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1 Introduction

The gyrokinetic theory [BHO07] addresses the description of turbulence and of the associated transport in
strongly magnetised plasmas. It exploits the scale separation between the (fast) gyro-motion and (slow)
turbulence evolution, to perform a reduction of the Vlasov-Maxwell system of equations and eliminate the
gyro-motion from the dynamics. Gyrokinetic theory is to date the most advanced theory to model turbulent
transport in tokamak plasmas. While solving the complete gyrokinetic system of equations is possible on
present largest supercomputers, it still requires extreme computational resources. Reduced versions, with
various trade-off between accuracy and tractability, have therefore been developed. The current reference for
the construction of transport models in tokamak simulation frameworks is the delta-f flux-tube limit of the
gyrokinetic system of equations [YMA™*25].

In this limit, spatial and temporal scale separation is assumed between fluctuating quantities, varying on
the scale of the Larmor radius and evolving on the scale of the transit/drift frequencies, and background quan-
tities, varying on the scale of the plasma minor radius and assumed static. The gyrokinetic system of equations
is solved in the vicinity of a selected flux surface in a radially and poloidally bounded domain that follows
a magnetic field line (a flux-tube). Equilibrium quantities (e.g., magnetic field, temperature, density) are as-
sumed constant across the flux-tube and turbulence is considered homogeneous in the plane perpendicular
to the equilibrium magnetic field. This is the local approximation. The distribution function of gyrocenters of
each species is split into an equilibrium part, usually a Maxwellian, and a fluctuating part. This is the delta-f
approximation.

Over the years, a number of gyrokinetic codes have been developed to solve the delta-f local gyrokinetic
system of equations, e.g., CGYRO [CBB16], GENE [JDKR00], GKV [WS05], GKW [PCC"09], GS2 [KRT] or
GYRO [CW03]. These multiple numerical implementations are essential to check that the equations are solved
correctly and code benchmarks are regularly conducted to that purpose, e.g., [BCBH11, MSB™ 16, HHG " 21].
Different refinements of the physics description are also explored in parallel and, once validated, implemented
in other codes. One recurrent difficulty encountered when performing benchmarks or exchanging input
files between different gyrokinetic codes is that each code has its own definitions and normalizations of the
physical quantities.

The present work defines a common set of conventions and data normalizations for the inputs and outputs
of delta-f flux-tube simulations. The goal of this common format is to ease the data exchange between groups
using different gyrokinetic codes, facilitate benchmarks and allow for their automation. It is also intended
to serve as the basis for the deployment of databases populated with simulations from multiple gyrokinetic
codes.
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This new standard has been created within the ITER Integrated Modelling and Analysis Suite (IMAS)
[IPL*15] which includes a standardized data model used to couple physics components and save data in a
common format.

In the following, we introduce the set of equations solved in delta-f flux-tube gyrokinetic codes in section
2 and then detail the conventions and normalizations adopted in IMAS to describe the simulation results in
section 3. As an illustration, in section 4, a simple benchmark is performed between GENE, GKW and the
gyro-fluid code TGLF [SKW07] using the newly developed standard.

2 The local delta-f gyrokinetic system of equations

2.1 Magnetic equilibrium

The equilibrium magnetic field B is assumed to be axisymmetric and described by:

1
B=FVp— 5 Vpx VU (1)

where F' = RDB; is constant on a flux surface and W is the poloidal magnetic flux. Following the ITER
coordinate convention, which for IMAS Data Dictionary versions 4.0.0 and above corresponds to COCOS=17
in the COordinate COnventionS system [SM13], the cylindrical coordinate system (R, ¢, Z) is chosen right
handed, with R the major radius, Z the elevation and ¢ the toroidal angle (increasing when anticlockwise
from above), see Figure 1. The poloidal flux ¥ is maximum at the magnetic axis for a plasma current flowing in
the direction of V¢ and minimum at the magnetic axis for a plasma current flowing in the direction opposite
to V.

Z ® ¢

max|[Zy,]

min{Zy,)

min[Ry,] max|[Ruy,) R

Figure 1: Coordinate conventions used in the IMAS gyrokinetics_local Data Dictionary.

2.2 Toroidal field and plasma current direction

The toroidal field and plasma current are counted positive in the direction of V. Their respective signs, sy
and s; are defined as:

sp = sign[B - Vy] (2)
sj = sign[j- V| 3)
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where j is the plasma current density. With these conventions, a positive plasma current implies a
positive poloidal magnetic field.

2.3 Flux coordinate system (7,0, ©)

The gyrokinetic system of equations is solved locally, in a flux-tube domain, wrapping around the flux surface
labeled by ¥(. The poloidal contour of this flux surface is defined by ¥ (R, Z) = ¥y and noted { Ry, , Zy, }.

A radial coordinate r is first introduced:

r= % [max[Ry] — min[Ry]] (4)

It has the dimension of a length and is constant on a flux surface, by definition. The center of each flux
surface is defined as:

R = %[max[R\p]—kmin[R\p]] 5)

Z. — %[max[Z\p}—{—min[Z\p]] (©)

The minor radius and the center of the flux surface labeled by ¥ are noted:

rg = T(\I’Q) (7)
(Ro, Zo) = (Re(Po), Ze(Po)) (8)

Note that (R, Zp) is not the position of the magnetic axis, although it can be in some particular cases.
The poloidal angle is defined with respect to the reference point (R, Zp):

2y, — 2o

e 9
R, — Ry ©)

tanf = —

This definition is local to the flux surface ¥ = ¥ since it depends on the flux surface center (R, Zp).
The poloidal angle is zero at the low field side midplane, i.e., when Z = Z; and Ry, > Ry, and increases
clockwise when the tokamak vertical axis is on the left of the flux surface, see Figure 1.

2.4 Flux-tube coordinates and Fourier representation

We now introduce a flux-tube coordinate system (z, y, 8), where:

o« T = % is the radial coordinate. It is a flux surface label and increases from the magnetic axis to the

plasma edge.

« y is the binormal coordinate. It is left unspecified but assumed to increase in the direction of ¢, i.e.,
Vy -V > 0.

« 0 is the parallel coordinate (i.e., the extended ballooning angle), chosen here to be the poloidal angle
defined in equation (9).

By definition, B - Vo = 0 and B - Vy = 0 where B is the equilibrium magnetic field. Note that the sign
of Vy - VO depends on the sign of the poloidal and toroidal magnetic field. For a toroidal field and plasma
current flowing in the same direction, we have Vy - Vf < 0. When they flow in opposite direction, we have
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Vy - V6o > 0.

Since for any coordinate system (z°, 27, 2*), a vector A can be written as:

1

A= ieijkAijxixjxkvxj x VzF (10)
the magnetic field can be expressed as:
B = B’ 7,,0Vz x Vy (11)
where the Jacobian is given by:
VAV S (12)
Vx-Vyx Vo

Since, in the local approximation, the turbulence is homogeneous in the plane perpendicular to the mag-
netic field, the perturbed distribution function and the fields can be expressed as a sum of Fourier modes. For
any function h, we note h its Fourier components:

h(x,y,0) = Y h(ky, ky,0) explikya + ikyy) (13)
k"(L‘?

Note that for another coordinate system (1, y1) where the binormal coordinate is of opposite sign, for
instance x1 = x and y; = —y, then:

h(ka, ky,0) = h(ke,,—ky,,0) = h(—ky,, ky,,0) (14)
where 1 represents the complex conjugate and hermitian symmetry has been used for the last equality.

This, together with the convention Vy - Vi > 0 for the binormal coordinate needs to be kept in mind when
interfacing a gyrokinetic code to IMAS.

The binormal wavevector is related to the toroidal mode number 7 by:

2mn

ky:?y

(15)

where Ay is the increment in the y coordinate over one toroidal turn. In a flux-tube, the perpendicular
wavevector k| is a function of the parallel coordinate:

k1(0) = g™ (0)k; + 29" (0)ksky + g™ (9)K; (16)

where the metric tensors are defined as ¢** = Vx - Vz, ¢*Y = Vx - Vy and ¢¥¥ = Vy - Vy.
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2.5 Chosen form of the gyrokinetic equation

In the literature, the gyrokinetic equation is expressed in various forms, depending, for instance, on the choice
of the velocity space coordinates, of the frame of reference, or whether the equation is solved for the gyro-
center or guiding-center distribution function. Some forms are more suited than others to specific studies
or numerical implementations, but the differences in formulation do not affect the physics. We choose here
to formulate the gyrokinetic system of equations that describes the evolution of the gyrocenter distribution
function in the toroidally rotating frame and use the parallel velocity and magnetic moment as velocity coor-
dinates. The gyrokinetic equation is introduced to help clarifying the IMAS definitions of Section 3 but these
definitions are general and independent of the chosen form of the gyrokinetic equation.

2.5.1 Frame of reference

The frame rotation, 2, is chosen to be the zeroth-order flow at the flux surface of interest, » = rg, so that the
background E X B drift cancels in the gyrokinetic equation. The zeroth-order plasma flow is purely toroidal
and species independent [HW85]:

vo = R2we Vo (17)

with the toroidal angular frequency wg proportional to the background radial electric field:

=2r—— 18

we =2m—o (18)

and the background potential ®y constant on a flux surface. The frame toroidal angular frequency is
therefore given by Q = wg (o).

2.5.2 Velocity coordinates

2
The parallel velocity v and the magnetic moment 5 = m; ;l are used as velocity coordinates in the rotating
frame. Here, m; is the species mass, B the norm of the magnetic field and v the perpendicular velocity

coordinate.

The volume element for integrals over velocity space is given by:
27 B
dv = 270, dv) dvy = ——dp,do; (19)
ms

2.5.3 Centrifugal effects

In term of physics, including centrifugal effects induced by the background plasma flow adds several terms to
the gyrokinetic equation. These terms, related to centrifugal drifts and electrostatic trapping have important
implications on stability and transport when the background toroidal rotation is comparable to the thermal
velocity. Centrifugal effects have been introduced into the gyrokinetic code GKW [PSCT 09, PSC*12] based
on a formulation of the equations in the frame moving toroidally with the background flow [Bri95]. They
have also been implemented in the gyrokinetic code CGYRO [BC18] based on a formulation of the equations
in the Laboratory frame [SH98]. Both implementations have been shown to be equivalent [BC18]. All terms
related to centrifugal effects are included in the present description.
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2.5.4 Background distribution function

The background distribution function of gyrocenters F;, is assumed to be a Maxwellian:

msvﬁ s B
2T T

Ns
3

= 372
7I-/Uths

Furs exXp (20)

where ng, Ts and vy, = \/2Ts/m are the species density, temperature and thermal velocity, respec-
tively. In the presence of toroidal flows comparable to the thermal velocity, the plasma density is no longer
constant on a flux surface and is given by:

(21)

ns(0) = ngexp [—

where nsy = ns(0 = 0). The term &, represents the centrifugal energy and the potential energy associ-
ated to the poloidally varying component of the electric potential, see e.g., [PSC" 09, BC18]. It is quadratic in
the toroidal flow and vanishes at & = 0 by choice of ng.

2.6 The gyrokinetic equation

In the toroidally rotating frame with angular frequency 2, the temporal evolution of the perturbed distribution
function of gyrocenters, fs, is given by:

O fs b Ofs
- - . s - s — Ms B
5 [vb + va, + vy +vD] - Vfs+ oo VE — sV ]%u
Zsev) 8A||
—[vx +vp] - VsFus — TR
_ I
—[v”b—i-'vp—i-v;l”} . [ZSeV(ﬁ—f—/uLSVB”} 1]\:[
+C(fs) (22)

In this equation, b = B/|B]| is the unit vector in the direction of the background magnetic field and
e is the elementary charge. The background electric potential &, the perturbed electric potential ¢, the
parallel component of the perturbed vector potential A|| (magnetic flutter) and the parallel component of the
perturbed magnetic field B)| (magnetic compression) lead to a perpendicular motion given by:

bx Vo® bxV
0+ X

5 5 (23)

Ve, + Uy =
where

X=¢— v A+ %B\\ (24)

Retaining the radial variation of v, gives rise to the background E x B shearing term. Z, is the species
charge number and the gyro-averaged fields are given by:
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¢ = > Jolkips)dexplikex + ikyy] (25)
K ky

A”s = Z Jo(kLps)AA” explikyx + ikyy] (26)
kea Ky

B”S = Z jl(kLps)BH explikyx + ikyy] (27)
K ky

where k| is the perpendicular wavevector defined in equation (16), ps = msv1 /(ZseB) the species
Larmor radius and .J,, the n-th order Bessel function of the first kind with J; defined as:

; 2J1 (k1 ps)

J1 (klps) == k‘J_p (28)

The component of v, due to magnetic flutter is noted v A

The curvature drift v.,, the VB drift vy g, the Coriolis drift v., and the centrifugal drift v, are grouped
into:

VD = Vey + VVB + Veo + Ve (29)
where
msvﬁ
Vey = ZseBb x (b-V)b (30)
s bx VB
= 31
vy B Ze B (31)
_ Imlig (32)
Veo = ZS(,’B 1
1
c = b gs 33
vl = et Y (33)

with Q) = Q — (Q-b)b. In most, if not all, gyrokinetic codes, the radial force balance is invoked to split
the curvature drift into a term proportional to b x VB and another term proportional to the radial pressure
gradient:

2
MmsV [bx VB o Op
_ 4
=Bl B TRtV (34)

where p is the total plasma pressure entering the Grad-Shafranov equation.

The source term due to the radial gradient of the maxwellian background in equation (22) is given by:

Open Plasma Science 2, No.2 (2026) 940
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S 1 S s S T9
VsFus :[V”°+S%f;+<2T“+“ + 5 - Q)VTS

Ns0

+ 7 (BBto) + Q(R? — Rj_)) Vw<1>] Fas
Finally, C(f) is the collision operator.

2.7 The field equations

The Fourier components of the perturbed electromagnetic fields, QAS A” and B | entering the gyrokinetic equa-
tion are obtained from the Poisson and Ampére equations expressed in terms of the gyrocenter distribution
function. The gyrokinetic Poisson equation is given by:

[kﬁA +ZZ2T e s *[1 = To(bs)] %Qs -

Zf / Tolkps) fudo
+ZZ—F —Ty(b )]ﬂ (35)

O 1\Us B

where the species density n varies poloidally in the presence of centrifugal effects and is given by equa-

tion (21). The Debye length is A\p = /7 nee2 with T¢ and n,. the electron temperature and density, respec-

tively. The notation I',,(bs) = I,,(bs)e b9 is used where I, is the n-th order modified Bessel function of the
first kind and the parameter b, is defined as:

1

bs = i(kJ_pths)Q (36)

where pips = msvyps/(ZseB) is the Larmor radius of species s at the thermal velocity.

The parallel component of the gyrokinetic Ampére equation is given by:

ki/i” = uo/Zsev”Jo(kLps)fsdfv (37)

Finally, the perpendicular component of the gyrokinetic Ampere equation is given by:

[1 + Z ZILOTZSTQ[FO@S) - Fl(bs)] BH -
_MOZ/Msjl(kLps)fst

2#0”3 s Zsqu
=2 T o) Tl 57 (38)

S
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2.8 Moments of the particle, guiding-center and gyrocenter distribution functions

Equation (22) evolves the perturbed distribution of gyrocenters, fs, whereas the calculation of the perturbed
electromagnetic fields and that of the turbulent fluxes involve the perturbed distribution of particles, f. The
transformations required to obtain velocity space moments of the particle distribution function from that of
the gyrocenter distribution function are detailed below. Generic velocity moments of the particle distribution
function are first introduced as:

M2z, 0r,) = / s (v 00) f2(@, v, 01, €) e (39)

2m
where @ is the position vector, a is an arbitrary function of v and v, , and § is the gyro-angle. Moments

of the particle distribution function are related to that of the guiding-center distribution function f¢° by:

Mi(z, as) = /asfsgc(X,U,mﬁ(X +ps — w)%dfdx (40)

where p; is the Larmor radius vector pointing from the guiding-center position to the corresponding
particle position and § is the Dirac function. The guiding-center distribution function f° is itself related to
the gyrocenter distribution function fs by:

| Fag(X)
Ts

F94(X) = £(X) Zuelo(X + pg) = 60] + 22y x) (a1)

The terms involving ¢ and B)| account for the effect of polarisation and magnetisation of the background
plasma, respectively.

Inserting equation (41) into equation (40) and focusing on a single Fourier mode, we get:

ZsegZ;

M?(QS) = MSJO(C“S) T

MP () + ﬂMmg(a ) (42)
S S Ts S S

On the right hand side, the first term is the contribution from the perturbed distribution function of
gyrocenters, the second stems from polarisation effects and the third from magnetisation effects:

MP(a) = / s ok ps) fudw (43)
M (ay) = / asll — J2(k 1 ps)] Farsdv (44)
Mm99 () = / usttdo(k L ps) 1 (kL ps) Faradw (45)

We also introduce the .J; moments which will be useful to compute the fluxes driven by magnetic com-
pression in the next section:

M (ag) = / a1 (ki py) fudw (46)

Open Plasma Science 2, No.2 (2026) 11|40


https://doi.org/10.46298/ops.17447

10.46298/0ps.17447 Camenen et al.

and the moments of the gyrocenter distribution function which is part of the IMAS data model:

Ms(as) = /asfsdv (47)

2.9 Fluxes in the rotating frame

For each species, the flux-surface averaged contravariant radial component of the particle flux, energy flux
and toroidal angular momentum flux are expressed in the rotating frame as a function of moments of the
gyrocenter distribution function. Positive values of the fluxes represent a radially outward transport of a pos-
itive quantity. The definitions given in [BC18, SH98] are used, keeping only the non-vanishing contributions.
The resulting fluxes are listed below and split as a function of the transporting field.

2.9.1 Particle flux

As detailed in Appendix B, the particle flux is given by:
= > <2ky57“y1m [ / foxt dv] > (48)
Kz iy >0

where

X = JolkLps)(d— v 4)) + %jﬂkws)éu (49)
is the generalised field potential, (.) is the flux surface average, T denotes the complex conjugate and

_bxVy

Ty
£ B

Vr (50)

Separating the contributions to the particle flux as a function of the Fourier components and transporting
fields, we get:

D= S T0 (ke ky) + Tha, (s by) + T (b, )
ks, ky>0

where

Z@ _ <2ky57“ylm [Mio(l)ng>
hay = (2 [V ) 4]

T T y Ms 5 T
S,B” = <2]{3y5 yIm |:M5Jl(ZS€)BH :|>
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2.9.2 Energy flux

Similarly, the energy flux is given by:

Q=Y <2kye’”ylm [ / efsxfdvD (51)

kg ky >0

with € = %msv2 + &, and its components are:

QZ@ _ <2ky5”ylm [M;IO (6)&]>
Ty = - <2/<;y5w1m [/\?1;’0 (UHE)AIITD

= (o 08

2.9.3 Momentum flux

For the momentum flux, the transported quantity is the toroidal angular momentum, defined positive for a

flow in the direction of V. The radial flux of toroidal angular momentum is split into two parts: one grouping

the contributions arising from the parallel dynamics HL"T and the other one from the perpendicular dynamics
1,r

I

For the parallel dynamics, we have:

mly = (2kEsym, R [ Ao (v))d] )
7T r B ; i T
= <2ky5 Usyms R Im [Ms‘]“ ()4

~ B N
- e | %Ero+ o - Til| 4]

by, = (2kErvsym RSl [ X (4 o) B

1)

where the arguments of I'y(bs) and I'; (bs) have been omitted for brevity. In contrast to the particle and
energy fluxes, polarisation and magnetisation effects contribute to the parallel momentum flux (caused by
magnetic flutter).

The contributions arising from the perpendicular dynamics are given by:
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my = (e {re ]
+5 (Lo — Ty)|of?
*lh (o~ Tore [Bi61]})
my __ <2nk1%Re [MJ1 424 >
5, = (25 {ve (400 — 28200 2]
naZse [(2h — 1)T — 3bsT1] Re [925 }
+2555| By |* [3(To — I'1) 2
—2[2(1 — 4bs)lo + (205 — 1)1 ] } }>

where 7 is the toroidal mode number, related to the binormal wavevector by 2mn = Ayk,, and k'] =
ki -Vr = Ro(ksg™ + kyg™).
2.10 Fluxes in the Laboratory frame

In section 2.9, the fluxes were expressed in the frame rotating toroidally as a rigid body with angular frequency
Q. They are related to the fluxes expressed in the Laboratory frame as follows:

ryl = 1 (53)
B
ol = mlry Y <2k EVm Q) [RBt] Im [/ stTdU]> (54)
oy >0
2
ek o= ke Y <2k EVmQ [RB”] Im [ / fsﬁdvD (55)
s B
ki ey >0
Qi = Q40 [HH L 2 T] + > <2k EV= msRQQQIm [/ fsdev]> (56)
ko oy >0

where the L superscript is used to label the Laboratory frame fluxes and B,, is the poloidal magnetic field.

2.11 Transport equations

It is important to realize that the definition of the fluxes is linked to that of the transport equations in which
they enter. The fluxes defined in section 2.10 follow the definitions of T'2, IT# and Q2 given by equation (53)
in [SH98]. More precisely:
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1 [oW

ry = oyl o ot (57)
1 [oW

W= 5o || [ ] (58)
1 |0V

Q = 5|5 |9" (59)

The corresponding transport equations are equations (55-57) in [SH98], which must be combined with
equations (60-63) of the same paper to reveal T4, I1! and Q. As an example, the resulting transport equation
for momentum transport, retaining only turbulent contributions and without sources, reads:

19

+V’8r

o 10
pn <Z msnsR*vo - w> + 55y [V’ IR EREE i Vg,] =0 (60)

where V' = 0V /0r, with V the volume enclosed by a flux surface, and IT’}, the part of the Maxwell stress
not included in TI%%:

" 1 , . 1 .
ITy, = Z ,ug<2nkl |:’A|2+ki|B”|2]> (61)

ke ky>0

3 The IMAS gyrokinetics_local IDS

The IMAS gyrokinetics_local Interface Data Structure (IDS) has been created specifically to provide a
unified standard for flux-tube gyrokinetic simulations. This IDS is a subset of the IMAS Data Dictionary, which
describes magnetic fusion devices physics and subsystems in a machine generic way. The gyrokinetics_local
IDS (GK IDS) describes the inputs (density, temperature, etc.) and outputs (growth rate, fluxes, etc.) of numer-
ical simulations solving the system of delta-f flux-tube gyrokinetic equations presented in section 2. It also
contains all the metadata required to repeat a simulation. The architecture of the GK IDS, the naming and the
definition of each quantity, including sign conventions and normalizations, are introduced in this section.

3.1 Architecture

An overview of the gyrokinetics_local IDS is given in Table 1. It shows the overall structure, together
with the name, type and dimension of the data. It corresponds to tag 4.2.0 of the open source IMAS Data
Dictionary [IMA]. Some generic elements which are mandatory in any IMAS IDS but not relevant in the
present context are omitted. Their description can be found in the online documentation of the IMAS Data
Dictionary [IMAb]. The content of a few substructures omitted, for brevity, in the overview table is detailed
in Table 2. Based on the data model, an instance of the GK IDS can be generated for various programming
languages and filled with results from gyrokinetic simulations. A single GK IDS instance can be used to store
a set of linear simulations and one non-linear simulation provided they are performed with the same code,
including the same physics and sharing the same physical inputs. Simulations from different codes or with
different inputs are stored in different IDS instances. In an IDS instance, not all the elements of the data model
needs to be filled: when data is unavailable, they are left at their default "empty" value (in case of scalars) or
are not allocated (in case of arrays).
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gyrokinetics_local

gyrokinetics_local

ids_properties

provider
creation_date
provenance
comment
homogeneous_time

code

no

name
repository
commit
version
library
rmalizing_quantities
r
b_field_phi
n_e
t e

model

adiabatic_electrons
include_a_field_parallel
include_b_field_parallel
use_mhd_approximation
include_coriolis_drift
include_centrifugal_effects
collisions_pitch_only
collisions_momentum_conservation
collisions_energy_conservation
collisions_finite_larmor_radius

flux_surface

ip_sign

b_field_phi_sign
r_minor_norm

q

magnetic_shear_r_minor
pressure_gradient_norm
dgeometric_axis_r_dr_minor
dgeometric_axis_z_dr_minor
elongation
delongation_dr_minor_norm
shape_coefficients_c
dc_dr_minor_norm
shape_coefficients_s
ds_dr_minor_norm

species_all

velocity_phi_norm
shearing_rate_norm
beta_reference
debye_length_norm
angle_pol_equilibrium

species

charge_norm

mass_norm

density_norm
density_log_gradient_norm
temperature_norm
temperature_log_gradient_norm
velocity_phi_gradient_norm
potential_energy_norm

potential_energy_gradient_norm
collisions
‘ collisionality_norm

ne

ne
neg

[ns, m2s]

struct
str

str
struct
str
int
struct
str

str

str

str
AoS
struct
flt

flt

flt

flt
struct
int
int
int
int
int
int
int
int
int
int
struct
flt

flt

flt

flt

flt

flt

flt

flt

flt

flt

flt

flt

flt

flt
struct
flt

flt

flt

flt

flt
AoS
flt

flt

flt

flt

flt

flt

flt

flt

flt
struct
flt

linear struct
‘ wavevector Nwav AoS
binormal_wavevector_norm flt
radial_wavevector_norm flt
eigenmode Neiv AoS
poloidal_turns int
angle_pol ng flt
time_norm nt flt
initial_value_run int

code struct
parameters str

output_flag int
growth_rate_norm flt
frequency_norm flt
growth_rate_tolerance flt

fields struct
phi_potential_perturbed_norm [ng, nt) cpx
a_field_parallel_perturbed_norm [ng, nt] cpx
b_field_parallel_perturbed_norm [ng, nt) cpx
phi_potential_perturbed_weight ng flt
a_field_parallel_perturbed_weight  ny flt
b_field_parallel perturbed weight ng flt
phi_potential_perturbed_parity ng flt
a_field_parallel_perturbed_parity ng flt
b_field_parallel_perturbed_parity ne flt
moments_norm_particle [ns,ng,nt] struct
moments_norm_gyrocenter [ns,ng, nt] struct
moments_norm_gyrocenter_bessel_0 [ns ,Ng, nt] struct
moments_norm_gyrocenter_bessel 1 [ns,ng,nt] struct
linear_weights Ns struct
linear_weights_rotating_frame N struct
non_linear struct
binormal_wavevector_norm ng, flt
radial wavevector norm Nk, flt
angle_pol ng flt
time_norm ne flt
time_interval_norm 2 flt
quasi_linear int
code struct
parameters str
output_flag int
fields_4D [nky Mk s TG, TV struct
fields_intensity_3D [Pk s Mk, » 0] struct
fields_intensity_2D_surface_average [Ny s Tk | struct
fields_zonal_2D [ng, , ne] struct
fields_intensity_1D N, struct
moments_norm_particle [ns, Moy s Mgy » 10 nt] struct
fluxes_5D [nss My s ks R0, ] struct
fluxes_4D [ns, Moy Mg » ng) struct
fluxes_3D [ns, Moy s ng, | struct
fluxes_3D_k_x_sum [ns,n by ng] struct
fluxes_2D _k_x_sum [ns,n ky ] struct
fluxes_2D_k_x_k_y_sum [ns,nt] struct
fluxes_1D N struct
fluxes_5D_rotating_frame [ns,ng v Tk 05 nt] struct
fluxes_4D_rotating_frame [ns; gy, ik, > R, ] struct
fluxes_3D_rotating_frame [ns,n kys Mg ng| struct
fluxes_3D_k_x_sum_rotating_frame [ns,ng v ng) struct
fluxes_2D_k_x_sum_rotating_frame [ns,n Ky ] struct
fluxes_2D_k_x_k_y_sum_rotating_frame [ns,nt] struct
fluxes_1D_rotating_frame Ns struct

Table 1: Overview of the gyrokinetics_local IMAS Interface Data Structure. Indentation is used to indicate nested structures,
with the indented elements belonging to the structure above. The name, dimension (when finite) and type of the data are indicated.
The abbreviations struct, AoS, str, int, flt and cpx are used for structure, array of structure, string, integer, float and complex,
respectively. The content of some structures, e.g., moments_norm_particles is detailed in Table 2. The overview tables indicates
the dimension of the arrays contained in these structures.
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moments_norm_* struct linear_weights *  fluxes_” struct
density cpx particles_phi_potential flt
j_parallel cpx particles_a_field_parallel flt
pressure_parallel cpx particles_b_field_parallel flt
pressure_perpendicular cpx energy_phi_potential flt
pressure cpx energy_a_field_parallel flt
heat_flux_parallel cpx energy_b_field_parallel flt
v_parallel_energy_perpendicular cpx momentum_phi_parallel_phi_potential flt
v_perpendicular_square_energy cpx momentum_phi_parallel_a_field_parallel flt
fields_* struct momentum_phi_parallel_b_field_parallel flt
phi_potential _perturbed_norm flt/cpx momentum_phi_perpendicular_phi_potential flt
a_field_parallel_perturbed_norm flt/cpx momentum_phi_perpendicular_a_field_parallel flt
b_field_parallel_perturbed_norm flt/cpx momentum_phi_perpendicular_b_field_parallel flt

Table 2: Content of the moment, field and fluxes/linear weights structures. The size of the corresponding arrays is specified in the
overview table.

3.2 Why a data model with normalized quantities?

Most of the IMAS Data Dictionary describes dimensional quantities expressed in SI units. For the
gyrokinetics_local IDS, however, it was chosen to use normalized quantities. This is because the local
version of the gyrokinetic system of equations is based on an expansion in the ratio of the ion Larmor radius
to the plasma size, p,, which is assumed to be small and does not appear anymore in the normalized equations.
The solution is then valid for any value of p, (provided it is small) and this value only needs to be specified
to convert the solution to physical units. In practice, the normalized version therefore provides the solution
for an infinite number of p, values. Said differently, there is an infinite set of physical inputs that yield the
same normalized inputs and hence the same normalized solution. This is why it is more efficient to use the
normalized version in the IMAS gyrokinetics_local IDS.

3.3 Normalizations

All quantities in the data model are normalized using six reference quantities. The definition of these six
fundamental reference quantities are:

s qref = € = 1.602176634 x 10719 C, the positive elementary charge;
s Mpep = mp = 3.3435837724 x 10~27 kg, the Deuterium mass;
« Tref = Te(ro,80 = 0) = T.o, the electron temperature at § = 0 in [eV];

* Nref = Ne(r0,0 = 0) = nep, the electron density at § = 0 in [m~3]. When several electron species are
included, e.g., thermal and fast electrons, n¢g is the total electron density.

* Lycf = Ry, the major radius of the flux surface centre in [m];

« By = |Bi(Rp)| > 0, the toroidal magnetic field in [T] at R = Ry, for the flux surface under consid-
eration.

Following IMAS conventions, the values of the fundamental physical constants are the CODATA rec-
ommended values by the National Institute of Standards and Technology [NIS]. The reference temperature,
density, major radius and magnetic field are local to the flux surface of interest.

For convenience, the following derived reference quantities are also defined:

2T, .
* Uthref = 4 /W:;’ the reference thermal velocity;

MyrefUthref

B 5 the reference Larmor radlus.
Adre
refPref

* Pref =
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If needed to convert the inputs of a gyrokinetic code to IMAS, the electron mass is taken to be m, =
9.1093837015 x 1073 kg.

3.4 Meta-data

The three structures ids_properties, code and normalizing_quantities give information about the
origin of the data.

3.4.1 IDS properties

In IMAS, each IDS contains a generic ids_properties structure which provides information about how the
instance of the IDS was generated. A complete description of the ids_properties structure can be found
in the IMAS documentation [IMAb]. We only describe here the five elements relevant in the present context:

e provider
Name of the person who has produced the data.

e creation_date
Date and time at which the IDS instance has been produced with format YYYY-MM-DDTHH:MM:SSZ.
Example : 2020-07-24T14:19:00Z

« provenance
This generic IMAS structure can be used to keep track of the original files used to generate this IDS instance,
i.e,, the inputs and outputs of a gyrokinetic code, including the date and time at which they were generated.

e« comment
Any comment describing the content of this IDS instance.

» homogeneous_time
Set to 2, since the gyrokinetics_local IDS is static (it does not describe the dynamics of a plasma pulse).

3.4.2 Code

A code structure appears in three places: at the root, under the 1inear structure and under the non_linear
structure. The one located at the root contains information that pertains to the whole GK IDS. It is also
a generic IMAS structure and we document here a few of its elements, see [IMAb] for a comprehensive
description.

* name
Name of the gyrokinetic code used.

e repository

URL of the gyrokinetic code repository.

e commit
Unique commit reference for the source of the gyrokinetic code.

e version
Unique version (tag) of the gyrokinetic code.

+ library
List of external libraries used by the gyrokinetic code. If the conversion to IMAS is done in post-processing,
the name, description, repository and commit version of the post-processing scripts can be stored here.
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The two additional code structure are partial code structures. They only contains the input files used
of the simulations (stored in the form of an XML string) and a flag indicating whether the simulation was
successful or not.

+ parameters
List of the code inputs in XML format.

e« output_flag
Set to 0 if the run was successful. Other values mean some difficulty has been encountered, with the exact
meaning code specific. Negative values mean that the result shall not be used.

There is one partial code structure for each simulation stored in the IDS instance.

3.4.3 Normalizing quantities

In principle, there is no need to store the value of the normalizing temperature, density, magnetic field and
length, only their definition is required. When modelling an experimental case, it can nevertheless be conve-
nient to store the value of the normalizing quantities used to prepare the inputs for the simulations. This can
be done in the normalizing_quantities structure:

e t e
Normalizing temperature, Ty in [eV].

en_e
Normalizing density, 1.0 in [m~3].

e b_field_phi
Normalizing magnetic field, B;(Ry) in [T].

e r
Normalizing length, Ry in [m].

3.5 Model

The model structure gives an overview of the physical effects included in the simulation. It contains the
following switches:

e adiabatic _electrons
Set to 1 if electrons are assumed to be adiabatic, 0 otherwise.

e include_a_field_parallel
Set to 1 if the fluctuations of the parallel vector potential A are included, 0 otherwise.

« include_b_field_parallel
Set to 1 if the fluctuations of the parallel magnetic field B)| are included, 0 otherwise.

e use _mhd rule
Set to 1 if the geometrical dependence of the V B drift is approximated to be that of the curvature drift, 0
otherwise.

us bx VB s
Zse B Zse

VvB = b x (b- V)b, (62)

Using use_mhd_rule = 1 only makes sense in combination with the neglect of B)| fluctuations. It can
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be used to approximate the effect of retaining B)| fluctuations thanks to a cancellation at the MHD level
[WM99].

e include_ coriolis drift
Set to 1 if the Coriolis drift, see equation (32), is included, 0 otherwise.

e include_centrifugal_ effects
Set to 1 if centrifugal effects are included, 0 otherwise.

« collisions_pitch_only
Set to 1 if pitch-angle scattering only is retained in the collisions, 0 otherwise.

e collisions _momentum_conservation
Set to 1 if momentum conservation is enforced in the collision operator, 0 otherwise.

e collisions_energy_conservation
Set to 1 if energy conservation is enforced in the collision operator, 0 otherwise.

e collisions finite larmor_ radius
Set to 1 if finite Larmor radius effects are retained in the collision operator, 0 otherwise.

3.6 Species parameters
The parameters relative to the plasma species are grouped into three structures: species_all, species
and collisions. The content of these structures is detailed below.

3.6.1 Species all

All species are assumed to have a purely toroidal flow with a common toroidal angular frequency given by
equation (18). This species independent toroidal flow and the associated 2 x B shearing rate are specified
in the species_all structure, together with the plasma beta (ratio of plasma pressure to magnetic energy)
and the Debye length.

» velocity_phi_norm

Positive for a flow in the direction of V.

» shearing_rate_norm

VYEny =

Ry 1 [0W\?9%Q
or o2

Vthref Bref
« beta_reference
nrefTref
2
Bref
The plasma beta entering the Ampére’s equations (37) and (38) is obtained from the reference value above
combined with the species parameters (normalized density and temperature). When .y = 0, the run is

electrostatic.
\ o >\D o 1 GOTref
DN — — P}
Pref Pref \| MrefQref
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The Debye length enters the gyrokinetic Poisson equation (35). When neglected, this term is set to zero. In
practice, it only matters for small scale ETG modes.

« angle_pol_equilibrium
This is a poloidal angle grid, 0.5 from —7 to 7, common to all species. It is used to specify the poloidal
variation of the species effective potential energy and of its gradient in the presence of centrifugal effects.

3.6.2 Species

For each species s, the background distribution function is assumed to be a local Maxwellian, see equation (20).
Poloidal asymmetry in the background density induced by centrifugal effects is allowed following equation
(21). Poloidally asymmetric quantities are given in input at § = 0. An arbitrary number of kinetic species is
allowed, including several instances of the same species.

The species parameters are stored under species which is an array of ng structures where n; is the
number of species.

+ charge_norm

Zse
Zy =22
Qref
e mass_norm m
msN = -
Myef
+ density_norm
50
nsN =
Npef
with ngy = ns(6 = 0).
« density_log_gradient_norm
Ro anso
R/L, , = —
/Enso nsy Or
Positive for peaked profiles.
e temperature_norm
T.
TSN = .
Tref
» temperature_log_gradient_norm
Ry OT.
R/Lz, = T, 87’5
S
Positive for peaked profiles.
» potential_energy_norm
Es(0cr)
gsN(ecf) = } C;c
re

The effective potential energy responsible for the poloidal density asymmetry in equation (21), with & (0. =
0) = 0 by definition.
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» potential_energy_gradient_norm

Ry 0&,

!/
O.5) = ———2(h
sN( Cf) Tref or ( Cf)
e velocity_phi_gradient_norm
o _ R Owes
sN Uthref or

Positive for peaked profiles of a flow in the direction of V. This input is used to specify the parallel flow
shear entering the radial gradient of the background Maxwellian distribution function, equation (35). It is
assumed to arise entirely from the radial shear in a toroidal flow of constant angular frequency on a flux
surface. The possibility to have a species dependent toroidal velocity gradient with w, s # we is retained.
Strictly speaking, this is inconsistent with the local limit assumption p, — 0 but can be interesting for
the interpretation of tokamak experiments. Note that in the strict application of the local limit, i.e., for
Wy,s(1) = wa(r), one has:

1 8V, RB,
TEN = 9rRoBrey 0r N T RoByes N

3.6.3 Collisions

To help capturing the variety of collisions implementation in gyrokinetic codes, the normalized collisionality
is given for each species couple a/b in an array of size ns X ng (lines for species a, columns for species b):

» collisionality_norm
sz/bz Ro /b
Uthref

where %/? is the collisionality frequency of species a against species b. For collision frequencies consistent
with the species temperature and density, we have:

l/a/b: Ro nboZnge‘llnA“/b

N 2
Vihrep  ATEGMEUL,

where ny is the density of species bat § = 0 and In A%/? the Coulomb logarithm. For electron-ion collisions,
an extra Z.g factor can be added to the formula above to mimic the impact of heavier impurities, as is
frequently done in gyrokinetics codes.

In addition, specific collisionality switches are described in the model structure, see section 3.5.

3.7 Magnetic equilibrium

The magnetic equilibrium in the vicinity of the flux surface of interest is specified by the parameters stored
in the flux_surface structure, given at r = ry.

e ¥ _minor_norm

ro

TN =
Ry

e b_field_phi_sign
sp = sign[B - V]
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e ip_sign

sj = sign[j - V]
with j the plasma current density.

°q

1 ™ B.Vy
"2 )y B-V6
The safety factor ¢ can be positive or negative, its sign depends on the sign of the toroidal plasma current
and magnetic field:

dé

q

q = 5p5;lq|

« magnetic_shear_r_minor
. 10q
§=——
qor

» pressure_gradient_norm

/ . 2110 Ro @

PN = P)
Bmf or

with p the total plasma pressure (i.e., the pressure term entering the Grad-Shafranov equation). p/y (often
called ') is a quantity related to the magnetic equilibrium, which for instance affects the curvature drift,
see equation (34). It does not need to be consistent with the gradients (R/L,,,, R/Lt,) specified for the
kinetic species.

In addition to the parameters above, the shape of the flux surface is specified using an extension of the
Miller parametrisation of local magnetic equilibria proposed in [ACB21] and particularly convenient for local
gyrokinetic codes. The plasma shape is described by a parametrisation of the constant poloidal flux contours:

Ry(r,0) = R.(r)+rcosfgr (63)
Zy(r,0) = Z.(r) —rk(r)sind (64)
with the angle 0 defined as:
Ngp—1
Or(r,0) =0+ Z cn (1) cosmb + sy, (1) sinnd (65)
n=0

The flux surface center (R., Z.) and radial coordinate r are defined in section 2.3. Note that the flux
surface center (R, Z.) is defined here for each flux surface and therefore depends on the radial coordinate

r. Since Zy = Z.(r() does not enter the gyrokinetic equations, it is assumed to be zero. The elongation & is
defined as:

_ max[Zy] — min[Zy]
r(r) = max|[Ry] — min[Ry] (66)

The specification of the local magnetic equilibrium then requires 4ng;, + 3 terms (sp and its derivative
are never needed), given at r = rg, where ngy, is the degree of the expansion:
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» dgeometric_axis_r_dr_minor

8RC( )
r
or *°
» dgeometric_axis_z_dr_minor
8Zc( )
T
or 0
 elongation
k(o)
» delongation_dr_minor_norm
ok
Ro—(r
067“( 0)
» shape_coefficients_c
Cn(TO)
» shape_coefficients_s
sn(T0)
e dc_dr_minor_ norm
dey,
Ro—(r
05 (ro)
e ds_dr _minor_ norm
0sp,
Roy—(r
" ar (ro)

Typically ng, < 4 is sufficient to capture most of the plasma shapes but higher values can be used when
needed (for instance close to the edge).

3.8 Linear runs

The outputs of linear simulations are stored in the linear structure, together with a few specific inputs.
The array of structures wavevector is placed at the root. It contains the radial and poloidal wavevectors of
the considered Fourier component, see equation (13), normalized and expressed in a coordinate independent
form:

e radial wavevector_norm

krﬂref = kzv ga:x(g = 0)pref (67)

e binormal wavevector_norm

kepref = ky V gyy(g = O)pref (68)

Remembering equation (16), &, is the dimensional perpendicular wave vector at = 0 obtained when
ky, = 0 and similarly, kg is the dimensional perpendicular wave vector at § = 0 obtained when k, = 0.

By convention, only positive binormal wavevector are stored in the GK IDS since this is sufficient to
describe any real field owing to hermitian symmetry. The (k;pycf, kgpres) pairs stored in the wavevector
array of structure are expected to be unique: no duplicated wavevectors are allowed.
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For each wavevector, multiple eigenmodes are solution of the linear problem. These eigenmodes are
stored under the eigenmode array of structures. To capture the case where each eigenmode is the result
of a dedicated simulation, the corresponding code specific inputs are stored in the code structure under
eigenmode, (see section 3.4.2), together with the following quantities:

 angle_pol
This is the extended ballooning angle, 6, used as the parallel coordinate in the flux-tube coordinate system
(z,y,0) introduced in section 2.4.

e poloidal_turns
The number NN, of poloidal turns (or coupled radial modes). In the spectral representation of a flux-tube
domain, the periodicity of the torus in the poloidal direction leads to the coupling of radial modes in the
parallel direction: R R
fs(kz, by, 0 — 1) = fs(ky + Aky, ky, 0 + 1)

with Ak, depending on the magnetic shear. A flux-tube extending over an odd number N, of poloidal
turns with 1 radial mode k; is therefore equivalent to a flux-tube extending over 1 poloidal turn with N,
coupled radial modes k; + pAk, with p an integer varying from —(NN, — 1)/2 to (N, + 1)/2. In practice,
running with a sufficiently high number of poloidal turns (or coupled radial modes) is necessary to get a
result independent of the boundary condition imposed at the end of the field line (when the number of
poloidal turns increases, k£, at the end of the field line increases and the perturbations are damped by finite
Larmor radius effects).

e time_norm

Vthref
Ry

ty =t

This is the normalized time at which the outputs are given. It can contain a single value when the outputs
are given at the end of the linear simulation or an array of values in case the temporal evolution is stored.
The second option can be useful to store the results of linear zonal-flow damping simulations (Rosenbluth-
Hinton test).

e initial value_ run
Set to 1 for an initial value run and to 0 for an eigenvalue run.
3.8.1 Mode amplitude

In linear runs, unstable modes are exponentially growing in time and so are the associated fluxes. The expo-
nentially growing outputs are therefore normalized to a dimensionless mode amplitude defined as:

dé

A = \/ [ on©F + i@+ 1Biwo)P] 5 @

where the Fourier components of the electrostatic potential and vector potential are normalized as fol-
lows:

ON = g0 (70)
R
AN = zresAl (71)
S
Bin =58 (72)
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The integral over 6 is performed over the full length of the flux-tube (it is equivalent to an integral over
one poloidal turn of the sum of all connected k; modes).
3.8.2 Eigenvalues

The normalized mode growth rate y and frequency w, are defined as:

 growth_rate_norm

Ry
’YN(k;Iu ky) - 'Y(kxa ky)
Uthref
Positive for unstable modes.
« frequency_norm
Ry

WTN(k'a:a ky) = wr(km ky)m

Positive for modes propagating in the ion diamagnetic drift direction (and therefore negative for modes
propagating in the electron diamagnetic drift direction).

For initial value runs, a tolerance on the run convergence, calculable in post-processing, is defined as:

1 1/tf 9
Yol = T xS Y(t) — v¢|® dt
t |W,\/ At ), s D0

where ? ¢ and 7 are the time and growth rate at the end of the simulation, respectively. The time depen-
dent growth rate is given by:

« growth_rate_tolerance

1 . .
1(6) = 5 I Ag(6) — I Ayt — 1)
with ¢ depending on the code setup but in any case several times smaller than the interval At over which
the standard deviation is computed. This time interval is taken to be:
1
At = imax(THS,ﬂ_s)

where 7|, is the time for a thermal particle of species s to stream along the field line over one poloidal turn
and 7 ¢ is the time for a thermal particle of species s to drift over one fluctuation wavelength:

s R
Tls = 2mq ?szlvv Uthroef (73)
T1s 2 1Zsn| _Ro (74)

- kG*pref TsN Uthref
Only non-trace species, with nsny > 0, are retained for the computation of the time interval.

3.8.3 Eigenfunctions

To facilitate the comparison of the mode structure between different runs, the eigenfunctions are rotated
in the complex plane by an arbitrary phase factor o chosen so that the real part of the normalized electric
potential is positive and its imaginary part is zero at § = 6*, where 6* is the ¢ value at which ](5 ~| is maximum.
When there are several maxima, the lowest 6* value is chosen. For a given eigenmode, all the parallel outputs
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(eigenfunctions and moments) are rotated in the complex plane using the same value of o computed at the
last time slice of time_norm and defined as:

eia _ |§£N(k$> kya 0*)|

¢N(k177 kya 0*)

The normalized eigenfunctions and associated derived quantities are defined as:

e phi_potential_perturbed_norm

_ ﬁgN(kx7 kya 0) ela

Onp(0) = =
Af(kxv ky)
« a_field_parallel_perturbed_norm
2 AN(kxak79) ic
Af(kxa ky)
e b_field_parallel_perturbed_norm
~ BN(k:mkve) o
BIINf(‘9> = ”—ye

Af(kx, k'y)

 phi_potential_perturbed_weight

R o do
Ay = \/ [1oxs002 5]

« a_field_parallel_perturbed_weight

R N do
'AA” = \/ “’4||Nf(6)|2 g

« b_field parallel perturbed_weight

. . dé
Ap, = \/ [ 1Bussore 5

e phi_potential_ perturbed_parity

| ens 099
* 7 Tlons(6)d6

« a_field_parallel_perturbed_parity

o = W A (0)d0)
b ANy (0)]d0
« b_field_parallel_perturbed_parity
oy — |/ By (0) o)
b [ 1Byny(0)]d0
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3.8.4 Moments

Moments of the particle and gyrocenter distribution functions expressed in the rotating frame are given as a
function of the poloidal angle § and time ¢ grids for each species and each eigenmode. Four structures are
defined:

* moments_norm_particle

* moments_norm_gyrocenter

* moments_norm_gyrocenter_bessel_0
* moments_norm_gyrocenter_bessel_1

which contains, respectively, the M2 (as), M(as), M7 (as) and M7t (as) moments introduced in
section 2.8. For each of the four structures, the normalized moments are computed using the values of «
listed below:

» density
1 eia

g = —_
50 Px .Af

e j_parallel '
1 el
Qg = stHi =
N s0Vthref Px .Af

» pressure_parallel

1 5, 1 e«
Qg = =MV ———— ——
° 3°° I ns0Te0px .Af
e pressure_perpendicular '
1 9 1 e’
Qg = —MgU

3 + nsOTeO,O* If

e pressure

1 9 9 1 e
as = -ms(vi +v])————
° 37 I + nsOTeOP* .Af
 heat_flux_parallel .
1 9 1 e
Qg = =MV ———————— ——
° 2 *l nsovthrefTeOp* .Af

e v_parallel_energy_perpendicular
1 eia

2
s = —Mmguv] ————————— ——
I nsOUthrefTeOP* .Af

2
 v_perpendicular_square_energy
1 1 el
Qg = fmsvﬁ_vzz— =
nsovthrefTeop* Ay

2

With these definitions, the perturbed pressure is simply the sum of the perturbed parallel and perpendic-
ular pressures. The species density nyy = ns( = 0) rather than n,.¢ is used for the normalization to allow
for trace species with zero density.
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3.8.5 Linear weights

For linear runs, the fluxes defined in section 2.9 and 2.10 for each wavevector, species and transporting field,
are normalized to the mode amplitude A #(kz, ky) to yield the so-called weights used in quasi-linear transport
models. The structure 1inear_weights_rotating_frame contains the linear weights expressed in the
rotating frame using the definitions of section 2.9 and made dimensionless as follows:

« particles_phi_potential

Lsng = L
o nsOUthrefpz A%
« particles_a_field_parallel
T
F FS,A” 1
NA = ———— 57,
s I ngovthrefpz A?c
« particles_b_field_parallel
r FZ,B“ 1
NB = 5 &
* I nsOUthrefpz A?c
 energy_phi_potential
Q5 1
Qsng = —20— —

nsOTeO'Uthrefpz A?‘

« energy_a_field_parallel

0 A, 1
NA, — ——F/F 9 75
° I nsOTeO'Uthrefpz .A?c
« energy_b_field_parallel
T
s,B 1
QSN,BH = H

nsOTeOUthrefpz A?‘
- momentum_phi_parallel_phi_potential

I
I — oo 1
sN,¢ —

NsQMyef ROU?hrefpz A?

« momentum_phi_parallel_a_field_parallel

H7T
S,A”

Ns0Myef ROvtthef P% AT?

| —
HSN,AH -

« momentum_phi_parallel_b_field_parallel

7
S,BH 1

NsoMyef RO'UtQhrefpz A?‘

| —
HSN,B” -
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« momentum_phi_perpendicular_phi_potential

1
T b

NsQMyef ROU?hrefpz A?p

1
HsN,¢ =

« momentum_phi_perpendicular_a_field_parallel

sy 1
NsQMyef ROUtQhTef P% A?‘

1 —
HSN,AH -

« momentum_phi_perpendicular_b_field_parallel

1
S,BH 1

NsoMyef RO'UtQhrefpz A?‘

1 —
HSN,B” -

The structure linear_weights contains the linear weights expressed in the Laboratory frame made
dimensionless in the same way as above but using the unnormalized fluxes of section 2.10. All linear weights
are given at the last time step of time_norm.

3.9 Non-linear runs

The outputs of non-linear runs, together with a few specific inputs, are stored in the non_1linear structure.
Unlike the linear structure, where the wavevectors are stored in an array of structures, a wavevector grid
is used in the non_linear structure. Storing each wavevector separately is indeed desirable for linear simu-
lations where all wavevectors are uncoupled but makes less sense and proves impractical for non-linear runs
based on a grid with a large number of coupled wavevectors. The radial and binormal components of the
wavevectors are therefore defined as 1D arrays given at § = 0 with the same definition as for linear runs, see
equations (67) and (68) in section 3.8, and stored in:

« radial wavevector_norm
e binormal wavevector_norm

The combination of the 1D radial and binormal wavevector grids forms the 2D rectangular grid used in
the non-linear simulations. The poloidal angle (parallel coordinate) and time grids
- angle_pol
e time_norm

have the same definition as for linear runs. Some of the outputs stored in the non_linear structure are
time averaged. The time interval used for the average is given by:

e time interval norm
start ;stop
[tN atN ]

op

Time averages are computed on the interval starting at ¢5:*"* and ending at tf\t, , with ¢y the normalized

time.
Finally, a switch allowing to store the results of quasi-linear calculations is added for versatility:

e quasi_linear
Set to 1 if the fluxes and fields spectra are computed from a quasi-linear model. 0 if non-linear.
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3.9.1 Fields

The fluctuating fields ¢, A” and B” depend on the binormal wavevector k,, the radial wavevector k, the
poloidal angle § and time ¢. The 4D fields arrays (complex values) contain maximal information but can
represent a very large amount of data. For flexibility, the IMAS gyrokinetics data model defines a hierarchy
of structures to store the fluctuating fields (or their intensity) in arrays of reduced dimensionality. These
structures are listed below with ¢ used as a generic field used to explicit their content:

x fields_ 4D

~

C(kyv kwa 07 tN)
The fields themselves (complex values). Function of &y, k;, 0,tn.

* fields_intensity_3D
tstop dt
~ 2 N
’C(ky7k$797tN>‘ ANz

tart At
" av

The time averaged fields intensity, with At,, = ti\tfp - t‘js\'}a”. Function of ky, k, 6.

* fields_intensity_2D_surface_average

N dt
Ey Ky, 0,t5)]2
</t%am ’C( Yo s Vs N)| Atav>

The time averaged and flux surface averaged fields intensity. Function of ky, k.

* fields_zonal_ 2D
<6(ky = 07 kx’ 97 tN)>
The flux surface averaged zonal fields. Function of k, tx.

* fields_intensity_1D

N dt
Ky, ks 0, ) |2
<Z/ k0.t Atw>

o Juggert
The time averaged and flux surface averaged fields intensity, summed over k. Function of k,.
In all these structures, the field represented by f is specified as follows:
e phi_potential_perturbed_norm: é = (]BN
« a_field_parallel_perturbed_norm: é = AHN
e b_field_parallel_perturbed_norm: é = B”N

Note that for non-linear runs, the fields are not rotated in the complex plane and not normalized to the
mode amplitude.

3.9.2 Moments

With validation against the experiments in mind, moments of the particle distribution functions are stored
in the moments_norm_particle structure. These moments are listed in Table 2 and follow the definitions
given in section 2.8, except that they are not normalized to the mode amplitude, nor rotated in the complex
plane. They are stored in a 5 dimensional array with coordinates s, ky, k;, 0, x, with s the species label. For
now, moments of the gyrocenter distribution function are not included in the GK IDS for non-linear runs.
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3.9.3 Fluxes

The fluxes are stored in arrays of various dimensionality grouped in a hierarchy of structures. A generic flux
F and its primitive Fy, with F =< Fy >, are introduced to describe the content of the flux structures:

* fluxes_ 5D
f@(sa kya kmv 97 tN)

The fluxes primitives (non flux-surface averaged). Function of s, ky, k., 0, , with s the species label.

*x fluxes 4D
stop

N dt
F@(Sv ky7 k:va 07 tN) 7N
t]s\?art Atav

The time averaged fluxes primitives. Function of s, k, k., 0.
*x fluxes 3D
tstop dtN
F(s,ky, ks, tn) A
t%art tCLU

The time averaged fluxes. Function of s, ky, k.

* fluxes 3D _k_x sum

> F(s,ky, ke ty)

ka
The time dependent fluxes summed over k. Function of s, k,, tn.

* fluxes 2D _Kk_x_sum
tstop

N dtN
Z/ ]:(Sakyakth)m

tstart
ke N

The time averaged fluxes, summed over k,. Function of s, k,.

Z ]:(37 ky: kwatN)

K ky >0
The time dependent fluxes, summed over k, and k,. Function of s, .

* fluxes 1D
tstap

N dtN
Z / ‘F(Svky>kx791t]\f) At(w

tsta'rt
kx,ky >0 tN

The time averaged fluxes, summed over k, and k,. Function of s only.

These seven structures are used to store the fluxes expressed in the Laboratory frame. An additional set
of similar structures with the suffix _rotating_frame are used to store the corresponding fluxes expressed
in the rotating frame.

In all these structures, the fluxes represented by F are the ones listed in section 3.8.5 with the same naming
and normalizing conventions, excepted the absence of normalization with the mode amplitude (A, = 1).
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4 Application examples

The gyrofluid code TGLF and the gyrokinetic codes GENE and GKW have been interfaced with IMAS to read
and write gyrokinetics_local IDSs. This is done in pre- and post-processing using Python scripts avail-
able in the following git repository [IMAa]. Recently, the IMAS interface has been exploited to benchmark
TGLF against GKW in high beta regimes prone to KBM turbulence [NCBL25]. As an additional illustration,
we use the IMAS standard to compare the linear response of GENE, GKW and TGLF for a simple reference
case defined in Table 3. Electric potential and perpendicular magnetic field fluctuations are included and
magnetic field compression is neglected. The flux surfaces have a circular cross-section. Two kinetic species
are included, electrons and deuterium ions, with a zero electron temperature gradient, no collisions and no
rotation. For all simulations, the radial wavevector is set to zero. Grid convergence studies show that rather
high resolution is required in GENE and GKW to obtain values of the mode growth rate converged within
less than 1%. In velocity space, based on the convergence study, 24 points were chosen for the y grid and 160
points for the v grid. The maximum velocity was set to 3 times the thermal species velocity for each species.
The dynamics along the magnetic field line was discretised with 64 points per poloidal turns and a total of 31
poloidal turns. In GENE and GKW, numerical dissipation is applied in the v and 6 directions, as is customary
in finite-difference codes to prevent numerical instabilities. Default settings were used for TGLF.

model species_all
adiabatic_electrons 0 velocity_phi_norm 0.0
include_a_field_parallel 1 shearing_rate_norm 0.0
include_b_field_parallel 0 beta_reference 5e-4
use_mhd_approximation 0 debye_length_norm 0.0
include_coriolis_drift 0  species D
include_centrifugal_effects 0 charge_norm 1.0
collisions_pitch_only 0 mass_norm 1.0
collisions_momentum_conservation 0 density_norm 1.0
collisions_energy_conservation 0 density_log_gradient_norm 3.0
collisions_finite_larmor_radius 0 temperature_norm 1.0

flux_surface temperature_log_gradient_norm 6.0
ip_sign -1.0 velocity_phi_gradient_norm 0.0
b_field_phi_sign -1.0  species e~
r_minor_norm 1/6 charge_norm -1.0
q 2.0 mass_norm 2.724437e-4
magnetic_shear_r_minor 1.0 density_norm 1.0
pressure_gradient_norm 0.0 density_log_gradient_norm 3.0
dgeometric_axis_r_dr_minor 0.0 temperature_norm 1.0
dgeometric_axis_z_dr_minor 0.0 temperature_log_gradient_norm 0.0
elongation 1.0 velocity_phi_gradient_norm 0.0
delongation_dr_minor_norm 0.0  collisions
shape_coefficients_c [0.0,0.0] ‘ collisionality_norm [[0.0,0.0],[0.0,0.0]]
dc_dr_minor_norm [0.0,0.0]
shape_coefficients_s [0.0,0.0]
ds_dr_minor_norm [0.0,0.0]

Table 3: Inputs of the reference case used to compare GENE, GKW and TGLF using the IMAS standard.

The linear growth rate and the mode frequency are shown as a function of the binormal wavevector
in Figure 2. The values obtained for GENE and GKW are nearly identical at all wavevectors for this Ion
Temperature Gradient mode. The predictions of TGLF are within 10 to 20% from the gyrokinetic predictions,
except at the highest wavevector where the real frequency computed by TGLF is significantly lower. In the
left plot of Figure 3, the real and imaginary part of the normalized electric potential fluctuations, (;AS N, are
shown as a function of the parallel coordinate . Here as well, a perfect match is obtained between GENE and
GKW. TGLF eigenfunction is very close to the gyrokinetic result.
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Figure 2: Linear growth rate (left) and mode frequency (right) as a function of the binormal wave vector kgp,es for GKW (blue
crosses), GENE (orange circles) and TGLF (green stars).
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Figure 3: Left: parallel structure of the real (full line) and imaginary (dashed line) part of the normalized electric potential <£Nf at
koprey = 0.2 for GKW (blue), GENE (orange) and TGLF (green). Right: parallel structure of the particle current density moment for
the electron species, |M?  (—ev)))| at koprey = 0.7 for GKW (blue) and GENE (orange).

In the right plot of Figure 3, the absolute value of the perturbed parallel current density carried by the
electrons is shown as a function of the parallel coordinate. It reveals a very extended structure, with values
still higher than 10% of the maximum after 30 poloidal turns. The overall agreement between GENE and
GKW for the electron current density is excellent, with slight differences appearing close to the boundary
of the flux tube, presumably due to a different numerical dissipation in the parallel direction. The parallel
current density is not shown for TGLF since it is not a standard output for this code.

5 Summary and perspectives

A new Interface Data Structure, the gyrokinetics_local IDS, has been introduced in the IMAS Data
Dictionary [IMA] to store inputs and outputs of local delta-f gyrokinetic simulations. This new standard
has been documented in details, including all sign conventions, definitions and normalizations. The present
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version of the GK IDS, which corresponds to tag 4.2.0 of the IMAS Data Dictionary, is meant to cover basic
needs and ensure reproducibility of the simulations.

Many more fields could be added. For instance, one may wish to cover non-Maxwellian background
distribution functions, poloidal asymmetries due to temperature anisotropy, some finite p, effects (e.g., profile
shearing, parallel derivatives), storage of the perturbed distribution function or of additional moments, sonic
flow modification of the magnetic equilibrium, specifics of the £/ x B shearing implementation, etc.

However, trying to be exhaustive brings the risk of slowing down the deployment process and making

the GKIDS heavier without any need. The choice has therefore been made to first deliver basic functionalities
and keep additional development for future revisions. Importantly, the Data Dictionary is not meant to be
frozen and extensions can be triggered by users to cover new needs.
As a first application, a public database of simulations relying on the gyrokinetics_local standard is
presently being deployed [GKD]. It provides a practical tool to store and share gyrokinetic simulations, to
perform gyrokinetic code benchmarks and to develop turbulent transport models based on the training of ma-
chine learning surrogates. Another possible application is the development of packages exploiting the stan-
dardised outputs of the gyrokinetics_local IDS to build 3D fluctuations map for synthetic diagnostics,
the resulting signal being stored in the corresponding diagnostic IDS, e.g., reflectometer_fluctuation
for the synthetic signals seen by a reflectometer observing the simulated fluctuations. A natural extension of
the gyrokinetics_local IDS would be the development of an IDS to store global gyrokinetic simulations.
Preliminary work in this direction has started.
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A Catalog of Bessel function integrals

The integrals of Bessel functions over velocity space used to compute fluxes and moments are listed in this
section. We note J,, the n-th order Bessel function of the first kind, I,, the n-th order modified Bessel func-
tion of the first kind and I',,(bs) = I,,(bs)e " with by = %(klpths)Q. We also introduce jl(kj_ps) =
2J1(k1ps)/(k1ps). In the following, the argument of the Bessel functions is omitted for brevity, ie., J,
is used for J,, (k1 ps) and T, for T, (bs).
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1
/02J§FMsdv = nsvfhsifo
2 T
padg Farsdv = no23 (1= 0s)T0 + bel'1]
. T,
//LSJUJlFMSd’U = nsg(ro —Fl)
27 7 7
MSJ()JlFMSd’U = nsﬁ [2(1 — bs)Fo + (2()5 — l)Fl]
N T 1
/ vitpsJo /1 Farsdv - = nsuth§§(ro -1)
5 T2 1
/uzijMsdv = nsﬁi(ro —Ty)

B Fluxes calculation

Following [BC18, SH98], we first introduce the non-adiabatic distribution function of gyrocenters,

Zge N s A N
 Fusdo(kips)o + %FMle(kLps)BH

ils:fs+ Ts

and the generalised field potential,
$ = Jolkips)(é = v Ay + =ik By

The contravariant radial component of the flux surface averaged particle flux is given by [BC18]:

=> <zky5w / lef(dv>

ka Ky
where (.) is the flux surface average and the factor

_bxVy

Ty
& B

Vr

arises from

bx Vx

vy - Vr =

Vr= > ik, ke, ky, )
ke ky

The Fourier components of any real field, for instance ¢, verify (]ASLI ky gZA)k,w’_ ky = QZA)_ ko ky ngbJL ok In addition,

ki (ky,—ky) = ki (—ks, ky), leading to:

ZkyJO(kLps)QELmkngkx,ky = Z kyJO(kLps)$Lmky§£kx,ky

Ko ky Ko g >0
— > kydo(kips )bl g Oty
K ky >0
=0 (80)
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As a consequence, all the terms of this form will vanish in equation (77). Noting that the integral over velocity
space of v Fy is zero, the expression of the particle flux therefore reduces to:

= ). <2ky5’“y1m { / fsxfdvD (81)
kg ky>0

This means that the radial flux of particles given by equation (77) is equal to the radial flux of gyrocenters,
equation (81). The contributions from polarisation and magnetisation cancel out.
Similarly, the energy flux given in [BC18]:

1 o
Q. = Z <ik:y5Ty /(2m5v2 + ES)hS)ZTd'v> (82)
kz,ky
where & is the centrifugal energy entering equation (21), can be written as:
1 A
Q- = Z <2k:y57”ylm { / (§msz;2 + &) fsfﬁdv} > (83)
K ky >0

As for the particle flux, there is no contribution from polarisation or magnetisation effects.

For the toroidal angular momentum flux, the situation is a bit more involved. We first consider the
contribution arising from the parallel dynamics, expressed in the rotating frame:

B ~
H!’T = Z <iky(‘:ry/sbmsR|Bt|U”hi)A(d’v> (84)
Koy

Keeping only non-canceling components, we get:

B ~

Zge ~ 4
T ¢Aﬁ / v} Jg Farsdv (85)

1 ~ - A
— TB||AT/MSUQ|J0J1FM5dU]>

Using the velocity space integrals of Bessel functions listed in Appendix A, this yields

B A
o= 3 <2ky5TysbmsR’§Im [ / v fsxido — %vfhs

kz,ky>0

Zsquro By

i Al
T * B

Lo —I']

> (86)

In addition to the radial flux of parallel momentum carried by the gyrocenters (first term under the integral
in equation (86)), a momentum flux is driven by the interplay between polarisation and magnetisation of the
background plasma and the magnetic flutter of the field lines (second and third terms under the integral in
equation (86)).

The contribution arising from the perpendicular dynamics is given by:

7 .
mr =% <nk: LV kge / hl;gadu> (87)

K ky 1

Open Plasma Science 2, No.2 (2026) 37 | 40


https://doi.org/10.46298/ops.17447

10.46298/0ps.17447

Camenen et al.

where n is the toroidal mode number, related to the binormal wavevector by 27n = Ayk, and an additional

potential x, has been introduced for convenience:

Xa = kipsJ1(kLps)[d — v 4] + %[jl(kj_ﬂs> — 2Jo(kLps)) B,

Invoking again Hermitian symmetry, see equation (14), we notice that:

S wkiVrhiRa= 3 2nki - VrRe[hl]
ke ky kz,ky>0

We then have:

HET = 3 gm0 (20K Vr {Re (B [ 2], fudido]
87 (T — I'1) | 6|2

+ 2L (T — T )Re [ By 6]

—Re [TES fv”gf;ejlfsfiﬁdv]
+Re [% fus(jl — 2J0)fséﬁdv}

1575 [(2b, — 1)To — 36,1 Re [ 95]

+,?{§z 3(To —T1)|By

— 28T [2(1 - b,)To + (26, — 1I1] B2 })
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