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Motivation

m Divertor is subjected to huge heat load, including
both the transient heat load due to ELMs and
steady-state heat load in between ELMs

m For fusion reactor, steady-state operation requires
» High confinement plasma - fusion gain
» Small/no ELM - control the transient heat load
» Detachment — reduce the (steady-state) heat load

m On EAST tokamak (also AUG, JET, DIII-D...)
» High-performance grassy ELM regime accessed

» Detachment and small ELM simultaneously
achieved by impurity seeding
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Motivation

m To investigate the physical mechanism, numerical simulation Is necessary

> Also improve the ability of predicting the edge plasma behavior for future devices

m However, numerical simulation of edge plasma evolution over multi-ELM cycles is
difficult due to large gap between turbulence (107 s) and transport (102 s) time scales
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Motivation

Turbulence simulation
in a long-time scale

Need artificial source

computational complexity

turbulence/transport
coupling simulation

Verified for steady-state simulation

Include turbulent trans.
coeff. in transport code

Under development

A Cathey, et al. PPCF (2022), NF (2020) JOREK T. D. Rognlien, et al., INM (2005) BOUT-UEDGE S. Baschetti, et al., NF (2021) SolEdge2D-EIRENE
D. R. Zhang et al., NF (2020) BOUT++-SOLPS
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Develop the multi-scale coupling
simulation framework

v' Automatic
v" High accuracy
v" High efficiency
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W. Dekeyser, et al., CPP (2022) SOLPS-ITER
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Time-dependent simulation
of edge plasma evolution
over multi-ELM cycles

2025/10/31, Vienna

Simulation study of the grassy ELM cycles within EPCS framework 5



Outline

m Motivation

m Edge plasma coupling simulation framework (EPCS)

m Time-dependent simulation for grassy ELM cycles

m Impurity seeding: simultaneous detachment/ELM mitigation
m Conclusion

2025/10/31, Vienna Simulation study of the grassy ELM cycles within EPCS framework 6



EPCS framework

Liu et al. PPCF 67 (2025) 55004

B Edge plasma coupling simulation framework is developed based on Python

GUI

PREPROCESS

*user configuration CONFIG
*generate parameters for INIT TRANS, INIT TURB, RUN TRANS and
RUN_TURB

| “initialize the workflow

p———

-

RUN TURB
*write input parameters (10)
*run turbulence code (Tools)
*read transport coefficients (I0
& CALC) )

RUN_TRANS

*write input parameters (10)
*run turbulence code (Tools)
*read plasma profiles (I0 &

CALC)

INIT TURB
*plasma profile interpolation
(CALC)

*data check and fix (CALC)
| *write data file (10)

([ INIT_TRANS
*transport coefficient
interpolation (CALC)

*data check and fix (CALC)
\Fwrite data file (10)

~

P
TURB
*10: file /O (Tools)

TRANS
*10: file /O (Tools)

*CALC: calculation and *CALC: calculation and
interpolation (Tools) interpolation (Tools)
*PLOTTING: data *PLOTTING: data
visualization visualization
L A /N )
Tools |
write file, read file, run code, interpolate, ......

Provide a friendly way for users to configure the desired coupling simulation
workflow via GUI

Build workflows based on EPCS for specified purpose

» Drivers for the running of the turbulence/transport code

» Provide the necessary data transfer interfaces for the subsequent
turbulence/transport simulations in the coupling simulation workflow

SOLPS/BOUT ++

Provide necessary interfaces for the native transport/turbulence codes

> Bivariate spline interpolation in (y, 0) coordinate system: smoothness and accuracy
> Breadth-first search algorithm: efficiency

Provide general and frequently-used routines for the components

2025/10/31, Vienna
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Steady-state coupling simulation workflow

o - - D, = 0.5 m?/s
= Initial profiles generated by SOLPS with assumed trans. coeff.  “_ “_ 0 .~ mos
- - Read the user confi, tion file
m Iteration between turbulence/transport codes until converges (CONTIGy iy s
for INIT_TRANS/TURB and
RUN_TRANS/TURB
m Test based on ELM-free stage during EAST H-mode discharge R S
» Speeding up the coupling simulation s A oty
. . ) . L. . ) a.sm}med transport coefficients
> ldentify quasi-steady-state of turbulence simulation based on coefficient of variation T
EAST #56129@t = 5.55 5 "3
73 ! | ! ! SO LPS' I TER (36 X 64) INIT_TURB RUN_TURB
> Include currents and drifts by merolaion (TORB). o than v v and
N > CEl:n;=2.2x 10 m?, T/T, = 450/320 eV R et M e
.25 . Read files: BOUT.dump.*.nc
> Evolvingn,,T;, T, J,and ¢ .
- BOUT++ (200x64x64) Profiles of ny, Ty, Te, Jy. ¢ ( ) Profiles of Dy, %, Xir Xe
—0.25 - - -
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Steady-state coupling simulation workflow

m As expected, plasma profiles converge along with iterations
Profiles at OMP and target in good agreement with experiment
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Time-dependent coupling simulation workflow

[ Initial plasma profiles PPy J [ Initial plasma fluctuations ] Transpo rt S | mu Iatl on

turbulence simulation under

ransport simulation with Turbulence simulation
plasma profiles PPy

assumed transport coefticients N

PP: plasma profiles
At,: transport time step size
At;: turbulence time step size

m Loopl:inner iteration

v Ensure the self-consistence between the evolution of
plasma profiles and the turbulence transport flux based
on the predictor-corrector method

= L00p2: adaptive Change of time Step ...... e | R -

Start of the time-dependent
simulation

Advance the time step of
transport simulation

v ELM burst: decrease time step size to ensure accuracy | =it | Loop ®
- . R . .. grennenn T T T T e T L e R e e R L LRI ECRRTECERIE T
v Recovery: increase time step size to improve efficiency iy ~ ' )
i 1| Setthe time step size Ath | €73 < &| Calculate relative error err, |21~ &| Calculate relative error err, €71 < &
1 According to Eq. (3.32) According to Eq. (3.31) According to Eq. (3.30)
i . . 8 k+1 B J/ — - J §
change ratio of the time step size At = = | Aty  Ha(ern Aty | i : Loop @ |7 G o f )i
0.4 . er rl ' Predict plasma profiles PPY ‘\" Correct plasma profiles PP! | :
81 transpor_t simulation_with _transport 5' ': transport simulation with updated
I t_ coefficients of previous time step -“ LOOP @ " transport coefficients
021 Relative error nx—1my—1 ) ] ‘ o k 1 J
Z z |P iy PPIOH | | T} (7 Caleulate transport
U ;i ix=0 iy=0 D o Start of the inner iteration Advance inner iteration step coefficients

% errl (PB ) T =G =i+l tu.rbuler.me simulation up ;E,a
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Simulation setup

m Based on EAST grassy ELM experiment (#71096)

Density (10*°m—3)

e SOLPS-ITER (36x64) 33
» CEl: n, = 1.5 x 101 m®, Pgo, = 1.6 MW s
> Include currents and drifts, time-dependent EAST $71006 5 28 = 04
. t=528s =20 £
- — BOUT++ 1.5F =,
> Evolvingn;, T, T,, J,and ¢ — soursmer | ) los =
1.00 [ 1 A
e BOUT++ (200x64x64) 03 o1
» Six-field two-fluid model, n = 0 components fixed 0.75F e
> Atl =20 T (AtBOUT++ =1 TA) ol 0.80 0.85 0.90 Y 0.95 1.00 1.05
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ELM cycles

m Quasi-periodical rise and fall of pressure . e A — i
appears at pedestal foot (y = 0.98 ~ 1.00) 0t ap f| P T—= '
. . 10 -
m ELM frequency ~ 2 kHz — consistent with op Ny
experiment : <t [ 1
m Counter-clockwise trajectory on the P-B a0 04l ‘ _
diagram 20 02 ,M s ' Sy “N 'h
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Radial distribution of fluctuations

m Density and ion temperature fluctuations locate at pedestal foot (= 0.99)
m Electron temperature fluctuations locates at gradient region (y = 0.95)
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Physical mechanism: linear growth rate

m Comparing linear growth rate under profiles pre- and post-ELM
> N =5 peeling mode most unstable (agree with the analysis in G. S. Xu, et al., PRL (2019))
> Periodical change for high n ballooning modes (50-80) with simulated E,
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1.05 ———— e X Lo 105
. m i 0.8 _
Linear growth rate Lo F I PN OF i 0.6 100
0.30 T T T T T T 0.4
—e— pre-ELM 10 ! 0.95F m : 0.2 0.951(3
0.25F —eo— post-ELM ) | ! E i i 0.0 s
--#- pre-ELM with E; dia Pre-ELM _ 0 e i 0.90 Ba”boriln:g mOde 1 —02 0.90 i ‘l‘ i i
- - =, i r,dia E ‘‘‘‘‘‘‘ | ] ] —0.4 - : I A
020k —*- post ELM‘-VlthE,d = 10 i vasl . 06 ggsl drift-Alfvé mode |
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Physical mechanism: nonlinear interaction

m However, while the linear growth rate almost unaffected, strength of n =5 mode periodically evolves
m The strength of nonlinear interaction between low and high n modes:

> Amplitude of low n mode increases in ELM phase Low n mode driven by nonlinear interaction:
. . . — -
» Strong interaction during ELM phase Inverse cascade
0 P : Ch. Ritz, et al., Ph i
e _ : : ., Phys. Fluids (1989)
ot Pn (t) - &n (t)+ Z EI( nl’ n2) Pﬂl (t) Pnz (t)+ dISSIpatlon’ S. Chai, Y. Xu*, et al., PoP (2017)
n,2n,,
Linear growth n;+n,=n  Nonlinear interaction
1075 | 80
ELM phase —— ELMphase 60 -
10—6 B recovery phase | blspectrum
i~ Recovery phase 40
2 0 : ?
U 3 20 ~ vaz(rh’nz)
= - byvz (n1’n2)= 2 2
£ | e X ()Y ()2 (n+n,)
e -20 n .
g 10°F 1 " Byvz (N, 0,)=X(n)Y (n,)Z"(n,+n,)
oL Power spectrum of Recovery
Pressure fluctuation E phase @)
105 S -80 .

10 10 10 80
H n n
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Radial particle transport

» Dominated by n =5 mode ,<| — ELMphase
recovery phase

» Strong particle transport at pedestal ,,[ ]
foot: important for maintaining low | '
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Physical mechanism: grassy ELM cycle

Linear drive

Gradient at
Pedestal foot

=P E|_M phase
= Recovery phase

increasing

High n
ballooning mode

‘ destabilizing
stabilizing

decreasing

reducing enhancing

Turbulent
transport

decreasing \

n =5 peeling mode

increasing

Nonlinear
interaction
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Simulation setup

m  Simultaneous detachment and ELM mitigation achieved in EAST experiment with Ne injection
m To qualitatively simulate the edge plasma profile evolution after impurity seeding

e SOLPS-ITER (36x64) BT M:( T ST #Mese0t =33
> CEl: n, = 3.4 x 1019 m?3, Poo, = 3 MW Gl -
> Include currents and drifts, time-dependent
> Impurity seeding with fixed Ne?* density at CEI

-
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e
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- N W
88 8
R |

» Evolvingn;, T;, T, J,and ¢ gw
o BOUT++ (200x64x64) Y =

» Six-field two-fluid model, n = 0 components fixed

1 1 i i ici 8+ £ F [SoserZinr} -1.00- “ .
> Including impurity effect via vorticity (only Ne8*) , ZDW e
> Transport coefficients D;, V; and g/, (same for impurities) ~ o - - - T TS e e 2n e
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Simulation results

m Phase A: Large ELMs / attached

o
N

: . - (a) Ne** @CEI=5x10"m™
> No Impurity o
> Rapid increase of T, oy due to large ELM £ 10 Mimp@OMP
> Maximum T, at SP on OT = 50 eV é’ i
S
m Phase B: small ELMs / attached £l
» Ne8* density at CEl: 5x101" m3 | ~Noimp. | /~ Lowimp | ~ Highimp
> Dramatic decrease of T, fluctuation T —
> Average T, at SP on OT =25 eV oo IR i i
o I
m Phase C: small ELMs / detached S ]
» Ne?* density at CEl: 1x10% m-3 q‘ I
> T, fluctuation almost vanishes ! 1007 B C !
> Average T, at SPon OT =5 eV [ y
00 | 5 . 10 | 15 . 20 215 . 310 . 315 . 40 . 45 . 50 . 55 | 60 . 65

time (ms)
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Divertor plasma: attached — detached

m Both inner and outer divertor achieve energy detachment, higher particle detachment level for inner target
> Qualitatively consistent with experiment

m  When approaching detachment, radiation region moves from outer target toward X point

m Total radiation power 2.39 MW (80% Py, ), 0.68 MW from core region (28% radiation fraction)
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ELM size: large — small

m Distinct recovery phase following ELM burst for large ELM (phase A): gy ~ 108 Hz (Exp. ~ 200 Hz)
m  Quasi-continuous exhaust feature for small ELM (phase C): fg \, ~ 500 Hz (consistent with Exp.)
m ELM size of small ELM (2.53%) is about half of that for large ELM (4.75%0)
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11SE=Y A ' . . —
Lol Phase A (@) 1
6 T T T - 6 T T 105+ (Iarge ELM) |
. Phase A (@) Phase C (b)] — fe m ~ 108 Hz
st (large ELM) 1 st (small ELM) r} 0'% ‘
E ; ] Q‘ >~ '
< 4f ELM i'ze-- 4 ELM size: 0901 [ {post-ELM
& & :
= 4.75% & 2.53% 0.85( , ipre-ELM
AN 3 & 3F 0.80 i N #1 1 1 H 1 L #2 L L
i 0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 20.0
2+ pre-ELM 2 time (ms)
b post-ELM 1.15
: . . . . . . Phase C )
1 1 L10k 4
0.85 0.90 0.95 100 085 0.90 0.95 1.00 (small ELM)
” w 1.05}
" - 100} feum ~ 500 Hz
aw., . dygp\gd0ds (B~ Buerin) Z oosf
ELM size: = Wp == x100% R 190
ped I‘ﬁ‘m dl/j@ '\/Edgdgf;re—ELM 0.85F
0.80
0.75 . . Bl
56 57 58 59 60
time (ms)

2025/10/31, Vienna Simulation study of the grassy ELM cycles within EPCS framework 23



=<

\'\/ :
% 9
2 S
% S
D
e
%ep,

ELM mitigation: degradation of pedestal profiles
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m Degradation of pedestal profile after impurity seeding: suppress pedestal instabilities
m Impurity itself also has stabilization effect wss S.F. Mao, Poster in this meeting #17
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Outline

m Motivation

m Edge plasma coupling simulation framework (EPCS)

m Time-dependent simulation for grassy ELM cycles

m Impurity seeding: simultaneous detachment/ELM mitigation
m Conclusion

2025/10/31, Vienna Simulation study of the grassy ELM cycles within EPCS framework 25



Conclusion

m EPCS framework is developed for research of physics mechanism behind ELM/detachment
control and prediction of edge plasma behavior in future device

m Simulations are performed based on EAST experiments

> Grassy ELM:
> ELM frequency ~ 2 kHz and counter-clockwise trajectory in P-B diagram: consistent with experiment
> At pedestal foot: high n ballooning mode — nonlinearly enhancing peeling mode — ELM burst
> Strong turbulent particle transport at pedestal foot: facilitates maintaining of low density gradient
> Simultaneous detachment and ELM mitigation by neon impurity injection:
> After impurity seeding, large ELM—small ELM and attachment — energy detachment
> ELM mitigation mainly due to the degradation of pedestal profile after impurity seeding

m Next step:
> Validation (and investigation) for more experiments and devices. Welcome collaboration!
> Development with more physics model (e.g. micro-turbulence) yemy@ustc.edu.cn
> Simulation for reactor level devices (prediction) sfmao@ustc.edu.cn
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Thanks for your attention!
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