MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

o o o o o o o o
o o0 o o o o o

o o o 0O 0 O ¢

Geometry effects on gyrokinetic
instabilities and turbulence in W7-X

O o o O o o o o o o o o ©
o o o o o o o0 o o o

Linda Podavini, Jan-Peter Bahner, Alejandro Bafion

Navarro, Miklos Porkolab, Eric M. Edlund, Adrian »

)

von Stechow, Olaf Gurke, Alessandro Zocco and °

o

the W7-X Team °

o

o

~ o

/‘;5 \ This work has been carried out within the framework of the EUROfusion Consortium, funded by the European Union via © 0 0 o o o o
47\ f M the Euratom Research and Training Programme (Grant Agreement No 101052200 — EUROfusion). Views and opinions ;

\\‘% /) )} E U RO u S I On expressed are however those of the author(s) only and do not necessarily reflect those of the European Union or the © o o o o o o o o

\5¢ European Commission. Neither the European Union nor the European Commission can be held responsible for them. 6 6 6 6 o 6 o o

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | LINDA PODAVINI | 11.09.2025 GEOMETRY EFFECTS ON INSTABILITIES AND TURBULENCE IN W7-X 1

o o 0 0 0o 0o 0 o o o o o



Wendelstein

Introduction £

* Unoptimised stellarators: large neoclassical losses, ggjfng7/2

unfavourable scaling in reactor-relevant regimes Ay~
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Introduction

* Unoptimised stellarators: large neoclassical losses, 6(%2]*7/2

unfavourable scaling in reactor-relevant regimes Xy ™~

* Wendelstein 7-X (W7-X): first large superconducting stellarator,

proved successful magnetic field optimisation [Beidler ef al., Nature, 2021]
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Wendelstein

Introduction £

* Unoptimised stellarators: large neoclassical losses, 6(%2]*7/2

unfavourable scaling in reactor-relevant regimes Xy ™~

* Wendelstein 7-X (W7-X): first large superconducting stellarator,

proved successful magnetic field optimisation [Beidler ef al., Nature, 2021]

« Considerably improved performances: Qturb ~ 10Cnc
turbulent transport dominates ECRH plasmas
[Bozhenkov et al., NF, 2020; Wappl et al., PPCF, 2025]
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Introduction R

« Unoptimised stellarators: large neoclassical losses, €e3J5f2T7/2
unfavourable scaling in reactor-relevant regimes Xy ™~ o
TR R
* Wendelstein 7-X (W7-X): first large superconducting stellarator, - &N/// A fl;/[%a ]
proved successful magnetic field optimisation 3r / flat NBL
> | ]
- Considerably improved performances: Qturb ~ 109nc % 2r -
turbulent transport dominates ECRH plasmas a E""
1
_ _ 0;/...1...1...1...1...
- T clamping at 1.6 keV regardless of heating power: 0 ) 4 6 8 10
inefficient electron-to-ion thermal coupling in an ITG-driven turbulence T, [keV]

dominated regime with large 7,/7; (as observed and reproduced in AUG)

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | LINDA PODAVINI | 11.09.2025 GEOMETRY EFFECTS ON INSTABILITIES AND TURBULENCE IN W7-X 2



Wendelstein

Turbulence characterisation in W7-X £

« Density fluctuations relation to turbulence-relevant parameters consistent with ITG (Phase Contrast Imaging
— PCI)

 Numerous gyrokinetic simulations predict ITG importance, validated by experimental observations

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | LINDA PODAVINI | 11.09.2025 GEOMETRY EFFECTS ON INSTABILITIES AND TURBULENCE IN W7-X 3



Wendelstein

Turbulence characterisation in W7-X £

« Density fluctuations relation to turbulence-relevant parameters consistent with ITG (Phase Contrast Imaging
— PCI)

 Numerous gyrokinetic simulations predict ITG importance, validated by experimental observations

How to exploit geometry and operational scenarios to reduce turbulence?
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Turbulence characterisation in W7-X AR

Density fluctuations relation to turbulence-relevant parameters consistent with ITG (Phase Contrast Imaging
— PCI)

 Numerous gyrokinetic simulations predict ITG importance, validated by experimental observations

How to exploit geometry and operational scenarios to reduce turbulence?

What happens at a fundamental level when we know how to operationally suppress turbulence?
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Turbulence characterisation in W7-X

Wendelstein

AR

« Density fluctuations relation to turbulence-relevant parameters consistent with ITG (Phase Contrast Imaging

— PCI)

 Numerous gyrokinetic simulations predict ITG importance, validated by experimental observations

How to exploit geometry and operational scenarios to reduce turbulence?

What happens at a fundamental level when we know how to operationally suppress turbulence?

Key aspects of these questions addressed with:
= Direct numerical comparison with W7-X data

= Gyrokinetic numerical experiments
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Magnetic configuration effects on W7-X turbulence

()
N
g
Y

(@)
L®
Q

| .

()

o
L)
D
U—

()

C
@)

W7-X coil system

[courtesy of J. Geiger]

Flexible coil current system allows large variety

of configurations [Geiger et al., PPCF, 2015]
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Flexible coil current system allows large variety

Possible to scan rotational transform 1 = 1/ and magnetic

mirror ratio (ratio of neighbouring local minima and maxima of | B|)

T
-

low mirror

low iota

Wendelstein
7-X i

standard
high iota

plasma cross section at the PCI line of sight location
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Magnetic configuration effects on W7-X turbulence o %

T
-

Possible to scan rotational transform : = 1/ and magnetic low lota

standard

mirror ratio (ratio of neighbouring local minima and maxima of | B|) high iota

low mirror

o "«/
= = - _//’/
PCIl measures reduction of denS|ty fluctuations A plasma cross section at the PCI line of sight location
in ECRH plasmas when increasing iota and
decreasing mirror ratio
4 5 .
- low iota ’ - low mirror . PR
IE 3] ® standard IE 41 e standard ji '
PCI ™ ® highiota = ® high mirror : ’ >
— 2 VN —
iota T 1 . z_°]
' 01 : : 04,
mirror 0 2 4 6 8 10 0

(ne), /1 101°m—3
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stella nonlinear flux-tube simulations: A
= 6 flux-tubes crossing the PCl line of sight at r,,./a = 0.75,

~ 1 poloidal turn long
= Assumption of equal kinetic profiles to isolate low mirror

geometry effects

. _ N T ) )

fixed a/Ly; = — aT; "dT;/dr and = | o |

al Ln ——qa n—l dn/dr —T plasma cross section at the PCI line of sight location

= Kinetic electrons included
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Magnetic configuration effects on W7-X turbulence

stella nonlinear flux-tube simulations:
= 6 flux-tubes crossing the PCl line of sight at r,,./a = 0.75,

~ 1 poloidal turn long

= Assumption of equal kinetic profiles to isolate

geometry effects

fixed a/Ly; = — aT;'dT,/dr and

alL, = —an~'dn/dr

= Kinetic electrons included

w1l 1
T

Wendelstein

density fluctuations amplitude vs toroidal angle

~ 10 % reduction £ 4-
matches PClI -

all, =15

low iota
— standard
— high iota

10.0 A
7.5 1

~ 20 % reduction & s.0-

|

|

I .

| low mirror

does not match PCI . . “;éﬂ_:fbo | — standard
(discrepancy not - @i = | —— high mirror
understood at present) n PC 2n
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Magnetic configuration effects on W7-X turbulence

Linear simulations identify turbulence drive

IOTA SCAN MIRROR SCAN
0.30
0.301
= ~10% ¢ s ~ 10 %
I - L10% o $0.25] o o
20.25 " .. ¢ S ea . ~ 5%
40_5) .... [ Y R I
c . > i € 0.20 > X
matches PCl £ o020 £ . does not match PCI
5 . 3 o
o —_
2 05! 2015
S Fit > X Fit
o m +20% alL, © . +20% a/L
10 0.10 * n
0.10 & +20% al/ly; & +20% allLy;
low iota standard high iota low mirror standard high mirror

w1l 1]
et 1)
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Magnetic configuration effects on W7-X turbulence £

Linear simulations identify turbulence drive

IOTA SCAN MIRROR SCAN
0.30
0.301
S ~1o% e £0.25 ~10% o o
E ...... - i
2025- --.‘ l .. 10% ‘ (>U_ - ..A NS%
-8 R T o v l ........
c . > i £ 0.20- >
matches PCI £ o.20; £ . does not match PCI
o L 2 % L 4
o —_
2 0151 2015,
S Fit & X Fit
o m +20% al/l, © m +20% a/L
.10+ 0.101 - n
010 £20% ally, o £20%alln,
low iota standard high iota low mirror standard high mirror

PClI NL L
Same suppression trends as nonlinear simulations

iota 1
mirror T T l 1
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} turbulence is ITG dominated
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Magnetic configuration effects on W7-X turbulence £

Parallel structure of electrostatic potential | | vs geometry gives a hint on linear drive suppression
mechanisms

IOTA SCAN

field lines compression

low iota
- standard
— high iota

|

0.0

I
PCI

n 2n
R’
closest magnetic drift well
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Magnetic configuration effects on W7-X turbulence I

Parallel structure of electrostatic potential | | vs geometry gives a hint on linear drive suppression
mechanisms

IOTA SCAN

field lines compression

 Increased local shear effect ( x | Vo |2) produces FLR
stabilisation + marginal reduction of curvature drive with

increasing 1

« Effect also exploited in critical gradient optimisation

low iota
- standard
— high iota

— kv k,|Valv
Il == )=~/ [Valv,

pCI ' 0

n 2m Qi 0 Qi
¢
\ closest magnetic drift well
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Magnetic configuration effects on W7-X turbulence £

Parallel structure of electrostatic potential | | vs geometry gives a hint on linear drive suppression
mechanisms

MIRROR SCAN
i Lo, .
! X
0.0 §
- —0.2 G

low mirror
-— standard
= high mirror

0.0 T
n PCI 2n

¢
closest magnetic drift well

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | LINDA PODAVINI | 11.09.2025 GEOMETRY EFFECTS ON INSTABILITIES AND TURBULENCE IN W7-X 9



Wendelstein

Magnetic configuration effects on W7-X turbulence N

Parallel structure of electrostatic potential | | vs geometry gives a hint on linear drive suppression
mechanisms

MIRROR SCAN

12 F02 .
Q D
5 00 5+ Displacement of magnetic wells from bad curvature

1.0 - : |, regions — more robust reduction of curvature drive but

0.9 , , ' no significant | Va |* change

107 E low mirror _ . .

: —— standard « Trapped particles can further stabilise/destabilise ITG

E 0.5 4 E = high mirror

0.0 T T T

n PCI 2n
L X
closest magnetic drift well
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Magnetic configuration effects on W7-X turbulence

Wendelstein

AR

density fluctuations vs normalised radius

Nonlinear global GENE-3D simulations including ~ tanacts
all effects: _ 0.6 7 —. Low-iota \‘|
= [ profiles from neoclassical transport calculations i; o
£ 0.4 1
= Electromagnetic Sz
'S 0.2 1
= Kinetic electrons
0.0 1
= Collisions 02 04 06 08
Pror

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | LINDA PODAVINI | 11.09.2025

(ﬁe/no) rms [% ]

1.0 4 — Standard c“
= = High-mirror “

084 —- Low-mirror

0.6 -

0.4 -

0.2 -

0.0 A

GEOMETRY EFFECTS ON INSTABILITIES AND TURBULENCE IN W7-X 10



Wendelstein

Magnetic configuration effects on W7-X turbulence I

density fluctuations vs normalised radius

1.0 4 = Standard Q‘

H _ H H : : — Standard
Nonlinear global GENE-3D simulations including | 1agh-icta — 1 iagh-mipror £
all effects: _ 0.6 7 —. Low-iota __ 0.8 4 == Low-mirror 1
= [ profiles from neoclassical transport calculations < & 06
£ 0.4 - £ 0.6
= Electromagnetic 5 £ 04+
€ 0.2 - S

L 0.2 -

= Kinetic electrons
O 0 -" I 1 I 1 M o O L 1 I 1 I

= Collisions 02 04 06 08 02 04 06 08

- Global results align with the flux-tube simulations, though effects are less pronounced
« Trends are not radially unique

- Future work: evaluate impact on confinement and address unresolved disagreement for mirror ratio scan
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Tailoring 1 for turbulence control i

« Experimentally, the dependence of turbulence on the global value of 1 can be studied

« What about the shape of :?

= (Can be used to reduce turbulence in near-marginal or
high performance discharges
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Tailoring 1 for turbulence control i

« Experimentally, the dependence of turbulence on the global value of 1 can be studied

« What about the shape of :?

= (Can be used to reduce turbulence in near-marginal or
high performance discharges

- Smaller ; = L, /Ly, pushes ITG towards marginality

= Behaviour of ITG close to critical threshold?
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Tailoring 1 for turbulence control i

« Experimentally, the dependence of turbulence on the global value of 1 can be studied

« What about the shape of :?

_ _ nonlinear energy fluxes
= (Can be used to reduce turbulence in near-marginal or

high performance discharges allL. =0 ,fX
30- n ,'I
- Smaller ; = L, /Ly, pushes ITG towards marginality /
= Behaviour of ITG close to critical threshold? 220 ,/I
S /
~
& //X
W7-X suffers from (linear and nonlinear) small 107 linear threshold o
critical threshold for ITG destabilisation @
(Q -werereVed % '>< ....................................................
0 1 2 3 4
[a /LTl]CI"lt < 1 a’/LTi
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High-performance discharges in W7-X i

electrostatic potential vs toroidal angle

1.0
T
g 0.51
~ nonlinear energy fluxes
< X
CZ/L = O /I
0.0 — a/Lp; =20 — a/Lyi =09 301 " 4
/
~10 —5 0 5 10 /
Z ,'I
Q207 ,/
2 ¥
&
Extended (Floquet-like) modes 107 finear threshold
dominate close to the threshold @
04T % '>< ....................................................
0 1 2 3 4
[a /LTl]Crlt < 1 a’/LTi
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Wendelstein

High-performance discharges in W7-X £

nonlinear energy fluxes

X
alL,=0 /
II
II
/
/
/
7
II
4
/
II
X
Small but finite energy flux due |
101 linear threshold //
to smaller radial structure of B
fluctuations = _><,®
[ZOCCO et a|., PPCF, 2015, JPP, 2018, 0_ ........... J — II
PRE, 2022; Podavini et al., JPP, 2024] 0 1 2 3 4
[(1 /LTZ]Crlt < 1 a‘/LTi
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Wendelstein

Tailoring 1 for turbulence control N

« Expected dependence of transport on the i-profile, as experimentally observed in tokamaks
= Can [ tailoring be used to suppress extended modes?

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | LINDA PODAVINI | 11.09.2025 GEOMETRY EFFECTS ON INSTABILITIES AND TURBULENCE IN W7-X 13



Wendelstein

Tailoring 1 for turbulence control i

« Expected dependence of transport on the i-profile, as experimentally observed in tokamaks
= Can [ tailoring be used to suppress extended modes?

 1-profile distortion more experimentally challenging for W7-X, but can achieved through Electron Cyclotron Current
Drive (ECCD) — already used for bootstrap current control
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Tailoring 1 for turbulence control N

« Unrealistic but not unphysical 1 tailoring where normalised ion temperature gradient is largest

ion temperature and iota radial profiles

2.5
1.20 == Jow-mirror ATM
— reversed ¢ - 2.0
1.10
1.5
1.00 1 '
A I S 1.0 =
0.90 1 F0.5
NI
0.801 1T 0.0
a/LTi =
0.70 o

0.00 0.25 0.50 0.75 1.00
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Tailoring 1 for turbulence control

Wendelstein

AR

« Unrealistic but not unphysical 1 tailoring where normalised ion temperature gradient is largest

1.201

1.10+1

1.001

0.90 1

0.801

0.70

ion temperature and iota radial profiles

2.5
— low-mirror AIM
— reversed ¢ L2.0
1.5
_________ . ! L0
"~
.
/‘( 0.5
——————————— \0
\.\
el TT -0.0
oin |
0.00 0.25 0.50 0.75 1.00
r/a

5

r/a = 0.85
0.151
£ 0.101
>
~
3
?\
0.051
[Cl / LTi]crit < 1 —#—  Jow-mirror AIM
0.00A —%¥— reversed ¢
4 6
la/Lyil.i > 1 a/Lri

Large magnetic global shear § can suppress extended modes and increase the threshold
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Wendelstein

Conclusions Y

* Turbulence modelling of W7-X important to understand confinement and improve performances

« Dependence on magnetic configuration is small but both predicted by gyrokinetics and
experimentally observed

« 3D geometry makes turbulence studies difficult, but it can be exploited, e.g.

new W7-X configuration

= FLR suppression of ITG achieved via local or global shear
} with better performance?

= Displacement of trapped particles from regions of bad curvature

= New operational scenarios, exploiting 1 tailoring, to increase the pathologically small critical
gradient in W7-X
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Wendelstein

Geometry £
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Plasma discharges and kinetic profiles - iota scan

Wendelstein

AR
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Plasma discharges and kinetic profiles - mirror scan i
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Wendelstein

PCI density fluctuations spectra + linear k p, = 0 spectra Y
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Linear k. p, = O spectraw/ a/L;, = a/L

Wendelstein

low mirror
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Linear (k,, k) scans
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Wendelstein
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Eigenfunctions vs geometry
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Wendelstein

ITG modes inertia £

Pure ITG with bounce-averaged electrons but no source of electron free energy, drift-kinetic limit
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trapped electron contribution decreases the denominator magnitude, destabilising the ITG
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lota tailoring

Consistent linear simulations
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Wendelstein
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« Nonlinear results of Q;/Qp
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