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A long-pulse high confinement plasma regime known as H-mode is achieved in the Experimental

Advanced Superconducting Tokamak (EAST) with a record duration over 30 s, sustained by Lower

Hybrid wave Current Drive (LHCD) with advanced lithium wall conditioning and divertor

pumping. This long-pulse H-mode plasma regime is characterized by the co-existence of a small

Magneto-Hydrodynamic (MHD) instability, i.e., Edge Localized Modes (ELMs) and a continuous

quasi-coherent MHD mode at the edge. We find that LHCD provides an intrinsic boundary control

for ELMs, leading to a dramatic reduction in the transient power load on the vessel wall, compared

to the standard Type I ELMs. LHCD also induces edge plasma ergodization, broadening heat

deposition footprints, and the heat transport caused by ergodization can be actively controlled by

regulating edge plasma conditions, thus providing a new means for stationary heat flux control. In

addition, advanced tokamak scenarios have been newly developed for high-performance long-

pulse plasma operations in the next EAST experimental campaign. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4872195]

I. INTRODUCTION

Long-pulse plasma operation has been demonstrated in

various fusion experiments.1 It is urgently required to

address critical issues facing long-pulse operations that entail

high input power while maintaining high energy confine-

ment.2 A key challenge facing high-power long-pulse opera-

tions is to maintain a fusion plasma with adequate

performance while preventing its damage to the Plasma

Facing Components (PFCs), especially divertors, which pro-

vide an essential exhaust system for handling power flow

from the core plasma and removing helium ash in a D-T

fusion reactor.3 Thus, it is essential to simultaneously control

heat load on PFCs, neutral particle recycling, and impurity

contamination resulting from plasma-wall interactions.1

The Experimental Advanced Superconducting Tokamak

(EAST, formerly named HT-7U)4 was built to demonstrate

high-power, long-pulse operations, with major radius

R� 1.9 m, minor radius a� 0.5 m, and expected pulse length

up to 1000 s. All the magnetic coils, including 16 toroidal

field coils, 6 poloidal field coils, and 6 central solenoid coils,

are superconductors made from niobium-titanium alloy em-

bedded in copper. The maximum plasma current and toroidal

field achieved in EAST are Ip¼ 1 MA, BT¼ 3.5 T, which can

be further raised to Ip¼ 1.5 MA and BT¼ 4 T by reducing

the temperature of the superconducting magnets from pres-

ently 4.5 K to �3.8 K. EAST has an ITER-like D-shaped

cross section with two symmetric divertors at the top and

bottom, accommodating both single null (SN) and double

null (DN) divertor configurations, as shown in Fig. 1. In

addition, EAST adopts the ITER-like heating schemes, i.e.,

with dominant electron heating, provided by Radio

Frequency (RF) heating, including both Lower Hybrid

Current Drive (LHCD) and Ion Cyclotron Resonance

Heating (ICRH), which produce low momentum injection,

unlike many of the present tokamaks. Thus, EAST experi-

ments can provide useful information on some physics and

engineering issues for ITER.

A great effort has been made on EAST to improve its

capability for long-pulse, high-performance plasma operations

a)Paper UI2 5, Bull. Am. Phys. Soc. 58, 321 (2013).
b)Invited speaker.
c)Electronic mail: bnwan@ipp.ac.cn
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over the last few years. Section II gives a brief description of

the technical development and recent upgrade of the in-vessel

components, heating and current drive systems, as well as

new and upgraded diagnostic capabilities. This enabled the

achievement of a high confinement mode, i.e., H-mode,5 with

a pulse duration over 30 s, with predominant heating and cur-

rent drive from LHCD and extensive Lithium (Li) wall condi-

tioning, hence setting a record for long-pulse H-mode

operations,6–9 during the last EAST experimental campaign in

2012. The distinct features of this new long-pulse H-mode

regime is shown in Sec. III. Many new and interesting physics

results have been obtained in the quest for long-pulse opera-

tions. Section IV offers evidence that the LHCD provides a

flexible boundary control of a repetitive edge Magneto-

Hydrodynamic (MHD) instability, i.e., Edge Localized Mode

(ELMs), which is ubiquitous in H-mode plasmas, by driving

the current in the scrape-off layer (SOL), producing a three-

dimensional (3D) perturbation of edge magnetic fields. This

leads to a dramatic reduction in ELM amplitude and transient

power deposition on the divertor target plates. The change in

the edge magnetic topology induced by LHCD also facilitates

the stationary heat exhaust by broadening power deposition

footprints. Another new finding is that the small ELMs are

accompanied by a new, quasi-coherent MHD mode at the

edge, termed Edge Coherent Mode (ECM), throughout the

long-pulse H-mode phase, further facilitating power and parti-

cle exhaust, as presented in Sec. V, where modeling results

from GYRO simulations are also presented to better under-

stand the nature of ECMs. In addition, the magnetic configu-

rations appear to exert a significant influence on long-pulse

operations, via coupling to divertor pumping, as discussed in

Sec. VI. Section VII presents the newly developed steady-

state advanced tokamak scenarios for EAST, in collaboration

with the DIII-D team at General Atomics. Finally, Sec. VIII

presents a summary and conclusions.

II. EAST CAPABILITIES

To improve power handling and particle exhaust for

long-pulse operations, EAST carried out an extensive

upgrade of its internal PFCs during the last shutdown in

2011, replacing carbon tiles on the main chamber wall and

divertor surface by molybdenum (Mo) tiles, except for

those near the strike points, with the enhanced baking

capability over 250 �C. All PFCs can be actively water

cooled, allowing for a steady-state heat load of 2 MW/m2.

A large capacity divertor cryopump is situated underneath

the bottom outboard divertor with a pumping speed of

76 m3/s for D2 and 107 m3/s for hydrogen, which provides

an essential tool for particle exhaust in long-pulse

discharges.

To control recycling and facilitate density mainte-

nance, a large effort has been devoted to the development

of wall conditioning techniques suitable for superconduct-

ing tokamak operations, such as Ion Cyclotron Resonant

Frequency (ICRF) wave-assisted Glow Discharge Cleaning

(GDC) and high frequency GDC. In particular, we have

developed an advanced wall conditioning technique by

introducing conventional Lithium (Li) evaporation into

ICRF wave-assisted plasma discharges10 to improve the

uniformity of Li coverage on the wall in the presence of to-

roidal magnetic fields. Li wall conditioning has proven to

be the most effective method employed in EAST to control

hydrogenic recycling, lowering the recycling coefficient

down to Rc� 0.9 by a fresh Li coating, which exhibits a

strong coating effect persisting over �100 shot-seconds.8 In

addition, real-time injection of Li powder has been demon-

strated in EAST, in collaboration with Princeton Plasma

Physics Laboratory (PPPL),11 which offers an attractive

real-time wall conditioning technique for long-pulse

plasmas.

The current drive and heating are predominantly pro-

vided by the Lower Hybrid Waves (LHW) at the frequency

of 2.45 GHz with a total power of 4 MW. In addition,

EAST is equipped with an ICRH system with tunable fre-

quency ranging from 20 to 70 MHz, using the hydrogen-

minority heating scheme. It consists of two double-strap

antennas, each delivering 3 MW of power. EAST has a flex-

ible feedback Plasma Control System (PCS) for plasma

equilibrium and current drive and heating needs. The PCS

was further improved to enable fast change and accurate

control of magnetic configurations and plasma shapes, i.e.,

Upper Singer Null (USN), DN, or Lower Single Null

(LSN), using the advanced iso-flux control technique for

selected control points on the plasma boundary, including

X-points or strike points with real-time equilibrium recon-

struction (RTEFIT), developed by joint efforts from the

DIII-D and EAST plasma control groups.12 This allows for

periodic change of the divertor configurations with strike-

point sweeping to facilitate power exhaust and density

maintenance in long-pulse discharges. The poloidal field

power supply and plasma control system have also been

upgraded during the last shutdown to provide more flexibil-

ities and large safety margins, extending the plasma opera-

tion space. In addition, a new pellet injection system and a

new Supersonic Molecular Beam Injection (SMBI) system

have been implemented for ELM mitigation and fast den-

sity feedback control.

There are presently over 40 matured diagnostics on

EAST. Many key diagnostics, such as Thomson scattering,

Interferometry, electron cyclotron emission, reflectometer

were completely refurbished and upgraded during the last

shutdown for detailed profile measurements. In addition, two

FIG. 1. Internal view of EAST superconducting tokamak with molybdenum

plasma facing components inside the main chamber and two toroidally sym-

metric divertors covered with graphite tiles at top and bottom.
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 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

134.94.122.242 On: Tue, 23 Jun 2015 11:38:54



X-ray Crystal Spectrometers (XCS), polarimetry, and CO2

Laser Collective Thomson Scattering (LCTS) have been

developed to provide new information on ion and electron

temperature profiles, toroidal and poloidal plasma rotation,

current profiles, as well as turbulence structures in the core

plasma, significantly improving diagnostic capabilities for

physics studies. A large effort has also been made on the de-

velopment of edge plasma diagnostics. Figure 2 shows a

sketch of some key edge diagnostics in EAST, including the

following systems. (1) Divertor triple probe system: 222

Langmuir probes embedded in the divertor target plates for

the measurement of plasma density, temperature, particle,

and heat flux profiles along the target plates. (2) Fast recipro-

cating probe system: two fast moving reciprocating

Langmuir probes are located at the outboard midplane,

nearly 90� apart, providing edge plasma profile, rotation, and

turbulence measurements, which can penetrate �4 cm inside

the separatrix. (3) Spectroscopy: including a 35-channel pho-

todiode array (PDA) with interference filter (at 659.3 nm

with FWHM 10 nm) for monitoring Da emissions, viewing

the inner target and dome surface of the low divertor from

the outer midplane through the in-vessel reflection mirrors, a

12-channel filterscope system viewing the lower divertor

from the outer midplane for simultaneous measurement of

Da, CIII, and HeII emissions with high-time resolution

(100 kHz), and high resolution spectrometers (SP750) for

monitoring various impurity line emissions in the divertor

SOL. (4) Gas Puffing Imaging (GPI): two GPI systems sym-

metric about the midplane to view detailed turbulence struc-

tures at the edge. In addition, an Infra-Red (IR) camera

system views simultaneously the upper, lower divertors,

LHW antennas, and movable limiter.

EAST is also equipped with a multi-purpose gas puffing

system, which allows gas fuelling from many different diver-

tor and main chamber locations, i.e., inboard/outboard mid-

plane, inner/outer target, and dome at both top and bottom

divertors, as shown in Fig. 2. This, combined with impurity

puffing, provides an effective means to actively control

power and particle fluxes to the divertor target plates, by

generating radiative divertor plasmas.

FIG. 2. Poloidal cross section of EAST

showing key divertor/SOL diagnostics

and divertor gas puff locations.

CIII—Line emission of Cþþ ions;

Da—Balmer-alpha emission of deute-

rium; GP—Gas Puff Inlet; GPI—Gas

Puff Imaging; IM—Inner Midplane;

LO(I)—Lower Outboard (Inboard) di-

vertor; LP—Langmuir Probe;

RLP—Reciprocating Langmuir Probe;

U(L)D—Upper (Lower) divertor

Dome; and UO(I)—Upper Outboard

(Inboard) divertor.
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III. ACHIEVEMENT OF LONG-PULSE H-MODES

To facilitate access to H-modes, Li wall conditioning

has been routinely applied in EAST to reduce neutral recy-

cling and impurity radiation. The first H-mode was achieved

in EAST in 2010 with LHCD.13 Due to limited heating

power available, H-modes were obtained at marginal heating

power with respect to the threshold power needed for the

transition from the lower confinement mode, i.e., the

L-mode, to the H-mode, achieving stationary H-modes up to

6.4 s. In the recent 2012 campaign, we have achieved highly

reproducible, long-pulse H-modes in EAST with the pulse

length extended over 30 s, much longer than several tens of

the current diffusion time, thus setting a record for the lon-

gest H-mode duration to date. These long H-mode plasmas

are achieved with auxiliary heating from LHCD and ICRH

with PLHCD¼ 1–2 MW and PICRH¼ 0.5–1.5 MW. The total

combined heating power is about 1–3 times the threshold

power for the L-H transition. Figure 3 shows the time traces

of a typical long-pulse H-mode driven by LHCD with addi-

tional ICRH, under the DN divertor configuration with the

ion rB drift towards the top, BT� 1.9 T, Ip� 280 kA, trian-

gularity d� 0.5, elongation j� 1.7, q95� 6.8, and normal-

ized Greenwald density ne/nG� 0.5. Due to strong trapping

of hydrogen isotopes with Li wall conditioning, neutral recy-

cling is well controlled and stable plasma density is

maintained throughout the long-pulse plasma. Furthermore,

Li gettering is also effective at controlling impurity influxes,

with the core impurity radiation maintained at an acceptable

level in steady state.

A key feature of long-pulse H-mode plasmas in EAST

relies on the achievement of tiny ELMs, leading to a dra-

matic reduction in energy ejection per ELM event, as com-

pared to the standard ELMs, also referred to as Type I

ELMs,14 which have been adopted as the baseline operation

scenario for ITER.15 Type I ELMy H-modes exhibit an

H-mode confinement factor, H98(y,2)� 1, i.e., about two

times L-mode confinement.16 However, the Type I ELMs, if

their amplitude is too large, can eject a significant fraction of

plasma-stored energy to the PFCs, posing a serious challenge

for long-pulse operations because of excessive reduction of

the lifetime of PFCs by erosion and melting.2 The small

ELMs (manifested by spikes in the divertor heat flux, qt,

Fig. 3) in the long-pulse H-mode are rather benign, with a

frequency fELM� 0.5–1 kHz. Peak heat fluxes on the PFCs

from the plasma ejected by the small ELMs are largely

below 2 MW/m2, as determined from the divertor Langmuir

probe measurements. The energy loss rate for the small

ELMs is typically <1% of the plasma stored energy, much

less than that for the standard ELMs in EAST, i.e., 5%–8%,

based on the diamagnetic measurements.17 This small-ELMy

H-mode regime exhibits a confinement quality between

Type I and Type III ELMy H-modes,14 with a confinement

enhancement factor, H98(y,2)� 0.9, similar to the Type II

ELMy H-mode.16,18–22 It is worth noting that with LHCD

and Li coating, the long-pulse H-modes have been realized

in EAST under otherwise similar operating conditions to the

Type II H-modes obtained in other fusion experiments, e.g.,

with large q95, high d, large j, and quasi-DN (with

dRsep< 1 cm).

Another important facet of the long-pulse H-mode re-

gime is that the small ELMs are accompanied by a continu-

ous quasi-coherent MHD mode at the edge, i.e., ECM, at a

frequency fECM¼ 30–50 kHz throughout the H-mode phase,

as seen by external magnetic pick-up probe measurements

(Fig. 3) and gas puffing imaging. The ECM saturates at a fre-

quency typically below 50 kHz, sometimes accompanied by

a low frequency broadband turbulence. Direct probing using

a fast moving reciprocating probe at the midplane of EAST

shows that ECM provides continuous particle and heat

exhaust during the discharge, hence further facilitating long-

pulse operations, as discussed in Sec. V.

Stationary type-I ELMy H-modes have also been

obtained in EAST, typically with a lower pedestal collision-

ality, by further increasing RF heating power.7 Various

means for ELM mitigation have been demonstrated to be

compatible with long-pulse operation, including SMBI,23 as

well as innovative solid Li granule injection.24

IV. INTRINSIC EDGE CONTROL WITH LHCD

A. Modification of ELM pattern with LHCD

The long-pulse H-mode was achieved in EAST with

predominantly LHCD, assisted with ICRH. We have recently

discovered that LHCD induces a profound change in the

FIG. 3. Demonstration of a high confinement H-mode discharge over 30 s

driven by LHCD with additional ICRH. Data shown are injected heating

power from LHCD and ICRH, PLHCD and PICRH, and radiation, Prad; line

averaged density, �ne, central electron temperature, Te0, and H-mode confine-

ment enhancement factor, H98(y,2); divertor target heat flux, qt, derived from

Langmuir probes; and magnetic fluctuation frequency spectrum, fB, obtained

from a Mirnov magnetic pick-up probe near the midplane on the outboard

side, showing an edge-coherent mode at fB � 30–50 kHz (double null diver-

tor configuration, BT¼ 1.9 T, Ip¼ 0.28 MA, ne/nGW¼ 0.5, d¼ 0.5, j¼ 1.7,

and q95¼ 6.8).
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magnetic topology of the edge plasma by driving Helical

Current Filaments (HCFs) on the magnetic field lines in the

SOL,25 leading to a 3D distortion of the edge magnetic topol-

ogy, similar to the application of Resonant Magnetic

Perturbations (RMPs) using external magnetic field

coils.26–31 The 3D structure and amplitude of the HCFs

driven by LHCD have been measured in EAST by two tan-

gential visible CCD cameras viewing the opposite sides of

the torus and a set of Mirnov coils during the specific experi-

ment with the modulation of LHWs.25 The HCFs are present

in the SOL on the low field side in a DN divertor plasma

configuration, with a total number of five, i.e., equal to the

number of the LHCD antenna rows.

The resulting stochastic fields at the edge lead to a

reduction in the energy ejected during ELM bursts in EAST

as with conventional RMPs in other experiments. ELMs can

even be completely suppressed with LHCD, without signifi-

cant degradation of the global plasma confinement. This has

been verified by modulating the LHCD power (Fig. 4). The

target H-modes produced by ICRH exhibit Type III ELMs

with fELM� 140 Hz, about 10 times Type I ELM frequency

in EAST.17 These ELMs quickly disappear upon fast

switching-on of LHCD. What is even more interesting is the

emergence of small ELMs with a much higher frequency,

i.e., fELM� 0.5 kHz, which is clearly not Type III ELMs, as

the Type III ELM frequency goes down with power, but sim-

ilar to Type II ELMs.16 Note that Type I ELMy H-modes

have been obtained in EAST with strong ICRH with an ELM

frequency of �10 Hz.17

In contrast to the widely applied conventional RMP

technique with a fixed set of magnetic coils, LHCD intrinsi-

cally imposes a flexible boundary control for ELMs over a

wide range of plasma currents, or edge safety factor q95.6

This arises from the natural alignment of LHCD induced

magnetic perturbations with resonant magnetic surfaces at

the edge, as shown in Fig. 5. The perturbation fields exhibit a

helical mode structure with a toroidal mode number n¼ 1, in

contrast to the fixed RMP coils, which usually have a toroi-

dal number exceeding unity. Hence, the helicity of the cur-

rent filaments always closely fits the pitch of the edge field

lines for whatever the value of q95, and is thus resonant with

the background edge magnetic field created by the current

circulating in the plasma. This may have significant implica-

tions for effective ELM control in future fusion experiments,

such as ITER. Actually, in most of observed cases, ELM

control with conventional RMPs created by fixed magnetic

coils is usually restricted to a narrow resonant q95 window

due to the fixed coil geometry.

B. Influence on stationary power deposition

LHCD-RMPs also lead to edge plasma ergodization,

which shifts power away from the region near the strike

points, thus broadening heat deposition footprints on the di-

vertor target plates, as shown in Fig. 6. The change in the

magnetic topology induced by HCFs has been modeled using

a field-line-tracing code,32 by tracing the field lines in the

SOL starting in front of the LHW antenna. The traced SOL

field lines agree in both position and pitch-angle with the

experimentally observed HCF structures. The 3D perturbed

magnetic topology and the footprints on the divertor plates

can be obtained by superimposing the equilibrium field with

the magnetic field induced by the HCFs (Fig. 6). It appears

that the structure of the ergodized edge magnetic field has

broad regions connecting the divertor target plate at large

distances, up to �20 cm away from the Outer Strike Point

FIG. 4. Demonstration of the effect of LHCD on ELM behavior by modulat-

ing LCHD power in a target H-mode plasma produced by ICRH, as mani-

fested by the change in Da emissions in the outer divertor (Ip¼ 500 KA,

BT¼ 2 T).

FIG. 5. Contour plot of the magnetic perturbation spectrum showing the

Fourier amplitude of the radial component of the toroidal n¼ 1 magnetic

field for the H-mode discharge shown in Fig. 4 with q95¼ 3.8, calculated

with a total helical filament current of 1.5 kA, uniformly distributed across

the current filaments induced by LHCD in the boundary plasma. wN is the

normalized poloidal magnetic flux and m is the poloidal mode number. The

pitch resonant modes with m¼ nq(w) are shown by the dashed line.
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(OSP). The magnetic perturbations produced by HCFs can

extend well inside the separatrix with some flux tubes near

the X-point directly intercepted by the outer divertor target

plate, thus exhibiting a Striated Heat Flux (SHF) structure,

consistent with the experimental observations, as shown in

Fig. 6(b).

What is truly remarkable is that the experiments in

EAST have demonstrated, for the first time, that the sharing

of power deposition between OSP and SHF can be varied by

controlling edge plasma conditions, e.g., the divertor ion flux

(or edge density), as shown in Fig. 7. Here, the divertor ion

flux is regulated by the injection of neutral particles in the

plasma with SMBI,23 under otherwise the same plasma con-

ditions, in terms of plasma current, magnetic field, magnetic

configuration, etc. It can be clearly seen in Fig. 7(a) that the

application of SMBI reduces the heat fluxes near the OSP

region, while further enhancing SHF, thus shifting power

deposition from the primary strike point to the SHF in the far

SOL region. The ratio of the power deposition at SHF to

OSP increases with the SMBI pulse length, i.e., the particle-

fuelling rate. This is illustrated in Fig. 7(b) in which the di-

vertor power fluxes at OSP and SHF are plotted versus the

divertor ion flux determined by the Langmuir probes. For

OSP, increasing the ion flux leads to an initial small decrease

and then a nearly constant value of the divertor power flux as

expected for a high recycling divertor, qOSP�Ci Tdiv, where

the divertor temperature Tdiv decreases as the ion flux Ci

increases, i.e., Tdiv� 1/Ci, at constant edge power flow.33 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 with the electron

temperature Tped� 350 eV for typical long-pulse H-mode

plasmas in EAST. On these field lines, the divertor electron

temperature is expected to be similar to Tped so that

qSHF�CSHF Tped and thus increases with ion flux as shown

in Fig. 7(b). This is a unique physics feature of the ergodized

plasma edge obtained in EAST by the application of LHCD,

which allows the control of the ratio of qSHF/qOSP and, with

it, of the effective divertor power deposition area through the

control of the divertor plasma conditions.

Impurity seeding has been adopted as a common tech-

nique for stationary heat flux control in present tokamak

experiments, which is mandatory for high-power, long-pulse

operations, as foreseen for ITER.2,34 Experiments in EAST

with LHCD and Ar seeding to increase divertor radiation

and promote divertor detachment have shown a similar phe-

nomenology regarding qSHF to SMBI, as shown in Fig. 8.

There is thus potential to combine these two control strat-

egies and provide further benefit, hence, offering an addi-

tional actuator for the control of the stationary divertor

power load, beyond or in addition to the achievement of con-

ventional highly radiating divertor conditions. This may be

of interest for future fusion devices such as ITER, given the

small power deposition areas and large associated divertor

FIG. 6. Demonstration of the influence of edge plasma conditions on the

striated heat flux induced by LHCD. (a) The contour of the connection

length, Lc, calculated by a field line tracing code with a total LHCD-induced

edge current of �1.3 kA, determined from the Mirnov probe measurements.

(b) Comparison of heat flux profiles at the outer divertor target, obtained

from the IR camera, with the predicted penetration depth of the perturbed

magnetic fields, as indicated by the normalized poloidal magnetic flux, wN.

FIG. 7. (a) Contour of divertor heat fluxes on the outer divertor target for a

LHCD-driven H-mode discharge with SMBI turned on at 3.5 s. (b) Peak

heat flux, qt, at both SHF and OSP, obtained from the divertor IR camera, as

a function of ion flux along the magnetic field line, Ci, obtained from the di-

vertor probes.
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power fluxes, as expected on the basis of present scalings

and physics understanding.35,36

V. A NEW EDEGE COHERENT MODE

As mentioned in Sec. III, a new ECM appears in long-

pulse H-modes and coexists with small ELMs throughout the

H-mode period phase (Fig. 3). This mode has been observed

in a broad range of plasma densities with the central-line-

averaged density, �ne, varying from 1.9 to 5� 1019 m�3, cor-

responding to �ne=nG¼ 0.28–0.7, as normalized to the

Greenwald density nG ¼ Ip=pa2. The plasma current, Ip,

ranges from 0.28 to 0.6 MA in most H-mode discharges. The

collisionality evaluated at the top of the pedestal is relatively

high, i.e., ��e ¼ 0.5–5, due to relative low heating power

available in the last experimental campaign. This mode is

present in the steep-gradient pedestal region of the H-mode

plasmas with frequency fECM¼ 20–90 kHz, near the local

electron diamagnetic frequency, as detected by the pedestal

fluctuation measurements from several edge diagnostics,

such as reflectometer, fast moving reciprocating Langmuir

probes, and a newly developed dual GPI system (Fig. 2). The

mode propagates in the electron diamagnetic drift direction

in the plasma frame, as seen by a reciprocating Langmuir

probe at the midplane, with a toroidal mode number n� 17,

poloidal wavelength kh� 10 cm and khqs� 0.1, correspond-

ing to a poloidal mode number m over 50.

Note that the ECM is more electrostatic with respect to

the QCM (Quasi-Coherent Mode) observed in the Alcator

C-mod H-mode plasmas, e.g., see Ref. 37, with a rather

weak magnetic perturbation, only about 0.2 Gauss at the

mode location, as directly measured by a magnetic pick-up

coil installed on the reciprocating probe. The magnetic com-

ponent of the ECM normalized to the background poloidal

field is dB/Bp� 1� 10�4, which is much smaller than the

QCM in the C-Mod by nearly one order of magnitude. The

associated magnetic perturbations can also be detected by

fast Mirnov coils located on the low-field side behind the

first wall in EAST when the plasma boundary moves close to

the coils, but are never seen on the high field side, even

though the high-field-side coils are closer to the plasma

boundary than those on the low field side are.

This new mode usually starts to appear during pedestal

buildup following the L-H transition with an initial fre-

quency chirping down phase of tens of ms, then settling

down with a mode frequency at �30 kHz, as shown in

Fig. 9. ECMs appear to promote particle transport, as evi-

denced by significantly enhanced Balmer-alpha emissions of

deuterium, Da, in the divertor, which are even higher than

those in the L-mode phase, as shown in Fig. 9(a). For this

particular shot, the plasma is operated under the LSN config-

uration with dRsep¼�1.5 cm, the central-line-averaged den-

sity �ne� 4� 1019 m�3 in the H-mode phase, plasma current

Ip¼ 0.4 MA, edge safety factor q95¼ 4.5, plasma elongation

j¼ 1.68, lower triangularity dl¼ 0.44, and upper triangular-

ity du¼ 0.29. ECMs coexist with the Type II-like irregular

small ELMs, as seen in the long-pulse H-mode shown in

Fig. 3. The heat load on the divertor target for such small

ELMs is typically less than 2 MW/m2, as determined by the

target embedded Langmuir probes.

Further evidence for continuous particle and heat

exhaust across the pedestal, induced by ECMs, is obtained

from a multi-purpose fast moving reciprocating probe system

at the midplane (Fig. 2). Direct probing inside the separatrix

shows that the plasma potential fluctuations appear to lag

behind the electron pressure fluctuations by a phase angle of

about 10�, and behind the electron density fluctuations by

about 20�, hence driving an outward particle and heat flux.

As a result, the particle flux driven by ECMs is of the same

order of magnitude as the total surface-average particle flux,

i.e.,� 2� 1020 m�2s�1, while the total heat exhaust by this

mode is �0.2–0.4 MW, which is about 15%–30% of the total

loss power through the plasma boundary, for a typical

FIG. 8. Contour of divertor heat fluxes on the outer divertor target for a

LHCD-driven H-mode discharge showing the effect of Ar puffing on the di-

vertor power deposition between OSP and LHCD-induced SHF.

FIG. 9. (a) Divertor Da emission and (b) heat load on the lower outer diver-

tor target, evaluated from the target embedded Langmuir probe measure-

ments. (c) Power spectrum of magnetic fields measured by a fast Mirnov

probe located on the low-field side behind the first wall.
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H-mode plasma. The electrostatic component of the ECM is

rather strong, with a relative fluctuation level in the plasma

potential and the electron pressure of �0.4.

Detailed mode structure has been obtained from the dual

GPI system, which is located on the low-field side with two

13� 13 cm square view areas at the edge, symmetrically

about the midplane and toroidally separated by 66.6�.38 With

the injection of Helium (He), the edge fluctuations are

imaged by viewing He I line emission at 587.6 nm through

two telescopes along the local magnetic field lines at the dif-

ferent poloidal locations. The images are recorded simultane-

ously by two fast cameras at a frame rate of 391 kHz and a

resolution of 64� 64 pixels with a 12-bit dynamic range.

The mode peaks at about 1 cm inside the separatrix with a ra-

dial spread of about 1 cm. ECM exhibits a nearly up-down

symmetric tilted structures, with the tilting angles in the op-

posite directions in the upper and lower imaging regions, as

shown in Fig. 10. This is possibly induced by the magnetic

shear, since the flow shear would tilt the structures in the

same direction. Based on the cross phase patterns for the two

poloidally separated GPI views, the poloidal wavelength of

the ECM is estimated to be kh� 10 cm, consistent with the

Langmuir probe measurements.

Simulations using GYRO’s eigenvalue solver39 have

been performed in a flux tube domain near the peak gradient

pedestal region with realistic geometry from kinetic EFIT40

and full gyrokinetic species, taking into account electromag-

netic effects, collisions and plasma rotation. The GYRO sim-

ulations show a mode in the steep-gradient pedestal region,

exhibiting the nature of dissipative trapped electron mode

(DTEM). The mode propagates in the electron diamagnetic

direction at a frequency near the local electron diamagnetic

frequency, consistent with the characteristics of the experi-

mentally observed ECM. Furthermore, the growth rate of this

mode peaks in the same khqs range as the experimental obser-

vations, decreasing towards the high k region. Figure 11

shows the collisionality scan with khqs fixed at 0.1. The mode

appears to be unstable in the same range of collisionalities as

in the experiments, peaking at ��e ¼ 2.2, which is destabilized

by the enhanced local Te gradient, but not sensitive to Ti and

ne gradients or b, as expected for the DTEM. In addition, the

modeling shows that the amplitude of the magnetic compo-

nent is about 30 times smaller than the electrostatic compo-

nent, implying that it is a predominantly electrostatic mode,

again in agreement with the experimental observations.

VI. EFFECT OF MAGNETIC CONFIGURATIONS

The preferred scenario for achieving long-pulse

H-modes in EAST was to operate with reversed toroidal

field, i.e., with the ion rB drift towards the upper divertor.8

This induces a preferential plasma flow towards the bottom,

thus facilitating particle exhaust by divertor pumping

FIG. 10. Cross phase imaging from (a)

the upper view area and (b) the lower

view area in the ECM frequency range

with respect to a reference pixel

marked by a solid white circle. The

dashed line indicates the location of

the separatrix.

FIG. 11. (a) Growth rate and (b) real frequency versus normalized collision-

ality ��e of the most unstable mode in the peak gradient pedestal region, pre-

dicted by the GYRO code.
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available from the bottom divertor. Figure 12 shows the con-

tours of the ion saturation current density measured by the

Langmuir probes, js, at the upper outer (UO) and lower outer

(LO) divertor targets for two ELMy H- mode discharges

obtained under the DN divertor configuration with the ion

rB drift towards the top and bottom divertors, respectively.

As can be seen, with the ion rB drift towards the bottom di-

vertor (B�rB #), more particle fluxes from ELMs go to the

upper divertor target, i.e., in the opposite direction to the ion

rB drift, as indicated by the contours of ion saturation cur-

rent density, js. This trend is completely reversed as the ion

rB drift direction is reversed, i.e., towards the top divertor

(B�rB "), with most of particle fluxes reaching the bottom

divertor target. This is most likely due to classical drifts, as

such an up-down asymmetry observed in the DN divertor

configuration does not involve geometric effects,41 in con-

trast to SN.

Furthermore, contrary to expectations, access to

H-modes in EAST with LHCD alone or combined with

ICRH exhibits a lower power threshold with the ion rB drift

directed away from the active divertor. Actually, Type I

ELMy H-modes has so far been achieved in EAST only in

LSN for reversed BT,7 with the limited heating power pres-

ently available. This, along with the ease of particle exhaust

with divertor pumping at the bottom, may explain the

“unusual” EAST preferred operation scheme, which favors

reversed BT.

To better understand ELM dynamics and footprints on

the divertor targets in EAST, modeling has been carried out

using the BOUTþþ code package. BOUTþþ is a frame-

work for performing plasma simulations in curvilinear geom-

etry, incorporating the two-fluid42,43 and Gyro-Landau-Fluid

models44 to simulate the dynamics of ELMs in real tokamak

geometries.45 In addition, the six-field two-fluid module is

developed to study the properties of the turbulence, trans-

port, and heat flux during ELMy H-mode discharges.43 The

input parameters for the simulation are taken from an

LHCD-driven H-mode discharge (#38300), under a near DN

divertor configuration with dRsep¼�0.8 cm, i.e., close to

the LSN, with the ion rB drift towards the bottom (normal

BT). Here, dRsep¼Rsep,L–Rsep,U, with Rsep,L and Rsep,U being

the lower and upper separatrix radii mapped to the outer

midplane. The measured density and temperatures are used

as the input H-mode profiles inside the separatrix, while the

profiles outside the separatrix are assumed constant. The

electric field is calculated with the assumption of zero net

zonal flow, i.e., the equilibrium zonal flow is balanced with

the ion diamagnetic flow. In addition, the nonlinear Spitzer

resistivity is used in the simulation. Because the spatial dis-

tribution of fast changes in plasma density and temperature

profiles in the edge pedestal across the separatrix, the nonlin-

ear flux-limited expression is adopted for parallel thermal

diffusivities in a harmonic average, as described in Ref. 43.

Figure 13 shows the evolution of the poloidal structure

during an ELM event, predicted by BOUTþþ, in the follow-

ing different phases. (a) Linear growing: The fluctuations

grow up linearly, dominated by the n¼ 5 mode. (b)

Saturation: The system enters the nonlinear phase, mani-

fested by the turbulence. (c) ELM filament formation: The fil-

aments (shown in red) formed again with a dominant n¼ 5

mode structure, as in the linear phase. The filaments move

outward and finally eject outside the separatrix. Figure 14

shows the particle fluxes on the UO and LO divertor targets

during the ELM crash, calculated by BOUTþþ. Clearly, the

particle flux at the top divertor is much larger than that at the

bottom, with the peak amplitude of �60 A/cm2, in agreement

with the divertor probe measurements, as shown in Fig. 12,

for the discharge with the ion rB drift towards the bottom.

The direction of the particle flow is opposite to the poloidal

E�B and ion rB drift, in the same direction as the

FIG. 12. Contours of js at the upper and lower outer divertor targets for two

ELMy H-mode discharges obtained under the DN divertor configuration,

with the ion rB drift toward the bottom (B�rB #) and top (B�rB ")
divertors, respectively. The ELMs are manifested by the colorful stripes on

the blue background of the js contour plots.

FIG. 13. The evolution of the poloidal mode structure during an ELM crash

event for a typical H-mode discharge (#38300) in EAST. (a) Linear phase

before the ELM event (t¼ 0.06 ms). (b) Saturation phase (t¼ 0.08 ms) dur-

ing which turbulence becomes dominant. (c) ELM burst (t¼ 0.1 ms), show-

ing an obvious filamentary structure with the filaments moving radially

outwards. Positive fluctuations (blobs) shown in red, and negative perturba-

tions (holes) in blue.
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Pfirsch-Schl€uter flow, as observed experimentally. This is

very interesting and awaits further investigations.

VII. DEVELOPMENT OF ADVANCED TOKAMAK
SCENARIOS FOR EAST

A. First results from joint experiments in DIII-D

In order to develop and test a possible scenario for

steady-state advanced tokamak demonstration on EAST, an

experiment was designed and carried out on the DIII-D toka-

mak at General Atomics in San Diego, USA. The experiment

demonstrated that fully noninductive H-mode plasma opera-

tion is possible with plasma parameters and plasma forma-

tion consistent with capabilities expected for EAST after the

recent upgrades.

Building on earlier DIII-D work,46 the experiment uti-

lized an approach to fully noninductive operation based on

very high bootstrap fraction. Figure 15 shows time histories

of several plasma parameters for a representative discharge.

The plasma cross section is an upper biased double null di-

vertor shape, with elongation j� 1.86 and average triangu-

larity (top and bottom) �0.6, a shape that EAST can

reproduce. The toroidal field is BT¼ 2 T. The plasma current

ramp up rate is limited to 0.25 MA/s, consistent with EAST

constraints. After an approximate equilibrium is established

(1.7 s), 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 bN and

thus the bootstrap current fraction, until a 100% noninduc-

tive condition is achieved and maintained for the rest of the

discharge duration, limited by hardware constraints on

DIII-D pulse length. The discharge achieves and maintains

bN�bP� 3% and bT� 1.5% using total heating and current

drive power of �11 MW. This power includes �5 MW of

off-axis Neutral Beam Injection (NBI) (q� 0.4), and

2.5 MW of off-axis Electron Cyclotron Current Drive,

ECCD (q¼ r/a� 0.5), intended to simulate as close as possi-

ble the off-axis current drive from LHW on EAST. The vari-

ous current components plotted in Fig. 16(c) are calculated

from experimental profiles by the TRANSP code.47 The

bootstrap current fraction reaches up to 75%–80%, the NBI-

driven current fraction is 15%–20%, and only <5% of the

total current is driven by electron cyclotron frequency

FIG. 15. Demonstration of a fully noninductive H-mode plasma achieved in

DIII-D with plasma parameters and plasma formation consistent with capa-

bilities expected for EAST in 2014.

FIG. 14. Particle fluxes on the UO and LO divertor targets during an ELM

crash, computed by BOUTþþ, for a typical H-mode discharge in EAST

under a near DN divertor configuration with the ion rB drift towards the

bottom, showing a clear up-down asymmetry, favoring the top divertor, con-

sistent with experimental observations.

FIG. 16. Radial profiles for the shot shown in Fig. 15. (a) Representative ra-

dial profiles for Te and Ti. (b) Ion heat diffusivity, vi, calculated by TRANSP

and the expected neoclassical values, vi,neo. (c) Current density profiles for

the various current components, and (d) safety factor, q.
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electromagnetic waves, since the efficiency of ECCD is very

low at large minor radius.

This plasma exhibits excellent energy confinement qual-

ity with confinement enhancement factor over H-mode con-

finement scaling H98(y,2)� 1.5. Similar confinement was also

obtained at reduced NBI torque, matching the NBI torque

�3 Nm expected on EAST. This excellent confinement is

associated with the formation of an internal transport barrier

(ITB) at large minor radius (q> 0.5) in all channels (ne, Te,

Ti, rotation). Fig. 16(a) shows representative radial profiles

for Te and Ti, both exhibiting a large gradient at q� 0.7. In

Fig. 16(b), the ion heat diffusivity calculated by TRANSP is

shown to drop below the neoclassical predicted levels at

q� 0.7, indicating strong reduction of transport and confirm-

ing the presence of an ITB. Fig. 16(c) shows a very broad

bootstrap current profile that is fairly well-aligned with the

total current profile, explaining why the minimum safety fac-

tor is high [Fig. 16(d)] and constant or slowly increasing,

and the ITB is maintained at q> 0.5 for �4 s, more than

three times the current relaxation time, estimated to be �1 s.

These DIII-D results build the foundation for follow-up

experiments to be conducted on EAST, where the supercon-

ducting coils enable extension to very long pulse, and verifi-

cation of compatibility of this regime with reactor relevant

boundary conditions.

B. Predictions for EAST advanced scenarios

Modeling has been carried out to explore the advanced

scenarios on EAST by PTRANSP code in combination with

TSC,48,49 using the DIII-D experimental results as guidance

and taking into account the EAST capabilities expected for

the next experimental campaign in 2014. The modules

involved in simulations include TEQ for magnetic equilib-

rium, CDBM for plasma transport, NUBEAM for neutral

beam injection, LSC for LHW current drive, TORIC for ion

cyclotron resonance heating/current drive, and TORAY for

electron cyclotron resonance heating/current drive.50–56

Simulations show that such DIII-D scenarios are acces-

sible on EAST for a steady-state plasma with Ip¼ 0.5 MA,

ne/nG¼ 0.7, and BT¼ 2.5 T by utilizing half of the total

EAST H&CD capabilities expected for 2014. Fig. 17(a)

shows the heating and current drive scheme adopted in the

simulation. A short NBI pulse, up to 4 MW, is applied during

the current ramp-up phase as preheating to produce a hot tar-

get plasma. Then, the major RF power is applied during the

current flattop phase, with a dominant ICRH power of 6 MW

in the NBI preheated target plasma. The modeling shows

that bN� 3.0 and H98(y,2)� 1.6 can be achieved using this

heating scheme. The fully non-inductive plasma state is

achieved at 4.2 s, with the bootstrap current fraction as high

as 80% (�0.4 MA), as shown in Fig. 17(b). The q profile and

current density profiles at 4.6 s are shown in Fig. 17(c) and

Fig. 17(d), respectively. As can be seen, the q profile is

largely flat in the plasma core region, except for a slight

bump around q� 0.35, exhibiting a low core magnetic shear

with qmax� qmin< 1 within q< 0.75.

In addition, the modelling also demonstrates potential

steady-state operations at 0.8 MA with a bootstrap fraction

up to 70% for EAST. As in the scenario developed for 0.5

MA, NBI is only applied during the initial plasma current

ramp-up phase for pre-heating. The high performance

plasma is fully sustained by ICRF and LHW power and fea-

tures a weak core magnetic shear with an ITB footprint at

q� 0.6, similar to the scenarios demonstrated in DIII-D. It

can be extended over a time scale much longer than the resis-

tive diffusion time with the expected operational capabilities

in the forthcoming EAST experimental campaign.

VIII. SUMMARY AND CONCLUSIONS

Significant progress has been made in EAST on both

technology and physics fronts towards high-power, long-

pulse operations, achieving reproducible high-confinement

H-mode plasmas over 30 s, which exhibit a Type II-like

small ELMs with a confinement quality between Type I and

Type III ELMy H-modes, i.e., H98(y,2)� 0.9 and peak heat

fluxes largely below 2 MW/m2. This long-pulse H-mode re-

gime is obtained with extensive lithium wall conditioning

and predominant heating and current drive from LHCD.

LHCD also drives currents in SOL, leading to a 3D distortion

of the magnetic topology at the edge, hence changing the

ELM pattern, similar to the conventional RMPs. What is

even more remarkable is that LHCD imposes intrinsically a

flexible boundary control for ELMs due to the alignment of

LHCD induced magnetic perturbations with resonant mag-

netic surfaces at the edge. Furthermore, LHCD-RMPs have a

positive effect on the control of stationary power load by

broadening heat deposition footprints on the divertor targets;

the heat transport caused by plasma ergodization can be

actively controlled by changing edge plasma density, e.g.,

with SMBI or gas puffing. Note that the high q and strong

collisionality in EAST might have enhanced the LHCD

effect. Another interesting finding is that a continuous MHD

mode localized at the edge, i.e., ECM, coexists with small

FIG. 17. Simulations of a steady-state advanced tokamak scenario for

EAST, based on the DIII-D experimental results. (a) Waveforms of input

auxiliary power, which is compatible with the heating and current drive

capability in the EAST in 2014. (b) Evolution of different current channels.

(3) Predicted q profile at 4.6 s. (4) Predicted current density profiles at 4.6 s.
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ELMs throughout the long-pulse H-mode, enhancing out-

ward radial particle and power transport.

In addition, the magnetic configuration exhibits a strong

influence on long-pulse operations. It appears that ELMs

induce a significant up-down asymmetry with preferential

plasma flow in the direction opposite to the ion rB drift, i.e.,

with a larger particle flux at the upper divertor target for nor-

mal BT, which has been quantitatively reproduced by the

BOUTþþ code package. This trend is completely reversed

with more particles moving to the lower divertor as BT is

reversed, thus facilitating particle exhaust, because divertor

pumping is available at the bottom. This, coupled with a

lower power threshold required for the L-H transition when

the ion rB drift is away from the active divertor in EAST,

makes reversed BT a preferred scenario for long-pulse

operations.

EAST is now undertaking an extensive upgrade with

enhanced current drive and heating capabilities, with a total

power exceeding 20 MW. The upper divertor is upgraded to

the ITER-like W monoblock target structure with flat-type

domes to allow for high heat load on divertor targets, up to

10 MW/m2. The second in-vessel cryopump is installed in

the upper divertor behind the outer target to improve particle

exhaust. In addition, an RMP system with 2 (poloidal)� 8

(toroidal) coils will be implemented, along with many new

or upgraded diagnostics. Recently, a steady-state advanced

tokamak operation scenario has been developed for EAST in

collaboration with General Atomics. The initial test on

DIII-D has demonstrated that fully noninductive H-mode

plasma operation is possible with plasma parameters and

plasma formation schemes consistent with capabilities

expected for EAST in 2014. These will enable EAST to

address some critical issues facing high-power, long-pulse

plasma operations in the near future.
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