controlled Fusion,

47(2):315, 2005.

[18] A Kirk, N Ben Ayed, G Counsell, B Dudson, T Eich, A Herrmann, B Koch, R Martin, A Meakins,

S Saarelma, R Scannell, S Tallents, M Walsh, H R Wilson, and the MAST team. Filament structures at

the plasma edge on mast. Plasma Physics and Controlled Fusion, 48(12B):B433, 2006.

[19] A Kirk, T Eich, A Herrmann, H W Muller, L D Horton, G F Counsell, M Price, V Rohde, V Bobkov,

B Kurzan, J Neuhauser, H Wilson, the ASDEX Upgrade, and MAST Teams. The spatial structure of

type-i elms at the mid-plane in asdex upgrade and a comparison with data from mast. Plasma Physics

and Controlled Fusion, 47(7):995, 2005.

[20] R. Maingi, C.E. Bush, E.D. Fredrickson, D.A. Gates, S.M. Kaye, B.P. LeBlanc, J.E. Menard, H. Meyer,

D. Mueller, N. Nishino, A.L. Roquemore, S.A. Sabbagh, K. Tritz, S.J. Zweben, M.G. Bell, R.E. Bell,

T. Biewer, J.A. Boedo, D.W. Johnson, R. Kaita, H.W. Kugel, R.J. Maqueda, T. Munsat, R. Raman, V.A.

Soukhanovskii, T. Stevenson, and D. Stutman. H-mode pedestal, elm and power threshold studies in

nstx. Nuclear Fusion, 45(9):1066, 2005.

[21] J.L. Terry, I. Cziegler, A.E. Hubbard, J.A. Snipes, J.W. Hughes, M.J. Greenwald, B. LaBombard, Y. Lin,

P. Phillips, and S. Wukitch. The dynamics and structure of edge-localized-modes in alcator c-mod.

Journal of Nuclear Materials, 363-365:994 – 999, 2007. Plasma-Surface Interactions-17.

[22] A Kirk, N Asakura, J A Boedo, M Beurskens, G F Counsell, T Eich, W Fundamenski, A Herrmann,

Y Kamada, A W Leonard, S Lisgo, A Loarte, N Oyama, R A Pitts, A Schmid, and H R Wilson.

Comparison of the spatial and temporal structure of type-i elms. Journal of Physics: Conference Series,

123(1):012011, 2008.

[23] G. S. Yun, W. Lee, M. J. Choi, J. Lee, H. K. Park, B. Tobias, C. W. Domier, N. C. Luhmann, A. J. H. Donné,
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