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Introduction

Edge localized modes (ELMs) are magnetohydrodynamic instabilities that occur at the plasma

edge of high confinement (H-mode) plasmas. These bursty edgeperturbations expel particles

and energy from the pedestal region, leading to a transient degradation of the H-mode transport

barrier. ELMs are thought to be driven by a complex interplaybetween the edge pressure gra-

dient ∇p and current densityj. The energy exhaust during an ELM (which lasts typically for

1–2 ms) can account for up to 30 % of the total stored energy in the plasma.

In this paper we present the temporal evolution of the ion andelectron profiles during the

ELM cycle. A comparison of the toroidal momentum and thermalenergy losses is shown for

a variety of H-mode plasmas with different conditions. Analysis of the ion heat transport at

the plasma edge shows that the ion heat conductivity is closeto the neoclassical level in high

collisionality plasmas, while at lower collisionality theion heat transport is observed to be a

factor of∼2 higher in the pedestal region.

Profile evolution during an ELM cycle

The unique edge diagnostic suite available at ASDEX Upgrade(AUG) allows us to measure

the edge kinetic profiles on a sub-ms to ms time-scale and witha spatial resolution of less than

5 mm, making it ideal to study the recovery of the profiles after an ELM crash. The temporal

evolutions of the edge temperature, density and toroidal rotation profiles during the ELM cycle

were analyzed in various H-mode discharges with low ELM frequency (<130 Hz).The param-

eter range for the analyzed dataset are toroidal magnetic field on-axisBt = 2.4–2.5 T, plasma

currentIp = 0.8–1.0 MA, triangularityδ = 0.2–0.34, heating power 4.0–9.5 MW, fuelling level

ΓD = 1.6–11.5× 1021 e−/s and pedestal ion collisionalities (atρpol = 0.97)ν∗

i = 0.2–2.5.

In figure 1 example profiles of the electron temperature (Te), density (ne), ion temperature

(Ti) and impurity toroidal rotation (vtor, usually measured on boron at AUG) for two different

pedestal ion collisionalities,ν∗

i =0.32 (black) andν∗

i =1.45 (red), are shown. The low collision-

ality discharges were obtained with low D fuelling (1.5–3.0× 1021e−/s), highδ (∼ 0.34) and

∗See http://www.euro-fusionscipub.org/eu-im
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Figure 1:Plasma profiles at low (black) and high (red)ν∗

i : (a)Te,

(b) ne, (c) Ti , (d) vtor.

medium heating power level (9 MW).

Only data measured -4.5 ms up

to -1.0 ms before the ELM crash

are plotted. While the electron

density is only slightly lower

(∼20 %) at lowν∗

i , the core elec-

tron and ion temperatures are

roughly 50 % higher. Interest-

ingly, vtor changes sign at the

plasma edge (ρpol > 0.95) and

is in the counter-current direction

at low collisionality (see figure

1(d)). As shown, the H-mode ‘dip’ feature in the edge toroidal rotation profile [1] is main-

tained, but is shifted to negative values. The feature also appears to be wider, concurrent with a

wider Ti pedestal (see figure 1(c)). Using the ELM synchronization technique, which sorts the

measured data with respect to the onset of an ELM, the temporal behaviour of the profiles can

be tracked during the entire ELM cycle. In figure 2 the values of ne, Te, Ti andvtor at the radial

positionρpol = 0.97 are plotted against the ELM onset time. Note that forne andTe the mea-

surements evaluated with the integrated data analysis approach [2] with a temporal resolution

below 1 ms are used, whileTi andvtor are measured with the standard edge CXRS system with

a time resolution of 2.3 ms.
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Figure 2:Temporal evolution of (a)Te, (b) ne, (c) Ti and (d)vtor

at ρpol=0.97 during the ELM cycle. t-tELM=0 denotes the ELM

onset.

Previous ELM cycle studies re-

vealed that the electron density

and temperature exhibit different

recovery timescales [3]. During

the ELM both thene andTe gra-

dient are small, followed by five

distinct phases in theTe recov-

ery, while thene recovery shows

three phases [3]. After the initial

∇Te recovery, the density recov-

ers rapidly and typically reaches

its pre-ELM value 4–5 ms after

the ELM crash. The fullTe recovery usually evolves on a longer timescale. Figure 2 shows

a similar behaviour ofne andTe as observed in [3] in both discharges. WhileTe andTi evolve

on similar timescales in both discharges,ne shows an initial fast recovery phase (3–4 ms after

the ELM onset). TheTi crash seems to evolve on a slower timescale compared toTe, however,

note that the drop could be obscurred by the temporal resolution of the edge CXRS system.

At low ν∗

i , ne exhibits a second slow recovery phase to reach its pre-ELM value [4]. In this



case, also the recovery of the edge impurity toroidal rotation to its pre-ELM value appears to

be faster than the ion temperature recovery. At both collisionalities, the ELM crash induces a

breaking of the edge plasma. Nonlinear modelling is required to study the dominant mechanism

that is responsible for a faster restoration of the edge toroidal momentum compared to the heat

transport. At higherν∗

i , the recovery times ofne, Te, Ti andvtor to reach their pre-ELM values

are similar and are on the order of∼6 ms [3, 5]. Note that at lowν∗

i the average ELM energy

loss per ELM is larger (by a factor of∼2–3) compared to highν∗

i plasmas.

Evaluating the relative losses inne, Te, Ti andvtor shows that the toroidal rotation exhibits a

larger relative drop after the ELM compared to the drop in temperature and density profiles. The

toroidal momentum and thermal energy losses are calculatedby volume integrating the pre- and
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Figure 3: Relative loss in thermal energy

plotted versus the relative loss in edge toroidal

momentum.

post-ELM profiles, i.e. only data where the full ex-

posure time of the frame lies in the time windows

[-4.5, -1.0] ms and [+0.5, +3.5] ms are used, respec-

tively. Note that here the volume integral extends

from ρpol = 0.9 to 1.0, i.e. the region which is

mostly affected by the ELM. In all analyzed dis-

charges, at both low and highν∗

i , the ejected rela-

tive thermal energy loss is smaller than the relative

toroidal momentum loss (see figure 3), in agree-

ment with previous analysis at JET with the carbon

wall [6]. A possible explanation for the different be-

haviour in the ELM induced energy and momentum losses was given by the presence of neutrals

in the pedestal and SOL region [7]. Dedicated experiments will be performed in the upcoming

AUG campaign to test this hypothesis in an all-metal device.

Ion heat transport analysis

Extensive studies of the heat transport in the plasma core have been carried out in the past

years, however, little focus was directed to the pedestal region due to lack of high-resolution

diagnostics. Previous analysis of the temperature gradients measured at AUG were compared

to simulations using the 2D fluid code B2.5 and showed that the pedestal ion heat transport

coefficient in-between ELMs are consistent with neoclassical theory [8, 9].

In this work, the ion heat transport is studied using power balance analysis with ASTRA [10].

For the analysis dedicated discharges at low collisionality, where the ion and electron heat chan-

nels are not too strongly coupled, were selected. For the power balance analysis, the effects due

to an ELM are excluded and only data from -5 ms up to -1 ms beforethe ELM onset are used.

The analysis yields an edge ion heat conductivity on the order of χPB
i ∼ 0.7 m2/s (see figure 4(a))

and exhibits similar values as the electron heat conductivity (χPB
e ). Note that the temporal evo-

lution of Ti is taken into account for the evaluation of the heat flux and theχPB profiles shown in
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Figure 4:Ion (black) and electron (blue) heat

conductivities determined via power balance.

The neoclassical prediction is shown in red.

figure 4 correspond to the temporal average in the

analyzed time window. Comparison to the neoclas-

sical profile calculated with NEO [11] (red) shows

that at low ν∗

i the ion heat transport is approxi-

mately a factor of∼2 higher than the neoclassical

level at the plasma edge. Note thatχi could be in-

fluenced by a possible residual effect of the ELM

crash since at lowν∗

i theTi profile is still increasing

until the next ELM occurs (see figure 2(c)).

At higher ν∗

i (see figure 4(b)), the ion heat

transport approaches the neoclassical level in the

pedestal region, while further inwards it exceeds the

neoclassical value by a factor of 4–5. Note that here

the uncertainties are larger due to a stronger cou-

pling between ion and electron heat channels. To

quantify the differences between low and highν∗

i

plasmas, this analysis will be extended to the up-

graded edge CXRS diagnostic [13] which enables

measurements with a time resolution down to 30µs, thus allowing for detailed studies of the

ion heat transport just after the onset of an ELM.

Conclusions

Analysis of the ELM synchronized profiles shows that the ejected relative toroidal momen-

tum loss due to an ELM is larger than the relative loss in thermal energy. At lowν∗

i the edge

toroidal rotation recovers faster than the ion temperatureafter an ELM crash, indicating that

first the momentum transport level is restored, followed by the heat transport level. Power bal-

ance analysis show that the ion heat transport in the pedestal region is near the neoclassical

level at highν∗

i , while at lowν∗

i , χi is a factor of 2 higher compared to the neoclassical value.

A possible residual effect of the ELM may have an impact onχi at lowν∗

i . Comparison to other

neoclassical codes such as NEOART [12] are the subject of future work.
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