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Abstract 

Recently, the first ever 100s long, steady-state H-mode discharge with good control of 
impurities, core and edge MHD stability, and heat exhaust was demonstrated in EAST 
using the ITER-like tungsten upper divertor. Integrated experiments have 
demonstrated steady-state fully non-inductive scenarios with extension of fusion 
performance at high density and low rotation up to βP~2.5, βN~2.0, H98,y2 ~1.2, 
bootstrap current fraction fBS~50% at q95~6.8 using both RF and NBI heating. Plasmas 
by pure RF power heating are maintained for up to 24 s with zero loop voltage over 40 
current relaxation times and small ELMs at high density (ne/nGW~0.6-0.8), with 
βP~2.0, βN~1.6, and ƒBS ~47%. Experimental investigations show how plasma current 
profiles, turbulent transport and radiation properties self-consistently evolve toward 
fusion relevant steady state conditions. Modeling and physics experiments confirmed 
synergistic effects between ECH and LHW, where ECH enhances heating and current 
drive from LHW injection, enabling fully non-inductive operation at higher density. 
Small/no ELMs facilitate the RF power coupling in the H-mode phase and reduce 
divertor erosion. Low tungsten concentration was observed at high βP with a hollow 
profile in the core. Reduction of the peak divertor heat flux with frad up to 40% was 
compatible with the high βP scenario by using active radiation feedback control. With 
features such as dominant electron heating, zero/low NBI torque and an ITER-like 
tungsten divertor, fully non-inductive high-performance experiments on EAST offer 
unique contributions toward ITER and CFETR, a reactor under design in China to 
bridge gaps between ITER and DEMO. 
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1.  INTRODUCTION 

Towards economical fusion energy, a tokamak reactor needs to sustain a high fusion 
gain 𝑄 ≡ 𝑃$%&/𝑃() of a steady state burning plasma, where 𝑃*+, is fusion power 
with 𝑃*+, ∝ 𝑝/  (𝑝  is the plasma pressure) and 𝑃01  is auxiliary non-inductive 
current drive power [1]. Efficient fusion power production requires high Q, which 
requires high plasma pressure to optimize fusion power and high self-driven plasma 
current to minimize external current drive power. Thus, tokamak steady state 
operation with long pulse duration needs to exploit any potential synergy between 
off-axis profiles (pressure, current) and high-pressure operation, benefiting self-driven 
current and high b (b = 2𝜇5 < 𝑝 >/𝐵/) stability. For large sized future reactors (e.g. 
ITER), the plasma rotation driven by the NBI heating scheme is expected to be low 
[2], which can reduce E×B shearing stabilization that in turn degrades the plasma 
confinement; and the efficiency of external current drive from radio frequency (RF) 
heating is expected to be reduced at higher density, because collisions can scatter 
electrons thereby reducing the RF driven current.  

EAST (Experimental Advanced Superconducting Tokamak) [add ref] is a fully 
superconducting tokamak which has ITER-like magnetic configurations with an 
active water-cooled tungsten upper divetor, flexible plasma control and 
heating/current drive systems focusing on developing long-pulse, high-performance, 
steady-state plasmas. With mainly radio frequency (RF) heating schemes, the major 
goal of EAST is to demonstrate a long-pulse, high-performance, and fully 
non-inductive regime. These zero/low torque experiments can contribute to improve 
the scientific basis for ITER (International Thermonuclear Experimental Reactor) [1] 
and CFETR (Chinese Fusion Engineering Test Reactor). CFETR [3] aims at exploring 
key technologies bridging the gap between ITER and DEMO, where DEMO is a 
demonstration fusion reactor. The latest CFETR parameters have been updated with a 
larger size, higher toroidal field towards steady state operation [4]. Key challenges for 
CFETR require further research on EAST towards the high-performance steady-state 
goal: 1) better current drive efficiency at high density; 2) validation of models for 
MHD stability, e.g. RWM at low rotation; 3) robust no/small ELM operation regime 
with high confinement; 4) minimization of impurity impact on core with optimized 
divertor geometry. A 400s long fully non-inductive L-mode was achieved by lower 
hybrid current drive (LHCD) in 2012 on EAST, validating the engineering design and 
the long pulse operation scenarios. The longest steady-state H-mode pulse up to 100s 
duration (250 times the current relaxation time) has been achieved on EAST with the 
metal wall and low rotation. This discharge had good control of impurity, core/edge 
MHD stability, heat exhaust using the ITER-like tungsten divertor, and pure RF 
power for plasma heating and current drive [5]. To explore high bootstrap current 
fraction towards steady-state operation, which scales as fBS∝ε

0.5βP ∝ε-0.5qβN [6], 
high poloidal beta (βP) plasma is a favorable regime [7,8], which has two attractive 
features: it can offer a high self-driven bootstrap current which can lower the external 
current drive requirement, and high safety factor, which can lead to low disruptivity 
[9]. High βP steady-state scenario development is one of the most important joint 
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DIII-D/EAST research activities [10]. High βP scenario on DIII-D has been extended 
to reactor-relevant q95~6 while maintaining an internal transport barrier (ITB) and 
excellent energy confinement quality (H98,y2 up to 1.8) using negative magnetic shear 
[11]. Advancing physics understanding of the DIII-D high βP regime [12-19] has 
contributed to assessing the compatibility of long pulse potential on EAST with metal 
walls [20, 21]. Recently, EAST demonstrated normalized beta βN ~1.6, and bootstrap 
current fraction ƒBS ~50%, maintained with RF-only heating for up to 21s with zero 
loop voltage (vloop). With the features such as dominant electron heating, zero/low 
NBI torque and an ITER-like tungsten divertor, fully non-inductive high-performance 
experiments on EAST offer unique contributions toward ITER and CFETR. 

The paper is organized as the following. Section 2 describes the current status of 
improved capabilities on EAST and recent progress towards development of 
long-pulse fully non-inductive high-performance plasmas. Section 3 discusses the 
critical physics understanding for increasing the bootstrap current fraction 
simultaneously with the improved energy confinement at high density. Section 4 
presents the core-edge integration issues in the high βP regime. Section 5 gives the 
projections to CFETR steady state regime. A summary and list of opportunities in 
steady-state scenario development on EAST are given in Section 6.  

 
2. PROGRESS OF LONG-PULSE FULLY NON-INDUCTIVE H-MODE 
PLASMAS ON EAST  

2.1 Current Status of EAST Capabilities to Support Long-pulse Steady-state 
Plasma  

To develop a long-pulse fully non-inductive high-performance regime, the 
current status of EAST with improved flexibilities and capabilities in 2019 [5] is 
summarized here ， benefiting from broad domestic and wide international 
collaboration. 
1) To increase plasma pressure and control plasma current profiles flexibly, the total 
source power of the auxiliary heating and current drive systems has been increased up 
to 32MW with electron-dominant heating, including various RF systems and the 
balanced neutral beam injection (NBI) systems: LHCD systems with two frequencies 
2.45GHz (4MW) and 4.6GH (6MW) klystron sources, ion cyclotron resonant 
frequency (ICRF) systems with 27MHz-80MHz (12MW) generator power, ECH 
systems with 140GHz (2MW) gyrotron sources; and neutral beam injection (NBI) 
systems with co-Ip and counter-Ip direction each with two 80keV (8MW total) 
sources.  
2) To facilitate long pulse high performance operation, a water-cooled ITER-like 
tungsten upper divertor can withstand heat flux up to 10MW/m2. In addition, the new 
LHCD antenna guard limiters were upgraded using water-cooled tungsten with power 
handling capability of ~10MW/m2, to avoid hot spot on the limiters [22]. To sustain 
the long-pulse operation, a low-recycling wall condition is required for the good 
particle control which benefits from metal wall and routine lithium coating on EAST. 
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3) To enhance plasma performance and divertor compatibility, the flexible integrated 
plasma control system has been augmented by: plasma configuration control with the 
optimization of X-point; plasma shape, outer gap and local gas puffing near the LHW 
antenna to maintain the effective RF power coupling and particle exhaust; advanced 
divertor configuration with quasi snowflake (QSF) to reduce heat flux; active feedback 
control via radiated power, particle flux and the integrated divertor electron 
temperature to realize the dissipative divertor simultaneously with required 
performance and stability.  
4) To support physics understanding and plasma control, EAST is equipped with a 
powerful and extensive diagnostic set to measure equilibrium plasma profiles and 
fluctuations, allowing kinetic EFIT reconstruction and in-depth exploration of core 
and boundary issues combined with integrated modeling and simulations.  
 
2.2 Demonstration of the longest pulse fully non-inductive H-mode plasma  

The longest pulse fully non-inductive H-mode ~101.2s shown in reference [21] is 
achieved with poloidal beta βP ~1.2, q95~6.6 at plasma density <ne>~2.8x1019m-3, 
plasma current Ip~0.4MA, toroidal magnetic field BT~2.5T. The plasma cross section 
is an upper single null divertor shape with elongation κ~1.6. The improved energy 
confinement quality (H98,y2~1.2) is achieved with the weak ITB in electron 
temperature profile at rho~0.4. This record pulse-length discharge has several features: 
1) Improved confinement with zero/low rotation: pure RF heating LHW with 
2.45GHz (0.5MW) and 4.6GHz (1.7MW), ECH with 0.4MW, ICRF with 0.5MW; 2) 
good control of high Z impurity: tungsten is well controlled with low level of 
tungsten concentration despite core ITB (Cw~5×10-6) during ECH central heating, 
with an increased anomalous diffusion sufficient to pump out high Z impurities and 
avoid tungsten accumulation; 3) stable core/edge MHD activity: for the core region, 
no sawteeth are observed from soft X-tray diagnostics; for the pedestal region, small 
ELMs with frequency around 100-200 Hz are observed; 4) stable control 
demonstration of heat and particle exhaust：the peak heat flux on the divertor plate 
is maintained at ~3.3MWm-2 suggesting the EAST tungsten divertor has a good 
power handling capability on a hundred-second timescale, and the low particle 
recycling during the plasma flat-top with the H/H+D ratio around ~5-7%; 5) 
predominant LHW driven current: the profiles of each current density component 
are analyzed using the One Modeling Framework for Integrated Tasks (OMFIT) [23]. 
The LHCD current driven component as calculated by the ray-tracing code GENRAY 
[24] and the Fokker-Planck Code CQL3D [25] contributes 75% to the total current, 
and fBS is about ~23% given by the Sauter model [26]. In support of steady-state high 
performance operation for future fusion reactor, higher bootstrap current fraction 
needs further exploration on EAST.  
2.3 Steady-state H-mode plasma with extension of fusion performance 

To explore high bootstrap current fraction and extend fusion performance, figure 
1 shows the operational window with fully non-inductive H-mode plasma extension 
to higher βP at higher density on EAST. Using RF-only heating and current drive, 



 
 

5 

EAST has demonstrated a high βP~2 discharge (81163) with improved energy 
confinement H98,y2~1.2, fBS~47%, maintained up to 21s at βN ~1.6, q95~6.8 with 
vloop~0 shown in figure 2. Several remarkable features for this RF-only high βP 
discharge are: improved confinement (relative to standard H-mode) with zero/low 
torque injection, reduced but still high LHCD efficiency at high density (ƒGW ~80%), 
a weak ITB in the electron temperature profile (e-ITB), a slightly reversed magnetic 
shear profile, high-frequency small ELMs. The increased bootstrap current fraction 
with higher βP can compensate for the decreased lower hybrid current drive efficiency 
at higher density. All these are relevant to support a future fusion reactor with low 
rotation, high pressure, high bootstrap fraction, good power handling etc., and could 
be compatible with the projected baseline scenario of CFETR with 1GW fusion power 
production [27]. To further improve fusion performance, the long-pulse fusion 
performance is nearly doubled with an increase of heating power by 20% combining 
RF and NBI heating, enabling fully non-inductive operation at even higher βP~2.5, 
βN~2.0. Higher βP increases the bootstrap current fraction up to 50%. Figure 3 shows 
that improved confinement is achieved at higher βP, suggesting the stabilizing effect 
of Shafranov shift on turbulence. To increase the normalized fusion performance and 
improve the confinement, the related physics processes (e.g. confinement, transport, 
RF synergy, core-edge integration, etc.) of steady-state operation are discussed in the 
next section. 
  

 
Figure 1. βP versus line-averaged density, showing recent progress of fully 
non-inductive high performance H-mode plasma.extension to high βP at high density 
regime (red: 2018, blue: 2016-2017.), including pure RF (diamond) and RF with NBI 
plasma (circle). 
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Figure 2. Time traces of high βP discharge 81163 with (a) poloidal beta (βP), 
normalize beta (βN), (b) the Greenwald fraction (ne/nGW), confinement enhancement 
factor over H-mode confinement scaling (H98,y2), loop voltage (vloop), (c) injected 
power of LHCD and ECH, (d) Da signal.  

 
Figure 3. Normalized confinement quality (H98,y2) versus βP.  

3. PHYSICS UNDERSTANDING TOWARDS IMPROVED PERFORMANCE 
PLASMA WITH HIGHER BOOTSTRAP CURRENT FRACTION  

Towards a steady-state fusion reactor, maximization of the bootstrap current fraction 
should be reached simultaneously with the optimization of the fusion performance 
depending on the plasma profiles and magnetic configuration (e.g. q-profile, existence 
of transport barriers, plasma shape, etc.). Having discussed above the progress of 
steady-state H-mode plasma with extension of fusion performance on EAST, the 
critical physics understanding for increasing the bootstrap current fraction 
simultaneously with the improved energy confinement at high density and zero/low 
torque injection is discussed below.  
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3.1 LHCD efficiency at higher density 
At higher density, the LHCD profile becomes more off-axis because radial 

penetration of the wave is reduced, and thus the wave is absorbed closer to the plasma 
edge [20]. However, at higher density the current drive efficiency is reduced because 
of increased collisionality and other effects, such as the parametric instability (PI) 
which has been implicated in many previous LHCD experiments where a decrease in 
CD efficiency even steeper than the trend 1/ne (expected by quasilinear theory) was 
observed above a critical density [28-30]. Here, we focus on several factors which can 
reduce the degradation of LHCD efficiency at higher density. EAST has two LHCD 
launchers with 2.45GHz and 4.6GHz. The different operating frequencies give 
different LHCD properties [31] because the parametric instability (PI) effect depends 
on the frequency. Figure 4 compares the HXR count rate against electron density for 
the 2.45GHz and 4.6GHz LHW. Previous analysis as red symbols shown in figure 4 
indicates that the power coupling to the plasma is higher for 4.6GHz launcher than for 
2.45GHz launcher, and higher LHW frequency allows high LHCD efficiency at high 
density [32]. The calculated growth rate (g) by PI modeling is much lower for 4.6 
GHz wave, especially at high density which enhances the CD efficiency [33]. Thus, 
higher power is systematically used on the 4.6 GHz launcher in the long pulse 
experiments. Figure 4 also indicates that LHCD efficiency is enhanced with strong 
lithium wall conditioning, according to the comparison between different lithium 
coating levels. Good wall conditioning can reduce edge recycling, thus can increase 
the critical density for anomalous loss of CD efficiency [34]. This is consistent with 
PI modelling results [35] that the strong lithiation can reduce the PI intensity, due to 
the higher temperature at the plasma edge with the strong lithiation. 

 
Figure 4. HXR counts as a function of line averaged density for 2.45GHz (hollow 
dots) and 4.6GHz (solid dots) LH waves with strong (blue) and weak (red) lithiation. 

EAST is equipped to launch various RF waves, and the synergy of ECH and 
LHCD is also effective to enhance CD and heating efficiency. This synergistic effect 
is mostly related to the electron temperature and the resonance domains of the EC and 
LH waves, as demonstrated in early ECH termination experiments on EAST [36]. 
Coupled GENRAY-CQL3D ray-tracing and Fokker-Planck simulations used for 
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LHW heating and current drive calculation show that the LHW deposition is peaked 
with the early on-axis ECRH heating and moves outwards after ECRH termination. 
The core heating of ECH is effective to change the LHW parallel index of refraction 
to achieve more LHW power deposition in the core. In addition, numerical study of 
the synergy effects shows that, with combined ECRH and LHW, the EC wave pulls 
low velocity electrons in the perpendicular direction, which can scatter and fall into 
the resonance regions of LHW. The LHW can drive these electrons to high parallel 
velocity which can significantly enhance the driven current [37]. Meanwhile, with the 
on-axis heating of ECH superimposed on the LHW during the whole H-mode, low 
tungsten concentration (0.3×10-5) with nearly constant total radiative power is 
achieved (figure 5), with no impurity accumulation observed. This suggests an 
increased anomalous diffusion in the center with ECH central heating, leading to 
pump out of high-Z impurities from the core plasma in the fully non-inductive high βP 

scenario on EAST. 

 
Figure 5. Time traces of high βP discharge 81163 with βP, the intensity of tungsten 
unresolved transition array (W-UTA) IW-UTA, radiative power Prad. 

3.2 Favorable ÑB drift direction 
A higher energy confinement quality is observed always with the favorable BT 

direction (the ion ÑB drift direction is towards the dominant X-point) on EAST 
(figure 6). Figure 7 show the comparison of the time traces and the pedestal electron 
density structure in two discharges between favorable (discharge 80298) and 
unfavorable (discharge 80246) BT direction with same Ip~400kA, <ne>~4.0×1019m-3, 
Pinj~3.2MW. Energy confinement with H98,y2 is improved from ~1.2 with the 
unfavorable BT direction to ~1.4 with the favorable BT direction shown in figure 7(a). 
A steeper pedestal density gradient and lower scrape-off layer (SOL) density is 
observed by the microwave reflectometry diagnostic with the favorable ÑB direction 
in figure 7(d). A study of the SOL effects on the pedestal structure in DIII-D [38] 
indicates that ∇B drift driven currents increased the inward particle flux in the 
pedestal when the ∇B drift flowed away from the x-point and decreased the inward 
flux when the ∇B drift flowed toward the x-point. This change in flux coincided with 
a change in the density pedestal structure. More detailed analysis on the effect of 
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drifts and flows in the SOL on the pedestal structure associated with different ÑB drift 
directions has commenced on EAST.  

In addition, the lower SOL density in the favorable BT direction can mitigate the 
PI of LHW to improve LHCD efficiency. Figure 8 shows LH frequency spectrum 
measured by RF probes with different ÑB drift direction. With the favorable BT 
direction (discharge 80298), the LH spectral broadening is much smaller with the 
spectral width Df~0.9 MHz. Here, Df is defined as the full width 10db below the 
maximum. While with the unfavorable BT direction (discharge 80246), the LH 
frequency spectrum is broadened with Df ~2.5 MHz and is accompanied by a 
sideband. This suggests different PI non-linear behavior for different BT direction. 
The preliminary result indicates the effect of SOL parameters associated with 
different BT direction can cause different PI non-linear behaviors which play an 
important role in determining LHCD efficiency [39]. It is consistent with the lower 
loop voltage level, suggesting higher LHCD efficiency for favorable BT (figure 9). 

 

 
Figure 6. Normalized confinement quality (H98,y2) versus Ip*<ne> with favorable 
BT (red) and unfavorable BT (blue). 
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Figure 7. Comparison of the time traces (a) normalized confinement quality (H98,y2), 
(b) line-averaged density, (c) injected power using LHW and ECH, and (d) the 
pedestal electron density structure between favorable BT discharge 80298 and 
unfavorable BT discharge 80246. 

 
Figure 8. Comparison of LH spectrum measured by RF probes with different BT 
directions (blue: unfavorable BT discharge 80246; red: favorable BT discharge 80298).  
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Figure 9. Loop voltage versus total absorbed LHCD power compared between 
unfavorable BT (blue) and favorable BT (red).  
 
3.3 Broader current profile and e-ITB 

Achievement of a broad current profile is the key requirement to enable ITB at 
large minor radius and thereby reduce thermal transport, leading to significant 
confinement improvement [40]. Previous DIII-D/EAST joint high βP experiments at 
high q95~10-12 on DIII-D showed that with a broad current profile, a βP threshold of 
1.9 is observed for achieving the large radius ITB, leading to an excellent 
confinement quality H98,y2≥1.5 at high Greenwald density fraction (>80%) [16] . 
Later, sustainment of the large radius ITB was extended to lower q95~6-7 and βP<1.9 
by leveraging negative central shear in the q-profile [41]. The physics picture 
developing at DIII-D is that Shafranov shift (high βP) and negative magnetic shear 
produce a steep ITB at large radius [42], even in the absence of rotational shear. A 
large radius of the ITB improves the confinement quality enhancement because of the 
larger volume affected by the ITB at larger radius. Broad current drive can be 
accessed and sustained using off-axis current drive. On DIII-D, the broad current 
profile necessary for the large radius of the ITB is sustained by operating with a large 
fraction of off-axis bootstrap current, and negative central shear is further generated 
by using tilted NBI and off-axis ECCD. For the fully non-inductive discharges on 
EAST, LHCD is the predominant current driven approach, and an effective way to 
broaden the current profile is by increasing the plasma density [20, 43]. Figure 10 
shows the radial profiles of the electron temperature and density from Thomson 
Scattering diagnostics, q profile using the external magnetic measurements with 
POlarimeter INTerferometer (POINT) constraints [44], for discharge 80307 similar to 
the high βP discharge 81163. With the Greenwald density fraction increased from 55% 
up to 80%, a slightly reversed shear q profile is observed, consistent with statement 
earlier in this section, that the LHCD profile becomes more off-axis with higher 
density [20]. The LH-driven current profile broadens at higher density with fLHCD 

reduced from ~75% to ~44%, and more off-axis bootstrap current is generated at 
higher βp with the bootstrap current fraction increased from ~23% up to ~47% [45]. 
With the dominant LHCD and bootstrap as sources of total plasma current, the total 
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current profile become broader at higher density. Thus, operation at higher density 
and higher βP can increase fbs and self-consistently broaden the current density profile, 
leading to a slightly reversed shear profile, which contributes to the increase in energy 
confinement. From the electron temperature profile shown in figure 10 there is a weak 
e-ITB existing at rho~0.4 similar as the longest H-mode plasma, which is consistent 
with a reduced electron transport in the center (rho < 0.4) according to thermal 
diffusivities from power balance analysis [46]. This further improves the confinement 
quality with H98,y2~1.3. Due to limited effective RF power, the experiments on EAST 
are usually performed at a lower level of fusion performance compared with DIII-D 
NBI heated cases, but EAST can provide the important information on the ITB 
physics with low torque injection. The velocity shear rate will be small in a reactor at 
the onset of an ITB, so that the magnetic shear and Shafranov shift will have to be 
optimized to trigger the ITB. 

 

 +  
Figure 10. Radial profiles for RF-only high βP discharge 80307 at 4s (the similar 
discharge as discharge 81163 in figure 5: electron density and temperature (from 
Thomson scattering) and q profile (from the external magnetic measurements with 
POlarimeter INTerferometer (POINT) constraints). 

3.4 Energy transport analysis  
The q-profile, E×B shearing rate and β are of prime importance in order to 

determine the relative role of these turbulence stabilization mechanisms in the 
triggering and sustainment of ITBs [47]. Transport analysis for high βp RF-only 
discharge 81481 at 5.3s has been done by electrostatic TGLF-SAT0 [48]. With a fixed 
experimental electron density, the electron and ion temperature profiles are evolved 
from the predictions by TGYRO [49]. Figure 7 in reference [45] shows that TGYRO 
can successfully predict the experimental ion and electron temperature. Also 
comparison of the electron and ion temperature profiles with the E×B on and off 
(artificially) indicates that the energy transport is insensitive to the E×B shear flow in 
this high βp plasma. Neoclassical and turbulent transport in the region rho<0.75 are 
calculated by TGYRO. Electron energy flux is dominated by the turbulent flux (figure 
11(a)) with a distinct reduction in the core weak electron ITB region. Ion energy flux 



 
 

13 

has the neoclassical energy flux comparable with the turbulent energy flux (figure 
11(b)). The linear analysis shows that the instability of high-k (ky>1) modes (ETG) is 
suppressed in the core region, corresponding to the weak e-ITB. The low-k (ky<1) 
modes are dominated by trapped electron modes (TEM), which is mainly responsible 
for driving the electron energy flux through weak e-ITB [45]. Figure 12 shows the 
electron turbulent energy fluxes decrease with the scaled βp calculated by TGLF at 
r~0.23 in the e-ITB region based on discharge 81481. This is consistent with 
turbulence measurements by CO2 laser collective scattering diagnostic [21], 
suggesting that the Shafranov shift plays a key role in the suppression of the electron 
turbulent energy transport in the core region. Energy transport analysis of DIII-D high 
βp also shows that the E×B shear flow does not affect the prediction of plasma 
profiles, and that the Shafranov shift plays a role in suppression of the ion turbulent 
energy transport to below the neoclassical transport level [15].  

  
Figure 11. TGLF and NEO simulations for RF-only high βP discharge 81481 at 5.3s: 
(a) electron energy fluxes and (b) ion energy fluxes with profiles of the total energy 
flux (black), the neoclassical energy flux (red) and the turbulent flux (blue). 

 

 
Figure 12. TGLF simulated electron turbulent fluxes at r~0.23 versus scaled βP with 
red symbol corresponding to experimental data for discharge 81481 at 5.3s. 

3.5 Extension of high performance with reduced fast-ion loss 
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To explore high fusion performance in the fully non-inductive regime, nearly 
balanced neutral beam injection is implemented and added into RF-only high βP 
discharges on EAST. With both NBI and RF, fully non-inductive high-β scenarios 
have demonstrated improved plasma performance with βP up to 2.5, βN up to 2.0 and 
H98,y2>1.1, at high density fGW~0.6-0.8 with a bootstrap current fraction (fBS) up to 
50%. Figure 13 shows time traces of fully non-inductive discharges with both NBI 
and RF discharge 80339 with ne~4.7×1019m-3, q95~6.8, βp~2.5, H98,y2~1.25, 
PRF~3.7MW, PNBI~2.4MW with co-IP and counter-IP neutral beam injections 
(PNBI1R~0.9MW@60kV, PNBI1L~0.9MW@60kV, PNBI2L~0.6MW@50kV). Figure 14 
shows the current density profiles for each component for discharge 80339, along 
with the q profile. It is interesting to compare this performance with a discharge also 
using NBI and RF (discharge 70187) but at lower density (ne~3.3×1019m-3, q95~6.7, 
βp~2.0, H98,y2~1.25, PRF~4.0MW, PNBI~2.8MW). The LH current drive efficiency is 
increased from ~36% to ~70% in discharge 70187 with lower density, and the 
bootstrap current fraction is reduced from 47% to 22% in discharge 70187, that is less 
than 50% of discharge 80339 despite βp is only 20% lower. This is because a larger 
fraction of βp in the lower density discharge 70187 is due to fast-ions from NBI, 
which do not contribute significantly to the neoclassical bootstrap current. At higher 
density, the fast-ion slowing down time is reduced, which can decrease the fast-ion 
contribution to the total plasma pressure, as shown in the comparison of figure 15; 
note that NBI2L beam voltage was also reduced to mitigate shine-through loss [50]. 

 
Figure 13. Time traces for high performance, fully non-inductive discharge 80339 
with high fBS at high density: normalized poloidal beta, normalized beta, H-factor, 
Greenwald density fraction, NBI power, LHW power and ECRH power, loop voltage 
with calculated bootstrap current fraction. 
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Figure 14. Alignment of bootstrap current, (RF+NBI) driven current and total current 
components vs current profile in high βP fully non-inductive discharge 80339 @ 5.1s 
labeled by vertical dash line in figure 13. 

 
Figure 15. Comparison of the ratio of the fast-ion pressure to the total pressure 
between discharge 70187 with low density (blue) and discharge 80339 with high 
density (red). 

4. CORE-EDGE INTEGRATION IN HIGH βP REGIME  

Towards future fusion reactors, understanding the core-edge integration is a big 
challenge: high core performance and strong edge dissipation are required 
simultaneously [51]. EAST has developed a number of heat flux control techniques to 
reduce heat load while maintaining a high-performance core plasma [52]. EAST has 
demonstrated advanced plasma control by means of QSF, which can reduce the peak 
heat flux by 30%-40% [53], as compared with a standard SN configuration. QSF is 
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being considered as a potential divertor configuration for CFETR. Active radiative 
divertor feedback control via radiated power (Prad) [54], particle flux and the integrated 
divertor electron temperature (Te,div) [52] has been successfully applied to study 
detachment with a high performance core. Figure 16 shows the new detachment 
control scheme via the integration of radiated power and Te,div. In the new algorithm 
Te,div is first used to detect detachment (figure 16(c) - for a high βP~1.6 discharge 
85683), and then Prad feedback control is applied (figure 16(d)). Here, a mixture of 80% 
neon and 20% D2 is applied shown in VOUPEV2 valve (figure 16(e)) using 
pulse-width-modulation. It is shown that stable detachment is maintained with 
Te,div~5eV, and is compatible with good plasma confinement as H98,y2>1.0 without 
plasma stored energy (WMHD) loss, suggesting that this active feedback control could be 
compatible with fully non-inductive high performance high βp regime and a metal wall. 

 

 
Figure 16. New detachment control scheme via divertor Te and total radiated power 
demonstrated in discharge 85683 [52]: (a) plasma stored energy WMHD; (b) 
normalized confinement quality (H98,y2); (c) divertor electron temperature (Te,div) and 
target ~8eV for detecting detachment; (d) radiation power (Prad) and feedback control 
target; (e)valve voltage signal (VOUPEV2) to inject D2 and impurity.   

For fully integrated core-pedestal-SOL-divertor solutions, the pedestal plays an 
important interface between the core and boundary. Small/no ELMs can facilitate 
efficient RF power coupling in the H-mode phase and reduce divertor 
sputtering/erosion. A reproducible high frequency stationary grassy ELM regime with 
a metal wall is achieved in high βP steady state long pulse regime. Figure 19(a) shows 
the grassy ELMs observed in discharge 81163 with the average frequency of the 
grassy ELMs ~1kHz and the peak heat flux on the divertor target plate around 3-4 
MW/m2 from fast infrared (IR) camera, which is reduced more than 50% as compared 
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to the type-I ELM of discharge 86597 in figure 19(b). Figure 19(c) shows the pedestal 
ne profiles measured by microwave reflectometry just prior to an ELM crash in the 
grassy ELM and the type-I ELM, corresponding to discharge 81163 and 86597, 
respectively. Much lower density gradient is shown in the pedestal of grassy ELMs, 
which is consistent with the observations under unfavorable BT [55]. A low 
density-gradient and wide pedestal is beneficial for the achievement of grassy ELMs. 
The parameter space of EAST high frequency (>500Hz) grassy ELM regime is [5] 𝑞95

≥5.3, 𝛽𝑝≥1.1, fGW≥0.46, which appears to be compatible with the projected 
baseline scenario of CFETR, except for the collisionality νA∗~1. Future EAST edge 
conditions need to push to that regime in order to be relevant to CFETR. 

 
Figure 19. (a) grassy ELM for high βP discharge 81163, (b) type-I ELM for discharge 
86597, (c) comparison of pedestal electron density profiles measured by microwave 
reflectometry between discharge 86163 (red) and discharge 86597 (blue). 

5.  PROJECTIONS TO CFETR STEADY STATE REGIME 

Towards tokamak based fusion energy production, significant progress has been 
achieved along the China’s roadmap [3]. The three-pronged approach includes: 1) 
research on long pulse high-performance plasma experiments on the Experimental 
Advanced Superconducting Tokamak (EAST), 2) the design of the Chinese Fusion 
Engineering Test Reactor (CFETR) to bridge gaps between ITER and DEMO, and 3) 
the development of a new Integrated Testing Facility in support of CFETR. The 
development of scenarios for CFETR with 1 GW fusion power includes hybrid 
scenarios, and also fully non-inductive scenarios. By integrated modeling simulations 
with the theory-based transport code TGLF, the hybrid scenarios with 𝐼D~13MA 
with the flattop duration of 4-hours are feasible, but there is a big challenge to obtain 
fully non-inductive scenarios with limited current drive power (80~100MW in 
concept design) [4, 27].  
 The high 𝛽D scenario developed in the joint DIII-D/EAST experiment campaign 
could be a promising solution for the fully non-inductive scenarios. For CFETR the 
high 𝛽D~2.3 with 𝐼D~11MA can yield a high bootstrap fraction ~70% (see Table I), 
which reduces the power requirement for current drive to be compatible with CFETR 
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design. The ITB induced by the magnetic shear reversal at mid-radius (𝜌~0.45) could 
maintain 1 GW fusion power with plasma current lower than that for hybrid scenarios. 
Flat-top modeling for the plasma is performed iteratively by using the core-pedestal 
coupled integrated modeling work flow in OMFIT [5,56]. The stable solution is 
shown in Fig. 21 including the profiles of temperatures, density, driven current and 
safety factor [57]. The magnetic shear reversal is maintained by the self-consistent 
bootstrap current, and the current driven by EC waves and the location of the reversal 
is well controlled by the ECCD to make the normalized beta 𝛽L below the ideal 
MHD stability limit 4𝑙N ≈ 3.0. 
 Noting that the power of EC waves in the above fully non-inductive scenario is 
over 80MW, another option is proposed to locate the magnetic reversal far off-axis 
where lower hybrid waves could be used to sustain it. A solution yielded by integrated 
modeling simulations is shown in Figure 22. The ITB emerges at rho~0.65 which is 
quite similar to that in the recent scenario developed in DIII-D [58]. However, with 
𝛽L above 4𝑙N this scenario may challenge the ideal MHD stability limit and trigger 
an n=1 resistive wall mode (RWM). The recent joint experiments that achieved on 
DIII-D high performance with 𝛽L above 4𝑙N with near-zero rotation over most of 
the plasma volume [41] are highly relevant and are being analyzed for insight into the 
RWM stability in this scenario. In the simulation only 10MW LHW are used and the 
remaining Ohmic fraction could be sustained for about one day within the ability of 
the CS and PF coils of CFETR. The total power of EC waves is 50 MW. Optimizing 
the fraction of LH wave as well as the composition of EC waves may yield a fully 
inductive scenario in future.  
 

Table I. Comparison of Hybrid and Fully Non-Inductive Scenarios 

 
Hybrid	 	

NB+EC+HW  
Fully	Non-Ind	  

NB+EC  

Fusion	Power	Pf(MW)  918  992  

βP	  1.5  2.2  

βN	  2.3  2.8  

Bootstrap	fraction  0.49  0.71  

HITER98y,2
  1.16  1.3  

PCD	(MW)  93	  102  

Ip	(MA)  13  11  

q95_iter  5.98  7.4  
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Figure 21. The electron and ion temperature profiles and the safety factor profile for 
the fully non-Inductive scenario with ITB at mid-radius. 
 

  
Figure 22. The temperature profiles and the safety factor profile for the fully 
non-Inductive scenario with ITB at large radius (preliminary result). 

6. SUMMARY AND OPPORTUNITIES IN STEADY-STATE SCENARIO 
DEVELOPMENT ON EAST 

The high-βP regime is attractive because, by optimizing at low plasma current and 
high plasma pressure, it reduces drastically both disruption risks and requirements on 
external current drive, while improving the plasma energy confinement through 
Shafranov shift suppression of turbulence. The beneficial effects of rotation shear on 
turbulence are not needed in this regime, thus overcoming the long-standing challenge 
that fusion reactors are projected to have low rotation. A 100 sec long-pulse 
steady-state H-mode plasma with good energy confinement (H98,y2 ~ 1.1) has been 
successfully achieved on EAST using RF heating and current drive. More recent 
EAST experiments with improved hardware capabilities have demonstrated 
steady-state fully non-inductive scenarios with extension of fusion performance 
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(βP~2.5 & βN~2.0, H98,y2 ~ 1.2, <ne>/nGW~0.8, fBS~50% at q95~6.8) through integrated 
control of the wall conditioning and recycling, plasma configuration, divertor heat flux, 
particle and impurity control, and the effective coupling of multiple RF heating and 
current drive (H&CD) sources. This steady-state scenario was characterized with fully 
non-inductive current drive at high density with low rotation and high-frequency, 
small-amplitude edge localized modes (ELMs), and stable control of heat and particle 
exhaust using various feedback control technologies on the ITER-like tungsten 
divertor. The optimization of the X-point, plasma shape, the outer gap and local gas 
puffing near the lower hybrid wave (LHW) antenna were integrated with global 
parameters of BT, line averaged electron density <ne> for high LHW current drive 
efficiency, and on-axis deposition of ECH in the long pulse operation. The benefits of 
using ECH to avoid tungsten accumulation in the core plasma, and enhancement of 
H&CD by the synergistic effect of ECH and LHW were demonstrated. A higher 
energy confinement is observed at higher performance with favorable toroidal field 
direction. In addition, reduction of the peak divertor heat flux was successfully 
demonstrated using active radiation feedback control. A thrust towards the next goal 
(≥400s long pulse H-mode operations with ~50% bootstrap current fraction and 
H98,y2>1.0) on EAST was recently launched. A further development of the integrated 
control of the current density profile, pressure profile and radiative divertor should be 
addressed in the near future to meet this goal.  

To support the future experiments on EAST, multiple upgrades are ongoing. The 
assembly of a new lower divertor is scheduled in FY20. With the features such as 
dominant electron heating, low torque and an ITER-like tungsten divertor, EAST is 
making unique contributions to some critical issues of ITER and CFETR. These 
results provide key data for validation of heat exhaust, transport and current drive 
models, and enhance confidence in the fusion performance predictions to suffice for 
steady state operation with 500 MW of fusion power production (Q~5) in CFETR. 
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