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The quasi-continuous exhaust (QCE) regime is a type-I ELM-free high confinement regime obtained at high
plasma shaping and high separatrix density. A comparison with various ELM-free regimes in the literature
is presented together with potential physics models for accessing the QCE regime. The regime was recently
successfully ported from ASDEX Upgrade to JET. We present a first comparison between the achieved plasma
conditions in the two tokamaks and an extrapolation towards ITER and EU-DEMO parameters. The step in

size from ASDEX Upgrade to JET successfully lowered the pedestal top collisionality, demonstrating that the
regime is not limited to high collisionality at the pedestal top but naturally operates at high density. The
extrapolation to ITER and EU-DEMO parameters shows that they can reach the conditions in which ASDEX
Upgrade and JET are operating in QCE without type-1 ELMs applying previously proposed physics models.

1. Introduction

High confinement and edge localised modes (ELMs) are histori-
cally linked in tokamak operation. Over the years, different types of
ELMs were identified [1], with the large type-I ELMs appearing in
the favoured H-mode regime for decades [2]. Only in recent years,
alternatives are gaining more focus because it was shown that unmit-
igated type-I ELMs will lead to unacceptable first wall loading in a
reactor [3,4].

Here, we discuss one specific type-I ELM-free regime which is
called the quasi-continuous exhaust (QCE) regime [5]. While significant
progress in experimental exploitation and theoretical understanding
of the regime has been achieved in recent years, some major open
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questions remain: (i) What is the role of the pedestal top collisionality
which is elevated in the medium sized machines compared to that
expected in ITER, (ii) how affect filaments detachment and the first wall
energy and particle loads and (iii) is the transport caused by filaments
preventing the pedestal from reaching the peeling-ballooning boundary
avoiding type-I ELMs.

The paper is organised as follows. We summarised the historical
evolution of the regime leading to the re-naming into QCE and the
similarities to other type-I ELM-free regimes in Section 2. The physics
picture behind the absence of type-I ELMs is highlighted in Section 3.
A comparison between ASDEX Upgrade (AUG) and JET together with a
first extrapolation to reactor-sized machines, including open questions,
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is shown in Section 4. The paper finishes with a summary and an
outlook in Section 5.

2. The QCE in relation to other similar type-I ELM-free regimes

A variety of similar regimes exist on many tokamaks. The various
definitions are presently not strict enough to ultimately distinguish
them. An overview of many no- and small-ELM regimes is provided
e.g. in [6] and specifically for AUG in table 1 of [7].

The QCE regime comes with high shaping and high fuelling in which
type-I ELMs are replaced by low-amplitude, high-frequent transients
which we call filaments. These filaments were originally called type-
II ELMs in AUG [8-10], JET [11-14] and MAST [15]. The name
then evolved to small ELMs in AUG [16] and TCV [17] and since
2021 the term quasi-continuous exhaust regime is used for the same
regime [5,18-27].

The change of name came along with experimental evidence for
the origin of the transients. While the earlier work hinted to the
pedestal top as origin of the filaments [8], it was later shown that
it is the pedestal foot, close to the separatrix [16]. Early models
related the transients to the pedestal top collisionality and to a resistive
MHD instability [28]. With recent high resolution measurements in the
region [16], the physics interpretation changed as well. Now, local
ballooning modes located close to the separatrix are proposed as the
origin, see Section 3.

This different interpretation has some major implications. The sep-
aratrix region in medium sized and reactor grade tokamaks is compa-
rable in terms of density and collisionality, while the parameters at
the pedestal top are expected to deviate significantly. Thus, while the
older interpretation extrapolated very unfavourably to larger devices,
the present one suggests high relevance of the regime also for future
machines. More on the extrapolation will be provided in Section 4.

A type-II ELM definition exists at DIII-D by Snyder et al. [29],
describing small type-I ELMs that are at the ballooning boundary. While
the QCE pedestals in AUG are close to the ballooning limit, larger ELMs
at lower separatrix density in the same plasma shape also exist here, as
shown by Harrer et al. [16].

The enhanced D-alpha (EDA) mode from Alcator C-Mod [30,31]
shares many features with the QCE regime, and the similarity to the
type-II ELM regime was, in fact, already mentioned in the earliest pub-
lications, e.g. [8]. Small ELMs are observed in Alcator C-Mod in EDA
when the normalised plasma pressure is above a certain threshold, gy >
1.3 [31]. Below this threshold a clean EDA is observed, i.e. steady state
without transients. The EDA H-mode is also observed in AUG [32,33]
and DIII-D [34]. A quasi-coherent mode (QCM) serves as the identifier
for the EDA H-mode. Similar mode structures are observed in type-II
ELMs / QCE [8,23], with the spread of the mode frequency broadening
in QCE compared to phases that can be unambiguously be identified
as EDA phases (without visible filaments). In AUG during smooth
transitions from EDA to QCE phases filaments develop only when the
QCE is approached, and this transition is an active field of research,
e.g. [23].

Another related type-I ELM-free regime comes with grassy ELMs. The
expression originates from JT-60U [35]. Grassy ELMs are observed at
high shaping together with high poloidal pressure f,, often reached
at high safety factor and reduced plasma current. Along with JT-60U,
the grassy ELM regime is reported from AUG [12], DIII-D [36] and
EAST [37]. A main difference to the QCE regime is that in phases with
grassy ELMs no quasi-coherent mode structure is reported [38,39]. The
grassy ELMs are linked to high-n ballooning modes [40] similar to QCE,
as shown in the following section.
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3. Physics model

Dedicated studies in AUG revealed that the appearance of the QCE
regime is related to processes near the separatrix [16], often called
pedestal foot, a region in the range of poloidal flux label p,, =
0.99-0.999 or about 1 mm inside the separatrix in absolute scale [22].

From the access conditions, i.e. strong shaping and high gas fuelling,
a physics model is derived. Local ballooning modes are identified as
candidates for the enhanced transport that leads to the flattening of the
pressure gradient at the separatrix and a stabilisation of type-I ELMs.
In the following, different ballooning modes are discussed.

3.1. Local ideal ballooning modes at the pedestal foot

Analysis of high confinement QCE plasmas with the ideal MHD
stability code HELENA revealed that the pedestal foot is unstable to
ideal, n = oo ballooning modes [18,19]. Further it was shown that
QCE-relevant shapes destabilise the local ideal ballooning modes before
the global peeling-ballooning limit of type-I ELMs is reached [26]. The
relevant shaping parameter has the form [26]

Sy =221 +6)" )

with elongation « and averaged triangularity 5, which was identified to
best represent the important physics. An operational window for QCE
opens for S; > 3. The mandatory minimum shaping parameter for a
given experiment depends on the normalised pressure gradient both in
the steep gradient region and at the pedestal foot and hence depends
on fuelling, heating and safety factor. In addition, a potential link of
the closeness to double-null on the ideal ballooning modes was shown
in [18].

3.2. The turbulence parameter «,

A related but somewhat different interpretation results from a drift-
Alfvén turbulence model [41]. It was used to construct the separatrix
operational space for different regimes in terms of density and tem-
perature at the pedestal foot. A turbulence control parameter was
defined [41]

qcyl *

= mve,edge' (2)
The collisionality is
n
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with major radius Ry,
(m~2) and pedestal foot electron temperature T,

in (m), pedestal foot electron density n, o4, in
in (eV), further
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Here, B, is the toroidal magnetic field on axis in (T), I, the plasma
current in (A), oo the minor radius in (m), y, the vacuum permeability
and Z; the effective charge at the pedestal foot.

The «, parameter is linked to resistive ballooning mode stabil-
ity [42]. Similarly to the ideal ballooning mode analysis, this model
correlates Vi dee i.e. a; to the suppression of type-I ELMs in AUG [22].
It was shown that for e, > 0.55 or v dee 14 type-1 ELMs are avoided
and the QCE regime is reached. In AUG reaching the ideal ballooning
limit at the pedestal foot is only possible with simultaneously reaching
a, > 0.55 [22]. Later, we will show that this is not necessarily true for
future tokamaks.
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Table 1
Main engineering parameters of AUG and JET in the QCE regime and design parameters
of ITER and EU-DEMO.
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Table 2
Main pedestal parameters of AUG, JET, ITER and EU-DEMO. The ITER and EU-DEMO
values have to be taken as indicative and do not necessarily represent official estimates.

unit AUG JET ITER EU-DEMO unit AUG JET ITER EU-DEMO
I, MA 0.6-1.0 1.5-2.25 15 18 Now 1019 m~3 7-14 6-10 12.0 6.8

I T 1.6-2.5 2.3-2.8 5.3 5.9 Meped 101 m~3 3-12 3-8 8.0 5.7

Ryeo m 16 2.9 6.2 9.1 T, ped keV 0.2-0.5 0.7-1.0 4.7 3.7

Ogeo m 0.5 0.85 2.0 2.9 Zogt pea - 1.2-3.3 1.4-3.2 15 2.1

K - 1.5-1.88 1.75-1.88 1.85 1.86 Zett ctue - N.A. N.A. 2.0 2.5

5 - 0.17-0.43 0.42-0.52 0.49 0.50 PsoL MW 0.5-10 10-25 100 170

ey - 2.8-7.0 3.0-5.2 3.2 4.3 Vi - 1.6-25 0.9-2.0 0.06 0.21

dos - 3.3-7.9 3.5-6.3 3.0 3.9

S, - 3.1-5.1 4.6-5.8 5.5 5.6

Studies at TCV showed a link between broadening of the scrape-
off layer power fall-off length and «, by both density and shaping
variations [20,24]. In AUG the broadening of the scrape-off layer power
fall-off length in QCE is linked to density or pressure at the pedestal foot
and not «, [22], while the limiter energy loads were found to increase
with «, in ELMy and QCE discharges [21]. The QCE regime is linked
to the density shoulder [5,24,25], a flattening of the density gradient in
the far-SOL which might enhance wall loads. The energy and particle
load on limiters is an active field of research due to the potential of
unwanted erosion and with this impurity influx in next step devices.

4. Comparison between ASDEX upgrade and JET and extrapola-
tion to ITER and EU-DEMO

Now we turn to the comparison of the AUG and JET QCE opera-
tional spaces. The parameters from AUG are taken from a broad data
set similar to the one published in [22], for JET we use the recent work
presented in [27], including deuterium~tritium plasmas. Both tokamaks
have metal plasma facing components.

4.1. Parameters

Global parameters for the four tokamaks are presented in Table 1.
The AUG and JET parameters do not represent the limits for achieving
the QCE regime or the machine capabilities but present the achieved
operational range within the utilised data sets. We will also present
extrapolations for ITER and EU-DEMO. For ITER we take the design
parameters of [43], for EU-DEMO we take the EU-DEMO-2018 design
parameters of [44]. Further, we use the local parameters as presented in
Table 2 for the following calculations. The Greenwald density is defined
as [45]

I
ngw = 101 —— )
ra
with ngy in (m™3), I, in (A) and Ageo in (m). We use the definition
of [46] for the pedestal top collisionality
. = 6.921 x 10—18 Zeff In AeRgeo‘I‘)Sne,ped

\%
e.ped 572
(ageo/Rgeo)l STe,ped

(8)

with the Coulomb logarithm In A,. For AUG and JET Z; results from
line averaged measurements assuming flat profiles. The values for ITER
and EU-DEMO have to be taken as indicative and do not necessarily
represent official published estimates.

Fig. 1 shows typical QCE experimental time traces for AUG and JET.
Similar normalised global parameters are achieved in both tokamaks.
With heating power levels needed to reach gy ~ 1.8-2.0 both devices
show a slightly reduced confinement scaling factor of Hyg,, ~ 0.85-
0.95. The main parameters of AUG discharge # 39232 are P, =
15MW, B, =243T, I, = 0.8MA, ¢, = 4.9. The main parameters of
JET discharge JPN 105496 are Py, = 30MW, B, =2.3T, I, = L5MA,
Gey1 = 3.9.

The slightly reduced confinement scaling factor is in line with the
observations in ELMy H-mode that an increased separatrix density
reduces the pedestal top pressure [47]. The separatrix density is hence
a crucial trade-off, it has to be high enough to reach QCE and fulfil the
power exhaust requirements, but low enough to keep good confinement
and additionally not reach an H-mode density limit [48-50].

The following subsections discuss the range of plasma shaping and
the pedestal top values that are reached in AUG and JET QCE time
windows together with the ITER and EU-DEMO design points. Further,
an extrapolation of the pedestal foot parameters towards ITER and EU-
DEMO for the necessary conditions to reach QCE using the two physics
models described in Section 3 is presented.

4.2. Plasma shaping

Strong plasma shaping is one of the key access conditions for QCE
plasmas. Fig. 2 presents a comparison of the shaping parameter S,
(Eq. (1)) and the safety factor eyl for the AUG and JET databases
together with the expected values of ITER and EU-DEMO.

The AUG database is on average at higher g, compared to the
assumed values for ITER and EU-DEMO. The access to QCE was shown
to be more difficult with lower safety factor, in line with both ideal and
resistive MHD physics models. Nevertheless, the AUG database reaches
values well within the designed EU-DEMO and ITER values. The JET
database is on average at lower safety factor than AUG and close to
the predictions for EU-DEMO and ITER.

The plasma shaping in AUG needed for QCE is less than in JET,
while JET reaches shaping parameters very close to ITER and EU-
DEMO. It is noteworthy that JET plasmas with reduced shaping did
not show QCE phases [27], while the reduced (but still high) shaping is
sufficient in AUG. A prediction of the necessary shaping for a given ex-
periment needs the knowledge of the local pressure gradients. This is an
important field of future studies, including potential size dependencies.

4.3. Pedestal top

Fig. 3 compares two key pedestal top parameters, the collisionality
and the Greenwald density fraction. While both AUG and JET reach the
normalised pedestal densities expected for ITER and EU-DEMO, the re-
ported values at TCV are lower. In all three tokamaks the collisionality
is higher than the expected values in ITER and EU-DEMO. The spread
in normalised density is mainly linked to the g, variation in AUG and
JET, and a higher Greenwald fraction relates to lower g.,. Due to the
fact that the Greenwald density for ITER and EU-DEMO is within the
probed space in AUG and JET, similar absolute densities are achieved
as well. Since the pedestal pressure scales with tokamak size, lower
pedestal top temperatures are achieved in the smaller plasmas. Hence,
for the QCE regime in TCV, AUG and JET it is not possible to reach
the same collisionality as expected for ITER and EU-DEMO. The lower
collisionality in JET compared to AUG and TCV follows the expected
trend with plasma size and reaches values as low as v:’ . = 0.9, still an
order of magnitude higher than expected in ITER.
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Fig. 1. Typical QCE plasmas in ASDEX Upgrade (left) and JET (right). (a) Normalised plasma pressure fy, (b) normalised core density n,../nGw, (c) energy confinement factor
Hyg\p and (d) ELM monitor. The ELM monitor in ASDEX Upgrade is based on the outer divertor shunt current measurement (the definition is presented in [22]), for JET the outer
divertor target temperature as measured by IR thermography is used. In both tokamaks, first a transient type-I ELMy phase is present after the L-H transition. This is due to the
shaping being increased only after the plasma pressure is on H-mode level, the QCE regime is then reached with the final shaping in both tokamaks and maintained for the full
duration of the flat-top phase. The flat-top phase ends by a ramp-down of heating power starting at 8.1s in AUG and 15.3s in JET.

6_
>
(e n
31 @ AUG
mJET
ITER
¢ EU-DEMO
% 3 6

Sy

Fig. 2. Cylindrical safety factor ¢, as a function of the shaping parameter S, for the
ASDEX Upgrade and JET data sets for time windows in QCE together with the design
parameters for ITER and EU-DEMO. AUG typically operated at higher safety factor
and lower shaping than ITER and EU-DEMO, reaching the design parameters of both
machines within the data set. The JET data set is at comparable values for both safety
factor and shaping with respect to ITER and EU-DEMO.

4.4. Pedestal foot

In the following, we calculate the local pedestal foot parameters
for ITER and EU-DEMO that are needed to reach the QCE regime in
accordance to the two physics models presented in Section 3, in the
same way as presented in [22] with the assumption of Spitzer-Hirm
electron heat conduction being the dominant parallel loss channel in
the scrape-off layer.

In the following, the data is interpreted in view of the two instabili-
ties introduced above, the ideal ballooning mode ay;;p and the resistive
ballooning mode as parameterised by «,. An important open question
not only for QCE is the amount of transport setting the gradients
around the separatrix. Due to the lack of first-principle models for the
transport across the separatrix (and near-SOL) the pressure gradient just

101_
& 100/
N + TCV
® AUG ‘
10-1{ mJET
ITER
¢ EU-DEMO
102 :
0.0 0.5 1.0

Ne, ped/n w

Fig. 3. Pedestal top collisionality as a function of the pedestal top density normalised
to the Greenwald density for the TCV, ASDEX Upgrade and JET data sets for time
windows in QCE together with the design parameters for ITER and EU-DEMO. The TCV
data set is taken from [17]. Both AUG and JET reach the normalised density predicted
for ITER and EU-DEMO but are at higher collisionality, while TCV is operated at lower

normalised density. The lowest collisionality is reached in JET with vc*pc 4 =09.

inside the separatrix and the power fall-off length in the near-SOL are
unknown for ITER and EU-DEMO. Experimental work provides scaling
laws that are typically used to extrapolate. In the following, we will rely
on such scaling laws for the gradients or show the necessary gradients
to fulfil the access conditions as proposed in Section 3.

While the majority of experiments are conducted in deuterium, JET
offered the possibility to use also pure tritium and deuterium-tritium
mixtures to gain insight into isotope effects. QCE experiments showed
that results obtained in pure deuterium plasmas could be reproduced
in mixed deuterium-tritium plasmas [27], while measurements of the
inter-type-I ELM near-SOL power fall-off length did not show a change
between deuterium and tritium plasmas [51].

Within this limitations, self-consistent extrapolations are shown.
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4.4.1. Ideal ballooning mode
In this case we search for the minimum pedestal foot density for

which ayp = @ with
-1
OMHD = 4/40Rgeo‘]gylne,edgeTe,edge <’1pe> 9
Trig = 0.647%(1 +8)* = 0,645, (10)

with a,;, taken from [26]. For the pedestal foot pressure fall-off length
we use a regression based on AUG QCE experiments [22]

(2.} /pspor = 130+ (140002 V20, an
with the poloidal gyro-radius

MiTe eq
ps,po] = % (12)

where m; is the average ion mass. This represents a weak broadening
due to collisionality. The brackets indicate that this is a poloidally
averaged quantity. We assume further for the power fall-off length
Aq = 21 / IO/IPC [52], i.e. no additional broadening in the near-SOL.
The resulting parameter-sets are summarised in Table 3. For both ITER
and EU-DEMO already at low density (normalised to Greenwald) of
about n o4,./Mgw ~ 0.25 the critical pressure gradient is reached. It is
speculated, that, if the local ballooning mode physics picture is correct,
and the pressure gradient is steep (as predicted by the used scaling
law and only modestly broader than the ITPA multi-machine regression
for Aq [53]1) QCE should be achievable in both ITER and EU-DEMO at
power exhaust relevant pedestal foot densities. We note that higher
densities are not excluded, but they need to be accompanied by a
broadening of the pressure gradient as explained in the next paragraph.

4.4.2. Resistive ballooning mode

In this case we search for a self-consistent set of gradients and local
parameters to fulfil @, = 0.55. As it can be seen by the calculated
a, values for the ayyp case, this is only possible with a broadening
of the gradients. Here, we increase both 4, and Ay independently.
We note that the power fall-off length was measured to significantly
broaden in the QCE regime [5,20,22,24], deviating from the often
observed link between pedestal foot pressure gradient and near-SOL
power fall-off length [22]. The 4, is assumed to broaden to stay below
MHD / Yerit 1, while 4, is broadened to reach the desired o, with
the constraint of staying at Mg edee/NGw = 0.5. This is set as an arbitrary
upper boundary for the density. With the broadening of 4, the pedestal
foot temperature reduces due to the Spitzer-Harm electron heat con-
duction assumption [22] and with this increases ¢, until reaching the
desired value. The resulting parameter-sets are summarised in Table 3.
For both ITER and EU-DEMO reaching «;, = 0.55 is more restrictive than
amup/%ric = 1. A significant broadening of J; needs to be assumed. It
has to be noted that the calculated A, values are still lower than the
XGC1 code predictions for ITER [54]. Usmg a critical v edge instead of
«, leads to very similar extrapolations as shown in [22]

4.4.3. Implications

For AUG and JET, reaching the ideal ballooning limit is simulta-
neously reaching o, > 0.55 [22,26], this is no longer necessarily true
for ITER and EU-DEMO. While there is room to reduce 7 4o, in AUG
and JET experiments by reducing the heating power, therefore reducing
ayvup and increasing o, this might not be possible for ITER and EU-
DEMO due to the constraint of staying above the H-mode threshold
power. It is therefore important to study the access to QCE in detail
and to distinguish the two access conditions in order to be able to
extrapolate with more confidence to new machines. We also point out
that so far only the onset threshold for the pedestal foot ballooning
modes has been treated and no non-linear or quasi-linear model for
the transport driven by these modes exists. It is, hence, not yet possible
to extrapolate if the transport levels are sufficient in order to keep the
pedestal from reaching the global peeling-ballooning mode limit.
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Table 3

Local plasma parameters required at the pedestal foot of the plasma, 1 mm inside of
the separatrix of ITER and EU-DEMO for reaching QCE given the physics models based
on ideal ballooning modes (ay;p) or on the a > 0.55 criterion.

unit ITER - ayyp  ITER - o, EU-DEMO - ayyp,  EU-DEMO - o,
(4,) mm 4.0 5.3 5.3 6.5
mm 1.1 3.4 1.4 4.2
Meeage  10¥m™ 3.0 5.7 1.6 2.7
Toctge €V 264 183 329 225
o - 0.14 0.55 0.16 0.55

5. Summary and outlook

The QCE regime has been extensively studied in recent years in
both AUG and JET. The regime is accessed at high plasma shaping and
sufficient fuelling with ideal or resistive ballooning modes close to the
separatrix being candidates to explain the type-I ELM stabilisation. The
QCE regime in JET was achieved by following techniques developed in
AUG and TCV.

Using AUG and JET as a step-ladder, a first extrapolation towards
ITER and EU-DEMO parameters is presented. The shaping and safety
factor of ITER and EU-DEMO is within the parameters in JET and AUG.
Due to the fact that QCE is a high density regime, the pedestal top den-
sity values are well within the expected range in ITER and EU-DEMO.
The pedestal top collisionality is higher, though recent experiments are
getting closer to the value expected in ITER and EU-DEMO, as the JET
experiments achieved values as low as v ol = =0.9 [27].

Based on the described physics models, an extrapolation is carried
out for ITER and EU-DEMO for the access to the QCE regime. The
necessary pedestal foot density to reach the ideal ballooning limit
for both tokamaks is about n cqee/nGw ~ 0.25 assuming the applied
pressure gradient scaling is justified. This is well within the typically
achievable pedestal foot density range. On the other hand, reaching
the criterion «, > 0.55 is more challenging. Realistic densities, here
using 7 eqee/Mgw = 0.5, are compatible with this criterion only when
assuming a broadening of the power fall-off length. Such a broadening
is indeed observed in QCE discharges in AUG [5,22] and TCV [20,24].

Two key open questions still need to be addressed in future work.
First, the quantification of the transport associated to the local MHD
modes is missing, e.g. at present we can only scale the access criteria
as a first step. Second, no scaling of the filament impact on the divertor
and first wall exists so far. Especially a potential buffering of the
filaments before reaching the divertor target is an important field
of future studies. So far partial detachment is reported in between
filaments, while the filaments are attached [22]. We conclude that
the QCE regime is a promising reactor-scenario due to the absence of
ELMs, the potential broadening of the power fall-off length and the
compatibility with high pedestal foot density.
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