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ARTICLE INFO ABSTRACT

Keywords: The search for scenarios in which tolerable power exhaust is combined with good confinement must involve
Power exhaust high separatrix densities. We present here the first infrared thermography measurements at ASDEX Upgrade
Scrape-off layer in a high density, high confinement H-mode regime in which no type-I ELMs are present. This regime was
Infrared thermography

formerly called type-II ELM or small ELM regime to distinguish it from type-I ELMs. We report on a broadening
of the power fall-off length in this regime of up to a factor of four compared to low density inter type-I ELM
conditions. This broadening is correlated to an increased filament detection rate as well as an increase in the
pressure close to the separatrix. The broadening of the fall-off length decreases the peak heat flux, while the

filaments lead to a quasi-continuous transport into the scrape-off layer and onto the divertor.

1. Introduction

Power exhaust is one of the key challenges on the route towards a
tokamak fusion reactor. The leading parameter to estimate the steady
state power load onto the divertor target is the width of the power
carrying layer outside the separatrix. The power carrying width is
characterised by an exponential fall-off length 4, in the scrape-off layer,
commonly inferred from infrared (IR) thermography measurements at
the divertor target [1]. An empirical ITPA-multi-machine approach
revealed the poloidal magnetic field at the outer mid-plane as leading
parameter setting Aq in H-mode [2]. One of the remarkable outcomes
was the absence of a machine size dependence, leading to a decrease of
the predicted A, towards larger machines like ITER due to their larger
magnetic fields.

A heuristic model based on (neo)-classical drifts is able to explain
the dependence on the poloidal magnetic field as well as the indepen-
dence of the machine size [3]. Recent gyro-kinetic simulations with
the XGC1 code using ITER parameters found a widening of 1, due
to electron turbulence dominating at high poloidal magnetic field and
large machine size [4].

The ITPA-multi-machine approach describes the power fall-off
length in H-mode between type-I edge localised modes (ELMs). These
type-I ELMs lead to transient power loads that are expected to reduce
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the life time of the first wall. This is why they need to be mitigated
in ITER [5] and have to be avoided completely for reactor-sized
devices [6]. Active tools to mitigate or suppress type-I ELMs as well
as alternative regimes are studied on many present-day machines.

A regime at high density in which no type-I ELMs are present exists
on ASDEX Upgrade at high triangularity, close-to-double-null [7,8]. It
combines a high plasma core performance (Hogy, = 0.9-1.0, 7, core
09ngw) with a high separatrix density (n.., =~ 0.4ngy), close to
a previously reported limit [9,10]. High separatrix density is a key
parameter in order to reach high radiative power losses and divertor
detachment [11,12]. In previous studies this regime was referred to
as small ELMs [13,14] or type-Il ELMs [7,8,15,16] to distinguish them
from type-I ELMs. We will use the term small ELMs to refer to previous
studies, but will otherwise not classify the phenomenon with the term
ELM due to the connotation with an MHD event affecting the complete
pedestal gradient region. We choose to call the regime quasi-continuous
exhaust (QCE) due to enhanced filamentary transport at the plasma
edge compared to inter type-I ELM phases. These filaments are linked
to a normalised pressure gradient close to the critical value of ideal
ballooning modes at the pedestal bottom [13] and also with a turbu-
lence control parameter [17]. Both are increased in the QCE regime
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since the separatrix density is increased leading to a higher pressure
and collisionality.

High separatrix density operation typically hampers IR thermogra-
phy measurements. On the one hand detachment processes modify the
direct link between divertor target profiles and scrape-off layer quan-
tities. On the other hand the ITER similar tungsten divertor in ASDEX
Upgrade with a vertical target poses diagnostics limitations. In order
to observe the vertical target with a high spatial resolution a toroidal
viewing geometry is chosen, increasing the path inside the cold plasma
region close to the X-point and along the divertor leg which increases
the disturbing impact of volume radiation such as bremsstrahlung. The
low emissivity of tungsten reduces the photon emission compared to
e.g. carbon, increasing the influence of the volume radiation.

In order to investigate the power fall-off length in the QCE regime
we report here on dedicated experiments using main chamber fuelling
and attached divertor conditions together with an increased safety
factor in order to reduce the amount of gas puff. This allowed for
the first time scrape-off layer power fall-off length estimations from IR
thermography in this regime.

The paper is organised as follows: Section 2 introduces the exper-
imental setup and presents first scrape-off layer power fall-off length
measurements by infrared thermography showing a broadening of the
power fall-off length in the QCE regime compared to inter type-I ELM
phases. The power fall-off length is compared to published scaling law
predictions in Section 3. Section 4 discusses the parallel and perpen-
dicular heat transport in the QCE regime and a link to an increase of
filament frequency and the scrape-off layer kinetic parameters in the
vicinity of the separatrix. A discussion and conclusions are provided in
Section 5.

2. Experimental setup

The ASDEX Upgrade discharge # 36165 was designed to allow IR
measurements at the outer target in a regime with increased fila-
mentary transport. Because these filaments appear at high separatrix
density and at high shaping, and because they can occur together with
type-I ELMs, the plasma is shaped early in the discharge with an upper
triangularity 6,, = 0.27 from 2.0s on. The density is increased step-
wise by gas puffing in the main chamber in an effort to minimise
bremsstrahlung in the field of view of the IR camera. The filaments
become increasingly frequent, first in between type-I ELMs, but from
5.0s on no type-I ELMs are present anymore.

Fig. 1 shows time traces of ASDEX Upgrade discharge # 36165. After
the initial plasma ramp-up, the discharge is stable from around 2.0s
up to 6.8s when the gas puff and heating power is ramped down.
The discharge is in a diverted lower single null configuration with
stable strike line position from around 1.8 s on which is needed to infer
reliable data from the IR system. The plasma current is /, = 0.8MA
and the toroidal magnetic field on the axis is B,,, = —2.5T leading to
an edge safety factor of go5 = 5.3. Constant additional heating power of
Pygr =5.0 MW from neutral beam injection (NBI) and Pgcry =2.75 MW
from central electron cyclotron resonance heating (ECRH) is applied.
The plasma radiation increases from P4 =3.0 MW to 4.0 MW due to
the step-wise increase of deuterium fuelling from the main chamber.
While a constant divertor fuelling of Dy, = 5.0 - 1021%1 is applied, the
main chamber gas flux is increased in steps of D,,;, = 5.0-10?! %1 uptoa
level of 20-10%! %l The core and edge densities taken from the DCN laser
interferometer [18] increase during the discharge. The scrape-off layer
currents measured at the outer target by shunts is shown as an ELM
monitor. The ELM amplitude decreases from 4.0s to 5.0s and type-I
ELMs vanish completely afterwards. The divertor electron temperature
T, inferred from these scrape-off layer currents [19] is chosen as
an indication for attached plasma conditions. For a partially detached
divertor Ty;, drops below 10eV [20] while it stays above 30eV in this
discharge. The temperature inferred from the scrape-off layer currents
might be overestimated in a highly shaped plasma because part of the
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current reaches the upper divertor, not considered for the estimate of
Tyy. Langmuir probe (LP) measurements indicate the target electron
temperature being around 15-20 eV. However, no LP data is available
at the location of the maximum heat flux making this a lower limit
of the peak temperature. From both estimates it is concluded that the
discharge is in an attached, high recycling divertor regime.

We report in detail on the divertor target power load profiles
in order to measure the scrape-off layer power fall-off length. The
power load is inferred from high resolution infrared thermography (IR)
data [21] using an implicit version [22] of the THEODOR code [23].
Fig. 2 shows divertor heat flux profiles at three different levels of
main chamber deuterium gas fuelling. At the lowest fuelling level the
profile is taken between type-I ELMs at 2.05s. During type-I ELMs non
thermal radiation causes exaggerated background heat flux leading to
a negative background in the inter-ELM phases in order to fulfil the
energy conservation within THEODOR, see e.g. [24]. This negative heat
flux is in the order of 1@ and subtracted for the profile analysis. At
medium and high fuelling levels no type-I ELMs are present and the
profile is averaged over filaments reaching the divertor at 5.05s and
6.05s, respectively. The IR frame rate was 1.5kHz and the averaging
is performed over 10 profiles (6.6 ms) for all three profiles. The com-
parison of these heat flux profiles leaves out the impact of type-I ELMs,
which broaden the energy deposition but are extrapolated to violate
the transient damage limit in ITER. Therefore, the profiles of medium
and high fuelling rate contain the total energy during the given plasma
period, as no type-I ELMs are cut out, and yet the peak is reduced
because of the broadening. The inter ELM profile at low fuelling level
is in line with the ITPA-multi-machine scaling law [2]

Ay = 0.63 - Booy onip- )

With increasing fuelling the power fall-off length increases signifi-
cantly, up to a factor four within this discharge. As described in
Section 4 and [25] this increase in filamentary transport comes along
with both, an increase in filament frequency and radial propagation
velocity.

One concern about a broad scrape-off layer and filamentary trans-
port are power loads onto the first wall outside the divertor region.
This can be estimated by a power balance. The loss channels that
we take into account are radiative power losses from bolometric re-
constructions [26], divided into main chamber and divertor radiation,
and power flux onto the divertor from IR thermography observing the
lower outer divertor and the complete upper divertor.> The power load
onto the lower inner divertor is not captured by IR thermography.
However, this contribution is assumed to be small due to the high
density leading to a detachment of the inner divertor in typical ASDEX
Upgrade discharges.

Fig. 3 shows the power balance for # 36165. All contributions are
normalised to the net input power, accounting for changes in stored
energy, NBI charge exchange losses as well as NBI losses in the scrape-
off layer. The data is ELM averaged by a mean filter of 0.2s. It can
be seen that the main chamber radiation increases only slightly. This
is in line with an increasing fuelling and a low effective charge in
the confined plasma region. Impurity accumulation is not observed.
Such conditions are commonly observed in the QCE regime showing
that the absence of impurity outflow by type-I ELMs is compensated
by filamentary transport. The radiation in the lower divertor volume
increases with increasing fuelling. Simultaneously, the power reaching
the lower outer divertor decreases. The power reaching the upper
divertor increases, especially after the transition to the type-I ELM
free phase after 5s. Since the upper divertor is not connected to the
main plasma the enhanced power load is a sign of increased cross-
field transport leading to a widening of A;. The radial distance between
the separatrices from the upper and lower X-points mapped to the

3 For viewing geometry see Fig. 1 of [27].
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Fig. 1. Time traces of ASDEX Upgrade discharge # 36165. The first panel shows plasma current 7, (black) and stored energy Wyyp (red). The second panel shows core (black)
and edge (red) density measured with the DCN interferometer. The scrape-off layer current measured at the outer divertor target represents an ELM monitor and is shown in the
third panel. Heating power from NBI (black) and ECRH (blue) together with the total radiated power P, are shown in the fourth panel. The lowest panel shows the gas fuelling
from divertor (black) and main chamber (magenta) gas valves. Marked are in colour the time points used for the three profiles in Fig. 2 (right).
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Fig. 2. (left) Measured power fall-off lengths A, for low (red), medium (blue) and high (green) fuelling are compared to data from the ITPA-multi-machine data base (grey) which
was obtained in inter-ELM phases. (right) Measured heat flux profiles, with the low fuelling case being inter-type-I ELM, whereas in the medium and high fuelling phases no type-I
ELMs were present. The values for the measured 4, and divertor broadening S is extracted from the fit with a flux expansion f =3.9 from the magnetic reconstruction. For the
low fuelling inter-ELM profile a negative background heat flux of 1.3’:[“—‘2' is subtracted. The profiles are taken at 2.05s, 5.05s and 6.05s, also marked in Fig. 1 lowest panel.

outer mid-plane (OMP) is 19 mm. The increase of Aq from around power balance accounts for about 80% of the input power. In ASDEX

2.5 mm to 10 mm causes an increased fraction of the power reaching Upgrade discharges with high impurity seeding and detached divertor,

the upper divertor in the QCE phases as well as during type-I ELMs. The the radiated power accounts for up to 90% of the net input power [28].



M. Faitsch et al.

ASDEX Upgrade
1.2

Py, 10w
Pdiv, up

# 36165 | Prad,main
1.0 L Prad,div

1 2 3 4 5 6 7
Time (s)

Fig. 3. Power balance for # 36165. The power is normalised to the net input power.
The radiated power is divided into main chamber radiation above the lower X-

point (P, m,n) and divertor power below the lower X-point (P, 4,) from bolometric

reconstruction. The divertor power is calculated with IR thermography for the lower
outer divertor target (Py,,) and the complete upper divertor (P, ). The lower inner
divertor is not monitored in the given plasma shape.

Here we focus on relative changes, showing a constant output power
combining radiation and IR measured power onto the lower outer and
the upper divertor. We conclude from this that no significant filament
related heat flux to the first wall is present in this discharge, despite
the widening of A;. However, there are indications from temperature
measurements of components of the thermal helium beam (THB) diag-
nostics [29] that an increased power load is present in remote areas at
the low field side mid-plane. The absolute magnitude of the first wall
power load needs further investigations, but it is small compared to the
power reaching the divertor targets.

3. Comparison of measured scrape-off layer broadening with scal-
ing law predictions

Recent studies have shown that the power fall-off length is anti-
correlated to confinement in L-mode, I-mode and in between type-I
edge localised modes (ELMs) in H-mode [30-33]. In this context it is
noteworthy that the poloidal magnetic field B, dependence of the 4,
scaling Eq. (1) is inverse to that of the energy confinement scaling for

ITER [34]
Tp & BpolP_O'7 (2)

with P being the heating power. Fig. 4 shows in black the temporal
evolution of the pressure taken at p,, = 0.95 from the integrated
data analysis (IDA) framework [35] as representation of the pedestal
top electron pressure p, .. It can be seen that p ., does not vary
significantly, although it decreases slightly after 5.0s, the time point
after which type-I ELMs are no longer present. Additionally, the energy
confinement time normalised to three different H-mode confinement
scalings is shown, expressed in the H-factors Hyg » [34] (red), Hy, [36]
(magenta) and H,, [37] (cyan). Although it was shown in [38] that
Hyg \, is inappropriate for very high Greenwald fractions [39] of ngw >
0.8, it is commonly used. The main difference between the scaling laws
is a reduced exponent in the density dependence of the two newer
scaling laws compared to Hyg ,,. All three energy confinement factors
start with a value of around 1.0 in this discharge. Due to the rising
density the scaling factors deviate in the later phase, however, showing
a very similar trend. After 5.0s all exhibit a drop of around 10% when
transitioning to the phase without type-I ELMs. It has to be noted that
this discharge has a high core collisionality whereas we expect higher
temperatures and therefore low core collisionality in a larger machine
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Fig. 4. Temporal evolution of power fall-off length 4, (blue), pedestal top pres-
sure (black) and three different energy confinement factors: Hyg\p (red) [34]1, Hy
(magenta) [36] and H,, (light blue) [37].

and, thus, extrapolations of the confinement time have to be taken
with great care. The power fall-off length increases continuously as
shown in blue. Only inter-ELM 4, values are used between 2.0s and
4.2s and a moving mean filter with 30 time points is applied. ELMs
are too frequent to reliably filter them after 4.2s in the IR data and
no type-I ELMs are present after 5.0s. The increased fluctuation in
the measured 4, value in the time window between 4.2s and 5.0s
is attributed to the presence of ELMs leading to a larger variation in
divertor target power load. A moving mean filter with 50 time points
(33 ms) is applied for data after 4.2s. The increase of the power fall-
off length is gradual and does not set in after the type-I ELMs vanish.
The gradual increase is in line with previous studies showing that small
ELMs can co-exist with type-I ELMs and finally suppress type-I ELMs as
they cause sufficient transport to tailor the pedestal shape in a way that
the peeling-ballooning stability boundary is not reached [13].

For the power fall-off length various scaling expressions were pub-
lished in recent years. However, most of them are from measurements
in plasma discharges with low separatrix density, i.e. either in inter
type-I ELM H-mode conditions or a combination of multiple confine-
ment regimes. Fig. 5 shows the measured 4, together with selected
scaling law predictions which are for ASDEX Upgrade and JET ([1],
Eich2011 in cyan) and the ITPA-multi-machine data base (Eq. (1),
ITPA2013 in red). Both scaling laws use global plasma parameters
which are constant in this discharge. They are able to describe the low
gas puff, inter type-I ELM A, value taken at around 2.0s. The increase
of 44 is not recovered. Additionally, two scaling laws using the vol-
ume averaged pressure [30] (Brunner2018 in yellow) and the pedestal
pressure [32] (Silvagni2020 in black) are shown. As shown in Fig. 4
the pedestal pressure is not changing significantly in this discharge.
Therefore also the scaling laws predict constant values throughout the
discharge, which are below the measured 4, values already in the low
fuelling phase.

A recent extension of the ITPA-multi-machine scaling law obtained
from Thomson scattering (TS, [40]) measurements yields [17]

Aqoc

S(1+2.1a}7) 3)
pol

It scales with B, similar to Eq. (1) but has an additional term with a

turbulence parameter «,, defined in Eq. 12 of [17]

n
- -18 e.sep
a = 3-10 qclegco_

5 Zett- 4

e,sep

With the relation 4, = %}qe from Spitzer-Harm electron heat con-
duction which was shown to match in ASDEX Upgrade for regimes
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Fig. 5. Temporal evolution of power fall-off length 4, (blue) and scaling law pre-
dictions: Silvagni2020 (black) [32], Brunner2018 (yellow) [30], ITPA2013 (red) [2],
Eich2011 (cyan) [1] and Eich2020 (green) [17].

in which both measurements are available [27,32,41]. The electron
temperature fall-off length is calculated using an exponential fit to
the TS data around the separatrix including the profile just inside the
separatrix as described in [17]. Scaling law Eq. (3) (Eich2020 in green)
predicts a broadening of 4 in this discharge. However, the magnitude
of the broadening is significantly lower than the measured one. The
broadening can be attributed to «, which is used as a measure of the
turbulence level around the separatrix [17]. Generally, an increase of «;
is correlated to a reduction in Hegy, [17], which can also be observed
in the presented discharge.

A recent numerical study with the gyro-kinetic XGC1 code predicts
for ITER parameters a 4, a factor of around five wider than the ITPA-
multi-machine scaling prediction [4]. The increase of 4, reported here
for the QCE regime is in a similar range with separatrix and scrape-
off layer collisionality and density similar to the expected parameter
for ITER. In the investigated ASDEX Upgrade discharges the origin of
the filaments is identified to be close to the separatrix at the pedestal
bottom [13]. So far, XCG1 simulations for medium-sized tokamaks
with relative high collisionality at the pedestal top and the moderate
temperature compared to ITER produced 4, values not much above a
poloidal gyro-radius scaling (see also [3]). However, a comparison of
the reported experimental findings from ASDEX Upgrade to simulations
of such conditions with XGC1 is of major interest for the challenge of
power exhaust.

4. Origin of scrape-off layer broadening

To shed light on the origin of the A, broadening we investigate
here the properties of the parallel and perpendicular heat transport in
the scrape-off layer. Simultaneous measurements of divertor heat flux
by IR thermography and electron kinetic profiles at the OMP by TS
in attached L-mode and inter type-I ELM H-mode in ASDEX Upgrade
demonstrated that the parallel heat transport is dominated by Spitzer—
Héarm electron heat conduction in these regimes [27,41]. In regimes
with increased filamentary transport the importance of convection and
ion heat conduction is increased [42]. To test whether not only changes
in perpendicular transport but also in parallel transport are responsible
for the broadening of the power fall-off length, we study target profiles
and mid-plane profiles in more detail. Fig. 6 shows target heat flux from
LPs (crosses with error bars) compared to the fitted profiles of the heat
flux from IR (solid lines, profiles shown in the right figure of Fig. 2).
The LP data is obtained by triple probes with a data acquisition at
around 25 kHz, resolving single filaments in the QCE regime. The heat
flux is calculated as shown in [43] assuming equal ion and electron
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Fig. 6. Heat flux profiles from LP averaged for 400 ms with type-I ELMs being
removed. The large error-bar in the red data point around 0 mm originates in the probe
being very close to the strike line position leading to a large variation of impinging
heat flux with small variations in the strike line position. The probe closest to the
strike line in the high fuelling time interval (green) is saturated during filaments and
is excluded. The solid lines represent the heat flux profiles from IR.

temperature at the target. The LP heat flux is consistent with the IR
based profiles, leading to the conclusion that the ratio of electron to
ion heat transport at the divertor target does not significantly change
with the disappearance of the type-I ELMs. However, no strike line
sweep was performed leading to a poor spatial resolution of the LP data
missing a crucial part around the heat flux peak from IR. Nevertheless,
the broadening of the target heat flux profile is clearly observed also
in the heat flux measured by LPs.

To further investigate the parallel heat transport we compare the
temperature profile from TS and the corresponding electron temper-
ature fall-off length with the power fall-off length from IR. The QCE
regime is characterised by enhanced filament activity. Filaments in the
scrape-off layer are linked to a so called density shoulder, in which the
density in the far scrape-off layer has a flatter gradient than the near
scrape-off layer decay [44].

Fig. 7 shows the electron kinetic profiles for # 36165 for the con-
stant fuelling phase with no type-I ELMs between 5.0s and 5.8s in
which the confinement time does not show a degradation. The grey dots
represent the individual time points whereas the solid black line is a
median filtered profile from 10 neighbouring radial positions. The hor-
izontal black line in the left picture represents the separatrix electron
temperature estimation using Spitzer-Harm electron heat conduction
and two-thirds of Py, going to the outer target. The determination
of the separatrix position can robustly be estimated if Spitzer-Harm
electron heat conduction is dominant due to the strong temperature
dependence [17,41,45]. The blue and red lines represent exponential
fits performed in the corresponding intervals. The blue line represents
the fit inside the separatrix, similar as done in [17]. In this region also
a linear fit can be used [46]. In recent studies it was shown that the
electron temperature gradient just inside the separatrix and in the near
scrape-off layer are very similar in many regimes [17,32]. Due to the
pedestal width varying only slightly, the similarity of the gradients just
inside and just outside the separatrix is linked to a correlation between
4q or Ap_ in the near scrape-off layer with the pedestal top pressure
as shown in [32,33]. Exceptions of the correlation between pedestal
top pressure and near scrape-off layer fall-off length are reported when
nitrogen seeding is used in ASDEX Upgrade [47]. As can be seen in
Fig. 7 (left) the similarity between the pedestal gradient (Ar.;,) and
the scrape-off layer gradient (Ar,) is broken for the QCE regime,
which is beneficial for keeping the high confinement simultaneously
with a broad scrape-off layer. This is not observed in studies using
L, I and H-mode [30,32] or H-mode [33] where a broadening of the
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Fig. 7. Thomson scattering profiles for # 36165 in the QCE regime of the electron temperate (left) and density (right). The grey dots show individual time points whereas the
black lines represent a median filtered profile. The separatrix temperature is indicated with a horizontal line calculated from the IR power load. Exponential fits for inside (blue)
and outside (red) data are shown for the temperature profile. The density profile is fitted with one exponential function up to 2.16 m (green).

scrape-off layer power fall-off length is linked to a loss of confinement
by a reduction in pedestal top pressure. Furthermore, the near scrape-
off layer Ar, and the A, are in line with Spitzer-Harm electron heat
conduction. Interestingly, using the TS fitting as in [17] that leads
to the scaling law as used in Eq. (3) the gradient length inside the
separatrix is obtained. This might explain why the scaling law is not
able to describe the broadening of power fall-off length 4, since the link
Aein = Ateou = 3.5+ Aq is broken in the QCE regime. Future studies are
needed to investigate the conditions leading to the deviation between
the two gradient lengths. In recent studies it was hypothesised that
either the same mechanism (or co-dependence on e.g. B,,) sets both
gradient lengths or that the inside gradient is the drive for the outside
gradient [32,33]. Following this argumentation, the QCE regime might
have a second drive for the scrape-off layer that is not acting on the
pedestal top. This second drive is in line with the idea that ballooning
modes very close to the pedestal bottom lead to enhanced transport
without degrading the pedestal top. The broader profile leads then
to a reduction of separatrix electron temperature T, ., from typically
close to 100 eV for ASDEX Upgrade H-mode to around 75 eV assuming
Spitzer—Hérm electron heat conduction and two-thirds of Py going to
the outer target. This is consistent with using the parallel heat flux at
the separatrix at the X-point deduced from the fit to the IR based heat
flux profile. The lower temperature leads to a reduction of the Spitzer—
Hérm electron heat conduction increasing the effect of perpendicular
transport further.

Fig. 7 (right) shows the density profile. The separatrix density is
esep ® 4+ 1019m™ or n . & 0.4 - ngy, close to a previously reported
limit [9,10]. The density in the scrape-off layer flattens significantly
to around 2 - 101 m~3, a clear sign of a density shoulder. A concern
about the formation of the density shoulder are increased power loads
on plasma facing components outside the divertor region. However,
no significant temporal evolution of the power balance is observed,
as discussed above. This hints towards first wall losses being small
compared to the divertor power load in this discharge.

A more quantitative description of the perpendicular heat transport
in the scrape-off layer, especially the interplay between steady state and
filamentary transport was reported for L-mode [42]. Fig. 8 shows the
temporal evolution of the power fall-off length A, the turbulence pa-
rameter «, and the filament frequency fjj,ment- All three are normalised
to the respective values at 4.98s (fyjjumen = 2021 Hz, 4, =7.46 mm and
a, = 0.47). It is speculated that a higher value of ¢, is linked to stronger
turbulent activity as well as to a more ballooning unstable region inside
the confined region close to the separatrix [17]. This region expels
filaments into the scrape-off layer as can be seen by the increased detec-
tion rate of filaments in the far scrape-off layer measured by a thermal

n
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— ffilament
1.4{ == Aq
- # 36165
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Fig. 8. Normalised filament frequency from THB (far SOL), turbulence parameter from
TS (at separatrix, just inside) and power fall-off length (near SOL) from IR show all
increase in similar way.

helium beam (THB) (see [25] for further details). Furthermore, close to
the separatrix the THB measures broadband activity around 40 kHz also
seen in ECE and Doppler reflectometry measurements in the confined
region close to the separatrix that might be linked to such modes [8].
The radial convection of filaments was already investigated in the
formation of the so called density shoulder at ASDEX Upgrade [44],
a feature that is also present in this discharge and commonly observed
in the QCE regime.

5. Discussion and conclusions

The absence of large scale transients due to the prevention of type-
I ELMs without significant loss of confinement makes the QCE regime
an attractive alternative reactor scenario. The operational space at high
separatrix density and high shaping will be relevant also for next step
devices like ITER.

We have shown that the power fall-off length increases up to a factor
of four compared to the inter type-I ELM H-mode regime used for the
ITPA-multi-machine scaling law. Such a broadening without degraded
confinement is so far uniquely observed in the QCE regime. The broad-
ened scrape-off layer not only reduces the peak power load in attached
conditions. Together with high separatrix density models [12,48,49]
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indicate that detachment can be reached already at reduced impurity
concentrations.

The parallel heat transport in the QCE regime is in line with Spitzer—
Hérm electron heat conduction. The broadening of 4, is linked to an
increased filament frequency and radial propagation velocity, as well
as a higher pressure close to the separatrix. Our hypothesis is that
the higher pressure leads to ballooning modes being more unstable
expelling more filaments into the scrape-off layer. The filaments trans-
port particles and heat further into the scrape-off layer where they
cool through Spitzer-Harm electron heat conduction. Future work will
analyse the parallel transport on a time scale faster than of the filaments
using e.g. the THB. This will allow to address the fluctuation amplitude
as well as the non-linear processes between temperature and heat flux.
The formation of a density shoulder in the QCE regime gives further
evidence of the enhanced perpendicular transport.

An open point for power exhaust in the QCE regime is the inte-
gration of a detached divertor. Although the filaments appear as a
quasi-continuous flux towards the divertor, single filaments lead locally
to enhanced temperature and particle flux. The interaction between
the filaments and detachment induced by impurity seeding is focus of
future studies.

Regarding the extrapolation of the QCE regime to future larger
devices we can consider the following: (i) the collisionality at the
separatrix is very similar and so is the turbulence parameter ay. (ii)
The instability of ballooning modes can be analysed only with non-
linear resistive modelling. (iii) The size of filaments can result from
such modelling efforts. Only if all these ingredients are available it
can be estimated whether the larger divertor volume with its increased
buffering capability can tolerate the filamentary heat flux.
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