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Introduction (@)

Turbulent transport has been found to play an important role in Wendelstein 7-X plasmas.

With the heating power increasing, the electromagnetic effects become important in turbulence and transport.
Stellarator reactor plasmas will be electromagnetic

Fine-scale turbulence and zonal structures cannot be considered separately from Alfvénic modes.

MHD-type instabilities will also affect the plasma dynamics, turbulence, and transport in phase space.

Plasma profile evolution becomes a multi-scale nonlinear problem with global and kinetic contributions.

Global nonlinear gyrokinetics is a minimal inclusive description addressing this problem within a single framework.

This talk: global gyrokinetic simulations of multiscale fusion plasma dynamics in stellarators.



Experiment (JET, Deuterium-Tritium campaign)
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DT JET #99896: ICRF heating added at t ~ 7 s; confinement improvement and increased fusion reaction (fast ions).

J. Garcia, Y. Kazakov, R. Coelho et al, Nature Communications [2024]
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DT JET #99896: ICRF heating added at t ~ 7 s; confinement improvement and increased fusion reaction (fast ions).
Electromagnetic perturbations over a wide range of frequencies.
Heat transport significantly reduced because of the energetic-particle driven instabilities.

J. Garcia, Y. Kazakov, R. Coelho et al, Nature Communications [2024]
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Global NL gyrokinetic theory Is a minimal inclusive description
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ORB5 and EUTERPE codes

¢ Global nonlinear gyrokinetic particle-in-cell codes
+» Electromagnetic, kinetic electrons, collision operators
¢ Arbitrary-wavelength solver, model for 5B“ available
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ORB5 and EUTERPE codes

Global nonlinear gyrokinetic particle-in-cell codes
Electromagnetic, kinetic electrons, collision operators
Arbitrary-wavelength solver, model for 6B, available
Both codes started at SPC EPFL Lausanne, closely related
EUTERPE developed specifically for stellarator research
Codes are supported by EUROfusion (e.g. E-TASC)
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ORB5 and EUTERPE codes

Global nonlinear gyrokinetic particle-in-cell codes
Electromagnetic, kinetic electrons, collision operators
Arbitrary-wavelength solver, model for 6B, available
Both codes started at SPC EPFL Lausanne, closely related
EUTERPE developed specifically for stellarator research
Codes are supported by EUROfusion (e.g. E-TASC)

Since June 2025: joint project, single repository

The codes can further converge to a single codebase
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G gkpic &
¥ main v gkpic / | + v

Merge branch 'main' of gitlab.mpcdf.mpg.de:gkpic/gkpic
7 Ralf Kleiber authored 4 days ago

Name Last commit
B3 euterpe - updated supermuc modules i...
£ orb5 New TOK config

Find file

7d184191

Edit

|r1
L

;-

History

Last update
4 days ago

6 days ago
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ORB5 and EUTERPE codes

Global nonlinear gyrokinetic particle-in-cell codes
Electromagnetic, kinetic electrons, collision operators
Arbitrary-wavelength solver, model for 6B, available
Both codes started at SPC EPFL Lausanne, closely related
EUTERPE developed specifically for stellarator research
Codes are supported by EUROfusion (e.g. E-TASC)

Since June 2025: joint project, single repository

The codes can further converge to a single codebase
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ORB5-EUTERPE community (EU)
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Developers and users in many EU fusion sites
Contributions from India (IPR) and Ukraine
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Synergies and couplings
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Fast particles
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Alfvén Eigenmodes
(TAE, BAE, EPM ...)

i

Ambient magnetic field
MHD modes (Sawteeth, fishbones, islands)

Sheared flows
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KBM growth rate non-zonal transition in EM regime (@)

\=
1500 H . | ‘ . . ;{.: . 1 Finite-beta turbulence has a substantial magnetic-
B & 1 field component
1000 ' #,f ' Zonal flow is ,depleted” (suppressed) by 6 B,
7 1 Resulting in a high heat flux after zonal flow
B Y | = sy «“
E 500 | _ 1, - decays (,,non-zonal transition®)
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M. Pueschel et al., Phys. Rev. Lett. 110, 155005 (2013)
M. Pueschel et al., Phys. Plasmas 20, 102301 (2013)
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KBM growth rate non-zonal transition in EM regime
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M. Pueschel et al., Phys. Rev. Lett. 110, 155005 (2013)
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Finite-beta turbulence has a substantial magnetic-
field component
Zonal flow is ,depleted” (suppressed) by 6 B,
Resulting in a high heat flux after zonal flow
decays (,,non-zonal transition®)
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KBM growth rate non-zonal transition in EM regime

1500 [

1000

500

JIIFIFlIll

L}
]
L
¢

ot

1000

Q/(cpipo/Ro)

100

10 E

30 40
L/ (Re/c)

20

60

M. Pueschel et al., Phys. Rev. Lett. 110, 155005 (2013)
M. Pueschel et al., Phys. Plasmas 20, 102301 (2013)
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Finite-beta turbulence has a substantial magnetic-
field component

Zonal flow is ,depleted” (suppressed) by 6 B,
Resulting in a high heat flux after zonal flow
decays (,,non-zonal transition®)
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Local (flux-tube) simulations:

Zonal flows are the dominant turbulence
saturation mechanism (profiles fixed)

The fluxes are extremely high in flux-tube codes19



KBM growth rate non-zonal transition in EM regime
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Non-zonal transition results in a stiff B-limit
(tokamak plasmas)
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KBM growth rate non-zonal transition in EM regime 7a)
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P. Mulholland et al., Phys.

' 460
a0
40 fh Similar behaviour is observed in stellarators
aq = (W7-X, flux-tube simulations)
E-If:";_
— Very stiff ,KBM*“ limit in beta
2[:' .::'
{ < . .
0 Also explained by zonal-flow erosion
(consequence of sub-threshold KBMs)
0

Rev. Lett. 131, 185101 (2023)
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Consequences of non-zonal transition for fusion devices

J. Lion et al., Fusion Engineering and Design 214, 114868 (2025)
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System must remains well below the
threshold for kinetic ballooning instability

(to avoid sub-threshold KBM modes)

Limits on plasma beta:

High magnetic field (same fusion reactivity)
HTS coils (to provide high B)
High-frequency gyrotrons (ECRH at high B)
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Local simulation: questions @)

4.5 . : :
-~ ' ' / KBMs tend to have maximum linear growth rate
4 r?\ ..................... ..................... ..................... / ..................... .................. i at very small kypi -0

N it e X The flux-tube perpendicular length L,, = i—n — 0
' : ; | a | . e . y

v 7 Large L,, contradicts the flux-tube idea

25 Lot oy

v, wla/cs)
%

T A e

05 | AT

K. Aleynikova et al., JPP 84, 745840602 _ ,
H. Thienpondt et al., Nucl. Fusion 65, 016062 (2025)
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Local simulation: questions
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KBMs tend to have maximum linear growth rate
at very small ky,p; = 0

The flux-tube perpendicular length L,, = i—” — 0

Large L,, contradicts the flux-tube idea

W7-X: Jacobian variation at s = 0.5 flux surface
24



Local simulation: questions

Each stellarator flux tube has ist own

gyrokinetic system of equations with
coefficients different from other flux tubes

g ( ( 3 Vy;
— | w, +wp|v;+ ——))F- b x -
at \Cnrer\uitaB=o ) B

Vx; VB
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- o +- [pﬂ+ vy) 2
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P. Xanthopolous et al., Phys. Plasmas 13, 092301 (2006)
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KBMs tend to have maximum linear growth rate
at very small ky,p; = 0
The flux-tube perpendicular length L,, = i—” — 0

Large L,, contradicts the flux-tube idea

W7-X: Jacobian variation at s = 0.5 flux surface
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Global simulations of EM turbulence
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F. Wilms et al., Phys. Plasmas 32, 072505 (2025)

GENE-3D simulations
No electromagnetic run-away in global setup!
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Global simulations of EM turbulence: EUTERPE (®

\;’/}
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Global simulations of EM turbulence: EUTERPE

Temperature, eV
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Heat flux
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KBM saturation and profile relaxation
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KBM saturation and profile relaxation
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Global simulations with adaptive control variate are needed to capture the profile relaxation
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KBM saturation and profile relaxation
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Global simulations with adaptive control variate are needed to capture the profile relaxation
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Synergies and couplings
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Alfvén Eigenmodes
(TAE, BAE, EPM ...)
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Gyrokinetic simulations of MHD-unstable stellarator configurations ()
’ 4/5  EUTERPE
* Consider 4-period stellarators: %’
a) turning-ellipse configurations g_ ~- 3/4
b) HELIAS configurations ¢ 0.5 .
o
* Choice: Mercier-unstable at finite B (not a reactor candidate) =
0 4/6
* Perform full-torus GK simulations 0 1

Z/m
Z/m
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Gyrokinetic simulations of MHD-unstable stellarator configurations

* Consider 4-period stellarators:
a) turning-ellipse configurations

e Choice: Mercier-unstable at finite
(not a reactor candidate)
* Perform full-torus GK simulations

* Find good agreement with MHD
(CAS3D, CKA) in linear phase.
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Gyrokinetic simulations of MHD-unstable stellarator configurations (f_))
3 EUTERPE
14 — (3-3
{— (&3
. . : | 3 The ideal-MHD results (solid
* Consider A.f-perlc?d steIIarzf\tors: | 3 . Bl ¥ lines, y;, = 5/3), are compared to
a) turning-ellipse configurations _~ - : the gyrokinetic results (dashed).
E 7
ey
2

e Choice: Mercier-unstable at finite
(not a reactor candidate)

=

: : -

Perform full-torus GK simulations 0 02 04 06 08 1 =

~~
* Find good agreement with MHD & E
(CAS3D, CKA) in linear phase. Jé_

0O 02 04 06 08 1

Very good agreement!
r/a
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Gyrokinetic simulations of MHD-unstable stellarator configurations ()
- EUTERPE
0.2 - X
* Consider 4-period stellarators: 'E _
= ]
b) HELIAS configuration - 0.1 - o
~ - 5 % X GK )
* Choice: Mercier-unstable at finite XXX -MHD v,=10
(not a reactor candidate) 0 - ’ e -MHD 7y =5/3
I | T | I | I | |
* Perform full-torus GK simulations W, e : —T“ m X GK

e — ZWpe =
21 eBL,p « o

-
o
| | L

N
* Find good agreement with MHD E
(CAS3D, CKA) in linear phase. — -
8-20 - x
XXX .
-30 T | T | I ] I T T |' |
0O 0.02 0.04 0.06 0.08 Vi) — V(0)
W"Iu"f Wis = VI(U) .
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Gyrokinetic simulations of MHD-unstable stellarator configurations (f_t})
EUTERPE Perturbed field-line tracing for GK magnetic field:
nonlinear growth of magnetic islands, ergodization
(B) = 0.006

* Consider 4-period stellarators: ]
a) turning-ellipse configurations 1 -

e Choice: Mercier-unstable at finite e
(not a reactor candidate) —0 4
* Perform full-torus GK simulations i

* Find good agreement with MHD
(CAS3D, CKA) in linear phase.

37

A. Mishchenko | EFTC 2025 | 26.09.2025



Gyrokinetic simulations of MHD-unstable stellarator configurations (f_t})
EUTERPE Perturbed field-line tracing for GK magnetic field:
nonlinear growth of magnetic islands, ergodization

(B) = 0.006

* Consider 4-period stellarators:
a) turning-ellipse configurations

e Choice: Mercier-unstable at finite e
(not a reactor candidate) Zo 4l
N 1'%

* Perform full-torus GK simulations 11

* Find good agreement with MHD
(CAS3D, CKA) in linear phase.

f =3 | = 35, | t=40  Eaweel i

|
9 R/m10 9 R/m‘IO 9 R/m10

MHD instabilities in stellarator destroy flux surfaces.

Soft decay of magnetic surfaces.
Magnetic configuration is affected.

No disruptive dynamics!
Soft beta limit in stellarators.
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Gyrokinetic simulations of MHD-unstable stellarator configurations

* Consider 4-period stellarators:
b) HELIAS configuration

e Choice: Mercier-unstable at finite
(not a reactor candidate)

e Perform full-torus GK simulations

* Find good agreement with MHD
(CAS3D, CKA) in linear phase.
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Gyrokinetic simulations of turbulence in W7-X: magnetic configuration affected (f;})

EM turbulence in Mercier-unstable W7-X configuration at B = 4%.

EUTERPE Evolution of total magnetic field and Turbulence leads to ergodization of flux surface.

perturbed electrostatic potential. Magnetic configuration is also affected by EM turbulence.

0.4 0.4 1
0.2 0.2 1
E 0-0 7 E o o
o N
-0.2 0.2
e -0.4
4.6 4.8 5.0 sfz 5.4 5.6 5.8 T T T T T T T
r(m] 4.6 4.8 5.0 5.2 5.4 5.6 5.8

r[m]
Linear phase — Noninear phase

For more details, see poster of Y. Narbutt
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Turbulence, Flows, Alfvén waves
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Fast particles <
Ambient magnetic field

MHD modes (Sawteeth, fishbones, islands) Sheared flows
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Experiment: Alfvénic Modes and Electromagnetic Turbulence in Wendelstein 7-X

Experimental Results:
e predominant ITG turbulence observed in W7-X
e distinctive Alfvénic frequency band is often seen



Experiment: Alfvénic Modes and Electromagnetic Turbulence in Wendelstein 7-X @)
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Experimental Results: time [s]

e predominant ITG turbulence observed in W7-X
e distinctive Alfvénic frequency band is often seen
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5 le—3 #20181011.010
S
< 3.0 il
—_— . v | F
3 Y Vi e Yol u‘(
}J > 51 —— Amp. density fluct 1'! 2
—, s Amp. DFB 150-450 kHz gl

2. * 4 | ' . :
0 1 2 3 4 5
Experimental Results: time [s]

e predominant ITG turbulence observed in W7-X
e distinctive Alfvénic frequency band is often seen

e temporal evolution of turbulence (PCl) and magnetic
fluctuations (Mirnov) is very similar over entire discharges
e Alfvénic fluctuation amplitudes and turbulence level are
correlated for many plasma discharges
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Experiment: Alfvénic Modes and Electromagnetic Turbulence in Wendelstein 7-X
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Experiment: Alfvénic Modes and Electromagnetic Turbulence in Wendelstein 7-X (@)
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Experimental Results: time [s]

e predominant ITG turbulence observed in W7-X
e distinctive Alfvénic frequency band is often seen

e temporal evolution of turbulence (PCl) and magnetic
fluctuations (Mirnov) is very similar over entire discharges
e Alfvénic fluctuation amplitudes and turbulence level are
correlated for many plasma discharges

Hypothesis: Alfvénic fluctuations are nonlinearly driven
by ITG turbulence in W7-X.
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Simulations: Alfvénic Modes and Electromagnetic Turbulence in Wendelstein 7-X

—

o
iR
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log(Ajm) [ arb. units ]

a b; c dy /- Alfven S

b

B, AL~

Zonal flow

[m,n]-modes

[-82,75]
[-1,0] & [1,0]
[-1,5]

[-5,5]

[-6,5]
[-11,10]
[-22,20]
[0,0]

ARRREEN

e early ITG (high-m) activity

e Zonal Flow & Alfvénic modes when ITG amplitude has passed threshold
e growth rate cascade y, 1y, : y; =y : 2y : 3y (similar to “beat-driven” ZFs)

t [ms]

A. Mishchenko | EFTC 2025 | 26.09.2025

0.06

0.08

/-
//(/’5\}\
‘{\E’/}

EUTERPE

46



Simulations: Alfvénic Modes and Electromagnetic Turbulence in Wendelstein 7-X

T T , T , 7 '/,/ J T T T T
d b C C% | / jf/r Alfven € _
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10'2-4 " ; ff/ : . ;’/g " | " . ) | . L ; |
0 0.02 0.06 0.08
t [ms]

e early ITG (high-m) activity
e Zonal Flow & Alfvénic modes when ITG amplitude has passed threshold
e growth rate cascade y, 1y, : y; =y : 2y : 3y (similar to “beat-driven” ZFs)

The role of ITG activity:
1. ITG modes included in simulations - low-m Alfvénic modes nonlinearly excited

2. ITG modes excluded from simulations 2 low-m modes remain stable
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Simulations: Alfvénic Modes and Electromagnetic Turbulence in Wendelstein 7-X
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e early ITG (high-m) activity
e Zonal Flow & Alfvénic modes when ITG amplitude has passed threshold
e growth rate cascade y, 1y, : y; =y : 2y : 3y (similar to “beat-driven” ZFs)

The role of ITG activity:
1. ITG modes included in simulations - low-m Alfvénic modes nonlinearly excited

2. ITG modes excluded from simulations 2 low-m modes remain stable
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Simulations: Alfvénic Modes and Electromagnetic Turbulence in Wendelstein 7-X ()
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Y oy Alfven Simulation results: EUTERPE
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e early ITG (high-m) activity
e Zonal Flow & Alfvénic modes when ITG amplitude has passed threshold
e growth rate cascade y, 1y, : y; =y : 2y : 3y (similar to “beat-driven” ZFs)

The role of ITG activity:
1. ITG modes included in simulations - low-m Alfvénic modes nonlinearly excited

2. ITG modes excluded from simulations 2 low-m modes remain stable
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Simulations: Alfvénic Modes and Electromagnetic Turbulence in Wendelstein 7-X ()
a b ¢ d/ /. plfven € ' . .
Y oy Alfven Simulation results: EUTERPE
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e early ITG (high-m) activity
e Zonal Flow & Alfvénic modes when ITG amplitude has passed threshold

o _ Gyrokinetic simulations recover
e growth rate cascade y, 1y, : y; =y : 2y : 3y (similar to “beat-driven” ZFs)

experimental frequencies

The role of ITG activity:
1. ITG modes included in simulations - low-m Alfvénic modes nonlinearly excited

2. ITG modes excluded from simulations 2 low-m modes remain stable
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Conclusions (@)

Turbulent transport has been found to play an important role in Wendelstein 7-X plasmas.
With the heating power increasing, the electromagnetic effects become important in turbulence and transport.
Electromagnetic effects include:

 transitions from the ITG to the KBM turbulence regime

» excitation of the global MHD instabilities

» nonlinear generation of shear Alfvén waves by the plasma turbulence

Global gyrokinetic approach is the minimal description consistently including all these components.

We have presented global gyrokinetic simulations of electromagnetic effects in stellarator plasmas.
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