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Abstract

A comparison of ASDEX Upgrade (AUG) discharges performed with carbon and the
full tungsten wall shows that the pedestal performance at low triangularity is not altered
without gas puffing. The pedestal electron pressure is the same for both wall materials as
is the confinement. With the tungsten wall the natural density is higher even without an
additional gas puff. In typical operation with gas puffing the density is again higher in
tungsten. This results in a higher collisionality with the tungsten wall. Pedestal pressure
and plasma confinement, however, are not degraded until very large amounts of deuterium
are puffed.

The ELM crash in typical AUG discharges is observed to be composed of two indepen-
dent phases. This is observed for both the carbon and the tungsten wall. The 15* phase
of the crash is unaffected by scans of the plasma parameters as long as the pedestal pres-
sure remains constant. The duration of the 2" phase is strongly anti-correlated with the
separatrix density and can be suppressed by the application of nitrogen seeding for divertor
cooling. A consistent explanation for the two phases of the ELM crash does not seem pos-
sible when considering only the pre-ELM pedestal profiles. The SOL plasma provides the
necessary free parameter for a consistent explanation, indicating the importance of the SOL
in understanding the ELM crash evolution.

1 Introduction

In magnetically confined fusion research the focus of the experiments is shifting more and
more towards ITER and corresponding reactor relevant machine requirements and plasma
operation. Examples are the change from a carbon to a tungsten wall in ASDEX Upgrade
(AUG) or the installation of the tungsten-beryllium wall (ITER like wall - ILW) in JET,
as well as mitigation of edge localised modes (ELMs) and radiative cooling. Operational
scenarios involving radiative divertor cooling with impurity seeding or mitigation of ELMs
with magnetic perturbations applied by external coils are intensively studied. In this contri-
bution we discuss the pedestal and ELM characteristics with and without these additional
actuators.

A special focus is put on the comparison of discharges from AUG with mainly carbon
(AUG-C) and with full tungsten (AUG-W) first wall. Here, the main interest lies in the



energy confinement which in H-mode is dominated by the pedestal and the ELM behaviour.
One can distinguish between two categories of consequences a different wall material can have
on ELMs and confinement; first, there are direct consequences like the impurity content, e.g.
less low-Z and more high-Z impurities with a metal wall. Second, restrictions/modifications
of typical plasma operation triggered by the changed boundary conditions. Changes in
plasma operation in general should impact the plasma in the same way regardless of the wall
material. Therefore, the first category of direct consequences is more relevant to understand
the influence of the wall material on ELMs and plasma performance. Typically, it is difficult
to clearly separate between both effects because often necessary comparison experiments are
missing in the AUG-C database or reference experiments cannot be reproduced easily in
AUG-W.

Previous studies at AUG, for which comparison experiments exist - mainly at low trian-
gularities - showed similar confinement factors [IH4]. However, in the broader database of
AUG high performance discharges the trend is that in AUG-C the maximal achievable en-
ergy confinement was above that in AUG-W [I3]. One possible explanation is the necessity
to operate with significant gas puffing for ELM tailoring and thereby impurity control [5] to
prevent tungsten accumulation in the plasma center which can lead to a radiative collapse
of the plasma [I]. High levels of gas puffing were reported to deteriorate confinement both
in devices with a carbon and with a metal wall [6-8]. Due to the increased gas puffing, dis-
charges in carbon with very high performance Hog(, ) ~ 1.5 at very low plasma collisionality
were difficult to reproduce [3]. These were only recently reproduced and, therefore, are not
included in the presented study.

It is an active field of research whether changes in the plasma operation can already explain
observed differences in energy confinement between carbon and metal machines or additional
phenomena need to be considered. It is long known that high-7Z wall materials can cause
severe energy losses when accumulating in the plasma center, however, in normal plasma
operation the high-7Z impurity content is kept low enough. The low-7Z impurities carbon and
nitrogen were reported to show an impact on global confinement when they were artificially
seeded into a plasma with very low natural impurity content [9HIT]. The variation of impurity
content in these seeding experiments is similar to experiments performed in carbon and metal
devices, therefore, it was argued that an effect on confinement could have the same origin
in both types of comparison experiments [I0]. There are studies where the impurity content
could indeed provide an explanation for the observed plasma performance, however, other
studies with similar differences in the impurity content do not show any change of the energy
confinement. Examples for the latter category are low triangularity discharges at constant
gas puff levels which showed comparable plasma performance with carbon and metal wall
in AUG and JET [28]. The former are, in particular, high triangularity JET-ILW baseline
discharges [810].

Most of the cited studies were performed using a database approach which is well suited
to identify general trends. This paper tries to identify the different actuators by a careful
selection of comparison experiments. Instead of global confinement, the focus is on the
pedestal structure and the ELM behavior. In section [2] the pedestal structure in carbon is
compared to the one in tungsten without gas puffing at low triangularity. The influence of
different deuterium fuelling levels is then presented. Finally, one example of nitrogen seeding
in AUG-W is given. In section [3it will be shown that ELMs in AUG can exhibit two distinct
phases. The duration, size and magnetic signature of these phases are compared for both
wall materials and the different gas fuelling scenarios. Section dl summarises the paper with



a concluding discussion.

2 Pre-ELM pedestal profiles

This section discusses the pedestal parameters, temperature and density, to document any
effect of the different wall materials on the plasma edge. The discussion is first restricted to
the pre-ELM pedestal profiles which are assumed to be at the MHD stability limit of ELMs.
The influence on the ELMs itself will be presented in section First similar discharges
without additional gas puffing are compared and then the influence of different gas fuelling
scenarios with deuterium and nitrogen is documented.

2.1 Comparison of carbon and tungsten

Due to the restrictions of operational space as described in the introduction, the number of
good comparison experiments is quite small. Suitable candidates were already described in
[12] and [2] with emphasis on global confinement and are now used for a detailed comparison
in the pedestal region. The discharges are all 1 MA, low triangularity discharges without
external gas puffing and heating powers between 6 and 14 MW. The differences between the
discharges which could not be avoided are a variation of gg5 from 4.55 in carbon to 4.85 in
tungste, a reduction in the effective charge number Z.4 from about 2.0 in carbon to 1.5
in tungsten and a different heating mix with NBI and ICRF in the carbon case and NBI
and ECRH in the tungsten case. The ICRF is replaced by ECRH and one additional beam
source. This results in a larger core rotation, though, the difference in rotation vanishes
towards the edge. Despite the different heating mix, the heat flux profiles - determined with
the transport code TRANSP - are found to be the same for the ions on the whole radius
and for the electrons on the outer half radius.

To illustrate the effect of the different wall materials two phases with moderate (8 MW)
and high (13 MW) heating power are compared. Figure [Il shows ELM synchronised pre-
ELM profiles composed of data from electron cyclotron emission (ECE) [14], Li-beam [15]
and Thomson scattering (T'S) measurements. For the ELM synchronisation profile data
in a 2 ms interval before the ELM onset is used, for the presented cases this corresponds
to about the last 25% of the ELM cycle. The profiles illustrate the different behaviour
of electron temperature and density. In the tungsten case the edge plasma is colder and
more dense. The ion temperatures in the plasma core follow the same trend as the electron
temperature, detailed edge measurements of 7} were not available for older discharges with
the carbon wall. The electron pressure is the same for 8 MW and also similarly increases
with higher heating power. The electron density exhibits several interesting features which
are observed for both heating powers in figure [l (a) and (d). First, the scrape off layer
(SOL) density up to the separatrix in carbon is essentially the same as in tungsten. Second,
the density gradient in the pedestal is about 25% larger in tungsten than it is in carbon.
Since the pedestal width is almost the same for both wall materials, this results in a roughly
25% higher pedestal top density. The density gradient length L, = n./Vn, is reduced for
the discharge in tungsten. These are indications that the particle transport in the plasma
edge might change. Unfortunately, the particle source profiles cannot be measured and are
mainly unknown preventing a definite experimental answer to this question. However, there
is no external gas puffing in these discharges so the main particle sources are recycling from

!Throughout this paper one focus is on the comparison of plasma operation in AUG with carbon and full
tungsten wall. To allow for more fluid reading terms like carbon/tungsten case or discharge will be used.
This refers only to the wall material, the discharges were run all with deuterium as main gas.
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FIG. 1: FEdge pedestal profiles of electron temperature, density and pressure compared for similar
discharges in carbon (V) and tungsten (m) and different heating power, 8 MW in the top row and

13 MW in the bottom row.
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FIG. 2: Pedestal top values of the electron density (a), temperature (b), pressure (c), the separatriz
electron density (d) and the IPB confinement factor (e) in carbon (V) and tungsten (®) plotted
against the heating power.

the walls and fuelling by the neutral beam injection. Although, the tungsten discharges have
one additional neutral beam source to substitute the missing ICRF power, simulations of
the beams show fuelling rates of 5-10%s~! to 6 - 102°s~1. This difference is 1-2 orders of
magnitude below normal external fuelling levels and therefore too small to account for the
density variation. The contribution of the wall recycling to the fuelling might be different
which would not be unexpected considering the different wall materials. In principle, carbon
is known to have a better pumping capability, i.e. to store more deuterium during the
discharge and release it in between discharges [I7]. The SOL density, however, is the same
in both cases which argues against a strong difference in the wall recycling. Although, it
cannot be experimentally verified at this point, an improved particle confinement remains a
possible explanation for the higher density in the tungsten case.

Assuming the limiting factor in the pedestal are the ELMs which pose an upper limit to
the pressure, as suggested by peeling-ballooning theory [18], the higher density would result
in a reduced electron temperature. However, a reversed causality cannot be excluded; if the
pedestal temperature is more limited in tungsten and the pressure again clamped by the
ELMs the density would be higher.

The plasma response to the increase in heating power from 8 to 13 MW for carbon and
tungsten is very similar. If this were not the case, the pedestal stability would be different
for carbon compared to the full metal wall. The density increase in the case of higher



heating power can be attributed to a SOL effect, because the density rises by about 50% at
the separatrix and the neutral pressure measured with pressure gauges in the divertor even
doubles. The general picture of the similarity between carbon and tungsten can be drawn
with four more discharges of similar type and each with phases of different heating powers.
For all these discharges the pre-ELM pedestal profiles are characterised with the two-line
method [19] and the results are plotted in figure 2l The density at the pedestal top is larger
for all tungsten cases (a), although the separatrix density (d) is similar for both wall materials
at constant heating power. The temperature (b) is smaller by the amount needed to have
constant peped (€) at a given heating power. When normalising the confinement time to the
ITERO9S8 scaling most of the discharge phases show a similar H-factor around 1.1. There are
two exceptions with a larger H-factor of 1.5 which belong to the same discharge, in [12] the
reason for this was attributed to differences in the safety factor profile, namely the shear at
mid-radius. The different g-profiles influenced the occurrence of instabilities like fishbones
and NTMs which can have a significant impact on the core confinement. As indicated in the
introduction, in carbon operational windows with very good confinement can be found. Up to
now not all of them could be reproduced in the tungsten device. However, in an operational
space which overlaps for carbon and tungsten no confinement degradation was found due to
the metal wall at low triangularity. In particular, this is true in operation without additional
gas puffing. The influence of gas puffing is described in the next section. Observing similar
confinement with the same fuelling level in carbon and tungsten is consistent with findings
at JET for low triangularity [8]. For high triangularities one has to distinguish between
baseline (qo5 < 3.5, On ~1.0-2.0) and hybrid (go5 > 3.5, Oy ~2.0-3.0) discharges [§] -
hybrids typically have lower collisionalities than baseline plasmas. While for the hybrids
the global confinement is again comparable both in carbon and ILW, the baseline plasmas
have strongly reduced confinement in the ILW, even for similar fuelling levels. In both cases
the pedestal contribution to the global confinement changes from JET-C to JET-ILW. A
consistent explanation for these observations is still missing.

2.2 Influence of external gas puffing

The examples presented in the previous section are fairly special cases and, although, they
nicely illustrate the similarities between the C and W discharges without gas puffing, they
are not representative for most of the AUG-W operation. Typically, gas is puffed into the
machine to increase the ELM frequency and thereby moderate the impurity content in the
plasma [5]. The influence of additional gas puffing on the pedestal profiles is documented in
the following section.

2.2.1 Deuterium

To avoid a bias by plasma shape or current, discharges with a similar discharge setup as
in section 211 are selected which have an additional external gas puff. The power scan is
achieved only by increasing the NBI power, the ECRH is constant at about 1.2 MW for all
cases. The nominal gas puff levels are classified as follows, finite puff rates below 5 - 102!
electrons/s are labeled “low”, between 5 — 10 - 10! electrons/s “medium” and larger gas puffs
“high”. The influence of these levels on the plasma density can vary with gas puff location
- divertor or midplane - and with the machine condition for a particular discharge. Since
all discharges used here are from the same experimental campaign, additional factors like
a different first wall structure, i.e. changes in pumping/fuelling channels, do not bias the
analysis. However, this can be an issue when comparing discharges from different campaigns.
Therefore, the values above do not provide a general classification.
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FIG. 3: Pedestal top values of the electron density (a), temperature (b), pressure (c), the separatriz
electron density (d) and the IPB confinement factor (e) plotted against the heating power without
gas puff in carbon (V) and tungsten (®) and with low (®), medium (®) and large (®) gas puff in
tungsten.

The results of these gas scan experiments are shown in figure Bl By adding additional gas
the plasma density increases compared to the unpuffed cases. The electron temperature at
the pedestal top decreases while the pedestal electron pressure shows no systematic deviation
due to the gas puffing. The separatrix electron density shown in figure[3 (d) is increasing with
the external gas puff for most of the cases. This is also consistent with a larger dataset of
AUG discharges presented in [20]. Except for the points with the high gas puff the H-factor
shown in figure 3 (e) is fairly constant regardless of the density. The discharges with high gas
puffing all deviate from the scaling towards a 20% lower H-factor. When carbon and tungsten
discharges show different confinement factors, this is in most cases accompanied by a much
larger gas puff in tungsten which is necessary for stable operation [§21]. Reasons for the lower
confinement with very large gas puff might be a changed ELM behaviour as will be discussed
in section [ or the degrading H-mode regime at high densities as observed at AUG [7]. The
observation of how external particle sources impact the separatrix density, supports the
hypothesis that the higher density in the un-puffed tungsten discharges originates in the
pedestal.

The trend between heating power and pedestal pressure shown in figure Bl (c¢) and its
independence of temperature and density allows an estimate for the pedestal pressure, based
on engineering variables, to be made. For a larger set of AUG discharges, which includes
the same data set as before with additional data at different plasma current and magnetic
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field, a good estimate for the pedestal pressure in AUG H-mode discharges is found with

PepeakPa] = 3.35 - PO54(B 057 165 "

q

where Pear [MW] is the total heating power including the ohmic contribution but without
correction for the radiation, (B,) = pol,/l |T] is the flux surface averaged poloidal magnetic
field at the separatrix with the separatrix contour length [, f4 = qo5/¢cy1 as discussed in [20].
The comparison of this estimate with experimental data is shown in figure 4l and illustrates
a decent match for pedestal pressures between 2 and 10 kPa. The discharge with modified
current profile discussed in section [Z1]is the prominent outlier at a pedestal electron pressure
of 10 kPa, indicating that these effects are not covered by this estimate. In section [B]it will
be shown that for an improved estimate the heating power should be corrected by the ELM
power losses and likely by the core radiation. This means the governing parameter for
the pedestal top might be the power leaving the confined region by steady state transport
mechanisms. This is not applied in the estimate in Eq. () because this would include physics
parameters in the scaling which are in general not known before the discharge.



2.2.2 Nitrogen seeding

The consequences of nitrogen seeding on the pedestal profiles have been thoroughly dis-
cussed e.g. in [BI[I0,22,23]. Here, a short overview is given in the context of the observations
made in the previous sections. In particular, the focus is put on an example with low heating
power, 8 MW, and only marginal confinement improvement (< 10%). This is done because
the pedestal pressure is altered only little while the ELMs already change significantly as will
be discussed in section [Bl In general, the pedestal response to the nitrogen seeding is more
diverse, this can be seen in the references above, a common observation in most cases is a
reduction of the ratio n./T,. It has to be noted that when increasing the amount of seeded
nitrogen at a certain point divertor detachment is triggered and the pedestal and ELM char-
acteristics discussed in this contribution are not observed any more [24]. The amounts of
nitrogen seeded in the discharges presented here are well below that limit.

In the example shown in figure [l the electron density (a) decreases while the electron
temperature (b) increases resulting in a constant electron pressure. It has been argued
that the nitrogen might act as substitute for the missing carbon impurities in the tungsten
discharges [10]. The trend in the pedestal top values is similar as observed for the pedestal
comparison between tungsten and carbon. The Z.g is also increasing from 2.0 to 2.5 with the
nitrogen seeding. However, within the uncertainties no difference in the pedestal gradients
is observed for n, and T, as was the case in section 2.l Rather, the density pedestal gets
narrower. The additional impact of nitrogen seeding on the divertor plasma and the fuelling
efficiency into the main plasma prevents a more definite answer regarding the comparability
between carbon and nitrogen as main impurity. Further, there are significant differences in
the ELM behaviour which will be discussed in the next sections. A further complication is
the necessity of deuterium puffing in nitrogen seeded discharges. Without the deuterium puff
too much nitrogen would enter the main plasma and prevent stable operation. Therefore,
any comparison experiment with nitrogen seeding includes also a deuterium puff. Depending
on the target plasma nitrogen seeding improves the confinement by up to 50%. The exact
level of improvement seems to depend on the confinement of the reference discharge, the
largest improvement up to now was found in a discharge with high deuterium fuelling and
moderate confinement Hog o ~ 0.8 in the reference [10]. A reference discharge with half the
amount of deuterium fuelling and a normal confinement of Hygg .o ~ 1.0 shows a confinement
improvement of about 20%, resulting in confinement factors for N seeded discharges between
1.0 - 1.3 [3].

3 ELM characteristics

This section shows that a typical type-I ELM crash in AUG consists of two distinct
phases. The characteristics of the two phases is discussed by means of the comparison
experiments presented in the previous sections as well as a large set of AUG standard H-
modes. Perturbations of the magnetic field due to the ELM crash will be introduced as the
main tool for the characterisation of the two ELM crash phases.

3.1 Nitrogen seeding

The existence of two distinct phases in an ELM crash was first reported in [22]. With
the application of nitrogen seeding it is possible to suppress the second phase of the ELM
crash, while leaving the first phase mainly unchanged. This concept is illustrated with time
traces of magnetic pick-up coils, divertor current measurements and edge soft-x ray radiation
in figure @l The two phases of the crash are highlighted by colored shading in green and
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red along with the other phases of the ELM cycle. The first ELM phase exhibits a high
frequency perturbation in the magnetic field. The second phase has a strong low frequent
component which is also overlaid with a faster modulation. These characteristics are best
analysed in a spectrogram of the pick-up coil measurements which is shown in figure[7 (a) for
an individual ELM. The average over multiple ELMs (b) pronounces the main features more
clearly: 1% phase of a few 100 us with strong broadband fluctuation between 0-400 kHz,
the 2°d phase of a duration of up to 2 ms and broadband fluctuations up to 250 kHz with
a strong low frequent component below 10 kHz. Because it is difficult to compare multiple
spectrograms an averaged amplitude between 100-200 kHz is normalized to the pre-ELM
value and used for comparison of different ELM types. Low frequencies have to be excluded
because they often show perturbations of the magnetic field which are not ELM related.
In figure [7 (¢) the averaged amplitude is about one order of magnitude larger for the 1°*
compared to the 2"d phase. The 1% phase has the same averaged magnetic signature both
with and without nitrogen which strongly suggests it has the same origin in both cases. This
is supported by the detailed comparisons of profile measurements and analysis of soft x-ray
radiation [22]. On the one hand it was shown in section that the pedestal pressure
does not vary significantly with nitrogen seeding in the presented case. On the other hand,
the divertor/SOL plasma is altered significantly [25]. This suggests an influence of the
divertor/SOL plasma on the 2"¢ phase while the 1°* phase is the same at constant pedestal
pressure - consistent with peeling-ballooning theory.

This analysis of the magnetic ELM signature is used in the following sections for different
reasons besides the capability to easily distinguish between both crash phases. The magnetic
measurements are less affected by the plasma density or impurity content than radiation
measurements are and the diagnostic was also available for discharges in carbon which is not
the case for measurements of the divertor currents.

3.2 Deuterium gas puff

To study the influence of the deuterium gas puff on the ELMs a large number of discharges
is necessary which have as little as possible variation in heating power and plasma shape.
The AUG “standard H-mode” [20] provides the needed high number of similar discharges.
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FIG. 8: Time traces of a standard H-mode with carbon wall (left) and a standard H-mode with
tungsten wall (right).

It is a standardised type of discharge which was established in AUG to allow long term
comparability of plasma operation. It is run at the beginning of nearly every experimental
day and for this section discharges from the last 10 years are utilised which span over the
upgrade to the full metal wall. In figure [§] time traces of two standard H-mode discharges -
one in carbon and one in tungsten - are shown which illustrate the typical behaviour. Plasma
current is 1 MA and the toroidal magnetic field -2.5 T. The heating power is ramped up to
two neutral beam sources resulting in a stored energy of about 500 kJ which corresponds
to a moderate confinement factor of Hyg o ~ 0.9. The main difference in the parameters of
the two discharges is the timing of the deuterium gas puff. In the carbon case there is an
early phase with no gas puff, while in the tungsten case the gas puff is present for almost the
entire discharge. This is to increase the ELM frequency in order to flush out impurities thus
avoid tungsten accumulation. The gas puff level of 2 - 10*2electrons/s is larger than that of
the high gas puff cases discussed in section 2211

In the ELM frequency the impact of the rising density is nicely illustrated, this is observed
similarly in carbon and tungsten. In the beginning ELMs with a frequency of below 100 Hz
are observed, this frequency increases with rising density up to a point where the ELMs
occur very irregularly with inter ELM times from 2 — 10 ms. At the same time the ELMs
are becoming smaller which can be observed in the lower right panel of figure §, where the
peak in the divertor currents serves as indicator for the ELM size. The appearance of smaller
ELMs at larger electron density is not a new observation and recent discussions can be found
e.g. in [27,28] for individual discharges. In this section the high number of analysed standard
H-mode discharges (>200), allows to illustrate the influence of the density on ELMs with
a broader database and a particular focus on the two ELM phases. The transition to the
small or mitigated ELM regime, with losses below 1% of the total stored energy, will not be
discussed further, as these ELMs are too small for the analysis method used here and the
reader is refered to [28,29).

Before the averaging technique can be applied to spectrograms of the magnetic measure-
ments, as described in section B, the ELMs have to be grouped, otherwise the averaging
over big and small ELMs would erase most information. For this purpose the peak value
of the divertor current during the ELM is utilized. This is only possible for the tungsten
standard H-modes where divertor current measurements are available. From the time traces



1.00

I0,03O 1.00 I0,03O 1.00 I0,03O

(%) g n
= 0.80 0.024 o 0.80 0.024 = 0.80 0.024
L ]
< 5 2
9 0.60 0.018 5 0.60 0.018 £ 0.60 0.018
) Q =
- £ -
© 0.40 0.012 5 0.40 0.012  _ 0.40 0.012
5 < 2
3 .0 3
S 0.20 0.006 5 0.20 0.006 £ 020 0.006
= (b) (c)
0.00 0.000 0.00 0.000 0.00 0.000
5.00 6.00 7.00 8.00 5.00 6.00 7.00 8.00 5.00 6.00 7.00 8.00

n. [10"m~] n. [10"m~] n. [10"m~]

FIG. 9: Histograms of the relative frequency of ELM with different peak divertor currents for line
averaged edge densities between 5—8-10" m™3 normalized to the number of analysed time intervals.

in figure [ no indication for a different ELM behaviour due to the wall material can be
inferred. Nevertheless, a detailed comparison of carbon and tungsten will be discussed in
section B3] For the analysis in the remainder of this section the time between 2.5-3.5 s is
divided into 100 ms time-intervals which are each analysed individually to track the density
evolution.

The ELMs are sorted in four current-intervals between Ipos0 = 0,3,5,8,00 kA. The
relative frequency of ELMs with these peak divertor currents is illustrated in figure [@ for
different densities. The first two current-intervals are combined because they yield similar
results. The remaining intervals in o, divide the ELMs in short (@h), medium (@b) and
long (@) ELMs. The reason for this labeling is discussed in the next paragraph. Figure
shows that in principle ELMs of all sizes can be observed to occur simultaneously in tungsten
AUG, however, certain conditions favour one or the other type. The histograms show the
relative frequency of each ELM type for different line averaged edge densities [30]. Each bin
of the histogram gives the percentage of all analysed time-intervals where a given ELM type
has a certain relative frequency. Figure[d (a) shows that below 6.5-10' m™3 the majority of
time-intervals consist only of about 20% short ELMs while at higher density 60-90% of all
ELMs are short. Similarly, long ELMs only rarely occur above 6.5-10* m~3, while the ELMs
with a medium /o501, exist for all densities mostly with a relative frequency below 50%.
It should be noted that the density of the confined plasma used here is strongly correlated
with the separatrix density as shown in section 222,11 The only reason for choosing the edge
density is that it is more easily measured.

The naming of the four intervals for the peak divertor current in the previous paragraph
was already motivated by the analysis of the magnetic spectograms. The averages between
100-200 kHz for ELMs with certain peak divertor currents is shown in figure [0 For the
highest peak Ipois01, therefore the lowest densities, the two phases in the ELM crash are
clearly visible, with increasing density and lower Ij,q 01 the 274 phase shrinks until only the
1°* phase remains for Ipos0 < 5 kA. Therefore, the ELMs in the two intervals with the
smallest [,01 o1 are named short ELMs. When plotting the FWHM of the averaged spectral
amplitude one finds that the ELM energy losses determined via the magnetic equilibrium
reconstruction scale linearly with the duration of the 2°¢ phase in the ELM crash. This is
shown in figure [[T] for standard H-modes between 2009-2011 and 2012-2013 which are both
with the full tungsten wall. Although, the ELM energy losses are not the same for the two
time periods the increase with ELM duration due to the 2"? phase is comparable as indicated
by the linear fits in figure [[1l This suggests that the losses which can be attributed to the
2" phase of the ELM crash are comparable in both cases. Consequently, the 15 phase of
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the ELM is responsible for the difference in the ELM energy losses between the two time
periods. The reason for the variation in ELM losses could not be identified up to now.
Different ELM frequencies cannot explain the observations because both sets of discharges
show similar ELM frequencies as indicated in figure The main differences between the
two time periods are a higher T, ,eq at constant nepeq for the 2012-2013 discharges and a
change in gas puff location, from the midplane to the divertor. The divertor gas puffing is
correlated in time with an increase of the midplane neutral pressure. Further, the structure
of the first wall was successively altered with the installation of magnetic perturbation coils
at the low field side. Indications that the wall clearance of the plasma can influence the
ELM behaviour were reported before [31]. To explain the variation in ELM losses dedicated
experiments will be performed in the future.

With the available data it can be excluded that a diagnostic artifact in the magnetic
measurements, which determines the stored energy, is responsible for the change in ELM
losses. This is supported by the observation that the electron temperature follows nicely the
trend expected from Eq. ({l) when correcting Ppe,t for the larger ELM power losses Pioss gL -
Additional evidence is shown in figure [[3l There the electron temperature for p, ~ 0.9 is
plotted against Fieat — Ploss ev Which is a proxy for the power crossing the separatrix by
diffusion or convection, if the core radiation is assumed to be constant. Two results can
be inferred from this plot; first the duration of the 2" phase does not contribute to the
ELM power loss. This is seen by the clusters of 4 points each, their proximity illustrates
the similarity of the ELM power losses despite the different duration of the 2°¢ phase. With
a longer duration of the 2°¢ phase and higher energy losses per ELM the frequency of the
ELMs reduces keeping the power losses constant. Second, a variation in the ELM power loss
is equivalent to a change of heating power of the same magnitude regarding their impact
on T,. The ELM power loss can change with the 1% phase of the ELM crash because the
ELM frequency is independent of the energy loss in this phase. The difference in energy loss
at constant frequency sums up to a power loss which is larger by ~ 1 MW for the 2009-
2011 standard H-modes. This is correlated with a reduction of the temperature by 0.1 keV.
Additional ECRH heating of ~ 1 MW in some of the 2012-2013 standard H-modes results
in a comparable temperature increase of ~ 0.1 keV.
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3.3 Carbon and tungsten

In the previous sections it was shown that the ELM consists of two phases in tungsten and
that the duration of the 2"? phase correlates either with Ne ped OF With 7 ¢ep. This section will
show observations of the two crash phases in carbon and bring arguments for the separatrix
density being the dominant quantity for the duration of the 2" phase of the ELM crash.

The ELM characteristics of the carbon-tungsten comparison discharges discussed in section
2.1l is also useful for the ELM comparison. In this comparison pe peq Was constant and ne ped
increased while 7, g, remained constant. In figure [I4] it is shown that the ELMs do not
change under these conditions despite the different wall materials. In carbon the trace of
the magnetic pick-up coils shows the two distinct ELM phases, with the same length as in
the tungsten reference. The ELM duration is shown in figure [[3] supporting the observation
that neither the ELM energy losses nor the duration of the two phases exhibit significant
differences due to the wall material. As comparison also the nitrogen seeded discharge with
its reference is plotted in green. In the nitrogen seeding experiment pe peq Was also the same
for both cases, but the ELM characteristics changed significantly. Z.s and n./T, changed
similarly in both comparisons which suggests that these quantities do not play a dominant
role in the suppression of the 2! phase in the ELM crash. The main difference between
the carbon/tungsten and N seeding/no seeding is the divertor and SOL plasma. The former
showed similar SOL densities, while in the latter the nitrogen seeding is known to have a
strong impact on the divertor and SOL plasma.

One can distinguish between a hot, thin and a thick, cold inter ELM SOL /divertor plasma
where the latter is achieved with strong deuterium puffing or nitrogen seeding [32]. Nonlin-
ear 2D reduced magnetohydrodynamic simulations suggest a stochastisation of the plasma
edge due to ELMs [33/34] and thereby mixing the pedestal and SOL plasma. Even when
starting with the same pedestal pressure, the pedestal-SOL mixture can be quite different
and influence the evolution of the ELM crash. This could explain why the ELMs are not
affected in the carbon/tungsten comparison with the same pedestal pressure profiles and
similar SOL plasmas. At the same time nitrogen seeding changes the ELMs significantly, de-
spite unchanged electron pedestal pressure profiles, because with the seeding the SOL plasma
becomes thicker and cools down. Detailed nonlinear MHD simulations are in preparation to
test this hypothesis.

4 Conclusions

This paper gave an overview of pedestal profiles of temperature and density and the ELM
crash for AUG H-mode operation at low triangularity with different boundary conditions,
namely different wall materials: dominantly carbon and full tungsten; and different external
gas fuelling: without external gas puffing and with gas puffing of deuterium and nitrogen.

It was shown that for all these different boundary conditions the pedestal electron pressure
can stay essentially constant when the heating power, plasma current and plasma shape
were not changed. In particular, operation with the full metal and the carbon wall showed
no significant differences in plasma performance without gas puffing at low triangularity.
The effect of the boundary conditions manifests in a different composition of the pedestal
pressure, namely the electron temperature and density. In tungsten the electron density is
significantly larger than in a comparison discharge in carbon - both without gas puffing.
The higher density was caused by a steeper density gradient in the pedestal. The steeper
gradient could be due to improved particle confinement in the pedestal for the tungsten



case. Although accurate measurements of the particle source profiles are missing to support
this hypothesis experimentally, it remains a possible explanation. This is supported by the
observation that external gas sources influence the separatrix density which was not observed
in the carbon-tungsten comparison where the density at the separatrix was fairly similar.
The higher natural density is one reason why certain high performance regimes observed in
the carbon device at low collisionality were only recently reproduced with the tungsten first
wall.

The nitrogen seeded case was specially chosen to exhibit constant electron pressure and
still show a significant impact on the ELM characteristics. In general, the pressure is not
constant, in particular, for higher heating power a larger pedestal pressure is observed with
the seeding.

The impact of the impurity content on the pedestal stability might be mitigated /enhanced
by additional parameters. One candidate could be the collisionality which changes a lot over
the presented discharges and is also the parameter changing most in the JET baseline/hybrid
comparison at high triangularity [8]. In the pedestal and the core the hybrid plasmas at
low collisionality showed a quite different response to the change from JET-C to JET-ILW
compared to the baseline plasmas at higher collisionality.

ELMs in standard AUG discharges exhibit two distinct phases in an ELM crash with
different properties. The 1% phase remains the same when the pedestal pressure was not
changed. The 2" phase can be reduced in size by deuterium fuelling and increasing of
the separatrix density or it can be suppressed completely by applying nitrogen seeding.
Both phases are observed also in carbon discharges with similar size as in the tungsten
comparison discharge. There were no indications found that ELMs in carbon and tungsten
are fundamentally different. Also their response to additional deuterium puffing and the
resulting density increase is similarly observed in standard H-modes in carbon and tungsten.

These observations of the pedestal structure and ELM behavior do not suggest that ni-
trogen simply acts as substitute for carbon as impurity in the pedestal. Nitrogen seeding
suppresses the 2°¢ ELM crash phase while it is unaffected by carbon. In the AUG-C/AUG-
W comparison carbon reduces the density gradients while nitrogen seeding in AUG-W is
accompanied with smaller pedestal widths at constant gradients. However, the nitrogen
seeding also has a strong impact on the SOL plasma, which is not similarly pronounced in
the AUG-C/AUG-W comparison.

Both phases of the ELM crash appear to be largely independent of each other. The 27¢

phase can have different size and duration while the 15¢ phase remains unaffected and vice
versa. Differences are found in their correlation with ELM power losses. Changes in the
duration and size of the 2°¢ phase anti-correlate with the ELM frequency resulting in the
same ELM power loss. In standard H-mode plasmas of two consecutive campaigns different
sizes were observed for the 1% phase at constant frequency and thereby reducing the ELM
power losses. The difference in ELM power loss was found to have a comparable impact on
T, as the same amount of power would have by means of external heating.
The reason causing the reduction in power loss, could not be identified with the available
data. Influences on the ELM size like pedestal collisionality or plasma shape can be excluded
as reason. The plasma shape did not change in the standard H-modes and the collisionality
was varied significantly in different comparison experiments without an impact on the 15
phase of the ELM crash.

When only considering the pre-ELM pedestal parameters, a general explanation for the
ELM characteristics does not seem possible. Adding the SOL plasma into the description



allows to provide a hypothesis: The 15 phase in the ELM crash is set by a stability limit of
the pedestal. With the 1°° phase the plasma edge becomes stochasticised, thereby mixing the
pedestal and SOL plasma - which is supported by reduced magnetohydrodynamic simulations
[33,34]. The 2°¢ phase is then not governed by the pre-ELM pedestal plasma alone, but the
mixture with the SOL.

The observed coupling between the edge temperature and the ELM power loss corrected
heating power could influence the quality of extrapolations for the pedestal temperature
which are only based on the nominal heating power in future reactor like machines. How-
ever, the general trend of these extrapolations should still be correct when the ELM power
losses do not vary too much.

The observations about different ELM phases could also impact predictions and extrapola-
tions to future machines. Considering the need for radiative cooling in the SOL and divertor
with nitrogen seeding [25] one would expect - based on above hypothesis - the 2°¢ ELM crash
phase to be suppressed by the cold, dense SOL plasma. At the same time no effect on the
1% phase was observed. This would mean extrapolations of ELM sizes might be misleading
if they are based on data which does not properly separate both phases of the ELM crash.
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