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Abstract

Since the last IAEA-Fusion Energy Conference, the Experimental Advanced Superconducting
Tokamak (EAST) research program has been, in support of ITER and CFETR, focused on development in
terms of the long-pulse steady-state (fully noninductive) high beta H-mode scenario with active controls of
the stationary and transient divertor heat and particle fluxes. The operational domain of the steady-state H-
mode plasma scenario has been significantly extended with ITER-like tungsten mono-block divertor,
plasma control and heating schemes. EAST has achieved several important milestones in the development
of high 8, H-mode scenario and its key physics and technologies. A 60 s-scale long-pulse steady-state high
B, H-mode discharge with the major normalized plasma parameters similar to the designed performance of
the CFETR 1GW fusion power operation scenario has been successfully established and sustained by pure
RF heating and current drive. Several feedback control schemes have been developed for a sustained
detachment with good core confinement. This includes control of the total radiation power, target electron
temperature, and particle flux measured using divertor Langmuir probes or a combination of the control of
target electron temperature and AXUV radiation near the X point. The detachment feedback control
schemes have been integrated with small-ELM regimes and high B, scenario via neon seeding, enabling a
core and edge compatible integrated high-beta scenario applicable to long-pulse operations. ELM
suppression has been achieved using various methods, including resonant magnetic perturbations and
impurity seeding. Full suppression of ELMs by using n=4 RMPs has been demonstrated for ITER for the
first time in low input torque plasmas in EAST. EAST has been operated with helium to support the ITER
research requirements for the first time. For a long-pulse, high bootstrap current fraction operation, a new
lower tungsten divertor with active water-cooling has been installed, along with improvements in the

heating and current drive capability.



1. INTRODUCTION

As a long-term research program for superconducting tokamaks, the Experimental Advanced
Superconducting Tokamak (EAST) (major radius R < 1.9 m, minor radius a < 0.45 m, plasma current
Ip < IMA, and toroidal magnetic field Bt < 3.5T) aims to provide a suitable platform to address the
physics- and technology-related issues relevant to steady-state advanced high-performance H-mode
plasmas with ITER-like configuration, plasma control and heating schemes [1]. To reach this goal,
EAST has been equipped with lower hybrid current drive (LHCD) systems (2.45 GHz (4 MW)/4.6
GHz (6 MW) klystron power), an electron cyclotron heating (ECH) system (140 GHz (2 MW)
gyrotron power), an ion cyclotron resonant frequency (ICRF) system (27 MHz—80 MHz (12 MW)
generator power), and balanced neutral beam injection (NBI) systems (two co-current and two
counter-current NBI sources; 80 keV/4 MW). In the past few years, EAST has been upgraded with an
ITER-like active water-cooling tungsten divertor that can handle a power load of up to 10 MW-m>
for long-pulse steady-state operations with high power injection. Therefore, the experience and
understanding of the high-performance long-pulse operation in EAST will be valuable for the

development of future fusion devices, namely ITER and CFETR [2, 3].

This paper presents the recent experimental results of EAST obtained since the 27th IAEA Fusion
Energy Conference (FEC) in 2018, with emphasis on the highly normalized poloidal beta (f,)
scenario development and key physics related to the advanced high-performance steady-state H-mode
plasmas. The recent achievements in the long-pulse operation and extension of the operational regime
are discussed in Section 2. Section 3 presents the progress made in terms of advances in active
controls of divertor heat and particle fluxes in support of steady state operation. The physics progress
in support of ITER is shown in Section 4. Future plans for the EAST program are described in Section

S.

2. ADVANCES IN THE LONG-PULSE STEADY-STATE HIGH BETA H-MODE
SCENARIO

The demonstration of a high-performance steady-state H-mode operation with a reactor-like metal
wall, a low momentum input, and electron dominated heating scheme is a critical step towards the
success of economical fusion energy. In EAST, several key technical challenges related to the
development of high-performance steady-state H-mode operation, have been investigated. A series of
important breakthroughs in frontier physical topics including active controls of divertor heat and
particle fluxes, and mitigation of transient heat load associated with edge-localized-modes (ELMs),

are addressed.

A discharge for a duration of over 60 s with , ~ 2.0, normalized beta Py ~1.6, confinement

improvement factor Hosy» ~ 1.3 and internal transport barrier on the electron temperature profile has



been obtained by multi-RF power heating and current drive of ~2.5 MW LHW and 0.9 MW ECH,
shown in figure 1, with an upper single null (USN) plasma configuration with strike points on the
tungsten divertor [4]. The loop voltage was well controlled to ~ 0, indicating the fully noninductive
current drive condition. Small ELMs (fgrm ~ 100-200 Hz) were maintained in this long pulse H-mode
discharge. To achieve such a long pulse operation, the optimization of the X-point position, the outer
gap, and local gas puffing near the LHW antenna were investigated to maintain RF power coupling
and avoid hot-spot formation on the 4.6 GHz LHW antenna. The global parameters of Bt ~ 2.4T and
line-averaged electron density n. ~ 3.5x10" m™ were optimized for high current drive efficiency of
the LHW and on-axis deposition of the ECH. The on-axis ECH was applied not only to the core
electron heating, but also to eliminate accumulation of high Z.s impurities in the core plasmas.
Notably, the long-pulse discharge presented here is controlled shutdown. But still several difficulties,
particularly the strong hot spot on the lower divertor and particle recycling, have been encountered in
the development of these long-pulse H-mode discharges and limits further extension of plasma pulse

duration [5].

SN 90949

, | (MA)

' Uigop (V)

0= . = . . —
2F :. ﬁ
B L
0 BF’I 1 1 1 1 1

)

1 JV H98v2
0 y nel/nGW 1 1 1 1
T T - T - - L

2 P .. (MW

H e (MW) Pee (MW)

0 1 1 1 1 1 1
0 10 20 30 40 50 60

time (s)

FIG. 1 Time histories of several parameters for EAST 60 s high-f, long-pulse discharge in EAST. From top to
bottom: plasma current, loop voltage, normalized poloidal beta, normalized beta, confinement improvement
Sactor Hygy), the density normalized to Greenwald density n./ngy, and RF heating power of LHW and ECH.

An internal transport barrier (ITB) near p ~ 0.3 was formed in electron temperature with Te ~ 5.6
keV, accounting for the improved confinement quality. The current density profiles are calculated
based on the analysing of the ONETWO transport code after the equilibrium reconstruction process,
where the electron cyclotron current drive (ECCD) is obtained from the TORAY code; the LHCD is
obtained using the GENRAY and CQL3D code; and the bootstrap current is calculated using the
Sauter model [6]. A monotonic q profile is obtained and no sawtooth activities were observed during

the whole discharge which is consistent with the measured q profile, where the minimum q, qmin, 1S



above 1. Notably, the bootstrap-current fraction (fy,) is nearly 50% with B, up to 2.0 in this long-pulse
discharge, and the LHCD and ECCD contributes 42% and 8% of the plasma current, respectively.

More experimental studies were performed on the high 3, scenario with high f,;. EAST experiments
have shown improved confinement and reduced turbulence when plasma operation regimes were
extended to higher 3, [7]. A higher B, with a high energy confinement was observed at a high density,
consistent with previous observations on JT-60U [8] and DIII-D [9] with dominated ion heating. An
important feature of such a high-Bp H-mode plasma scenario is that, mainly because of the
stabilization effect of the Shafranov shift on the plasma turbulence, higher Pp results in better plasma
confinement. In EAST, electron heating is predominantly with the equipped heating and current drive
systems. In this high fp H-mode plasma scenario, the electron turbulent energy fluxes decrease with
the increase in P,, whereas the ion turbulent energy flux is low and decreases gradually with the
increase in Pp. The high electron energy flux due to the electron heating by RF power (T. >> T;) and
the transport are dominantly governed by the trapped electron mode (TEM) in EAST, discussed in

details in reference [7].

Moreover, a clear positive dependence of Hogy, on the density peaking factor was found in such high
Br H-mode plasma scenarios [10]. Four categories of discharges with nearly same Pp in each category
but different heating combinations, namely LH only, LH+EC, LH+NB and LH+EC+NB, were
compared to exclude contribution to confinement improvement from Shafranov shift and external
torque injection. Figure 2 shows a scatter plot of the confinement improvement factor Hog,, against
the density peaking factor from the four categories of discharges. An increase in Hogys is significant in
all the four cases, by 20%-30% within the range of achievable density peaking factor in the
experiments. In particular, for the case of LH+EC discharges, a remarkable increase of Hogy, from 1.0
to > 1.3 has been obtained, as shown in Fig. 2, with the density peaking factor increasing from ~1.4 to
~1.7 at a fixed f,. A further simulation suggested that a high-density gradient promotes the ITB
formation in high B, plasmas [7]. This category of discharge is more reactor relevant as it is heated by
pure RF powers which predominantly heats electrons with nearly zero external torque injection as
projected for the burning plasma, which might further benefit the development of the high-$, plasma

scenario toward a high-density regime.
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FIG. 2 Energy confinement improvement factor Hys,; versus density peaking factor n, for four categories of
discharges in EAST.

To extend the high 3, plasma scenario towards a higher beta and higher f,; regime, NBI is added in
the high-f, scenarios of the RF-only target H-mode discharges, in the medium density range (3.0-
4.0x10" m™). Although plasmas with RF heating in combination with NBI have higher Bp~ 2.0
compared with target long-pulse RF-only H-mode discharges with B,~ 1.2, fi, is = 30% in both the
cases. A TRANSP analysis shows that this is mostly because the fast ions in the NBI plasmas increase
B, but do not contribute significantly to the neoclassical bootstrap current [11]. Thus, to demonstrate
improved high-f3, performance with high fi, fast-ion confinement is further optimized in EAST. The
key parameters (plasma current, electron density and beam energy) have been simultaneously scanned
in experiments to study the fast-ion characteristics of each beam line in conjunction with reducing the
fast-ion loss. The experimental results show that the prompt loss from counter-injection beams is
significant; nevertheless, it can be reduced by decreasing the beam voltage, and the shine-through loss
can be decreased at a higher density and lower beam voltage, consistent with simulations. Recently, at
a higher density (4.7%10"” m”, fgw~ 0.6-0.8) under an optimized beam voltage, fully noninductive
high-f, scenarios with a total power of 2.7MW LHW, 1.0MW ECH and 2.4MW NBI were
significantly extended to improve plasma performance (B,~ 2.5, Pn~ 2.0 and Hogyo > 1.1) with fi, ~
50%, as shown in Fig. 3. The analysis showed the fast-ion contribution to the total plasma energy and
the effects on confinement in this high-f fully noninductive plasma. The fast-ion pressure
significantly decreased with respect to the total pressure, which is one of the important factors to
increase the bootstrap current [12]. Besides, the fast-ion pressure and density, as well as the current
carried by the fast ions, can now be directly measured in EAST [13]. Velocity-space tomography
based on FIDA measurements in at least two lines of view can be applied to measure the fast-ion

velocity distribution functions [14]. The zeroth moment gives the fast-ion density, the first moment



the fast-ion current, and the second moment the fast-ion pressure [15]. These new measurements in
EAST allow a direct comparison of the fast-ion measurements with TRANSP simulations and provide
a useful guidance for optimization of high 3, scenarios with NBI. FIDA measurements were combined
with neutron emission spectroscopy measurements for the first time which now allow these

measurements for all ion energies [13].

3 70187 80339
’BP N —
2 L |
1+t
0
087 neir.]fGV"‘ Nt
05+ p—— W
fbs
0.2 [ ) [ ) ®
0 H
2 3 4 5 6

time (s)

FIG. 3 Time traces of two high f, discharges with NBI heating in EAST. From top to bottom, normalized
poloidal beta, the density normalized to Greenwald density n./ngy, and bootstrap current fraction.

To demonstrate such a 3, scenario for long pulse operation, the neutral beam injection systems were
operated in modulated mode using two ion sources with duty time of 50% for each. A higher By ~1.8
with a duration of 20 s is achieved using the co-current modulated neutral beam (shown in figure 4).
The high-Z impurity accumulation in the plasma core was well controlled at a low level using the on-
axis ECH and by reducing the fast ion losses through beam energy optimization. Other features, such
as the metal wall (tungsten divertor), low torque injection (Ti,j~ 1.0 N-m), electron-dominated heating
(Te> T;), moderate bootstrap current fraction (fys~ 50%), broadened current density profile with the
central q(0) > 1.0 and good energy confinement, have also been demonstrated in this scenario. These
plasma regimes satisfy the research goal of the highly integrated performance. Several normalized
parameters 3, ~ 2.0, Bn ~ 1.8, Hogyr ~ 1.3, and n./ngw ~ 0.75 are close or even higher than the designed

performance for 1 GW scenario of the CFETR steady-state, as shown in figure 5.
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FIG. 4 From top to bottom: time traces of B, and Py, line average density and current in one PF coil, XUV
signal, injected power of modulated NBI for EAST 20 s long-pulse high-p, discharge #90123.

FIG. 5 Integrated plasma performance in EAST (RF only), EAST (RF + NBI), ITER (SS) and CFETR (SS).

Control of heat flux on the divertor plates is essential for higher power injection to achieve long pulse
high B plasma operation. More recently, EAST has successfully demonstrated a compatible core and
edge integration in high B, scenarios via feedback control of the total radiation power with high
confinement Hogy, > 1.2, B~ 2.5 / Pn~ 2.0, fis~ 50% at high density n/ngw~ 0.7 and moderate qos~
6.7 (shown in figure 6). By applying a mixture of 50% neon and 50% D, impurity seeding near the
upper outer strike point, the peak heat flux is reduced by ~30% on the outer tungsten divertor plate in
a high-B, plasma with I, = 400 kA, Br= 2.4 T, and power injection of RF (~3.4 MW) and NBI

(~5.4MW). During the impurity seeding feedback control phase, the total radiation power obtained

7



from bolometer diagnostics gradually reached the target radiation value of 0.9 MW and then kept in
stationary state for a duration of > 2 s, longer than 5 current diffusion times, while the density was
kept unchanged. Notably, the energy confinement quality was stably maintained at Hogn > 1.2 during
the radiation feedback control phase, showing good compatibility of core and edge conditions. All the
profiles remained nearly the same. Both the ITB in electron temperature profile and edge pedestal
structure were maintained during the feedback control phase. The demonstration of the compatible
core and edge integration has provided confidence for future long-pulse operation at higher heating

and current drive power in EAST.
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FIG. 6 Time histories of several parameters for high-f3, discharge with radiation feedback control in EAST.
From top to bottom: poloidal beta, normalized beta, confinement enhancement factor Hysy, the density
normalized to Greenwald density n/new, and plasma radiation feedback control using mixed impurity seeding
(50% neon +50% D2).

3. ADVANCES IN ACTIVE CONTROLS OF DIVERTOR HEAT AND
PARTICLE FLUXES IN SUPPORT OF STEADY-STATE OPERATION

3.1.Grassy-ELM regime with radiative divertor

A stationary high-confinement grassy ELM regime compatible with metal wall, low plasma rotation
and feedback-controlled radiative divertor has been successfully achieved in EAST [16, 17], in which
the conditions are generally projected for tokamak fusion reactors. Grassy ELMs with frequency fgm
> 500 Hz have been accessed in a broad parameter space at relatively higher qos ~ 5.3 and 3, ~ 1.2.
Statistics analysis indicates that large and grassy ELMs could coexist in a critical region of q¢s ~ 5.3-
6.4, whilst for lower qos of qos < 5.3 large ELMs mainly occur [18]. The grassy ELM regime is
characterized by a wide pedestal with a low-density gradient and a high-density ratio between the
pedestal foot and top. Linear analysis indicates that the peeling-ballooning modes responsible for the

burst of the grassy ELMs are not necessarily high-n modes or more localized than the type-I ELM



regime [19, 20, 21]. A nonlinear simulation with the BOUT++ code has revealed that the peeling
boundary moves upward induced by a radially localized steepening of the pedestal pressure gradient
after the initial pedestal crash. The working point falls into the stable region and the pedestal collapse
stops [16]. This could be the underlying mechanism for the observed small ELM crash. In contrast,
for large ELMs, the pedestal is much narrower and the pressure gradients are reduced immediately in
the whole pedestal region after an initial pedestal crash. Then, the stabilizing effect by the pressure
gradient is reduced. The peeling boundary shifts upward slightly, and the working point still remains
in the unstable region. The pedestal collapse continues, finally leading to a large ELM. This

understanding offers a new physics basis for mitigating ELMs in future steady-state fusion reactors.

In addition to natural grassy-ELM H-mode operation, the transition from mixed large and small ELMs
to pure grassy ELMs has also been achieved with impurity seeding during the exploration of grassy
ELM regime toward lower qos in EAST [22]. As shown in figure 7, the discharge #80595 with qos ~
5.7 was operated at a lower and marginal q¢s space where large and small ELMs can coexist. It is
found that the ELMs become grassy with an increased frequency from fgy ~ 500 Hz to fgrm ~ 1200
Hz after mixed impurity seeding with 20% neon and 80% deuterium. Moreover, the ELMs become
even more grassy at a frequency of fgrm ~ 1600 Hz after the second impurity seeding pulse. This
provides a new method for the further exploration of grassy ELM regimes toward ITER-relevant low
qos in EAST. More importantly, the core plasma confinement maintains stably with 3, ~ 1.5, showing

excellent core-edge integration with impurity seeding, similar to the results in high 3, scenario.
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pulses labelled. Bottom panels from left to right are three time slices of D. before and after impurity seeding to
characterize the ELM frequency.

3.2. Active control of heat and particle exhaust

3.2.1. Divertor detachment feedback control



The divertor detachment is the most promising means for the active control of the steady-state heat
flux and thus plasma-wall interactions (PWIs) at the target plates in future tokamak fusion devices
such as ITER [23]. An excessively high heat flux can melt the divertor target plates, which induces
material sputtering and erosion, posing a critical risk for the steady-state operation. A series of new
detachment feedback control tools have been developed and successfully applied in EAST [24], in
addition to the previous detachment control via divertor particle flux [25]. These methods can
effectively reduce the heat load on the divertor target plates while still maintain good core
confinement in H-mode plasmas simultaneously. EAST has achieved actively controlled detachment
with Tegiv = 5 eV and Hogy, > 1.1 in several H-mode scenarios, including normal ELMy H-mode,

grassy ELMy H-mode and high 3, H-mode.

The electron temperature at divertor target (T) set at 5 eV, which is measured by the divertor
Langmuir probes (Div-LPs), is used as an indicator for detachment. It is successfully demonstrated by
this control scheme as illustrated in Fig. 8a for such a discharge in USN divertor configuration with
favorable Bt (ion BxVB drift towards the X-point, BxVB1) at Br= 2.4 T, I, = 400 kA. The line-
averaged electron density is approximately 5.3x10'" m™ and the total injected power (Pinj) 1s 2.5 MW.
The monitored electron temperature comes from a Div-LP near the strike point on the upper outer
divertor. The target T is pre-set to 5 eV (the red line in fig. 8(al)). When T, is > 5 eV, the neon
impurity is seeded in the form of pulses at the upper outer divertor until it reaches the target value.
The seeding rate is regulated by pulse frequency with a fixed valve open time. A mixture gas
containing 50% neon and 50% deuterium is applied in this experiment. The radiated power (Prq) in
the total bulk plasma is measured using an the absolute extreme ultraviolet (AXUV) photodiode array.
Increase of the radiated power is accompanied with decrease of the electron temperature at the
divertor target, indicating the reduction in the energy reaching the divertor target. The electron
temperature at the divertor target is stably controlled in a stationary status for several seconds, when
the radiative power remains also almost stationary. Note that the seeding impurity does not reduce the
plasma stored energy and the core confinement. For shot#85293 by neon seeding, the plasma stored
energy (Wwmup) and Hogyy increased slightly, providing good core-divertor compatibility. As a
comparison, Argon is used instead of Neon and shows more efficient for achieving divertor

detachment, but with a slight loss of confinement. A detailed discussion has been reported in ref. [26].
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FIG. 8 Detachment feedback control utilizing divertor electron temperature (a) and surface temperature of the
target plate (b), respectively. From top to bottom, T,/T,r near the outer strike point of the upper divertor, the
red line indicates the target for the controller; the radiation power and the voltage signal of the piezo valve for
neon seeding; The plasma stored energy and the confinement improvement factor Hogy).

The divertor surface temperature feedback has also been successfully demonstrated in EAST [27], as
shown in Fig. 8 (b). The peak surface temperature of the divertor target plate (T, r) is measured by an
infrared (IR) thermography and inputted to the plasma control system in real time, in which the time
resolution of Ty is 100 Hz. Note that the temperature measured by IR camera, T g, is the surface
temperature of the divertor plate, different to the electron temperature of the plasma (T, measured by
Langmuir probes) on the divertor target plate. Similar to the control method mentioned above, the
neon is seeded when the peak surface temperature is higher than the set target value. The basic plasma
parameters are as follows: n.~ 4.8><1019m'3, Pinj = 3.0 MW, I, = 400 kA, and By = 2.4 T. The surface
temperature is significantly reduced at 3.9 s because of the neon seeding. At 6.0 s, the surface
temperature of the target plate and radiated power suddenly increase because of the input power of
NBI. In addition, the plasma-stored energy and the confinement improvement factor indicates that the
radiative divertor does not degrade the core confinement significantly. Note that in Fig 8 (b2), the

drop of Ty r after 7s is due to the movement of strike point, detailed in Ref. [27].

In addition, a synergistic control of the X-point radiation and electron temperature on the divertor
target has been developed in grassy-ELM H mode in EAST to improve reliability and stability of
detachment control needed for long pulse operation under different regimes. Here, the radiation value
is from one AXUV channel with the viewing line across the X-point rather than the total radiation
power. It has been experimentally found that the AXUV channel near the X-point, where a steep
gradient in the radiation profile is present, is sensitive to both the pedestal performance and T, around

upper outer strike point. In the feedback control scheme, T, around upper outer strike point is used to

11



judge the onset of the detachment. Once T, reaches the set value, the feedback scheme switches to the
control of one channel of AXUYV radiation near the X point. Fig. 9 shows a typical synergistic control
discharge and the key plasma parameters are n.~ 4.6x10" m?, Pij=3.0 MW, I,=400 kA, Br=2.4T.
In the USN discharge (shot 87887), the target of T, is set to 8 eV. With mixed gas (50% Ne and 50%
D,) seeding from the upper outer divertor target, the target value was achieved in about 4.5 s. At this
moment, the AXUYV channel 59 is switched as the control parameter. Once the AXUV value is lower
than the AXUYV target, the neon impurity is seeded to maintain stable detachment. There is no drop in
plasma stored energy and the confinement improvement factor Hogy, is always >1. Grass-ELM regime
is characterized by good core confinement and small transient heat flux on the divertor target, only ~
1/20 of the large type-I ELMs. The newly developed detachment feedback control scheme thus offers
a promising operation mode for the control of both ELM-induced transient and steady-state divertor
heat flux with good core performance. In the future, active detachment feedback control compatible
with core confinement in long-pulse plasmas with a high-power input is planned to be demonstrated
in EAST, along with extending the joint DIII-D/EAST detachment experiments [28] to more reactor-

relevant conditions.
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FIG. 9 Feedback control of divertor neon seeding in a grassy-ELM discharge in EAST, shot #87887. From top
to bottom, electron temperature (T,) near the outer strike point of the upper divertor, the red line indicates the
T, target for the controller; AXUV channel59 (black) measuring radiation mainly near the upper X point, the

AXUVS59 target (red) for the controller, the voltage signal of piezo valve for neon seeding (blue); the
confinement improvement factor Hog,;.

3.2.2. Development of flowing liquid Li limiters

Lithium, which serves as plasma facing material in fusion devices, can solve several key issues
including particle recycling and impurity control, which is gaining increasing attention [29]. Four

generations of flowing liquid Li limiters (FLiLi) have been developed in EAST [30, 31]. The first



liquid Li limiter, using stainless steel (SS) layer as substrate in a thickness of 0.1 brazed on copper
heat sink and one EM pump for Li driving, was tested in EAST in 2014. The second generation, in
which a 0.5mm SS substrate on copper heat sink and two EM pumps are used for improvement of
liquid Li fractional surface area coverage of the limiter plate, the elimination of surface erosion, was
tested in EAST in 2016 [32]. The third generation, using a molybdenum substrate for improvement of
Li wetting and erosion resistant, was tested in 2018 [33]. The fourth generation, based on the concept
of liquid metal infused trenches (LiMIT), i.e., using a thermoelectric MHD force to drive liquid Li
flow along the surface trenches with ~2 mm x 1 mm (length x depth) to enhance heat removal
capacity of liquid Li, was successfully applied in EAST in 2020. The FLiLi is designed for a flow rate
of 2 ecm’/s, which pumps ~10** D/s during discharges. The limiter is composed of a distributor, a
guide plate, a collector and an EM pump. Liquid Li is driven using an in-vessel direct current
electromagnetic pump from the collector to the distributor. Subsequently, it flows from the holes of
the distributor and across the plate. Finally, it is collected by the collector, forming a closed
recirculation loop. FLiLi could be smoothly moved from outside of EAST to the vacuum vessel (low
field side (LFS)) with a mechanical drive assembly employed in the Li and plasma evaluation system
(LiPES) platform. The distance between substrate plate and the separatrix is approximately in the
range of 0-5 cm. The limiter temperature was operated in the range 330-380[] over an auxiliary

heating power range of 2-8.3 MW with LHW, ECH, and NBIL.
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FIG. 10 Retained D particles during FLiLi limiter plasma discharges in EAST.

In EAST, Li coating was used as a routine wall conditioning method. However, the absorption of the
fuel particles by Li coatings decreases gradually, and recycling gradually increases over series of

discharges [34]. The maximum net amount of deuterium retained reached ~0.8 g, corresponding to

13



12% deuterium in the Li. During FLiLi operation, the D, emission normalized by the density and/or
neutral pressure from upper and low divertors gradually decreased with increasing Li emission from
FLiLi. Gas balance analysis confirmed a progressive increase in the fuel retention: the retention ratio,
defined as the fraction of the fuel retained on the walls divided by the total injected fuel, increased
from -0.8 to 0.55 with repeated FLiLi insertion. As shown in Fig. 10, a gradual increase of D retention
was observed during FLiLi operation. Compared with daily pre-run evaporative Li coatings, the
divertor D, emission was ~3 times lower. This observation qualitatively confirms that the FLiLi
provided fresh, unreacted Li during the discharge for continuous particle control, thus avoiding the
normal wall saturation that occurs in long-pulse operations. Because of the reduced recycling, the
pressure profiles gradually moved inward to reduce the pedestal pressure and gradually mitigate
ELMs [35]. ELMs were largely eliminated during Li burst in the H-mode plasmas with pure RF
heating. The duration of the ELM mitigation phase was extended in recent FLiLi experiments, which

may be beneficial for controlling the ELM heat flux in future fusion reactors.

3.3.ELM control
3.3.1. ELM suppression with divertor impurity seeding

A simultaneous control of transient large ELMs and stationery divertor heat load in a metal wall
environment is crucial for steady-state operation of a tokamak fusion reactor. A new scenario for
ELM suppression compatible with radiative divertor has been demonstrated in EAST (shown in figure
11) [36]. An n = 1 mode along with its harmonics, initiating from the oscillation of a radiation belt on
the high-field side SOL near the X point, is excited during CD, seeding from the upper divertor near
the outer strike point in the H-mode plasmas at a sufficiently high impurity concentration. As shown
in figure 11, CD4 seeding is set to be constant and the mode appears after a short time interval. Robust
ELM suppression has been achieved in the presence of this mode over a wide qos range of 4.5-6.5 (I,
=400-600 kA and Bt = 2.25-2.47 T) and a wide heating power range with source power ranging from
3 MW to 9 MW. Along with ELM suppression, a complete detachment at the inner target and a partial
detachment at the outer target with target electron temperature T, < 10 eV has been achieved without
degrading the global energy confinement. The plasma stored energy is maintained nearly constant.
The dominant pedestal fluctuations, edge coherent mode (ECM), in the ELMy phase are significantly
reduced during CD, seeding, as shown by the polarimeter-interferometer measurements. Furthermore,
the active feedback control of either T or divertor radiation with impurity seeding has been

developed and successfully demonstrated in this regime, detailed in ref. [37].
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FIG. 11 ELM suppression and divertor detachment induced by CD, seeding. From top to bottom, Carbon
radiation signal (black) and CD, seeding (ved); AXUV signal across the X point, stored energy,; T, near the
outer strike point; cross-correlation frequency spectrum of AXUV, density fluctuations from the POINT system.

Robust ELM suppression was observed when boron powder was injected above the upper X-point in
the upper-single null discharges. The solid boron powder (averaged diameter ~70 pm) was injected
using a new generation impurity powder dropper, which was developed by PPPL [38]. Figure 12
shows a direct comparison of the two dedicated discharges with the same plasma setup, except for the
one with B powder injection and ELMs suppressed, while the other one without the B powder
injection and ordinary type-I ELMs. B injection was initiated at approximately 1.7 s, leading to BV
emission from the plasma (Panel (a), orange curve). The ELMs, visible as spikes in the upper divertor
D, emission in the reference discharge, were eliminated with B injection (Panel (b)). The line-average
density was matched (Panel (c)) by moderately reducing the feed-forward gas puffing to counteract
the electron fueling from B powder injection. The plasma stored energy was modestly higher in the
discharge without ELMs (Panel (d)). Along with the ELM elimination came destabilization of the
edge-localized oscillation with several harmonics, which was confirmed to provide a continuous

particle exhaust to maintain constant density and avoid impurity accumulation [39, 40].
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FIG. 12 Comparison of reference ELMy discharge without B powder injection (blue) and ELM suppression
discharge with B powder injection (orange): (a) intensity of BV emission measured by extreme ultraviolet
spectroscopy, (b) total heating power, maximum heating power ~6MW, mixed with NBI and RF heating (c) D,
emission from the upper outer divertor, (d) central line-averaged density, (e) stored energy from equilibrium
reconstructions Wyyp, (f) auto power spectrum of an AXUV viewing the edge plasma

The boron-induced ELM suppression was demonstrated over a wide range of engineering and plasma
parameters: with both favorable and unfavorable ion VB drift directions, a qo¢s range of 4.4-7.2, a
n./ngw range of 0.24—0.87, an Hogy» factor range of 0.7-1.3, a plasma-stored energy range of 115-254
kJ, with pure radio frequency heating up to 5.8 MW, and with combined RF+NBI up to 7.5 MW [41].
In addition to the use of boron, similar results have been observed in EAST when using neon, argon,
helium, and lithium seeding [42] when the impurity concentration exceeds a certain threshold. Similar
observations on ELM suppression by impurity injection using neon, Li and Boron powder have been
also reported in ASDEX-Upgrade, DIII-D and KSTAR [43, 44, 45]. The new ELM control approach
appears to be insensitive to impurity species, qos, heating power, and plasma toroidal rotation. It
shows good compatibility with the stationary divertor heat load control, which thus offers a highly
promising plasma operational regime suitable to achieve long-pulse high-performance H-mode
operation in EAST. It may be potentially applicable to future tokamak fusion reactors, as a solution to

control ELM-induced transient divertor heat loads.

3.3.2. Simulation on the control of ELM and edge turbulence by RF waves

In EAST experiments, various methods have been actively used to control ELMs effectively. During
those ELM control phenomena, the appearance of the coherent modes in the pedestal region is found
to be accompanied with the mitigation and suppression of ELMs. For example, the ECMs are
commonly found during the small/no ELM H-mode regime on EAST for the relatively higher
pedestal collisionality [46, 47]. For the lower collisionality cases, the magnetic coherent modes
(MCMs) are reported in reference [48]. Therefore, understanding the interactions between those

coherent modes and ELMs becomes important for the ELM control in the long pulse operations. For



simplicity, the pedestal coherent modes (PCMs) are used to represent the coherent modes in the
pedestal region mentioned above in the following section. We extend the capabilities of the BOUT++
code in order to simulate the interactions between PCM and ELMs. Notably, the drift effects, such as
ExB and diamagnetic drifts, are included in the BOUT++ simulations [49]. The EAST ELMy H-
mode discharge #77741 at 3.5s is used as the simulation equilibrium. The EAST ELMy H-mode
discharge #77741 at 3.5s is used as the simulation equilibrium. The ELM frequency is around 20-
30Hz, and the energy loss AW4,/Wgin by the ELM burst from the diamagnetic diagnostic is ~ 3.9%.
The stability analysis shows that the equilibrium is outside the ideal peeling-ballooning stable
boundary, indicating that the ELM size belongs to the large ELM range. After the ELM crashes, the
coherent mode can be obtained during the nonlinear saturation phase. The contributions from the
electromagnetic and electrostatic coherent modes are separately analysed. If only the magnetic
component of the PCM is considered, which is set as the additional background magnetic flutter, the
mechanism is similar to the topology change effects, and the amplitude of the ELM fluctuation can be
decreased by up to 28% [50]. The higher amplitude of the background flutter leads to the smaller
ELM size. To consider the electrostatic effects on ELMs, the PCM is added to the model as the
background pressure perturbation. The simulation results show that the ELM size is effectively

mitigated by approximately 45%.

Figure 13 shows the comparisons between the cases with and without the PCM. The profiles at the
outer midplane at the initial time, 1000 Alfvén time, and 1800 Alfvén time are plotted in Panels (a)
and (c). Compared with the w/o PCM case in Panel (a), the pressure profile in the PCM case is
crashed less and later, and the crash region is largely constrained outside wy = 0.86. The time
evolutions of the dominant mode spectrum are shown in Panels (b) and (d). The mode spectrum with
PCM in Panel (d) is wider than the w/o PCM case. This indicates there are more mode couplings for
the case with PCM. The mechanism of the ELM mitigation by PCM is related to the three-wave
nonlinear interactions. The existence of the background PCM helps enhance the three-wave couplings
and effectively reduce the phase coherence time (PCT) between the pressure and potential [S1]. The
linear growth time is limited by the shortened PCT; therefore, the amplitude of the fluctuations cannot
increase to the original level, which leads to the smaller amplitude of the ELM energy loss. For a
detailed understanding of the effects on ELM, the phase angle, amplitude, and dominant toroidal
mode number are scanned. The results show that these parameters are insensitive to the effects of
ELM mitigation. The phase angle can affect the ELM energy loss after the crash, but in the saturation
phase, the ELM size still becomes the same. When the amplitude of the PCM is higher than the initial
perturbation of the ELM, the ELM will be mitigated to a similar value, since the mode coupling leads
to a similar amplitude of the fluctuation. If the dominant toroidal mode number of the PCM is

different from the intrinsic dominant mode of the ELM, the modes are coupled from the linear
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growing phase, and a similar amplitude will be obtained in the saturation phase. These results show

that the ELM can be easily mitigated by the coherent modes in the pedestal region [52].
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Fig. 13 (a) Pressure profiles at outer midplane w/o PCM case. The black curve indicates the initial profile; the
green is at 1000 Alfvén time, and the red is at 1800 Alfvén time. (b) Time evolution of the dominant mode for the
w/o PCM case. (c) Pressure profiles at the outer midplane in the PCM case. (d) Time evolution of the dominant
mode in the PCM case.

4. PROGRESS IN PHYSICS-RELATED STUDIES FOR ITER
4.1.ELM control by RMPs

A full suppression of ELMs using n=4 resonant magnetic perturbations (RMPs) has been
demonstrated under ITER relevant condition on EAST for the first time (n is the toroidal mode
number of the applied RMPs) [53]. This is achieved in plasmas with a low input torque and the use of
the tungsten divertor, thus also addressing significant scenario issues for ITER. The normalized
parameters of the target plasma for these experiments in EAST are specifically chosen to be relevant
to the ITER type-1 ELMy H-mode (Q = 10) scenario [54]. In these experiments the NBI torque is
approximately Tnp; ~ 0.44 N-m, which extrapolates to 14 N-m in ITER (compared with a total torque
input of 35 N-m when an NBI of 33 MW is used for heating). ELMs are completely suppressed using
n = 4 RMPs with odd parity (opposite phases in the upper and lower rows of coils current) in EAST
but not when even parity is applied to a type I ELMy H-mode plasma with qos = 3.65 and f3x~ 1.5-1.8,
similar to that in the ITER Q = 10 scenario. The electron and ion temperature are very similar with Tjy
~ Te = 2 keV. Under these conditions, energy confinement does not drop significantly (<10%) when
ELM suppression is achieved compared with the ELMy H-mode conditions, while the core plasma

tungsten concentration is clearly reduced as shown in Figure 14. This is very different from previous



observations using low n (n=1 and 2) RMPs in EAST with high qo¢s (= 5), in which the plasma stored
energy was significantly reduced (>20%) [55, 56].

The threshold n=4 RMP current for full ELM suppression is approximately 2 kA (four turns).
Suppression windows in both qos and plasma density are observed; in addition, lower plasma rotation
favours access to ELM suppression. Outside the qg¢s and density window only ELM mitigation, not
suppression, is observed. ELM suppression is achieved in a narrow q¢s window in [3.6, 3.75] with odd
n=4 RMP configuration with a continuous qos decrease (Ip ramp-up). ELM suppression is maintained
up to 60% of ngw by feedforward gas fuelling after suppression. Interestingly, there is not only an
upper density but also a lower density threshold for ELM suppression of 40% ngw. The observed
ELM suppression window is consistent with the peak in the modelled edge stochasticity using the
MARS-F code [57]. These results expand physical understanding and demonstrate the potential
effectiveness of RMPs for reliably controlling ELMs in future ITER Q=10 plasma scenarios.
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FIG. 14 Full suppression of ELM by odd n=4 RMP in EAST discharge 94048. From top to bottom, (a) D.
emission (green line), RMP coil current (black dashed line) and q95 (orange dashed-dotted line), (b) line
average electron density (blue line) and toroidal plasma rotation at p=0.1 (green dashed line) and p=0.7
(orange dashed dotted line) respectively, (c) Hosy, (solid orange line) and normalized beta (blue dashed line),
and (d) core tungsten concentration.
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FIG. 15 (a) Comparison of heat flux profiles without (the blue dashed line) and with (the red solid line) gas
puffing during n = 4 RMP ELM suppression. (b) The modelled divertor field line penetration depth at the
corresponding toroidal angle by TOP2D in vacuum approximation (the grey dashed line) and that taking into
account the plasma responses calculated by MARS-F (the black solid line).

Experiments have also been carried out in EAST to study ITER relevant scenario integration issues of
the ELM control in H-mode plasmas by the application of RMPs, which have a large impact on the
execution of the ITER research plan [58]. These include the impact of ELM mitigation and
suppression on particle and energy confinement and its dependence of the toroidal spectrum of RMP,
compatibility with low input torque operation, pellet fuelling and control of the divertor power fluxes
by gas fuelling and impurity seeding. Accessing to high recycling and radiative divertor conditions
while maintaining ELM suppression has been demonstrated in EAST and this is effective in reducing
power fluxes to the divertor strike points in near-separatrix lobes as shown in figure 15 [58, 59]. The
reduction of power fluxes in off-separatrix lobes is effective in the n=4 RMP application case in
which the magnetic topology modelling with plasma responses reveals a shallow penetration into the
plasma region of field lines connected to these lobes modelled by the TOP2D code [60, 61]. These
results in EAST support the use of high n 3-D fields for ELM control in the low-torque ITER baseline
scenario. It will help strengthen the physical basis for achieving high Q integrated operation scenario
in ITER. While impurity seeding is effective to both ELM mitigation/suppression and divertor heat
flux distribution, whether there is a synergistic effect of RMPs and impurity seeding for the ELM

mitigation and suppression will be an open research topic important for ITER baseline operation.

4.2.Helium plasmas

The helium plasmas have been demonstrated for the first time in EAST under the condition of pure
RF heating and ITER-like tungsten divertor, which advances the physical understanding in support of
the ITER non-nuclear operational phase. Pure helium was used to build up target plasma, while D2
gas puffing was used to control the helium concentration during the experiments. The helium (Cy.)

concentration in the plasma is confirmed to play a critical role in H-mode operation, as a higher



concentration increases the H-mode threshold power and deteriorates the energy confinement in the H
mode [62]. At lower Cye (Cpe < 70%), EAST achieved a stationary type-I ELMy H mode over 80
times of the energy confinement time with the energy confinement slightly above Hogy, scaling (Hosy»

~ 1.1) using pure RF power.

4.2.1. Helium plasma H-mode operation

The first H-mode in helium plasma was accessed by optimizing the plasma shape to improve LHW
coupling [63]. The results show that a higher possibility of stationary type-I ELMy H-mode comes
with lower Cy. and edge safety factor qos. Figure 16 shows an example of the high-performance H-
mode discharge (I, ~ 0.5 MA, By = 2.4 T, qos ~ 5.5) with characteristic of type-I ELM behavior (ferm
~10-30 Hz) from 3.5 s to 8.0 s. The plasma configuration is a USN with the strike points located on
the vertical targets of the tungsten divertor. With increasing Cy. under identical experimental
conditions, the ELM behavior evolves into higher frequency ~400 Hz or is even absent. Experiments
on the high-energy confinement operation have shown that the global energy confinement time in He
is approximately 30% lower than in D, similar to AUG results [64]. For both the ion species, the
energy confinement time steadily increases with the central line-averaged density in the range of 2—
5%10" m>. Under a fixed plasma condition (I, = 0.5 MA, By =2.4T, n, = 43x10" mf3, and P, = 4
MW), Cy, lowered by active D gas puffing gradually improves the H-mode performance [63].
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FIG. 16 Time traces of plasma parameters of type-I ELMy H-mode discharge. From top to bottom: He-I line
emission count, the injected power of LHW and ECRH, and the density normalized to Greenwald density n./ngy.
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One of the essential tasks in ITER He operational phase is to test the ELM control techniques, such as
the resonant magnetic perturbation (RMP) technique. In EAST, successful ELM suppression by n = 1
RMP in He plasma with pure RF-heating power of 4.3 MW and qos of 5.8 was first demonstrated. A
strong density pump-out effect was observed during the ELM suppression period, while the reduction
in the plasma store energy is approximately 8% lower than the D discharges. By ramping up the RMP
current, the threshold current of n = 1 RMP required to suppress ELMs was found to be only 1 kA.
Moreover, there was no clear n = 1 RMP spectra dependence. ELM suppression could be achieved at

a similar threshold current with diverse RMP spectra.

ELM suppression was also achieved by boron powder injection technique in He plasma with pure RF
heating [63]. Boron powder was injected at the upper X-point using a new-generation impurity
powder dropper [39]. During the ELM suppression phase with boron injection, the plasma-stored
energy and electron density were largely the same as before, and the energy confinement did not
deteriorate. No impurity accumulation was found either, indicating little impact on the core plasma
performance. In addition, the injection of boron powder above the minimum for ELM suppression
coincides with the occurrence of an edge harmonic oscillation phenomenon, which was observed by

various diagnostics.

4.2.2. Plasma-wall interactions during helium plasma operation

As EAST has been assembled with an ITER-like tungsten mono-block divertor, plasma—wall
interaction studies can provide good references for the ITER He operational phase. Divertor
detachment in He-D mixed plasma, with CHe ranged from 40% to 80%, has been achieved using
density ramps for the first time [65]. The divertor detachment is similar to that in D operations in that
the inner target detaches first with the rollover of the particle flux and the reduction in the electron
temperature in the BxVB drift direction towards the X-point. Furthermore, new results have shown
that the detachment begins at a higher upstream density than in previous equivalent deuterium
plasmas at the same power to the scrape-off layer. The experimental result shows that the density of
the detachment onset increases with the heating power, as shown in figure 17. Low levels of neon
impurity seeding can help achieve divertor detachment at a lower density. An active feedback control
of the radiation power by Ne seeding can help approach divertor detachment without deteriorating the
core plasma performance [66]. Tungsten erosion in He discharges has also been studied using a
multichannel spectroscopy system applied to observe the 400.9 nm WI emission intensity in the upper
outer divertor region [67]. The tungsten erosion rate in He plasmas is much higher than that in D
plasmas. The inter-ELM W erosion rate in He is more than 3 times that in D under similar divertor
conditions because of the higher W sputtering yield of He ions. The intra-ELM W sputtering source
for type-I ELMs in He plasma increases nearly linearly with the ELM frequency, similar to the D
campaign results from DIII-D [68] and JET [69].
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FIG. 17 The ratio of divertor detachment threshold density to Greenwald density as a function of power to the
scrape-off layer PSOL for He (blue) and D (red) discharges.

Sample exposures have been successfully carried out with He plasma using the outboard midplane
manipulator MAPES to study material migration processes. A proxy tile for the first wall panels in
ITER with two different material coatings, namely carbon and aluminum, on different sides of the
plasma wetted area, has been exposed in the L-mode He plasma, thus avoiding the effects of chemical
erosion. No net material deposition in the shadowed regions was found, similar to previous
experiments [70]. A known quantity of BCD, was injected and traced using graphite samples in both
the He and D plasmas to study material migration in the main chamber wall and the effect of chemical
erosion on C redeposited layers. A redeposited layer was formed close to the injection point after the
exposure, and the direction of the material migration was dominated by the ExB drift. A post-mortem
nuclear reaction analysis showed an unexpected result in that the *C deposition fraction in D was
approximately 50% higher than that in He, indicating a higher physical sputtering rate by He than the

chemical erosion rate by D [71].

5. SUMMARY AND FUTURE PLANS

Significant progress has been made in the development and understanding of the relevant physics with
respect to the long-pulse steady-state operation in EAST since the last IAEA FEC in 2018. A long-
pulse steady-state H-mode of 60 s with small ELMs and a good confinement performance (Hogy, ~
1.3) was demonstrated through an integrated operation. The long-pulse discharge reaches a wall
thermal and particle balance through an ITER-like tungsten divertor. Active control of divertor
radiation has been successfully integrated into the high beta H-mode plasma scenario without a
degradation of the plasma confinement (Hog,» > 1.2) at high density (n/ngw~ 0.7) and moderate edge

safety factor (qos~ 6.7). The peak heat flux on the tungsten divertor was reduced by ~30% with active
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impurity seeding of a mixture of 50% neon and 50% deuterium. The grassy-ELM regime has been
extended to the normalized parameter space designed for the CFETR 1GW fusion power operation

scenario. This regime exhibits good compatibility with high fis and fully non-inductive operation.

Several feedback control schemes have been developed to achieve sustained detachment with good
core confinement. This includes control of total radiation power, target electron temperature, and
particle flux measured by divertor Langmuir probes or a combination of the control of target electron
temperature and AXUV radiation near the X point. A flowing liquid lithium (FLiLi) limiter plate has
been successfully assembled and tested. Robust ELM suppression by Boron powder injection and
CDy fuelling without confinement degradation or even with confinement improvement has been
achieved in a wide parameter range. In addition, simulation results from BOUT++ confirm that ELM
can be mitigated by the coherent modes in the pedestal region. Full suppression of ELMs by using n =
4 RMPs has been demonstrated for ITER for the first time in low input torque plasmas. For the first
time, EAST has been operated with helium to support the ITER needs. Divertor detachment is more
difficult to achieve in He than in D. The inter-ELM W erosion rate in He is about 3 times that in D
with similar divertor conditions, while the intra-ELM W sputtering source shows a strong positive

correlation with the ELM frequency.
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FIG. 18 Top view with toroidal locations of heating/CD systems in EAST (lefi); a divertor module with a monoblock
structure (top); and a divertor module with a flat-type structure (bottom).

More heating and current powers and flexible power mix are required to achieve a very long-pulse,
higher Bp and By plasma operation at ITER and CFETR relevant qgs. A further extension of the ECH
system with an additional gyrotron is installed and will give more power for heating, current drive and
profile control. Two 1MW new dual-frequency (140/105GHz) gyrotrons will be available in 2022,
which allow extension of plasma operation regimes toward low qgs and high Py at lower toroidal field.
The existing full active multijunction (FAM) launcher will be replaced by a passive active

multijunction (PAM) with active cooling for the 2.45 GHz LHCD system. With this new launcher, the



density for optimum coupling will be as low as 3x10' m™, which lies below the cut-off value.
Previous ICRF in port B has been moved to port N to minimize the magnetic connected area of
antenna with the launcher of 4.6 GHz LHW system. A new two-strap ICRF antenna with lower k||
spectrum is just installed on port N to improve power coupling at lower plasma density. Moreover, the
previous counter-current NBI system has been changed in the co-current direction for more efficient

heating and current drive with eliminating a large fraction of the fast-ion losses.

Until April 2021, the EAST lower divertor has completed the upgrade from graphite divertor to
tungsten divertor. The lower divertor has totally 48 modules, of which three-quarters use the ITER-
like mono-block structure as the target plate, and the other quarter use the flat-type structure [72] as
the target plate as comparison of different technologies, shown in figure 18. The installation accuracy
of all divertor modules reaches +0.5mm, and all target plates have large chamfers to avoid leading-
edge. After upgrading, the steady-state heat exhausting capacity of the lower divertor is increased
from 2 MW-m > to 10 MW-m 2, which provides support in future long-pulse high power exhausting

experiments with ~10 MW power injection for >100s on EAST.
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