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The widely accepted theory to explain the stability limit of the pedestal is the peeling-ballooning

theory [1]. However, the temporal approach of this limit, i.e. the inter-ELM profile evolution,

is still not fully understood. The evolution of the inter-ELM electron density (ne) and electron

temperature (Te) profiles has been the subject of detailed investigations, utilising fast edge pro-

file measurements [2]. It has been found that the fully developed maximum gradients of density

and temperature prior to the ELM onset stay almost constant for a period of the order of mil-

liseconds. In this last phase of the ELM cycle, several experiments [3, 4, 5, 6] report the onset of

high frequency magnetic fluctuations with frequencies larger than 150 kHz that originate from

the plasma edge region.

This contribution analyses the magnetic fluctuations in detail, giving a deeper insight in the

structure of the underlying instability and its propagation. Furthermore, linear magnetohydro-

dynamic (MHD) stability analyses were performed, for the phases, when the high frequency

magnetic fluctuations are present.

In the following, two exemplary discharges with different pedestal top collisionalities (ν∗e,ped)

and similar electron pressure (pe) profiles are presented. These were conducted at a plasma cur-

rent of 1 MA, −2.5 T toroidal magnetic field (negative sign stands for opposite direction to the

plasma current) in lower single null configuration and with similar plasma shape. The variation

of collisionality simultaneously keeping fixed the pressure pedestal was achieved by a variation

of heating power and externally applied gas puff. The ELM frequency in the low collisionality

case (ν∗e,ped ≈ 0.6, #30721) is larger than in the high collisionality case (ν∗e,ped ≈ 1.5, #30701)

since the heating power is higher. In both discharges a clamping of the pedestal pressure gradi-

ents before the ELM is correlated with the onset of radial magnetic fluctuations (∂Br/∂t) with

frequencies above 200 kHz. Figure 1 presents an ELM-synchronised spectrogram of ∂Br/∂t

in the top plot and ELM-synchronised time traces of the maximum electron density gradient

(max(−∇ne), blue), the maximum electron temperature gradient (max(−∇Te), red) and inner

divertor current (black). Although the ELM frequency varies slightly in the analysed interval,

the pedestal recovery is very similar for each ELM until the pre-ELM temperature gradient (di-

rectly related to the pre-ELM pressure gradient) is reached. This can be seen in the evolution of

the (max(−∇ne), blue) and the maximum electron temperature gradient (max(−∇Te), red). First,
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Figure 1: Pedestal evolution for high ((a), #30701) and low collisionality ((b), #30721): ELM-
synchronised spectrogram of ∂Br/∂t and ELM-synchronised time traces of max(−∇ne) (blue),
max(−∇Te) (red) and inner divertor current (black). The vertical bars and numbers indicate the phases
in which the linear MHD stability analyses were performed. In both discharges, after max(−∇Te) is re-
covered (10 ms (#30701) respectively 8 ms (#30721) after the ELM onset) fluctuations set in. Figures
modified from [6].

the max(−∇ne) is re-established (approximately 4 ms after the ELM onset), then the max(−∇Te)

recovers. Correlated to the recovery of max(−∇ne) the onset of magnetic fluctuations in the re-

gion of up to 150 kHz is observed (4 ms after the ELM onset). These fluctuations are then

present throughout the ELM cycle and related to low toroidal mode numbers (n ≈ −5; negative

sign corresponds to counter-current or electron diamagnetic direction). When the max(−∇Te)

is re-established (10 ms after the ELM onset) magnetic fluctuations with rather high frequen-

cies 240 kHz (#30701) and 375 kHz (#30721) start. These fluctuations continue till the next

ELM crash. Only marginal changes in max(−∇ne) and max(−∇Te) can be seen during this pe-

riod. The next ELM crash interrupts the fluctuations, which set in again after the recovery of

max(−∇ne) and max(−∇Te). The onset of the high frequency fluctuations is clearly correlated

with the recovery of the Te pedestal and, consequently, the pe pedestal (since the ne pedestal

recovers before). This observation can be explained by a saturated mode that sets in when a

certain threshold (in terms of pedestal gradients) is reached. The mode is then affected either

by the ELM crash itself, or the ELM-induced flattening of the pedestal leads to the vanishing

of the drive. It has been observed that the high frequency fluctuations sometimes disappear

shortly before the ELM onset (< 0.5 ms), which then could be related to a possible ELM trigger

mechanism [7].

The detected fluctuation frequency strongly differs for the presented cases, nevertheless, the

onset of the high frequency fluctuations is strongly correlated with the pedestal pressure (tem-

perature) recovery. This robust mechanism has been observed for a variety of plasma discharges.

Several discharges performed with the same plasma current (1 MA) and toroidal magnetic field

(-2.5 T) are analysed, to investigate the origin and structure of the high frequency fluctuations.

An explanation for the detected fluctuation frequency is the strong background (E×B) flow,
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Figure 2: Neoclassically estimated background velocity and comparison of LFS and HFS fluctuations:
(a) fluctuation frequency over −3−∇pe/ene (∝ 3E×B). From the linear dependence between the detected
fluctuation frequency and the background flow velocity a toroidal mode number n of approximately -11
can be determined (red line). (b) Spectrogram of the HFS (top) and the LFS ballooning coil signals. The
high frequency fluctuations are also detected on the HFS. Figure modified from [6].

present in the pedestal region, mainly caused by the radial electric field. In H-mode, the flows

at the plasma edge can be described by neoclassical theory. At low toroidal rotation the term

∇pi/eni (using the main ion pressure (pi) and main ion density (ni)) is the dominant contri-

bution to the radial electric field. Here, this term is approximated by ∇pe/ene to give a proxy

for the E×B background velocity. Figure 2a presents the fluctuation frequency (considering

only frequency bands at a statistical distribution > 200 kHz) with respect to 3−∇pe/ene×B, taken

at the position of the maximum electron pressure gradient (max(−∇pe), averaged between −2.0

and −0.5 ms relative to the ELM onset). A linear dependence between fluctuation frequency

and −3−∇pe/ene is observed, suggesting that the average detected frequency (in the lab frame)

is caused by the background E×B flow at the edge. Assuming similar mode structures for all

analysed discharge intervals, a linear fit (red line) gives the toroidal (n) and poloidal (m) mode

numbers. Using the safety factor (q), the poloidal and toroidal plasma circumference leads to

m ≈ −55 and corresponding n ≈ −11 (with q ≈ 5). These numbers agree well with the mode

numbers that can be determined from toroidally distributed magnetic pickup coils [6].

Deeper insight in the poloidal structure of the high frequency fluctuations gives the com-

parison of LFS and high field side (HFS) magnetic measurements. The comparison of ELM-

synchronised spectrograms of ∂Br/∂t (figure 2b) from LFS and HFS shows that the high fre-

quency fluctuations are also present on the HFS at similar frequency and phases relative to the

ELM onset. This points in the direction of a mode with significant amplitude on the HFS, which

is not expected for ballooning modes.

To investigate the linear MHD stability and possible drives for instabilities, linear MHD sta-

bility analyses were performed for the discharges presented in figure 1 (#30701, #30721). The

utilised stability chain, using pressure constrained equilibrium data from IDE [8], the HELENA

equilibrium code and a fast version of the MHD code MISHKA, is described in reference [9].
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Figure 3: j-α diagrams for phases in which the high frequency fluctuations are present: (a) #30701,
for comparison the light-blue dashed boundary is calculated from a CLISTE equilibrium [10], and (b)
#30721. For the analysed time intervals, stability boundaries and operational points are similar.

For every discharge three phases, in which the high frequency magnetic fluctuations are present,

are analysed. Figure 3 presents the j-α diagrams of the stability analyses. The operational points

are characterised by the maximum normalised pressure gradient (αmax) and the average toroidal

current density in the pedestal (〈 jtor〉). The uncertainties of the operational point are calculated

from the statistical errors of the ff’ and p’ profiles from the equilibrium input.

Both discharges are close to the peeling-ballooning boundary in the analysed intervals, which

is in line with the observation that the high frequency fluctuations clamp the edge gradients at a

stable level. In both cases no difference between the three analysed phases can be seen within the

uncertainties, neither changes of the stability boundary nor movement of the operational point.

This indicates that during the presence of the high frequency fluctuations the MHD behaviour

of the pedestal does not change.

In summary, the clamping of the pedestal pressure gradients has been found to correlate with

the onset of high frequency magnetic fluctuations. The detected fluctuation frequency scales

with the neoclassically estimated E×B background velocity at the plasma edge. Toroidal mode

numbers of approximately 11 can be determined and also a significant magnetic fluctuation

amplitude is detected on the HFS. During the presence of the fluctuations linear MHD stability

analyses show stable operational points close to the peeling-ballooning boundary which do not

evolve in time.
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