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ARTICLE INFO ABSTRACT

Keywords: A set of dedicated shots with constant heating power combining NBI (Neutral Beam Injection) and ECRH
ASDEX Upgrade (Electron Cyclotron Resonance Heating) have been executed at the ASDEX Upgrade (AUG) tokamak using
Calorimetric measurements a highly shaped small ELM magnetic geometry in order to investigate the differences on heat loads at the
QCE regime

first wall of AUG by means of the revised cooling water calorimetry. The flattop fuelling has been varied on
a shot-to-shot basis while keeping constant all the other parameters, exploring a large range of the density
operational space of AUG. Reducing the fuelling rate allows a gradual transition from small ELM regime at
high density into a Type-I ELMy H-mode. Additionally, the safety factor g has been increased/decreased by
changing B,,,, which leads also to variations in the heating scheme. With the lowest flattop fuelling, reaching a
Type-I ELMy H-mode, a fraction of ~ 6% of calorimetrically captured energy loads at the first wall normalized
against the entire calorimetrically captured energy has been recorded, whereas in the highest fuelling case,
being in a small ELM scenario, the first wall heat loads are increased up to 16%. Considering all cases reveals
an almost linear trend between the fraction of energy deposited at the first wall and the turbulence control
parameter a,. This observation is consistent with an enhancement of the filamentary activity at higher «,, when
the plasma turbulence is dominated by resistive interchange modes at the separatrix.

Power Exhaust

1. Introduction Several scenarios which attempt to handle the power exhaust chal-
lenge by exploiting different approaches are under investigations. One

The proper handling of the power exhaust reaching the plasma- of those candidates is the so-called ’Quasi-Continuous-Exhaust’ (QCE)

facing components (PFCs), in particular of the divertor region, rep-
resents one of the major difficulties in view of the commercial ex-
ploitation of a possible fusion reactor. The standard parameter used
to determine the steady state heat loads on the divertor tiles is the
exponential decay length Aq [1], which is obtained by infrared (IR)
thermography measurements at the outer target. This parameter de-
scribes the width of the power-carrying layer outside the separatrix.
An empirical ITPA multi-machine scaling obtained in attached condi-
tions [2] predict an inter-ELM value of Aq for ITER of ~ 1 mm leading to
new challenges for PFC materials. Furthermore, the transient heat loads
on the first wall caused by Type-I ELMs [3] will reduce the lifetime of
first wall PFCs and has to be controlled by mitigation or suppression in
ITER [4-6] and avoided in any future fusion reactors [7].
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regime [8]. This scenario combines high plasma core density (close
to 1.0 ngw [91) and high separatrix density (up to 0.6 ngy with
gas fuelling only) at high triangularity, close to double-null shaping.
Beside the relevance of high ng g, in order to achieve high radiative
losses and divertor detachment which is needed to reduce peak heat
fluxes and surface erosion on PCFs [10], it plays a key role to reach
plasma boundaries in which Type-I ELMs are replaced by smaller
ELMs. Due to the presence of an enhanced filamentary transport, a
broadening of the 4, is observed with an increased energy deposition
outside the divertor [8,11,12]. A previous study has indicated that an
increased heat load deposition at the upper divertor is observed with
IR measurements [8]. Heat load measurements on further non-divertor
components are still pending.
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Fig. 1. Left: Poloidal cross section of the ASDEX Upgrade tokamak indicating the coverage of the cooling units (indicated as red/black labels) available through the revised
cooling water calorimetry and the thermocouples. The calorimetry provides an almost perfect toroidal and poloidal coverage of the AUG in-vessel components. Each purple marker
indicates one thermocouple providing a poloidal coverage of the lower/upper divertor in single segments of AUG. The small ELM equilibrium shown in the left plot is used for
the entire database presented in this study. Right: Close-up of the outer divertor with the reference equilibrium. The positions of the thermocouples available at the lower target

are indicated. The main outer target is labelled as ’Tile 1’ and the additional row of tiles in
colour in this figure legend, the reader is referred to the web version of this article.)

This scenario combines features that could be of interest for ITER
or future fusion reactors. However, to date, the extent of first-wall
heat loads due to the enhanced filamentary transport is not known
yet, which may lead to new challenges for the PFC material of non-
divertor components in the worst-case scenario. It is known from
previous works in L-modes at AUG [13] that filamentary transport
may carry a significant amount of energy, leading to increased energy
deposition on non-divertor components. Until now, reliable calori-
metric measurements of the first wall, or to be more general, of all
in-vessel components have been missing. The IR thermography, which
is typically used to measure heat fluxes at outer targets, has limited
applicability at the first wall. A first attempt with IR-measurements
was made in AUG with carbon walls in 2004 to estimate heat loads
on non-divertor components [14]. In a low-density ELMy H-mode, it
was estimated that about 5% of the heat loads were found at the first
wall of AUG.

In order to measure these heat loads at non-divertor components,
two outdated calorimetric diagnostics available at AUG have been
completely revised and recommissioned [15,16]. The cooling water
calorimetry (KWK) provides measurements on almost all AUG in-
vessel components. In addition, the lower and upper divertor tiles
are equipped with thermocouples, which covers poloidally the entire
upper/lower divertor in individual segments and provides tile-resolved
heat distributions. The aim of this work is to measure the first wall
heat load of discharges with dedicated boundaries and to report on the
dependence of the first wall heat loads on separatrix conditions.

The paper is structured as follow: in Section 2, the two main
calorimetric diagnostics and the experimental setup of the executed
shots are briefly introduced. In Section 3, the calorimetric results of
the dedicated database is shown and results on scaling the the first wall
heat loads in AUG are presented. Section 4 contains the summary and
the next steps.

2. Experimental setup for scaling the first wall heat loads
2.1. Latest calorimetric diagnostics available at AUG

For the determination of the heat loads on any PCFs, the revised
cooling water calorimetry of AUG has been used. The calorimetry is

the lower outer divertor is labelled as 'Tile 2’. (For interpretation of the references to

based on the extensive AUG cooling system covering the entire machine
and provides an almost perfect toroidal and poloidal coverage of all in-
vessel components in AUG. In this system certain areas are cumulated
into so-called “cooling units” and are the smallest spatial units to
resolve heat loads. It can resolve the heat shield, upper inner/outer
divertor and the lower inner/outer divertor in all 16 toroidal segments.
These cooling units are indicated as red labels in Fig. 1 (left) and in
sum 80 cooling units are available. The ICRH (Ion Cyclotron Resonance
Heating) antennas and auxiliary limiters adjacent to the NBI ducts are
also connected to the cooling systems, and each component provides
individual heat load measurements. These cooling units in the limiter
are indicated as black labels in Fig. 1 (left) and are in sum 8 cooling
units. In sum, 88 cooling units are available through the AUG cooling
water calorimetry. In order to determine the acquired heat loads per
cooling unit Q, one has to solve the formula as given in Ref. [17]:

13
0= m/ ’ ATcpdt, 1
n

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, c, is the heat capacity of the cooling water and the time
interval [11,1,] covers the full excursion of the relative temperature pro-
file AT. The discharge duration of an AUG experiment has a maximum
of 10 s, which is much smaller than the heat conduction time for the
in-vessel components, which only allows to measure the temperature
signals during the cooling-down phase. Due to this and according to
Eq. (1) Q is time-integrated and no real-time data is available.

As an additional calorimetric diagnostic, the extensive wall ther-
mometry of AUG [17] is used in order to increase the spatial resolution
for calorimetric measurements. It consists of 94 thermocouples cov-
ering poloidally important areas of in-vessel components, mainly the
lower (segments 4, 8, 10 and 13) and upper divertor (segments 4 and
13). In the AUG tokamak, one tile is equipped with one thermocouple,
except for the full tungsten tiles in the lower outer divertor. In this
case, two thermocouples are installed in one tile. For the calorimetric
evaluation, the mean value of these two profiles is used, like it is done
in Ref. [18]. The calorimetric evaluation of the AUG thermocouples
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Fig. 2. Experimental time traces of relevant plasma parameters of AUG discharge
#39231. Panel (a) presents the plasma current Ip(black), Wymp(blue) and gg5(green).
Panel (b) presents the heating scheme combining NBI(black) and ECRH(green) in X2-
mode at B, =—2.45T. For B, =—1.8T, the ECRH contribution is switched to X3-mode,
whereas for B, =-2.8T the ECRH contribution is replaced by one additional NBI
source. Radiation losses P, 4(red) are calculated by BPT [21]. In panel (c), the line-
integrated density of core(black) and edge(blue) is shown. The total fuelling rate D,
is also added. Panel (d) presents the traces of R, the strikeline position at the outer
target S, and the upper triangularity &,. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

is based on the approach described in Ref. [18], but adjusted for the
boundaries given in the AUG tokamak and allows to calculate the
thermal energy stored in the tile according to formula

0 = mye / cp(T)dT., )

where mg is the mass of the tile, ¢,(T) is the temperature-dependent
heat capacity and the boundaries of the integral define the temperature
rise. Fit formulae for the temperature-dependent heat capacities are
taken from results in Refs. [19,20]. As the so-called ’tile calorimetry’
approach requires thermal equilibrium, and according to Eq. (2) Q is
time-integrated, no real-time data is available.

2.2. Experimental setup of the small-ELM database

Two calorimetric diagnostics, which are able to measure heat loads
on any PFCs of AUG, have been briefly introduced. The boundaries
caused by the calorimetric diagnostics lead to a specific discharge
configuration and database. In order to be able to align the measured
heat loads to dedicated plasma parameters, each discharge is kept as
constant as possible during its execution. All shots, which have been
executed for this study, have the same magnetic equilibrium with high
upper triangularity 6, (close to double-null). The shape can be seen
in Fig. 1 (left). From Fig. 2 panel (d), one can see the traces of R,
(R-coordinate of outer separatrix at the midplane level), 5, and the
strikeline position on the outer target S, . In order to provide a ro-
bust scaling parameter, the safety factor ¢ has been varied by changing
By, For the database, shots have been executed at three different By, -
values: —2.45T, —1.8T and —2.8T. Due to different g-values, different
heating schemes have to be used. Panel (b) of Fig. 2 shows the heating
scheme for B, =—2.45T. In case of B, =—1.8T, the ECRH is used in
X3-mode (and just with 3 gyrotrons). For the highest B, .-value, the
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Fig. 3. The plot presents the global energy balance obtained with the AUG cooling
water calorimetry for the presented database. The injected and found energy matches
over the entire range almost perfectly. The approach presented here is extensively
desribed in Ref. [16].

ECRH contribution is replaced by an additional NBI source. The ECRH
contribution is directed as ’central heating’. Using different heating
schemes allows to prove that the scaling of heat loads does not depend
directly on the heating scheme, but rather on plasma parameters like
the electron temperature T, in the core or the separatrix. To cover a
large area of the operational space, the fuelling level in the flattop
phase has been varied in each shot. Panel (c) shows the fuelling level
in the flattop phase for reference shot #39231 at 2.5e22/s. In case of
B,,=—2.45T, the flattop fuelling covers a range between 0.1e22/s and
2.85e22/s in several shots. The upper fuelling value was limited by the
ECRH cut-off density. At lower fuelling levels (< 0.6e22/s) a transition
from the small ELM regime to a Type-I ELMy H-mode [22] has been
observed. At B,,,=—2.8T a range between 1.75e22/s and 3.2e22/s is
covered in several shots and at B,,,=—1.8T a range between 1.0e22/s
and 3.2e22/s is covered in several shots. Where the range of different
B,,.-values covers each other, the same flattop fuelling levels have been
used.

3. Empirical scaling of the first wall heat loads in AUG

Before we can try to scale the heat loads on any PFCs in AUG, we
have to prove that the calorimetry provides reasonable values regarding
the global energy balance. Having a reasonable global energy balance
ensures that (almost) all heat loads are properly captured and one can
trust the distributions obtained with the KWK. In Fig. 3, the global
energy balance of the small ELM database is presented. Over the entire
range, the injected and measured energy matches almost perfectly.
Applying a linear regression on that database, reveals that 97.5% is
found on average. The two outliers at ~ 28MJ and ~ 36MJ are shots
which were prematurely terminated without the use of killergas. The
use of killergas would falsify the energy distribution on any PFCs, which
has to be avoided for this study. For further information on setting up
the global energy balance or the revised cooling water calorimetry in
AUG, we refer to Refs. [15,16].

Having such a promising balance provides a reliable scaling on any
PCFs of AUG. We will concentrate on the first wall trying to infer the
differences in first wall heat load moving from Type-I ELMy regimes to
high density small ELM regimes.

For the scaling of the heat loads of the first wall, dedicated cooling
units are foreseen. According to the results in Ref. [14], the first
wall is represented by the four ICRH antennas and the four auxiliary
limiters, which are installed on the left and right side of both NBI
ducts. According to the observations in Ref. [14], Type-I ELMs reach
the auxiliary limiters, therefore this areas has to be taken into account.
In sum, 8 cooling units define the first wall. The sum of these heat
loads are normalized against the sum of all 88 cooling units provided
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Fig. 4. Scaling of heat loads at the first wall of AUG for the entire database with
different gg5 (B o457 black markers, B, gr: blue markers, B, _,gr: red markers)
normalized against entire heat loads captured with the AUG cooling water calorimetry
plotted against two separatrix parameters: the separatrix collisionality v* _(definition

e.sep

acc. to Ref. [23]) (top plot) and the turbulence control parameter «, (definition acc.
to Ref. [24]) (bottom plot). Both parameters are obtained by using the Edge Thomson
Scattering (TS) diagnostic at the outer midplane following the scheme as described
in Ref. [24]. Both parameters are averaged over the time interval t=3.0-7.0s (where
possible) in order to provide reasonable scaling values. The linear fit with uncertainty
range and the correlation parameter R? are plotted. One can see that using a, provides
a clear, almost linear trend over the entire H-mode range of a; (0.1 < «, < 1.0). (For

interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

by the AUG cooling water calorimetry. This quantity can now be
scaled against certain plasma parameters. It is rather practical to use
a parameter related to filamentary transport. As known from previous
works [25], the area close to the separatrix seems to be the key area
to characterize filaments in the small ELM regime, therefore we focus
on the separatrix as the key area to characterize the heat loads at the
first wall. A common parameter characterizing filamentary transport
is collisionality v} [11,13]. Previous attempts in L-modes compared
divertor and midplane collisionality [13] in order to characterize the
filamentary transport. As shown in Ref. [11], using divertor collision-
ality is not an appropriate parameter to scale filamentary transport
in H-modes, which we suppose here also for heat loads caused by
enhanced filamentary transport. In this work, we just use the midplane
separatrix collisionality V:,scp as defined in Ref. [23]. The scheme to
determine the required separatrix values from edge Thomson scattering
is described in Ref. [24]. The scaling of the normalized first wall
heat loads against ":,sep is shown in Fig. 4 (top). The R2-parameter,
a correlation coefficient, reveals a value of 0.862, a promising value. A
linear regression is applied as well, the fit line and uncertainty range
obtained from the regression is added. Looking at the profile, one can
see that the B, -values —1.8T and —2.8T reveal a slight deviation from
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Fig. 5. The evolution of the fraction of deposited energy on the lower divertor
(considering inner/outer divertor and roof baffle) is plotted against the evolution of
the fraction of deposited on the first wall and the upper (inner/outer) divertor. Both
parameters are normalized by the sum of the entire energy found by the KWK. The
x-axis denotes the decrease at the lower divertor, the y-axis denotes the increase at
the first wall and the upper divertor. The offset is set to O for both evolutions and the
absolute value of the slope of the lower divertor evolution is used (the actual slope
is negative, but done for better visualization). A colourmap is added visualizing the
a,-value of each shot. It can be clearly seen that with increasing «,, the deposited energy
in the lower divertor decreases and the decrease can almost entirely be found on the
upper divertor and the first wall, on non-divertor components. From this observation,
it seems that an enhanced filamentary transport changes the distribution of power
depositions between divertor and non-divertor regions without substantially modifying
the overall power loss. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

the linear trend. Using collisionality seems not to be the best parameter
to scale the first wall heat loads. Alternatively, the so-called turbulence
control parameter «, is tested, which is introduced in several works.
We refer to the two latest ones [24,26]. As definition of «;, we use the
simplified formula as given in Ref. [24]:

n
~3-107%¢2  Reeo Te Zo. 3)

e

cyl

As clarified in Ref. [24], using the simplified formula is justified for
AUG. The major difference between v; o sep and «; is the qzyl-dependence
of a, compared to the linear qcy]-dependence of v . InFig. 4 (bottom),
the heat load scaling with «, is shown. The results of a linear regression
are also plotted. Compared Fig. 4 (top), an almost linear trend can be
observed over the entire range of a;, even after the transition from the
small ELM regime to a Type-I ELMy H-mode, which normally occurs
for H-modes below &, < 0.4. R? provides a value of 0.939. We want to
add here that the increase at the first wall is not related to an increased
radiation due to the increased fuelling. As shown in Ref. [8], increasing
fuelling in a small ELM equilibrium does not lead to a significant
change in the radiation. Therefore, the increased heat loads at the
first wall are indeed related to an increased radial filamentary energy
transport. The scaling covers a range between ~ 0.25 and ~ 1.0 for
a;, whereas the first wall fraction covers a range between ~ 6% and
16%, an increase by an factor of almost 3 over the entire range of o,
for H-modes. This observation is consistent with an enhancement of
the filamentary activity at higher «;, when the plasma turbulence is
dominated by resistive interchange modes originating at the separatrix.
Additionally, the result for the first wall heat loads from Ref. [14] is
added, at that time ~ 5% of the injected energy has been found in a
low density ELMy H-mode with carbon walls in AUG and seems to be
in good agreement with our observations. Due to the data quality of the
edge TS at that time and lack of reasonable Z-estimate in a carbon
machine, no values for v} 'sep OF @ can be provided. Instead a line over
the entire x-range is added.
With the fuelling scans, we should also be able to observe with
increasing fuelling a reduction of the transport down the divertor from
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Fig. 6. Evolution of the energy deposition at the outer target at Tile 1 normalized
against the sum of Tile 1 and Tile 2 against «,. Corresponding labels for both tiles
are taken from Fig. 1 (right). With increasing a;, the energy found on Tile 1 decreases
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on the outer target as observed by the cooling water calorimetry. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

the calorimetric measurements and at the same time an increase of the
heat loads on non-divertor components. In this case, we refer to the
first wall and the upper divertor. According to Ref. [8], these areas
are exposed to significant heat loads due to the enhanced filamentary
transport. This would also prove that the reduction of heat loads at the
lower divertor is not transferred to plasma radiation (which support the
observation from Ref. [8]), but indeed into particle heat loads through
radial filamentary transport on non-divertor components.

This evolution of the heat loads of the lower divertor (considering
inner and outer divertors) against the evolution at dedicated non-
divertor components (first wall and upper (inner and outer) divertor)
can be proven with this dedicated database. For both areas (lower
divertor and non-divertor components) the offsets are set to 0. For
better illustration the absolute value of the slope of the lower divertor
evolution is used. Fig. 5 presents that evolution. A colourmap is added
showing the a;-value of each marker. One can see a clear linear trend
between both areas, from which one can conclude that the reduction of
heat loads at the outer target leads to an increase of heat loads on non-
divertor components in the same magnitude. From this observation, it
seems that an enhanced filamentary transport does not cause a change
in the power deposition, but rather a change in the distribution of the
power deposition on the PFCs.

This evolution is also observed by means of thermocouple mea-
surements at the outer target. As seen in Fig. 1 (right), the position
of available thermocouples at the lower outer divertor is indicated.
Two thermocouples are installed in the outer target ("Tile 1°), which
provide one value. Additionally, a thermocouple is installed in the tile
row ('Tile 2’) above ’Tile 1’. 'Tile 1’ and 'Tile 2’ together define the
lower outer divertor. To be able to resolve the heat load evolution,
we normalize the heat loads found on ’Tile 1’ against the sum of the
heat loads found on 'Tile 1’ and 'Tile 2’ and plot them against «;. The
results are shown in Fig. 6. As seen previously, the heat load scaling
reveals an similar linear trend with a significant reduction at 'Tile 1’
covering the observation found in Fig. 5. We would like to add that
any comparison between these two trends should be interpreted with
care due to the different normalization factors of the data considered.
The added R? parameter of the applied linear regression reveals a value
of 0.888. It has to be added here that the approach on which the
evaluation of the thermocouples is based on, has a quite high intrinsic
uncertainty(~ 17%). This may lead to a slightly reduced R2. Checks
with IR thermography and with jg,, from Langmuir probes indicate
that the changed energy deposition due to the A, broadening does not

Nuclear Materials and Energy 34 (2023) 101319

reach 'Tile 2’. From this we can conclude that the observed reduction
on 'Tile 1’ corresponds to a reduced heat transport from the midplane
down to the outer target due to the enhanced perpendicular filamentary
transport.

4. Summary and next plans

First results of scaling the first wall heat loads in AUG have been
presented. The reliability of the calorimetric measurements has been
ensured by providing the global energy balance. The established database
and the chosen shot setup allows a reliable assignment of measured
heat loads to certain plasma parameters. The results suggest that the
heat load follows the turbulence control parameter «; almost linearly.
Since database is based on H-modes, this scaling is only valid for the
range between 0.1< «,<1.0. The variation due to the safety factor
g suggests that the separatrix collisionality Vigp 1S MOt a suitable
parameter to reflect correctly this aspect. On the basis of this study
a redistribution of heat loads is observed with increasing a,, where
more heat loads reach non-divertor components through enhanced
filamentary transport. This is in agreement with plasma turbulence
being dominated by resistive interchange modes at the separatrix.

The next step will be an in-depth analysis of filamentary transport
with the aid of dedicated diagnostics. To be able to compare the energy
carried by filaments, it is planned to estimate the amount of radiative
heat loads reaching the first wall using the code CHERAB [27]. The
final goal will be to establish a generally valid scaling for the heat load
for the first wall based on a larger database with different scenarios on
AUG and to extend these measurements to further machines (TCV, JET)
in order to provide a generalized multi-machine scaling of the first wall
heat loads.
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