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Motivation

MICRO TURBULENCE

— small structures lead to macroscopic losses
in magnetically confined plasmas

—» optimize energy confinement —» losses minimization

— understand it in the plasma —[: core —» short wavelength

edge — |ong wavelength

ion density

R.
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— small structures lead to macroscopic losses
in magnetically confined plasmas

—» optimize energy confinement —» losses minimization

— understand it in the plasma —[: core —» short wavelength

GeneX

— Eulerian code that solves the gyrokinetic Vlasov eq. on a grid

edge — |ong wavelength

ion density

— collisional, full-f, EM gyrokinetic turbulence model

— addresses the complexities of edge turbulence simulations

R.

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | JOSE CAPITAN | 26-V-2025 FLR IN GENE-X 6



Motivation

MICRO TURBULENCE

— small structures lead to macroscopic losses
in magnetically confined plasmas

—» optimize energy confinement —» losses minimization

—» understand it in the plasma —[: core —» short wavelength?

edge — |ong wavelength

@E N E = —» optimized for long wavelength turbulence!

—» Eulerian code that solves the gyrokinetic Vlasov eq. on a grid

ion density

— collisional, full-f, EM gyrokinetic turbulence model

— addresses the complexities of edge turbulence simulations

R.
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Finite Larmor radius (FLR) effects
| |

Pa

B/B

Pa
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Finite Larmor radius (FLR) effects short wavelength turbulence GeneX
| |

Pa
B/B p, relevant in ——» plasma core
— core-edge transition
— near steep gradients
r

Pa
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Finite Larmor radius (FLR) effects short wavelength turbulence
l |

Pa

B/B p, relevant in ——» plasma core

— core-edge transition

— near steep gradients

FLR effects » to » simulations from
the edge to the core

Pa
— regions where
R gradients ~ p  order

— elc.

— through — gyro-averages
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Gyro-averages and GENE-X equations

Oy ./

=0 (B = Bb)
ot dv”

. m,_c C
Qa a

g, 9 Ay

m, C ot

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | JOSE CAPITAN | 26-V-2025 [1] D. Michels, PhD thesis (Technische Universitat Minchen, 2022). FLR IN GENE-X 8



Gyro-averages and GENE-X equations

Oy ./

a =0 (B=Bb)
ot dv”

. m,_c C
Qa a

B advection

g, 9 Ay

m, C ot

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | JOSE CAPITAN | 26-V-2025 [1] D. Michels, PhD thesis (Technische Universitat Minchen, 2022). FLR IN GENE-X 8



Gyro-averages and GENE-X equations
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Gyro-averages and GENE-X equations Gene-X
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Gyro-averages and GENE-X equations Gene-X
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Padé approximant

2r

0
(p))g = J ;—ﬂ e’=¥ (R)

0

gyro-average
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Padé approximant

2r

0
(p))g = J ;—ﬂ e’=¥ (R)

0

gyro-average

l F local gyrokinetics

(p())p = ‘dk Jo (Paky) e™® dk)

(2m)’
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Padé approximant

2r

0
(p))g = J ;—ﬂ e’=¥ (R)

0

gyro-average

F local gyrokinetics
\4

(p()) g =

[dk Jo (pa kL) e R p(k)
v

FLR operator in &%
Bessel func. of the 1st kind

(2m)’
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Padé approximant Gene-X

2r

gyro-average
do v
<¢(F)>R — — g ¢(R) k| — o0
0 2% TayloronJ, —> o0
o ¥
F local gyrokinetics
v another approx., e.g., Padé approximant
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<¢( )>R (2]_[)3 [ 0 (:00{ l) ¢( ) 0(pa J_) 1 + p(% sz_/4

v

FLR operator in &%
Bessel func. of the 1st kind
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Padé approximant Gene-X

2r

gyro-average
dg
<¢(I’)>R — — g ¢(R) k| — o0
0 2% TayloronJ, —> o0
o ¥
F local gyrokinetics
v another approx., e.g., Padé approximant
r), = dk|J, (p, k)| e*R Gk Jop k) R
<¢( )>R (2]_[)3 [ 0 (pa l) ¢( ) O(pa J_) 1 + p(% sz_/4

v

FLR operator in &%
Bessel func. of the 1st kind

F~1 global gyrokinetics

\4

<1 _% pg Vi) <¢(r)>R — H(R) differential equation

for a gyro-average
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Impact of
FLR models

EXAMPLE in the
electrostatic slab
ion temperature
gradient (ITG)
dispersion relation
in Fourier space
with diffusion

in || and L dirs.

Long Wave Approx. FLR

FLR with exact J

FLR with Padé

GENE-X target

Padé on J,

GENE-X current

..........................................
1
_____

0 1 2

ki p
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Impact of FLR models — ITG disp. rel. Gene-X

ky L, = 0.20

— GENE-X current
— GENE-X target
— Padé on Jg

analysis of quasi-linear flux

0.3-

0.2-

Q/VT ~ y/lk?

0.0 | ' ' L ' ' L ' ' L ' L
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ky L, =0.20
_ — GENE-X current _ L
| analysis of quasi-linear flux
0.3 _ — GENE-X target
(L_l — Padé on Jg L» major Physics change
; _ from GENE-X current to target
0.2-
z ]
~
>
S 0.1-
0.0 | ' ' ' 1 ' ' ' ' 1 ' ' ' ' 1 ' ' ' 1
0.5 1.0 1.5 2.0
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Impact of FLR models — ITG disp. rel. Gene-X

ky L, =0.20
! — GENE-X current _ L
0.3 - analysis of quasi-linear flux
+9 ] — GENE-X target
i - Padé on Jg —» major Physics change
; from GENE-X current to target
0.2
l —> Padé on J,, not far-fetched from target
ll; and provides very convenient algorithm
S 0.1- '
1
<1 ! pﬁVi> (p())g = PR)
O O 1 differential eq. for gyro-average
. ' ' ' 1 ' ' ' ' 1 ' ' ' ' 1 ' ' ' 1
0.5 1.0 1.5 2.0
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Gyro-matrix approach
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0
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gyro-average
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Gyro-matrix approach
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Gyro-matrix approach

2r

0
(p(r)) = [ ;—ﬂ e’V p(R)

0

gyro-average

— grid of values

—» interpolated quantities around each point
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Gyro-matrix approach

2r

0
(p(r)) = [ ;—ﬂ e’V p(R)

0

gyro-average

— grid of values

—» interpolated quantities around each point

— matrix combining interpolation and gyro-average

L» gyro-matrix | (¢), = G(u) ¢

calculates gyro-averages for all orders
up to the discretization error
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Gyro-matrix approach

2r

0
(p(r)) = [ ;—ﬂ e’V p(R)

0

gyro-average

— grid of values

—» interpolated quantities around each point

— matrix combining interpolation and gyro-average

L» gyro-matrix | (¢), = G(u) ¢

calculates gyro-averages for all orders
up to the discretization error

CAVEATS: intricate algorithm, expensive in resources...
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Study of finite Larmor radius (FLR) physics in tokamaks and

stellarators with the gyrokinetic turbulence code GENE-X

SUMMARY

—> Re-derivation of GENE-X eqgs. accounting for FLR effects THAN K YO U
—> Padé approx. of J,

—» Example of FLR models in the ES slab ITG disp. relation

—> Padé on J,, is Physically close

and provides a convenient algorithm for FLR effects

—» Gyro-matrix approach
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ADDENDUM
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Gyro-averages and GENE-X equations

2r

gyro-average d0
(D)) = J — eV )(R)
0 2%
qd, : . uB . 1 5 2
W | 4 . Iy
ot Ov”
. B*
using the GENE-X Poisson —— R = el b x (M VB + Clav<¢1> )
bracket [1] for our coordinates B|| o D
| B* o{Ay))
— V== (”VB+QGV<¢1> ) c ot
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Gyro-averages and GENE-X equations

gyro-average 2

0
(Pr) = J ;—ﬂ e’s¥ (R)

0

(PR))! = J

2r

d—‘g[dR(s(R+ —r) (R
2z Po—T

9o Qo

C C u

B : . . ubB . )
SZ——A-R+—<A1”>Rb-R+mav”b-R+Q—9—qa (h1)g =5 mevi —nB+

1 m 2
[ ‘

aC2
o |V

QUASI-
—> ¢ —> NEUTRALITY
EQ.
least-action principle for —

AMPERE’S
LAW

—> A —>

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | JOSE CAPITAN | 26-V-2025

2

Z 4a <na>: =-V- <Zna mgzc VJ.¢1)

2

a

Qa

C

a

+
1

FLR IN GENE-X 16




Gyro-averages and GENE-X equations Gene-X

2r

o
(E)), = J e Ry R = [

0 0

gyro-average 2

d—‘g[dRa(R+ —r) (R
o Po—T

l

ENERGY CONSERVATION

op; vy OAy\ " o, vi\" oAy
2 Jdv[dWCIafa < ot — c ot >R — Za:J'dVQa <<[dwfa>r 7 — <defa ?>r ot >

a
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Gyro-averages and GENE-X equations Gene-X

2r

0
(p))g = J ;—ﬂ e’=¥ (R) (p@R))) = [

0 0

gyro-average 2

d—QJdRé(R+ —r) ¢(R)
o Poa—T) ¢

[1] B/B

70 B CoﬁgeE:v%mN fi ((...)R> =/ (():) r j©/<
ARk
fy >

0 )
VLASOV EQ. % +R-Vf,+v, v =0 least-action principle for R
t y
||
P QUASI- N ;
(1) — ¢ — NEUTRALITY (1),

V“ < 1>R ’ < 1”) - ~ T
' ; > A — AMPERE’S LAW [dWJa Y
r
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FLR models Gene-X

orders ofthe  —» #,,#Z, —> ful-FLR
FLR... where? Hamiltonian —
4 — X, — Long Wavelength Approx. (LWA)

FULL LWA
UL FuL
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FLR models Gene-X

tested in the electrostatic slab ion temperature gradient (ITG) dispersion relation in Fourier space
with diffusion in || and L dirs.

1 1 1k 1
ZTF0+§?F05eﬁZ—§\/TTa kﬁ roz+n(Foieﬁ(1+§eﬁz)—5roz+a(FI—FO) Z>

a a a

+ polarization term =0
merging Vlasov eq. + quasi-neutrality eq.

. : 2
—» ifful-FLRin %, = = z Ta_l (1 —T) = J, respective operators combine to I’y ~ J
Physicsinl,!

a
. . _ 2
— if LIWA ind, => = Z ki Padé on J,, from where we get I
a

or Padé on I, directly
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FLR models tgsted ip the elgctr_ostatic_ slab ion te_mpe_ratu_re qradient (ITQ) @ENE=><
dispersion relation in Fourier space with diffusion in || and L dirs.

g 064 full FLR PadéonJ, ||  |Padé on Iy Io.l 5
cC " i 0
E j 0.4+ A . T ”III'IIT r - 11 & = ekl 0.10 &: gI‘OWth
= f 4 ~
u_ll_ X " : | _ ! i S rate
= 0.2{f ¢ EEEEE E ey g 0.05
Y [ ‘I IIIIIIIIIIIIIIIIIII 1 il il
|Padé on T,
&iﬂ .
=
<
=

ki p
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FLR models tgsted ip the elgctr_ostatic_ slab ion te_mpe_ratu_re gradient (ITQ)
dispersion relation in Fourier space with diffusion in || and L dirs.

|full FLR Padé on J,

_______________

' : 0.8
|Padéonl, [

real
freq.

full-FLR in %2
k" Ln
o
N
wr L,/Ce

G-X current | |Padé on T,

________________

LWA in %,

2 4 ‘ ' 2 4 6
ki p ki p
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LWAin%O,%l

Padé

full-FLR in %y, # |

v

GENE-X current

k.o

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | JOSE CAPITAN | 26-V-2025

FLR IN GENE-X 23



FLR models — ITG dispersion relation

K| = 0.20
! — GENE-X current

0.3- — GENE-X target
\ —— Padé on J,
N Padé on Ny

2

) 0)
I~
>
S 0.1-

0.0

Gene-X

analysis of quasi-linear flux [1]

—» major Physics change
from GENE-X current to target

— Padé on | more
Physically sensible

—> Padé on J,, not far-fetched
and provides very convenient algorithm

v
|
<1 7 Pa Vi) (p(r))y = P(R)

differential eq. for gyro-average
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