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System couplings in burning plasmas (@)

Energetic Particles (EP) are abundant in burning plasmas
“Meso-scale” EP dynamics introduces couplings across scales
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MAX-PLANCK-INSTITUT (C‘)}) EUROfusion A. Mishchenko | Thrust meeting | 29.06.2023 Page 2
\=

FUR PLASMAPHYSIK i



\
4y

)
~,
2

Burning plasmas: modelling {

¢
|
=

. Burning plasmas will have high beta and include energetic particles
. Presence of energetic particles creates complex coupled system

. Single framework including all parts consistently is heeded

. Many parts of the problem are kinetic and global

. Many connections between the parts are kinetic and global

. Global gyrokinetic theory is a minimal inclusive description

. Global gyrokinetics requires intensive computation (exa-scale)

. Multi-fidelity approach is essential in practice

TSVV10 code stack: TSVV10 Theory:

« Global gyrokinetic: ORB5, EUTERPE, LIGKA Phase space zonal structures
* Global kinetic MHD: XTOR, HYMAGYK, HMGC Generalized fishbone disp. rel.
* Integrated modelling: LIGKA, HAGIS, ETS Dyson-Schrédinger model
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(A
Theory O
Scattering of TAE by ambient stationary DW: symbolically
Generalized fishbone dispersion
relation; phase space zonal
structures and transport theory,
Dyson-Schrodinger model.
(i) Generation of KAWs by TAE €2, and DW (2, coupling
: : dy }
casdby = Biods 0 1
Y R (1)
(ii) Feedback of KAW to test TAE €2,
€40 + 0|00 |°] 5o = B 691001 + By 600" | (2)
= test TAE evolution due to DW scattering to short wavelength KAW €
) i g ot
a0+ oo 2] oo — |50 7200 + a0, P00 g 3)
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Theory compared to simulations ®)

Dynamics of the Alfvén modes in single n=5 simulations: from
drift kinetic to gyrokinetic |
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Simulations compared to simulations )
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Figure 11. TAE solution (left) and RSAE solution (right) as obtained by HYMAGYC (top), MEGA (middle), and ORBS5 (bottom) at ‘low’
values of EP density (left column), and *high’ density (right column). Note that the values of iy /ny varies for each plot; note also that some
of the plots shown in this Figure are the same of figure 8 and are reported here for the ease of the reader. -200 .
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XTOR-K: verification (ITPA benchmark) ®)
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n=6 TAE evolution:

Gamma = 2.18 x 10*s’!
Omega = 0.399 x 10° rad/s

Compares well with
[Mishchenko 2009, Konies 2018]:

KTOR 1560.00

!s-z Gamma = 2.3 x 104 +/-10% s/
Omega = 0.42 x 10° rad/s
U'_TH Omega ideal MHD eigenvalue
. code (CAS3D):
i_zq Omega = 0.401 x 10% rad/s

200 #.2% BELD S75F 1000 1035 1050 1475 11,00

R
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XTOR-K: kink + EPs ®

Internal kinKink simulations (2) : Hybrid simulation
with 2Mev Fusion alphas

XTOR 115888 —_—=_ B 325 Ni0=ne[}=2 10“19 I"ﬂ—3
s gl =D Vi(phi=0) Ti0=Te0=30KeV
| M A '- Nf0=4.10"17m-3  sgturated helical
08 075 Beta_pol=0.78; el
ol r(q=1)=0.45 equilibrium state
. S=3.e6
o Chi//=1., Chi_perp=1.e-6
e =1.50
—0.75 4
2 o Fluid and kinetic ion pressures
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Simulations compared to experiment ©)

NLED-AUG case

ASDEX Upgrade discharge #31213©0.84s
P. Lauber et al., proceedings of the 27th IAEA Fusion energy, 2018.
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IDA [1/m~ 3]

le

19

Integrated modelling via IMAS (IDA, LIGKA, ETS)
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slow L-H transition with constant heating power in the presence of strong EP activity
L-mode activity very similar to NLED base case (EGAM/BAE/TAE intermittent crashes,
#31213) - but now in flat top phase with transport analysis possible!

automated analysis on Gateway now working using python EP-WF

Using time evolving experimental profiles (e.g. density) for LIGKA EP simulations
Hierarchy of models of varying fidelity available (from local models to full GK)
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IMAS: coupling EP actors to ETS

OCC 2: Profiles updated during iterations
OCC 1: Profiles from the last converged time step, not to be modified

TRANSPORT SOURCES

solution
at previous

solution at
avious iteration

1D
TRANSPORT
EQUATIONS

DATABASE Pedestal
. Predi

new

v converged solution
for the core PLASMA

DMITTHILI 4334 CITUSANOS 100
[EICE W E S g R R T)

new ->0QCC 2

nonewyonverged solufion

EDGE CONVERGENCE
PLASMA_OUT
LONVERGED -
J occ2

old->0CC 1 QOcc

QCC 1 at fist call
QCC 2 at later calls
Grad - Shafranov Solver Core/pedestal transport models
6g. CHEASE, HELENA, eg. BGB, EDWM, MMM, TGLF,
GKMHD, SPIDER NCLASS, stc

HCD and impurity related sources
6g. NBI: BBNBI/ASCOTor NEMO/SPOT
ICRH: CYRANQ/LION, FOPLA/TORIC,
ECRH: GRAY / TORBEAM, stc

MHD actors/codes and
actuators eg. NTMs
+ LIGKA, HAGIS, stc

1D transport solver
supporting many

implementations and

numerical solvers

Further details at the EP Stability WF training course on July 18-19t" 2023
https://indico.euro-fusion.org/event/2729/
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https://indico.euro-fusion.org/event/2729/

Stellarators: ICRH modelling (@)

5% H minority

10% H minority 15% H minority

modEplus

Comparison of the ICRH wave field (|E|)

102 . . :
@ overall shape of the wave field looks similar o 109% H minorty ——
10 15% H minority 1

@ resonance only in the bean-shaped cross section and absent in triangular cross 1}

section £ o
g
e e . . s g0 |
@ depends on equilibrium (mirror ratio) =
1015
10™ b Wl \
1013 )
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Unstructured meshes are generated for
circular geometry

TAE oscillation simulated using the
modified ITPA-TAE parameters
107% m, 1

. n=2 = —_— = —
b= ‘mp ~ 200

: . 1
« nominal:n=6,8=9x 10 4’%=ﬁ
P

Magnetic axis is included
Two species; pure p, form

18 radial grids, 8 grids/per toroidal wave
length

Ongoing: simulations with smaller electron
skin depth (d.), longer time scale, higher
resolution.
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« Aiming for physics studies with X point, EM and kinetic electrons

« Field aligned coordinate in parallel direction, unstructured mesh in (R, Z): merit more effort

« Application to EP/AE studies in AUG experiments merits more effort

+ Implementation of the EM GK model in JOREK can lead to a powerful tool

« Full f collision might reveal interesting physics (NC-instability synergy, edge coupling etc.)

W
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Fast ion stabilization of EM turbulence O
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Fast ion do not transport much of energy. Total heat flux reduced by the fast ions! ., = 0.1%
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Perturbed energy flux
H

Fast ion stabilization of EM turbulence
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For B, = 0.24%,
the dynamics is
different. Fast ion
heat flux is
substantial. Total
heat flux is not
reduced!

Global Alfvenic
mode (a BAE?)
develops driving
fast ion energy
flux. Work in
progress!
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EM Turbulence simulations in ASDEX-Upgrade
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Real-space mode structure in ASDEX-Upgrade
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10-1

EM simulations in JET geometry (®)
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TAE/EPM instabilities in JET and turbulence
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Chirping TAE/EPM instabilities in TCV (®)
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EM simulations in stellarators ®
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Toroidal spectrum: ZF and KBMs ‘®
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Toroidal spectrum and zonal flow evolution for 8 = 2.8%
Zonal electric field (blue line) is driven self-consistently by stellarator turbulence
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Tearing mode simulations
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Tearing instability develops; peaked structures at resonant flux surface
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Tearing mode simulations
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More complex physics for plasma with non-flat profile (turbulence)

It includes tearing, AEs, EM turbulence, and ZFs
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Maxwellian fast ions; shifted Maxwellian for electrons.

0.00001422

0.00001264

| 10.00001106

0.00000948

0.00000790

0.00000632

0.00000474

0.00000316

0.00000158

0.00000000

o - - - C Precessional FB
0.001 - vZonca fishbone I '
) 00001
S 0.0001- Diamagnetic kink - g
g gy TS B
— Kn =1.0
>t Kn =3.0 :
le-USE— o,/ 0, (x =10) _ r Diamagnetic kink
! . ! . l . ! . l . . ! . l . ! . | .
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
U/ Mo U/ e 9.00 9.25 9.50 9.75 10.00 10.25 10.50 10.75 11.00
R, [m]
) .
MAX-PLANCK-INSTITUT () EUROfusion A. Mishchenko | Thrust meeting | 29.06.2023 Page 26

FUR PLASMAPHYSIK



Chirping TAEs

Electromagnetic turbulence and global modes 9
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Figure 13. Energetic-particle nonlinearity only (flat bulk-plasma profiles). Frequency
as a function of time for the fast-particle fraction: (a) frp = 0.01, (b) fzp = 0.015,

(¢) fep = 0.017, (d) fep = 0.02. One sees how the nonlinear frequency evolution

increases with the number of the fast particles.
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Conclusions ©

TSVV10 succesfully started its work in 2021

Regular team meetings (indico)

Publications and conference presentations (pinboard)
Cooperation with ACHs and other TSVVs

Extensive usage of EUROfusion’s HPC (including GPUSs)

Interactions with EUROfusion’'s Work Packages

* Implementation of IMAS-integrated energetic-particle Workflow to
TCV, AUG-U, JT60-SA

« Participation in analysis and planning of W7-X experiments

Broad cooperations within code-developer teams
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