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Abstract. Edge localized modes (ELMs) have a detrimental effect on the plasma
facing components and pose one of the moést serious obstacles for steady-state operation
in a future fusion device. For future fuSion ma’chines, the control or even full
suppression of ELMs is mandatory. In the past years, extensive effort has been directed
to the development of operational regimes that maintain the high confinement and
good performance of the H-mode, while at the same time ELMs are suppressed or
mitigated. Several natural ELM-free and small-ELM regimes, such as the Quiescent
H-mode (QH-mode), thé improvedsenergy confinement mode (I-mode), the type-IT and
the grassy ELM-regime, have been obtained in various tokamaks. The state-of-the-art
and recent advances of these ELM-free and small-ELM scenarios are reviewed, and the
access and sustainmentyas well as their applicability to ITER are discussed.

N
1. Introduction

Future fusion devicesisuch as ITFER [1] foresee the high-confinement mode (H-mode) [2]
as the baseline operationahscenario. The onset of the H-mode, achieved above a certain
power threshold, is characterized by the formation of an edge transport barrier, a narrow
region of reduced energy and particle transport. This transport barrier is responsible
for steep edge temperature and density gradients, thus resulting in a steeper pressure
profile at the edge compared to the low confinement mode (L-mode). A characteristic
pedestalsstructureswith high edge temperature and density is formed which determines
the increase in particle and energy confinement found in the H-mode.

The sharp gradients of the H-mode edge region are limited by the occurrence of
edge localized modes (ELMs) [3, 4, 5, 6, 7], magnetohydrodynamic (MHD) instabilities
that expeliparticles and energy from the plasma and lead to a transient degradation of
the transport barrier. There are different types of ELMs [3, 6, 7], the large and periodic
type-I'ELM being the most serious concern for future fusion devices. For type-1 ELMs,
this limit is believed to be defined by the peeling-ballooning limit [8, 9, 10, 11], driven by
an interplay between the edge pressure gradient Vp and current density j. The energy
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Figure 1. Schematic sketch of pedestalf stability, diagram: (a) shows typical
experimental points of type-I ELMy reginies \(yellow star), QH-modes (green star),
I-modes (magenta star), (b) illustrates the'experimental points of type-II ELMs (cyan
star) and grassy ELMs (orange star). 4

exhaust during an ELM can account forup te 30% of the total stored energy in the
plasma. For future magnetic fusion devices; the mitigation or even full suppression of
ELMs is mandatory to avoid erosion ofithe divertor target plates from the heat and
particle fluxes caused by a type-I ELM [12]. At the same time the pedestal top pressure
should not be strongly reducedy[13, 14] so as to maintain the good confinement of the
H-mode.

In the pedestal region, three types of instabilities based on ideal MHD can occur.
First, ballooning modes, with'mediuni to high toroidal mode number (n), driven by the
steep edge pressure gradient/which have their maximum amplitude on the outboard
side. Second, low-n, kink-peeling modes driven by the pedestal current and third, a
combination of the tweoinstabilities, i.e. coupled peeling-ballooning modes, driven by
steep pressure gradients, and large edge currents. Recent theoretical studies suggest
that besides thetglobal peeling-ballooning mode which affects the entire pedestal, local
modes can exist'thatyaffect the plasma edge in a very narrow region [15, 16]. These
local modes/candrive tramsport, thus changing the pedestal structure locally [17, 18].

Figurey 1 shows a schematic sketch of the pedestal stability diagram based on
peelingtballooning theory [10, 11], which depends on the maximum value of the
normalised pedestal pressure gradient and the edge bootstrap current. When increasing
the plasma.shape the field line length in the bad curvature region is shorter [19], which
helps. to increase the stability boundary and thus, higher pressure gradients and edge
currents can be reached before hitting the ELM stability limit. Modifying the transport
anduthus, changing the pedestal structure using actuators such as shaping or ExB
rotation can affect the pedestal stability, thus opening a window for accessing a regime
which features a pedestal that stays below the limit for type-I ELMs. Figure 1(a)
and (b) show the operational points (coloured stars) of the Quiescent H-mode (QH-
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mode), improved energy confinement regime (I-mode), grassy ELMs and type-II' ELMs
discussed in this paper. The yellow star shows a typical operational point ofia type-1
ELMy H-mode plasma.

In the past years, extensive effort has been directed to the development of
operational regimes that maintain the high confinement and performance of the H-
mode, while at the same time eliminating and/or mitigating the ELEMs (exg. [20, 21,
22, 23, 24, 25, 26, 27| and references therein). Here, we distinguish betwéen ‘natural’
ELM-free regimes, such as the Quiescent H-mode (QH-mode) [20]; theimproved energy
confinement regime (I-mode) [21] and the enhanced D, (EDA) H-niode at C-Mod [22],
small-ELM regimes, such as grassy [28] and type-1I ELMs [23], and active ELM control
techniques [29, 30], such as externally applied magnetic perturbatiens [31, 27, 32], ELM
pacing with pellets [33, 34, 35], vertical kicks [36, 37] orisupersonic molecular beam
injection (SMBI) [38, 39]. While pellet pacing and the application of externally applied
magnetic perturbation coils are currently the foreséen path for ELM control in ITER,
the underlying physics mechanisms and access conditions,are not completely clear yet.
Natural no-ELM and small-ELM regimes are potential candidates as they feature many
aspects required for the operation of ITER,and future fusion devices. In the past years,
substantial progress on expanding the operational window of natural no-ELM and small-
ELM regimes has been made such that they couldipossibly be used in ITER.

A review of the current understanding.of natural ELM-free and small-ELM regimes
is presented in this paper, summarizing the recent advances made in the last 2-3 years.
For recent work in understanding the effeets of active ELM control techniques, the
reader is referred to [40].

This paper is organized as follows:»Section 2 discusses the advances made for the
[-mode [41, 21] and QH-modeé"20;42, 43, 44], two regimes which occur naturally without
ELMs. In section 3, the recent progress for type-II ELMs [45] and grassy ELMs [28] is
presented. Section 4 discusses the projection of these regimes towards ITER. Section 5
summarizes the findingssand discusses the direction for future work.

2. Naturally ELM-free regimes

Naturally oc¢curring ELM-free regimes, such as the improved energy confinement mode
(I-mode) J41,21] and the Quiescent H-mode (QH-mode) [20] represent an attractive
solution for ITER and future fusion devices. However, extrapolation of these regimes
is still uncertain as a detailed physics understanding is not yet available. Significant
progress on the [-mode and the QH-mode has been made recently towards developing
a complete/ physics basis. An overview of the state-of-the-art is given in this section.

2:1aThe improved energy confinement mode (I-mode)

The improved energy confinement mode (I-mode) [21], originally dubbed improved L-
mode on ASDEX Upgrade [41] due to the weaker power degradation compared to
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Figure 2. Transition fromik-.to I-mode on Alcator C-Mod: (a) ICRF power, (b)
line-integrated electron density, (¢) eore electron temperature, (d) pedestal electron
temperature, (e) plasma pressure, (f) D, emission used as ELM monitor. Figure
reproduced with permission from [49]. Copyright 2016 TAEA Vienna.

the L-mode [46], is characterized by an increased temperature gradient at the edge
and higher energy confinement with respect to the L-mode. The particle transport
remains close to the L-modedevel, In this regime, the energy and particle transport are
decoupled as the pedestal build-up is only observed in the temperature but not in the
density. The energyreonfinement factor Hog(y,2) in the I-mode usually ranges between
0.6-1.0 [47, 48, 49] and walues up to 1.2 have been observed recently [50]. I-modes
that can be sustained over several confinement times at AUG show confinement levels
of Hos(y,2) £ 0.85 [48]. On Alcator C-Mod stationary I-modes reached confinement
factors of up te'1.0-1.2 [49]. The I-mode is typically accessed in the unfavourable VB
drift configuration”(unfavourable regarding H-mode access), where the ion VB drift is
away from the active X-point, which exhibits a higher L.-H power threshold compared
to ghe favourable configuration. The onset of the I-mode is detected by the increase
in 'the pedestal temperature, concomitant with an increase in the pressure and global
energyrconfinement. In addition to the formation of a temperature pedestal, a weakly
eoherent mode (WCM, at frequencies of 100-300kHz) [51], localized at the very edge
of the plasma [52], and a geodesic acoustic mode (GAM, at frequencies of 10-30kHz)
are observed [53, 54]. The GAM has been shown to be responsible for the broadband
structure of the WCM [53, 54], which thus represents a non-linearly coupled system.
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Figure 3. L-I power threshold and edgé ion heat flux, Q; cqge at the L-I transition as
a function of density at AUG. Figure reproduced with permission from [48]. Copyright
2017 TAEA Vienna.

Figure 2 shows example time traces from Aléator C-Mod [49]. The onset of the
[-mode is highlighted by the dashed; vertical line. As shown, the density and the D,
emission stay close to L-mode levels, while the electron temperature is increased by
a factor of 2, leading to the improved confinement. Access to the [-mode has been
observed with different heatingametheds, including neutral beam injection, electron and
ion cyclotron resonance heating [49, 48] Further, the access is independent of the wall
material, as the I-mode confinement regime was obtained on AUG with the carbon [41]
and tungsten wall [48], and on Aleator C-Mod (Mo wall) [21, 49] and DIII-D (C wall)
[55, 49]. The main features of the I-mode (temperature pedestal, ELM-free, increased
stored energy) were obseérved to be universal in all three devices.

Recently, an Fmodedatabase was compiled on AUG including [-modes in the upper-
single null (USN) configuration and in reversed B,/I, in the lower single null (LSN)
configurationd(both with the ion VB drift away from the active X-point), covering
magnetic fields of 1.8-3.0T [47]. The auxiliary heating power needed to induce the L-I
transitionsdepends.on the line-averaged density, in line with observations on Alcator
C-Mod/([56]. The fact that no difference is seen between USN and LSN (with reversed
B, /L,)-indicates that the I-mode physics is independent of how the high power threshold
is obtaineds (either by reversing the field in LSN or operating with a forward field in
USN), [48] as long as the ion VB drift is away from the X-point. The density dependence
of the L-T power threshold has been studied and a different value in the power threshold
is observed at low density when heating the electrons exclusively with ECRH (see figure
3). In this case, the L-I power threshold is increased by a factor of 2-3 [48]. Analysis
of the edge ion heat flux at the L-I transition shows a linear dependence on the density
and describes the behaviour also at low density (see figure 3). This is similar to results
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observed for the L-H transition [57]: a minimum edge ion heat flux is required gn order
to enter the I-mode. At low density, where ions and electrons are weakly coupled, more
ECRH power is required in order to reach the necessary ion heat flux to enter the [-meode.
As the edge E, is mainly driven by the main ion pressure gradient [58, 59, 60361], this
also indicates that the E, well could play a key role for the L-I transitien.. Compared to
the scaling found for the L-H transition [62], the L-I transition shows aweak dependence
on the magnetic field [47], in line with observations at Alcator C-Mod covering a range
of 2.8-8T [50]. Thus, the ExB shear stabilization may onlyplayra minor role for
triggering the I-mode. The edge radial electric field is observed to d?epen at the L-I
transition [47, 63]. Detailed measurements with Doppler reflectometry showed that at
the onset of the -mode in NBI-heated plasmas, first the inner Eshear layer steepens,
followed by a deepening of the E,. well during the I-mode as the temperature pedestal
evolves [47]. At the transition from I- to H-mode, thé E, well reaches values of around
-14kV/m, which is similar to the value observed at#he L-H transition in the favourable
configuration [64, 65].

Recent experiments on AUG also revealed thé existénce of strongly intermittent
density fluctuations during the I-mode{66] which corresponds to the ‘macroscopic
fluctuations’ mentioned in [41]. Figure 4 8hows the behaviour of the fluctuation
amplitude measured with Doppler reflectometry at the plasma edge of the (a) L-mode
and (b) I-mode. Compared to the E=modegpthe I-mode exhibits a lower baseline level but
shows strongly intermittent events with-@much larger fluctuation amplitude [66]. These
bursts typically last for 2-10 ugsand only appear during the I-mode. Figure 4(c) shows
the evolution of the probability.density function of the turbulence amplitude from L-, to
I-, to H-mode. Note that here the fluctwation amplitude is normalized to the standard
deviation in L-mode. Whilethedow fluctuation amplitudes decrease from L- to I-mode,
the large fluctuation amplitudes increase and the probability density function broadens.
This behaviour wasebserved at all measured structure sizes, scanning the perpendicular
wavenumber from 5<12em ' [47].

The density fluctuations are correlated with the WCM [66]. The Doppler peak in
the frequency spectrum appears quantized and shows multiple narrow sub-peaks (see
figure 4(d)). Aetailed, analysis of these sub-peaks shows that the signal is amplitude
modulated (nonésinusoidal) with the WCM frequency [66]. The large intermittent
events aregpreceded/ by smaller density perturbations, which also show a correlation
with the WCM, frequency as the temporal difference between the preceding bursts
is proportional /to the inverse WCM frequency. These bursts have been observed in
reflectometry, Doppler reflectometry, magnetic probes and bolometry and may play a
decisive role in inhibiting the formation of a particle transport barrier in the I-mode
[47]. Gemparison of the Doppler reflectometry measurements, which are taken inside
thereonfined region, to the bolometry signal in the divertor show a strong correlation
with the fluctuation amplitude. The observed time delay between the two diagnostics
indicates that the intermittent density bursts are born inside the separatrix and then
travel towards the divertor [47]. The exact generation mechanism of these bursts is not
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Figure 4. Fluctuation amplitudes measured at AUG in (a) L-mode and (b) I-mode.
(c) shows the probability density function during the transition from L- to I- to H-
mode. (d) showsithefrequency spectra measured in L-mode (black) and I-mode (red).
Figures reproduced with permission from [66] and [67]. Copyright TAEA Vienna.

clear yet. A non-linear electrostatic drift wave model has been proposed in [66], similar
to the Korteweg-de-Vries and Burgers equation for intermittency in 1D systems.

The ELM-free I-mode regime with H-mode like energy transport, but L-mode
like particle tgransport-is favourable for future fusion devices as it avoids impurity
accumulation and provides, steady density profiles. The I-mode has been observed over
a wide ramge in collisionality and qo5 [21, 49, 48, 47|, in particular at ITER-relevant
values (see alsotsection 4). Future studies should assess whether a sufficient amount
of fusion power can be obtained without a density pedestal. In addition, future work
should also, focus on the transition from I- to H-mode as it is still poorly understood
and sets the operational limit for the I-mode. The fact that the I-mode has so far only
been obtained robustly in the unfavourable configuration also means a higher power
threshold compared to the usual L-H power threshold in the favourable configuration.
Detailed studies on the compatibility of this requirement for ITER and future fusion
devices are indispensable. At AUG, the I-mode often evolves into the H-mode in an
uncontrolled manner [48], thus, making the I-mode non-steady. This could be a serious
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issue for ITER and future fusion devices. Non-steady [-modes are also observed on €-
Mod for lower fields (~2.8 T), but most discharges at high field (>5T) have stationary
conditions [50]. Experiments on AUG are ongoing that focus on avoiding the evolution
into H-mode by controlling the plasma energy using a feedback controlledsheating power
68].

Dedicated experiments for the development of the I-mode regime on "I'CV were
carried out recently, however, to date the [-mode has not been found yet at TCV [69].
At low magnetic field (the nominal field of TCV is 1.45 T') the multi-machiné scaling [50]
suggests a very narrow window in auxiliary power for the I-mode. Further experiments
are scheduled for 2018.

2.2. The Quiescent H-mode (QH-mode)

The Quiescent H-mode (QH-mode) is a naturally ELM-free state which shows the good
confinement of the H-mode but without the degradation of the pedestal by ELMs. The
QH-mode was originally discovered at DIII-D [20] andilater also observed on ASDEX
Upgrade with a carbon (C) wall [42], JET-C [70, 43] and JT-60U [44]. The QH-mode
is a steady, ELM-free regime with constantidensity and radiated power which can be
sustained for several seconds (i.e. 25-30 energy eonfinement times) [71]. The onset of the
QH-mode is accompanied by an Edge.Harmonic Oscillation (EHO) which increases the
edge particle transport to allow natural stability against an ELM [20]. Figure 5 shows
time traces of a QH-mode discharge at DIILD: (a) the plasma current and divertor D,,
light, (b) the onset of an n = T'EHO, (c) the energy confinement factor, (d) the line-
averaged and pedestal electron densityy,.(e) the NBI power and total radiated power and
(f) the neutral beam torque. Here, negative values correspond to the counter-current
direction. Figure 5(g) shows aspectrogram of an EHO. The EHO typically exhibits low
toroidal mode numbers and/multiple harmonics. Experiments on DIII-D showed that
the EHO provides continuousiparticle transport such that the plasma stays below the
ELM stability boundary [73].

At AUG with a carben wall, the onset of the QH-mode was accompanied by two
types of MHD imeodes which were localized at the plasma edge [42]. A low frequency
(~10kHz) nf= L'EHO with harmonics up to n = 11 and a high-frequency oscillation
(HFO), observed at 350 and 490kHz (see figure 6), which is detected by a set of fast
pick-upcoils (sampling rate 2.5 MHz) that measure the radial magnetic field. They
were both observed to rotate in the electron diamagnetic direction. The HFO exhibited
bursts whichyare phase-correlated with the EHO [42]. The EHO showed characteristic
fast. drops‘in the radial magnetic field signal, which always occured at the end of an
HFO butst (see figure 6). The HFO bursts were also visible in Soft X-ray and in the
D, signal of the outer divertor [42].

At JET long-lived ‘outer’ modes were observed [43] and showed very similar
characteristics as the EHO of the QH-mode. The outer mode has been identified as
a current ribbon which controls transport across the pedestal. The current ribbon is
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2(1) Figure 5. Time traces and/magnetics spectrogram of a QH-mode plasma at DIII-D:
45 (a) plasma current and divertor D,, light, (b) n = 1 component of coherent EHO, (c)
43 energy confinement factor, (d) line-averaged and pedestal electron density, (e) NBI
44 power @nd total radiated power, (f) neutral beam torque in counter-current direction.
45 (g) Example magnetics spectrogram showing the edge harmonic oscillation. Figure
46 reproduced, from,[72] [20], with the permission of ATP Publishing.
47
48
49 located at a rational surface near the pedestal flat-top, and spins toroidally with the local
?1) plasma toroidalotation frequency [43]. The mode appears at low to medium density,
52 and was shown to_significantly delay the first ELM. The existence of the current ribbon
53 appears to depénd on sufficient edge rotational shear [43].
gg The EHO is thought to be a saturated kink-peeling mode, driven unstable by large
56 edge current densities. Recent nonlinear simulations with the 3D MHD code JOREK [74]
57 and NIMROD [75] confirm this hypothesis [76, 77, 78, 79]. For the JOREK simulations,
gg toroidal mode numbers up to n = 10 were included and reproduced the kink/peeling
60 modestructure [76, 77]. The simulations show two phases: first, an initial linear growth

phase which is dominated by high-n mode numbers, exhibiting the behaviour of an
ELM-like burst. This is followed by a saturated phase, during which low-n kink/peeling
modes grow to a saturated level and reach a 3D quasi-stationary state. Due to non-linear
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Figure 6. QH-mode at AUG-C: The left/ panel shows time traces of the Soft X-ray
intensity, a fast magnetic pick-up coil in the midplane, and the D,, intensity of the outer
divertor. The right panel shows the spectrogram obtained from the fast pick-up coils,
showing the HFO at ~0.5 MHz. The HFO is correlated to the EHO and to changes in
the D, signal indicating particle.transport. Figure reproduced with permission from
[42]. Copyright Plasma Physies Controlled Fusion.

mode coupling [80] between the~higher-n mode numbers, the n = 1 and 2 harmonics
are excited later in time and then evolyeto being the predominant perturbations in the
stationary state. The simulations,also reveal that the density perturbation has a 3D
helical structure at the separatrix[76]. The kink-peeling mode causes an oscillation of
the plasma boundary of 1:5cm at the outer midplane. The simulated level of particle
losses, the density fluctuations and the frequency spectrum are in agreement with the
experiment [76]. A scamin pedestal pressure and edge current density was performed in
JOREK to study the response of the perturbations [77, 81]. Increasing the pedestal
pressure or deécreasing-the edge current results in a similar behaviour compared to
the reference experimental equilibrium [81]. An ELM-like behaviour was observed in
the linearsphase, followed by a stationary state with low-n modes being dominant.
When the pedestal pressure was increased and the edge current density was decreased
simultaneously,/ the initial ELM-like linear phase was followed by a stationary state with
a dominang ballooning mode with n = 9, 10. This indicates that a sufficiently high edge
current density is needed to drive the EHO [77].

The operational window of the QH-mode was recently extended towards high
Greenwald fraction [82] and low torque input [83]. Earlier experiments at DIII-D
highlighted the key role of the ExB rotational shear for maintaining the QH-mode
[84, 85]. This is supported by recent modelling with the M3D-C1 code [86]. Dedicated
double torque ramp experiments show that the EHO appears above a critical ExB
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Figure 7. Nonlinear MHD simulations of a DIII-D QH-mode including an edge ExB
rotation of 24 km/s: (a) time evolution of the perturked magnetic energy of n = 1—10
modes, (b) contour plot showing the flux of the perturbation of n = 1 — 10 modes
in a poloidal plane (with the separatrix in| black) during the saturated phase. Figure
reproduced with permission from [81]. Copyright Plasma Physics Controlled Fusion.

threshold and is replaced by ELMs beléwathis, threshold [87, 88]. The impact of the
ExB rotation was also studied by means of non-linear modelling with JOREK [81].
First simulations scanning thedExB rotatién profile up to 60% of the experimental
profile show that the n = 2 moede already becomes dominant in the linear phase when
including the ExB shear [81]. The n = 2 stays dominant in the saturated phase of
the perturbed magnetic enérgysThese results are consistent with previous ideal MHD
calculations, which showed that the shear in the toroidal rotation profile has a stabilizing
effect for high-n modes’[89].

The importancé ofsthe ExB rotational shear was also identified in nonlinear
NIMROD simulations including toroidal mode numbers up to n = 23 [78, 79]. In
this case a QH<4mede with broadband MHD was simulated. The simulations suggest
that rotational shear plays a critical role for the saturation mechanism. The stationary
state is only achieved when including the ExB rotation. Without the ExB rotational
shear thesimulations exhibit an ELM-like behaviour [79]. This result differs somewhat
from the JOREK simulations, as in those the saturated phase is also achieved without
the ExB rotation. Further simulations including diamagnetic effects, neoclassical flows
and a resistive wall are required to improve the predictive capability of non-linear MHD
simulations.

Recently, a new wide-pedestal QH-mode regime was discovered in plasmas with
double=null shape [72, 90]. In this shape, when reducing the net applied torque in a
standard QH-mode, the plasma transits from a QH-mode with an EHO to this new
regime characterized by broadband MHD and a wide pedestal. At the onset of this
new regime, the pedestal width increases by 50%, the pedestal pressure increases by
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Figure 8. Transition from standard te wide-pedestal QH-mode at DIII-D: NBI torque,
frequency spectogram, pedestal width ofithe electron pressure p., pedestal electron
pressure, confinement factor.Hos(y,2) and energy confinement time. Figure reproduced
with permission from [87]. Copyright-TAEA Vienna.

60% and the global energy confinement by 40% (see figure 8) [72, 90]. The wide-
pedestal QH-mode could be sustained over several seconds, as shown in figure 8. It was
recently also obtained in shape& with/upper and lower single null [91, 92]. Comparing
the plasma profiles in the wide-pedestal QH-mode to a standard QH-mode shows that
the steep gradient region moeves inward and in the region where the standard QH-mode
exhibits the steepest gradients, the profiles are now gentler. This is consistent with
the observation thatithe ExB shear decreases at the very edge, but increases further
inwards. This again highlights the importance of the ExB shear as this regime is
only observed encesthe torque and therefore, the ExB shear, is reduced. Here, the
following picturesarises:»As the torque is reduced, the ExB shear decreases giving rise
to an increase,0f the edge MHD activity. This on the other hand can drive transport
and thus, the gradients are reduced. The increased transport shifts the gradients in,
allowing a broader pedestal. Combined with the high shaping, which affects the pedestal
stability andipushes the boundary towards higher pressure gradients and edge currents,
this leads to a broader and higher pedestal and the maximum gradient region is shifted
furtheminwards compared to the standard QH-mode [72, 90].

This regime features improved confinement at low collisionality and low rotation,
similar to the standard QH-mode at the same conditions [85], and could be a potential
candidate for achieving high performance ELM-free operation at low torque. Further
experiments are required to get a detailed understanding of the physics mechanism
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Figure 9. Normalized ELM energy loss, AWggar/Wyed Versus pedestal electron
collisionality for various small-ELM and no-ELM regimes. / The type-I and type-III
ELMy regimes are shown in red and blue. Kigure reproduced with permission from
[100]. Copyright Plasma Physics ControlledsFusion.

L 4
underlying the transition from the standard to the wide-pedestal QH-mode. To date,
the wide-pedestal QH-mode has been aceessed starting from a standard QH-mode.
Experiments at DIII-D are ongoing to study.whether this regime can be accessed directly.

3. Small ELM regimes

Several small ELM regimes wére,observed in AUG [23, 45|, DIII-D [93], JET [94, 95, 96],
JET-2M [97], JT-60U [28], NSTX [98] and EAST [99]. An existence diagram is shown
in figure 9, in which the ELM energy loss normalized to the pedestal stored energy,
AWgpa /Whyea, is plotted sagaimst, the normalized electron collisionality [100]. This
diagram classifies the different types of ELMs [3] into the type-I ELMy regime, the
type-1II ELM regime and into small-ELM and no-ELM regimes (I-mode, QH-mode,
EDA H-mode). The small-ELM regimes are characterized by reduced ELM energy
losses with typically high ELM frequency. As shown in figure 9, different types of small
ELMs were observed in different collisionality regimes. They all have in common that
the observed ELM energy losses are smaller than 2%. The type-V ELMy regime at
NSTX [98], the highareeyeling steady (HRS) H-mode on JET-2M [97] and the type-11
ELMs, observed on/AUG [23, 45|, DIII-D [93] and JET [94], have been observed at
high collisionality values v} ., >1-2 [24]. A similar small ELM regime was obtained
in strongly fuelled, high density plasmas with magnetic perturbations [101, 102, 103].
The grassy, ELMs observed on JT60-U are typically accessed at low collisionalities v .,
<0.2. In this paper, the focus is put on the grassy and type-II ELMs as they can
be accessed ‘naturally’ by increasing the plasma triangularity. Both have in common
thatuthey are irregular, low-amplitude ELMs with high frequency and are observed
when the plasma is put in-between the first and second stable ballooning regimes in the
s — a diagram, where s is the normalized magnetic shear and a the normalized pressure
gradient [93, 104, 105].
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Figure 10. Type-Il ELMs at AUG: (a) Magnetics spectrogram and divertor current
as ELM indicator in the upper panel, (b) spectrogram of an ECE channel at the edge
showing the onset of a broadband fluctuation, as type-II ELMs appear. (c) electron
density and (d) temperature profile ¢omparing type-I and type-Il ELMs. Figure
reproduced with permission from [45]. Copyright TAEA Vienna.

3.1. Type-1I ELMs

A transition from type-I to type-II'ELMs"is observed when increasing the plasma
density, edge safety factor and triangularity, moving the plasma close to a double-null
configuration [23, 45]. Compared o type-I ELMs, the power load on the divertor of type-
IT ELMs reduces by a factor of0 and the ELM affected area narrows down substantially
[45].  Figure 10 shows the time evolution of the divertor current and the frequency
spectrogram of the magnetics?a) and an ECE channel (b) at the plasma edge (ppo
= 0.9). The onset of type-lI' ELMs is accompanied by a broadband fluctuation in the
range of 30-50 kHz. The broadband oscillation is observed in the magnetics, microwave
reflectometry and electrom, cyelotron emission diagnostic [23, 45]. The fluctuation is
localized radially in the ‘mo-mans’ land region up to the pedestal top (0.75 <ppe <0.95).
In this region, the 7, profile is slightly reduced, while n. is unchanged (see figure 10(c)
and (d)). Ngte that anincrease in the scrape-off layer is observed [45, 106], suggesting
that the scrapesoff layer could play an important role for the type-II ELMs. Analysis
of the temporal and spatial evolution of filaments of small ELMs on MAST and type-II
ELMs on AUG [107] indicates that the toroidal mode number of these ELMs is a factor
of 2¢higher compared to type-I ELMs. The importance of the scrape-off layer has also
been highlighted in [107]. Here, the toroidal filament velocity is smaller compared to
observations for type-I ELMs, suggesting that the filaments originate from the bottom
of the pedestal.

The plasma shape, in this case the closeness to the double-null configuration, is one
of the key parameters for obtaining type-II ELMs and indicates that the edge magnetic
shear could play an important role [23, 106]. The closeness to the double-null shape
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expands the stable region [105]. In addition, at high density and low temperature, ie.
high collisionality, the stability boundary is set by high-n ballooning modesi(see also
figure 1(b)). Besides the stabilizing effect of the type-II ELM conditions at increased
triangularity and qg5, the analysis shows that the most unstable mode has amarrower
radial extension and becomes more localized to the edge [105].

While the smaller amplitude of type-II ELMs is beneficial, thissegime has not yet
been obtained at low collisionality. However, if the collisionality lat the separatrix is
the decisive parameter rather than the pedestal collisionality, the type-1I ELLMy regime
could become a potential candidate for ITER. Type-II ELMs were recaltly observed in
the alternative ITER baseline scenario with gg5 = 3.6 at AUG and were sustained for
several seconds [108]. Again, the importance of moving the plasmaslose to a double-null
shape was highlighted in these experiments, further supperting that the plasma shape
is key to obtaining small ELMs [103].

3.2. Grassy ELMs

The grassy ELM regime was found on JT-60U [28] in' high (,, (>1.6) plasmas with
increased triangularity (6 >0.45) and highyedge ‘safety factor (go5 >6), but at low
collisionality, close to ITER-relevant values:s Byhincreasing the triangularity to 6 >0.6
the grassy ELM regime was also sustained at lower gos; values, go5 ~4 [109]. Similar to
type-11 ELMs, grassy ELMs have a very high frequency, ranging from 800-1500 Hz, and
small amplitude (AW grar/Wpeg <1%). Experiments at JT-60U showed that high values
of Bya facilitated the access to grassy ELMs, most likely due to the stabilizing effect
caused by a strong Shafranov#shift {110, 111]. High f,, plasmas feature two gradient
regions, an edge transport barrier and an internal transport barrier in n., 7, and T;
located around mid-radiug [28]. The"importance of (,, for obtaining grassy ELMs was
also highlighted in JET expériments [94]. Increasing [,., achieved by decreasing the
plasma current, caused a change in the ELM behaviour and large type-I ELMs were
replaced by small-amplitude, high-frequency ELMs.

For grassy ELMs, the pedestal profiles showed a small reduction (less than 20%) in
the temperature and density compared to type-I ELMs [28, 112]. No significant magnetic
signature was visible. The stability analysis showed that the radial extension of the most
unstable mode became narrower compared to type-I ELMs [109] and that the stability
boundaxy is dominated by high-n ballooning modes [113]. The toroidal rotation was
found to affect the behaviour of the ELMs and a counter-current rotation facilitated
access to thesgrassy ELM regime [109]. A rotation scan experiment exchanging co- and
counter-cutrrent beams was performed on JT-60U, demonstrating that with increased
rotation. in the counter-current direction, with otherwise similar parameters, the type-
L ELMs disappeared and were replaced by smaller, grassy ELMs (see figure 11). The
impact of rotation and the ion diamagnetic drift effect [114] on the pedestal stability was
studied with the MINERVA-DI code [115]. The stabilizing effect of the ion diamagnetic
drift pushes the stability boundary away from the operational point, while rotation
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Figure reproduced avith permission from [109]. Copyright TAEA Vienna.

N
tends to bring the boundary back,thus competing with the ion diamagnetic drift effect
[115]. This further support$ that rotation can play a significant role for the pedestal
stability.

4. Comparison of operational space

Substantial progress_has, been made on developing stationary high-confinement ELM-
free and small-EL.M regimes. In a variety of regimes, including type-II ELMs, grassy
ELMs and the wide-pedestal QH-mode, shaping of the plasma was found to be a
key parameter to manipulate the edge stability and increase the boundary towards
higher valuesiof the edge pressure gradient and edge current density. In view of ITER,
naturally ELM-free and small-ELM regimes appear attractive, however, a complete
physiessunderstanding is required for a meaningful assessment and extrapolation to
future fusion devices.

Figure 12 shows a figure of merit for the four regimes discussed in this paper. The
star chart displays five coordinates that are relevant for ITER [116], i.e. the pedestal
collisionality, triangularity, gos, Bpo and the pedestal Greenwald fraction, fawpea. Note
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Figure 12. Existence diagram of (a) no-ELM regimes and (b) small ELMs. The five
40 axes represent the'pedestal collisionality v,.q, triangularity 6, gos, Bpor and 1 - fow ped,
41 faw,peq being the'Greenwald pedestal fraction. The grey diamond represents the ITER
42 target [116].

45 that here 1 - fowpeq iSiplotted. The ITER target values [116] are highlighted with
j? the grey diamond: 25y =70.1, 6 = 04, qo5 = 3, By = 0.6 [117], fowpea = 0.8
48 resulting in 1 - fgwpeq = 0.2. It should be noted that in present day machines, some
49 parameters cannot berachieved simultaneously. Low collisionality operation typically
50 means operating at low density and low Greenwald fraction, while ITER will operate
52 at low collisionality/but high Greenwald fraction. The coloured, shaded areas in figure
53 12 correspond to the parameter ranges achieved for the various regimes. The I-mode
>4 valuesrepresent AUG [48, 47] and C-Mod [49] data, the QH-mode data represents
the parameter range obtained at DIII-D [118, 82], which also covers the range for the
57 QH-modes/achieved on AUG-C [42], JET-C [70, 43] and JT-60U [44]. The values for
58 type-II'ELMs correspond to data from AUG [23, 45] and JET [94] and grassy ELMs
to data from JT-60U [28, 109]. The I-mode and the QH-mode cover quite a wide
area, in particular in collisionality, triangularity, qo5 and Greenwald fraction. However,
steady operation at high normalized density has not been achieved yet for both regimes.
For the QH-mode the operational window towards the ITER relevant low qg5 = 3 is
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currently being extended. The grassy ELMs also span a wide region, however, more
experiments are needed to obtain the ITER target, especially in terms of ggg and the
Greenwald fraction. The type-II ELMs are achieved at the ITER Greenwald.fractiomand
triangularity and were recently obtained in the alternative ITER baselinescenario at gos
= 3.6, but have not yet been observed at I'TER-relevant pedestal collisionality values.
Future experiments on type-II ELMs should include a 3, scan to clafify whether type-
IT ELMs can be achieved at the ITER target value of 3,,. For a meaningful projection
towards ITER and future fusion devices, accessibility studies onda multi-machine basis,

similar as done in [49], are needed. >

5. Discussion and conclusions

On the route towards achieving fusion in a magneticyconfinement device, ELMs
constitute one of the biggest obstacles to steadysstate operation. During the last
decade, extensive effort has been put into the develoepment of steady quiescent, ELM-
free or ELM mitigated regimes. Currently, the two léading%$trategies for ITER are ELM
suppression with externally applied magnetic perturbation coils [25] and ELM-pacing
with pellets [35]. The reader is referred o [30, 40] for recent reviews on active ELM
control techniques. ELM-free and small-ELM regimes have recently regained attention
as alternative scenarios as they can be'aceessed ‘naturally’” by e.g. changing the plasma
triangularity, local magnetic shear or ExB shear. Naturally occurring ELM-free and
small-ELM regimes would be attractive solutions as their ELM energy loss is sufficiently
small to obtain minimal transient heat and particle loads combined with sufficient ELM
impurity exhaust.

While the different EliM-free and small-ELM regimes reviewed in this work all
have different characteristic signagures, one commonality becomes clear: a mechanism
is activated which changesithe transport and the structure of the pedestal in such a
way that it becomesistable against peeling-ballooning modes and thus, no type-I ELM
can occur. Howeyer, certain’ boundary conditions have to be introduced in order to
open a window for these mechanisms to be activated and to cause enough transport to
significantly change the pedestal structure. One of these boundary conditions is high
triangularity, which is shown to be important for accessing type-II ELMs, grassy ELMs
and the wide-pedestal QH-mode. Higher triangularity shifts the peeling-ballooning
stability boundary towards higher pressure gradients and edge currents, thereby opening
a larger operational space for local ballooning modes close to the separatrix. A similar
boundary condition might be ascribed to rotation (high ExB rotational shear for
the QH-mode, counter-current rotation for grassy ELMs) and to the operation in the
unfavourable VB drift configuration (I-mode). If in this additionally gained operational
space.a mechanism is activated which changes the transport in the gradient region,
the pedestal structure is also changed. For the cases reviewed here, a microscopic or
macroscopic mode develops: the WCM, GAM and intermittent density fluctuations [66]
for the I-mode, EHO or broadband MHD [72] for the QH-mode and local ballooning
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modes at the separatrix for type-II ELMs [106]. Grassy ELMs could be of similarmature.
They are observed at low collisionality, high triangularity, high gos, high 3, and exhibit
small changes in the pedestal profiles compared to type-I ELMs [28]. In previous werk
also other modes were found, such as the ‘Bursty Chirping Mode’ in discharges with
lithium injection [119] or the ‘Quasi-Coherent’ Mode in the EDA H-mode [22, 120], as
well as other mechanisms that modify the pedestal structure (in paztiéular the density
profile), such as lithium wall conditioning [121] or nitrogen seeding [18, 122]. They all
have in common that the pedestal pressure gradient is modifieddand shifted away from
the separatrix, thus improving the pedestal stability towards type-l ELMs [18, 17].

The prospects of these regimes are very promising. While.the access conditions for
achieving no-ELM and small-ELM regimes are known, a detailed physics understanding
is not yet available. The I-mode exhibits properties that are.envisaged for future fusion
devices, however, so far it only has been obtained frobustly in the unfavourable ion
V B configuration which has a higher I.-H power threshold compared to the favourable
configuration. The compatibility with the design of future fusion reactors has to be
assessed. Experiments at AUG dedicated to increasing the Greenwald fraction of the
I-mode and achieving higher Sy valuesfare currently/ongoing [68]. The operational
window of the QH-mode was extended towards)TER-relevant conditions including high
Greenwald fraction and low/zero net torque. However, to date a steady-state QH-mode
has not been observed in a metal ‘machine., Part of the EUROfusion MST1 campaign
[103] is focussing on developing naturallELM-free and small ELM scenarios, including
the QH-mode, at AUG with atungsten wall, TCV and MAST-U in order to contribute to
the physics understanding and te assess the compatibility with a metal wall. A reversed
By /1, campaign on AUG is scheduled Jater in 2018 and foresees the development of
the QH-mode and I-mode scenarios in reversed B;/I,. The required condition to enter
the small ELM regimes in terms of plasma shape has to be assessed since ITER does
not foresee a shapeslose to double-null. It is currently not clear whether the pedestal
collisionality or the ¢éollisionality at the separatrix is the more important parameter for
future machines. In thelatter case, type-II ELMs could become a potential candidate.
For all regimes more work at ITER and reactor relevant conditions, including low torque
input, operation with,a‘partially or even fully detached divertor and pellet fuelling,
amongst othersaredrequired. Currently, a detached divertor and low collisionality
operation.are not vet compatible. Understanding the underlying physics mechanism at
these conditions,is important for extrapolation to future devices.

[n_summary, substantial progress in understanding and extending the access and
sugtainment of natural ELM-free and small-ELM regimes has been obtained in the past
years. The various regimes reviewed in this work have in common that they exhibit
a charaeteristic mode (or mode coupling) which increases transport in the pedestal
region.., All these modes are of different nature and it is not yet clear whether they
can be obtained in an ITER pedestal and whether they will induce enough transport to
keep the pedestal below the peeling-ballooning stability boundary for type-I ELMs. The
most important next step is to compare the experimental findings with non-linear MHD



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-102384.R1

Naturally ELM-free and small-ELM regimes 20

and gyrokinetic modelling in order to obtain a detailed understanding of the underlying
physics mechanisms that set energy and particle transport in the various regimes. The
validation of modelling against experiment is required for a complete physics basisrand
for improving the predictive capability towards ITER.
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