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Background — Electromagnetic turbulence

* Local & electrostatic turbulence well studied
Local or electrostatic turbulence also studied

Global & electromagnetic energetic particle (Alfvén eigenmodes) physics well
studied
“Electromagnetic stabilization” and “Energetic particle (fast ion)” stabilization of
turbulence increasingly discussed

* Physical explanations seem to be unclear (competing?), also hard to say what is

consequence of model used
» Hard to decorrelate from MHD physics



Goals of this talk

» Take a step back, try to understand global electromagnetic instabilities, especially
in a linear picture

* Maybe lead to you question some things you think you know about the

electrostatic lon Temperature Gradient (ITG) to electromagnetic Kinetic Ballooning
Mode (KBM) transition
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Background — Electromagnetic turbulence

For example, [Goerler+ PoP (2016)]
* benchmark of European gyrokinetic codes,

global extension of the

cyclone-benchmark-case (CBC)
« Scan vs mode number in electrostatic limit
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Background — Electromagnetic turbulence

For example, [Goerler+ PoP (2016)]

* benchmark of European gyrokinetic codes,
global extension of the
cyclone-benchmark-case (CBC)

« Scan vs mode number in electrostatic limit
» Scan vs beta at fixed mode number (n=19)
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Background — Electromagnetic turbulence

a) Bret(r/a = 0.5)
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Global electromagnetic gyrokinetic code ORB5



ORB5 ' (and EUTERPE)

“ORB5: a global electromagnetic gyrokinetic code using the PIC approach in toroidal
geometry”
* Fields solved using finite elements (cubic B-Splines)
Filter applied in toroidal and poloidal mode numbers
e m(r)=nq(r) = Am
Effectively mitigates with the so-called cancellation problem using the pullback
scheme [Mishchenko 2019]
* Here: gyrokinetic ions, drift-kinetic electrons
* Previously used for turbulence studies as well as EP physics
International AE benchmarking activities:
* e.g.: ITPA-TAE benchmark, DIlI-D RSAE/TAE benchmark
* benchmarking activities used local Maxwellian for EPs

* Recent developments for numerical and semi-analytical distribution functions
for details, see Lanti+ CPC 2020, Mishchenko+ CPC 2019




ORBS5 particle equations in mixed variables
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ORBS field equations in mixed variables

Gyrokinetic quasineutrality (poisson) equation:
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ITER 7.5MA Pre-fusion scenario



ITER 7.5MA (IMAS #101006) Pre-fusion-power-operation-2 case
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* H-plasma, 1/2 fields, 1/2 current,
NBI-heated 1-

* Low shear, (multi-) reversed g-profile
due to off-axis beams

» Flat density, peaked temperature -1
profiles
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* H-plasma, 1/2 fields, 1/2 current,
NBI-heated

* Low shear, (multi-) reversed g-profile
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ITER 7.5MA without EPs

AEs in the absence of
EPs (stable, weakly
damped)

TAEs, EAEs, lower
frequency (RSAE and/or
BAE)

n=12 (BAE)
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ITER 7.5MA without EPs
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ITER 7.5MA with EPs

Adding EP distribution,
introduce AE drive
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ITER 7.5MA with EPs

Adding EP distribution,
introduce AE drive
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ITER 7.5MA with EPs

Adding EP distribution,
introduce AE drive

E.g. n=18
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ITER 7.5MA with EPs

Adding EP distribution,
introduce AE drive

E.g. n=18
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ITER 7.5MA with EPs

Adding EP distribution,
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ITER 7.5MA (without EPs)

Increasing the mode number, looking for other kinds of instabilities
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ITER 7.5MA (without EPs)

Increasing the mode number, looking for other kinds of instabilities

* ITG — Unstable electrostatc modes found in range of n ~ 180 — 200
* Unexpected electromagnetic modes found in range of n ~ 50 — 80
* Alfvénic lon Temperature Gradient modes (AITG)



ITER 7.5MA without EPs (meso-n BAEs/AITGs)

Higher-n core BAEs/AITGs
(Alfvénic ITG) in the absence of
EPs (driven unstable by bulk
plasma?)

— flute-like structure

Low frequency: in range

40 < n < 70 (v depends on
distance between rational and
g-extrema)

2Zonca+1996;,1998
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ITER 7.5MA without EPs (meso-n BAEs/AITGs)

Higher-n core BAEs/AITGs
(Alfvénic ITG) in the absence of
EPs (driven unstable by bulk
plasma?)

— flute-like structure

Low frequency: in range

40 < n < 70 (v depends on
distance between rational and
g-extrema)

n=50, frequency: -37.4 kHz
v/w=5.5%

2Zonca+ 1996; 1998
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ITER 7.5MA without EPs (meso-n BAEs/AITGs)

Higher-n core BAEs/AITGs
(Alfvénic ITG) in the absence of
EPs (driven unstable by bulk
plasma?)

— flute-like structure

Low frequency: in range

40 < n < 70 (v depends on
distance between rational and
g-extrema)
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n.b. fig amplitude does not imply mode amplitude
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ITER 7.5MA without EPs (meso-n BAEs/AITGs)

Higher-n core BAEs/AITGs
(Alfvénic ITG) in the absence of
EPs (driven unstable by bulk
plasma?)

— flute-like structure

Low frequency: in range

40 < n < 70 (v depends on
distance between rational and
g-extrema)

n=50, frequency: -37.4 kHz
v/w=5.5%
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ITER 7.5MA without EPs (meso-n BAEs/AITGs)

Briefly address the g-profile: a
g-constrained CHEASE
equilibrium run gives a closer
match of q(r).
* An related to closeness of
rational surfaces to extremum
of q c
* Value An comes from rational
approximation of Qmax

(Vertical lines mark rational surfaces)
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JET & AUG



JET #73224

* In [Di Siena, Hayward-Schneider, et al., NF (2023)], investigation into EM
EP-driven modes in the plasma core
« JET #73224 case chosen, density rescaled to increase beta
* Monotonic g-profile
» Comparison between GENE local, GENE global, ORB5 global

* LIGKA Alfvén continuum results included for comparison to reach physics
explanation

» Even without EPs, Alfvénic mode weakly unstable
* LIGKA found &(w) > 0 in Alfvén continuum, w* pushing AITG unstable



JET #73224 n=7 w/ EPs
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JET #73224 n=6 w/ & w/o EPs

ES Potential
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AUG #31213

ASDEX Upgrade shot #31213, aka “NLED” case

Shot with rich nonlinear EP physics, due to large Sgp/ A ratio

* Main physics considered, n = 0, n = 1, and their interaction

* In [Vannini, ..., Hayward-Schneider, et al., JPCS (2022)] en passant,

electromagnetic n = 6 mode found to be unstable; driven by bulk plasma
n={1} n={2} ] n={3}

wlwaol
v[kHZ]

Radial position Radial position Radial position



AUG #31213 n=6

le=s t=13680.000000 0.6
—7 15 04
2.0 -8 — 16 -
—_—9 — 17
— 10 — 18
1.5 — 1 — 19 0.2
_ —_— 12| — 20 3
£ 13|} 4t 21 2
e A 3 N
g 10 g g 0o I
& =
Q g
w =
-200
0.5 —0.2
N —400
0.0 Saneit = = 0.4
\ !
N1
: —600
-0.6
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 Lo
s Radial position

97 kHz



Simplified geometry



Scenario®
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Scenario*

Hydrogen plasma EPs (when present):
T(0) =4.4keV Ti/T. =10

n(0) = 9.478 x 101" m=3 < ng >/ < ne >= scan (1%, 2%, 5%,
B=1T 10%)

RO = 10m Kns = 0.3

a=1m KTf = [0.0, 2.0]
g=11+08L?

p«(8=0.5) =1/180

me/m; = 1/200

knj = 0.3 (a/Lx)

kri=2.0

KT e = 2.0

“PPCF 64 (2022) 104009 A Mishchenko et al.



Scenario*

Hydrogen plasma

T(0) = 4.4keV

n(0) = 9.478 x 10" m~3
B=1T

R0 =10m

a=1m
g=11+08L?
p«(8=0.5) =1/180
me/m; = 1/200

knj = 0.3 (a/Lx)

“PPCF 64 (2022) 104009 A Mishchenko et al.

EPs (when present):

Ti/T. =10

< ng >/ < ne >= scan (1%, 2%, 5%,
10%)

Play with thermal beta, and EP beta to
understand physics




Background (Alexey)

 Alexey studied this case in

paper last year, “ITG-KBM” .
s . . . 0.0021- qp)=1.1+0.8p 4
transition with increasing 3
- . 0.0015— 4
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phase in detail
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Rational Surfaces
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Rational Surfaces
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Rational Surfaces
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Rational Surfaces
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Rational Surfaces
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EP scan (k7 = 2.)
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EP scan (k7 = 2.)
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Nonlinear scan

Running multi-n (0-40) runs, like [Mishchenko+ 2023]



Nonlinear scan
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Nonlinear scan

$n(m), twe = 42480.0
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Nonlinear scan
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Nonlinear scan

ES Potential

High beta (5. = 0.0024)
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Nonlinear scan

$n(m), twe = 46280.0
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Conclusions & Outlook

Electromagnetic AITG modes found
in experimental cases (ITER, JET,
AUG)

* Especially at low/zero shear

* Flute-structure
In simplified geometry, simple 1D
“ITG -> KBM” picture becomes 2D,
less simple

 Rational surfaces

 Shift to low-k
Addition of EPs complicates matters
non-trivially (to be continued...)

Nonlinear case retains certain flute
rational surface effects
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Electromagnetic AITG modes found
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AUG)

* Especially at low/zero shear

* Flute-structure
In simplified geometry, simple 1D
“ITG -> KBM” picture becomes 2D,
less simple

 Rational surfaces

 Shift to low-k
Addition of EPs complicates matters
non-trivially (to be continued...)

Nonlinear case retains certain flute
rational surface effects

More detailed impact of EPs to be
further investigated
Effect of magnetic geometry (density
of rationals)
Choice of electromagnetic model

* e.g. magnetic compression [Scott,

McMillan, Mishchenko, Sheffield]

Investigate the nature of
phase-space
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