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EAST Overview

Main parameters:

B, 35T H&CD systems:
R, 1.89 m LHCD 10 MW
a 0.45m ECRH 4 MW
Koo ~ 1.8 ICRF 4 MW
b 1.0 MA NBI 8 MW
e Feature: {'__f &Y
Steady-state long-pulse operation
e Mission:
conducting ITER-like steady-state advanced plasma science @

3 and technology research ASIPP



LHCD system in EAST
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I 20 main waveguides arranged in an array of 5 rows and 4 columns. (20 klystrons)l Fusion Eng. Des. 147 (2019) 111250

EAST 4.6GHz Antenna - Power Density Spectrum
T T T - -
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4 24 main waveguides arranged in an array of 4 rows and 6 columns. (24 klystrons) I ASIPP
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Challenge in LH coupling and possible Strategy

Q1. Good coupling Tor steady state operation

A 2. Interactlons of Edge Plasmas with LH Antenna
LGP in ele- S|de is better than that in ion-side _ AR TP

Strategy 1: Local gas pufflng

Pulse no. 58649 - wllh ul s (dashed lines)
Pulse no. 5&652 [solld lines)

PR
™ (2330mm) *
ol ® Lo
T TR TE | gi: o . - - i i T H
3 il RL o mssses | Ful® " EAS j', | e s
‘5:\:%10 il Cinn i . _:? AR * * 'p_‘OP"—T_‘EOls e_%’ "n 0.5 1 1.5 2
e ll!m WH D, in 58852 £ “ '_ ] ti=)
o el ‘14“: g‘. - [ ] * '. : = =
S e B e Fast electrons in front of LH antenna generated by high

However, the density at the grill is constantly changmg during [\ spectrum components can cause high heat flux.
the discharge, and pre-setting gas programs can fail to improvee Hot spot could be generated, leading to plasma disruption

LHW coupling, or even extinguish the plasma. damage on the antenna and the guard limiters.

Therefore, a feedback control via gas fueling is necessar M. Wang et al. Nucl. Eng. Technol. 2022

Strategy 2: PAM antenna is a possible candidate for good| Strategy: 1. Reduce high N, spectrum components (PDI)

long distance coupling. 2. Upgrade LH Antenna Guarder Limiters J
6

Motivation: To sustain good LHW-plasma coupling in long pulse plasma.

ASIPP




Challenge in LHCD

o Stong lithiation (40235) 1/n 3
Poor litia 43772)

_ Red: poor Li (n, 1. = 2x10% m™, T, ., =7 V)

] . i @% S%QP 55l Blue: strong Li (n e = 1X10% m, T, =12 eV)
Challenge: Current drive capability 2 %;“KT g
decreases rapidly, particularly at Y ' ﬁ
. . E E 5.8x10% ReC C |ng erre :
high density. s %%" _(NF12013&20T) . A
" 0 :j.' 019,: -.:; oFreqt.;ancy (;Jle] 3-5

PDI(Parametric Decay Instability)is one of important candidates for the Decrease

of LHCD efficiency at high density. Improving CD capability by reducing recycling @ .
or improving LH source frequency is documented in EAST. S ot ]
eTypical Features of PDI: Peaks at o, (ion cyclotron quasi-mode (ICQM) driven) and Spectrum 2 :;: P y
broadening around ®, (ion-sound quasi-mode (ISQM) driven) 1oy . S
*x Ig=e. rd "
e Two main channels: ISQM mainly observed at low plasma density and ICQM usually appeared|at relatively = 1 |efomasoHz MI
high density. B @ *
. . . . : - . 6 4 ———
Which one is dominant with the density variation? (not clear yet) h o 1416 18 2001323 24 28 23
= [ ] n (10 "m’)
z Freq. effect
Motivation: To enhance LHCD capability at high density, = (NF,2018)

e Study the transition of PDI channels with varying plasma density

_%ﬂ'mjso %—éioo @
e Reduce PDI and improve CD capability effectively Frequency (MHz)
! ASIPP

Power (dBm)
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a Exploration and achievement in LH coupling
(Feedback control, PAM antenna, and hot spot)

0
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Experimental setup arrangement of the gas fueling system in EAST

® 5 fueling systems, which could be used to enhance the electron
density in front of the LH antenna, including
--2 LGP systems fed by a piezoelectric valve (LGP-1 and LGP-2)
--3 SMBI systems (SMBI-1, SMBI-2, and SMBI-3)

® Taking 4.6 GHz LH antenna as the reference, LGP-2, SMBI-1,
and SMBI-2 locate at the electron-drift side, whereas LGP-1 and
SMBI-3 locate at the 1on-drift side.

® LGP-2, SMBI-2, SMBI-3 and 4.6GHz LHCD are chosen for
the study.

&
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Design of wave—plasma coupling feedback control

0O Using a proportion integration differentiation (P1D) method

0 Taking RC of LH power as the reference, due to the uncertainty of edge density measurement.

Initial Setting
OFF, n=0, T, tenar Rin-upr Rih-down

v
RC average with 5 points
I‘- _______ i
s ¥ : |
— r Rth—up I —R—Lh—down = RC = R'ﬂ-"'_uP 1 If RC < l:gth—dt::rm.'n
I
Touise €stimated by PID I l l
1 T 1 .................................................................. : I
IfT > T, . 5 If Tpulse = Imin ! If n=0 If n=1
pulse min_ |3 ¥ . s : 1 1
4 | 1fn=1 || 1Ifn=0 :
ON, n=1 ¥ | Keep the same status - - OFF, n=0
‘[ oFF, n=0 > as the last cycle : - |
.......... i B et
L 4 : )
Lotart = Lotare + O :
¥ ' :
If t_s‘t_ar_t = tend |f tS-_ta..l’t. < tehd 1
1 + ]
RC average for the

10 B J Ding et al. Nucl. Fusion 074003 (64) 2024 OFF, END next cycle (5 points) ASIPP




Test of single SMBI pulse indicates that the feedback control progress

works correctly and is valid for LHW-plasma coupling improvement.

Shot 74841

| 3 ncqavg(l()]grn_:‘;) .

O

&l =:=_‘==;'----e'“

6 | e 0 Ryp.yp @Nd Ry, gonn @re set as 7% and 4%

2

8 |

y: o Gap,,; was scanned from a small value (~1.8 cm) to a
6 E

larger value (~4.0 cm), and then back to a~1.8 cm, to
change the LHW-plasma coupling actively

ONLOO B
FTTTTT

0 With the increase in Gap,,, the density at the grill decreases gradually to 2.5 x 1017 m=3, accompanying the

increase in the RC.
0 When RC reaches ~7%, SMBI is switched on, leading to the density at the grill increasing and the RC

decreasing quickly:.
0 When RC decreases to 4%, SMBI is switched off, being consistent with the increased edge density of 7.5 x @

101" m=3, which satisfies wave—plasma coupling conditions.
1 ASIPP



Experiments with multi-pulse SMBI indicate LHW coupling power is improved by

the feedback, being helpful for CD capability, stored energy, and plasma performance

0.4

0.2}

Shot 87564

(@)

T T
:_/A"—’J_\_r P, (MW)

i |illmnlum Jlu.lm

di!l

as!e

0 Rypyp @Nd Ry gown are set as 6% and 4%, respectively.

0 The feedback control is applied from 3sto 6 s.

0 After the feedback application, n, g, increases quickly to 3.0 x 10" m= from 1.1 x
107, and the RC decreases sharply to a value around 6% from 20% .

0 During the process of multi-pulse SMBI, n, ; remains at about 3.0 x10'” m=3 and the
RC between 3% and 6% is almost maintained.

0 V|o0p decreases from ~0.6 V to ~0.4 V, W, increases from 29 kJ to 50 kJ, Hgg (=T ¢/t
ErTeRse-p) INCreases from 0.9 to 1.5,implying a certain improvement in the plasma

performance.

ASIPP



Comparison of response between LGP and SMBI

—03265 —93266 — 87564 1. LGP-2 vs SMBI-2, located in the electron-drift side of the LH antenna
- ('a) =SMBI-2 is better than LGP-2, mainly due to different response time of
4 LGP-2 . 1 | fueling system.

SMBI-2
2. SMBI-2 vs SMBI-3, located at the electron-drift side and the ion-drift side

= SMBI-2 is a little better than SMBI-3, being consistent with the
discrepancy in the magnetic connection length.

(AtSMBI-B/ A tSMBI-2~LJ-E/ LA-E)

After the gas is ionized near the gas

injection, the movement of electron to LH
grill from electron-drift side along the

B '(C') magnetic field line is considered.

e« At= 140 ms 1 | (Clock-wise direction)

—At= 14 ms

20 At

30 ms

101

|

|
" 1 " " N " l L " | L " L " 1 " " " 1 " "
2.95 3 3.05 3.1 3.15 3.2 3.25

O | R R
time(s)
The fastest feedback response time is SMBI fed on the electron-drift side and the slowest response is @
13 LGP, between which is SMBI fed on the ion-drift side.

ASIPP



Summary in LHW-plasma coupling feedback control

o It is the first time that LHW-plasma coupling feedback control has been designed and realized in EAST via the
PI1D method by choosing the RC LHW power as the reference for gas puffing feedback.

0 The feedback control can work correctly and maintains good LHW-plasma coupling effectively for a long time.

0 The improvement in LHW power due to coupling feedback is helpful for current drive capability, stored energy,
and plasma performance.

O The response time of the RC with SMBI is faster than that by the piezoelectric valve, and SMBI puffing on the
electron-drift side of the LH antenna is preferred for the control.

Studies offer an effective way to sustain good LHW coupling in steady-state
operation in the future.

B J Ding et al. Nucl. Fusion 074003 (64) 2024 @
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Long-Distance Coupling of LH Power with A New PAM

Launcher at 2.45 GHz

Langmmr probe ! v 2.45 GHz FAM 2 = (1;;9,'“3) ] \
; 1w ® 245GHzPAM [ 1} e 1
v. 0 : : '

| (kW) |
! t Ir I
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(9]
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1

P | |
6 — _
I Reflectlon coefficient (%) |
Vv v -4
v

o » v’ i 2+ | .
= _ ' .p.“ ﬂ. ® | :II;: ; . :
] 1?“ Guard limiter 17 10 | ——rem
’ b 1' | 0 o = 0.74*10"Im’ 8l Plasma - antenna dlstance(cm) _

I T T T | T I

,\ t ' (tungsten) 1§ 0 2 4 8 0

5
f N, antenna (10171m3) time (s)

,z
5 ‘,ﬂ,,lﬂll!ﬂlllm « The new PAM antenna shows better coupling than the old
FAM with density close to n, .
, , ‘ « Good coupling (RC ~ 3%) has been achieved with plasma-
antenna distance up to 11 cm.
i A

« This PAM antenna provides valuable engineering @
experience for new 4.6 GHz PAM development in future. ASIPP

Reflection coefficient (%)
=
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Upgrade of LH Antenna Guarder Limiters

Graphite tiles before 2017 Tungsten limiters after 2017

Limiter structure A m"m"mm’m ‘ Limiter structure
Coolmg channel ; .'Wl'\'_w ;;

Gap—O 25

Il !‘ \
il |||||||mn|||||| -
= n *.-f . 1 .

©H4=at load

Coollng pipes

. Graphlte tiles plated with SIiC, CuCrZr heat

sink with stainless support frame. * Explosive welding technology applied

 Tungsten block with a wedge-shape

 Designtarget ~12.9 MW/m?.

 |ow thermal conduction due to poor contact

 Design target ~ 2.0 MW/m?.

C.L. Liu er al. Fusion Eng. Des. 2017 L.L. Zhang er al. Fusion Eng. Des. 2018 @
16 ASIPP



a Recent progress in improving LHCD capabillity

(PDI bifurcation, methods in improving CD efficiency)
Q
Q

7 ASIPP



Diagnostic for PDI measurement
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18 Topology in toroidal and poloidal direction ASIPP



Typical waveforms of PDI transition experiments

Plasma density ramp-up was applied for the Before t=4.25

study With density increase, the loop voltage increases, implying the
decrease of current drive capability.

400 |

(kA)

" ]
P, MW)

& 200
0
4

(¥
T

The LH frequency spectrum becomes wider and the measured n
increases with density, implying the enhancement of PDI

e
(%]

0.1

n
eedpe

Frequence(MHz) "'lnnp[v] (10"m?) (lllmm's} I

=
-

After t=4.2s

Vp and n; doesn’t increase further,

The width of the frequency spectrum doesn’t increase further,
whereas accompanying a sideband at f=4580

4610

4600 -

4590

n
i

It is speculated the decrease of CD is mainly ascribed to PDI.

The change of frequency spectrum suggests the transition of PDI channel from ISQM to ICQM. @

19 ASIPP



Frequency spectrum measured by RF loop antenna

—2.2s A f=1MHz
| |/ 3.4s A f=2.5MHz
—6s A f=4.7MHz

-60 | <~ 17(MHz) —>

Power level (dbm)

-100 - .
4580 4585 4590 4595 4600 4605 4610

Frequency (M Hz)

eThe frequency spectrum broadenings (Af) increases with density, accompanying the amplitude decrease
of pump wave in the central frequency.

e Especially, the appearance of a 17MHz sideband down-shifted from the pump wave at t=6.0s.

The PDI process is also documented by another frequency spectrum
measurement with an RF loop antenna @

20 ASIPP
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Linkage of PDI and edge density

e

n
Frequenee(MHz) V, (V) 10" (10°m?) (k)

e,eldge

n

nﬂ

4 5 6 7 8
Time(s)

e The electron density in edge region (2 , .,,,) firstly increases to a certain value and then almost doesn't
increase further at t=4.2s, nearly consistent with the evolution of n//and frequency spectrum.

e It is speculated that The change of n/ and frequency spectrum are mainly ascribed to the change of electron
density in the edge region, further PDI calculation (mode growth rate and n//) is necessary as follows.

&

ASIPP



Change of PDI channel

Calculation of the growth rate of the PDI-driven mode

2 2

; w
pi pe
2 8 (1 + 2
Cs (1)0 wce

u? w

Yicom = sin® &, (1 + ny) F(&,, bi)

Inputs for the PDI simulation :

1) reflective index of the pump wave (n¢) and sidebands (1)
2) frequency of ISQM and ICQM (f,som, ficom)

3) electron temperature and electron density. @
ASIPP
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Inputs for the PDI simulation of mode growth rate

-40 . ; . ' '

—d=0cm, —d=1cm, —d=2cm, —d= 3cm, d= 4cm, d= 5¢cm / —2.2s A f=1MHz \ 5 [ —_— 8 T I T
,..2°| = 5o b|34s A =2.5MHz | @) : 210" | ® | n =210"m
E“ f=2.45 GHz with n_ =2.2*10""/m’ i f=4.6GHzwithn_ =2.610"%/m* —6s A f=4.7MHz \ ] : nu=2><10“m‘3 | | nc=3><10'9m'3
§1o 10t E 60+ | 17(MHz) —> ,7;‘ —11"=4X1|)19m-3 ) 6 I —nc=4><ll]wmd
HE 5 g = 3 T S }
izc P = Ve — g =70 F :,:L | %‘ 4 I
"E .5 ol = 4.6 GHz with n_=3.5'10""/m’ E T, I S )

%10 104 é -80 : 2 :
- 5 AT — ! |
§ ) — 90 ! !
5 103 5 0 -3 10 . 0 . I . , 0 . ! . .
Ny ] . l 2345 2350 2355 2360 2365 2370 2345 2350 2355 2360 2365 2370
'IO‘B; R . (mm) R = (mm)
580 4585 4590 4595 4600 4605 4610 probe probe
Plasma Physics and Controlled Fusion 2019 61 065005 Frequency (MHz)
no =2.1 (the initial peak value of wave Electron density: density
launched by LH antenna) fison=25MHz,  ficom =17MHz scanning
n=6 : :
I The measured broadening is about Electron temperature: Te= 5eV
1)nyq is larger than n 1MHz, 2.5MHz, and 4.7MHz at the
[ 10" g ; . ;
three densities. (ISQM) with the density increase, there
2) the PDI-driven mode growth rate is ver Is no much change in the

ump wave at t=6.0s. (ICQM)
23 ASIPP

small at low n; , and the mode with high n, g;ngar?cﬁ)peggw:-eshi fgg g afror1n7Mt|:12 electron temperature close t
Wot propagate effectively k LH antenna (R=2360mm)




Calculation results of y,sqm and ¥,com

-3

5 x 10
—ICQM=17MHz ISQM _ _ _ :
4l Y 1som first decreases and then increases with the density
— oMM increase

Though y 1som does not vary very much, the ISQM decay
does occur during the whole density range.

ICOM
Y 1com Increases from a value less than 1 X 1073 to 4 X

. 1073 rapidly, implying that ICQM decay becomes stronger
1018 . 10" with increasing density.

At density of about 1.1 x 10 m~3 it exceeds the value of
ISOM.

Simulation results nearly agree with the measured frequency spectrum and explain that with
edge density increase, PDI partly transits from ISQM to ICQM channel. @

24
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Spectrum division for the power fraction calculation

In order to calculate the evolution of n, it is necessary to estimate the LH power fraction, including pump wave,
ISQM, and ICQM.

pump wave pump wave
@ ICQM ﬂ ISQM

" 99% Percent : 996.151 kHz Time=2.2s @ Time=6 s
=0
(a) (b)

-80 —

cney(dB/Hz)

2700 — ['

=120

ower/Frequ

=140

4580 45‘)(] 4600 4610 4580 4583 4587 4590 4600
Frequency (MHz) Frequency (MHz)

(b) with PDI

(a) without PDI
: three parts for pump wave marked, ISQM
Feurinopnvzlc?:r?tgrﬁrgggl\\;lv Ilj?)the blue marked with the red region and ICQM marked @
25 J ' with the green region (center:4583 MHz)

ASIPP



Calculation results of power fraction and n,

o\With edge density increase, the fraction of pump wave decreases;
meanwhile, ISQM decay channel gradually increase. Furthermore, at
needge~2.0X 10"m-3, the fraction of ICQM begins to increase, implying
that the occurrence of ICQM.

i v
- N W

100%

50%

19 -3
Power fraction “e’edge(m m")

e Compared to ICQM, ISQM is a dominant decay during the whole

process.
3.5
= 3r T
o I o] n, is further calculated by taking n;o =2.1 and n;; =6
0 1 2 3 = 5 6 7 8
Time (s)

e n; increases with edge density and it almost keeps constant when the density doesn't increase further, indicating the
influence of edge density on PDI.

e Calculation is nearly in agreement with the experimental measurements, demonstrating the effect of PDI on n; and

suggesting that the increase in experimental n; is mainly caused by the increasing power fraction of PDI-driven mode
and the high n, components driven by PDI.

® Analysis suggests that the bifurcation of the PDI channel is mainly ascribed to the change of
electron density in the edge region, leading to the change of n; and frequency spectrum.

e Results demonstrate the dominant role of edge parameters in determining PDI behavior and
affecting current drive efficiency.

26 ASIPP



Summary in PDI bifurcation

Experimental PDI bifurcation of the lower hybrid wave with 4.6GHz in EAST were studied for the first time,
indicating the effect of PDI on current drive efficiency.

eResults show that the ISQM exists during the whole density ramp-up process, and part of ISQM is transited to
the ICQM at higher density, suggesting the change of the PDI channel.

e Calculation of the mode growth rate driven by PDI shows that above a certain edge electron density, the rate of
ICOM will exceed that of ISQM, quantitively explaining that with density increase, PDI partly transits from
ISOM to ICQM channel.

e Further calculation of n evolution with the electron in the edge region are nearly in agreement with
the experimental measurements, indicating the effect of PDI on n;, and demonstrating the
reasonability of the measurement of n,.

Studies demonstrate the dominant role of edge parameters in determining
PDI behavior and affecting current drive efficiency. @

7 G H Yan et al. Nucl. Fusion 086018 (64) 2024
ASIPP



Methods to Improve CD Efficiency at High Density

Lithium coating Higher wave frequency Favorable B, x VB
] L 1 L 1 L 1 . ] 1 1 L | 1 | L | 0.08 : ; .
| O WIO Li coating | Unfavourable B
0.20 oo y x« |©
| o @ with Li coating i _ 10° F 0.07 ¢ k. . Favourable Bl b
0.15 - S L3
o o ] ' _
- ' n=0.71 (10"°A/WIM% | & “%:, 00
< 0.10 o - s 3]
8 £ n_f 0.05
” 0.05- L8 - o .
2105— - oz 0.04} g )
_ x At
0.00 f--rmnrmerno s NG O - - O f=2.45GHz = osk S % %C&)y
In=0.96 (10°AMPM?) ® f=4.6GHz ® o
-0.05 . I . I : : . . . 0.02 ; N .
0.6 0.8 1.0 1.2 1.4 1.6 ' ' ' ' ' ' ' ' ' 4 4.5 9
I:'norm = I:'LH"(Ip'R'ﬁe) 1.5 2.0 i (126159m-3) 3.0 3.5 ﬁe (1019“113)
e Lithium coating: higher temperature in SOL to reduce PDI behavior and collisional power loss
e Higher wave frequency: PDI growth rate is inversely proportional to the squared ratio o, /o
e Favorable B;: lower density, higher temperature at the plasma edge and lower Do @

28 X. Lin et al. Nucl. Fusion 2021. M.H. Li et al. RF conference 2022 ASIPP



Temperature Effects on LHCD by EC Wave

—— 1#85327 with ECRH; —— #85389 W/O ECRH;
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02r

Ip(MA)

keV

Te profiles

——=85327

P

o

o
o
@

o
o
=)

o
(=}
B

o
o

Chord-integrated intensity(a.u.)
[ %]

(=]

HXR profiles

*

—e—85327

--@--85389

< 8 12

Chord number

16

20

Current Density(A/cm )
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Simulated J,,

 Higher Te with additional 0.8 MW ECRH
 Vioop islower by ~ 0.2 V and HXR count rate is higher by ~

? P (MW (6); 73%, indicating higher CD efficiency.
08F  Internal inductance is higher by ~ 0.17 with ECRH, indicating
04 more LH current driven in the plasma core

21

current density in the core region.

 Ray-tracing/Fokker-Planck modeling shows a higher LH 2
J.Y. Zhang et al. Plasma Sci. Technol. 2022

29
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Synergy Effect between LHCD and ECCD

pyseqPhmse? . Phase 34106904 C3PO/LUKE modeling #106904 Nj, =2.48;2.04; 1.8
0.6 1! i “:/_.‘_WT.: 1 : | . | : I : R .
0.4 | IP (MA) l PrcM - —Jin+eC I 2| .”-‘-‘-'-fj'“—“\
; : 6+ L - 15| P, (MW)
0.2 0 15,3 < —_—J . |
N » C n(107/my | g EC - 1 —— ‘
§ 0 — — : i < 4- Jinsec - Uwtdec)| || 05 I mf"—""‘w
=150 | : < 0.25 ‘ P__ (MW)
= e a2y ' - I:syn ~1.64 , ‘ =¢ ‘ \‘
2 I_IPLHI:=14 MW | i 2 0.5 \ :
20.57(1 ItPLHz=121 MWip _oog : - o (a‘\':'“x (V.s)
1 | | = MW o TR

= gl e — | . —
—~ | | | 0.0 0.2 0.4 0.6 08 0 5 . 10 15
@ | v | ! ime (s)
e 23] ~ 6mV | | i
5 .|« During the application of 0.5 MW ECCD (N, ~ 0.34), the
= 1.5 . \Y LH power drops by~ 0.3 MW.
> 6 | | « The synergy factor defined as Fy,, = Al / Ic with Al =1, ¢
< 4l — 1.4, Is estimated to be ~ 2.1 £ 0.1, while the modeling

=]

glz results show a lower Fg,, (~ 1.64).
- N | | | | | | « The synergy effects show a dependence on N, of LH @

0 20 40 60 80 100 120 wave.

Time (s) ASIPP



a Significant advance in long pulse plasma with LH wave
a

&
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Advance in Long-Pulse Operation of LH Systems
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maximum power: 3.5 MW.
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Thousand-Second Improved Confinement Plasma with

Super I- I\/Iode by LH and EC Waves
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Summary and next plan

Summary

0 LH couplings, including feedback control, PAM antenna performance, and avoiding hot spot, were explored for
long pulse plasma in EAST

0 Studies for improving LHCD capability, including PDI bifurcation and synergy of LH + EC, have been explored
in EAST.

0 Significant advance in long pulse plasma with high performance in EAST was introduced.

Next Plan:

A new LH system with PAM launcher (f=4.6GHz) is under development, which is expected to extend
the long-pulse operation to higher plasma parameters on EAST in future.

ASIPP
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