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Abstract: Significant advance has been made in EAST on both physics and technology fronts towards the 
long-pulse operation of high-confinement plasma regimes since the last IAEA-FEC. The EAST capabilities 
have been greatly upgraded, including the significantly enhanced CW H&CD system with up to 26 MW 
heating power, more than 70 diagnostics, ITER-like W monoblock top divertor, two internal cryo-pumps 
and RMP coils, enabling EAST to investigate long-pulse H-mode operation with dominant electron heating 
and low input torque, and to address some of critical issues for ITER. Remarkable physics progress has 
been made on controlling transient ELM and stationary divertor heat fluxes, e.g” ELM 
mitigation/suppression/pacing with LHCD and SMBI, real-time Li aerosol injection for long pulse ELM- 
free H-mode, edge coherent mode for continuous pedestal particle and power removal, and the 
combination of LHCD and SMBI to actively modify the stationary power footprint by regulating the 
divertor conditions. In the 2014 commissioning campaign, long-pulse high-performance H-mode up to 28 s 
has been obtained with 〜1.15, i.e.，about 〜30% higher than the record 32 s H-mode achieved in the
2012 campaign. Other key new experimental achievements are:(1)high performance H-mode withル〜2 
and plasma stored energy 〜220 kJ, (2) high performance operation with core Te 〜4.5 keV, (3) H-mode 
plasma enabled by NB1 alone or LHW+NBI modulation for the first time in EAST, (4) demonstration of a 
quasi snowflake divertor configuration, (5) new findings on L-H transition and pedestal physics.

l. Introduction

Experimental Advanced Superconducting Tokamak (EAST) [1-3] is the first fully 
superconducting torus of advanced divertor configuration and heating scheme similar to ITER, 
which started operation in 2006.i he main objectives of EAST are to demonstrate long pulse 
divertor operation over 1000 s and high performance H-mode operation over hundreds of 
seconds, and to address key physics and engineering issues for the next step fusion devices 
such as ITER, CFETR (China Fusion Engineering rest Reactor, currently under conceptual 
design) and DEMO. The major and minor radii of EAST are 7?=1.7 -1.9 m and a = 0.4 - 0.45
m, respectively. The toroidal field and maximum plasma current presently achieved are Bt =
3.5 T and IP =1 MA，to be extended to 4 T and 1.5 MA by reducing the temperature of the 
superconducting magnets from 4.5 to 〜3.8 K. The machine can be operated in lower single 
null (LSN)，double null (DN) and upper single null (USN) divertor configurations with a 
flexible poloidal field control system, which can also be periodically switched between 
different configurations to facilitate long-pulse operation.

The first H-mode in EAST was achieved in 2010. In the 2012 campaign EAST has 
achieved a highly reproducible long pulse H-mode over 30 s [3] and steady-state divertor 
operation over 400 s with nearly fully non-inductive current drive [2]. EAST has just finished 
its Phase-II upgrade and the 2014 commissioning campaign is ongoing. In addition to the 
engineering upgrade，exciting progress has been made on H-mode physics for long pulse 
operations in the last two years. This overview will report the main advances in long pulse H- 
mode physics since the last IAEA-FEC. The technique and engineering advances towards 
long pulse operations will also be presented.

10

mailto:lwang%40jpp.ac.cn


2. EAST upgrade capabilities

To improve the machine capabilities and power/particle exhaust toward advanced steady 
state high performance operations，EAST carried out a new, extensive Phase-II upgrade, 
started in September 2012 and completed in May 2014. Nearly every sub-system except 
superconducting magnets has been upgraded or modified to enable higher performance and 
truly steady state operation. The major upgrades are as follows:

・ H&CD systems have been upgraded to 26 MW, including 4 MW, CW，2.45GHz and
6MW, 4.6GHz LHCD systems; 12MW, CW ICRF system with a wide band frequency 
band of 24-70MHz; 4MW, 50-80keV NBI system. The second 4MW NBI and 2MW 
ECRH of 140GHz will be ready for the next campaign.

・ The upper divertor has been converted into an ITER-like W monoblock configuration 
with up to 10 MW/m2 heat exhaust capability.

・ More than 70 different diagnostics have been modified，upgraded or newly implemented, 
with key profiles of plasma parameters available.

・ A top internal cryopump with a 160 m3/s pumping speed has been newly installed for 
improving divertor particle exhaust 
capability in addition to the 
existing bottom internal cryopump.

・16 ITER-like RMP coils together 
with several other new ELM 
mitigation methods, such as 
supersonic beam molecular 
injection (SMBI), CW Li&D2 pellet 
injection, real time Li aerosol 
injection, and gas puffing from 
different target plates.

・ 2 ITER-like VS coils have been
installed to better control plasma 
vertical displacements.

・ Fast control power supply and robust plasma control system have been upgraded to 
facilitate the control of high plasma performance discharges.

・ Other systems, such as the poloidal and toroidal field power suppliers, cryogenic and 
transmission line, high-temperature superconducting current leads and fueling systems 
have also been upgraded towards more reliable operation conditions.

Fig.1 shows the internal view of EAST superconducting tokamak with top tungsten 
divertor, lower graphite divertor, molybdenum HFS & LFS plasma facing components (PFCs)， 
main auxiliary heating systems and a number of diagnostics. The newly completed upgrade 
signals the start of the EAST Phase-II program.

3. Transient ELM and stationary heat flux control

New physics understanding has been obtained in controlling transient edge-localized- 
mode (ELM) and stationary divertor heat fluxes in EAST since the last IAEA-FEC，such as 
ELM mitigation/suppression/pacing with LHCD [4]，effect of SMBI on the pedestal[5]，ELM 
pacing by lithium/deuterium pellet injection，real-time Li aerosol injection for achieving long 
pulse ELM-free H-mode [6]，edge coherent mode for continuous pedestal particle and power 
removal [7-8]，and the synergy of LHCD and multi-pulse SMBI to actively modify the 
stationary power footprint pattern by regulating the divertor conditions [3,9].

FIG. I EAST internal plasma phase component structure.
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3・1・ LHCD
ELM mitigation has been achieved on EAST when lower hybrid waves (LHWs) are 

applied to H-mode plasmas sustained mainly with ICRH [4]. This has been demonstrated to 
be due to the LHW-induced helical current filaments (HCFs) flowing along field lines in the
scrape-off layer，which changes the edge 
magnetic topology and leads to the splitting of 
strike points, similar to RMPs. In comparison to 
previous RMP ELM mitigation experiments, 
ELM mitigation with LHWs on EAST has been 
achieved with a wider range of q95 as shown in 
Fig. 2. In this experiment, a long ELMy H- 
mode phase is established mainly by ICRH 
with an input power of 1 MW in a relatively 
high-density regime (ne/nG 〜0.9) after a fresh Li 
wall coating [3]. The plasma currents in the 
three discharges were 0.4，0.45 and 0.5 MA, 
which correspond to a q95 of 4.7, 4.2 and 3.8, 
respectively. A 10 Hz modulation of LHWs 
with a power of 1.3 MW has a 50% duty cycle 
in all three discharges, thus the duration of the 
LHW-off phase is 50 ms, which is about half of 
the energy confinement time. Without LHWs， 
the ELM frequency is fairly regular at 〜150 Hz. 
When the LHWs were switched on, both a sign
kHz) and a significant reduction in ELM peak 
particle flux (up to a factor of 4) were observed. 
For the low q95 discharge, the influence of LHWs 
on ELMs can be rather quick in time，and ELMs 
can even be completely suppressed. However, a 
longer delay time before the appearance of large 
ELMs was observed in the high q95 discharge 
after fast switching-off of LHW, sometimes 
longer than 50 ms, as shown in Fig. 2 (c).

3.2. SMBI
Recently, a new technique with SMBI has 

been demonstrated to be effective for ELM 
mitigation in HL-2A, KSTAR and EAST. 
However, the mechanism for ELM mitigation by 
SMBI still remains unclear. A new analysis has 
shown that the intermittent small scale turbulence 
generated by SMBI inside the pedestal is 
responsible for ELM mitigation and suppression
[5]. We find, for the first time, that the particle 
flux released by ELMs is strongly correlated with 
large scale low frequency turbulence，but anti
correlated with small scale high frequency 
turbulence，as shown in Fig. 3. It has been shown 
that ELM mitigation is due to the enhancement of 
the particle transport in the pedestal，caused by

FIG. 2 Effect of LHWs on ELMs by modulating LHW 
power in a series of target H-mode plasmas sustained 
by ICRH with a different edge safety factor, q95 of 3.8, 
4.2 and 4.7. The time traces are the peak ion-flux in 
the outer divertor (red), and injected LHW power. 
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FIG. 3 Particle flux released by
ELMs versus small (a) and large (b) scale 
turbulence intensity averaged over 40 ms. 
The turbulence inside the pedestal is 
measured by a 74 GHz Doppler 
reflectometry in X-mode.
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the intermittent small scale turbulence induced by SMBI or self-generated by mitigated ELMs. 
ELM suppression requires that the small scale turbulence intensity exceeds a critical threshold. 
The influence time of SMBI for ELM mitigation is governed by this turbulence.

3.3. Real-time Li aerosol injection for long-pulse ELM-free H-mode
ELM suppression using active Li aerosol injection has been successfully demonstrated on 

EAST. It was found that ELMs gradually decreased during real-time Li injection，as shown in 
Fig. 4・ With successive real time Li injection, long-pulse, teproducibleELM-free H-mode 
plasmas were obtained with ELM-free phase up to 18 s [6]. It is truly remarkable that Li
injection appear to promote the growth of ECM 
(section 3.4)，owing to the increase in Li 
concentration and hence collisionality at the 
edge, as predicted by GYRO simulations.

With lithium pre・coated walls, real time Li 
injection can further reduce recycling and 
suppress ELMs, while avoiding impurity 
accumulation in the core plasma. As shown in 
Fig. 4, compared with a plasma (EAST#41081) 
without the active Li injection, ELMs, the 
induced MHD activity and divertor peak heat 
flux in an H-mode plasma (EAST#41079) were 
effectively suppressed by the real-time injection 
of Li aerosol at a flow rate of about 50 mg/s，as 
highlighted by the grey shade. Li aerosol

--------41081 without Li injection ---------41079 with lithium injection
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FIG. 4 Comparison of two similar plasmas with 
and without Li aerosol injection, Pk iuU MW, 
Plh^1.4 MWt Bt〜1.9T, DN, H『0.8.

injection also enhances edge radiation near the
divertor. This new steady-state ELM-free H-mode regime, enabled by real-time Li injection,
may open a new avenue for next-step fusion development.

3.4. ECM in long pulse H-mode
An edge coherent mode (ECM) with frequency near the local electron diamagnetic 

frequency (20-90 kHz) in the steep-gradient pedestal region has been found to persist 
throughout a long-pulse H-mode regime [7,8]. The ECM has been observed \vith the pedestal 
electron collisionality, 0.5-5. The appearance of the ECM is independent of ICRF or
LHCD heating schemes. The associated H-mode regime is either ELM-free or mixed with 
irregular small ELMs with target heat load < 2 MW/m2，exhibiting a good global energy 
confinement quality with H98 = 0.8-1.The ECM usually starts to appear during pedestal 
buildup following an しH transition, or a transition from the ELMy to ELM-free phase. Fig. 5 
shows an ELM-free H-mode period with the ECM detected by the Langmuir probes. Detailed 
measurement of the newly developed gas puff imaging system in a similar discharge shows 
that ECM appears to be localized at the steep-gradient pedestal region, peaking at 〜1 cm 
inside the separatrix with a radial spread of 〜1 cm. The ECM exhibits a strongly tilted 
structure in the plane perpendicular to the local magnetic field lines and propagates in the 
electron diamagnetic drift direction with poloidal wavelength ス沒〜8 cm, corresponding to a 
poloidal mode number m over 60.
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Clear evidence of particle and heat 
exhaust by the ECM has been provided by a 
new diamond-coated reciprocating probe 
array. The plasma potential fluctuation 
associated with the ECM lags behind the 
electron pressure fluctuation by a phase angle 
of ひ〜10° and the electron density fluctuation 
by ひ〜20°. The ECM-driven radial particle 
flux is estimated to be r=2-4xlO2°m_2s_I, and 
outward heat flux Q=5-10 kW/m2. The total 
heat exhaust is estimated to be 0.2-0.4MW, 
corresponding to about 15%-30% of the loss 
power. Thus, ECM can provide an effective 
channel for continuous particle and heat 
exhaust across the pedestal, which is highly 
beneficial for tLM mitigation and long pulse 
H-mode sustainment.

3.5. Synergetic effect of LHCD and
SMBI on stationary heat flux control
In section 3.1，we have demonstrated that 

LHCD induces a profound change in the 
magnetic topology of the edge plasma, 
leading to a 3D distortion of the edge 
magnetic topology similar to RMPs. What is 
truly remarkable [3] is that we have 
demonstrated on EAST, for the first time, that
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FIG. 6 Control of divertor power deposition 
pattern with striated heat flux (SHF) induced by 
LHCD via regulating edge plasma conditions 
using SMBI.

FIG. 5 Time evolution of (a) divertor Du emission (red) 
and ion saturation current from a target probe (black) 
near the strike point, (b) power spectrum of a floating 
potential at 〜8 mm inside the separatrix. The zoom-in 
plots show the time evolution of (c) divertor Da (red) 
and CtU emission (green), (d) radial electric field (blue) 
and electron pressure gradient (pink), (e) floating 
potential at 〜8 mm inside the separatrix. (J) wavelet 
power spectrum of the floating potential in (e) with a 
complex Gaussian wavelet.

the stationary divertor heat flux footprint can
be actively modified by transferring heat from the outer strike point (OSP) to the striated heat 
flux (SHF) region in plasmas heated by LHCD, via regulating divertor particle fluxes with 
multi-pulse SMBI，as shown in Fig. 6. For
OSP, increasing the ion flux leads to an initial 
decrease and then a nearly constant value of 
the divertor power flux, as expected for a high 
recycling divertor, qosp 〜HTdiv，where the 
divertor temperature Tdiv decreases as the ion 
flux r, increases, i.e.，Tdiv - //厂'，at constant 
edge power flow. On the contrary, for SHF, 
the divertor power flux increases with the ion 
flux on the field lines directly connecting the 
divertor to locations in the edge transport 
barrier. On these field lines the divertor 
electron temperature is expected to be similar 
to Tped 〜350 eV for typical long-pulse H- 
mode plasmas in EAST, so that qsHF 〜riTped 

increases with ion flux [10].

This potentially offers a new means for 
steady state heat flux control, which is a key 
issue for next-step fusion development.
Similar results have also been observed with
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divertor argon seeding [9]. This provides an additional knob for the control of the stationary 
divertor power load, beyond or in addition to the achievement of highly radiating divertor 
conditions, which is essential for advanced long-pulse high-performance operations.

4. L-H transition and pedestal structure

Although significant progress has been made to study the L-H transition over the past two 
decades, the details of the physical mechanism still remain elusive. In order to quantitatively 
study the interaction of turbulence and sheared flows across L-I-H transition, most LCO (or 
named I-phase) studies are focused on the dynamics of turbulence amplitude rather than 
turbulence structure. Therefore, more attention should be paid to the dynamics of turbulence 
structure in the LCO research. A tangential CO2 laser collective scattering system was first 
installed on EAST to provide the measurement of
short-scale turbulent fluctuations. The wave- 
numbers of the measured fluctuations are: 
ki=10cm_l, k2=18cm'1, and the measured region is: 
r/a〜〇.4-0.5，with the wavenumber resolution tsk 
about 2 cm'1 and the sampling rate of 2 MHz. Fig.
7 displays the cross-correlation time-frequency 
spectrum between the two core turbulence 
components (A, and k2) across L-I-H transition， 
and the corresponding average cross-correlation 
spectrum in L-mode, LCO and H-mode regime. It 
can be seen that, in L-mode regime, there is always 
a consistent relevant structure with a quasi- 
coherent frequency of f«19kHz between the 
two core wavenumber components. The quasi- 
coherent structure exhibits no obvious changes at 
the earlier-stage and mid-stage of the LCO, after 
the L-I transition. However, it suddenly disappears 
and is replaced by another relevant structure with 
broad-band frequency just about 9 ms before the 
final transition to H-mode. Clearly, the sudden 
disappearance of the quasi-coherent structure and 
the following appearance of the new relevant 
structure with a broad-band frequency, suggest a 
nonlinear change in the core fluctuation structure 
at the end of the LCO regime. This suggest that 
the nonlinear change of the turbulent fluctuation 
structure may play an active role in L-H transition.

An example of the pedestal (also named edge 
transport barrier，ETB) density profile evolution 
before, during and after an L-H transition is 
shown in Fig. 8, measured by the reflectometry 
system on EAST [11].The L-H transition timing 
is shown by a divertor Da signal, fig. 8 (a), in 
which the vertical lines represent the times for the 
density profile sequences shown in fig. 8 (b). The
plasma parameters for this NBI H-mode discharge FIG，-J Comparison of ^pedestal structures

in different phases of an NBI H-mode.

Frequency(kHZ)

FIG. 7 The divertor Da emission signal (a), 
the cross-correlation time-frequency 
spectrum (b) and the corresponding 
average cross-correlation spectrum (c) in 
L-mode, LCO and H-mode regime for the 
core wavenumber components (kj and k：).
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are Ip = 0.4 MA, Bt=2 T and NBI source power Pnbi =1.8 MW, with the plasma configuration 
in LSN. The density at the pedestal top ne,Ped = 2.75 X 1019m-3, corresponding to a line- 
averaged plasma density ne = 3.2 xlO19 m~3. As clearly shown in fig. 8 (b), the density 
pedestal forms immediately after L-H transition (r = 5.33s) with both height and gradient 
increasing significantly. It is interesting to note that about 20 ms after L-H transition the 
pedestal gradient begins to decrease, while the pedestal height increases continuously. The 
decrease of the pedestal gradient may be related to some edge MHD modes that can release 
particles outwards much more weakly than an ELM event. Furthermore，the pedestal steeps 
again after t =5.4 s with the pedestal height increasing further until the first ELM occurs. 
Before the occurrence of the first ELM, the density pedestal height reaches 〜2.75 X 1019m-3, 
while the density pedestal width reaches 〜5 cm.

5. Plasma-wall interaction and disruption mitigation

The interaction between edge plasma and surrounding walls is a critical issue. The intense 
PWI will limit the wall life to an unacceptably low level. In addition, it has a profound 
influence on the core plasma performance, especially for a superconducting tokamak with 
long pulse operations like EAST. Disruption is a destructive transient event that must be 
avoided, whose power load on PFCs is even much larger than giant ELMs and will cause 
intolerable PWI. This section reports the PWI and disruption mitigation study in the last two 
years on EAST.

5.1.PMI study on MAPES
The Material and Plasma Evaluation System (MAPES) has been installed at the mid-plane 

of EAST and used for different plasma-material interaction (PMI) studies relevant to ITER. 
Fig. 9 shows a photograph of the MAPES system. It has a gate valve with nominal diameter 
of 500 mm, which allows the exposure of large samples. The maximum weight of a sample is 
20 kg with a roller support structure. The samples can be inserted from the LFS to the SOL 
region and even inside the LCFS of EAST. Several PMI experiments have been successfully 
conducted using the MAPES, such as erosion/redeposition of ITER first wall (FW), 
hydrogenic retention in the gaps of castellation structure, deterioration of diagnostic mirrors

FIG. 9 MAPES system in EAST, shown inset is the reciprocating MAPES head in EAST chamber. 

from impurity deposition and protective techniques and so on [12].

5.2・ Disruption mitigation by MGI
Disruption mitigation by massive gas injection (MGI) provides a promising approach for 

ITER and has been studied in many present tokamaks. On EAST, an electromagnetic valve 
has been developed for the study of mitigation experiment by MGI. The valve opens in 0.5 ms
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FIG.10 Time evolution of an induced 
disruption after the injection of 76 PaL of He 
with DMV on EAST. The traces shown in 
local halo current (Ihaio) panel are: during 
the MGレ induced disruption (blue) compared 
with the nature disruption (cyan).

and remains open for 4 ms. With a reservoir volume of 400 ml and a maximum pressure of 5 
MPa, up to 4.9><1023 particles can be injected. The valve is mounted at the midplane of the 
machine and gas is guided by a 1.7 m long tube to the plasma. Experiments of MGI into 
ohmic plasmas have been carried out. The typical parameters prior to MGI are Ip = 0.4MA， 
line average density ne = 2.2 - 2.9><1〇19 m'3, k =1.76, q95 = 4.8, and Bt =1.8 T. The quantity 
of gas varies between 48 PaL and 136 PaL, and two types of gas, He and He/Ar (99:1) 
mixture, are injected.

Fig.10 shows the sequence of a typical EAST disruption triggered by injection of 76 
PaL of He gas into the ohmic plasma. The disruption mitigation valve is triggered at t = 5.983 
s. After 8 ms, the gas arrives at the plasma edge, leading to a decrease in the edge temperature 
Te. A pre-thermal quench (pre-TQ) phase is
defined as the duration of edge cooling process 
prior to the plasma center temperature Te 
collapse. During this phase, the total radiation 
power increases gradually with 25% of plasma 
thermal energy (〜40 kJ) being lost mostly by 
radiation. Within 1 ms, the central Te decreases 
from 0.3 to 0.1 keV and then the plasma 
undergoes a current quench (CQ). The CQ begins 
with a current hump, indicating a redistribution of 
plasma current profile. In fact, the He gas 
injection extends the duration of current quench, 
which consists of the current redistribution and 
the current decay. It is found that the duration of 
current redistribution is almost three times longer 
than the nature disruption. It is determined only 
by the gas species, independent on the quantity of 
gas. Plasma vertical displacement is observed 
during current quench, and therefore a halo 
current is detected by a sensor mounted on the tile 
near the low divertor target. The value reaches up
to 12.7 kA at t = 6.033・ Although the current quench duration is extended, the halo current 
can still be reduced about 50% by MGL compared to the nature disruption. This is probably 
because part of induced eddy current goes into the halo current sensor. Runaway electrons are 
rarely observed in either nature or MGI induced disruptions on EAST.

6・ High-performance long-pulse operation and advanced scenario development

6.1. Progress towards high-performance long-pulse H-mode operation on EAST
Magnetic fusion development has now entered the ITER era. Although long pulse plasma 

operation has been demonstrated in various fusion experiments, it is urgently required to 
address critical issues facing long pulse operations that entail high input power while 
maintaining high energy confinement. With advanced Li wall conditioning and predominant 
LHCD, assisted with ICRH, we achieved highly reproducible, long pulse H-modes in EAST 
with the pulse length over 30 s in the 2012 campaign [3]，with H98 〜0.9 and divertor peak 
heat flux largely below 2 MWm-2. In the ongoing 2014 commissioning campaign, the H-inode 
performance has been further enhanced with the augmented heating capability. Fig.11 shows 
a 28 s long pulse H-mode obtained with the newly implemented 4.6GHz-LHW in the 2014 
commissioning campaign with H98 〜1.15, about 30% higher than that of the record 32 s H- 
mode achieved in the 2012 campaign. The plasma current and the toroidal field are Ip = 350
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kA and Bt = 2T, respectively. The plasma 
disrupted at 30.6 s, possibly resulting from the rise 
of in plasma density and radiation, as shown in Fig.
11.A key feature of long pulse H-mode plasmas in 
EAST relies on the achievement of tiny ELMs, 
which leads to a dramatic reduction in energy 
ejection per ELM event, as compared to the 
standard type-I ELMs [13]. The divertor peak heat 
flux of the 28 s high-performance H-mode was 
controlled largely below 3 MW/m2, as determined 
by the divertor probe arrays. Another important 
factor for the achievement of the 28s high- 
performance H-mode is the high triangularity，5 〜 

0.55, and high density, nelnG 〜0.55.

6.2. Joint EAST/DIII-D experiments for 
steady state operation
In order to develop and test for steady-state 

advanced tokamak demonstration scenarios on

EAST#49825 350kA/2T

5 10 15
Time ⑻

FIG.11 High performance long pulse H- 
mode with Phs 〜1.15 in EAST: (a) LHW and 
total radiation powers, (b) H卯，（c) 
normalized line-averaged density njno, (d) 
Peak heat flux on divertor targets.

EAST, a joint experiment was designed and carried out on the DIII-D tokamak, USA. The 
experiment has demonstrated that fully non-inductive H-mode plasma operation is possible 
with plasma parameters and plasma formation schemes consistent with capabilities expected 
for EAST after the recent Phase II upgrade [14]. The chosen approach is based on a 
previously developed high [ip scenario on DIII-D, which is fully non-inductive and 
characterized by high ガv and an ITB with high bootstrap current fraction /bs>80% [15]. Such 
a plasma regime is desirable for steady-state tokamak operation since it reduces the demands 
on external current drive. The new experiments exploited new DIII-D capabilities to test such 
a steady-state scenario under EAST relevant conditions, including more off-axis external 
current drive, low NBI torque, and low Ip ramping rate. The approach for fully non-inductive 
operation is to remove the current drive from the transformer via clamping the OH coils. The 
target plasma is an upper biased double null divertor shape, with elongation zc〜1.86 and 
average triangularity <5 〜0.6, a shape that EAST can reproduce. The toroidal field is Bt=2.0 
T. The plasma current ramp up rate is limited to 0.25 MA/s, consistent with EAST 
constraints. After an approximate equilibrium is established, the current in the transformer 
coil is fixed so that the plasma current is forced to relax noninductively. A flat-top at 
approximately 0.6 MA is maintained by increasing pN
and thus the bootstrap current fraction, until a 100% 
noninductive condition is achieved and maintained for 
the rest of the discharge up to heating limitation. The 
discharge was achieved and maintained at 加〜/??>3 and 
丁〜1.5% using a total heating and current drive power of 

〜11 MW including 〜5 MW of off-axis NBI (p〜0.4)，and
2.5 MW of off axis electron cyclotron current drive 
(ECCD) (p〜0.5)，intended to simulate as close as possible 
the off-axis current drive from LHW on EAST.

6.3. NBI H-mode and plasma rotation
The first NBI (EAST-NBI-1) system of EAST has 

been recently built and operational. More than 2.8 MW 
of NBI at 60 keV of the beam energy has been 
successfully demonstrated in the 2014 commissioning

FIG 12 A H-mode plasma heated by 
NBI alone in EAST.
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campaign, and contributed to the achievement of H- 
mode and scenario development in EAST. Significant 
progress on NBI heating in EAST have been made
[16] :(1)achieving H-mode with NBI alone in EAST 
for the first time, (2) assisting in long pulse H-mode 
maintenance (up to 22 s) with NBI modulation and 
LHW. Fig.12 shows a typical H-mode plasma with 
total NBI source power about 2.3 MW, Ip = 500kA, 
Bt=2T and line-averaged density ne = 3.5xl0,9m-3 
during the H-mode phase. It can be seen clearly that 
both the normalized and plasma stored energy 
increase dramatically, reaching 1.8 and 200 kJ, 
respectively. Together with LHW, the stored energy 
has been further raised to 〜220 kJ (e.g., EAST#48899- 
#48902, not shown here).

Fig.13 shows the waveforms of a discharge with 
4.6GHz-LHW and NBI at 〜60 keV/1.8MW. About 2.0 
MW of LHW was injected from 2.5s-7.5s, while NBI 
was initiated at 4.0 s and ended at 7s. When LHW was 
switched on, there was already a slight co-current 
increase in plasma rotation, which was overshadowed 
by a much larger rotation increment when NBI was on 
subsequently. When NBI power reached its steady 
state, a rotation change in the co-current direction of 
〜100 km/s was seen. In addition, the ion temperature 
increased substantially to the level of electron 
temperature for the entire NBI phase. In particular, 
Ti/Te changed from 0.8 (ohmic phase), to 0.4 (LHCD 
phase), and 0.95 (NBI phase), indicating good ion 
heating with tangential NBI besides rotation production
[17] . The plasma rotation, Ti, and Te were measured by 
the X-ray crystal spectrometer.
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FIG.13 Waveforms of EAST 
discharge H48914: a) Ip, b) chord- 
averaged ne, c) LHW power, d) NB/ 
power, e) plasma stored energy, f) Da 
intensity, g) Te, h) 77 and i) core 
plasma rotation.
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FIG.14 A high performance plasma 
obtained with 4.6GHz LHCD.
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6.4. High performance plasma with new LHCD system
Recent experimental results have demonstrated that LHW can be coupled to the plasma 

with a low reflection, driving plasma current, and 
heating plasma effectively with the 4.6GHz-LHCD 
system [18]. Good LHW-plasma coupling with 
reflection coefficient less than 5% has been obtained by 
optimizing the plasma configuration and puffing local 
plasma gas near the LHW antenna so as to improve 
local density at the LH grill. The maximum LHW 
power coupled to plasma is up to 3.2 MW. Full wave 
driven plasma has been obtained with different plasma 
currents, with the current drive efficiency up to 1.1 X 
10I9Am'2W'\ assuming that the absorption efficiency 
of LHW power is 75%. The typical waveforms of 
4.6GHz-LHCD heated high-performance plasma with 
N//peak =2.04 are shown in Fig.14, in which full wave 
driven plasma is obtained and stored energy is

$擎番1

0 10 20 30 40 50 60
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FIG.15 Profiles of Te, measured by TS 
diagnostic, at different times of Fis.14.
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increased during LHCD application. Based on the internal inductance，the plasma current 
profile is broadened by LHCD compared to the ohmic phase. In addition, the plasma is 
simultaneously heated by LHW by means of slowing down of fast electrons. The core 
electron temperature measured by the Thomson scatting (TS) diagnostic reaches up to 4.5 
keV, which is the highest core electron temperature achieved in EAST so far，as shown in Fig. 
15.
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7・ Summary and future plans

In summary, significant progress has been made in EAST on both technology and physics 
fronts towards high-performance long pulse operations. The machine capabilities have been 
greatly enhanced during the recent EAST Phase II upgrade to address key physics and 
engineering issues for ITER and beyond, especially in the area of high performance and truly 
steady state operations. In particular, the H&CD capability has been upgraded to 26 MW and 
is being further augmented to 〜40 MW in the next campaign. The upper divertor has been 
converted to ITER-like tungsten structure with actively water cooling. In addition, a set of 2 
X 8 ITER-like RMPs coils have been installed during the upgrade, along with more than 70 
new or upgrade diagnostics. More importantly, significant advances on H-mode physics for 
long pulse operations have been achieved in EAST, e.g.，transient ELM and stationary heat 
flux control physics with various innovative techniques, long pulse high performance H-mode 
operations with dominant LHCD heating. In the ongoing 2014 commissioning campaign, the 
confinement of long pulse H-mode has been further improved with H98 〜1.15, i.e.，about 〜 

30% higher than the record 32 s H-mode achieved in 2012 campaign. H-mode plasmas with 
NBI heating alone or LHCD plus NBI
modulation have been both demonstrated for —constantconstant/^

the first time in EAST. In addition, high- 
performance operation with core Te up to 4.5
keV has been obtained, which is the highest Te J / ノ ' ，二々 ps
achieved on EAST so far. High performance 3 , /、 パ /ひ--。 ん

H-mode with 〜2 and stored energy 〜220
kJ has also been successfully achieved.
Furthermore, a quasi snowflake divertor 
configuration has been demonstrated on EAST 
in the commissioning campaign.

Based on the newly upgraded H&CD 
system and wide operation regime (/P= 0.2-1.0 
MA, 5t=1.8-2.8 T,/iG=«e//7eG<0.8, etc.), EAST 
has been equipped with the capability to 
explore advanced scenarios with designed 
parameters, entailing the integration of high 
performance operating conditions, high heat 
flux to PFCs and RF H&CD. Preliminary 
simulations (predictions) of advanced 
scenarios using 0-D estimation have been 
carried out to guide the detailed scenario
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FIG.16 Operation windows for EAST at Ip= 
500kA. ^qss, which has the meaning of several 
times (here is 10) of current diffusion time (tr) 
over the duration of current flattop (Flux/Vsurj), 
indicates the long pulse feature of a plasma. 
Cqss > 0, ^）ss < 0 and ^）ss=0 are quasi SS, over
drive and SS regions, respectively. Dash lines are 
constant "卵 cases. Dot lines stand for constant 
ne/n(;. The color coding is the bootstrap current 
fraction, the pressure peaking index is 4 here.

development. The results of 0-D estimation
indicate that due to the limitation of EAST PF coils (< 4V-s at Ip flattop), 500kA of Ip is a 
good candidate for SS operation, while hybrid scenario (quasi steady state) can be tested in 
800 kA. With /p=800kA, very high energy confinement (//卯〜1.5) or maximum total auxiliary 
power (〜28MW) is required in order to access SS regime. However, with lower Ip (500kA),
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by using more realistic half-maximum RF power instead of maximum power, EAST still has a 
reasonable operation window for steady state scenarios. Good energy confinement (//98>1.3) 
is the necessary condition for high density (/?ig〜0.7) operation，as shown in Fig.16. On the 
basis of the 0-D results, the detailed 1.5-D time-dependent predictions for EAST future plans 
are being carried out. In addition, the advanced steady-state, fully non-inductive H-mode 
operation demonstrated on DIII-D during the joint EAST/DIII-D experiments is possible with 
plasma parameters and plasma formation schemes consistent with current capabilities of 
EAST. Exciting physics experiments will be carried out after the 2014 commissioning 
campaign to address critical issues facing high-power, long-pulse plasma operations. 
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