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Main plasma instabilities

Drift-wave instability
> ES: ITG, CTEM
» EM: IBM/KBM

MHD mode
» EM: kink, tearing

Alfven eigenmode
» EM: TAE., RSAE, KBAE
» EMV/ES hybrid: BAAE

Reactive (fluid-type)
Dissipative (kinetic-type)

Modify/Drive

EP kinetic response
(Wave-particle resonance )

Goals of MAS eigenvalue code:

- Cross-scale drift-Alfvenic instabilities
- MHD/kinetic continuous spectrum

- Resonance condition in phase space
- Capabillity of realistic geometry
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Landau fluid model for bulk plasmas

Bao et al, Nucl. Fusion 63 076021 (2023)
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Important features of Landau-fluid model

» Braginskii model using drift-ordering
» Kinetic effects on top of full-MHD
v" lon/electron diamagnetic drifts
v" lon/electron Landau damping (Hammett-Perkins closure)
v lon finite Larmor radius
v Parallel electric field
» Reduce to full-MHD by dropping labelled kinetic terms



Algorithm: eigenvalue approach

Five-field Landau-fluid model can
be converted to a generalized

eigenvalue problem 50
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Normal modes: Alfven wave and acoustic wave
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v" Comparison of coupled KAW-ISW dispersion relation between drift-kinetic model and Landau-
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MHD mode: internal kink mode

«10*  Growth rates, full ideal MHD
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MHD mode: resistive-tearing/drift-tearing modes
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ITG:

KBM:

G/KBM

Drift-wave instabilities: |
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mode polarizations

v Low beta regime: finite-beta stabilization on ITG

v High beta regime: KBM onset
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RSAE: upward frequency sweeping

Ideal reduced-MHD Ideal full-MHD Landau-fluid (w/o ion-FLR) Landau-fluid (comprehensive) ]
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TAE radiative damping
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Polarizations of KBAE and BAAE
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Drift-kinetic energetic electrons

Linearized drift-kinetic
equation

Lodfr + 6L  fro =0

» Adiabatic response
v' convective effect

» Non-adiabatic responsg¢
v" Precessional-drift
resonance

0 L 0
L b — By - VB
07 ot (v” o+ Vd) v meBo v 001)”
B B 1 00 A 0
L _ 0B Rval e 0 1
0L~ = ('U“BO -l—VE) \Y% [meBO(SB VBO-I- (Bo - Voo + : ot )] a’U”’
Sfn =60f2 4+ 6K
2
A_ Y B Qe n,h MV + 2480 3\ wrp
of" = ThO (6 — dv) fho 5¢ ! - + ( oTho 5 - fro
{I} (11}
v bo - VOK? = — iiw (1 =2} (56 — (1-=22) s¢fig
hO hO
t t w de _ w*p,h SV de _ w*p,h 7
0K = 6Kb o \w — Wy ThO (1 w ) (5¢ W) fh(ij_w — Wy ThO (1 w ) wddl{pfho

7

(1 (n

t7




EE moments integrated from Kinetic responses
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Coupling scheme for EE and bulk plasmas

Landau-fluid
(bulk plasma)

Ion continuity
equation: dn;

Parallel momentum
equation: éu,;

Ion pressure
equation: 6P;

! Electron continuity !

l equation I

Parallel Ohm’s law:

Electron isothermal
condition: 6T,

Py

Coupling

—

Quasi-
neutrality
condition: §¢

{ 6ni

8nh
u i
Parallel
—e Ampere’s @
law: 6A||
8u||h
v 5P;
Vorticity
—> uation: 6P,
6¢ and 6/1“
( 3 5P},

[

Integrate

Drift-kinetic EE

(energetic electron)

: EE perturbed |
I distribution: 8f}, :

EE continuity !
equation I

EE perturbed
density: én,

EE perturbed
current: 6y,

EE perturbed
pressure: 6Py,

(g~]

djea3au]

v ény, modifies quasi-
neutrality condition

v' duy, modifies parallel
Ohms law

v' 8P, modifies vorticity
equation

» Enable accuracy for
both EM and ES cases
through density and

pressure coupling
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Verification of EE-driven BAE (e-BAE)

* MAS
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v' Good agreements between MAS eigenvalue and GTC initial value results.
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Effects of different EE responses on e-BAE
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» EE-IC (interchange convective response): broaden radial width, decrease frequency
» EE-KPC (kinetic particle compression response): anti-Hermitian contribution to dielectric constant
induce mode structure poloidal phase variation (triangle shape), increase frequency




Experimental appllcatlon |n EAST discharges

* Dependences of m/n=4/1 e-BAE
w, and y on EE density and

temperature in EAST shot #825809.

* EE non-perturbative effects
»Decrease w,
»|Increase e-BAE sideband
amplitudes

* |dentify the Bj threshold for EE
excitation of BAE.

Bao et al, Nucl. Fusion 64 (2024) 016004
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» Numerically integrate El
moments in velocity space
Gyrokinetic equation for  ,, o " * » from perturbed distributions

non-adiabatic response (JB‘9 tigp ~iw - wd)) 0Ky = —izp-(w = wpn)Jofuo(Ad + 70¢) with Bessel function
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Verification of El-driven RSAE

RSAE linear dispersion relation of different codes
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MAS simulation of El-driven RSAE in DIlI-D shot #159243 equilibrium

» El non-perturbatively modifies the RSAE mode structure with radially varied poloidal phase angle
(1.e., triangle shape mode structure).

v" FOW stabilization of RSAE in high-n regime, good argeements on RSAE dispersion relation with
other codes. 75
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Full-MHD results of n=4 continuum in DIlII-D shot #159243

» Independent continuum module has been developed in MAS framework.

v" Full-MHD calculations of Alfvenic and acoustic continua, with carefully identifying polarization and

poloidal mode numbers.
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Landau-fluid results with kinetic effects

lon diamagnetic drift upshifts
continuum frequency
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Resonance condition of typical EPs in phase space

Q(E, P¢, p) = n{we) — Kwp) — wn =0,

MAS compute poloidal and
toroidal frequencies (w¢ and
wg) by tracing the particle
motion.
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> Test particle module has been developed for calculating EP characteristic frequencies in general geometry.

» The small dimensionless orbit width of EEs in present-day tokamak (i.e., EAST) is close to alpha particles in future
fusion reactor (i.e., ITER), which mainly interact with AEs through precessional-drift resonance.
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Summary on MAS capabillity

Five-field Landau-fluid model for bulk plasmas
= Cover cross-scale plasma modes: low-n MHD, mediate-n AE, high-n drift wave instability
= Diamagnetic drift, Landau damping, FLR, finite parallel electric field E|,

Drift-kinetic EE and gyrokinetic El
=  Precessional-drift resonance, transit resonance, FOW, FLR

Continuous spectra
= |deal full-MHD continua: SAW and ISW
= Landau-fluid continua: KAW and ISW (ion diamagnetic drift, Landau and radiative damping)

Resonance condition in phase space
=  Numerical calculation of characteristic frequencies by tracing the particle orbit

=  Resonance line calculation for each harmonics

Wide applications for AE stability analysis in EAST, HL-2A/3 and DIII-D experiments.
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MAS research activities

* Code developments and physical applications
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