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Abstract

Since the last IAEA-FEC in 2021, significant progress on the development of long pulse steady
state scenario and its related key physics and technologies have been achieved, including the
reproducible 403 s long-pulse steady-state H-mode plasma with pure radio frequency (RF)
power heating. A thousand-second time scale (~1056 s) fully non-inductive plasma with high
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injected energy up to 1.73 GJ has also been achieved. The EAST operational regime of high Sp
has been significantly extended (Hogy» > 1.3, Bp ~ 4.0, Bx ~ 2.4 and n./ngw ~ 1.0) using RF
and neutral beam injection (NBI). The full edge localized mode suppression using the n = 4
resonant magnetic perturbations has been achieved in ITER-like standard type-I ELMy H-mode
plasmas with gos ~ 3.1 on EAST, extrapolating favorably to the ITER baseline scenario. The
sustained large ELM control and stable partial detachment have been achieved with Ne seeding.
The underlying physics of plasma-beta effect for error field penetration, where toroidal effect
dominates, is disclosed by comparing the results in cylindrical theory and MARS-Q simulation
in EAST. Breakdown and plasma initiation at low toroidal electric fields (<0.3 V m~!) with EC
pre-ionization is developed. A beneficial role on the lower hybrid wave injection to control the
tungsten concentration in the NBI discharge is observed for the first time in EAST suggesting a

potential way toward steady-state H-mode NBI operation.

Keywords: steady state long pulse, EAST tokamak, ITPA

(Some figures may appear in colour only in the online journal)

1. Introduction

The EAST (major radius R < 1.9 m, minor radius a < 0.45 m,
plasma current I, < 1 MA, toroidal field By < 3.5 T) research
program has been instrumental in developing the scientific
basis to project integrated solutions of steady-state long pulse
in supporting future fusion devices [1—4]. To meet this goal,
more heating and current drive (CD) powers are equipped such
as an additional Electron Cryotron Resonant Heating (ECRH)
gyrotron, a new two-strap Ion Cryotron Resonant Frequency
(ICRF) antenna with lower k)| spectrum and the change of
counter-current neutral beam injection (NBI) system to the co-
current direction for more efficient heating and CD with lower-
ing a large fraction of the fast-ion losses. In addition, the EAST
lower divertor has completed the upgrade from graphite diver-
tor to tungsten divertor [2], leading to the increase of steady-
state heat exhausting capacity of the lower divertor from 2 to
10 MW m~2.

Since the 2021 IAEA FEC, EAST experiments have been
carried out in support of high-performance steady-state oper-
ation and physics understanding for ITER and CFETR. The
first demonstration of reproducible 403 s long-pulse steady-
state H-mode plasma with Hogy» > 1.3, Bp ~ 2.5, Ox ~ 1.6,
ne/ngw ~ 0.7 and a good control of impurity and heat exhaust
have been achieved on EAST using the pure radio frequency
(RF) power heating and CD. In support of ITER and CFETR
long pulse operation, a thousand-second time scale (~1056 s)
fully non-inductive plasma has been achieved. The recent
achievements in the long-pulse high performance scenario
development are discussed in section 2. Section 3 presents
the key issues and relevant physics understanding in the long-
pulse operation regime, including power and particle hand-
ling, shape control, high-Z impurity and heat flux control.
Recent results contributed to ITPA is given in section 4,
including inductive scenario, high beta operation, ELM con-
trol, Error field analysis, EC pre-ionization and assisted star-
tup, ITER-like fast ramp down and Material erosion. A sum-
mary and future plan for the EAST program are described in
section 5.

2. Progress of EAST in support of ITER and CFETR

On EAST, the steady state long pulse plasmas have been
developed towards more ITER-relevant conditions, such as
low torque injection, RF-dominated heating and CD at high
density with an ITER-like tungsten divertor. A duration of
403 s H-mode plasmas (I, = 300 kA, Hogy» > 1.3, Bp ~ 2.5,
Bn ~ 1.6 and ne/ngw ~ 0.7) have been achieved and per-
fectly reproduced by exploiting the improved long pulse cap-
abilities in EAST (shown in figure 1), with the ¢ profile and
plasma pressure distribution given in figure 2. The integration
of good control of impurities, recycling, core/edge MHD sta-
bility, and heat flux exhaust is demonstrated. A high frequency
(~100-200 Hz), small amplitude ELMs regime facilitates the
RF power coupling to the H-mode edge. Low tungsten concen-
tration (Cy, < 107°) in these high-3p plasmas benefits from
the on-axis ECRH-heating. The loop voltage with the target to
zero was feedback controlled by the actuator of 4.6 GHz lower
hybrid wave (LHW).

In support of ITER and CFETR long pulse operation, a
thousand-second time scale (~1056 s) fully non-inductive
plasma (shown in figure 3) was achieved [5]. It is Super I-
mode, which is characterized by the coexistence of an elec-
tron internal transport barrier (ITB) at the plasma center
and an improvement energy confinement mode (I-mode) [6],
without ELMs at the plasma edge. A total energy of 1.73
GJ was injected into the plasma. Plasma was operated at
I, =330 kA and n. = 1.8 X 10"m~3 with a total RF power
of 1.65 MW (1.1 MW of LHCD at 4.6 GHz, and 0.55 MW of
ECRH). As shown in figure 3, all the main plasma paramet-
ers are stationary during the discharge. The radiation power,
with tungsten (W) as the major radiating species, is found
to be very low (~150 kW). Note that the discharge is fully
non-inductive. Key technical and scientific challenges includ-
ing robust plasma shape control, improvement of magnetic
measurements, plasma ramp-up/down, particle and heat load
exhaust over 1000 s have been addressed. A powder dropper
[7]1 was used to inject lithium to mitigate impurities and
reduce recycling, which allows control of density and radiated
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Figure 1. Time traces of key parameters of long pulse H-mode
plasmas, from top to bottom are the Greenwald fraction (n./ng),
confinement enhancement factor (Hosy2), poloidal beta (8p),
normalized beta (On), plasma stored energy (Wwmmp), injected power
of RF (Pgrr), peak temperature on lower divertor (7'Lo piv.) and D,
signal.
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Figure 2. Profiles for plasma pressure and safety factor (g) for
discharge 122254. The horizontal axis is the normalized toroidal
flux.

power due to impurities. Note that low particle recycling is
favorable for cryo-pumping, which does not suffer from
saturation or release of particles back into the plasma
when in a low recycling regime. In addition, the plasma
control system (PCS) including the integrator drift were
routinely tested before the daily experiments to minim-
ize the error due to the offset of integrators of magnetic
measurements, which is essential for controlling the plasma
configuration.

Aiming at establishing the scientific basis for integrated
solutions, including high confinement and bootstrap current
fraction, high RF CD at high density and core-edge integration
of steady-state operation, EAST team members have made
continuous and substantial efforts in exploring long pulse high
confinement steady-state plasma operation regimes (shown in
figure 4) in the past two decades.

EAST#106915 2021-12-30 21:55
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Figure 3. Time traces of the thousand-second discharge #106915.
(a) Poloidal beta and loop voltage, (b) core electron temperature and
injected energy, (c) line averaged density and D, signal, (d) peak
heat flux on the divertor target.
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Figure 4. Progress of long pulse H-mode plasma on EAST.

3. Key issues and relevant physics understanding
in long-pulse operation regime

In EAST, several key technical challenges related to the devel-
opment of long pulse operation have been investigated. The
important topics including power and particle handling, shape
control, high-Z impurity and heat flux control, are addressed.

3.1 Augmentation of heating and CD capability

It is recognized that LHCD efficiency increases signific-
antly with the volume-averaged electron temperature <7¢>.
According the CD theory, higher T corresponds to higher
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Figure 6. Power ratio of the collisional dissipation in the edge (P)
and the electron Landau damping in the core (Pgrp) to the total
power (Pio) as a function of Te.

velocity of resonant electrons, which means lower collision-
ality, thus leading to higher CD efficiency. Ray-tracing sim-
ulations show that higher electron temperature produced by
ECRH can shorten the spectral gap between the parallel
refractive index (N)) required for Landau damping (namely,
Ny = 6.5/T."3(keV), as indicated by the red lines) and the
launched Nj (=2.26), as shown in figure 5 [8]. Hence, fewer
passes (suggested by the number of black lines) are needed
before the power is fully absorbed, leading to less power
absorption in the SOL by collisional damping. As illustrated
in figure 6, the power fraction of collisional dissipation to the
total power decreases with increasing T'¢g.

The ICRF wave coupling has an exponential relationship
with the antenna to the fast wave cut-off layer. The lower
wave spectrum is an effective way to improve the coupling
without actively changing the plasma distribution. The coup-
ling of the antenna has been significantly improved by optim-
izing the antenna wave spectrum on EAST, including the L-
and H-mode discharge (shown in figure 7), which overcomes
the problem of limiting the power of the antenna due to insuf-
ficient antenna coupling of the original antenna [9, 10]. At the

). The yellow dashed lines represent the LH current density profiles predicted by GENRAY code.

same time, it is observed that the heating effect of the new
antenna has been significantly improved (figure 8).

3.2. Power and particle handling

In the EAST long pulse operation, the plasma density was
feedback controlled via Supersonic Molecular Beam Injection
(SMBYI) fuelling. An example is shown in figure 9. The global
fuel recycling was still controlled successfully to ~0.95-0.97
as shown in figure 9(b), and the particle was mainly controlled
by improved divertor pumping and lithium wall condition-
ing, which play the key role in sustaining the constant plasma
density for over 1000 s. The new water-cooled lower diver-
tor provides sufficient heat removal capability for long pulse
discharges. The temperature of lower divertor was kept in the
range of 300 °C-500 °C during the 1056 s plasma as shown in
figure 9(c). Moreover, the new flat-type structure shows better
heat exhaust than the monoblock one, the temperature of the
flat-type divertor was obviously lower than that of monoblock
divertor by ~160 °C. The good control of divertor temperat-
ure is also useful for the particle control during the long pulse
discharges. As shown in figure 3, the heat flux on the divertor
target increased from 50 s to about 350 s and decreased after
350 s. It is mainly because the gas puff, pumping and global
recycling were not constant but in a relatively dynamic bal-
ancing state, which influences the particle balance in the SOL
region, as shown in figure 9.

3.3. Plasma position and shape control

High-performance long pulse discharges require accurate and
robust shape control. The ISO-FLUX control scheme has
been adopted for the EAST shape control [11]. The con-
trol segments and X-points are set as shown in figure 10(b).
The control points are determined by the intersection of the
control segments and target boundary, and the difference in
the magnetic flux between each control point and the act-
ive X-point is compensated. A parallel real-time equilibrium
reconstruction code called PEFIT [12] is used to calculate the
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magnetic flux on each control point and X-point from the mag-
netic measurements. A series of advanced vertical position
control algorithms [13, 14] are applied on EAST to ensure
the robustness of shape and position control. To minimize
the influence of zero drift on magnetic measurements, new
fiber optic current sensors are used for plasma and coil cur-
rent measurements, and a linear drift deduction algorithm is
developed in the PCS [15]. During the long-pulse experiment,
the steady-state control error of each control point is smaller
than 2 mm, and for the X-point is smaller than 5 mm (as shown
in figure 10(a)). To reduce the output power of the poloidal
field (PF) power supplies, the PF coils’ currents are optim-
ized by changing the steady-state plasma flux as shown in
figure 10(c), which can be controlled by adjusting the timing
of LHW.
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Figure 9. Plasma parameters of shot#106915, (a) Plasma density
(blue) and D, emission (green), (b) injection rate of SMBI (red) and
global recycling coefficient (Rgiobal), (¢) surface temperature of
flat-type divertor (red) and monoblock divertor (blue). For the lower
divertor, 3/4 of targets in toroidal direction are monoblock structure
and others are flat-type divertor.

3.4. High-Z impurity and heat flux control

3.4.1. Transport and control of tungsten impurity. In
recent two years, behavior of high-Z impurity is studied
combining with experiment and simulation. To understand
the underlying physics, the tungsten transport in hybrid dis-
charges is studied using the integrated modeling. The result
indicates the tungsten accumulation is caused by a large neo-
classical pinch, which may be originated in the density peak-
ing and in the change of toroidal rotation [16]. The measured
tungsten impurity profile indicates an effective suppression of
the tungsten ions from core plasmas in NBI discharges with
LHW [17], as shown in figure 11. The transport coefficient of
tungsten impurity with and without LHW injection and at high
toroidal rotation velocity has been simulated by TYGRO. It
can be seen from figure 12 that during the LHW phase, the tur-
bulent diffusion of tungsten is enhanced while the neoclassical
convection is weakened. The simulated results also reveal that
the toroidal rotation increases the neoclassical convection and
leads to the inward pinch of tungsten. Therefore, LHW affects
tungsten impurity transport in two ways: LHW heating causes
an increase in the turbulent diffusion of tungsten by increasing
the electron temperature. Meanwhile, it decreases the plasma
toroidal rotation velocity and reduces the inward neoclassical
convection of tungsten. For the effect of on-axis RF (ECRH
and LHW) heating on the tungsten transport, the modeling
result suggests a key role on electron temperature and its
gradients in generating a large turbulent diffusion which can
increase the growth rate of instability [18].

3.4.2. Compatibility of divertor detachment with core con-
finement.  The excessively high heat load on the divertor
target plates is a critical challenge for tokamak operation
with high performance. Radiative divertor detachment with
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Figure 11. Vertical intensity profile of (@) W2'+(50.89 A), (b)
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W-UTA spectra during H-mode phase without LHW and with LHW
in shot #70769. The radial locations of p =0, p = 0.2 and p = 0.5
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impurity seeding is one of the most promising means for
the control of heat flux. The divertor partial detachment with
high-confinement core plasma has been achieved by using
mixed neon (Ne) and deuterium (D;) seeding in EAST with
ITER-like tungsten divertor [19, 20]. Both the plasma stored
energy and Hog y» > 1.1 are maintained, with the divertor elec-
tron temperature, heat flux and the surface temperature near
the strike point being all significantly reduced. To achieve
the compatibility of divertor detachment and core confine-
ment, the off-normal events should be monitored, including
excessive impurity seeding, loss of heating and dust droplets.
Therefore, a module of stored-energy monitoring to ensure
stable plasmas in EAST long-pulse detachment feedback oper-
ation was developed [21]. The compatibility of divertor partial
detachment and good energy confinement is demonstrated by
active impurity seeding (50% Ne, 50% D). By employing the
new lower W divertor, the active detachment feedback control

compatible with core plasma confinement via the electron tem-
perature on the divertor target 7', controller has been extended
to 30 s long-pulse H-mode operation, with active detachment-
control duration being 25 s [22].

In addition to the steady-state heat fluxes on the diver-
tor target, the sustained large ELM control and stable partial
detachment have been achieved concurrently with Ne seed-
ing in EAST [23]. With Ne seeding, the electron temperature
T around the lower outer strike point decreases from more
than 70 eV during the large ELM burst to less than 5 eV in
the stable ELM-free phase, as shown in figure 13. The transi-
ent heat flux around the lower outer strike point in the ELM-
free state after Ne seeding decreases by more than 90% com-
pared with that during large ELM burst before Ne seeding.
A slight improvement of plasma confinement is observed in
the partially detached state, mainly attributed to the increased
electron density and ion temperature in the core region. The
increase of 7T; is mainly attributed to the stabilizing effect
of impurity on the turbulences in the core region, including
trapped electron mode (TEM) and the ion temperature gradi-
ent (ITG) [24]. In the pedestal region, the density gradient and
the electron temperature show subtle variation. The effective
charge number Z. increases from 1.3 in attached state to 2.3
in detached state after Ne seeding, leading to a decrease in the
edge bootstrap current and the pedestal pressure gradient, and
thus the stabilization of ELMs.

4. Recent results contributed to the ITPA

4.1. Inductive scenario

Parallel to the steady state long-pulse scenario develop-
ment, the improved confinement at low gos < 3.5 opera-
tion regime with fishbone instability compared to sawtooth
oscillation has been observed and investigated on EAST
under dominant electron heating condition with tungsten
divertor (shown in figure 14) [25]. The formation of ITB
in ion thermal channel is found to strongly correlate to
the trigger of fishbone, accompanying by reduced particle
outward transport in the center identified by core peaked
density profile. Current density distribution is changed from
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monotonic with go < 1 during sawtooth oscillation to cent-
ral flat, magnetic shear s ~ 0 at p < 0.4, with fishbone at
where off-axis bootstrap current might play a critical role.
Linear gyrokinetic simulation by NLT code [26] is qual-
itatively in good agreement with experimental measure-
ment from CO, laser collective scattering. The electron-
scale TEM that dominants the transport during sawtooth is
found stable with fishbone. In addition, both of increased core
ITG and increased density peaking factor would impact the
threshold value for micro-instabilities, such as ITG and 7,-
driven TEM, and could also play a vital role in the nonlinear
process of turbulence saturation. The sustainable improved

confinement during fishbone comparing to the typical
sawtooth at the low g9s < 3.5 operation regime found on
EAST could make important contribution to the joint activities
of ITER baseline scenario development lead by the ITPA-IOS
group [27].

4.2. High beta operation

To further extend the high 3, plasma scenario toward a higher
beta and higher f,s regime [28], more neutral beam power
is added in the high Sp scenario of the RF-only discharge.
Figure 15 shows an example of the high 3, with higher 8y



Nucl. Fusion 64 (2024) 112013

X. Gong

2 #93890 fishbone

#93891 sawtooth P

(d)

q profile

3 (@)
= 9
o
&

0.9

§
T
£
@
o
<’ 3.

3.3 4.0 4.8
Time (s)

0 02 04 06

p

5.5 038 1

Figure 14. Time evolution of basic plasma parameters for two typical g9s < 3.5 plasma discharges. (a) Soft x-ray emission count, (b)
energy confinement enhancement factor Hog y, factor and (c) line-averaged electron density ne. (d) Comparison of the g profile. Red color
represents shot #93890 with fishbone activity and black curves show shot #93891 with sawtooth oscillation.

EAST #129160
15} S
a) m «\’_
1+ 98 ~
n /n
0.5 - e A i L i ]
3F b) \ — N "7
2r B 1
’ N "\
1+ i 4
' ' : 00 02 04 06 08 10
8l © E P
al P s (MW) .
. ¥ Py (W) 1
4 6 8 10 12
Time (s)

Figure 15. Time traces of high beta H-mode discharge with (a) confinement enhancement factor (Hogy2), normalized density (ne/ngw), (b)
normalized beta (8x) and 4 x 1, (¢) injected power of RF (Prg) and NBI (Pngr), (d) reconstructed g profile.

plasma discharge (I, = 0.3 MA, Br = 2.5 T, Hogy» > 1.3,
Bp ~ 4.0, B ~ 2.4, Vigep ~ 0.0 and ne/ngw ~ 1.0). The By
value of this discharge reaches 4 x li, where ]; is the internal
inductance calculated from the equilibrium analysis. Note that
there is no clear MHD behavior of NTM in the discharge,
which is consistent with weak shear of ¢ profile (gmin > 2.0).
Note that the g profile was reconstructed with MSE constraint.

4.3. ELM control

Suppression of type-I ELMs using n = 4 resonant mag-
netic perturbations (RMP) extrapolating favorably to the ITER
baseline scenario has been achieved in recent experimental
campaigns in EAST. Here n is the toroidal mode number of the
applied RMP. EAST has achieved ELM suppression in pure
RF heating plasmas for steady state operation with n = 1 RMP.
To address ITER issues, many studies have been focused on
achieving ELM suppression with high n RMPs in low g9s and

low NBI input torque plasmas in the last a few years. Full sup-
pression of ELM by using odd parity (opposite phases in the
upper and lower rows of coils current) n = 4 RMPs in low
input torque plasma has been demonstrated for the first time
previously in EAST [29]. The advantage of using high n RMPs
shown in the experiment is that energy confinement does not
obviously drop despite density pump out when ELM suppres-
sion is achieved when compared to the ELMy H-mode con-
ditions, while core tungsten concentration is clearly reduced
[30]. In previous studies, ELM suppression was only achieved
in a narrow ggs window (Aggs ~ 0.1) at around 3.65, which
agrees with the position of a resonant peak in plasma response
modeled by using the MARS-F code. However, the MARS-F
modeling result, as shown in figure 17(d), also indicate other
resonant peaks including one about ggs ~ 3.1, which is much
closer to the ITER baseline scenario but had not achieved
in experiments. The predicted multiple g95 resonant windows
convince the possibility of extending the ELM suppression to a
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Figure 16. A summary of extension of ELM suppression window
with even (red filled circles) and odd parity (red pentagons)

n =4 RMPs in the last two years since the last IAEA FEC meeting.
The contour line of electron pedestal collisionality is also plotted
with the assumption of T, ped = 0.6 keV, ne, pea = 0.75 x (ne), and
Zegr = 1.

much wider operational window. Therefore, significant efforts
have been made in recent experiments to extend ELM suppres-
sion into a wider ggs range [31], especially the lower gos range
towards ITER baseline requirements. Remarkable results have
been obtained in the last two years in EAST as the achieved
ELM suppression window with n = 4 RMPs summarized in
figure 16. New n = 4 RMP ELM suppression windows since
2021 including ggs ~ 3.1, which is much closer to the ITER
baseline scenario, and a much wider g95 window from 4.0 to
4.8. These results are all consistent with the MARS-F model-
ing as shown in figure 17(d).

One example of ELM suppression by n = 4 odd parity
RMP coil configuration at ggs ~ 3.1 is shown in (a@)—(c) in
figure 17. In this experiment, the normalized plasma beta
is On ~ 1.8-2.0, which is also close to the ITER 15 MA
baseline operational scenario. The toroidal magnetic field
strength Bt ~ 1.5 T and the line averaged plasma density is
around 3.0 x 10" m~3, which corresponds to 43% of the
Greenwald density ngw. The normalized electron collisional-
ity near the pedestal v+ peq is around 0.3, which is also a near-
record value for EAST. In this case, the input torque is still
only slightly higher than the extrapolated value for 33 MW of
NBI in ITER. Therefore, many parameters are very close to
the values that expected in the ITER baseline scenario. Good
ELM suppression has been achieved when Sy exceeds around
1.8 after one additional beam line switches on at t = 3.5 s,
although there are still some ELMs occasionally appeared.
Tungsten concentration is well controlled during the applic-
ation of RMPs. The new g9s window for ELM suppression
confirms well the prediction by MARS-F modeling before the
experiment and is located at one of the resonant ggs windows
for plasma response. Modeling results on g9s dependence of
plasma response using the MARS-F code [32] are shown in
(d) in figure 17. Here a series of equilibria with different gos
from 3.0 to 5.0 is generated based on a reference equilibrium
with gos5 ~ 4.0 by scaling plasma current using CHEASE [33],
as in detail explained in [31]. Then these equilibria were used
for MARS-F modeling. This was done before the experiment
to guide the search for new gys suppression windows and the
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Figure 17. (a)—(c) From top to bottom are temporal evolution of gos
(blue solid line) and n = 4 RMP coil current Irpp (black
dashed-dotted line), Sn (blue solid line) and tungsten concentration
(orange dashed-dotted line) and D, and (d) MARS-F plasma
response modeling results on ggs dependence of Chirikov parameter
near the pedestal top at p = 0.9 for odd (blue circles) and even (red
pluses) parity n = 4 RMP coil configurations. The green areas in (d)
covers all the ELM suppression g9s windows achieved in
experiments, which are labeled with the achieved years and RMP
coil parity.

selection of coil parity for n = 4 RMPs. MARS-F modeling
shows that there is a resonant window near gos5 ~ 3.1. However,
the amplitude of the Chirikov parameter (indicative of the level
of islands overlap) near the pedestal top is much lower than
that at ggs ~ 3.65. This might be the reason of more diffi-
cult challenge to access ELM suppression in the experiment at
qos5 ~ 3. At this go5 ~ 3, a high enough plasma beta Sy (~1.8)
is found to be one of the key factors to enhance the plasma
response and hence to achieve ELM suppression. There are
multiple resonant windows in plasma response. A much wider
window (Agos ~ 0.6) at slightly higher gos (~4.5) also pre-
dicted by MARS-F modeling is confirmed in the experiments
in the last two years. All the gos windows achieved in exper-
iments has been covered with green areas and labeled with
achieved years and RMP coil parity in figure 17(d), which also
show the consistency with the peaks predicted by MARS-F.

To further understand the related 3D physics mechanism
behind RMP ELM control, various studies of experimental
analyses and modelings are carried out. A scaling on threshold
density for rotation reversal was also proposed [34, 35]. In
EAST experiments, RMP effect on toroidal rotation agrees
well with the NTV modeling [36]. RMP effect on tungsten
reduction is closely related with rotation braking, and mod-
eling results show that the impact of RMP induced NTV on
low charge state tungsten ions is greater than that on high
charge state [37]. These promising results expand previous
physical understanding and demonstrate the potential effect-
iveness of RMP for reliably controlling ELMs in the ITER
baseline Q = 10 scenario.
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4.4. Error field analysis

Error field locked mode can limit the high performance opera-
tion and even lead to a disruption. Therefore, the clarification
scaling differences between theory and experiment are essen-
tial. The plasma-beta effect on the n = 1 RMP field penetration
in purely RF wave heated discharges has been investigated in
EAST [38]. The experimental results show that the depend-
ence of the threshold RMP coil current for field penetration,
Irmpm, On the total absorbed power Py, scales as approxim-
ately Irmpin X P23, indicating that the error-field tolerance
is improved with increasing RF power. This is benefited by the
increased electron perpendicular flow dominated by a counter-
current electron diamagnetic flow with increasing RF power.
However, theoretical scaling in cylindrical geometry overes-
timates the power index. Assuming an additional term 5%" for
the normalized beta in the scaling, it is shown that the fitted
a, from the experimental observation is around —1, indicat-
ing a degradation effect of plasma beta. To clarify the under-
lying physics of the plasma-beta effect that was not included
in the theoretical scaling in cylindrical geometry, the MARS-
Q code [39] with full toroidal geometry is employed for sim-
ulation of nonlinear field penetration. The MARS-Q simula-
tion results reproduce the dependence well, and hence the Py
scaling of the threshold current in experimental observations
(figure 18).

4.5. EC pre-ionization and assisted startup

Plasma initiation is an essential process of the tokamak
operation. During the inductive startup commonly used in
tokamaks, the change in the current in central solenoids (CS)
induces a toroidal electric field for the neutral gas breakdown

Figure 19. Parameter domain of EAST breakdown with different
pre-ionization methods including high-frequency glow discharge

(HFGD), lower hybrid wave (LHW) and electron cyclotron wave

(ECW). Breakdown at low toroidal electric field E; (<0.3 Vm™",
the upper limit of ITER) and significant extension of prefilled gas
pressure were achieved with ECW pre-ionization.

and plasma CD. In superconducting tokamaks, the change rate
of the coil current is limited due to the superconductivity. In
addition, the eddy current in the thick vacuum vessel delays the
penetration of poloidal magnetic field. As a result, the upper
limit of the toroidal electric field in a superconducting tokamak
is relatively low. For example, the maximum toroidal electric
field in ITER will not exceed 0.3 V m~! [40]. Thus, an effect-
ive pre-ionization is necessary for breakdown at low toroidal
electric field.

Recently, experimental study on electron cyclotron wave
(ECW) pre-ionization and assisted startup was carried out on
the EAST tokamak with ITER-like superconducting coils and
full metal wall. As shown in figure 19, by comparing with
other pre-ionization methods including high-frequency glow
discharge (HFGD) and LHW, the ECW is capable of pre-
ionization to achieve breakdown at low toroidal electric field
(<0.3 V. m™1). Also, the parameter domain of breakdown is
significantly extended towards higher prefilled gas pressure
with ECW pre-ionization. The points at 0 V. m~! indicate the
discharges in which the breakdown (appearance of D, emis-
sion) occurs before the onset of the toroidal electric field, then
the plasma current starts to increase as the toroidal electric
field appears.

In addition, the effect of electron cyclotron heating (ECH)
power on the breakdown was investigated. The result of power
scan shows that the lowest ECH power for successful break-
down in EAST is about 400 kW, which is equivalent to about
5 MW in ITER according to extrapolation calculation. The
time lags between the ECH application and the D, emission

features like appearance and peak (indicated by 750 and
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P respectively) were used to evaluate the effect of ECW
pre-ionization. The dependence of the time lags on the ECH
power is illustrated in figure 20. As ECH power increases, both
£PPearnee and 2 as well as their difference reduce, which
implies that higher ECH power is beneficial to earlier and
faster breakdown.

4.6. ITER-like fast ramp down

The termination phase should achieve a simultaneous ramp-
down of the plasma current, kinetic energy and particle dens-
ity while maintaining control over the radiation levels, plasma
position and shape, staying within the capabilities of the PF
coils, power supplies and heating systems. Generally, ITER
will operate with keeping diverted configuration, managing
the H-L transition timing, reducing the plasma volume and
elongation in termination phase. To validate the assumptions
for ITER simulated termination scenarios, plasma control ori-
ented experimental studies have been carried out on EAST. In
EAST upper-divertor discharge shot 115672, seen figure 21,
the flattop plasma current is 0.45 MA, line-averaged plasma
density is 4.5 x 10'” m~3, as shown in figure 21(a). The ter-
mination phase starts from 9 s with H mode plasma, H-L
transition is managed at 9.5 s with turn-off the LH and EC
powers, as shown in figure 21(c). The plasma shape elonga-
tion is reduced from 1.75 to 1.3, the vertical instability growth
rate is suspended while internal inductance increasing, as
shown in figure 21(b). The fastest plasma current ramp-down
rate is achieved with 0.33 MA s~—! with diverted configura-
tion, as shown in figure 21(d). After scaling to ITER refer-
ence scenario with characteristic L/R time constant, a safe
ramp-down of the ITER baseline 15 MA discharge with about
0.1MAs~! plasma current ramp-down rate [41, 42] have been

successfully demonstrated in scaled experiments on the EAST
tokamak.

4.7 Material erosion

To enhance the capacity of heat flux, EAST has been upgraded
with a new lower W/Cu divertor recently. The flat-type W/Cu
structure based on new explosively welding and brazing tech-
nologies are expected to withstand high heat loads up to
20 MWm~2 on the top surface. A special cooling system
structure was designed to increase the heat removal efficiency.
Based on previous experiences, large chamfer shaping struc-
tures were employed to mitigate the leading-edge-induced
high thermal loads. However, melting phenomena have been
observed in situ by CCD camera during the long-pulse oper-
ation campaign, and identified by post-mortem inspections.
Before the occurrence of W melting, debonding of the W
plates was already generated by the high thermal stress due to
the thermal mismatch between the W plate and CuCrZr sub-
strate, resulting in a residual hot spot after normal discharge.
The repetition of this process gradually deteriorated the W/Cu
structure and thus resulted in an increased peak temperature
until melting occurred [43]. A new structure with a smaller tilt
angle (~2.4°) can reduce the heat load on the edge-beveled W
plate by 36% compared to the previous tilt angle of 5°, which
significantly mitigate the melting and exfoliation of W plates
[44].

In recent EAST experiments, it is found that W erosion can
be suppressed or mitigated by Ne or D, gas injection when
divertor detachment is obtained. Compared to edge D, fuel-
ing, Ne seeding from the divertor target is favorable for full
detachment condition and thus W erosion suppression. D,
injection from both divertor target and the outer mid-plane
can also induce a partial detachment condition by strongly
increase the upstream plasma density, and therefore mitig-
ate the divertor W erosion. With a new developed low-energy
neutral particle analyzer (LENPA) [45] and quartz crystal
microbalance, material erosion induced by charge-exchange
neutrals has been revealed. It is proved that higher density
and heating power can increase the flux and energy of neut-
ral particles, which results in higher material erosion rates
by neutrals. The measured material erosion rates by neutrals
can be well explained by the modeling with the 3D-GAPS
codes [46] using the neutral energy spectrum measured by the
LENPA system.

5. Summary and future plan

Significant progress has been made in the development and
understanding of the relevant physics with respect to the steady
state long pulse operation in EAST since the last IAEA-FEC in
2021. A reproducible steady state long pulse H-mode of 403 s
with Hogyo > 1.3 was developed with the integrated opera-
tion. To demonstrate the extra long pulse operation capability,
a thousand-second time scale (~1056 s) fully non-inductive
plasma with total energy of 1.73 GJ was obtained. The exten-
sion of high 8, high By plasma up to 4 x li was recently
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Figure 21. Illustration of controllability of ITER-like fast plasma ramp-down. (a) The waveforms of plasma current, density and stored
energy (b) the waveforms of plasma configuration elongation, vertical displacement instability growth rate and internal inductance during the
ramp-down phase (c) D, signal during the ramp-down phase (d) the plasma diverted configuration evolution during the ramp-down phase.

achieved. This regime exhibits good compatibility with high
confinement, high f1,, and fully non-inductive operation.

To support ITER, the ELM suppression by n = 4 odd parity
RMP coil configuration with ggs ~ 3.1 is obtained, consistent
with the suggested resonant window of MARS-F modeling.
The error-field tolerance for field penetration is improved with
increasing RF power, i.e. approximately Irnp i o< Pio’>. The
use of RMP and on-axis RF heating on the core are demon-
strated to the control of tungsten accumulation. Experiments
have shown that tungsten erosion can be suppressed or mit-
igated by Ne or D, gas injection when divertor detachment
is obtained in EAST. It is found that the ECW is helpful to
achieve breakdown at low toroidal electric field (<0.3 Vm~1).
A fast plasma current ramp-down rate at 0.33 MA s~! is
achieved with diverted configuration in EAST.

The near term plans of EAST are to explore 1000 s long-
pulse H-mode operation with high bootstrap current frac-
tion and to demonstrate steady-state operation with extended
fusion performance. Towards this very long-pulse, high boot-
strap current fraction plasma operation, a further extension of
the ECH system with two more 105/140 GHz dual frequency
gyrotrons is underway and will give a total of 6.0 MW power
for heating and profile control. A new 4.6 GHz LHW system
will be installed to replace the 2.45 GHz LHW for enhance-
ment of LHCD capability. Meanwhile, the upper divertor
will be upgraded to a new full W divertor with closed V-
shape configuration for high power exhaust (10 MW m~2) in

supporting the high power long pulse operation. The capab-
ility of the water-cooling system will be enhanced with the
pressure of 3 MPa. The upgrade of the helium cooling system
operational temperature from 4.5 K to 3.8 K will increase the
poloidal coil’s current limit by 10-15%, leading to a higher
plasma current platform (I, < 1.0 MA). In addition, more NB
power will be available with new ion source up to 120 keV,
facilitating to study AE physics. All these enhancements will
further strengthen EAST as a key facility for steady state long
pulse operation and physics research for future devices.
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