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Mastering nuclear fusion, which is an abundant, safe, and environmentally competitive energy, is a great chal-
lenge for humanity. Tokamak represents one of the most promising paths toward controlled fusion. Obtaining a
high-performance, steady-state, and long-pulse plasma regime remains a critical issue. Recently, a big break-
through in steady-state operation was made on the Experimental Advanced Superconducting Tokamak (EAST).
A steady-state plasma with a world-record pulse length of 1056 s was obtained, where the density and the di-
vertor peak heat flux were well controlled, with no core impurity accumulation, and a new high-confinement
and self-organizing regime (Super I-mode = I-mode + e-ITB) was discovered and demonstrated. These achieve-
ments contribute to the integration of fusion plasma technology and physics, which is essential to operate next-
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step devices.

INTRODUCTION

With increasing global energy demand, our current energy sources,
mainly fossil fuel reserves, must be substantially substituted with al-
ternative nonfossil ones. Potential candidates include renewable
and nuclear fission and fusion sources. Nuclear fusion, which
powers the Sun, is the least developed of the three but is advanta-
geous in terms of safety (only small quantities of nuclear waste with
a short life generated) and environmental friendliness (no carbon
dioxide generation), offering a virtually inexhaustible energy
source. Fusion research has concentrated primarily on high peak
performance, with considerable progress having been made
toward the generation of fusion energy, namely, in Tokamak
Fusion Test Reactor (TFTR) (I) and Joint European Torus (JET)
(2). However, to ensure the feasibility of fusion reactors, the
plasma performance must be sustained for long durations, which
is often limited by the capacity of the machine and its subsystems
and the plasma scenario development depending on the physics.
Continuous operation of fusion reactors requires superconducting
magnets, heating systems with a long-pulse capability, cooled
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plasma-facing components (PFCs) with the ability to handle inject-
ed power and ultimately the fusion power, and diagnostics and real-
time feedback control algorithms for controlling the plasma.
Steady-state and long-pulse operation with improved energy con-
finement with new plasma physics progress would be highly desir-
able for the fusion reactor, for both technological and economic
reasons. There are two key physics issues for the fusion reactor:
(i) to find a candidate high-confinement scenario without edge in-
stability, like edge-localized modes (ELMs), and compatible with
high-performance core plasma with internal transport barrier
(ITB) and (ii) to demonstrate the plasma scenario stationarity of
long duration, for example, hundreds seconds for the plasma
density control (particle exhaust and recycling, wall saturation),
and up to thousands seconds for material erosion. It should be
noted that the multiple interactions between technology and
physics can only be completed evaluated in long-duration discharg-
es. Equally important are various weak physics phenomena that do
not appear on short time scales but whose cumulative effect can
become a serious problem when integrated over a long period, typ-
ically up to thousands seconds as mentioned.

Nearly all current magnetic confinement fusion devices rely on
superconducting coil technology for steady-state and long-pulse
operation, including Experimental Advanced Superconducting
Tokamak (EAST) (3), Japan Tokamak 60 Super Advanced (JT60-
SA) (Japan), Korea Superconducting Tokamak Advanced Research
(KSTAR) (Korea), Superconducting Steady State Tokamak 1 (SST1)
(India), W Environment in Steady-State Tokamak (WEST)
(France), Wendelstein 7-X (W7X) (Germany), as well as the
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major next-step tokamaks: International Thermonuclear Experi-
mental Reactor (ITER) (4) and China Fusion Engineering Test
Reactor (CFETR) (5). For above magnetic confinement fusion
devices, from the point of view of the characteristic time scale
related to physics events and technological constraints in a long-
pulse operation, we gradually encounter a time scale ranging from
milliseconds for magnetohydrodynamic (MHD) events, to seconds
for the energy and particle confinement time, to tens seconds for the
current diffusion time, and the PFC cooling, to hundreds seconds
for the plasma-wall interaction (PWI), such as wall saturation, and
up to thousands seconds for material erosion (6). The role of active-
ly cooled PFCs is to protect the in-vessel materials against plasma
particles and thermal loads (7, 8). The PFC cooling time scale
denotes the time to reach a stationary temperature for PFCs (9).
EAST is one of large tokamaks operating long-pulse discharges,
which has included actively cooled PFCs, with a continuous
scheme of development to improve their performances and their
reliability (10). Wall saturation is mainly resulting from H/D reten-
tion by the wall, which has strong impact on the density control
(11). The erosion of PFCs under plasma exposure during long-
pulse operation can affect their thermal and mechanical properties,
thus limiting their lifetime [(12) and references therein]. The
erosion mechanisms for materials such as tungsten are physical
and chemical sputtering and evaporation, including the eventual
partial loss of the melt layer (13, 14). The thermal wall loads, expect-
ed for ITER in the deuterium-tritium phase, are envisaged to be as
high as 20 MW m™2 on the divertor plates, and the typical pulse
length of plasma discharges will be >450 s (15). For a fusion
reactor, 1000 s can be considered as a reasonable time scale for vi-
ability demonstration. The main scientific mission goals of the
ITER is to demonstrate controlled ignition and extended burn for
a duration sufficient to achieve stationary conditions on all time
scales characteristic of plasma process and PWIs (heat and particle
handling, impurity generation, fuel retention, PFC material erosion,
etc.) and sufficient for achieving stationary conditions for nuclear
testing of blanket components. This can be fulfilled by pulses
with plasma burn duration in the range of 1000 s (16). One of
planned basic operation scenarios for ITER is “hybrid scenario”:
long-pulse, inductive, and noninductive deuterium-tritium
plasma scenario with current profile control, improved H-mode
confinement aiming at maintaining substantial fusion power
(>300 MW, fusion energy gain factor Q = 5) at a medium safety
factor (gos = 4) for burn duration of up to 1000 s. This plasma sce-
nario would allow the characterization of key aspects of PWI in the
ITER environment over very long durations (e.g., impact on fueling,
erosion/redeposition, and fuel retention) (17). It should be noted
that for DEMO, the next-step fusion reactor after ITER, it must
resolve all physics and technical issues foreseen in the plant and
demonstrate reactor relevant technologies, demonstrate the produc-
tion of several 100 MW of electricity, demonstrate the breeding ca-
pability with the blanket modules that would lead to tritium self-
sufficiency for fusion fuel, and achieve adequate availability/reliabil-
ity over a time period of 2 hours (7200 s) (18).

It is crucial to develop a novel candidate scenario, which has
high-energy confinement without ELMs and can be sustained
over 1000 s in steady state. This is the mission of the “steady-state
and long-pulse operation” path, which is one of two complementary
approaches for magnetic fusion research. The other one is the “per-
formance” path, where controlled fusion is carried out for a few
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seconds with mega-ampere and megawatt class tokamaks, such as
JET and TFTR.

EAST is a medium-sized fully superconducting tokamak with
actively cooled metallic PFCs, applying the same concept as ITER
and CFETR. It has ITER-like magnetic configurations: major radius
R =1.85m, minor radius a = 0.45 m, plasma current I, = 1 MA, and
toroidal field By = 3.5 T. Its mission is to address key technological
and physics issues of long-pulse operation to support the design of
reactor-grade machines. It is equipped with a total heating and
current drive power of 32 MW, including neutral beam injection
(NBI) heating of 8 MW and radio frequency (RF) power of 24
MW: (i) lower hybrid current drive (LHCD) of 10 MW (4 MW at
2.45 GHz and 6 MW at 4.6GHz); (ii) electron cyclotron resonance
frequency heating (ECRH) of 2 MW at 140 GHz; and (iii) ion cy-
clotron resonance frequency heating (ICRH) of 12 MW at 27 to 80
MHz. With the moderate total injected power, EAST can demon-
strate a significant total injected energy with steady-state thou-
sand-second operation for ITER and future fusion devices on the
way of the steady-state and long-pulse operation. The total injected
energy represents the machine's ability to support and extract heat.
For example, 1 GJ of injected energy obtained on Tore Supra in 2004
during a discharge constituted a world record for a tokamak at that
time. In this approach for fusion research, elevated capabilities of
EAST were achieved in recent experiment. EAST's ITER-like tung-
sten (W) divertor has a steady-state power handling capability of
~10 MW m~2 for addressing PWI physics. In addition, approxi-
mately 80 advanced diagnostics have been developed and imple-
mented on EAST. These diagnostics allow the dynamics of
plasma profiles, instabilities, and PWIs to be measured during
long-pulse operations. Therefore, EAST is a suitable platform to in-
tegrate technology and physics related to the long-duration opera-
tion of fusion plasmas (3). In particular, EAST, especially its
divertor, can provide an ideal plasma-wall equilibrium to study
the physics of PWIs for next-step devices.

As mentioned, ITER (19) and CFETR are designed for steady-
state operation with a duration of over 1000 s. Previously, discharges
lasting over 6 min have been achieved in Tore Supra (20), HT-7 (21),
and EAST (22). In 2021, EAST reached a milestone, achieving
steady-state plasma with improved energy confinement that could
be operated for a duration exceeding 1000 s and with injected/ex-
tracted energy of 2 GJ. This demonstrates the reliability of the
machine and its subsystems (cryogenic, superconducting magnets,
heating systems, and diagnostics) for steady-state long-pulse oper-
ation and advanced scenario. Heat and particle fluxes in the divertor
target plates were actively controlled during the discharge for over
1056 s. A physical phenomenon related to the improved energy con-
finement was discovered. The plasma regime, which we term “Super
I-mode," is characterized by the coexistence of an electron ITB (e-
ITB) at the plasma center and an improvement energy confinement
mode (I-mode), without ELMs, at the plasma edge, leading to a
large improved energy confinement. Discharges lasting from a
few ten seconds to a thousand seconds showed an energy confine-
ment much higher than that of the low-confinement plasma (L-
mode), and comparable to the high-confinement mode (H-
mode), heat fluxes on PFCs and the divertor remained at moderate
values, and steady-state peak heat flux on the divertor target plates
was well controlled, which is envisaged as the basic operating mode
of ITER.
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RESULTS

To access long-duration plasmas, experiments have been performed
in a double-null magnetic configuration mainly using LHCD and
ECRH at I, = 300 to 400 kA, By = 2.75 T, R = 1.91 m, and
a = 0.45 m. By was chosen to be 2.75 T to simultaneously achieve
on-axis ECRH deposition and optimized LHCD power absorption
at 4.6 GHz. The line-averaged electron density 7, was approximately
2 x 10" m™>. The operational conditions were carefully tuned shot
by shot, keeping the main parameters, such as heating powers,
plasma density, plasma current, and plasma shape, the same.

Both particles and heat exhaust related to PWI must be con-
trolled to operate long pulses. Therefore, real-time feedback
control was implemented on EAST using additional relevant tech-
niques. The plasma configuration is double null (DN) during dis-
charge to avoid excessive heat flux on PFCs. A powder dropper was
used to inject lithium to mitigate impurities and reduce recycling.
This allows control of density and radiated 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.

Repeated tests of the plasma control system (PCS) were per-
formed each day before the experiments to minimize the error
due to the offset of integrators of magnetic measurements, which
is essential for controlling both the position (zero shift) and shape
of the plasmas. Thus, a stable gap (~4 cm) between the plasma and
the wall was maintained in the DN configuration, ensuring suffi-
cient particle exhaust.

After repetitive discharges of hundreds of seconds, a discharge
with a duration of 1056 s was achieved, as shown in Fig. 1. A total
energy of 2 GJ was injected into the plasma, twice as much as the
record previously held by Tore Supra and EAST. The plasma was
operated at I, = 330 kA and 7, = 1.8 x 10" m™; it was heated by
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 the figure, all the main plasma quan-
tities are stationary during the entire discharge. The radiation
power, with tungsten as the major radiating species, is found to
be very low (~150 kW). Note that the discharge is fully
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Fig. 1. Waveform of the thousand-second discharge #106915. (A) Plasma
current I, and line-averaged electron density ne. (B) LHCD, ECRH, and radiated
powers. (C) Contour of particle flux given by the ion saturation current j; on the
divertor target, with the strike points calculated from EFIT equilibrium shown in
open circles (SP1 and SP2 are outer strike points for two X-points in double-null
configuration, respectively). (D) Peak heat flux on the divertor target.
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noninductive, i.e., the plasma current is mainly driven by LHCD
and a moderate bootstrap current (~37%). As illustrated in Fig. 2,
in the 1056-s discharge, which is called the Super I-mode, will be
described in detail below, the corresponding LHCD efficiency esti-
mated by mcp = 458 (A/W/m?) (23) is ~0.87 x 10" AW~ m ™,
The current drive efficiency in this discharge is comparable to the
experimental value in L-mode plasma, but slightly lower than that
in H-mode plasma, where I;y; and Pry; are the lower hybrid driven
current and lower hybrid wave power, respectively.

Plasma-wall interactions

PWI is not an operational issue in the long-pulse experiments dis-
cussed in this study. During 1000 s, the particle flux on the divertor
remained extremely stable, and the global recycling coefficient
Rglobal Was stationary at ~0.95, as shown in Fig. 3C. This is due to
the optimization of the strike point position to realize better particle
exhaust, along with enhanced wall pumping using real-time wall
conditioning by continuous lithium powder injection (1.3 mg/s)
from t = 7 s until the end of the discharge, which can effectively
getter deuterium. Particle balance is used to evaluate the wall
pumping capability, and the results show that, during the 1056 s dis-
charge, the pumping rate of the divertor cryopumps is (7.3 to
8.1) x 10'° D-atoms/s, and that of the first wall is (7.9 to
12.9) x 10'° D-atoms/s. This indicates that the first wall assisted
by lithium injection has even stronger pumping capability than
the divertor cryopumps, the wall pumping rate is ~1.4 times
higher than that of the divertor cryopumps, and the wall is not sat-
urated even at the end of the discharge, as shown in Fig. 3. Thus,
EAST is a platform for studying the physics of PWIs under ideal
conditions where plasma,-wall equilibrium—on the time scale of
tens of minutes—is required.

Heat fluxes on PFCs and the divertor remained at moderate
values. Steady-state peak heat flux on the divertor target plates
was well controlled, remaining below 3 MW/m? (Fig. 1D), consid-
erably lower than the power exhaust capability of the water-cooled
tungsten divertor in EAST (10 MW/m?).
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Fig. 2. LHCD efficiency. Experimental comparison of LHCD efficiency in the L-
mode, H-mode, and Super I-mode.

3of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

e —

Gas puffing (1 20D/s)

I Wall pumpinglrate (102°D/s)

I I

| I

0
1 OO I 1 1 1 1 I I 1 1 1
M ‘WJ
et O ArmtgmagitPe " A MMy i
0.95 global v
090 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000 1100
Time (s)

Fig. 3. Pumping rate and global recycling. (A) Gas injection rate of supersonic molecular beam injection (SMBI) and gas puffing. (B) Pumping rate of divertor cryopumps

and the first wall. (C) Global recycling coefficient.

Extreme ultraviolet (EUV) spectroscopic measurements indicate
the low concentrations of light and heavy impurities, which is con-
sistent with the low radiated power shown in Fig. 1B. W impurity is
the dominant factor contributing to total radiation power loss. The
concentration of W is considerably lower than that of a similar dis-
charge observed in H-mode, as shown in Fig. 4. Such a low W con-
centration can be explained by the L-mode-like particle transport,
an insufficient W source observed in the absence of ELMs, and
because of the optimization of plasma current, RF heating power
coupling, and real-time Li powder injection. Moreover, the divertor
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Fig. 4. Tungsten (W) impurity radiation. Line intensity profiles of W ions in dis-
charge #106915, compared with discharge operated in H-mode (#106928: I, = 400
kA, 2 MW of LHCD, 1 MW of ECRH). (A) W?°%, (B) W32+, (C) W#3*, and (D) W*** ions
observed by space-resolved EUV spectrometers (vertical dashed lines indicate
peak position of line intensities in H-mode).
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electron temperature measured by Langmuir probes is 15 to 20 eV
during the discharge, favoring a relatively low W source, which ex-
hibits a strong dependence on electron temperature at the
target plates.

Note that W was not accumulated in the core plasma over 1000
s. This behavior is similar to that observed in WEST plasmas heated
by RF powers, which is attributed to the low torque driven by the RF
waves (24). Note that the increase in central W accumulation is due
to the neoclassical convection increasing with toroidal rotation.
Therefore, the result obtained is promising for low torque operation
in ITER.

Super I-mode
H-mode (25), characterized by the edge transport barriers (ETBs) of
both density and temperature profiles, is considered as the baseline
operation scenario for ITER. Unacceptable heat flux to the divertor
targets caused by large ELMs due to the relaxation of the ETB is still
a crucial issue in fusion research (26). For a fusion reactor, the ideal
situation would be to have high-energy confinement and reasonable
particle confinement. I-mode meets this criterion better than H-
mode. I-mode is a plasma regime with energy confinement
similar to that in H-mode, and edge particle transport comparable
to that in L-mode. I-mode was initially discovered on Alcator C-
Mod (27) and ASDEX Upgrade (28) and is characterized by an ex-
tremely steep edge temperature pedestal with the absence of the
edge density pedestal and ELMs. The I-mode operation regime
has several advantages over H-mode, such as preventing metallic
impurity central accumulation, facilitating fusion product ash
removal, and sustaining quiet stationary temperature pedestal and
thus is more suitable for application in the fusion reactor. A regime
with double transport barrier combining ITB and I-mode, named as
Super I-mode, was discovered in discharges with durations ranging
from 14 to 1055 s. It could be interesting for ITER as a candidate
scenario, which has high-energy confinement without ELMs and
can be sustained over 1000 s in steady state.

In the EAST tokamak, stationary I-mode is also identified by the
weakly coherent mode (WCM) (29) and edge temperature ring
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oscillation (ETRO) (30). The ETRO, radially localized at the pedes-
tal with an azimuthally symmetric structure, results from the ion/
electron turbulence periodic transition. The WCM corresponds to
electron turbulence, leading to L-mode-like particle transport. The
stationarity of I-mode is due to the plasma self-organization by cou-
pling electron temperature gradient oscillation, turbulence transi-
tion, and heat transport modulation (29).

The energy confinement of discharge #106915 matches that of
the one predicted in H-mode. The confinement time t is higher
than the value predicted by the H-mode scaling law T?calmg,s»syz
(31) by 20% and the energy confinement enhancement factor
Hog = TE/Tg:alingSSyZ = 1.2 (Fig. 5A). The plasma stored energy is 90
k], corresponding to the normalized plasma pressure B, = (p)/ (sz/
2ug) ~ 1.5, which is the ratio of the plasma pressure to the magnetic
field pressure. Here, (p) is the mean plasma pressure and B, is the
poloidal magnetic field. The central electron temperature T, (0)
exceeds 6 keV and remains almost constant throughout the dis-
charge (Fig. 5B). The central ion temperature T; (0) is about 0.7 keV.

I-mode is identified in discharge #106915 by detecting both
WCM and ETRO, which are obtained from the power frequency
spectrum of the time derivative of the density fluctuation phase
d¢/dt, measured using a Doppler reflectometer (DR) at the normal-
ized radius p = 0.91, and lasts for almost the whole discharge, as
shown in Fig. 5 (C and D). The brief anomaly observed in WCM
and ETRO spectra around ¢ = 570 s is due to a sudden and brief
protection of the gyrotron (see Fig. 1B). The WCM frequency is
in the range of 30 to 100 kHz, while the ETRO frequency is approx-
imately 14 kHz.

High confinement is related to evident improvements in both
core and edge plasma. Figure 6 (A and B) displays in red the
radial profiles of the electron temperature and density of the

discharge #106915, respectively. Then, these profiles are compared
to those of L-mode (#106870, in blue) and H-mode (#107832, in
green) plasma. An e-ITB is observed at the plasma center in the dis-
charge #106915 as the H-mode, leading to a peaked central electron
temperature. Simultaneously, an electron temperature pedestal is
observed in this discharge at the plasma edge, similar to that in
H-mode, as shown in Fig. 6C. However, in the absence of the ped-
estal, the edge density profile is extremely similar to that in L-mode,
as shown in Fig. 6D.

In discharge #106915, the electron temperature profile was
found to be strongly peaked in p < 0.4, exhibiting good correlation
with the e-ITB location. The election thermal conductivity, ob-
tained via a power balance analysis, decreases significantly to the
neoclassical value at p = 0 to 0.4 and p = 0.9 to 1.0, as shown in
Fig. 6E, confirming the presence of an ETB (I-mode) and a
core ITB.

The MHD activities are continuously present in the plasma
center throughout this long pulse discharge (Fig. 7B). Figure 7A dis-
plays the safety factor g profile measured using a polarimeter-inter-
ferometer (POINT) in I-mode. A flat central g profile was identified
by POINT to clamp the central g at values close to unity with
qos = 9.3. Figure 7 (C to E) shows the magnified view (t = 17.8 to
19 s) of the MHD intensity, the normalized electron temperature
gradient R/Ly, (Ly.=( V T./T,)™"), and the turbulence intensity, re-
spectively. It was observed that these latter three signals are modu-
lated at the same frequency, indicating a strong interaction between
MHD, turbulence, and heat transport. The core e-ITB is identical to
that observed in the long-pulse H-mode discharges as shown in
Fig. 6. The physical mechanism for maintaining this e-ITB has
been elucidated in (32) as follows. The electron-temperature-gradi-
ent—driven mode (ETG) is excited when R/Ly, is above a threshold
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Fig. 5. 1-mode identification. (A) Energy confinement enhancement factor Hog and the normalized plasma pressure (.. (B) Electron temperature T, measured at p = 0.03
by electron cyclotron emission (ECE) diagnostic. Note that the central ECE measurement is less affected by the suprathermal electrons generated by LHCD and is also
calibrated with Thomson scattering. (C) Frequency spectrogram of the time derivative of the density fluctuation phase d¢/dt measured using a Doppler reflectometer at
p = 0.91, showing WCM (30 to 100 kHz) and ETRO (14 kHz). (D) Amplitude of WCM. a.u., arbitrary units.
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Fig. 6. Electron temperature and density profiles for transport analysis. The temperature and density radial profiles of Super I-mode (discharge #106915, in red) are
compared to those of the H-mode (discharge #107832, in green) and L-mode (discharge #106870, in blue). (A) Electron temperature profiles from the Thomson scattering
diagnostic, showing evident ITB for Super I-mode and H-mode. (B) Electron density profile from the reflectometer. (C) Zoomed view of the electron temperature profile at
the edge for better differentiating the pedestal of Super I-mode from L-mode. (D) Zoomed view of the electron density profile at the edge, showing similar edge density
profile for Super I-mode and L-mode. (E) Electron thermal conductivity in discharge #106915, deduced from the power balance analysis.

(R/Lye > 9). Then, an intrinsic current is generated in the counter-
current direction by ETG turbulence due to the divergence of the
residual flux of the current, flattening the g profile at the center
and weakening the central magnetic shear, which causes turbulence
reduction at the plasma center. Last, the MHD mode is periodically
destabilized by the high electron temperature gradient in a low mag-
netic shear regime, serving as a sink to release the turbulence-free
energy, which causes a modulation of turbulence and turbulence-
driven current. This self-regulation system serves as the automatic
controller, which dynamically forces the electron temperature gra-
dient in a proper region to sustain the kinetic equilibrium. Thus, a
small amplitude oscillatory electron temperature profile around the
critical temperature gradient triggering ETG is achieved, forming a
quasi-stable and robust ITB.

Figure 8 represents the energy confinement enhancement factor
Hyg as a function of the pulse length for Super I-mode (solid red
square), standard I-mode (red square), H-mode (blue triangle), L-
mode with ITB (violet circle), and standard L-mode without ITB
(black diamond) in EAST. Super I-mode has an energy confinement
similar to that of H-mode but with a pulse length considerably
longer than that of H-mode. Further, compared with standard I-
mode, Super I-mode exhibits better energy confinement with a
50% higher H-factor. Note that the present Super I-mode was real-
ized with a very high electron temperature and relatively lower ion
temperature. Super I-mode experiments on EAST will be extended
toward the case of high ion temperature.

DISCUSSION

A major advancement toward fusion reactors was recently achieved
at the Institute of Plasma Physics, Chinese Academy of Sciences. A
steady-state plasma was successfully maintained for over 1056 s in
the fully superconducting tokamak EAST. The machine and its sub-
systems (cryogenic, magnets, heating systems, diagnostic, etc.) were
extremely reliable and operated safely owing to the integration of
real-time controls and careful prior preparation. Technology and
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fusion plasma physics are integrated. This achievement is mandato-
ry to operate next-step devices, such as ITERs and CFETRs.

In addition to the operational aspect, a self-organizing, highly
steady with quiet pedestal, robust plasma regime was discovered,
called Super I-mode. In this regime, I-mode coexists with an e-
ITB, leading to an enhancement of energy confinement with
Hog ~ 1.2. Such a regime has advantages with respect to the integra-
tion of the PWI and high plasma performance on thousand-second
scales. The heat load on PFCs is moderate due to the absence of
ELMs; further, ITB is maintained owing to plasma self-organization
without external control techniques for plasma stability. It shows
that the ELMs avoidance is well compatible with high-performance
core plasma in long-pulse steady-state plasma. To date, there are few
experimental results in steady-state and long-pulse operation on the
scale of 1000 s in the existing database. EAST is the only mega-
ampere and megawatt class tokamak in the world that can reach
to 1000s steady-state and long-pulse plasmas with ITER-like tung-
sten divertor. It is an excellent platform for research in heat load,
power balance (9), and PWI (33).

As well known, currently, there are two complementary ap-
proaches for magnetic fusion research: (i) the performance path,
where controlled fusion is carried out for a few seconds, which is
the mission of JET (34), JT-60 (35), and TFTR (36); (ii) the
steady-state and long-pulse operation path, which is the mission
of EAST. To better illustrate the current status of tokamaks on the
path to ITER, a diagram is plotted in Fig. 9, showing the fusion
triple-product [n;(0)T;(0)tg] versus the plasma duration #(s) for
mega-ampere and megawatt class tokamaks (JET, JT-60, Tore
Supra, and EAST). Data of JT-60, JET, and Tore Supra are taken
from table 3.1 in (37). Here, 1;(0), T;(0), and T are the central
density, the central ion temperature, and the energy confinement
time, respectively. For EAST 1000s Super I-mode plasma,
n;(0)T;(0)tg ~ 1.3 x 10'® m™ keV s, which is represented by the
large red solid circle in Fig. 9. Note that this value is quite modest
compared to Lawson's criterion for ignition: 7;(0) T;(0)tg > 3 x 102!
(m™ keV s) (38). In addition, the 1000s Super I-mode is a pure
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and intensity at t =17.8 to 19 s.

deuterium plasma, so there was no DT fusion reaction in this exper-
iment. EAST is planning to perform long-pulse operation experi-
ments in the near future to increase the fusion triple product,
trying to approach the ITER target. Recently, JET succeeded in in-
jecting a power of ~30 MW (NBI + ICRF) for 5 s (total injected
energy of 0.15 GJ) in a deuterium-tritium experiment. A record
fusion energy of 0.059 GJ was obtained, which corresponds to an
average fusion power of about 11 MW over 5 s, and a fusion
energy gain factor Q = 0.37 (39). The main goal is to study the
physics of burning plasma and that relative to energetic alpha par-
ticles produced by the fusion reaction, while the main mission of
EAST is the study of physics and technology relative to stationarity
and long duration. The 1000-s plasma with Super I-mode (2 GJ of
injected energy) produced in EAST represents a major advance in
this direction. In the future, EAST will continue to work in long-
pulse discharges with more injected power. For a fusion reactor
like ITER (17), it should combine “high performance” (Q > 5)
and “steady state and long pulse” (burn duration > 1000 s). Even
if the EAST parameters are not enough to reach the ignition and
realize the deuterium-tritium fusion, the thousand-second Super
I-mode regime could be interesting for ITER and fusion devices
as an operational scenario. Furthermore, it is so helpful for deeply
understanding the complex couplings, sometimes nonlinear,
between the different physics phenomena and the multiple interac-
tions between technology and physics in long-pulse steady-state
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plasma. Therefore, thousand-second Super I-mode on EAST exhib-
its great potential for application in ITERs and CFETRs.

MATERIALS AND METHODS

In the steady-state and long-pulse operation path, elevated capabil-
ities of EAST were achieved in recent experiments. It is equipped
with a total heating and current drive power of 32 MW, including
NBI, LHCD, ECRH, and ICRH. The machine can be operated in
lower single null (LSN), DN, and upper single null (USN) divertor
configurations with a flexible poloidal field control system and can
also periodically switch between LSN, DN, and USN configurations
to facilitate long-pulse plasma operation (40). For controlling the
highly shaped plasmas and even their dynamic, at present, the
EAST team adapts the PCS, which is configured with seven real-
time processes running on seven corresponding physical central
processing unit (CPU) cores (41). There are two sets of RFM (re-
flected memory) network for diagnostic data input and control
command output. All the actuator systems, such as gas puffing,
power supply, and heating system, are controlled by PCS in such
digital communication way, which ensures the high-quality signal
transmission and plasma control performance. In the thousand-
second Super I-mode experiment, PCS ensures the real-time
control of the loop voltage near zero, which makes the long-pulse
discharge come true (42). To handle the high heat fluxes during
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high-performance, steady-state discharge, all of the EAST PFCs are
actively cooled. Over the past few years, EAST has been upgraded
with an ITER-like active water-cooling tungsten divertor and is
capable of handling a power load up to 10 MW/m? for long-pulse
steady-state operation with high power injection and addressing
PWTI physics. In addition, approximately 80 advanced diagnostics
have been developed and implemented on EAST. These diagnostics
allow the dynamics of plasma profiles, instabilities, and PWIs to be
measured during long-pulse operations. Therefore, EAST is a suit-
able platform to integrate technology and physics related to the
thousand-second I-mode operation plasmas.
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Key diagnostics for thousand-second Super I-mode physics
research

On the EAST tokamak, radial profiles of key parameters and physics
quantities like instabilities and turbulence of plasma could be mea-
sured. Thomson scattering system is used to measure the electron
density and temperature with time resolution of 20 ms (43). POINT
system is used for measuring plasma density and current (44) with
spatial resolution of 8.5 cm and time resolution of 1 us. The plasma
current profile and q profile are obtained by using the Faraday ro-
tation angle measured by POINT as additional constraint in EFIT
code (45). EUV spectrometer system is used to measure different
impurity in the thousand-second pulse and provides the space-re-
solved information of impurity (46). Using soft x-ray (SXR) system
(47), the location of MHD is accurately determined. To understand
the physics of interaction between the MHD and turbulence in this
experiment, DR is applied to measure the turbulence perpendicular
rotation velocity and its intensity (48). WCM, ETRO, and the ped-
estal burst instability before I-H transition are detected by the DR
phase derivative perturbation in the I-mode regime (49). The
contour of ion saturation current density j; is obtained with the
measurements of triple-Langmuir probe arrays embedded on the
divertor target plates (50). The stationary peak heat flux is obtained
from the measurements of an infrared thermography for the diver-
tor target surface temperature. On the EAST tokamak, the reliable
operation of these diagnostics ensures that we can obtain a wealth of
physical information for further analysis.

Data collection system and data access

A distributed and continuous data acquisition system based on PXI/
PXI Express technology has been developed for EAST. At present,
the system has more than 50 data acquisition units and more than
2000 raw channels. The maximum data throughput is about 5 giga-
bytes/s. In case of long-term discharge mode, the raw data of one
shot are more than 1 terabyte, and the total data of one campaign
are more than 100 terabytes. At present, all the acquired data, except
video/image, are stored into MDSplus database, which is a set of
software tools for data acquisition and storage, and a methodology
for management of complex scientific data (51). These MDSplus
trees are organized as distributed mode and accessed in different
servers. The distributed system can accelerate data access in
general. The fast data collection system provides data access for
Super I-mode plasma. Experimental data are available to any re-
searcher with access to EAST data. The data used in this article
can be read from the MDS server for EAST.

Plasma-wall interaction

Lithium coating

Lithium coating is an effective method to suppress hydrogen influx,
reduce H/(H + D) ratios, and reduce impurity radiation. The first
lithium evaporative coating assisted by He-ICRF was performed
on EAST during the 2009 campaign (52). Typically, Li coatings
were performed every morning before plasma operation, requiring
1 to 2 hours to evaporate about 10 to 30 g. In addition, to realize
real-time Li coatings, fine Li powder was injected/dropped from
the upper divertor gap into plasma discharges. A flow rate of 30
to 50 mg/s was typically used using a dropper apparatus (53).
Pumping rate and global recycling

The pumping rate of divertor cryopumps is evaluated by the neutral
pressure multiplying pumping speed in upper and lower divertor
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region, and the pumping speed is calibrated before discharges. For
the wall pumping rate, particle balance method is used to evaluate
the pumping rate of first wall.

Global recycling coefficient (Rgjobal) is evaluated by the particle
balance on plasma inventory with the following equation

dNe Ne
F = (Rglobal - 1). T_ +f.qunjection
p
where 1, is the particle confinement time, fis the fueling efficiency
of external gas injection, and qQjpjection is the external gas injection
rate (54).

Power balance analysis with ONETWO simulation
For the stationary state, the simplified version of the one-dimen-
sional energy transport equation is

1 9(V'Q) B
Va—p =s(p),

where p is the square root of the normalized toroidal flux, V' is the
derivative of the flux surface volume with respect to p, Q is the
energy flux, y is the thermal conductivity (or transport coefficient),
T is the temperature, and s is the integrated energy source. Electron
thermal conductivity in discharge #106915 is deduced from the
power balance analysis. The energy source is from ECRH and
lower hybrid wave (LHW). In ONETWO code, V'(p) is calculated
by the reconstructed equilibria, T(p) is from the experimental mea-
surements, and s(p) is calculated by the TORAY-GA and GENRAY
codes using the equilibria and kinetic profiles from experiment.

Q= —xJT/dp
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