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Great Progresses on EAST Benefit from Broad Domestic and

Wide International Collaborations!
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A Steady-state Tokamak Research Aims at Efficient Low Cost

Fusion Reactors for a Sufficiently Long Duration

4.0

- Steady state operation requires fully non- B q/
inductive current Ip = Ics (D0) + Igs+ layx e | [ | o NIRRT | e
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* High self-driven current requires high B, 2 a/ \(c,) S S
o % 2.0 /,'/ % — 2 ; ST —3
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» High fusion power requires high pressure B, <& A

* Long pulse operation requires good particle

control and heat flux exhaust o
SeIf—Drivepn Current —3»

ITER aims at Q25 long-pulse (~3000s) and steady-state operation (SSO) @
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Demonstration of 1056-second Steady-state Plasma with Full

Metal Wall on EAST

106915@90-100 s
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| !  Fully non-inductive plasma with improved confinement
0 ————— | — Hge ~1.3, total injected energy ~ 1.73 GJ
4+ _Heat Flux (MW m?) . — frrep~70%, fgs~30%., V00p~0 With feedback control by LHW
2 m /Wwwiivfer_;?q /ne;vs'"ne /: /3720 o — Enhanced power exhaust with new water-cooled W lower divertor
00 200 200 600 800 1000 — Lower recycling control with real-time wall conditioning

time (s) — Good control of plasma equilibrium and position over long time scales

Y. Song, Sci. Adv., in press, 2022
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Record Duration of 310-second H-mode Plasma Achieved

with Tungsten Diverior on EAST

110488@60s

...................

- Total
------ Bootstrap
= = LHCD
=== ECCD
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0.4 . ! ' ' !
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- Steady-state high-performance plasma with
dominant e-heating
— RF-only: Plyw~2MW, Pec~1.6MW, P,c~1.2MW
— Hogyp >1.3, f5~0.7, zero injected torque
— Bp~2.5, Bn~1.6, fgs>50%

0 50 100 150 200 250 300 . o .
time(s) — Small ELM (fgpm >2.5kHz) with negligible transient heat load

J. Huang, 641 APS, post-invited falk, 2022 — Robust iso-flux control with SP to W-divertor @
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Strategies to Establish the Scientific Basis for Long-pulse

Operation in Support of ITER and CFETR

S1: Enhance H/CD efficiency &
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N AN h

> N 1.7GJ 1.65MW_

~ * N
W ~ :
\ R * EAST & ITER |
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TORE-SUPRA N
1.1GJ IMW

1000 s
$2: Demonstrate long-pulse (2100s)

H-mode plasmas and develop fully
non-inductive high-p scenarios

100 s

$3: Extend EAST operation regime s ~ osassomw

to demonsirate steady-state high 10 KW 100 KW 1MW .1.(').II\IIIW\
performance plasmas and deliver
relevant physics for ITER and CFETR
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Progress on Long-pulse Steady-state Plasma on EAST

- Integrated solutions of high- 1000 - .
performance LPO o Heafing P 140 T
— High confinement and bootstrap 800 | eaing Fower 3
tfracti £ o
curent fraction | | £ PRRENR
— High RF current drive at high density S 600 | .// | =
— Core-edge integration P o
D 400} //// _20‘§
« On time scale of particle and o ® @
- e {108
heat balance 8 200 o S
— Particle recycling * [ /./ ' 2
- ELM mitigation and active control Or ?”. N — 0
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Year

Demonstrate capabilities of engineering and technical issues for LPO on EAST

&
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Progress on Long-pulse Steady-state Plasma on EAST

- Integrated solutions of high- 1000 - .
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Demonstrate capabilities of engineering and technical issues for LPO on EAST
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Progress on Long-pulse Steady-state Plasma on EAST

 Integrated solutions of high- 1000 L —=—L-mode = .
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Progress on Long-pulse Steady-state Plasma on EAST
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QProgress of EAST in support of ITER and CFETR

QKey issues in long-pulse and steady-state regime

— Enhanced technical capabillities
— Demonstrate 1056s fully noninductive plasma
— Achieve 310s steady-state high-performance plasma

Q Future plans and summary
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Hardware Upgrades Support Long-pulse SSO Research

In-Vessel || Heating
Components || Current Drive

Auxiliary || Magnet
System || Safety
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Hardware Upgrades Support Long-pulse SSO Research

(- Rearrangement of ports
Improved coupling
efficiency and injected
power

Guard limiter heat flux
capability
improvement

. _J

In-Vessel || Heating
Components || Current Drive

Auxiliary || Magnet
System || Safety
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Rearrangements to Enhance H&CD Capability

Before 2020
llm = See M. Li's talk on Nov 16, this meeting
— . « |ICRF: B port > N port
' « 2.45GHz LHCD: N Port - B Port
- AN ind ) - To reduce interference of H&CD systems
Y/
300’Counts ]
Without ICRH, Skew=0.13, Kurt=2.6
[Hi-port ICRH, Skew=-0.48, Kurt=3
250 B-port ICRH, Skew=0.87, Kurt=4.47
200
E-port LH 4.6GHz
s RCs (%)
100
50
% 1 &« 5 6 7 & RC(A)

&
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Rearrangements to Enhance H&CD Capability

Before 2020
llm = See J. Wang's talk on Nov 16, this meeting
— . « |ICRF: B port > N port
' « 2.45GHz LHCD: N Port > B Port
— AN gl - To reduce interference of H&CD systems
Y/
S  NBI: F port (ctr-1p) = D port (co-Ip)
o/ - Toreduce prompt loss for improve heating efficiency
. co-lp . o ctr-lp
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Improve Coupling and H&CD Efficiency

* Available 4 Gyrotrons up to 4MW
-> Flexible j(r) control and e-heating S8 b B IR O IR ey I i

WA A T L

 2.45GHz LHW: FAM—->PAM antenna
-> Improve long-distance coupling

« ICRF with decreased k|
- Improve coupling and
heating efficiency

N

l
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Hardware Upgrades Support Long-pulse SSO Research

. Imp[oved heat flux and « Rearrangement of ports
particle exhaust * Improved coupling
capability for lower efficiency and injected

divertor power

+ Higher spatial and In-Vessel || Heating +  Guard limiter heat flux
temporal resolution for Components || Current Drive capability
diagnostics improvement

\_ ), \_ W,

Auxiliary || Magnet
System || Safety
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Full Metal Wall with Lower Divertor using W/Cu

ﬁld graphite diveﬂm f New lower tungsten divertor \

Before 2020 - After 2020 =
' B Flai-type o Monobloc

:LHW (2.45GHz) J

NBI (A)

* A new lower water-cooled tungsten divertor installed
— % with the monoblock structure
— a4 with the flat-type structure
 Enhanced particle/heat flux load and removal capability
— More closed geometry with larger slot to increase flow conductance ~36%
— Increase steady-state heat exhaust to TOMW/m?

&
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Hardware Upgrades Support Long-pulse SSO Research

21

Improved heat flux and
particle exhaust
capability for lower
divertor

Higher spatial and
temporal resolution for
diagnostics

J

Capability of cooling
water system
Upgrading cryogenic
system for lower
temperature operation
Enhanced particle

control technologies
J

In-Vessel || Heating

Components || Current Drive

Auxiliary || Magnet
System || Safety

J. Huang/IAEA-TM LPO/Nov-2022

Rearrangement of ports
Improved coupling
efficiency and injected
power

Guard limiter heat flux
capability
improvement
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Advanced Pumping and Wall Conditioning Technologies

Pumping and fueling system on EAST EAST impurity dropper from PPPL

Magnetic molecular pump

D=

Cryogenic pump

SMBI-Div  GP-LO cryogenic pump

« Improved particle exhaust with larger pumping speed and capacity
« Enhanced fueling efficiency using stable SMBI and DOME puffing
- Effective wall conditioning by intensive lithium coating and real-time contirol

J. Huang/IAEA-TM LPO/Nov-2022 ASIPP

Z8 Sce W. Yu's & G. Zuo's talk on Nov 14, this meeting



Hardware Upgrades Support Long-pulse SSO Research
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Improved heat flux and
particle exhaust
capability for lower
divertor

Higher spatial and
temporal resolution for
diagnostics

J

Capability of cooling
water system
Upgrading cryogenic
system for lower
temperature operation
Enhanced particle

control technologies
J

In-Vessel || Heating
Components || Current Drive

Auxiliary || Magnet

System || Safety
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Rearrangement of ports
Improved coupling
efficiency and injected
power

Guard limiter heat flux
capability
improvement

e )
Capability and

reliability of the current
leads

Availability and
reliability of coil power
supply

J

ASIPP



PF-coil Power Supply for EAST LPO and Contribution to ITER

15 kA quench protection

See 1. Huang's & Y. Huang's talks on Nov 16, this meeting

- EAST

* High availability for long pulse operation
—  15kA, 200 MVA/1800 s
— Fault rate less than 0.1%

* High reliability for system protection
— 100% fault protection

* Fast respond/high stability for plasma control
— 100% fault protection0.1 ms for voltage source converter
— 10 ms for current source 4-quadrant converter @
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PF-coil Power Supply for EAST LPO and Contribution to ITER

See 1. Huang's & Y. Huang's talks on Nov 16, this meeting

New design for coil power supply
—  55kA/160MVA converter module for more feasibility

— Series connection to reduce reactive power for grid compatibility
— External bypass for more reliability

 R&D of +55kA/160MVA converter system

— Integrated design for better current balance
— Control and protection strategy for reliability and availability

120 kA steady-state and 450 kA pulse current test facility

- EAST

* High availability for long pulse operation
— 15kA, 200 MVA/1800 s
— Fault rate less than 0.1%
* High reliability for system protection
— 100% fault protection } _
- Fast respond/high stability for plasma control & = e
— 100% fault protection0.1 ms for voltage source converter

— 10 ms for current source 4-quadrant converter + 55kA/160MVA converter 120 kA SS test facility @
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QProgress of EAST in support of ITER and CFETR

QKey issues in long-pulse and steady-state regime

— Enhanced technical capabillities

— Demonstrate 1056s fully noninductive plasma
1. Fully non-inductive current
2. Power and particle handling
3. Performance with plasma stability
4. Stable plasma control

— Achieve 310s steady-state high-performance plasma

Q Future plans and summary

&
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Improved CD Efficiency due to High T, and Synergy Effect of

ECCD and LHCD

106915@90-100 s

- Total
257N, e Bootstrap
= = LHCD
ol === ECCD

0 0.2 0.4 0.6 0.8 1

* Fully non-inductive CD with f;;~70% and f;s~30% at p,~1.5

— Monotonic current profile with g(0)>1
— ECCD is on-axis and LHCD deposits at p <0.4 due to good accessibility

J. Huang/IAEA-TM LPO/Nov-2022 ASIPP
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Improved CD Efficiency due to High T, and Synergy Effect of

ECCD and LHCD

, 106915@90-100 5 5 EASTSN#66743 140 | _EAST SN#66743
] 2 ]
— T 1 ECRH
N o S |4 TleY) B | e R
ol —== ECCD 1 _ - 100
. i 34 ] 80—-
] 2 i 60—:
\ | )
1- -
| _ 20 +
'0-5 ' ' ' ' 0 T T T T T T T T \.\\ 0 T T T T T T T T T
o 02 04, 06 08 A 00 02 04 06 08 1.0 00 02 04 06 08 10
Ptor Ptor
» Fully non-inductive CD with fe;~70% and fz~30% at B,~1.5 sdill

— Monotonic current profile with g(0)>1
— ECCD is on-axis and LHCD deposits at p <0.4 due to good accessibility

« Improved RF current efficiency ~0.87x10"7A/W/m?
— CD efficiency increases with <T.>

&
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Improved CD Efficiency due to High T, and Synergy Effect of

ECCD and LHCD

106915@90-100 s

JLH+EC

05 h —'Iéota{ . | ]
. - Lﬂ%g rap 6 T JLH B
ol === ECCD o~ JEC
£ e
< 4- Jinsee = Jwtdec)| |
=

o o0z 04, 06 08 1 00 0.2 04 0.6 0.8

p
 Fully non-inductive CD with f;;~70% and f;s~30% at Bp~1.5

— Monotonic current profile with g(0)>1
— ECCD is on-axis and LHCD deposits at p <0.4 due to good accessibility

« Improved RF current efficiency ~0.87x10'7A/W/m?
— CD efficiency increases with <Tg>
— Synergy factor as Fyn = Al / Iec ~ 1.64 , due o velocity space diffusions between ECCD and LHCD

&
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Improved CD Efficiency due to High T, and Synergy Effect of

ECCD and LHCD

106915@90-100 s

[EAST ITER

3 T T L L L . L . L 1.0 = —— — — Total Current
- = LN ——— = — Plasma Self-driven Curren
25h :Total | _JLH'PEC I' \\ === Current driven by Heating ;ystems
5 Bootstrap 6 S5 I e SR
- - Eggg 7 —Jn - e 7 % \ by A. Loarte
2 B T (MA —J QCJ / / \ \
= 1 EC - / ="K 3
= A
1< 4- Juniee - Juwtdee)| | - 1y
= L P N
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ﬁ Fsyn 1 .64 é p/ \\ \\
4 2 - — ZB \\ \\ :\\
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0.5 - - - - 0 ! ——— - 00 - -~ = \.:”"\10
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P
. . . https://www.iter.org/newsline/-/3740
 Fully non-inductive CD with f;;~70% and f;s~30% at Bp~1.5

— Monotonic current profile with g(0)>1
— ECCD is on-axis and LHCD deposits at p <0.4 due to good accessibility

« Improved RF current efficiency ~0.87x10'7A/W/m?
— CD efficiency increases with <Tg>
— Synergy factor as Fyn = Al / Iec ~ 1.64 , due fo velocity space diffusions between ECCD and LHCD

« Similar CD proportion as shown in ITER TOMA Q25 SSO with fy~66%, f3s~34% at p~1.0 @

S Sce M. Li's talk on Nov 16, this meeting
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QProgress of EAST in support of ITER and CFETR

QKey issues in long-pulse and steady-state regime

— Enhanced technical capabillities

— Demonstrate 1056s fully noninductive plasma
1. Fully non-inductive current
2. Power and particle handling
3. Performance with plasma stability
4. Stable plasma control

— Achieve 310s steady-state high-performance plasma

Q Future plans and summary
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New Water-cooled W Lower Divertor Significantly Enhanced

Particle and Power Exhaust

EAST#106915 2021-12-30 21:55

2 - y ° °
[ 0, (10™m) D (a) I Cor!sfani plasma density sustained by SMBI
1P ‘ | L - fueling
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. lithium injection
1
R, jobal SMBI (102 D/s) « Lower surface temperature on W-PFCs keeps
. 1 1 1 1 1 1 1 1 1 1 | 0 -
86008 = T T T T T T T T T T = 300 soooc
O;,’ monoblock divertor
S O Bttt et T . Temperature on flat-type div. lower than that
- v l 1 .
82000 flat-type divertor | on monoblock div.
g 0 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000
Time (s)

&
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QProgress of EAST in support of ITER and CFETR

QKey issues in long-pulse and steady-state regime

— Enhanced technical capabillities

— Demonstrate 1056s fully noninductive plasma

1. Fully non-inductive current
2. Power and particle handling
3. Core MHD in high T, plasma
4. Stable plasma control

— Achieve 310s steady-state high-performance plasma

Q Future plans and summary
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Saturated m/n=1/1 Mode Sustained High T, Plasma with

Improved Confinement

EAST#106915
12 |TIRLEN ] Tl T aile ol l AURELTI l ST r LI SLA L I PR ! T I BV LR I TR RN I 1 st rT I TRl I LTI ] — 0.01
10 m/n=1/ 1 1 8 0.008
N | H =
3:_4, | A 5 0.006
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@ Freazenes | " ETG turbulence can be reduced by
: i ool m/n=1/1 mode
0.3f 0.03 — 1/1 mode can generate negative current
< | o 0.02 — Increase g(0)>1 with sawtooth free, helping
02 P Toz2p 001 to form weak magnetic shear
01} g ° + The self-regulation system to sustain SS LPO
e -0.01 . . .
: : I — The inferplay among negative current, kink
0 1 -U.
20 40 60 80 20 40 50 50 mode, turbulence
Time (ms) Time (ms)
Sl Sce L. Xu's talk on Nov 15, this meeting J. Huang/IAEA-TM LPO/Nov-2022 ASIPP




QProgress of EAST in support of ITER and CFETR

QKey issues in long-pulse and steady-state regime

— Enhanced technical capabillities

— Demonstrate 1056s fully noninductive plasma
1. Fully non-inductive current
2. Power and particle handling
3. Core MHD in high Te plasma
4. Stable plasma control

— Achieve 310s steady-state high-performance plasma

Q Future plans and summary
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Key Issues in Plasma Control for EAST LPO

Magnetic * Magnetic probes and flux loop calibration
BEEEECIELES o PF gnd plasma current measurement
 Integrator zero drift
Integrator , . :
 Linear voltage offset drift correction

Shape « Equilibrium reconstruction for plasma shape control
parameter

estimation e Fast Z estimator for vertical instability conftrol

Plasma

magnetic  Vloop conftrol for fully non-inductive operation
control

It is necessary to control plasma equilibrium and position over long time scales

J. Huang/IAEA-TM LPO/Nov-2022 ASIPP

Sl Sce . Huang's talk on Nov 15, this meeting




Roust Plasma Control Succeeded in Long Pulse Time Scale

Shape control Vloop conirol
10 shot 106915 , ' Loop Voltoge Controlled by LHCD
. Control error 0.25 _' : : =]
0.6 Error smooth (0.1 sec) B E E
_ 0.20
s 02 | : :
%-0.2 = - seg, 0.15 ; ;
© -0.6 B 0.10 | R S S Souee :
18= : : : : : :5 Seg, - a
: 0.05 rorrefrrrbor R bt e gl L n
0.6 - 3 .
&E)_, 02+ | Yegg | 0.00 = z
C — S —
£ -02F . _0.05EF ‘ : - .
S 06l i \ = Target of Loop Voltage (V) 3
-1.0= . , \ , \ — . X _O‘10_| I : I I I 1 I I : 1 i 1 : -
0 200 400 600 800 1000 s 2 28 5 4 5 a
time(s) R [m] Time (s)

«  Good accuracy shape control with Gap <2mm, X-point(R,Z): <3/5mm
— PEFIT+ISO-FLUX control and new vertical control
— Magnetic measurement using new fiber optic current sensors
— Low zero drift integrator with linear drift deduction algorithm in PCS

— Using 4.6GHz LHW with optimized PID conftroller in PCS

S scc Y. Huang's talk on Nov 15, this meeting

* Vloop control for fully non-inductive CD @
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QProgress of EAST in support of ITER and CFETR

QKey issues in long-pulse and steady-state regime

— Enhanced technical capabillities
— Demonstrate 1056s fully noninductive plasma
— Achieve 310s steady-state high-performance plasma

1. Improved core confinement with zero torque injection

2. High H&CD efficiency at high density
3. Pedestal physics with small ELMs
4. Impurity/fuel and heat flux conftrol

a Future plans and summary @
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EAST/DIII-D Parinership: Sharing of Resources Accelerates
Progress of Long-pulse High-performance Operation

Joint EAST/DIII-D Task Force

Development of High B, Scenario
Leaded by A.M. Garofalo, X. Gong

Long-Pulse Initiative: Extend Advancing
Physics Understanding on DIlI-D to True
Steady-State on EAST

S8l scc A.M. Garofalo's talk on Nov 15, this meeting J. Huang/IAEA-TM LPO/Nov-2022 ASIPP




Fully Non-inductive High-B; Scenarios Extension to High

Density Regime with Good Confinement

3.0
Vieop™ 0 Joint EAST/DIII-D Task Force
Development of High B, Scenario
Leaded by A.M. Garofalo, X. Gong
2.0
B,

Long-Pulse Initiative: Extend Advancing
RF-only Physics Understanding on DIlI-D to True
(2020-2022/2018-2019/2016-2017) Steady-State on EAST

4 5 6
<n_> (10"°m)

¢
3
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QProgress of EAST in support of ITER and CFETR

QKey issues in long-pulse and steady-state regime

— Enhanced technical capabillities
— Demonstrate 1056s fully noninductive plasma
— Achieve 310s steady-state high-performance plasma

1. Improved core confinement with zero torque injection

2. High H&CD efficiency at high density
3. Pedestal physics with small ELMs
4. Impurity/fuel and heat flux conftrol

a Future plans and summary @
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Experlments Show Improved Confinement when Extending to

5 EAST high B, by RF only | . EAS"r shot#90?49 @20s
10}
8 L
6
4 L
0.5— 0065<nGW/n. 065 % 0.5<n e/n GW<0.65 (2021) 51
On n 4,065 x N/ gy>0-65 (2021)
05— 90 1 50 2 0 '
' ' & ' 5 30 0 02 04 06 08
B
* High energy confinement at highf, . Dominant electron heating
and high density. — T.-ITB

— Flat g-profile with g(0)>1.0
— zero torque, low rotation

: : 1
p Wan, NF 2021
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Reduced Transport in Eleciron Energy Channel Consistent

with T_-ITB Formation

90949@20.0s e #90949 @t=20s
.| Electrons ' 0~0.2
% flons oA 0~0.5
Neo ions o
. 0.2}
7
N% ol q —— A > ; \1-
¥>
= 05
3
10" . ' ' O
0.1 0.3 0.5 0.7 0.9 P 0 1 Ml Gong, NF 2021
p 10 10"k, 10 LRl Qicin, POP 2021

« Electron transport reduced in p<0.4 - Linear analysis by TGLF

— Consistent with improved confinement _ TEM modes dominate at ITB

— ETG modes dominate outside ITB @
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Transport Modeling Points to Strong Effect of Shafranov Shift

Exp. T
= TGYRO wo/ExB -
= TGYROW/EXB |

O . .

00 02 04 06 08 1.0
P P
* Energy fransport insensitive to ExB shear flow Sian POP 2001
— Electrostatic TGLF-SATO, with fixed experimental ng O e AR A

Huang, PPCF 2020
Wu, NF 2019

&
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Transport Modeling Points to Strong Effect of Shafranov Shift

Exp. 1 i Exp. 1 < B TGLF
—— TGYROWo/ExB - 1.2¢ — TGYROwo/ExB 4 3 m p=023
| —— TGYROWEXB | — TGYROWEXB { %
i I é
| oo Sosf  mees
| B
i 0.4 3 .
R (O} u
0 - — ey [ 5
00 02 04 06 08 1.0 995 02 04 06 08 10 8 46 20 . 24 28
P p L Bs
- Energy fransport insensitive to ExB shear flow ——
— Electrostatic TGLF-SATO, with fixed experimental n, e AEA 2020
. . Huang, PPCF 2020
- Electron turbulent energy fluxes decreases with high B, WU, NF 2019

— Consistent with turbulence measurements
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Transport Modeling Points to Strong Effect of Shafranov Shift

o
61 T - . IExp.' . g 04 —_——— — _,_lCurvature Drive in the Gyrokinetic eqn.l_,_
| —iinomee | 12 —rmowee] 2| b
I i 5 1
I 0'8_' 'g 0.3l .81481@5.35 | / \
| ; . Experiment \ o=3
- c’ ]
. 0.4 EJ D
B ) [
ol . [ S Stabilizing
00 02 04 06 08 10 995 02 04 056 08 70 5 ° 46 20 24  28-m 0 o— n
P P “ B
- Energy fransport insensitive to ExB shear flow T
— Electrostatic TGLF-SATO, with fixed experimental n, e AEA 2020
. . Huang, PPCF 2020
- Electron turbulent energy fluxes decreases with high B, Wu, NF 2019

— Consistent with turbulence measurements

« High Shafranov shift (a-stabilization) helps to improve energy confinement
— Shafranov shift ~ Bp ~ a.~ dpp/dr @

— ASs a increases, unstable eigenfunction becomes narrower in 6
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QProgress of EAST in support of ITER and CFETR

QKey issues in long-pulse and steady-state regime

— Enhanced technical capabillities
— Demonstrate 1056s fully noninductive plasma
— Achieve 310s steady-state high-performance plasma

1. Improved core confinement with zero torque injection

2. High H&CD efficiency at high density
3. Pedestal physics and ELM control
4. Impurity/fuel and heat flux conftrol

a Future plans and summary @

47 J. Huang/IAEA-TM LPO/Nov-2022 ASIPP



Higher LHW Frequency and Lower Recycling Wall Allowing

h LHCD Efficiency at High Densit

Is’ready-s’ra’re = IBS

AUX
;:\ 1068 Q%@Qg, ;
S 3

8 105]  Poor lithiation R gy —_ 8
o o f=2.45GHz o
>< o f=4.6GHz %} ><
T Strong lithiation T

o f=2.45GHz

o f=4.6GHz - 0.01

15 = 25 35
<n_>(10""m?)

- LHCD efficiency drops faster than 1/n, U NE 202

Li, PPCF 2019

Ding, NF 2018

&
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Higher LHW Frequency qnd Lower Recycling Wall Allowing

High LHCD Efficienc

Is’recudy state — IBS + IAux 2.45 GHz
1 : : ,
- -~ 19 -3
5 106 s, = =0.25x10 " m
s " @@@% s 08 I/ —0.5x10"" m™® ||
3 3 ~ = =1x10"" m*
-lg ©, R “'"%;”' - 0.1 -og 30
8 105  Poor lithiation Rty 8 <
= iy %& 0
T Strong lithiation T
o f=2.45GHz
o f=4.6GHz - 0.01
15 25 = 35 4
19m-3
<n_>(10"m-) W R/wci
- LHCD efficiency drops faster than 1/n, e 2005
— Parametric Instability (PI) growth rate increased with the density Li, PPCF 2019

Ding, NF 2018

&
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Higher LHW Frequency qnd Lower Recycling Wall Allowing

High LHCD Efficienc

Is’recudy state — IBS + IAux 2.45 GHz 4.6 GHz
1 , , , . ,

—~ — | — 19 -3
5108 ess.. : 0.25x10" m _025x1019
5 @@@% 7§> 08/ // —05x10®m™ || 0.8 —0.5x10"° m
E .".;;«., ‘ . "é N = =1x10"" m’ | 06 — -1x1019 m-3
..g W, Ry “'m%;"' - 0.1 -lg :\_30 \36 '
S 10s]  Poorlitniation Rty 8 < 04
o o f=2.45GHz o
>< o f=4.6 GHz %} ><
T Strong lithiation T

o f=2.45GHz

o f=4.6GHz - 0.01

15 25 = 35 4
<n_>(10""m?) _

- LHCD efficiency drops faster than 1/n, e 2005
. Higher LHW frequency has higher CD efficiency g, N 2018

— Pl growth rate smaller with higher LH source frequency

&
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Higher LHW Frequency qnd Lower Recycling Wall Allowing

High LHCD Efficienc

Is’ready-s’ra’re = IBS + IAux

¥ b H =% 18 3T =7 oV
_ Red: poor Li (n, ey = 2x10° m~, T, ., =7 V)

3
’\'106 e = ue: s A, 1pe = 1X108 M3, T, | 0= 4
%i @%@% : E o | Blue: strong Li (n o, = 1x10° m~, T, ., =12 eV)
© g, 2o Sags 2
= 0.1 =
S S
8 105  Poor lithiation Rty 8
o o f=2.45GHz o
>< @ f=4.6 GHz %} ><
T Strong lithiation T
s fo4sos L 0.01 : A
15 25 35 L : .
<n_>(10""m?) 10Fre;qhsemcy (MHZz) s %0
- LHCD efficiency drops faster than 1/n, U NE 202
- Higher LHW frequency has higher CD efficiency g, N 2018

* Lower recycling allows higher CD efficiency
— Lower edge neutral density improve accessibility
— Higher temperature reduce Pl intensity @
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New Antenna with Decreased k|, Improves ICRF Coupling

and Heating Efficienc

12 : ‘
\ Low denSIty H|gh Density I ? g:g:::: ::: :: II-I-:?)::
n e 10H ¢ N-Ant at L-mode
< ICRF ne |CRF * N-Ant at H-mode
antenna antenna F ¢
Cut-off | |\ |\ ,.:8’0 “) 09
density 7\ dCéth]-soig_ o . é/) Lo oé
wave R wave 6§ g o
N R L8P oo Pl
o T et ‘f
evan devan | g 8 GE F g E:
e N1 Ddopgn | >R I i s
e evan o n,(10m?)
ngh k” Low k” 80 : ; : ;
Fax *
n i |
© <« ICRF <« ICRF
< antenna antenna 60} |
wave ’_'J\ o
4\ ((j)ut o{f \x; I 1
ensi
g > 407 '
wave | — R ()
ﬁ - 4
devan devan < 20+ " r—p 1
-An
- o © o ——Fitting H
¢ k »l« 9 d l« 9 R T 0 xJooRo® © o°° | o Original Ant
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Enhanced coupled
ICRF power

Pic X R,
o< e_A'klldevan

Zhang, NF 2022

Higher heating
efficiency
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High Density Regime Helps to Improve Bootsirap Current

Fraction
I = | + |
steady-state BS AUX
3.0 :
e ® V_-~0, q,6.0-7.0 0.7 v T ' X
o . Bootsirap Fraction
°.® 06| * o
.'.i. o *
Y
2.0t .$’ - A ' 05 *\ - f \/— avp
B ” "; o® % EAST#81481 BS X
P
“;'o ® 04 -
1.0t .m 03| * bootstrap fraction - Huang, NF 2020
e RF-only A S, Garofalo, NF 2017
(2020-2022/2018-2019/2016-2017) 0.2 P DPUE TP T R | P T WU: NF 20]8
3 ‘ 4 5 6 25 30 35 40 45 50 55 6.0

<n_> (10"°m=)

ne(1 019m'3)

* Fully non-inductive high-B; scenarios extension to high density regime

— High-pp generates more fg

&

ASIPP
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QProgress of EAST in support of ITER and CFETR

QKey issues in long-pulse and steady-state regime

— Enhanced technical capabillities
— Demonstrate 1056s fully noninductive plasma
— Achieve 310s steady-state high-performance plasma

1. Improved core confinement with zero torque injection

2. High H&CD efficiency at high density
3. Pedestal physics with small ELMs
4. Impurity/fuel and heat flux conftrol

a Future plans and summary @
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Lower Density Gradient for Small ELMs on EAST

ALarge ELM, unf.
O Large ELM, fav.
A Grassy ELM, unf.

INE Yot
__ 1.5F|0Grassy ELM, fav.| » 46 ]
Q@ AAA %0 ab
= n 4 ) L
@ e,sep  eped ARKE® _-Ba
2 1} ~50% .
~ o MIA
2 n /n
Z’; e,sep e,ped
©osf ~30%
0 EAST statistical results
0 1 2 3 4 5
19 _-3
N, ped (10 7"m™)

Sl Sce Y. Wang's talk on Nov 16, this meeting

@) =

I Grassy ELM #71096
—— Type-| ELM #71450

o

0.85 0.90 0.95 1.00
48

Natural small ELMs in high B, plasma
— Low n. gradient and wide pedestal beneficial for small ELMs

Consistent with BOUT++ nonlinear simulations

— Expansion of PBM boundary = small ELMs

0.85 0.90 0.95 1.00
LY

— Pedestal staying in unstable region - large ELMs

J. Huang/IAEA-TM LPO/Nov-2022
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Xu, PRL 2019
Yang, NF 2020

Lin, PLA 2022
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QProgress of EAST in support of ITER and CFETR

QKey issues in long-pulse and steady-state regime

— Enhanced technical capabillities
— Demonstrate 1056s fully noninductive plasma
— Achieve 310s steady-state high-performance plasma

1. Improved core confinement with zero torque injection

2. High H&CD efficiency at high density
3. Pedestal physics with small ELMs
4. Particle and heat flux conftrol

a Future plans and summary @
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Well Controlled High Z Impurity in High ; Plasma

a.u.) | |  110143/110479/110488

0 0 50 100 150 200 250 300 @

57 time(s) ASIPP




Well Controlled High Z Impurity in High ; Plasma

: Shot 8%73

- Small ELMs and high density (n./ng~0.8) 1ﬁ
reduced W-sputtering 0 Poon ~ IOV @01 |
_ n/ng D (a.u.) \v 0.5

« Avoid high Z impurity accumulation by on-

axis ECH 00 C, ~0.3x10° :
— W in good control within low level (C,,~0.3x10) 200t -
o [ L, ,ra(kcounts/5ms)-

- 400

I P W) ]
//'\ ~ 200
0

0 5 10 15 20
Time(s)
4 . .
n |W_UTA(a.u.) 110143/110479/110488
ol
0 0 50 100 150 200 250 300 @
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Modeling Shows Strong Diffusion of TEM in the Central Region

Prevenis W o Accumulate

102 — 0
—Turb — Neo
—Neo —Turb
2f —Tot
@ ) - - -Electron
o~ E _|Z |
g/ 100 1 3 S— -4 " E
= >§ IR
0 .
/ '6 i 3 \\\s -
2 8 10° // . . .
0.1 0.2 0.3 04 05 06 0.7 0.8 0.1 0.2 03 04 0 05 06 0.7 0.8 0.1 0.2 03 04 0 0.5 06 0.7 0.8
P (
. erye Gong, NF 2021
W modeling by QualiKiz and NEO

 TEM turbulence dominates

- W density peaking factor driven by the sum of neoclassical and turbulent

transport lower than that of electron
— Strong turbulence diffusion inside p<0.45 @
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Long-pulse Plasma Terminated with Increasing Tungsten

60

leading edge

[ -+ Hot spots at local regime of lower divertor, due to

110143/110479/110488

&

ASIPP



Long-pulse Plasma Terminated with Increasing Tungsten

- Hot spots at local regime of lower divertor, due to
leading edge

- Sputtering and erosion from RF-antenna and guard
limiter, also impact on plasma performance
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A Compatible Core and Edge Integration by Radiative

Divertor Feedback Conirol

EAST SN 94437

3 ; ; ;
Contirol parameters M oL B B A, =20:30%
Total radiation LFS and divertor 1 \ §3.2 ------- |
(Prad. total) neon seeding oL —— 5 /\,\,\
Divertor particle flux Divertor neon oM o :5:
(jSOf) Seeding 05" — — EQ’S |
LFS D2 fueling by 0.0 g f
SMBI 10 Target —— = —#94433 <
. : 051 Paa™MW)_ 1 O S, | —#94437
Div. electron Divertor e N [ ’ ‘ ’ ‘ “ ‘ l } N M ‘ 2.4
temperature neon/argon 005 3 4 5 ‘ g ~ ‘ s
. 3 4 6
(Ter) seeding Time(s) Time (s)
LA UE L Divertor neon Gong'NF e
temperature o  Radiative divertor feedback with a mixture of
(T:, peak) 50% neon and 50% D2 using P,qq iotal
Div. electron ) . _
femperaiure + X-poini‘ D|ved|:|'or neon Peak heat flux reduced by 20-30% (IR)
radiation seeding - Confinement maintained Hg¢g>1.2

(Tef + I’rad, X-poinf) @
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A Compatible Core and Edge Integration by Radiative

Divertor Feedback Conirol

EAST SN 94439

3 520 ; ; ‘ .
Control parameters | Actuator  [IMEE = - —94433 — 94437 —94439
Total radiation LFS and divertor . 5 '
(Prad. total) neon seeding 127‘”““” NS i
Divertor particle flux Divertor neon oA nner | ‘§
Usat) seeding 78 — -~ 2 0!
. (O]
LFS D2 fueling by 0.5 Pras 1MW) I
SMBI o-gfw””’ 1 H|HMH $
o . 400 t
Div. eleciron Divertor 423 R
temperature neon/argon % 3 T e 6
(T.) seeding Time(s)

Div. target Gong, NF 2022

Divertor neon

temperature seeding « Core: High Bp~2.5/Pn~2.0 with Hegyo >1.2, f5,~0.8, q95~6.7
(T; peatd . Pedestal: ELM controlled by RMP n=1

Div. electron . . ] . g -~

temperature + X-point Divertor neon - Divertor: Radiation and splitting

radiation seeding
(Tef + I’rad, X-point)

&
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A Compatible Core and Edge Integration by Radiative
Divertor Feedback Control

Control parameters M R
Total radiation LFS and divertor iﬂ ” T, Target=8eV
(Prad, total) neon seeding = 257 N
Divertor particle flux Diverior neon 0 : : : : : 7
(Usat) seeding s 2 1207,
LFS D2 fueling by = IPRE]
SMBI oS g
Div. eleciron Divertor ° — - 1 _
temperature neon/argon
(T.:) seeding
- ] Wang, NF 2022
Div. tqrgef . _
Divertor neon 0 : : : : : o
temperature . 0 5 10 15 20 25 30
(T, peat) seeding time (s)
Div. electron Divertor neon - Active detachment control using divertor T,
temperature + X-point
. dizﬁon P seeding feedback for long pulse
(Tet + Prad, x-point) *  Hgyo~1, good core-edge integration

&
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QProgress of EAST in support of ITER and CFETR
QKey issues in long-pulse and steady-state regime

Q Future plans and summary
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Challenges and Future Plans

 Need to develop innovative physics understanding & approaches towards ITER&CFETR SS LPO:
— Handle particle and heat load, materials erosion, elimination of damaging with long pulse
— Solve divertor/SOL, pedestal, confinement & transport and its trade-off with H&CD

95 10 Challenge/Goal Approaches Capabilities

Solve fully non-inductive « Discover high performance core solutions. «  6MW ICRF (2-
fb hiiglh'ﬁp scenqr? with T_~T, E/e%“iiq(gse models in burning-plasma-relevant antenna)
1.6 s ar iower g¢; and zero- . . .
*  Major H&CD upgrade with sh B-field
0.5 . ] pgrade shape, B-fie
Hog i torque, efficient HLCD at . \jigh current for ICRF ion heating and enable 6MW EC (2-
CFETR(SS) <5 high density, p—limits, lower Qs gyrotrons, dual
' « Transport for various Te/Ti, electromagnetic Freq.)
ITER(SS) effects, magnetic shear and Shafranov shift,
EAST 310s&H-mod clifel S B el +  4MW LHW PAM-
0.6 Expand range of j(r) & P(r) * Develop integrated simulation tools to test 4.6GHz
1 Py to find high confinement * Increases in ECH&ICRH fo access to ITER and « 2MW NBI RE-
n /n 15 3 high . ith | CFETR relevant By & Qs sources
e G Igr -Po regime wiih large . gocus on profile requirements for ideal MHD
radius ITB & high f; limits, good EP & global confinement
New modular
05" B Demonstrate long pulse « Improve particle and power handling, limiters & Div.
’ P with high power (P,.../R) elimination of damaging from hot spots
operation to exfen&ss + Recycling and heat flux control etc. in real- . New Control
) time
fusion performance « Identify path to integration with divertor and and DIAs
core solutions upgrades
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- Significant progress has been made in long-pulse SSO on EAST
— Demonstration of a 1056s time scale fully non-inductive plasma
— Record of duration~310s H-mode plasma (B ~2.5, f,;~50%, Hog(y)>1.3) achieved
— Extension of higher B, at high density operation scenario with full metal wall

« Advances on the key issues essential for long pulse SSO, providing supports to ITER and CFETR
steady state operation

— Improved confinement with stability, broad j(r), Shafranov shift, e-ITB, high efficiency of
H&CD at high density, active controls of radiative divertor, small ELM, plasma control, etc.

— W accumulation is prevented by TEM when using on-axis ECH

* Near-term plan with upgrade of inner components and augmented H&CD systems
— 400-1000s long-pulse H-mode operation with >50% bootstrap current fraction
— Demonstrate SSO with extended fusion performance at 15-20 MW power injection >100 s

Thank You For Your Attention
Your Suggestions and Comments Will Be Appreciated
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