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Abstract

A set of dedicated H-mode discharges with constant heating power combining Neutral Beam
Injection and Electron Cyclotron Resonance Heating have been executed at the ASDEX
Upgrade tokamak using a high triangularity magnetic geometry in order to investigate the
impact of filamentary transport to divertor and non-divertor components. The evolution of
upstream scrape-off layer (SOL) profiles have been correlated with dedicated separatrix
quantities, mostly with the turbulence control parameter ¢ (Eich and Manz 2021 Nucl. Fusion
61 086016) describing the turbulence level at the separatrix. With increasing «y, a broadening of
the upstream density profiles in the near-SOL together with the formation of a density shoulder
in the far-SOL have been observed. This phenomenon is associated with an enhanced
filamentary transport dominating the radial turbulent transport in the far-SOL and confirmed by
means of the cooling water calorimetry on non-divertor components. The probe measurements
conducted with the ball-pen probe-head mounted on the midplane manipulator and a
retarding-field analyzer close to the limiter surface indicate that the key mechanism increasing
the radial filamentary transport to the first wall is an increase of the particle flux I'; g, caused
primarily by the packing fraction fpg s and the filament density 7. f1. At the same time, the
electron temperature 7, and ion temperature 7; measured close to the limiter surface show only

4 See Zohm et al 2024 (https://doi.org/10.1088/1741-4326/ad249d) for the ASDEX Upgrade Team.
b See Joffrin et al 2024 (https://doi.org/10.1088/1741-4326/ad2be4) for the EUROfusion Tokamak Exploitation Team.
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small variations above oy > 0.5. Both the filamentary heat flux and the gross erosion derived
from the first wall probe measurements reach a magnitude that should be considered in the

design of future fusion reactors.

Keywords: ASDEX Upgrade, power exhaust, QCE regime, filamentary transport

(Some figures may appear in colour only in the online journal)

1. Introduction

The proper understanding of the physical mechanism driving
the convective transport in the scrape-off layer (SOL) region
is of utmost importance for the extrapolation to future fusion
power plants. The heat load handling capability of the plasma-
facing components (PFCs) of both, the divertor plates and of
the first wall, is limited by engineering constraints in order
to avoid material fatigue (tungsten recrystallization, melting
and/or excessive erosion, ...).

Due to these engineering constraints, several scenarios
which attempt to handle the power exhaust challenge by
exploiting different approaches are under intensive invest-
igations. One of those candidates is the so-called ‘Quasi-
Continuous-Exhaust’ (QCE) regime [1]. This scenario com-
bines high plasma core density 7 ¢ore (close to 1.0 ngw [2]) and
high separatrix density neep (up to 0.7 ngw reached as well
with pellet fuelling [3]) at high upper triangularity d,, close
to double-null (CDN) shaping. Beside the relevance of high
Te sep 1N Order to achieve both, high volumetric radiation losses
in the SOL [4] and high neutral recycling state and divertor
detachment [5], high separatrix density plays a key role in the
mechanism according to which [6—10] Type-I edge-localized
modes (ELMs) [11, 12] are replaced by small, high frequently,
incoherent filamentary bursts [13, 14]. As known from previ-
ous work in AUG at high ne s, [15], a broadening of the e-
folding temperature and density decay lengths A\ and ), is also
observed in the QCE regime together with the formation of a
density shoulder which is associated with an enhancement of
filamentary activities in the far-SOL [1, 14, 16-20].

Over the last years, a novel theoretical framework has been
developed [21, 22] attempting to describe properly the widen-
ing of the SOL decay lengths by a set of dimensionless para-
meters assessing the turbulence level by separatrix conditions.
This model is based on the Drift-Alfven (DALF) turbulence
model and linked to pioneering studies introduced in [23-25].
Within this framework, a novel parameter, the so-called tur-
bulence control parameter « is introduced. This parameter,
which describes the relative strength of drift vs interchange
turbulent fluctuations around the separatrix, can be expressed
for AUG conditions according to [21, 22] as:

a ~3.0-10"18Rg2, esp 7

ey

where R denotes the geometric major radius, gy, the cyl-
indrical safety factor, T p the separatrix electron temperature
and Z the effective charge number.

The QCE scenario combines features interesting for ITER
or future fusion reactors. However, to date, the full extent of the

enhanced filamentary transport is not yet known, which may
lead to new challenges for the PFC material of non-divertor
components, in particular for the first wall PFCs [26-28]. Until
now, an in-depth analysis of the consequences of the convect-
ive transport with respect to the power exhaust of H-mode dis-
charges is still missing.

The study presented in this manuscript reports on the
assessment of the SOL transport combining non-calorimetric
and calorimetric measurements and attempts to connect the
evolution of upstream separatrix and SOL properties to
changes of downstream SOL profiles and of PFC energy load
distributions. Furthermore, the impact of the upstream SOL
profiles on the density shoulder amplitude are assessed con-
sidering also neutral pressure and neutral flux measurements
in the main chamber and in the divertor. Using dedicated
probe measurements at the midplane level, the key mechanism
behind the enhancement of filamentary transport is investig-
ated and its heat flux is compared to the calorimetrically estim-
ated heat flux. Probe measurements also allows to estimate the
gross erosion which is of interest for the ITER first wall.

The paper is structured as followed: in section 2, dia-
gnostics are briefly introduced. Due to the use of calorimetric
diagnostics, certain boundaries in the discharge configuration
are required leading to a dedicated database, which are shortly
discussed. In section 3, first results shown in [29] are exten-
ded to any PFCs of AUG and discussed more detailed. In the
subsequent section 4, the upstream and downstream profiles
are discussed and correlated with upstream separatrix condi-
tions. In section 5, the probe measurements conducted close
to the limiter surface are assessed in order to identify the key
quantities associated with the increased filamentary activities.
A power balance comparing probe with calorimetric results
is presented. A simple estimation of the gross erosion to be
expected on non-divertor PFCs based on probe measurements
is also provided. The section 6 summarizes this study.

2. Experimental setup for the characterization of
the filamentary energy transport in high-density
high-6 H-mode discharges in AUG

2.1. An overview of non-calorimetric diagnostics to assess
the consequences of convective transport in the SOL

To measure and quantify properly the consequences of the tur-
bulent activities at the separatrix in the near- and far-SOL, a
set of dedicated diagnostics covering areas both around the
midplane and close to the divertor target. When it is not expli-
citly mentioned, all parameters in this study are averaged over
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Figure 1. Left: poloidal cross section of AUG illustrating the set of diagnostics and their spatial coverage. The LOS of the IR thermography
focused on the main target is indicated as orange line, the LOS of the edge TS diagnostic as brown squares, the LOS distribution of the
CXRS as green lines and the spatial distribution of the LP at the main target as black dots. The red marker denotes top LP of Tile 1 and the
red marker the top LP of Tile 2. The poloidal position of the MEM equipped with the BPP-head (blue), the RFA2 (yellow with black
contour), the entrance of the baratron close to the upper divertor and the below the roof baffle (purple markers) and the three manometers
(dark blue markers) are added. The LOS of the LIB is at the same poloidal position as the MEM and therefore not shown. The plot also
illustrates the high-é magnetic equilibrium used in this study. Right: poloidal cross section of AUG indicating the coverage of the cooling
units (colour highlighted areas and labels) available through the revised cooling water calorimetry. Each purple marker indicates one
thermocouple providing an additional high-spatial poloidal coverage of the lower/upper divertor in single segments of AUG. Reproduced

from [35]. © IOP Publishing Ltd. All rights reserved.

the time interval 3.0-7.0 s. Figure 1(left) provides an over-
view of the involved non-calorimetric diagnostics, whereas
figure 1(right) provides a distribution of calorimetric dia-
gnostics. The orange line illustrates the line of sight (LOS)
of the infrared (IR)-thermography [30] with focus on the outer
divertor target. The IR-thermography measures the tile surface
temperature, which is used as input for the implicit version
[31] of THEODOR [32]. Applying the Eich-fit [33] allows to
determine \q and the divertor broadening S from the heat flux
density profile. A\q and S are remapped to the outer midplane
(OMP) by exploiting the appropriate flux expansion f, [34].

The black dots indicate the position of Langmuir probes
(LPs) installed in the lower outer divertor. At AUG, so-
called ’triple’ probes are used allowing a robust and simple
evaluation [36] of the downstream profiles of the ion satura-
tion current density jgy, the electron density 7., the electron
temperature 7. and the perpendicular heat flux g .

The baratrons [37, 38] measuring the neutral pressure p;
close to the upper and in the divertor are also taken into
account. The upper divertor entrance (purple rectangle) is loc-
ated between the upper outer divertor and the passive sta-
bilization loop (PSL, [39]) at the low field side, whereas
the divertor entrance (purple rectangle) is located in the roof
baffle close to the inner divertor. p, is seen as an engineer-
ing parameter which depends on the fuelling level and the

pumping speed. The measurements are calibrated to repres-
ent the neutral pressure at the port entrance and is a proxy
for the neutral fluxes. Additionally, AUG is equipped with
several manometers [40] at different poloidal and toroidal
positions in order to measure the neutral flux density. The
ones used in this study are indicated in figure 1(left) as dark
blue markers. FO3 denotes a manometer operating in the
roof baffle, F13 a manometer operating close to the upper
divertor comparable to the upper divertor baratron. F14 oper-
ates in the LFS main chamber in the open region below the
midplane.

To obtain 7 p [in 1m™] and T, p [in €V] and their
respective e-folding decay lengths in the near-SOL, the edge
TS diagnostic (brown squares) [41] is utilized. To determine
accurately and robustly the values at the separatrix (challen-
ging due to the presence of steep gradients between pedestal
and separatrix), a power balance approach is applied assuming
the ’Spitzer-Hcirm’ electron heat conduction being the domin-
ant transport around the separatrix [42]. This approach yields
an expression for T ep:

) 3

Te7sep ~ (

TPepqiR

16Kkgka(Aq) @
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Figure 2. Left: tip of the BPP head visualizing a possible probe
configuration of the 3 BPPs (green indicated) and the 4 LPs (blue,
red and yellow indicated). Reproduced from [47]. CC BY 4.0.
Right: Close-Up of the tip of the RFA2 probe head showing the slit
plate, grids, and collector. The plot in the right corner shows the
RFA2 head with its full graphite housing. Reproduced from [48].
© 2013 TAEA, Vienna. All rights reserved.

where Py, [in W] denotes the power crossing the separat-
rix, a the minor radius, xo the Spitzer-Hiarm thermal heat
conductivity, (Aq) the poloidally averaged power width in the
near-SOL taken and & is defined as [21]:

2 2 _ 3
%:\/1+m(1+25 1.26%) 3

2

An iterative numerical scheme solves equation (2) searching
for T¢ sp in the TS electron temperature profiles, where the
calculated and the measured Tt s, matches within 2%. The
identified T sp corresponds to ppo; = 0.999.

The Lithium-beam emission spectroscopy (LIB) [43] is
considered to measure the evolution of the density in the near-
and far-SOL in order to qualify the density shoulder amplitude.
Its LOS overlaps with the LOS of the midplane manipulator
(MEM) (blue line in figure 1 (left)).

For an in-depth analysis of filamentary turbulence, which
is considered as the most likel candidate to explain the modi-
fications in the transport in the far SOL, probe measurements
were performed in all discharges consisting of the retarding
field analyzer (RFA2) [44] to determine the ion temperature
T; and the ball-pen probe (BPP)-head [45-47] to determine
quantities describing the filament characterics. The demanded
quantities are briefly introduced in the subsequent paragraph.
The BPP-head was mounted on the MEM. Both probe-heads
operate at the same poloidal position, which is about 35 cm
above the midplane, but at different toroidal positions. They
were plunged several times in each discharge and each plunge
lasted about 200 ms. The measurements of both probe heads
were taken about 1 cm in front of the limiter to ensure a safe
operation for both the diagnostics and for the overall plasma.

To determine all relevant quantities in order to assess the
radial convective transport, the BPP-head is equipped with 3
BPP pins and 4 LPs. The configuration of the spatial probe
distribution as used in this study is shown in figure 2. The 3
probes indicated in green are the BPPs on floating configura-
tion ¢PPP, the blue indicated LPs measuring the ion saturation
current g, the red LP the floating potential ¢ and the orange
one labelled ’swept’ the electron temperature T, js, and ¢y.

= 10
|
F s
<
= 0
7.577 7.578 7.579 7.58 7.581 7.582
time [s]

Figure 3. Timetrace of the density of a single plunge to illustrate
the signal peaks as detection criterion. The horizontal red dashed
line represents the threshold criterion according to equation (4). The
green markers indicate the peaks which are identified as filaments.

The offset of each signal is subtracted by a running median
filter. The BPP-head operates with an acquisition frequency
of 2MHz. The detection of filaments follows mostly com-
monly accepted approaches [47, 49, 50]. The analysis shown
here uses a modified threshold criterion in the density amp-
litude. The fundamental criterion being detected as filament is
defined as:

PE > 150 + (Iy), )

where I‘::ft denotes the amplitude peak, o the standard devi-
ation and (I ) the mean value of the time interval chosen
for the evaluation. Not all peaks above the threshold cri-
terion are identified as filaments. Next to the threshold cri-
terion (equation (4)), a filament must additionally fulfill a min-
imum peak width (WP = 5us), a peak distance (@™ = 100 us)
and a correlation criterion introduced in [51]. In figure 3, the
red dashed horizontal line denotes the threshold criterion as
defined in equation (4) and the green markers denote peaks
detected to be filaments.

The criterion to decide what a filament is is somehow arbit-
rary, as it can always be modified or even improved (when you
have more prior information). In fact, different criteria have
been used in the literature, which is detailed reported in [50].
Here, we used a simple threshold criterion, where filaments are
defined as the peaks in density fluctuation above this threshold.
In addition, criteria defined for their time duration (to exclude
peaks that are not from coherent structures), the time between
events (which is set longer than the filament correlation time to
avoid counting a filament twice), and the correlation between
the peaks (to ensure they have a similar shape) are taken into
account. The peaks with too short time width are typically
not coherent structures, so they are disregarded as filaments
(although they can still induce transport). We have not seen
great differences when changing the threshold, particularly
in the transport evaluation. For example, when the threshold
is set larger than what we used, the mean density of fila-
ments becomes larger, but the number of detected filaments
decreases. As the mean filament correlation time is not much
modified, the packing fraction decreases, which compensates
for the increase in density, leading to roughly the same level of
transport. In short, we acknowledge that the criterion to define
filament is arbitrary, but the paper’s general conclusions are
not modified if we use a different criterion.
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Delay [us]

Figure 4. Left: identified peaks and the derived quantities filament density ne, filament radial velocity v; and filament electron temperature
T. following the condition in equation (4) and conditional averaged. Right: histogram distribution of v, T, and the filament correlation time

7 of all detected filaments of a single plunge.

For each identified filament, several quantities can be
derived. Figure 4(left) illustrates the density #n., radial velo-
city v, and electron temperature 7, derived from conditional
average sampling utilizing the identified peaks in ion satura-
tion current associated with filaments. 7, can be derived from:

_ g

Te = QLP — oBPP’ )

where of and oB"F denote the LP and BPP coefficients [47],
For o, an analytical formula is given [42], whereas for o/BPF
it must be experimentally determined [47]. The quantity v,
which is caused by the ExB-drift of filaments [49], can be
expressed by:

A BPP
Vr = (b )
d-B

(6)

where A@BPP denotes the potential fluctuation difference
between two BPP, d the poloidally displaced distance between
these two BPPs and B the magnetic field strength at the tip. As
the LPs acts as a mach probe, the parallel Mach number M,
[52] is approximated by the expression:
Y| J sat,up
M= ~ ~ (0.441og () , @)

s Jsat,down

where jg; denotes Iy, of the respective LP divided by the
probe surface area A. n. determined from a Mach probe can
be expressed by:

N A 1 jsat,up
€7 2ecg \ P

where ¢ ~ /(T + T.)/m; denotes the sound speed, e the
electric charge and v4°"" is defined as [52]:

+ jsat,down ) 7 (8)

,ydown

~down (MH) — o(—1-1rMy) 9)

Based on that, v*? is defined as:

7 (M) =% (=My) (10)
The filament correlation time 7 is based on the double "Full
Width at Half Maximum (FWHM)’ of an exponential decay
function fitted to the peak profile. Multiplying 7 with the fila-
ment detection frequency Vgeect, Which describes the number
of detected filaments within a certain time interval, provides
the so-called packing fraction fpr [53]. As last quantity, one
can define the particle flux I';, which is defined as:

1_\r :fPFneVr- (11)
For each plunge, all detected filaments are collected in order
to derive the quantities as introduced above. For each quant-
ity and plunge a histogram distribution can be provided. The
filamentary quantities are obtained from their respective dis-
tributions. The background quantities are defined as the mean
value of each plunge.

The setup of the RFA2 probe-head follows common
designs [54, 55]. The RFA2 exploits a novel probabilistic
approach in order to determine 7;. A detailed description of the
full probabilistic approach is provided in [44]. In the presen-
ted study, the RFA2 sweeps its current—voltage characteristics
with 5 kHz. The choice of 5kHz is a compromise due to the
use of NBI and short plunge durations. The probability dis-
tribution functions (PDF) obtained for both grids (side A and
B) are illustrated in figure 5. The PDFs of both grids are aver-
aged (firstly side A and B of each plunge and then the plunges
of a single discharge) and issues the T;-representation. Due to
its field-alignment, the RFA2 actually provides T; | and not
T;, | . Because of the large distance from the separatrix, it is
reasonable to assume that all degrees of freedom of the T;-
distribution are distributed equally. Therefore, it is reasonable
to assume that 7; | = T; |, which is in agreement to previous
high-density L-modes studies conducted in AUG [53]. Due to
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Figure 5. PDF of T; measured close to the limiter surface by using
the RFA2. Two plunges were performed lasting roughly 200 ms.
Side A and B denotes the two grids as shown in figure 2(right). For
each plunge, the average of side A and B is taken and afterwards the
mean value of both plunges is taken for further processing.

choice of the 5 KHz sweeping frequency, the most probable
T; values are similar to commonly accepted conditional aver-
aged values and do not resolve filamentary 7;. Even though
the provided T;-distributions do not fully catch the fluctuations
usually associated with filaments, they can be considered as a
lower limit for T; . Moreover, the evolution of T; throughout
the database still allows us to draw important conclusions.

The ion temperature at the separatrix T s, can be seen as
upper limit for T; g;;. In all discharges, the Charge-Exchange-
Recombination-Spectroscopy (CXRS) [56, 57] (distribution
of LOS indicated as green lines in figure 1(left)) has been
considered in order to estimate T; s¢p. The provided T;-profiles
from the different (poloidal/toroidal) CXRS diagnostics serve
as input for the ’Integrated Data Analysis for lon profiles’
(IDI) [58] exploiting a bayesian probabilistic approach to
determine the most likely profile at the separatrix.

2.2. Calorimetric diagnostics available at AUG

To measure the energy loads on all PCFs, two calorimetric
diagnostics have recently become available [35, 59] and are
briefly introduced here. The cooling water calorimetry (KWK)
exploits the extensive cooling system of the AUG tokamak,
which encompasses the entire machine and provides an almost
perfect coverage of all in-vessel components. To evaluate the
energy deposition, certain areas are cumulated into so-called
‘cooling units’ and are the smallest spatial units to resolve
energy loads. The setup allows to resolve the heat shield, upper
inner/outer divertor and the lower inner/outer divertor in all
16 segments separately. These cooling units are indicated as
colored highlighted areas and labels in figure 1(right). To cal-
culate the captured energy load per cooling unit Q, the formula
as given in [60] has to be solved:

(5]
0= m/ ATe,dt, (12)
t

1

where m denotes the flow rate of a cooling unit, AT the relative
rise obtained from the difference of the inlet and outlet cooling
water temperature, ¢, is the heat capacity of the cooling water
and the time interval [z, ;] must cover the full excursion of
the relative temperature profile AT.

The extensive wall thermometry of AUG [60] provides tile-
resolved calorimetric measurements. This system exploits 94
thermocouples covering poloidally important in-vessel com-
ponents, mainly the lower (segments 4, 8, 10 and 13) and
upper (segments 4 and 13) divertor. Its distribution can be
found in figure 1(right). Each purple marker indicates one
thermocouple. The evaluation scheme follows the approach
introduced in [61], but adjusted for the AUG boundaries. This
approach allows to calculate the energy stored in the tile fol-
lowing the formula:

Tend
0= mae / ¢, (T)dT, (13)
T

begin

where my;e is the mass of the tile, ¢p(T) is the temperature-
dependent heat capacity and the boundaries (Tend, Tbegin) Of
the integral defines the temperature rise. Fit formulae for
the temperature-dependent heat capacities are taken from
[62, 63].

The duration of an AUG discharge is limited to 10's, which
allows only measurements of the temperature signals during
the cooling-down phase. Consequently, only time-integrated
values can be provided.

2.3. Experimental setup of the highly-shaped discharge
database

In order to cope with the aforementioned diagnostic con-
straints, including the capability of the calorimetric diagnostic
to provide only time-integrated information, an appropriate
shot plan has been conceived where the flat-top phase of
each discharge is kept constant during the execution. Figure 1
provides an overview of the discharge configuration for refer-
ence discharge #39231 at By, = —2.45 T. In order to identify a
robust scaling parameter, the safety factor ¢ has been varied by
changing By, whereas the plasma current I, is kept identical
at 0.8 MA in each discharge. For the database, discharges have
been executed at three different By, -values: —2.45 T, —1.8 T
and —2.8 T. Due to different By,-values, different heating
schemes have to be used. In figure 1, panel (b) shows the time
traces of the heating scheme combining neutral beam injec-
tion (NBI, black) and electron cyclotron resonance heating
(ECRH, green). Two NBI sources and 4 ECRH gyrotrons in
X2-mode providing appropriate central heating are utilized.
For By, =—2.8 T, the ECRH contribution is replaced by one
additional NBI source, whereas for B,,; =—1.8 T, the ECRH
contribution is used in X3-mode and using 3 gyrotrons instead
of 4. Radiative losses P,q (red) are calculated by a novel bolo-
metric method [64]. For the entire database, the same magnetic
equilibrium with high upper triangularity §, (= 0.28) and high
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Figure 6. Experimental time traces of dedicated plasma parameters
characterizing AUG discharge #39231. Panel (a) illustrates the
plasma current I}, (black), Wmup (blue) and gos (green). In panel
(b), the heating scheme combining NBI (black) and ECRH (green)
in X2-mode at Bior = —2.45 T and using 4 gyrotrons is shown.
Radiative losses Prq (red) are calculated by using the novel method
BPT [64]. In panel (¢), the line-integrated density of core (black)
and edge (blue) acquired by the interferometer [65] is shown. The
total fuelling rate Dy in feed-forward is also added. All discharges
are divertor-fuelled.

elongation k (= 1.7), leading to a CDN shaping, is used. The
shape is visualized in figure 1(left).

In order to cover a large range of the density operational
space, the feed-forward fuelling level iin the flattop phase
has been varied on a shot-to-shot basis. All discharges are
fuelled from the divertor. Panel (c) in figure 6 shows the fuel-
ling level in the flattop phase for #39231 at 2.5 x 107225~ 1,
The database for this configuration cover a flat-top fuelling
between 0.1 x 10722s~! and 2.85 x 10722 s~ !. The highest
fuelling level was limited by the ECRH cut-off density. At
Bior = —2.8 T, the flattop fuelling covers the range between
1.75x 107225 ' and 3.2 x 1022 s~ ! and at B,,; = -1.8 T the
range between 1.0 x 107225~ and 3.2 x 10722 s~!. Where
the range of different By, -values overlap each other, the same
flattop fuelling levels have been used. For PFC energy distri-
bution studies, only discharges which ended without the use of
killergas are considered. The use of killergas would falsify the
energy distribution. The database consists of 8 discharges con-
ducted at Bi,; = —2.45 T (+2 fuelling scans to acquire missing
first wall probe measurements), 5 discharges conducted at By,
= —1.8 T and 4 discharges conducted at Bi,; = —2.8 T.

3. The distribution of energy loads on AUG
in-vessel components

3.1. Evolution of the PFC heat loads at dedicated areas

This section represents an extension of the energy load scaling
presented in [29]. The energy balance of the database intro-
duced in the prervious chapter is based in the results summar-
ized in [35] and have already been reported in [29]. Here, the
first wall, the lower divertor (inner and outer divertor together),
the upper divertor (inner and outer divertor together) and the
heat shield are separately considered and discussed.

To infer the evolution on the PFC energy loads whenever
the plasma scenario moves from Type-I ELMy regimes to
high density QCE regimes, all available cooling units of the
AUG cooling water calorimetry are considered and arranged
to represent dedicated areas. Following the notation in [66]
and firstly reused in [29], the first wall in AUG is defined by
the four ICRH antennas and the four auxiliary limiters (black
highlighted areas and labels in figure 1(right)). The latter PFCs
are installed on both sides (left and right) of each NBI duct.
Following the observations in [66], ELMs can reach the auxili-
ary limiters and demand the consideration of these PFCs. Each
ICRH antenna and auxiliary limiter acts as a single cooling
unit. These 8 cooling units define the AUG first wall. The cool-
ing units of the inner and outer divertor of AUG (orange/blue
highlighted areas and labels in figure 1(right)) are in sum 32
cooling units and define the lower divertor. The ‘upper diver-
tor’ follows this scheme and combines the inner and outer
divertor of AUG (red/green highlighted areas and labels in
figure 1(right)) which are in sum 32 cooling units. The ‘heat
shield’ is based on the cooling units highlighted in brown in
figure 1(right). This area consists of 16 cooling units.

In recent years, it has been shown at AUG experimentally
[3, 6] and theoretically suggested [21, 67, 68] that the region
around the separatrix emerges as a key region to describe the
entire plasma performance and to characterize also the heat
fluxes reaching the PFCs. As shown in figure 7(left top) the
first wall energy load normalized to total energy increases
almost linearly with the turbulence control parameter oy (=~
V¢ - qey1/100). The first wall energy loads cover the, so far
known, range for H-modes in o. The transition from QCE
discharges at high fuelling to Type-I ELMy H-modes with
continuously decreased flattop fuelling is gradual which is
consistent with the gradual A\g-evolution and the co-existance
of Type-1 ELMs with smallish filamentary ELMs as reported
in [1].

Furthermore, the results for the first wall energy loads of a
previous AUG study [66] is added as dashed horizontal line. At
that time, 5% of the energy have been found at the first wall
of a low density ELMy H-mode with carbon walls in AUG
and seems to be in good agreement with latest calorimetric
observations in a full-tungsten device. Separatrix values are
not available due to the data quality of the edge TS at that
time together with the lack of a reasonable Z.g-estimate at the
separatrix at AUG, which is particularly important for carbon
devices. Additionally, the regression formula with respect to
oy 1s added.
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Figure 7. The evolution of the PFC heat loads at the first wall (left top), the upper divertor (right top), the lower divertor (left bottom) and
the central heat shield (right bottom). Reprinted from [29], Copyright (2023), with permission from Elsevier.

This scaling is extended to all area connected to the cool-
ing water calorimetry. Figure 7 illustrates the evolution of the
energy loads at the upper divertor (right top), at the lower
divertor (left bottom) and at the heat shield (right bottom). For
both the upper and lower divertor, the correlation parameter R?
and the regression formula with respect to o are added. The
regression coefficient R?> show for both the areas a reasonable
correlation and supporting the observation with respect to the
first wall scaling. Interestingly, the slopes of both regressions,
the upper divertor and the first wall, point out that the energy
loads are equally transferred to both areas. A reduction of the
energy deposited at the main divertor target would support
the speculations of a further energy loss channel carried by
turbulent structures/ballooning modes at the separatrix. This
has already been checked by means of thermocouple meas-
urements at the divertor target in [29] supporting this picture.

As reported in [1] by using IR-thermography, the energy
loads in the upper divertor increases whenever the QCE-
regime is achieved. As the upper divertor is not connected with
the main plasma, the increase of energy loads is associated
with an increase of cross-field transport [1]. The tomographic
reconstructions and poloidal radiative heat load distributions
of discharge #39231 in [35] indicate a strong localised radi-
ation pattern between the upper X-point and the upper divertor
plates.

As the calorimetric observations suggest that the increase
of energy loads at the upper divertor are connected with the

increase of the separatrix turbulence described by «, the evol-
ution of this additional, localised radiation pattern may follow
this trend as well. Also the magnitude of the radiative energy
loads reaching the upper divertor is of interest. The connec-
tion between filamentary transport and this localised radiation
pattern at the upper divertor plates is yet not clear and requires
further investigations.

To determine amount of radiative energy reaching the upper
divertor, the framework based on CHERAB and a Gaussian-
Processes-Tomograpic model has been exploited. This frame-
work is introduced in [35].

In figure 8, the evolution of the radiative energy loads at the
upper divertor normalised to the total energy load as inferred
by the calorimetry Ecalorimetry 1S plotted against c. A reason-
able trend between the normalised radiative energy loads and
«, can be observed. The regression formula and R? of this evol-
ution is added. The slope of the radiative evolution matches
well with the one from calorimetric measurements. Comparing
figure 7 (top right) with figure 8, we recognise that the radi-
ation contribution to upper divertor energy load is significant
for the explored «,-range, moving from about 56 % at lower
a, up to almost 80% at higher values.

Following [1], a certain contribution from parallel conduct-
ive transport is expected to be deposited at the upper diver-
tor. The results from [29] suggest that the conductive con-
tribution is significant at low ¢, and decreases with increas-
ing o. Figure 9 represents the evolution of the energy loads



Nucl. Fusion 64 (2024) 086064

A. Redl et al

ASDEX Upgrade

125

z[m]

>0.22 -
° == = Linear Fit
E ® Bu=245T
s 0.20 ® Bo=-18T )
3 B Bo=-2.8T -
> = 0.18
E 0.16 i %‘
0.14 %
EO.IZ E@E FI*
20.10 '{*
E E IE 0.118-a:+0.064

008 / Rad, UpperDivertor/ Ecalerimetry = 0. o+ 0.
g ,,—” R?=0.732
S 0.06

0.0 0.2 0.4 0.6 0.8 1.0
23

Figure 8. Evolution of the radiative heat loads reaching the upper
divertor normalized by Ecalorimeny 1S plotted against aq. A reasonable
agreement between the radiation reaching the upper divertor and o
is observed.

on Tile 1, Tile 2 and Tile 3 of the upper outer divertor fol-
lowing the labelling in figure 9(top). It is normalised by the
total energy obtained from thermocouple measurements cov-
ering the entire upper divertor. The distributions of the inner
divertor tiles reveal no substantial variations throughout the
whole database and therefore they are not shown. Tile [ is the
tile which is expected to be dominantly exposed to the par-
allel conductive transport. For lower «, a larger fraction of
the total energy reaching the entire upper divertor is depos-
ited at Tile I than for higher . Simultaneously, an increase
of the fraction of deposited energy can be observed for Tile 2
and Tile 3 with increasing o. The slope of both tiles matches
to the slope of Tile 1. Following the conclusions previously
drawn in [29], the reduction at Tile I may be accompanied
by a reduction of the parallel transport causing a change in the
energy distribution of the upper divertor. It cannot be excluded
that due to the \g-broadening reported in [1], a fraction of the
parallel conductive transport reaches a neighboring tile in the
upper divertor and thus (additionally) influences the energy
distribution.

It can only be speculated, how this localised radiation pat-
tern is connected with ay. Further investigations on that phe-
nomena are needed, in particular for further devices, in order
to understand the link between the CDN-magnetic field con-
figuration, first wall geometry and PFC material.

3.2. Generalization of first wall energy load scaling

It is of great interest whether the observed trend at the first
wall can be extended to further discharges. A selection of dis-
charges with different plasma characteristics have been added
to the database. Each discharge provides several separatrix
data points. For each discharge, the mean value of the sep-
aratrix values from the flattop phase are used to determine
«4. The table 1 summarizes the characteristics of the database
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Figure 9. Top: distribution of the three relevant tiles in the upper
outer divertor. Evolution of the energy load distribution for the three
tiles of the upper outer divertor normalized by Etc,upperDivertor 15
plotted against c.
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Table 1. Overview of the selected discharges with their properties to extend the first wall energy load scaling in figure 10.

Plot label

Diot [10%571]

Ip (MA) |Bt0r| (T) Pt (MW) Ou R
QCE with |Bior| < 19T 0.8-0.94 1.9-1.5 NBI: 7.5-5.0 ICRH: 4.0-0.0 1.0-4.0 0.31 1.65-1.81
QCE with max. ne, sep 0.8 2.5 NBI: 12.5-7.5 ICRH: 4 5.0-5.5 (with additional ~ 0.31 1.66
pellet fuelling)
L-H-L high density discharge 0.8 2.5 NBI: 7.5-5 ECRH: 1.5 0.15-10.6 0.075 1.64
Low density H-mode + pellet 0.8 25 NBI: 4-10 ECRH: 3.6 1.0-0.5 (with additional ~ 0.1-0.3 1.68-1.60
pellet fuelling)
HDL discharge 0.8 2.5 NBI: 2.5-5 ECRH: 0-3.2 0.9-3.0 0.29 1.66
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Figure 10. Evolution of the first wall energy loads considering further AUG discharges. The different color markers correspond to the
entries in table 1. The linear trend by using « is preserved which is emphasized by the high value of R. The error-bars of the added
discharges do not denote the uncertainty of the measurements, but the variation throughout the discharge.

extension and figure 10 visualizes the extension of the first wall
energy load scaling. The scaling shows an almost ideal correl-
ation with «, indicated by a high R?. It suggests that the dif-
ferent properties, at least for the first wall, do not have a large
effect on the scaling.

The main challenge at AUG is the narrow spatial opera-
tional space of the edge TS in which shaping dependencies can
be investigated. A scan of the position of the separatrix would
be of great interest to confirm or refute the hypothesis of a fila-
ment decay length. To investigate these aspects, similar studies
need to be performed on other machines with ITER-like-wall
to identify further geometry/shaping dependencies. The exten-
sion to further machines would be also demanded to identify
the actual upper limit for . For low-0 plasma, the upper limit
seems to be 1 [21], whereas for high-0 plasmas values larger
than 1 can be achieved [3].

4. The evolution of upstream and downstream SOL
profiles

The evolution of energy distribution at the PFCs in AUG
shown and discussed in the previous section shows promising
trends. A significant fraction of the energy can be deposited on

non-divertor components, namely the first wall and the upper
divertor. It is now of interest to investigate, how the SOL pro-
files change within the database.

Firstly, the evolution of the divertor heat flux profiles by
means of IR-thermography is discussed. Figure 11 shows the
divertor heat flux profiles for a set of AUG discharges con-
ducted at By, = —2.45 T. In this analysis, f; is set to 5.0. The
legend denotes the different discharges with the respective
quantities, the power fall-off length Ay and the divertor broad-
ening S, in descending ordering with respect to the normal-
ised separatrix density in terms of ngw. The two cases with
lowest fuelling (#40240 and #39 523) are ELM-filtered and
illustrate only the Inter-ELM profiles. In subsequent plots, the
same color code is used for the By, = —2.45 T subset.

The background obtained from the Eich-fit is removed
for this study in order to avoid discrepancies due to neg-
ative background values after Type-I ELM crashes caused
by the implied energy conservation in THEODOR [32]. The
background heat flux is for most discharges in the order of
0.5 MW m~2. As ELMs are not considered, only the pro-
files at higher fuelling represents the total power reaching the
target. As reported in [1, 3, 16], with increasing fuelling a
continuous increase of Ay and § is witnessed. In case of
#40 240 and #40241, S does not perfectly match to this trend,
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Figure 11. Heat flux profiles measured with the IR-thermography at
the main target. \q and S are remapped to the OMP. The strikeline
position and the background heat flux (taken from the Eich-fit) are
subtracted from all profiles. The legend illustrates the order of
discharges by exploiting the achieved separatrix density, which is
normalised by the Greenwald density ngw (=~ 10?° m~>). In case of
the two lowest flattop fuelling cases being in dominating Type-I
ELM H-mode, only the Inter-ELM profiles are shown.

as the T, on the divertor target tile is slightly different as proven
by the LP measurements shown in figure 12 [69]. Even though
the low density cases represent only parts of the total power
reaching the target, still a reduction of the peak heat flux is
observed with increasing fuelling which is beneficial for the
ITER divertor peak heat flux limits. Ay increases by a factor
of 3, S by a factor of 2, whereas the peak heat flux is reduced
from ~ 8 MW m~2 to below 3 MW m~2 at maximum fuelling.
Combining this observation with the trend reported in [29],
one can conclude that an increase of o, seems to be associated
with a reduction of the parallel conductive transport to the tar-
get and a simultaneous reduction of the peak heat flux.

The evolution of Ay in QCE-phase follows the regression
introduced in [3] which suggests a correlation with 7 s, or
the separatrix pressure pe sp. Recent studies from TCV [16]
suggest rather a reasonable trend of \q with oy. These diverse
observations require an extension of the QCE scenario to fur-
ther devices, in order to provide further insights in the for ITER
beneficial \j-broadening.

The corresponding LP-measurements are provided in
figure 12. The LP profiles (jg (top), n. (middle) and T, (bot-
tom)) illustrate the evolution for By, = —2.45 T. The profiles
are ELM-filtered and along the divertor coordinate each probe
is median-averaged over a time interval of ~1 s. The error-
bars denote the standard deviation. The values from probes,
which are close to the strikeline, might be negatively affected
and have to be interpreted with care. The black vertical line
denotes the separation between Tile I (left side of the line)
and Tile 2 (right side of the line). For the first part of the
discussion, the focus is on Tile /. Starting with the bottom
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Figure 12. LP profiles for Bior = —2.45 T are ELM-filtered and
each probe along the divertor coordinate is median-averaged over a
time interval of ~ 1 s. The error-bars denote the standard deviation.
The plots illustrate the ion saturation current density jsa (top), the
electron density n. (middle) and the electron temperature 7,
(bottom) at the main target (7ile 1, left side of black vertical line)
and Tile 2 (right side of black vertical line).

panel, it can be observed that throughout the entire fuel-
ling scan the target 7. remains mostly constant for each dis-
charge configuration. The top panel visualizing jg,, observe an
increase of impinging particles, which is to be expected when
a density shoulder formation is aimed for.

The observations concluded from calorimetric measure-
ments are in contradiction to the heat flux derived from
LP measurements. As illustrated in figure 13, a continuous
increase of g with increasing fuelling can be observed. The
general form [70, 71] of the heat flux g, deduced from LP
measurements can be written as:

g1 = Ykin,i + gkin,e + Gret + Grefl- (14)

g can be decomposed into four contributions: the ion/elec-
tron heat flux gy, j, the recombination heat flux g, and the
reflected heat flux grri. The kinetic electron contribution ggin e
takes into account the impact of j, the electric current density
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Figure 13. Evolution of g from LP-measurements conducted at
Bior = —2.45T.

to the target, following [71]. For most applications assuming
T. = T; = T and j,; = 0, equation (14) can be simplified to:

5)

where 7y denotes the sheath heat transmission coefficient, Ee.
the sum of the ionization energy and the Franck—Condon dis-
sociation energy per recycled ion and I' the ambipolar ion
particle flux to the wall. v can be expressed as:

gL = ('YT"‘ Erec) F7

v = [4.85(1 —Rg) +2.15], (16)

using the numerical values reported in [70] and Rg being the
ion reflection coefficient. For most electron temperatures, Rg
can be set to 0.5 leading to a v~ 4.5. The prefactor Ry,
describing the fraction of ions reflected from the target as neut-
rals, which may have a considerable impact on ¢, for high-
recycling divertor conditions, which depends like Rg strongly
on T, presuming 7. = T;. This observation requires further
dedicated investigations which takes into account the proper
values of T, and T; separately.

The thermocouple measurements at the outer divertor
report on a reduction of the power reaching the divertor main
target (Tile 1) presuming the energy loads on the baffle tile
(Tile 2, right side of the black line figures 12 and 13) do not
dramatically change. The proof of this presumption can barely
be obtained, but checks with divertor LPs, IR and bolometry
supporting the presumptions can be done.

The top panel of figure 12 illustrates jg, which acts as a
simple proxy for impinging charged particles. For Tile 2 (right
side of the black vertical line) ji, remains on a low level
throughout the entire fuelling scan at By, = —2.45 T. The
extrapolation of the IR-fit profiles to cover Tile 2 in order to
assess the impact of the A\g-broadening leads to a similar con-
clusion. Parallel conductive heat flux is not transferred by -
broadening to Tile 2. Also checks with bolometric measure-
ments using the framework based on CHERAB and the GPT
model provide provide no clear trend of radiative energy loads
on Tile 2.
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Figure 14. Evolution of the density shoulder measured by the LIB
diagnostic for discharges conducted at Bior = —2.45 T. The change
of density in near- and far-SOL is solely caused by changing the
flattop fuelling level.

4.1. Quantification of the density shoulder amplitude in QCE
H-modes

As reported in [15], achieving high ne ., leads to a broaden-
ing of the e-folding temperature and density decay lengths ),
and A, together with the formation of a density shoulder. The
formation of a density shoulder is generally associated with an
enhancement of filamentary activities in the far-SOL [1, 14,
16, 19, 20] and a common characteristic of the QCE-regime
[1]. Figure 14 illustrates the evolution of the density in the
near- and far-SOL exploiting LIB-measurements for database
discharges conducted at By, = —2.45 T for which most LIB-
measurements are available. The change of density in near-
and far-SOL is solely caused by changing the flattop fuel-
ling level. The density in the SOL is normalized by ne sp. The
two vertical dashed lines denote the position of the separatrix
(ppol = 1.0) and the limiter tile surface (ppo1 = 1.1) at the mid-
plane. Throughout the database subset, a substantial variation
of the SOL density can be observed. At the highest normalized
SOL density, a saturation of the density amplitude appears.

To qualify the evolution of the density amplitude in the far-
SOL, a qualifier is exploited which has been introduced in
[18]. This procedure characterize the shoulder across the near-
and far-SOL range by the subsequent definition:

1.1
_ Ji0 edppol _ (ne)soL

Ne sep Appol

; a7

Ne sep

where 1. denotes the electron density in the SOL, ppo1 denotes
the normalized poloidal flux coordinate and App the integ-
ration range with the magnetic coordinate. LIB-measurements
which cover n, in the near- and far-SOL, are available for most
of the database discharges. The integration covers the range
from 1.0 to 1.1 of pp.

The values obtained with the qualifier defined in
equation (17) are visualized in figure 15 as solid markers.
It can be seen that with varying the flattop fuelling level,
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Figure 15. The density shoulder amplitude qualifier (solid markers)
is plotted against ai. Exceeding ai = 0.55, a saturation in the
qualifier can be observed. The markers with no face-color visualize
the evolution of e-folding density decay length A, obtained with the
edge TS with respect to a.

the density shoulder qualifier increases continuously until oy
exceeds ~ 0.55. Exceeding o ~ 0.55 leads to a saturation
of the density shoulder amplitude. The saturation threshold
in q is similar to the limit introduced in [3] classifying an
H-mode plasma into a Type-I ELMy H-mode and into a QCE
H-mode. This observation suggests that a fully formed density
shoulder might be connected with achieving a QCE H-mode
and is in agreement with the observations from TCV for QCE
H-modes observing also a saturation in the density shoulder
amplitude above a critical value in o [16].

Additionally, the e-folding decay length A, obtained with
the edge TS is plotted (markers with no face color) illustrat-
ing the behaviour of the near-SOL while forming the dens-
ity shoulder. A similar trend as for the density shoulder qual-
ifier is observed suggesting that the formation of the dens-
ity shoulder is not only correlated with the properties in the
far-SOL, but also still connected with the properties of the
near-SOL suspecting a dependence on separatrix quantities.
It is also important to note from figure 15 that despite the
increase of far SOL density, the general shape of the density
SOL profile is not substantially changed with a break between
near and far SOL approximately around p, ~ 1.015. This is
not actually an universal features since different profile evol-
ution is observed as density is increasing on TCV [16] or JET
[19] and clearly further multi-machine investigation is needed
to address this question but this topic is clearly beyond the
present manuscript.

Of interest might be the position of the breakpoint classi-
fying the SOL into near-a far-SOL. To determine the range of
the near-SOL, we cannot apply the power balance approach as
used for the edge TS. As reported in [72], the range between
the extreme values of V2n.-profile determine the near-SOL
range and is exploited for this analysis. The outer boundary
of the near-SOL range is also denoted as breakpoint Rpek-
The far-SOL range is therefore defined between the outer

~
~

boundary of the near-SOL range and the first wall PFC. The
latter position is fixed at Ry, = 2.177 m. To fit both ranges,
near- and far-SOL, an exponential fit function of the follow-
ing form is used:

fx)=a-e 9 44, (18)
For this database, the near- and far-SOL profile can be fitted
by the equation (18), respectively. Of rather importance might
be the position of the breakpoint. The breakpoint, which is
defined as the maximum-peak in the V2n.-profile is located
between 1.25 and 1.7 cm in front of the separatrix. The second-
ary separatrix is for this magnetic equilibrium between 2.15
and 2.6 cm in front of the primary separatrix.

The formation of a density shoulder is generally associated
with an increase of the neutral pressure in the SOL. Previous
studies at TCV [16, 18], at AUG [73] and at JET [19, 20] have
suspected the requirement of increased neutral pressure in the
divertor to achieve the formation of a density shoulder in the
far-SOL. On the other side, investigations in L-modes at TCV
[74] have suggested a major role played by midplane neutral
pressure.

Figure 16 illustrate the evolution of neutral pressure close
to the upper divertor (top) and in the lower divertor (bottom)
being measured below the roof baffle. Both measurements are
plotted against «y. The top plot indicate a clear correlation
between o and the upper divertor neutral pressure, whereas
the divertor neutral pressure increases with ¢y, but demands
a different dependence on gy /Bior indicating a missing con-
nection between separatrix and divertor conditions. The upper
divertor baratron provides high neutral pressure values which
might be affected by its close position to the upper divertor
and the localised radiation pattern in the upper divertor as dis-
cussed before.

The trends of both baratrons are in agreement with the
trends observed by the manometers measuring the neutral
flux density of the upper divertor and main chamber and the
manometer acqwuiring the neutral flux density in the roof
baffle.

5. The radial filamentary heat transport in high-é§
discharges

5.1. Determination of the flamentary heat flux using probe
measurements

Dedicated probe measurements were executed in most dis-
charges to derive the quantities describing the filament char-
acteristics. The derived quantities from both probe-heads can
also be used to determine the radial filamentary heat flux asso-
ciated to filaments. The expression describing this radial con-
vective transport, has been introduced in [53] and applied on
AUG high-density L-mode discharges:

i 5
g =i+ am = 5 e Ten
1 2
+5Ten [STia+m (e))’]. (9)
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Figure 16. Top: the neutral pressure measured close to the upper
divertor is plotted against c. A reasonable agreement is observable
indicating a connection between the turbulence activity at separatrix
and the neutral pressure in the SOL. Bottom: the neutral pressure
measured at the roof baffle is plotted against . A correlation with a
different dependence on ¢cy1/Bior is observed indicating a missing
connection between separatrix and divertor conditions.

The radial filamentary heat transport consists of an electron
ges™" and an ion contribution ¢}°f;. Contributions parallel
and perpendicular to the magnetic fields contribute to the
radial heat transport. The perpendicular contribution is given
by %Fr,ﬁ]’rjﬁl. The parallel contribution is deduced from the
inertia term in the energy conservation and only its ion con-
tribution is considered due to m. << m;. It is approximated
by %Fr,ﬁ]mi (csM”)z. As discussed in section 2.1, the RFA2
sweeping frequency at 5 kHz was not sufficient to estimate
T; fi1. The obtained values are averaged over filaments and rep-
resent the background ion temperature T; rra2 = T pg. In [53],
it has been reported that in high-density L-mode discharges
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Figure 17. Illustration of the range of T; fj ese Within its lower and
upper boundary given by Tj s from IDI and T; g from the RFA2.

T; g 1s in the range of T; pg. Given the lack of similar informa-
tion concerning H-mode, we are assuming that the ion temper-
ature relative fluctuation scales similarly to the electron one,
thus assuming:

T; i1
TiBG

Te i
= =, (20)
Te,BG

The values of the estimated filament ion temperature T; fij st
are illustrated in figure 17. The estimated values are within
the boundaries given by IDI-profiles based on CXRS-
measurements at the separatrix and given by the RFA2. The
magnitude at lowest oy representing Inter-ELM T; g is in
agreement with previous studies conducted at AUG exploit-
ing the RFA2 [48, 75, 76]. For higher oy, T; i1 es: tends to T sep.
However, no references for QCE-T; ; are known to compare
them with T‘i7ﬁ|’est.

Figure 18 provides an overview of the quantities derived
from the BPP measurements. This analysis excludes the eval-
uation of ELMs, as the acquired profiles were not sufficient
to deduce robust quantities from ELM-averaged I-V curves.
All quantities are plotted against ¢y. Furthermore, to estimate
ne G and n g following equation (8), the Ti-values of fila-
ments and background plasma introduced before are utilized.

The filament packing fraction fpg f;; which has been intro-
duced in equation (11) is illustrated in panel (c) and depends
on the quantities shown in panel (a) and (b). The continu-
ous increase of fpg g is triggered only by the growth of Vgegect,
which represents the number of detected filaments within a
certain time interval, whereas at the same time the correlation
time 7 reveals no substantial variations when QCE-filaments
start to dominate the SOL transport. As T is a proxy for the fil-
ament size (at least for the radial dimension assuming “frozen
turbulence hypothesis”), it additionally suggests that Inter-
ELM filaments are larger than QCE-filaments. Due to the lack
of poloidal velocity measurements, further conclusions cannot
be drawn.
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Figure 18. Overview of the filamentary quantities obtained with the BPP plotted against c: (a) the filament correlation time, (b) the
filament detection frequency, (c¢) filamentary packing fraction, (d) the filamentary radial velocity, (e) the filamentary electron density, (f) the
background electron density, (g) the filamentary electron temperature, () the background electron temperature, (i) the filamentary parallel

Mach number, (j) the filamentary particle flux.

Interestingly, the radial filament velocity v g at the first
wall shown in panel (d) is lower for QCE filaments than
for Inter-ELM filaments and also reveals only slight vari-
ations when the QCE-phase has been achieved. This seems
to be in contradiction to previous studies conducted in AUG
using the thermal Helium Beam diagnostic [13] and at TCV
using a reciprocating probe [16]. With respect to the dens-
ity shoulder observations discussed in section 4.1, it can
also be concluded that the mechanism behind the density
shoulder formation seems not to be linked to the far-SOL fil-
ament radial velocity v g, which is in contrast to previous
assumptions [77].

Together with the observations in panels (e) and (g) and in
figure 17 visualizing the filamentary electron density, electron
temperature and ion temperature, one can conclude that the
enhancement of convective transport is carried by more fre-
quently generated and denser filaments and not by an increase
of the ion or electron temperature. The two diamond red mark-
ers for ne s denote results where the Iy, fluctuation went
above the analog-to-digital converter resolution. As a con-
sequence, n g are for those two cases likely underestimated.

The two red crosses for T¢ r;; and Tgg denotes cases, where ¢¢
was somehow corrupted and the corresponding temperature
values are taken from the remaining discharge conducted at
Btor =-28T.

The evolution of M| is shown in panel (i). Its beha-
viour converging to O with increasing «; seems to be
in agreement with recent numerical GBS simulations at
TCV [78] realised for high-density L-mode discharges.
The sign of M| is negative meaning the parallel con-
tribution reaches the outer divertor. Following the defini-
tion of I'\f from equation (11) and illustrated in panel
(j), it can be concluded that the particle flux carries
mostly the enhancement of filamentary transport in high-§
discharges.

Figure 19 illustrate the evolution of the perpendicular, par-
allel and total heat flux associated with filaments. The trend
of the perpendicular filamentary heat flux ¢* shown in top
plot is dominated by I'; . The middle plét visualizes the
parallel contribution. Over the entire range, this contribution
is negligible. The bottom plot illustrates qi"%ﬂl as defined in
equation (19).
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Figure 19. Contributions to radial filamentary heat flux: Top: the
filamentary perpendicular heat flux, middle: the filamentary parallel
heat flux, bottom: the filamentary total heat flux.

total

5.2. Comparison of g, With qcalorimety

In the previous section, the convective heat flux associated
with filaments has been determined using probe measurements
which were performed close to the first wall. These results can
now be compared with the calorimetric results to estimate the
magnitude of the filamentary contribution to the total heat flux
reaching the first wall caused by particle transport. The aver-
aged heat flux reaching the first wall, gcalorimetry, Firstwall, €an
be estimated by:

Ecaiotimetry, FirstWall — ERad, FirstWall

gCalorimetry, First Wall = . 2D

Iplasma * AFirstWall

Ecalorimetry, Firstwall - denotes  the  calorimetrically acquired
energy of the 8 cooling units defining the first wall,
ERad, Firstwan the radiative energy reaching the first wall, #pjasma
the duration of the flattop phase of the respective discharge,
which is about ~ 6 s, and Afr;cwan the surface area of the
AUG first wall, which consists of the 4 ICRH antennas and
the 4 auxiliary limiters, is ~4.6 m?. The calorimetry can-
not differentiate the sources of energy loads on the PFCs.
Therefore, the workflow based on CHERAB and the GPT
model introduced in [35] is exploited in order to determ-
ine the incident radiation energy on the first wall. The term
(Ecalorimetry, First Wall — ERad, Firstwal) SUmmarizes the energy
loads on the first wall, which are caused by all particle trans-
port present in the SOL. The evolution of this quantity is
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Figure 20. The energy loads from the first wall without the
radiative energy loads are plotted against a.

shown in figure 20. Even after the subtraction of Eraqd, FirstWalls
areasonable trend is preserved covering the conclusion drawn
in figure 7 (top left). Remarkably, the regression matches
almost perfectly with the origin supporting the picture that
o may properly describe the turbulent activities close to the
separatrix.

Additionally, an averaged q;?;ﬁl’av has to be determined. As
filaments are of ballooning origin, they occur only around LFS
midplane, where the curvature of the plasma is unfavourable.
As the filamentary activity correspond to the position, it can
be assumed that the activities increase closer to the OMP at
z = 0.0 m reaching its maximum. ¢%' obtained at the MEM
position is at the OMP increased by the factor cos(7/6) fol-
lowing the argumentation in [53]. AS gcalorimetry, FirstWall COT-
responds to a poloidally averaged heat flux, q;?;ﬁl’mld must also
be poloidally averaged. The maximum poloidal angle 6, is
assumed to be 7/3 following [53] with respect to the pol-

oidal angle at the OMP as 6y = 0°. g°"™ is obtained by the

expression:
7/3  total,mid
totalay __ J—m/3 qr,fil cos (9) do ”»
4l = =73 . (22)

f—T(/3 do

The comparison between both heat fluxes are illustrated in
figure 21. The results suggest that filaments contribute up to
25 % to the total particle-related heat flux reaching the first
wall presuming T g es is in a realistic magnitude. Even at low-
est o corresponding to the filamentary activities of low dens-
ity H-modes, the filamentary contribution is non-negligible.
Furthermore, the case, where T, = T; has been assumed for
equation 8, is added as grey shaded markers, For this case,
the filaments would contribute up to 50% to the total heat-
flux reaching the first wall emphasizing the need of reliable
T;-values for studies at the first wall.
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Figure 21. Comparison between the averaged heat flux reaching the
first wall estimated by means of the AUG cooling water calorimetry
and the filamentary heat flux based on probe measurements. The
three dashed lines represent he case of 25 %—, 50 %—, 100%—
contribution of gr conv With respect to gcalorimetry, First wall- The colored
markers indicate the filament heatflux, for which T; g and T; s
from the RFA2 has been utilized in equation (8), whereas the grey
shaded markers illustrate the case, where Te = 7; has been assumed
for equation 8.

5.3. Estimation of the gross erosion at the AUG first wall

The availability of limiter probe measurements allows to
estimate the filament and background induced gross erosion at
the AUG first wall. The estimation of the gross erosion presen-
ted here is based on a simplified model introduced in [27, 42]
and does not cover all erosion processes (e.g. prompt redepos-
ition is not considered). The deduced values for the first wall
tile gross erosion represent the estimated gross erosion at the
position, where they have been acquired. They do not repres-
ent the gross erosion for the entire first wall. Following [27,
42, 52], the gross erosion can be expressed by:

> (23)

Egross = Cs, 1 "N+ Yyamamura 'fPF ! At/nPFC-
YYamamura denotes the Yamamura sputtering yield [79], nppc
the PFC material density, At the exposure time and fpr the
packing fraction. In contrast to the study in [27], fpr is con-
sidered for both contributions, background plasma and fila-
ments. The time period, which is not occupied by filaments,
is associated to the background contribution and is simply
obtained by subtracting fpr from 1. The exposure time At is
set to 31.5 - 10° s corresponding to a full year of plasma oper-
ation. For tungsten, npgc is set to 6.3 - 102 m—3.

The term % - Cs, 1 - Ne - fpp (dubbed I'imiter) denotes the per-
pendicular particle flux. The erosion on main chamber tiles is
carried by the perpendicular projection ¢ | of the ion speed
sound cg, which can be approximated by:

s, 1 R cs-sin(f), (24)

where (3 denotes the angle of the perpendicular velocity contri-
bution with respect to the total velocity contribution. [80, 81]

Figure 22. Illustration of the particle flux I'L jmiter reaching the
limiter.

suggest that such cross-field transport arises at shallow field
line inclinations. However, the inclination of the magnetic field
lines along limiter tiles varies with its position and is therefore
anon-constant parameter. For this simplified estimate, the cor-
responding angle 3 describing the perpendicular contributions
is supposed to be 2°. Cross-field transport seems to occur at
low field angle inclinations [80, 81]. Figure 22 illustrates the
evolution of I' iy, for the available probe measurements. The
background particle flux I'timiwr,BG increases stronger than the
filament particle flux I'imiter filament- A saturation of I't imiter,BG
is observed, when o« exceeds 0.55.

YYamamura describes the sputtering yield (‘number of PFC
atoms expelled per incident ion from the plasma’) follow-
ing the definition in [79] and is a non-linear function of the
electron and ion temperature. Yyamamura 1S based on the the
revised Bohdansky formula [82], which also takes into account
the angle o between the trajectory vector of the incident ion
and the PFC surface normal vector at the impact position. At
AUG, « is typically ~ 60° for D* [83]. Yyamamua can be
expressed as:

YYamamura (E0> 04) = YBohdansky (E07 a = OO) (COS 04) -

X eXp (ﬂl — (cos oz)_1 cos ozopt> , (25)

where Ej is the projectile energy and f and oo are used as fit-
ting parameters. For f and cop , the same values are used, 1.46
and 82.3°, respectively. The values correspond to the sputter-
ing of H on W. The determination of Y is based on results sum-
marized in [84]. To determine Yvyamamura, it 1S assumed that the
ions are Maxwellian distributed which leads to the following
expression for Ey:

E() = ZkBT] - ZeVS, (26)

where the first term denotes the approximated thermal energy
of ions and the second one the energy of a single ion with
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Figure 23. The sputtering yield Y on a tungsten surface for different
incident ion species (D, B*T and C**) is plotted against the ion
temperatures assuming 7; = 3 - Te. X- and y-axis use logarithmic
scale.

charge Z gained at the sheath potential drop Vs. Vs is negative
for floating conditions and can be written in terms of kg7, as:

)

where dsgg denotes the secondary electron emission
coefficient. At dsgg = 0, the ideal sheath potential is fore-
seen with Vg = 2.5kgT, /e, whereas at e.g dsgg = 0.775 V;
can drop to kg T, /e reducing the acceleration of the ions in the
sheath and consequently reducing the induced gross erosion.
Following [85], the range of T; suggests to set dsgg to 0.

In figure 23, the sputtering yields Y on tungsten for 3 spe-
cies assuming T; = 3 - T, are visualized: Dt, B** and C*t.
The latter impurity was used in [27]. Focusing on the case
with deuterium only (black line), one can see that ¥ becomes
only important for 7; above a threshold of 100 eV. This
threshold can only be exceeded by very hot filaments, which
is given only for a small subset of the available measure-
ments presupposing that Tj g et is in a realistic magnitude.
Sputtering yields of possible impurities, here B3t and C**,
become already important at lower 7;. For the cases presen-
ted here, the thresholds are around 10 eV. Just from the sput-
tering yields, one can conclude that neither a pure deuterium
background plasma nor filaments (excluding extremely hot fil-
aments) would cause any gross erosion on tungsten. Gross
erosion would only become important by the presence of
impurities in the far-SOL.

To fill up equation (23) with both contributions, the values
presented in figures 17, 18 and 23 are considered. To consider
impurities, Y must be weighted accordingly to their assumed
fractions in the plasma. The sputtering yield is weighted as
followed:
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Figure 24. The effective sputtering yield Y. according to the
definition in equation (28). Y.sr of background and of filaments are
shown for two impurity species: BT and C*.
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Figure 25. Estimated gross erosion for an exposure time A of one
burn year (24 h/7d operation) for AUG H-modes. Above oy ~ 0.55
achieving the QCE scenario, the gross erosion saturates. The gross
erosion is dominated by the background plasma associated to the
density shoulder. The contribution from filaments can be significant,
but they never dominate the total gross erosion. The y-axis uses a
logarithmic scale.

where Y; denotes the sputtering yield and »; the density of the
Jjth-species. n, represents the electron density of filaments or
background. Figure 24 illustrates Y.¢ for all available probe
measurements. The different Y. illustrate the contribution of
filaments and background for two impurity species suggested
before. Figure 25 illustrates the results for the gross erosion
induced solely by the background (circle markers) and by both
(square markers) for AUG operation conditions. At lowest
o, representing the inter-ELM phase of a Type-I ELMy H-
mode, the estimated erosion yields a magnitude of between
0.7 and 1.2 mm depending on the impurity species. The gross
erosion at lowest ¢ is dominated by the background plasma.
Filaments would only cause a gross erosion below 0.1 mm.
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With increasing o the estimated erosion increases continu-
ously until « exceeds 0.55, which is similar to the condition
to distinguish Type-I ELMy H-modes from QCE H-modes as
introduced in [3]. Exceeding this value, the gross erosion satur-
ates. The estimated erosion varies between 3.0 mm and 7.5 mm
depending on the impurity species. Even in this range of o, the
erosion is still dominated by the background plasma which is
consistent with previous observations summarized in [27] for
high-density L-modes AUG discharges. Replacing T; i) st by
T; sep o1 T; B, the contribution of filaments varies only slightly.
The wetted area exposed to the gross erosion can be approx-
imated by:

Ayetted = )\% N/ (sin(8)cos(¥)), (29)

where Ar denotes the particle flux decay length, N the num-
ber of ICRH limiter edges, which is 8, and ~ the inclination
between the parallel particle flux and the surface normal of the
ICRH edge tile, which is about 15°. /3 has already been intro-
duced describing the inclination of the particle flux along the
tile surface and is about 2°. Ar can be obtained from the MEM
measurements, which suggests a decay length between 0.5 and
1.0 cm. Here, a value of 0.75 cm is considered. Inserting these
values into the expression for Ayeweq Suggests a wetted area of
about 0.13 m?.

6. Summary

An extensive analysis of the SOL-profiles and of the heat flux
evolution in high-§ discharges in AUG have been presented.
The focus is on correlating SOL-profiles with the energy load
distribution. The database covers a large range of AUG density
operational space including as well variation of gy obtained
by changing B,. With increasing fuelling a gradual trans-
ition from Type-I ELMy H-mode to QCE H-mode has been
observed achieving simultaneously a broadening of upstream
SOL profiles and an energy load reduction at the outer divertor
target.

The qualification of the density shoulder amplitude reveals
a saturation whenever the QCE-phase is achieved. The satur-
ation occurs when oy exceeds ~ 0.5 which is the suggested
criterion being in the QCE-phase for AUG [3]. Near SOL \,
behaves similar to the density shoulder. At the same time, the
neutral pressure measured in the main chamber follows lin-
early oy, whereas the divertor neutral pressure is not uniform
with varying g¢s. This observation is also covered by neut-
ral flux measurements from manometers at similar poloidal
locations.

The evolution of the energy loads on non-divertor PFCs
throughout the entire scan follow linearly «,. Radiative recon-
structions implies a correlation between the radiation peak in
the upper divertor with an enhancement of filamentary trans-
port. The energy deposition on the upper divertor is mostly
caused by radiation. Furthermore, the extension of the first
wall energy loads to a set of AUG discharges preserves the
trend in the first wall energy load scaling.

The analysis of filament properties show a clear increase
of the particle flux I'; 5 with increasing cy. The variation is

caused by an increase of the filament detection frequency as
well as filament density. Both, electron and ion temperature,
reveal no substantial variation whenever the QCE-phase is
achieved. Leveraging on the work performed in [86] an invest-
igation of the impact of upper triangularity in setting heat and
particle convective filamentary transport will be performed, to
further elaborate the connection between the separatrix turbu-
lence level and the filament characteristics measured in the far-
SOL.

Significant tungsten gross erosion values are obtained due
to sputtering by impurity ions. The main source of gross
erosion is the elevated background plasma more than the fila-
ments themselves. The absolute magnitude of gross sputtering
depends on the considered impurity species and the inclination
of the magnetic field on the tile surface. For ITER, accurate
numerical studies facing the challenge of prompt redeposition
together with studies on the species mix and the wetted area
are demanded in order to predict the expected lifetime of the
ITER first wall.
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