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Abstract. A stationary H-mode without edge localized modes (ELMs) has been
recently achieved in the ASDEX Upgrade tokamak by applying central electron
cyclotron resonance heating above the L-H power threshold with adequate fueling.
It is naturally obtained in favorable VB configuration and has several features which
are desirable for future reactors, such as dominant electron heating, low input torque,
possibility of access at low input power, good energy confinement (Hggys = 0.9-1.3),
high density (fow = 0.8—0.9), and no impurity accumulation despite the absence
of ELMs. This regime is similar to the EDA H-mode and always features an edge
electromagnetic quasi-coherent mode which seems to be responsible for enhanced
transport losses, as its appearance and disappearance are correlated with changes in
edge and divertor parameters.
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The H-mode is usually regarded as the preferable operation regime for a fusion
reactor due to its superior confinement properties [1], but it comes with a major
disadvantage: edge localized modes (ELMs), which limit the achievable edge pressure
and lead to unacceptably high heat loads on the divertor plates when extrapolated
to large-scale machines [2]. On the other hand, the H-mode requires ELMs for the
expulsion of impurities from the plasma. In fact, avoidance of ELMs by poorly heating
or fueling the plasma typically results in transient behaviour, often caused by impurity
accumulation and possibly leading to radiative collapse, especially in devices with

1 See the author list of H. Meyer et al. 2019 Nucl. Fusion 59 112014
§ See the author list of B. Labit et al. 2019 Nucl. Fusion 59 0860020
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tungsten walls. Even though a few steady-state ELM-free modes of operation with
confinement above L-mode levels are known [3, 4], each of them has different drawbacks
and the ideal solution to the ELM problem has not yet been identified. Therefore the
discovery, study and development of alternative regimes is very important for the success
of fusion energy research.

A high confinement ELM-free regime particularly relevant for this work is the
EDA H-mode [5], originally found in the Alcator C-mod tokamak by applying ion
cyclotron range of frequencies (ICRF) heating after a fresh boronization [6]. This
regime does not accumulate impurities and is characterized by a prominent edge
fluctuation called the quasi-coherent mode (QCM), which enhances plasma transport
[7-9], allowing steady-state operation without ELMs. The EDA H-mode in C-mod
has been extensively researched [10] and developed into a performant scenario with
important accomplishments, such as the highest volume-averaged core plasma pressure
ever achieved in a fusion device [11]. That said, the fact that it has only been
documented in C-mod and possibly in JFT-2M [12] limits its physical understanding
and extrapolation reliability to large-scale reactors like ITER or DEMO. Obtaining and
studying similar regimes in other machines is therefore extremely relevant to the quest
for fusion energy, especially since several past attempts in other tokamaks were not able
to produce desirable scenarios [13, 14].

This letter reports on stationary H-mode plasmas without ELMs recently achieved
for the first time in the ASDEX Upgrade (AUG) tokamak by applying central electron
cyclotron resonance heating (ECRH) above the L-H power threshold with adequate
fueling. This regime exhibits several features which are desirable for future reactors [15],
such as dominant electron heating, low input torque, possibility of access at low input
power, good energy confinement, high density, and no impurity accumulation despite
the absence of ELMs. Figure 1 shows an example of such a discharge with constant
deuterium fueling and a sequence of ECRH steps. This is a lower single null plasma
with the ion VB drift pointing towards the X-point (favourable L-H configuration),
toroidal magnetic field of By = —2.57T, plasma current I, = 0.8 MA, elongation
k = 1.7, average triangularity (mean of lower and upper) d,,, = 0.25, and gas puff
rate of 2.6 x 10?* e~ /s after the current ramp-up. As the heating power (figure 1(d)) is
increased, the plasma undergoes several regime transitions indicated by vertical dashed
lines: from low confinement (L-mode) to an intermediate I-phase at 2.16's, followed by an
ELMy H-mode at 2.95s. With another ECRH step the plasma finally enters the regime
without ELMs at 3.45s, as evidenced by the disappearance of the large divertor shunt
current spikes in figure 1(c). The transition to this ELM-free H-mode is accompanied
by a strong density increase (figure 1(a)), reaching a Greenwald fraction fow = 0.8
(figure 1(b)), and the appearance of an edge instability hereafter referred to as the
quasi-coherent mode (figure 1(e)). The stored energy in this phase of the discharge
is also significantly higher. The density and radiated power stop increasing after less
than a second and the plasma remains stationary for about 10 energy confinement times
(15 = 0.2s), with an enhancement factor Hggyo = 1 (figure 1(b)), until the end of the



Stationary ELM-free H-mode in ASDEX Upgrade 3

shot 35148, By=-2.5 T, 1,=0.8 MA
sl b by v b v by g 1y

]—core T T T L
{—edge (2) F
e ELM-free H-mode \:

PPIFENIN EFERTIN RIS EPRTTET AR B
10 §— outer © F
—inner

1— Ohmic M i(d)

< 1.0 3—ECRH b
é J—Rad o
Z0.59 LS \M.:_
o ] 1 " 4 C

(R e e e

Time (s)

Figure 1. Time evolution of different quantities in a discharge with a stationary
ELM-free H-mode: (a) line-averaged electron density, (b) performance indicators
(confinement enhancement factor, Greenwald fraction and Troyon-normalized ratio
of the plasma pressure to the magnetic pressure), (c¢) divertor shunt currents as ELM
markers, (d) heating and radiated power, and (e) reflectometry phase spectra from
edge cutoff layers with electron density ne = 1.4—2.9 x 10! m~3. The vertical dashed
lines indicate regime transitions.

flattop, being limited in duration only by the inductive current drive.

Varying the plasma current, shape, fueling and heating power, ECRH-only H-
modes without ELMs like the one just described have been achieved in AUG with
Hogyo = 0.9-1.3, fow = 0.8-0.9, and a minimum access power at or slightly above
the L-H threshold. These values fit the requirements for ITER [15], making this a very
promising mode of operation. The Troyon-normalized plasma pressure, Sy = 0.9—-1.3,
is slightly lower, and the normalized pedestal collisionality, v} ~ 12, and edge safety
factor, qg5 = 4.8—6.9, so far achieved are still higher than what is predicted for ITER.
The extension of these parameters to values closer to those of the ITER baseline scenario
will be the subject of future work.

This steady-state ELM-free regime is in fact an H-mode and it possesses an edge
transport barrier leading to a pedestal in density, temperature, and therefore pressure,
as shown in figure 2. The electron profiles were measured with Thomson scattering (T'S)
and electron cyclotron emission (ECE) in a discharge with a plasma similar to the one
of figure 1. The ECRH power was applied at once instead of slowly increased by steps,
resulting in a direct transition from L-mode to the stationary ELM-free H-mode without
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Figure 2. Radial profiles of (a) electron density, (b) electron and ion temperatures
and (c) electron pressure during a stationary ELM-free H-mode. The density range
covered by the reflectometers which detect the QCM is indicated on the right-hand
side of (a).

any ELMs in between, which is an important advantage of this scenario. Neutral beam
injection (NBI) blips were then added for charge exchange recombination spectroscopy
(CXRS) measurements of the ion temperature. The core density profile is in general flat
when compared to the edge, but still with a slight degree of peaking, possibly due to
the effect of central ECRH, as is usually observed in ELMy H-mode plasmas [16]. The
electron temperature and pressure profiles are peaked due to the central heating. The
temperature of the ions in the inner core is lower than that of the electrons because of
the pure electron heating but they almost equilibrate in the outer core, for normalized
poloidal flux radius p,, > 0.6. The electron-ion coupling can in principle be further
increased by operating at a higher core density.

The ability to maintain a stationary edge pedestal without the relaxation caused
by ELMs is a surprising and positive feature of this H-mode. However, large ELMs
reappear when the heating power is further increased, as exemplified in figure 3, from
3.95s onward. Between 3.45 and 3.95s the plasma was ELM-free due to the optimal
heating power and there was no impurity accumulation. In fact, a strong reduction of
the core density of tungsten (the material of the divertor and first wall tiles of AUG),
measured by grazing incidence spectroscopy, is observed in this phase (figure 3(c)).
Together with the electron density increase, this amounts to a significant reduction
of the tungsten concentration, even without ELMs to flush impurities, and enables
operation without fresh boronization for wall conditioning. This is likely possible due
to a continuous edge transport mechanism, possibly related to the down-chirping QCM
visible in the reflectometry spectrogram of figure 3(a).

Adequate fueling is also required to maintain a steady-state ELM-free H-mode.
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Figure 3. Time evolution of different quantities in a discharge with an ELM-free H-
mode period: (a) edge reflectometry phase spectra, (b) line-averaged electron density,
(c) core tungsten density, (d) heating and radiated power. The sudden density drops
and transient excursions of the ohmic power are due to ELMs.

In fact, when enough ECRH power is applied but the gas puff is too low, the plasma
transitions to a non-stationary, impurity-accumulating, ELM-free H-mode without the
QCM and whose density and radiated power uncontrollably increase until the occurrence
of ELMs and/or radiative collapse. By contrast, changing only the gas puff rate to a
moderate value results in a well-behaved stationary ELM-free H-mode with the QCM. It
does not accumulate impurities and the radiated power is always below the input power.
It is possible to obtain a similar regime with the QCM at higher gas puff levels, but
the influence of fueling is not yet fully understood, especially since the access conditions
and behavior of the scenario strongly depend also on plasma current, shape and heating
power.

The QCM is an electromagnetic instability whose density fluctuations are measured
by several diagnostics on the low-field side (LFS), in the steep gradient region of the
pedestal and close to the separatrix (see figure 2(a)). So far it has not been possible to
precisely measure how far it extends to the pedestal top and whether it exists on the
high-field side too. The QCM moves in the electron diamagnetic direction in the lab
frame and has a relatively broad frequency peak that gives rise to its name, as shown in
the reflectometry and magnetic pickup coils spectra of figure 4 around 33 kHz. Its initial
frequency at the transition to the ELM-free regime can range from 40 to 80 kHz and then



Stationary ELM-free H-mode in ASDEX Upgrade 6

shot 35177 3 200 3. 6005

o - =

g 10! ;_ —RFL phase 2. 9><1019m‘3 4
o £ A\ B, B31-40 (LFS)
B ook ]
N 10°¢ =
E 3
— -1 =

(] 10 E o v o 1wy by by by by

=z 0 20 40 60 80 100 120

Frequency (kHz)

Figure 4. Normalized power spectra of reflectometry phase (blue) caused by density
fluctuations and radial magnetic field fluctuations (orange) measured by the magnetic
pickup coil closest to the plasma on the LFS.

decreases to a constant value between 20 and 40kHz. The magnetic signature of the
QCM is detected only by the pickup coils closest to the plasma, which means that there
is a strong radial decay of the magnetic fluctuation amplitude, possibly due to a small
perpendicular wavelength. The relation between the two quantities can be derived for
a field-aligned perturbation using Laplace’s equation in a slab approximation [8]. The
pronounced radial decay is consistent with the perpendicular wavenumber of the QCM
of ky ~0.6cm™! & 0.06 p!, as estimated with poloidal correlation reflectometry, where
ps 1s the mixed Larmor radius, computed with the electron temperature and ion mass.
This corresponds to a toroidal mode number n ~ 20, assuming straight magnetic field
lines.

In order to further support the idea that the stationary ELM-free H-mode is made
possible by enhanced edge transport likely driven by the QCM, it is useful to correlate
its appearance with changes in plasma parameters. The discharge shown in figure 5 is
particularly suitable for this analysis, because the heating power was kept very close
to the lower threshold between ELMy and stationary ELM-free H-mode, resulting in
a period of alternation between the two regimes, from 3.33 to 3.55s. The ELMy H-
mode features fast, high frequency edge coherent modes [17], easily detected by the
magnetic pickup coils (figure 5(c)), while the stationary ELM-free H-mode features the
QCM, with lower velocity, frequency, and wavelength, hardly seen by the coils, but
clearly visible for example in an ECE channel close to the separatrix (figure 5(d)). The
reflectometer (figure 5(a)) can detect both instabilities, which do not coexist, resulting
in the spectral peaks jumping back and forth between low and high frequency. This
alternation is correlated with changes in several edge and divertor parameters. Figure
5(e) shows the ECE radiation temperature measured by edge channels which display an
oscillation synchronized with the mode alternation. When the QCM appears, the edge
line-integrated density and temperature in ECE channels within the confined region
decrease, while the temperature and density measured by divertor Langmuir probes
increases, as shown in figure 5(f). A rise in the divertor shunt currents is also observed.
Low frequency oscillations in the SOL ECE signals and in the poloidal magnetic field
close to the divertor are concomitant with these effects. The changes in the divertor
happen with a small time delay with respect to the changes in the pedestal, which
suggests causality: the QCM appears to cause an increase of particle and energy
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Figure 5. Time evolution of different quantities around the transition to the stationary
ELM-free H-mode: (a) edge reflectometry phase spectra, (b) heating and radiated
power, (c) LFS radial magnetic field spectra, (d) ECE spectra, (e) ECE radiation
temperature, (f) electron density measured by Langmuir probes in the divertor. The
time period in the shaded region of panel (b) is zoomed in panels (c)-(f) to highlight
the regime alternation.

transport in the pedestal region, expelling plasma to the divertor. This may explain the
absence of impurity accumulation and ELMs, as the increased transport could prevent
the edge gradients from reaching the peeling-ballooning instability boundary. This type
of behavior where an edge instability drives transport in the pedestal or close to the
separatrix is a typical feature of high confinement ELM-free regimes in general [3].
Even with the QCM and enhanced transport, large ELMs reappear when the
heating power is increased above a certain threshold. At low triangularity, the stationary
ELM-free H-mode only exists within a relatively narrow power window of roughly
0.2 MW, as previously exemplified in figure 3. This corresponds to about 20 % of the L-H
power threshold, but it is difficult to determine the values precisely, since the minimum
ECRH power per heating step in AUG is 0.2 MW. At high triangularity, the situation
improves significantly. Figure 6 shows a comparison of two discharges at different
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Figure 6. Comparison of low § (orange) and high § (blue) discharges with a stationary
ELM-free H-mode: (a) line-averaged electron density, (b) plasma stored energy, (c)
ECRH power. The time axis of the low § discharge has been shifted by 1s to align the
heating ramps of both discharges. The vertical dashed line marks the appearance of
the QCM.

triangularity with constant fueling and ECRH steps: the low ¢ discharge, in orange,
has lower triangularity i = 0.39 and upper triangularity d,, = 0.12, corresponding to
dave = 0.25; the high § discharge, in blue, has i = 0.47, dyp = 0.30 and daye = 0.39.
At low ¢, if another ECRH step was applied, large ELMs would occur, but at high §
the plasma can handle about twice the power while remaining ELM-free. This leads to
a much higher core temperature and pressure. A possible explanation for this effect is
the extension of the peeling-ballooning stability limit with strong shaping [18]. Another
advantage of high ¢ operation is that the plasma transitions directly from L-mode to the
steady-state ELM-free H-mode, without passing through the ELMy phase that occurs
at low § with small ECRH steps. As a result, the regime can be accessed within a much
wider power window of about 1.2 MW, corresponding to P/P gy ~ 1-1.8, where P is
the total input power and Py is the threshold for the L-H transition. This increased
robustness at high 0 makes the scenario highly reproducible without requiring a fine
control of the input power.

The regime presented in this paper shares several key features with Alcator C-
mod’s EDA H-mode [5, 6]. It is generally obtained with significant electromagnetic
wave heating, becomes more robust at high triangularity [5, 10, 19], does not exist
with too low fueling [5, 6] and features an edge down-chirping QCM which produces
outward plasma transport [7-9], enabling steady-state ELM-free operation with good
confinement. Practical differences include the use of ICRF heating in C-mod, compared
with ECRH in AUG, and the need of fresh boronization for wall conditioning in C-mod,
which is not required in AUG. In terms of dimensionless parameters such as qq5, Oy and
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vy, the stationary ELM-free H-mode in AUG overlaps with a part of the EDA H-mode
parameter space [10], although at a higher fow and typically lower d,y, than in C-mod.
One should note, however, that a large portion of the parameter space for the regime in
AUG remains to be explored. Therefore it is possible and even likely that this is a single
regime observed in two different machines, which constitutes a powerful opportunity to
extend the understanding of its physics and increase the reliability of its extrapolation
to large-scale reactors.

To summarize, a stationary ELM-free H-mode with several desirable properties has
been recently established and successfully demonstrated in AUG by applying central
ECRH above the L-H power threshold with adequate fueling. This low-torque, dominant
electron heating regime exhibits good energy confinement, with an enhancement factor
Hogyo = 0.9-1.3, high density, with a Greenwald fraction fow = 0.8-0.9, and no
impurity accumulation despite the absence of ELMs. It can be accessed at low input
power but not too low fueling and becomes more robust at high triangularity, allowing
the achievement of higher core temperature and pressure. This promising regime
shares several features with the EDA H-mode, including the ubiquitous presence of
a QCM which seems to be responsible for enhanced transport losses, as its appearance
and disappearance are correlated with corresponding changes in edge and divertor
parameters. This enhanced transport may be the key to achieving steady-state operation
without ELMs nor impurity accumulation. Additional experiments with argon seeding
for pedestal radiative cooling have been started and allowed an increase of the heating
power by a factor of two while controlling the net power across the separatrix and
maintaining the absence of ELMs. Future studies are planned to widen the parameter
space, achieve higher performance, integrate radiative cooling and divertor detachment,
derive scalings and further investigate the existence conditions of the QCM as well as its
role in regulating edge transport and stability. This will lead to a better understanding
of the stationary ELM-free H-mode in AUG, with the ultimate goal of reliably assessing
its compatibility with future reactors such as ITER and DEMO.
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