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Abstract

One critical issue in steady-state and high-performance operation in future tokamak
fusion reactors is to develop H-mode operational regimes that mitigate or eliminate
the large-amplitude ELMs to decrease the transient heat flux on the divertor and first
wall. This paper reviews recent advances in extending and understanding the access
and sustainment of natural and impurity-induced small/no-ELM H-mode regimes in
EAST. Highly reproducible stationary grassy ELM regime with good energy con-
finement and excellent tungsten impurity exhaust capability has been obtained in
EAST with water-cooled metal wall, compatible with low rotation, high normalized
density, high bootstrap current fraction, radiative divertor and fully non-inductive
operations, which are the conditions required for future fusion reactor-level plasmas.
Grassy-like small-ELM H-mode regime has been achieved in helium (He) plasma
experiments, which will be conducted during the pre-fusion power operation phase
in ITER. The exploration for type-II ELM regime in EAST is also briefly intro-
duced. Three spontaneous no-ELM H-mode regimes frequently observed in EAST
are introduced, including an enhanced-recycling no-ELM regime, a non-inductive
low-recycling no-ELM regime and a transient spontaneous no-ELM regime at rela-
tively low pedestal collisionality (vi < 1). These no-ELM regimes show different
characteristic signatures of pedestal fluctuation and profiles, and the physical mech-
anisms behind have been studied. In addition, small/no-ELM regimes with impurity
seeding have also been achieved in EAST. The ELM behavior changing from mixed
small and large ELMs to pure grassy ELMs has been observed with neon (Ne) seed-
ing. A highly reproducible no-ELM H-mode regime with radiative divertor has been
demonstrated through CD, seeding in EAST. These results are believed to be help-
ful for the application of small/no-ELM H-mode regimes to future tokamak fusion
reactors.
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1 Introduction

Tokamak fusion reactors, like the International Thermonuclear Experimental
Reactor (ITER) (Shimada et al. 2004) and the Chinese Fusion Engineering Test
Reactor (CFETR) (Wan et al. 2017), are designed based on the high-confinement
mode (H-mode), since the machine size and cost are reduced with increasing
energy confinement. The high confinement performance results from a transport
barrier spontaneously formed at the plasma edge region, called pedestal. How-
ever, H-mode plasmas are usually accompanied by a quasi-periodic edge mag-
netohydrodynamic (MHD) instability, i.e. edge localized modes (ELMs). Large-
amplitude ELMs, so-called type-I or giant ELMs, can release large amounts of
particles and energy in each burst, resulting in severe damage to the plasma fac-
ing components in future tokamak fusion reactors and thus significantly reduc-
ing their lifetime (Loarte et al. 2003a; Zhitlukhin et al. 2007; Roth et al. 2009;
Klimov et al. 2009; Ueda et al. 2017; Ibano et al. 2019). The impurities generated
during ELM bursts can also contaminate the bulk plasma and degrade the plasma
confinement. Furthermore, large ELMs can trigger even dangerous global MHD
instabilities or collapses of internal transport barriers (ITB). It is therefore cur-
rently one of the major threats to the tokamak steady-state operations and thus a
high-priority issue in the magnetic fusion research.

To mitigate or eliminate the large ELMs, while at the same time, maintain the
high plasma confinement performance, various small/no-ELM H-mode regimes
have been developed on present tokamak devices (Viezzer 2018; Labit et al. 2019;
Harrer et al. 2022; Garcia et al. 2022). The Experimental Advanced Superconduct-
ing Tokamak (EAST) (Wan, et al. 2006) aims to provide supports for future tokamak
fusion reactors in both physics and technology issues on high confinement and
long-pulse operations. Lots of works have been done in EAST to develop H-mode
operational regimes that mitigate or eliminate the large amplitude ELMs and mean-
while maintain the high confinement performance, including the natural small/no-
ELM regimes (Xu et al. 2019; Yang et al. 2020; Feng et al. 2019; Wang et al. 2014;
Ye et al. 2017; Ye et al. 2019; Zhang et al. 2019) and the small/no-ELM regimes
obtained with active ELM control techniques (Sun et al. 2016; Sun et al. 2021;
Liang et al. 2013; Xu 2020; Zou et al. 2012; Hu et al. 2015; Mansfield et al. 2013).
The former refers to intrinsic small/no-ELMs obtained without active ELM control
methods, such as the grassy-ELM regime (Xu et al. 2019; Yang et al. 2020), I-mode
(Feng et al. 2019) and several spontaneous no-ELM H-mode regimes (Wang et al.
2014; Ye et al. 2017; Ye et al. 2019; Zhang et al. 2019). The latter refers to small/
no-ELMs obtained with external active ELM control methods, such as the exter-
nally applied magnetic perturbations (Sun et al. 2016), lower hybrid wave (LHW)
(Liang et al. 2013), impurity seeding (Xu 2020; Sun et al. 2021), supersonic molecu-
lar beam injection (SMBI) (Zou, et al. 2012), real-time lithium (Li) aerosol injection
(Hu et al. 2015) and Li granule (Mansfield et al. 2013). The physical mechanisms
behind these small/no-ELM regimes are still unclear although the access conditions
for achieving these regimes are known. Robust control of large-amplitude ELMs in
future fusion reactors still awaits a deeper understanding of the ELM instability.
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It has been widely recognized that it s the peeling—ballooning mode (PBM)
that mainly limits the pedestal stability, which is coupled by the ballooning mode
and kink/peeling mode at a high edge pressure gradient and a high edge current
density (Connor et al. 1998; Wilson et al. 1999), providing the trigger for large-
amplitude type-I ELMs. Besides the PBMs, some local modes (Wang et al. 2014;
Ye et al. 2017; Dunne et al. 2017; Dickinson et al. 2014; Bokshi et al. 2016;
Wolfrum et al. 2017) have also been found to affect the pedestal in a very narrow
region, which would drive pedestal transport and change the pedestal structure
and ELM instability. In recent advances in developing small/no-ELM regimes, it
has been found that the density pedestal profile plays an important role in several
tokamaks, such as the grassy ELM regime achieved with the RMP-induced ped-
estal density pump-out in DIII-D (Nazikian et al. 2018), the natural grassy ELM
regimes achieved with a low-density pedestal gradient and a high n /R peq
in both DIII-D (Wang et al. 2021) and EAST (Xu et al. 2019), the small ELM
regimes with a high separatrix density in AUG (Harrer et al. 2018) and TCV
(Labit et al. 2019), the ELM-free H-mode regimes obtained with lithium pow-
der injection or lithium-wall coating in DIII-D (Osborne et al. 2015) and NSTX
(Maingi et al. 2009) and the low-recycling no-ELM H-mode regime characterized
by a low separatrix density in EAST (Ye et al. 2019).

In this paper, a review of recent advances in developing natural and impurity-
induced small/no-ELM H-mode regimes in EAST is presented. This paper is
organized as follows: Sect. 2 presents recent progress in the small ELM regimes.
The progress in extending and understanding the access and sustainment of the
grassy ELM regime has been introduced. The exploration for type-II ELM regime
in EAST has also been briefly introduced. In Sect. 3, recent advances in no-ELM
H-mode regimes are presented, including an enhanced-recycling no-ELM regime,
a non-inductive low-recycling no-ELM regime and a transient spontaneous no-
ELM regime at relatively low pedestal collisionality (v} < 1). In Sect. 4, small/
no-ELM regimes achieved with impurity seeding are described. Section 5 gives
summary and discussion.

2 Small ELM regime

The transient heat load caused by large-amplitude ELMs is a critical issue and thus
should be well controlled for future fusion devices. The natural small ELM opera-
tion is one of the promising solutions. In the past decades, various small ELM
regimes have been successfully developed in the worldwide (Viezzer 2018; Oyama
et al. 2006; Stober et al. 2005; Maingi et al. 2011; Kamiya et al. 2007), including
grassy (Kamada et al. 2000), type-II (Stober et al. 2001) and type-V ELMs (Maingi
et al. 2005). The small grassy ELM regime has been developed since 2016 cam-
paign in EAST (Xu et al. 2019; Yang et al. 2020), and the exploration for type-II
ELM regime has also been conducted very recently under the lithium-coated wall.
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This section will review the development of grassy ELM regime in EAST, and the
exploration for type-II ELM operation will also be briefly introduced.

2.1 Typical small grassy ELMs in EAST

A typical EAST grassy ELM shot with an averaged ELM frequency fg;y>2 kHz
is shown in Fig. 1. This shot is operated with plasma current =400 kA, magnetic
field B~2.48 T, poloidal beta f,~1.8, edge safety factor go5~6.8 and upper trian-
gularity §,~0.58, under the upper signal null (USN) divertor configuration with an
ITER-like upper tungsten divertor, in the unfavourable B,, i.e. the ion VB drift away
from the X-point. The total source heating power is~9 MW, including 0.3 MW
electron cyclotron resonance heating (ECRH), 0.6 MW lower hybrid current drive
(LHCD) at 2.45 GHz, 1.7 MW LHCD at 4.6 GHz, 1.5 MW ion cyclotron resonance
heating (ICRH), 4 MW co-current neutral beam injection (NBI) and 1.1 MW coun-
ter-current NBI. Good energy confinement has been obtained with Hyg ,~1.1. The
estimations from both peak heat fluxes onto the divertor target and edge extreme
ultraviolet (XUV) radiations demonstrate that the ELM amplitude of grassy ELMs
is only ~ 10% of that of type-I ELMs. In addition, the measurements of edge line-
integrated density from POlarimeter-INTerferometer (POINT) diagnostic also indi-
cate that the edge density reduction caused by grassy ELMs is usually less than the
level of ~0.3%, while for type-I ELMs it could be up to>5%.

It is necessary to assess whether the ELM amplitude of grassy ELMs is accept-
able for future fusion devices or not. For ITER device, the ELM amplitude of
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Fig.1 A typical grassy ELM shot #71096 with /,=400 kA, B;~2.48 T and unfavourable B, direction
in EAST. Time histories of a poloidal beta f, and edge safety factor gys, b line-averaged density n,, and
upper triangularity &, ¢ divertor D, emission, and d ELM frequency fg; v. € The peak heat fluxes on the
divertor target plates and f edge XUV perturbation of grassy ELM in comparison to type-I ELM
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type-I ELMs needs to be reduced to at least 1/20 for the protection of plasma fac-
ing material (Roth et al. 2009; Loarte et al. 2003b). Therefore, the ELM size of
grassy ELMs is marginal. In order to further reduce the target energy fluence, the
compatibility of the grassy ELM regime with highly radiative divertor needs to be
performed, as suggested by Eich et al. (2017). For CFETR, the impact of the tran-
sient heat flux induced by grassy ELMs has also been studied, indicating that the
energy fluence caused by a single grassy ELM pulse is below the tungsten melting
limit, but tungsten erosion would exceed the material requirements (Li et al. 2021a).
Therefore, external mitigation methods such as divertor detachment and advanced
divertor geometry are suggested for the steady state operation of CFETR. The low
rotation is expected in future reactor-size plasmas, and the compatibility of grassy
ELM operation with the low plasma rotation has been demonstrated in EAST. As
shown in Fig. 2, under the injection of counter-current NBI, both core (p~0) and
edge (p~0.95) plasma toroidal rotations significantly decrease to a lower level
of ~10 km/s. Meanwhile, the grassy ELM frequency and amplitude show no evident
change, indicating that such small ELMs can be achieved under the condition of
low plasma rotation. Higher f, obtained by increasing either heating power or qgs is
found to benefit a higher frequency of grassy ELM. Such high-frequency small ELM
regime also exhibits a strong capability of tungsten impurity exhaust. In the acciden-
tal tungsten droplet events, the decay time of tungsten during grassy ELM shots is
nearly 60% shorter than that in type-I ELM shots, suggesting much stronger tung-
sten impurity exhaust capability. The edge coherent mode (ECM) (Wang et al. 2014)
and magnetic coherent mode (MCM) (Chen et al. 2018), which usually appear in the

Fig.2 A demonstration of EAST shot #71095
EAST grassy ELM operation T T T T

compatible with low rotation.
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is operated with Ip =400 kA,
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pedestal steep-gradient region in EAST, are dramatically weakened or even disap-
peared in grassy ELM discharges. Instead, a coherent mode with frequency ~20 kHz
is sometimes observed near the pedestal top.

2.2 Operational window of grassy ELM regime in EAST

Grassy ELMs in EAST are highly reproducible in a wide range of operational
parameters. Its operational space has been obtained by statistical analysis with a
broad database covering almost all the grassy ELM shots in the 2016-2019 EAST
campaign (Yang et al. 2020). g5 and f, are found to be the two critical parame-
ters for the access to grassy ELM regime in EAST. As illustrated in Fig. 3a, grassy
ELMs with ELM frequency fg;y; larger than 500 Hz could be obtained when gy
and f, are simultaneously high, i.e. gos>5.3 and ,>1.2. High g5 can dramatically
reduce the risk of tokamak disruption (Garofalo et al. 2014) while high f, facilitates
the achievement of a high bootstrap current fraction. In addition, the high Shafranov
shift at high f, could also have a beneficial effect on the improvement of global
energy confinement (Fukuyama et al. 1994). Good confinement with Hyg ., up to
1.4 has been achieved with pure RF heating (LHCD +ECRH) in the grassy ELM
discharges.

In EAST, grassy ELMs can be obtained under both favourable and unfavoura-
ble B, configurations, and the access to the regime needs a relatively high heating
power for a high f,, but not rely on the heating methods like LHCD and NBL
Statistical analysis shows that different to the observations on JET (Saibene et al.
2005), the access to grassy ELMs is insensitive to high internal inductance /; in
EAST. The edge collisionality for the EAST grassy ELM regime is in the range

v:pe 4~ 1-6, and shows no evident difference with the collisionality space of large
ELMs, ie. v* ~ 1-4, here v* is defined as (Sauter et al. 1999):
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Fig.3 a Parameter range of go5 and §, for small grassy ELMs compared with large ELMs, b f; \; as a
function of plasma density in favourable and unfavourable B,
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Vi e = 6-921 % 1078 ggsRn ZoeInA / (T?€/?), where Zg, InA,, € are effective ion

charge, Coulomb logarithm and inverse aspect ratio, respectively.

The grassy ELM regime shows good capacity of density control. The density
range for EAST grassy ELM regime is fairly broad, i.e. ny/ngy 2 0.45. The lower
density limit is only constrained by the NBI shine-through concern and tungsten
guide limiters of RF antennas. No significant change in either the ELM behavior or
energy confinement has been observed with a line-averaged density n, up to~0.8
ngy- Higher f; or triangularity are found to benefit the increase in grassy ELM fre-
quency under unfavourable B, configuration, while the grassy ELMs with high fre-
quency (fgp > 1 kHz) are more dependent on the high plasma density in favourable
B, configuration as shown in Fig. 3b. Moreover, a phenomenon that the small grassy
ELMs occur in clusters, named ‘clustered ELM’, appears to be more easily observed
in favourable B, configuration (Ding et al. 2021). Further investigations indicate that
the occurrence of clustered ELM is closely related to the lower electron temperature

(T, pea=200-400 eV) compared to the non-clustered grassy ELMs in main plasma.

2.3 Compatibility of grassy ELMs with high bootstrap current fraction operation

The operational window of EAST grassy ELM regime has partly overlapped with
the projected parameter range of the CFETR baseline scenario with 1 GW fusion
power production (Yang et al. 2020). Actually, small grassy ELM scenario has been
proposed as a promising ELM control solution for CFETR (Li et al. 2018; Zhuang
et al. 2019). In addition to the aforementioned high density operation, high boot-
strap current fraction operation is also needed to reduce the demands on external

Fig.4 A typical EAST grassy- EAST shot: #80167
ELM, high-/;, fully non-induc- T T T T
tive shot #80167 with bootstrap '
current fraction fzs~67% at
Gos~9, I,=300 kA, B,~2.48 T,
USN, unfavourable B,. a Green-
wald density fraction ng/ngy, b
poloidal beta §, and normalized
beta fy, ¢ internal inductance /;
and confinement enhancement
factor Hyg y, d loop voltage
Vioop> and € ELM frequency f;
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EAST Shot: #80167
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Fig.5 Radial profiles at 5.7 s in a typical EAST grassy ELM, high /;, fully non-inductive discharge
#80167 with bootstrap current fraction fzq~67%. a Electron density, b electron temperature (red) and
ion temperature (blue), ¢ total pressure, d bootstrap current density, e safety factor, and f magnetic shear

current drive for future fusion devices. Figure 4 shows a fully non-inductive dis-
charge with high ¢g5~9 and high §,~2.9, I,=300 kA, B,~2.48 T and unfavour-
able B, direction. The total heating power includes 0.5 MW LHCD at 2.45 GHz,
1.9 MW LHCD at 4.6 GHz, 1 MW ECRH, 0.8 MW ICRH and 5 MW co-current
NBI. The ELM frequency for the small grassy ELMs is 0.8—1 kHz. Figure 5 shows
the typical radial profiles in this discharge. A larger density pedestal width than the
T, pedestal is observed at the edge, while the edge 7, is very flat without evident
pedestal structure. In the plasma core the 7, is much higher than 7 as the electron-
heating schemes LHCD and ECRH are the dominant heating powers. The kinetic
EFIT equilibrium is reconstructed with bootstrap current given by the Sauter model
(Sauter et al. 1999). Calculated with ONETWO code and confirmed by TRANSP
code, high bootstrap current fraction of fz5 ~67% was obtained in this discharge with
good energy confinement up to Hog,~1.3 while~33% of the plasma current was
driven by the auxiliary heating systems. This discharge was obtained at quite high
qos. While fzg~50% can be achieved at CFETR relevant gy5=5.5-7 in grassy regime
(Zhuang et al. 2019). Accompanied with the upgrade of EAST heating system and
relevant scenario development, the explorations for higher bootstrap current fraction
will be conducted.
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2.4 Compatibility of grassy ELMs with radiative divertor operation

Future tokamak reactors such as ITER and CFETR will be operated at metal wall,
and thus the good control of stationary heat flux onto the divertor is also desirable in
addition to the ELMs. Partial detachment operation with radiative divertor scenario
has been considered as a primary solution for the control of divertor heat flux in
ITER (Organization 2018). With the development of radiative divertor regime rel-
evant techniques including the hardware and feedback control systems, the compat-
ibility of grassy ELMs with radiative divertor operation has also been explored in
EAST since the 2018 campaign (Li et al. 2020; Li et al. 2021b). Figure 6 shows a
typical grassy ELM shot #87887 with stable partial detachment by using Ne impu-
rity seeding while maintaining a good energy confinement. The electron temperature
T, near the upper outer strike point dramatically reduces with the seeding of gas
mixture of 50% Ne and 50% D, from one single valve and is maintained 7,,=5-8 eV
by the feedback control scheme through pulse-width-modulated duty cycle of a
piezo valve (Xu et al. 2020). Meanwhile, the divertor heat flux g, decreases from~ 1

EAST shot #87887
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Fig.6 The compatibility of grassy ELMs with the radiative divertor operation in EAST. Time histories
for EAST shot #87887 of a plasma density and loop voltage, b stored energy and energy confinement
factor Hyg (», ¢ ELM frequency, d divertor heat flux g, e electron temperature T, in the vicinity of the
upper outer strike point in the Port D and Port O, f Ne X emission and the voltage signal of piezo valve
for Ne seeding. This shot is operated with I, =400 kA, B;~2.42 T, go5~6.5, favourable B,
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(MW/m?) to~0.15 (MW/m?) with the divertor partial detachment. Note that, a good
global energy confinement is well maintained with Hgg ,> 1 during the period of
divertor detachment. Moreover, the ELM behavior becomes more grassy with ELM
frequency increases from~0.5 to>1 kHz after Ne seeding. Such divertor detach-
ment under grassy ELM H-mode plasma has also been obtained with the seeding
of other impurity species, including Ar and CD, (Li et al. 2021b; Wu et al. 2021).
These results demonstrate that the grassy ELM regime in combination with radiative
divertor technique is a promising method for the simultaneous control of stationary
and transient heat loads on future fusion device.

2.5 Grassy-like small ELMs in Helium plasma

Grassy-like small ELMs have also been observed in Helium (He) plasma in EAST.
He plasma operation is expected to be conducted in ITER during the pre-fusion
power operation phase (PFPO) and H-mode in the He plasma may be obtained
in this period (Organization 2018). To support the ITER early pre-fusion power
operation, He plasma experiments have been executed in 2018-2019 EAST cam-
paign (Zhang et al. 2020). As shown in Fig. 7, the heating power in the He plasma
discharge #94,396 includes 1 MW ECRH, 1.3 MW LHCD at 2.45 GHz, 2.6 MW
LHCD at 4.6 GHz and 1.2 MW NBI. During the He plasma operation with He con-
centration ~70%, grassy-like high-frequency small ELMs can be observed from He
I emissions at high gos~6, f,~1.25, [, =450 kA, B,~2.4 T, and favourable B; with
Greenwald density fraction of f5w~0.7. The ELM frequency is up to~2 kHz. This
result demonstrates that it is also promising to achieve grassy-like small ELMs in
Helium plasma.

Fig.7 Time histories for EAST Shot: #94396, Ags ~ 6
EAST grassy-like small ELM 1.3 3 T T
discharge #94396 during the He _(_)/\/v
plasma operation with He con- S
centration~70% of a poloidal 12¢
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2.6 Underlying mechanism for small grassy ELMs

The physics mechanism for small grassy ELMs has been intensively investigated
with the numerical simulations of ELITE and BOUT++ codes (Xu et al. 2019).
Linear peeling—ballooning stability analysis indicates that the operational point of
grassy ELMs is close to the peeling boundary, while the operational point of type-
I ELM lies close to the corner. This is different from the grassy ELM regimes in
JT-60U (Kamada et al. 2000), JET (Saibene et al. 2005) and AUG (Stober et al.
2005) or type-II ELMs (Stober et al. 2001), which were all concluded to be desta-
bilized at the high-n ballooning stability boundary. Further nonlinear simulation
has uncovered the physics mechanism of such small grassy ELMs. In the pro-
cess of grassy ELM crash, both peeling and ballooning boundaries significantly
expand and thus its operational point moves into the stable region after the initial
pedestal collapse. The pedestal collapse stops and a small ELM is achieved. In
contrast, the operational point in type-I ELM case is still located in the unstable
region after the initial pedestal collapse. Pedestal continues collapsing and thus
causes a large ELM eventually.

In comparison to type-I ELM regime, EAST grassy ELM regime has a wide
pedestal, a flat density profile and a high ratio between the separatrix density and
pedestal top density. The density ratio between the separatrix and pedestal top
Ne sep/Me pea 18 high t0~50% for grassy ELM regime, whilst ng ., /n. ,eq is~30%
for type-I ELM regime as shown in Fig. 8. There are several possible explana-
tions for the formation of high separatrix n, and moderate n, gradient: (1) strong
pedestal particle transport induced by the high-frequency grassy ELMs; (2) high
neoclassical particle diffusion at high ggs; (3) lithium wall coating reduces the
recycling from the divertor and main chamber, thus reducing pedestal fueling. A
significant increase of pedestal width, decrease of pedestal density gradient and
suppression of ELMs have been observed in NSTX under the condition of lithium
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Fig.8 a Separatrix density vs. pedestal top density and b typical pedestal density profiles for grassy
ELM:s and type-I ELMs in EAST
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wall coating (Maingi et al. 2009). The high n, ., and small density perturbations
caused by grassy ELMs are essential for the metal wall environment, which facili-
tate impurity screening, divertor detachment with relatively low density at pedes-
tal top and improve RF wave coupling.

2.7 Type-ll ELMs in EAST

Another small ELM regime, i.e. type-II ELM, has also been observed in EAST
recently. As shown in Fig. 9, the type-II ELM discharge #93820 was operated
at relatively high Greenwald density fraction fgw~0.65, low g¢s~4.5, §,~0.57,
dRy,~3 cm, [,=450 kA, B,~1.75 T in unfavourable B, direction, USN divertor
configuration. The heating power includes 0.5 MW LHCD at 2.45 GHz, 1.5 MW
LHCD at 4.6 GHz, 3 MW co-current NBI and 1.4 MW counter-current NBI. The
type-II ELM frequency is up to~ 1 kHz. The characteristic broadband turbulence
with frequency 10-30 kHz in the pedestal region could be clearly observed from
the edge chord POINT measurements. Further EAST experiments indicate that
higher plasma density facilitates the access to type-II ELMs, consistent with
experimental observation on ASDEX-Upgrade (Stober et al. 2001). Although the
number of type-II ELM discharges is very little in EAST, the typical experiments
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Fig.9 Time traces for EAST type-II ELM discharge #93820 compared to #93819 of a stored energy, b
Greenwald density fraction fgy, ¢ edge safety factor gos, d upper triangularity &,, e edge XUV emission
and f the zoom in on XUV emission
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show that the ELM size of type-II ELM decreases with plasma density increas-
ing, while the ELM size of grassy ELM regime increases with plasma density.
More characteristics of EAST type-II ELM regime will be further explored in the
future experimental campaign.

3 No-ELM regime

In this section, the characteristics and physical mechanisms of three spontaneous
no-ELM H-mode regimes frequently observed in EAST will be introduced.

(1) The first one is an enhanced-recycling H-mode regime, which appears at
relatively high pedestal collisionality (v} > 1) under the conditions of RF-dom-
inated heating and lithium wall coating. This regime has an enhanced divertor
D, emission and a high-n (toroidal mode number n=17-20) electrostatic Edge
Coherent Mode (ECM) driving significant pedestal particle and heat transport
(Wang et al. 2014; Ye et al. 2017). This regime is quite similar to the enhanced D,
H-mode (EDA) observed in Alcator C-Mod (Greenwald et al. 1999) and the high
recycling steady H-mode (HRS) in JFT-2 M (Kamiya et al. 2004). This regime
was firstly achieved in 2012, and then successfully demonstrated its compatibility
with the fully non-inductive long-pulse (> 15 s, 10-20 times longer than the cur-
rent diffusion time) operation in the 2014 EAST experimental campaign (Ye et al.
2017). The good energy confinement performance (Hyg,~1.2), good impurity
control, and relatively high Greenwald density fraction (<n,>/ngy ~0.5) were
achieved simultaneously in the long-pulse demonstration experiments (Ye et al.
2017). The increase of the pedestal width, local flattening of the density profile
near the separatrix and shift of the peak gradient region radially inward result in
the expansion of the ballooning instability boundary and thus improved pedes-
tal height and energy confinement performance. The combined effect of density
pump-out induced by ECM and edge plasma ergodization induced by LHW is
thought to be the cause of these profile changes (Liang et al. 2013).

Statistical research shows that the stationary no-ELM H-mode plasma has been
obtained mostly with 4.6 GHz LHW heating or counter-current NBI plus ECRH, in
suitable configuration (elongation k=1.55-1.63 and outer gap=23.5-5.5 cm). With
additional power from co-current NBI, ICRF or 2.45 GHz LHW, or even a slightly
increase in plasma elongation or outer gap from the compatible window, ELMs
appear, but they are mostly small ELMs (Ye et al. 2017). In addition, researches of
the ECM, which plays a key role in this regime, have been carefully carried out in
EAST in recent years. ECM is an electrostatic instability, with a rather weak mag-
netic component, 6B ~ 0.2G (5B/Bp ~1x 10_4), as measured by small magnetic
coils mounted on the reciprocating probe and moved radially to be located tran-
siently (several tens of ms) slightly outside the separatrix (~5 mm), where ECM can
be touched (Wang et al. 2014). ECM is observed to be located in the steep-gradient
pedestal region, which propagates in the electron diamagnetic drift direction in the
laboratory frame, and exhibits ballooning-like structure. GYRO, BOUT + +and
GTC simulations consistently suggested that the ECM may have the same nature of
the dissipative trapped electron mode (DTEM) (Wang et al. 2014; Xia et al. 2017;
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Fig. 10 ECM parameter space in EAST obtained from 28 individual shots, the abscissa is pedestal colli-
sionality, the ordinate is the pressure gradient, and the color contour levels represent the relative intensity
of the ECM. Reprinted from Ye et al. (2017). Copyright 2017 IOP

Zhao et al. 2017). As demonstrated by statistical analysis, the ECM is strongly cor-
related with the pedestal collisionality and the pressure gradient, with the suitable
operating space of the collisionality ranges from 2.5 to 5 and the pressure gradient
ranges from 100 to 200 kPa (dP/dp, where p is the square root of the normalized
poloidal magnetic flux), as shown in Fig. 10 below, consistent with the simulations.

(2) The second one is a non-inductive low-recycling H-mode regime, which is
achieved under the conditions of RF-dominated heating (mainly LHCD) and exten-
sive lithium wall coating (30 g for each time, usually twice the amount than the
normal case) or during real-time lithium powder/granules injection at relatively low
heating power (Ye et al. 2019). The salient feature of this no-ELM regime is that the
edge D, emission intensity, the separatrix electron density, divertor recycled neu-
tral particles and the pedestal fueling are significantly reduced after the L-H transi-
tion, the amplitude of the ELMs continues to decrease until they disappear com-
pletely. Unlike the high-recycling no-ELM regime with strong ECM as mentioned
above, this regime has no clear correlation with the pedestal fluctuations. Another
difference is that this regime is more likely to be obtained at relatively low electron
density and the density threshold varies with magnetic field, coating thickness and
plasma current (Ye et al. 2019).

ELITE and NIMROD simulations show that different from the lithium-condi-
tioned no-ELM regime in NSTX which is caused by the density profile modifica-
tion (Maingi et al. 2009) or the increased effective charge number Z_; (Debabrata
et al. 2017), the enhanced ion diamagnetic stabilization of intermediate-n and
high-n PBMs with decreasing separatrix density is the key to enter this regime in
EAST. This no-ELM regime can transfer into a stationary low-heating power small-
ELMs regime with the divertor peak heat flux lower than 4 MW/m? (average heat
flux lower than 1.5 MW/m?) by increasing the density at pedestal foot through high
frequency (~1 kHz) and short-pulse (~1 ms with velocity~1 km/s) supersonic
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molecular beam injection (SMBI). The small ELMs, which seems to be not grassy
ELMs, greatly facilitate impurity control and nearly fully non-inductive operation
(loop voltage<0.1 V), which is critical for achieving long-pulse H-mode opera-
tions. The record 101 s H-mode plasma was obtained in this small ELM regime with
real-time lithium powder injection (several milligrams used in this discharge and
Z. around 3) in the 2017 EAST experimental campaign, as shown in Fig. 11 below
(Wan et al. 2019; Gong et al. 2019).

(3) The third one is a transient spontaneous no-ELM regime obtained at high
heating power (source power~7 MW including co-current NBI and LHW) and low
pedestal collisionality (v} < 1), with a stronger and more coherent low-n (mostly
n=1) Magnetic Coherent Mode (MCM) but without ECM (Zhang et al. 2019), as
shown in Fig. 12. The MCM is characterized by strong magnetic fluctuations as
measured by high frequency Mirnov coils mounted on the wall and very weak den-
sity fluctuations. MCM is one of the most common pedestal fluctuating modes in
EAST. Its parameter space covers broad ranges, in particular, the different heating
schemes (LHCD alone, NBI only (co-current NBI, counter-current NBI or mixed
NBI) or with additional heating power from ECRH and ICRF), different wall mate-
rials (full C in 2010, C divertor plus Mo first wall in 2012 and C lower divertor
plus W upper divertor plus Mo first wall since 2014) and different wall conditioning
(lithium or silicon coating), but not in very low-7, or highly collisionality pedes-
tal which is typical in type-III ELMy H-mode phase. Dedicated experiments have
been conducted in recent years in EAST to study the physical mechanism behind
MCM. Density ramping up experiments exhibit a good linear scaling of the MCM
frequency with the local toroidal Alfvén Eigenmode (TAE) frequency, suggesting
the MCM may have the same nature of TAE modes. The MCM frequency was also
observed to decrease during plasma current (/) ramping down, i.e., edge safety
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Fig. 11 The record 101 s long-pulse H-mode in EAST. From top to bottom are plasma current, loop volt-
age, line-averaged electron density, auxiliary heating power of ECRH, ICRF and LHW, divertor tempera-
ture, radiation power, energy confinement factor Hog ., and D, emission intensity. This shot is achieved at
[,=400 kA, B~ 2.5 T, and unfavourable B,. Reprinted from Ref. (Wan et al. 2019). Copyright 2019 IOP
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Fig. 12 Time traces of a plasma density, b stored energy, ¢ radiated power in the main plasma, d D,
emission, e pedestal density fluctuation and f magnetic fluctuation showing MCM for the shot #63895 of
transient spontaneous no-ELM regime on EAST

factor g¢s ramping up. This phenomenon can be explained by a continuous radi-
ally inward shift of TAE gap up the pedestal density gradient (Chen et al. 2018; Xu
2017).

However, MCM cannott drive effective pedestal transport due to its weak electro-
static fluctuating and very small poloidal wavenumber. The impurity exhaust capa-
bility, especially the high-Z impurities, is insufficient in this no-ELM regime, which
makes it unable to maintain a long-pulse operation.

4 Impact of impurity injection on small/no-ELM regimes

The radiative divertor scenario with impurity seeding has been demonstrated to be
an effective method to reduce the stationary power load on divertor targets that is
planned to be applied in ITER (ITER Organization 2018; Doyle et al. 2007). It has
been recognized that radiative divertor regime can not only control the stationary
particle and heat fluxes but also have a significant impact on the ELM behavior.
The radiative divertor experiments on JET with the carbon wall (Beurskens et al.
2008), JT-60U (Asakura et al. 2009) and DIII-D (Wang et al. 2017) have shown
that a transition from type-I to type-III ELMs would occur with excessive impurity
being injected. By using nitrogen seeding, the mitigation of type-I ELMs has been
observed in the ASDEX-Upgrade tokamak (Schneider et al. 2014). More excitingly,
JET tokamak with ITER-like wall has recently demonstrated a small ELM regime
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with high confinement at low g5 and low pedestal collisonality through three meth-
ods, and one of these methods is operation with low gas fueling, pellet injection
and a small amount of Ne injection (Garcia et al. 2022). In addition, the HL-2A
experiments with Ne injection demonstrated that the change of ELM behaviour is
very sensitive to the impurity ratio of the injected mixture gas (Zhong et al. 2019).
Overall speaking, impurity injection can strongly affect the ELM behaviour which
attracts extensive attention.

In the past few years, radiative divertor technique was developed for the active
control of divertor heat load in EAST under the H-mode background plasmas with
various ELM types, and different changes of ELM behavior with impurity injection
have been observed in the experimental series (Xu et al. 2020; Li et al. 2021b; Lin
et al. 2022; Ye et al. 2021). In this section, the impurity-injected experiments with
the phenomena of ELM transition from type-III to large ELMs, ELM transition from
mixed to grassy ELMs, and ELM suppression are briefly described.

4.1 Different ELM responses to impurity injection

An anomalous phenomenon of ELM behavior changing from type-III to low-fre-
quency large ELMs induced by Ne injection was obtained in the H-mode plasma at
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Fig. 13 EAST experiment with ELM behavior changing from type-III ELM to large ELM induced by Ne
injection. Time traces of a plasma density, b divertor D, emission and monitor of the Ne impurity pulse,
and c intensity of Ne VII emission in the bulk plasma for shot #69033
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marginal gqs space during the development of radiative divertor regime in EAST
(Lin et al. 2022). As shown in Fig. 13, the background plasma of shot #69033 is the
H-mode with type-III ELMs, operated at Ip=500 kA, B,~2.5 T, low ﬁp~0.9 and
qos~5.7, unfavourable B, in USN configuration. Note that, the gqs in the shot is in
the marginal gq5 space (i.e. gg5~5.2—6.4) in which both large ELM and small ELM
could be observed (Yang et al. 2020). With the injection of a short pure Ne gas pulse
by SMBI, unexpectedly, the type-III ELMs with fi; ;~500 Hz disappear completely,
and the ELM behavior changes to the large ELMs with lower fg; \~55 Hz. In the
pedestal region, the density gradient increases dramatically while the pedestal elec-
tron temperature decreases from 490 to 420 eV, consequently, the pedestal collision-
ality v, increases from 1.9 to 3, the pressure gradient increases modestly and edge

bootstrap current shows little change. Further analyses in experiments and simula-
tions indicate that, the dramatic increase in pedestal density gradient could play the
dominant role in the observed ELM behavior change in this case. These results may
facilitate a deeper understanding of the role of edge density gradient on the peel-
ing—ballooning instabilities and the ELM activity.
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Different to the aforementioned ELM response to impurity injection, the ELM
behavior changing from mixed small and large ELMs to pure grassy ELMs has also
been observed by using Ne seeding during the expansion of operational parameter
space of grassy ELM regime towards lower g5 in EAST (Li et al. 2020). As shown
in Fig. 14, the shot #80595 is operated with I,=450 kA, B;~2.25 T, relatively high
Pp~1.5 and g¢5~5.7, unfavourable B,, in the USN configuration. The operational
parameter gos is also in the marginal g5 space of large and small ELMs, hence the
mixed ELMs with averaged frequency f;,, ~ S00Hz have been observed before
Ne seeding. With the mixture impurity seeding of 20% Ne and 80% D,, the ELM
behavior becomes grassy ELMs and the ELM frequency increases to fg; v~ 1.2 kHz
simultaneously. Moreover, the ELM behavior becomes even more grassy with
higher frequency of f; \;~ 1.6 kHz after the injection of second Ne pulse. Note that
similar ELM mitigation with the transition from large ELMs to high-frequency
grassy ELMs induced by impurity seeding was also achieved at the marginal ggs
space during the He plasma operation. These results provide a new approach to the
small ELM regime exploration towards ITER-relevant low gg5 (g95~3) in EAST.

4.2 No-ELM regime induced by impurity injection

In 2019, a highly reproducible no-ELM H-mode regime under the condition of
radiative divertor has been observed through deuterated methane (CD,) injection in
EAST (Xu 2020). Figure 15 shows typical discharge information of ELM suppres-
sion and partial detachment (inner target) achieved with CD, seeding in EAST. It
can be seen that, the ELM suppression occurs (Fig. 15b) when the carbon 6+ line
emission intensity I, (Fig. 15a) exceeds a certain threshold level. The energy con-
finement factor Hyg \, is reduced by 10% and the plasma stored energy Wyyp is
nearly maintained (Fig. 15¢). A low n (n=1) mode as well as its harmonics in the
H-mode plasmas is excited after CD, injection from the upper outer divertor near
the striking point with sufficiently high impurity concentration (Fig. 15f), initiat-
ing from the oscillation of a radiation belt in the high-field-side SOL region near
the X-point. Unlike the edge harmonic oscillation (EHO) in the quiescent H-mode
(QH-mode), the n=1 mode is strongly related to the impurity concentration near
X-point and electron temperature near divertor target plate surface. This mode is
also located near X-point and difficult to penetrate into the pedestal top region. Note
that it’s difficult in EAST to measure the impurity concentration. We use the line
emission intensity of C®" to reflect the relative C impurity concentration in the CD,
injection experiments. The impurity concentration for exciting the n=1 mode is
similar to that for divertor detachment. ELM suppression has been robustly achieved
accompanied by this mode in a wide go5 window from 4.5 to 6.5 (B,=2.25,2.47 T
in favourable or unfavourable direction and 7,=400-600 kA) and a wide heating
power range with source power from 3 up to 9 MW. In the typical discharge with
CD, seeding, it appears that the T, .4 decreases and v] increases. Divertor partial
detachment has also been achieved along with ELM suppression with significant
reduction in ion saturation current at the inner divertor target plate and target elec-
tron temperature 7, <10 eV (Fig. 15d). In addition, active feedback control of either
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Fig. 15 Typical discharge information of ELM suppression and partial detachment (inner target)
achieved with CD, seeding in EAST, including a carbon 6+ line emission intensity (black) and CD,
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system and f power spectra measured by AXUV (ch58). Reprinted from Ref. (Ye et al. 2021). Copyright
2021 IOP

divertor radiation or T, with CD, injection has been achieved, for the first time,
in this regime (Xu 2020; Ye et al. 2021). This n=1 mode exhibits strong particle
transport and high-Z impurity exhaust capability (Fig. 15e), contributing to the long-
pulse sustainment of this no-ELM state.

In addition, this n=1 mode is independent on the specific impurity species,
which can also be observed with helium, lithium, boron, neon or argon injection, in
a sufficiently high impurity concentration but with different excitation difficulty in
EAST (Xu 2020; Sun et al. 2021). The nature of this n=1 mode is still unclear and
attention has been paid to two hypotheses, (1) the first one is that the mode is driven
by the coupling of the impurity radiative condensation instability and drift waves
(Xu et al. 2020), and (2) the second one is that the mode is a type of geodesic acous-
tic mode driven by density perturbation at the X-point area (Diallo 2020).
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5 Summary and discussion

One challenge in steady-state and high-performance operation in future tokamak
fusion reactors is to develop H-mode operational regimes that mitigate or eliminate
the large-amplitude ELMs to decrease the transient heat flux on the divertor and
first wall. The small/no-ELM regimes, characterized by sufficiently small transient
heat flux and sufficient ELM impurity exhaust, have been considered as a viable
solution to this challenge. A great deal of effort has been directed to the develop-
ment of small/no-ELM regimes in EAST and significant progress in extending and
understanding the access and sustainment of the small/no-ELM regimes has been
obtained. This paper reviews the recent advances in developing natural and impu-
rity-induced small/no-ELM H-mode regimes in EAST. A brief summary of these
regimes is given in Table 1.

Highly reproducible stationary grassy ELM regime with good energy con-
finement and excellent tungsten impurity exhaust capability has been obtained in
EAST with water-cooled metal wall, compatible with low rotation, high normalized
density, high bootstrap current fraction, radiative divertor and fully non-inductive
operations. These conditions would be also required for future fusion reactor-level
plasmas. Grassy-like small-ELM H-mode regime has been achieved in He plasma
experiments, which will be conducted during the pre-fusion power operation phase
in ITER. The grassy ELM regime is thought to be a potential operational regime for
future tokamak fusion reactors. The high-frequency small-amplitude grassy ELMs
could drive strong cross-field particle transport, which facilitates the achievement
of a high n s /n. ,, and a high SOL density. The high SOL density would help to
screen the edge impurities in the grassy ELM regime. With the aid of the strong par-
ticle exhaust and high-Z impurity control due to the grassy-ELM-driven filamentary
transport, the grassy ELM regime becomes especially suitable for steady-state oper-
ation with radiative divertor and metal first wall. The wide pedestal at high f, and
low rotation is expected in future fusion reactor-level plasmas, which leads to low
pedestal bootstrap current density and thus more stable kink/peeling modes in the
pedestal region. Nonlinear simulations of the grassy ELM burst event have found
that the peeling—ballooning instability boundary would expand after an initial local-
ized crash in the pedestal region, which helps to improve pedestal stability against
PBMs and avoid large-amplitude ELM bursts (Xu et al. 2019). These new findings
will greatly enhance the confidence to apply this regime as a baseline scenario to
CFETR and other steady-state tokamak fusion reactors. However, compared with
the operation region of the steady-state scenario of CFETR with 1 GW fusion power
production (Zhuang et al. 2019), the operation region of pedestal collisionality in the
grassy ELM regime in EAST is relatively high, i.e. vi~1-6. This is mainly limited
by the heating power available in EAST. To further develop the predictive capability
towards future fusion reactors, it’s necessary for us to extend the grassy ELM regime
in EAST to lower pedestal collisionality region in future work. In addition, the small
ELM regime, i.e. type-Il ELM regime, has also been observed in EAST, along with
a characteristic broadband turbulence with frequency of 10-30 kHz in the pedestal
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region. More characteristics of EAST type-II ELM regime will be further explored
in the future experimental campaign.

Three spontaneous high confinement no-ELM regimes frequently observed in
EAST have been introduced, including an enhanced-recycling H-mode regime
observed at relatively high pedestal collisionality (v > 1) with lithium wall coating
and RF-dominated heating, a non-inductive low-recycling H-mode regime observed
under the conditions of extensive lithium wall coating and RF-dominated heating
(mainly LHCD) or during real-time lithium powder/granules injection at relatively
low heating power, and a transient spontaneous no-ELM regime obtained at high
heating power (source power~7 MW) and relatively low pedestal collisionality
(v; < 1). It has been found that the enhanced-recycling no-ELM H-mode regime is
strongly correlated with the high-n ECM driving significant particle and heat trans-
port, which is an electrostatic instability and thought to have the same nature of the
DTEM. The ECM in the pedestal region helps the local flattening of the separatrix
density gradient, shift of the peak gradient region radially inward and increase of
the pedestal width and thus the expansion of the ballooning stability, which leads to
enhanced pedestal height and global energy confinement. However, due to the strong
dependency of ECM on relatively high pedestal collisionality, i.e. vi~2.5-4, this
regime seems to be not suitable for future fusion reactors with lower pedestal col-
lisionality. The non-inductive low-recycling no-ELM H-mode regime doesn’t show
clear correlation with the pedestal fluctuation. The decrease in separatrix density
and thus enhanced ion diamagnetic stabilization have been suggested to be the key
in access to this regime. This regime is more likely to be obtained at relatively low
electron density and thus might be difficult to be compatible with high plasma den-
sity in future fusion reactors. The transient spontaneous no-ELM H-mode regime is
correlated with low-n MCM instead of ECM, which shows very weak density fluc-
tuation and particle exhaust capability, especially the high-Z impurities, and appears
to be not conducive to the sustainment of this regime. This no-ELM regime appears
not to be applicable for the long-pulse operation in future reactors.

In addition, small/no-ELM regimes with impurity injection in EAST have been
achieved and shown to be compatible with radiative divertor. The ELM behavior
changing from mixed small and large ELMs to pure grassy ELMs has been observed
with Ne seeding. While an anomalous transition from type-III to low-frequency
large-amplitude ELMs induced by Ne injection has also been observed in the
radiative divertor experiments in EAST. The no-ELM regime with CD, injection
has been achieved robustly in the presence of an n=1 mode in the high-field-side
region near the X-point, which exhibits strong particle transport and high-Z impurity
exhaust capability and facilitates the sustainment of the long-pulse no-ELM state.
However, the pedestal collisionality in this regime is relatively high, i.e. v¥/1, and
it’s also necessary to extend this regime to lower pedestal collisionality in our future
work.

The compatibility with divertor detachment operation is a key issue for the appli-
cation of the small/no ELM regimes on future fusion reactors. In the past few years,
a series of radiative divertor experiments have been performed in EAST, and partial
detachment operation has been achieved in the grassy ELM regime. The full detach-
ment with particle and heat fluxes on the whole divertor well controlled has not
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been obtained in EAST by now, as it is easy for confinement degradation and even
disruption when extending the partial detachment to full detachment only by using
impurity seeding. In the future work, we would combine the density ramping up and
impurity seeding to explore full detachment under the small grassy ELM regime, as
well as other small/no-ELM regimes.

In summary, the prospects of the small/no-ELM H-mode regimes are very
promising and significant progress in extending and understanding the access
and sustainment of these regimes has been made recently in EAST. Although
the different small/no-ELM H-mode regimes reviewed in this paper all have
different characteristics, they all exhibit characteristic pedestal or edge fluctua-
tions. There seems to be an underlying mechanism behind these small/no-ELM
H-mode regimes, which could help drive pedestal transport and thus change ped-
estal structure, making the PBMs more stable and as a result, no type-I ELMs
occur. Besides, the pedestals characterized by wide density pedestal and low den-
sity gradient in these regimes help to stabilize PBMs. The density pedestal gra-
dient in future fusion reactor-level plasmas could be even lower. There are two
main factors leading to flat density profile in the pedestal: low particle source and
strong particle exhaust in the pedestal, which both exist in future reactor-level
grassy-ELM plasmas. The plasma density and temperature near the separatrix are
expected to be very high in future reactor-level plasmas and the recycling neu-
trals would be ionized mostly in the SOL and divertor region, so the penetration
into the pedestal is almost negligible (Romanelli et al. 2015). Hence, low particle
source in the pedestal is very likely achievable with deep fueling using the high-
field-side high-speed injection of large-size pellets (Vincenzi et al. 2015). With
the aid of pedestal particle exhaust driven by edge localized instabilities, a flat
density pedestal profile with high SOL density is expected as well as a relatively
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low peak bootstrap current density since the density gradient is the main contri-
bution to the bootstrap current density (Sauter et al. 1999). As shown in Fig. 16,
SOLPS simulation indicates that the separatrix density would increase with the
heating power in CFETR. ELM instability analysis by ELITE code suggests that
the ballooning instability boundary narrows and the operational point moves
closer to the ballooning boundary with flatter density profile, which is thought
to facilitate the achievement of small ELM regime (Wang et al. 2021). These
new findings will greatly enhance the confidence to apply the small/no H-mode
regimes to future steady-state tokamak fusion reactors.

However, a full understanding of what sets the density pedestal structure is still
not available. Inward particle pinch could also play a role in determining the den-
sity pedestal structure in future high opacity plasmas (Mordijck 2020). In addition, a
detailed physics understanding on access to these small/no-ELM regimes is not yet
available. Whether these small/no-ELM regimes can be robustly achieved and com-
patible with steady-state operations is still uncertain in future fusion reactors. Fur-
ther works including both experimental and numerical study of the small/no-ELM
regimes are needed to gain a detailed physics understanding on these regimes and
also the predictive capability towards future fusion reactors.
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