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Abstract

Designing economical magnetic confinement fusion power plants motivates computational tools
that can estimate plasma behavior from engineering parameters without direct reliance on
experimental measurement of the plasma profiles. In this work, we present full-f global
long-wavelength gyrokinetic simulations of edge and scrape-off layer turbulence in tokamaks
that use only magnetic geometry, heating power, and particle inventory as inputs. Unlike many
modeling approaches that employ free parameters fitted to experimental data, raising
uncertainties when extrapolating to reactor scales. This approach directly simulates turbulence
and resulting profiles through gyrokinetics without such empirical adjustments. This is achieved
via an adaptive sourcing algorithm in GKEYLL that strictly controls energy injection and
emulates particle sourcing due to neutral recycling. We show that the simulated kinetic profiles
compare reasonably well with Thomson scattering and Langmuir probe data for Tokamak 4
Configuration Variable (TCV) discharge #65125, and that the simulations reproduce
characteristic features such as blob transport and self-organized electric fields. Applying the
same framework to study triangularity effects suggests mechanisms contributing to the
improved confinement reported for negative triangularity (NT). Simulations of TCV discharges
#65125 and #65130 indicate that NT increases the E x B flow shear (by about 20% in these
cases), which correlates with reduced turbulent losses and a modest change in the distribution of
power exhaust to the vessel wall. While the physical models contain approximations that can be
refined in future work, the predictive capability demonstrated here, evolving multiple profile
relaxation times with kinetic electron and ion models in hundreds of GPU hours, indicates the
feasibility of using GKEYLL to support design studies of fusion devices.

4 See Duval et al 2024 (https://doi.org/10.1088/1741-4326/ad8361) for the TCV Team.
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Original content from this work may be used under the
5Y terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and

the title of the work, journal citation and DOI.

1741-4326/26/046022+17$33.00  Printed in the UK 1 © 2026 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA


https://doi.org/10.1088/1741-4326/ae4eff
https://orcid.org/0000-0002-0582-5402
https://orcid.org/0000-0002-7331-9704
https://orcid.org/0000-0002-8247-3770
https://orcid.org/0000-0003-1794-2371
mailto:ahoffmann@pppl.gov
http://crossmark.crossref.org/dialog/?doi=10.1088/1741-4326/ae4eff&domain=pdf&date_stamp=2026-3-18
https://doi.org/10.1088/1741-4326/ad8361
https://creativecommons.org/licenses/by/4.0/

Nucl. Fusion 66 (2026) 046022

A.C.D. Hoffmann et al

Keywords: gyrokinetics, turbulence, tokamak, simulation, validation, discontinuous Galerkin,

gkeyll

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetic confinement fusion pilot plants (FPPs) are progress-
ing toward pilot-scale implementation, with several private
efforts targeting electricity production in the coming decades.
However, the expected performance of early FPP concepts
still rely primarily on scaling laws and reduced modeling,
which may limit optimization and reliability of extrapolation
to reactor regimes. High-fidelity modeling is therefore import-
ant for advancing theoretical understanding and informing
design choices, through exploratory studies of scenarios that
may not yet have experimental validation.

Modeling of the boundary region of tokamaks, i.e. the
region encompassing the edge and scrape-off layer (SOL), is
particularly important. This region determines the height of
the H-mode pedestal that improves confinement in the core [1,
2]. It also affects how much confinement might be improved
with low recycling liquid metal walls [3]. Furthermore, it
determines whether the extreme heat fluxes to the plasma
facing material can be handled [4]. Additionally, factors
such as the large amplitude of turbulent plasma fluctuations
there, the complicated magnetic geometry, and the inter-
actions of multiple physics effects, including the coexist-
ence of microinstabilities [5], atomic physics and plasma-wall
interactions [6], make this region particularly challenging to
model.

Among advanced modeling approaches, self-consistent tur-
bulence evolution is a key requirement for predicting trans-
port and can be simulated using Braginskii fluid codes such
as BOUT++ [7], GBS [8], GDB [9, 10], GRILLIX [11],
SOLEDGE3X [12], and TOKAM-3D [13]. These fluid frame-
works can simulate edge and SOL turbulence, but their closure
assumptions limit fidelity in low-collisionality regimes and in
capturing kinetic microinstabilities thought to influence core
and edge transport. Full-f gyrokinetic (GK) codes such as
COGENT [14], GENE-X [15], GKEYLL [16, 17], GT5D [18],
GYSELA-X [19], and XGC1 [20] extend fidelity by incorpor-
ating kinetic effects across a broader range of collisionalities,
supporting emerging core-to-SOL studies.

The GKEYLL computational framework includes a GK
solver that implements the long-wavelength full-f GK
equations in a global geometry including closed and open
field lines [21]. A conservative discontinuous Galerkin (DG)
method underpins its GK and full Vlasov solvers, conserving
particles and energy independently of the resolution [22].
Together with multi-GPU parallelization, this affords effi-
ciency across a range of grid sizes. In addition to the DG
GK and Vlasov solvers, GKEYLL includes a multi-moment
multi-fluid solver [23]. These various solvers have been

applied to problems including GK turbulence [17, 24], mag-
netic reconnection, sheath physics, relativistic magneto-
hydrodynamics, and astrophysical plasmas [25-28].

Understanding and characterizing turbulence in tokamak
plasmas remains a challenge with implications for future com-
mercial fusion devices. Experiments on tokamak 4 configura-
tion variable (TCV) [29], and subsequent studies on DIII-D
[30, 31] and ASDEX Upgrade [32], indicate that negative tri-
angularity (NT)—a plasma shape with the triangular poloidal
cross section pointing toward the tokamak’s symmetry axis—
can reduce turbulence levels in L-mode. Some NT discharges
have reported improved H-mode-like confinement without a
large pedestal [30, 33], potentially avoiding harmful edge loc-
alized modes [34].

Microscale turbulence and instabilities are challenging
to measure experimentally, making numerical simulations
essential for understanding the interaction between triangu-
larity and transport. Simulations with drift-Braginskii types
of fluid equations successfully capture the effects of NT
on turbulent transport, particularly at longer wavelengths
[35-38].

Beyond confinement improvements, NT configurations
may also offer alternative power-exhaust mechanisms,
addressing a key challenge for future fusion reactors [20,
39]. A strong outward shift of the NT plasma toward the low-
field-side divertor can increase the heat flux deposition area
through a simple geometric effect [40]. However, it remains
unclear whether NT is uniquely beneficial for power exhaust,
as some studies report difficulties accessing detached diver-
tor operation [41] and a reduction of the heat flux deposition
width [42].

Gyrokinetic modeling, which incorporates kinetic effects
such as trapped electrons and finite Larmor radius (FLR)
effects, provides further insights into ion gyro-radius scale
physics by capturing how NT modifies the toroidal precession
drift of trapped particles. This modification primarily drives
the stabilization of trapped electron modes (TEM) and the
reduction of electron heat transport [43, 44]. More recent stud-
ies expand on these findings, demonstrating that NT influ-
ences ion temperature gradient (ITG) modes [45, 46], and may
destabilize TEM and microtearing modes (MTM) under cer-
tain conditions [47, 48]. Beyond local mode analysis, global
simulations reveal that NT shaping can modify the radial cor-
relation length of turbulence and reduce the propagation of
avalanche-like events [49]. However, most current GK stud-
ies focus on core-region fluctuations with prescribed bound-
ary conditions. While full-f simulations of the edge and SOL
remain in early development, recent GENE-X results display
promising outcomes in both closed and open field lines [50]
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but still rely on fixed profile values at the boundary, limiting
predictability and requiring experimental inputs.

In this work, we present first-of-their-kind full-f flux-driven
GK simulations of the edge and SOL that are free from
prescribed plasma profile measurements. We validate qualit-
atively this framework by simulating both NT and positive tri-
angularity (PT) discharges in the TCV [29, 51], with direct
comparison to experimental measurements.

We use an adaptive sourcing method to evolve edge and
SOL profiles self-consistently without prescribing temperat-
ure or density boundary conditions. The total particle source
rate is adjusted to maintain the desired particle inventory, mod-
eling the experimental capability to control total particle con-
tent through gas puffing and wall conditioning.

Our simulations self-consistently evolve plasma turbulence
by solving the long-wavelength full-f GK equations in a
global geometry that includes both closed and open field lines.
This setup enables high-fidelity evolution of turbulence in the
region around the last closed flux surface (LCFS). In this
region, energy flows from the adaptive sources in the closed
field line region to the SOL, where conducting sheath bound-
ary conditions are applied at the limiter position. Our work
leverages the implementation of twist-and-shift boundary con-
ditions for the core region [24] and builds upon pioneering
simulations of NT discharges in DIII-D [21].

With the recent implementation of an adaptive sourcing
scheme, GKEYLL can in these cases be operated using three
inputs: magnetic equilibrium, heating power, and total plasma
mass. Under these assumptions it determines quasi-stationary
turbulent profiles without prescribing boundary conditions
from experimental measurements. The intent behind this cap-
ability, while still subject to model assumptions (e.g. simpli-
fied recycling treatment, electrostatic limit), is twofold: first,
to enable validation against experimental measurements with
a minimum of experimentally inferred inputs; second, to sup-
port studies of scenarios where experimental profile data are
unavailable, e.g. for future fusion power plant design optimiza-
tion. Furthermore, present efficiency and scalability allow sim-
ulations of milliseconds of medium-sized tokamak turbulence
with kinetic electrons and ions in a few hundred GPU hours,
which may be sufficient for exploratory parameter studies.

The remainder of this paper is organized as follows.
Section 2 summarizes the GK equations and numerical model
employed in these GKEYLL simulations. Section 2.6 details the
adaptive sourcing technique. Section 3 presents the simulation
setup for PT and NT TCV discharges. Section 4 presents val-
idation results for a PT simulation against experimental meas-
urements and compares PT and NT simulations to investigate
triangularity effects on turbulent transport. Finally, section 5
summarizes findings and outlines potential extensions.

2. Gyrokinetic model

In this work, we consider a magnetized plasma consisting
of two species: deuterium ions and electrons. The plasma is
described by the full-f GK distribution function f(R, v, ,1)
for each species s, where R is the guiding-center position, v is

the velocity parallel to the magnetic field B, n = my /(2B) is
the magnetic moment (an adiabatic invariant) with v, the per-
pendicular velocity, m, the mass of species s, B the magnetic
field amplitude, and ¢ is time. The GKEYLL code evolves these
distribution functions in the electrostatic, long-wavelength
limit, k; p; < 1, where k, is the perpendicular wave num-
ber and p; is the ion Larmor radius. This approximation neg-
lects FLR effects in the gyrokinetic (GK) equation itself, while
retaining lowest-order FLR contributions in the quasineutral-
ity condition through the ion polarization term.

2.1 Gyrokinetic equation

The full-f long wavelength GK equation solved in GKEYLL is
(521,

mngs V- ( ﬁ{R,H}fs) + (,)i ( W{VH,H}fS)

— BiC[f)] +B]S.. (1)

where H = %mxvﬁ + uB + gs¢ is the Hamiltonian, with ¢ the
electrostatic potential and g, the charge of species s,

B* aG OF
- (VF x VG), )

is the Poisson bracket, C[f;] is the collision operator, and
S, is a source term. In equations (1) and (2), we introduce
the Jacobian of the guiding center coordinate, BT =b-B",
which is also the parallel component of the effective magnetic
field, B* = B + (myv)/q,)V x b, with b = B/B the unit vec-
tor along the magnetic field.

2.2. Quasineutrality equation

The system is closed with the long wavelength GK quasineut-
rality equation,

1
TsO

q2p?
=) n0t VA6 =D qmf (Ry1), 3)

where ny is the reference density of species s, py =
Vm;Ty/(eBy) its reference Larmor radius, Ty its reference
temperature, By the reference magnetic field, e the elementary
charge, and n§ the guiding-center density of species s,

né (R,t) = /dv|‘du2ﬂ'Bﬁfs (R,v”,u,t) ) 4)

Equation (3) retains lowest-order FLR effects present in the
polarization term on the left-hand side, assuming Boussinesq
approximation.
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2.3. Collision operator

Collisions are modeled using a multiple species version of
the long wavelength GK Lenard-Bernstein—-Dougherty (LBD)
collision operator [53-55],

J,CIf) Zuv

where vy, is the collision frequency of species s with species r,
u, and v, ., are the cross-species primitive moments designed
to enforce exact momentum and energy conservation [55]. In
this work, the collision frequencies are time and space depend-
ent, v5, = vy, (R, 1), and are computed as

v_urr)JifY+vt vrv ‘]va] ) (5)

3/2
n, (R,t) V2,2
- R,t =y, r U ts0 [740) , 6
ol [ 2t RRC
where
1 /11 log A,

’/S’0:<+ )qsqr 3%2 2 o 520 (D

s \MMs 3(27T) (zv()7L tr())

with log A, ~ 14 the Coulomb logarithm.

2.4. Geometry and coordinate system

Our GKEYLL simulations use a field-line-following coordinate
system defined by

xX=r—a, ®)

y=—"lp+a(rb,p=0), ©
q0

z=20, (10)

where x is the radial coordinate, y is the bi-normal coordinate,
and z is the parallel coordinate. In equations (8)—(10), r is the
minor radius coordinate, 6 the poloidal angle, ¢ the toroidal
angle, r( the reference radius (usually the radial center of the
domain), go = q(ro) the reference safety factor, a the LCFS
minor radius, and «(r, 8, o) the field-line label function,

fO (r,0") /R (r,0")*do’

on0e)= J.(r,07) /R (r,0) 6"’

0 — 27Tq() (11

where J, is the configuration space coordinate Jacobian. The
non-orthogonal field-line-following coordinates (x,y,z) are
defined such that

J.B

B= 2 (Vxx Vy), (12)

8z

where g, is the covariant metric tensor component. The effect
of the other metric tensor components, gy, gyy, and gy, are also
included indirectly through the curvilinear coordinate system
used to represent our computational domain [52].

The equilibrium magnetic flux surfaces are described by
a version of the Miller parameterization [56] where the

Shafranov shift is assumed to vary quadratically with minor
radius,

+ rcos (9 +sin”! 5sin9) , (13

(14)

R(I”, 9) = Raxis — Qs =——
2 axis
Z(r,0)

= Zaxis + rksind,
where R,s is the major radius of the magnetic axis, Z,yis
its vertical position, § the triangularity, s the elongation, and
a; the Shafranov shift parameter. The LCFS minor radius,
a, is obtained self-consistently by solving the second order
equation R(a,0) = Ry crs, where Ricps is the LCFS major
radius at the outboard midplane (OMP), which yields,

a= Raxis (l —v 11— 20556> ,

Qs

5)

where € = (Ruis — RLcrs)/Raxis 1S the inverse aspect ratio.
This Miller geometry model, valid for small inverse aspect
ratio, does not retain squareness and higher-order shape radial
derivatives [57]; these effects are neglected here.

2.5. Boundary conditions

The simulation domain includes both closed and open field
line regions, requiring different boundary condition treatments
in each region. In the radial direction, we assume a zero distri-
bution function outside the simulation domain. Consequently,
particles that are drifting radially toward both the core and
the wall are absorbed in the inner and outer radial boundaries,
respectively, and no particles can enter the simulation domain
from the radial boundaries. For the electrostatic potential,
Dirichlet boundary conditions (¢ =0V) are applied, which
eliminates the E x B drift and implies that the loss of particles
through the radial boundaries is solely due to the VB drift.

In the bi-normal direction, periodic boundary conditions
are assumed for both the distribution functions and the poten-
tial, following a standard flux-tube approach. This approxima-
tion is expected to hold so long as the bi-normal extent exceeds
the turbulence correlation length.

In the parallel direction, two types of boundary conditions
are applied depending on the closed or open field line region.
For closed flux surfaces, twist-and-shift boundary conditions
connect the twisted ends of the flux tube domain [24, 58, 59],

F(x,y(z+L;),z+L;) =F(x,y(2),2), (16)

where F represents any field quantity and L, is the parallel
domain length. From the field-line label function a(r,6,¢ =
0), we can derive,

a(rz,p =0) = —27qu/ —dz’ with
a7
which leads to the y-coordinate transformation,

ro z+Az J .
y(Z+AZ)=y(Z)+f27qu/ s (8
z

q0
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In our simulations, the twist-shift boundary conditions are
applied at z = &£ rather than at the full 27 domain. For a
Miller geometry with up—down symmetry, the matching con-
dition becomes,

F(x,y0+ 8y (r,m),m) = F(x,y0 + S, (r,—7) ,—7),  (19)
with the shift function
Sy(F,Z):;a(r,Z7@:0). (20)
0

In the up-down symmetric case, the shift functions simplifies
to Sy(r,m) = +mroq(r)/qo and S, (r,—7m) = —mwrog(r)/qo.

In the open field line region, conducting sheath boundary
conditions are applied to the electrostatic potential, which self-
consistently builds up a sheath potential. Combined with a zero
distribution function inside the limiter, the sheath boundary
condition reflects low-energy electrons while allowing ions
and high-energy electrons to flow freely out of the domain
[60].

To conserve energy with our DG scheme, the potential must
be continuous [24]. For this reason we apply the twist-and-
shift boundary condition on ¢(z = —) in the closed field line
region, so that it is twist-shift periodic relative to the upper
end of the domain (at z = 7). Additionally, continuity must be
ensured at the limiter edge, i.e. x = x; cps and z = +7, where
twist-and-shift and sheath boundary conditions are touching.
This is achieved by applying a Dirichlet boundary condition at
the limiter edge, i.e. ¢(xLcrs,y,z = £m) =0V for all y. While
the limiter corner could be treated more rigorously, this sim-
plified approach appears sufficient for the present work. We
report that applying a different bias to the limiter corner region
does not strongly affect the bulk turbulence dynamics in the
simulated SOL.

2.6. Adaptive sourcing

A key new feature of this work is the implementation of
an adaptive sourcing scheme in GKEYLL, which dynamically
adjusts the particle and energy fluxes of the source in response
to boundary losses. This approach relies on the ability of
GKEYLL to measure particle and energy fluxes through the
domain boundaries at each Runge—Kutta sub-step. This is nat-
ural in a DG framework, as the fluxes must be computed as
part of the numerical scheme.

We express the total volumetric source term in the gyrokin-
etic equation (equation (1)) for species s as a sum of Ng sub-
sources,

21

Ny
Sy=> st
k=1

Each sub-source S* is a non-drifting Maxwellian in velocity
space, and Gaussian in configuration space, i.e.

Sy [Ryvy i T3, T] = Gy (RT) My [vy s T], - (22)
where we separate by a semicolon the coordinate dependence

and the parameters of the source, i.e. the particle injection rate

I'* and temperature T ¥. The Gaussian configuration space pro-
file is defined as,

Gy (R;T5) =Tgn{ (R), (23)
with a normalized spatial profile,
gl s k)
=t , 24
,E[ZeXpl 207, (24)

where C¥ ensures [ nfdR
profile is defined as,

e\ 2
k .kl s
M [VH’M’TA‘] - (27‘(’Tk) eXp l_

where the flow velocity is neglected and can be included in
future work.

Given a target input particle rate and power, I'}’, and P},
respectively, the adaptive sub-source parameters also com-
pensate for instantaneous particle and power losses of a species
r, through a given set of boundaries, N* and E¥, respectively.
The update of the sub-source parameters is done at each time
step, 1, as follows,

= 1. The Maxwellian velocity space

myv B
2% TK

(25)

§ (tag1) = T+ Ns (1), (26)
2 PP+ EX(1,)

Tk SR T 27

(tn+1) 3 F (t,1+1) ( )

We note that the source for a species s can compensate for
losses of a different species 7, e.g. an ion source compensat-
ing for electron losses, to model ambipolar processes such as
recycling. This sub-source adaptation allows construction of
sources intended to emulate selected processes in the plasma.
In the next section, we present a source setup composed of
two adaptive sub-sources per species representing core-to-
edge heat transport and plasma—wall recycling in a simplified
manner.

3. Simulation setup

In this section, we describe the TCV plasma parameters and
the numerical setup. We consider two TCV L-mode deuterium
plasma discharges, #65 125 (PT) and #65 130 (NT), with times
of interest 0.5 s and 1.3 s, respectively. Both use Ohmic power
as the main heating source, and the SOL power Psor—i.e.
the power measured neglecting radiative losses and stored
power—is approximately 0.38 MW for PT and 0.35 MW for
NT.

3.1 Geometry and plasma parameters

For plasma parameters, we consider deuterium ions with mass
m; = 2.01m, (where my,, is the proton mass) and kinetic elec-
trons with realistic ion—electron mass ratio, m/m; = 2.7 X
10~*. The reference temperature for both species is set to
Teo = Tio = 100 eV, with a reference density of ny =2 x 101
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Table 1. Reference collision frequencies, times, and normalized
collision parameters for the PT simulation. The normalized collision
parameter * is defined as 1™ = v,qoRo /€ *vss.

Species s—r vy, [s7'1 7¢[s] TorCs0 /R Vg

elc—ion 1.80 x 10° 5.55x 1077 4.31x1072 1.59 x 10!
elc—elc 6.23x10° 1.60x107% 1.25x 107" 5.49 x 10°
ion—ion 1.04 x 10* 9.61 x 107> 7.47x10° 5.58 x 10°
jon—elc 463x 10> 2.16x107° 1.68x 10> 2.48x 107!

Table 2. Magnetic geometry and safety factor parameters for TCV
Miller equilibria. PT refers to the discharge #65 125, and NT refers
to the discharge #65 130.

PT NT
Magnetic axis, Rayis [m] 0.87 0.89
Magnetic axis, Zuyis [m] 0.14 0.16
Axis field, Bais [T] 1.40 1.40
LCFS (OMP), RLCFS [m] 1.10 1.09
Shafranov shift, a 0.25 0.5
Elongation, & 1.45 1.40
Triangularity, § 0.35 —0.38

Safety factor fit coeff.
q(R) =37, _yas-nR"

[497.34, —1408.74, [484.06, —1378.26,]
1331.41,—419.01] 1309.31,—414.13]

m~3. The reference magnetic field amplitude is set to the
value at the center of the OMP, i.e. By = 1.13 T. Consequently,
the reference ion sound speed is cy0 = +/Teo/mi =~ 6.9 X
10* ms~!, the reference sound Larmor radius is pso >~ 1.3 %
10~3 m, the sound wave propagation time is Ryyis/c50 ~ 1.0 X
1073 s. We report reference collision times and frequencies in
table 1.

For each discharge, we set the flux tube geometry by fitting
the Miller equilibrium model parameters (such as elongation,
triangularity, and Shafranov shift) to the magnetic equilibrium
reconstruction data at the LCFS, obtained from EFIT, using the
least squares method. The safety factor profile g(R) is obtained
by applying a cubic fit to the magnetic equilibrium reconstruc-
tion data for r/a > 0.6, where the cutoff is chosen to focus
on the edge region and avoid core-specific features that are
not relevant for the present work. The key geometry paramet-
ers, such as elongation, triangularity, and Shafranov shift, are
summarized in table 2 for both PT and NT discharges. Aside
from the triangularity—which is positive for PT and negat-
ive for NT—most of the shaping parameters are kept constant
between the two configurations. We note however a larger
Shafranov shift in the NT discharge, and a larger safety factor
in the PT discharge. The resulting magnetic equilibria are illus-
trated in figure 1. For the rest of this manuscript, we use the
normalized minor radius, r/a, to refer to radial locations at
the OMP, where r/a = 1 corresponds to the LCFS/separatrix
location.

The simulation domain used in GKEYLL covers both closed
and open field line regions, enabling study of edge and SOL
dynamics with turbulence seeded by first-principles edge GK
microinstability. The flux tube domain extends radially 4 cm
inside the LCFS and 8 cm into the SOL, yielding L, ~ 100p,.
The bi-normal length is set to L, = 150p,, yielding L, ~ 14

cm. In the parallel direction, the flux tube wraps toroidally to
cover one poloidal turn, which is sufficient at high magnetic
shear, where parallel correlation length is small.

3.2. Source setup

The source setup consists of two main sub-sources: the
core source, S°°, and the recycling source, S5 which are
described in detail below. The core source is designed to inject
heating power transported from the tokamak core—not simu-
lated here—without net particle addition, consistent with neg-
ligible neutral beam injection (NBI) heating for these dis-
charges. While pure power injection can be achieved via an
antenna and electromagnetic fluctuations [61], we leverage
here the particle losses induced by the magnetic gradient-B
drifts at the inner radial boundary. We use the reinjection
of lost particles at the x=0 boundary to add a net power
Pinj = vg X Peyp, that is the experimental heating power scaled
by the volume fraction of the flux tube, vy = qoL, /27 ry >~ 0.4,
and split evenly between the two species. In the considered
TCV magnetic equilibrium, the ion gradient-B drift is directed
downwards (negative Z direction), while the electron gradient-
B drift is directed upwards. Hence, we center the ion core
source at z= —n/2 (i.e. £ ;. = —m/2) and the electron core
source at z = 7/2, to mimic the spatial separation of particle
sources due to magnetic gradient-B drift directions.

The recycling source emulates ionization of neutrals gener-
ated by ions lost to the limiter surface; these ions subsequently
return as neutrals and are re-ionized in the plasma. The particle
rate of this source is dynamically adjusted to compensate for
ion losses through the outer radial boundary and limiter, inject-
ing equal numbers of ions and electrons with a temperature of
10eV. This source contributes marginal power injection into
our system, representing less than 1% of the total power input.
The shape and position of the recycling source is inspired by
[62] where a similar discharge is studied with the GBS code
using a kinetic model for neutrals. While the recycling source
reproduces the gross density injection on the high-field side,
it does not capture localized cooling associated with ioniza-
tion nearer the limiter and does not model neutral transport
explicitly. This approximation avoids introducing prescribed
neutral density profiles. For more comprehensive predictive
capability, the recycling source would need replacement by a
coupled neutral model, which is beyond the present scope and
would increase computational cost significantly. The inter-
actions between the sources and the losses are illustrated in
figure 2. Table 3 summarizes the parameters for both the core
and recycling sources used in this study.

3.3. Initial conditions

The simulations are initialized with radially varying profiles of
density to approximately match the experimental TCV profiles

in order to obtain a comparable particle number,
n(x) =ng (1.0 4 tanh[—80 (x — x0)]) + 0.001n, (28)

where ngp =2 x 10" m~3 is the reference density, and the
transition region is centered at xy = —0.03 m, i.e. near the
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Figure 1. TCV magnetic equilibrium for PT (a) and (b) and NT (c) and (d) discharges. Panels (a) and (c) show poloidal cross-sections of
the TCV vessel with poloidal flux contours (color scale), vessel wall (solid black line), LCFS (solid white line), and magnetic axis (white
‘x”). Miller equilibrium parameters used in GKEYLL are overlaid in red: LCFS (dashed line), maximal and minimal radii (dotted lines), and
shifted axis (‘x’). Panels (b) and (d) show the reconstructed safety factor profile (solid blue line) and the cubic fit used in simulations
(dashed green line). We also report the radial limits of the simulation domain (dotted red lines).
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Figure 2. Setup of the adaptive sources. The left panel illustrates the particle fluxes (solid arrows), energy fluxes (hollow arrows) and
feedback loops for adjusting source parameters based on measured losses. The right panel illustrates the positions of the core and recycling
sources, with the core source centered at the inner radial boundary and the recycling source near the limiter.

Table 3. Parameters for the core and recycling sources. Note that
the recycling source compensate for ion losses for both species, to

ensure ambipolarity.

Core source Recycling source

EF r=satx=0 none
N’f r=satx=0 r=iatx=L, & z==*7
Py ViPexp/2 0

}(rjs 0 0
(éx,i,hgz,i,k) (xmina - 1/4) (SXLCFS/47 71')
(Ex,e,kvgz,e,k) (xmim Lz/4) (3-xLCFS/47 7[')
(Ux,s,k7 Uz,s,k) (3Lx/100, Lz/é) (XLCFS/47 LZ/ZO)

LCEFS position. This initial condition is used for both PT and
NT simulations, as the variation in the geometry does not sig-
nificantly affect the total volume of the flux tube—the total
number of particle is N~ 1.5 x 10'° for PT and N~ 1.4 x

10 for NT.
The initial electron and ion temperatures profile are set to

T, (x) = Teo (0.8 + 0.7 tanh [—80 (x — xp)]) , (29)

and

T; (x) = Ty (0.7 4 0.5tanh [—30 (x — x9)]) , (30)
respectively. Aside from the total particle inventory, the
steady-state profiles appear insensitive to the chosen initial
shapes. The initial conditions presented here are selected to
reduce the transient duration.

3.4. Numerical resolution

The GKEYLL simulations presented in this work use a DG
method with polynomial order p =1 in configuration space
and a hybrid linear-quadratic basis in phase space, yielding
48 degrees of freedom per cell. The configuration space is dis-
cretized using a uniform grid in the radial, x, bi-normal, y, and
parallel, z, directions with Ny, Ny, and N cells, respectively.
We consider different numerical resolutions in configuration
space. The coarse resolution uses (Ny,Ny,N;) = (24,16,12),
the baseline resolution uses (Ny,Ny,N) = (48,32,16), and
the fine resolution uses (Ny,N,,N;) = (96,64,16) cells. In
velocity space, non-uniform grids allow efficient resolution
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of the thermal population while still capturing suprathermal
particles [52]. The parallel velocity domain spans —6 <
V|| /vis = 6 with vy = \/Tso/my the thermal speed, and is dis-
cretized using a linear mapping up to v| = 2vy, for s =i,e,
using N,| = 12 cells. Magnetic moments are defined for p <
1.5m,(4vy5)?/(2By), for s = i, e, with a quadratic mapping and
N, = 8 cells.

While the spatial resolutions used in these simulations may
appear lower than those typically employed in local flux-tube
gyrokinetic simulations, several factors must be considered.
First, our DG scheme encodes two basis elements per dimen-
sion (three in v||), resulting in 48 degrees of freedom per cell in
phase space [60]. The equivalent finite difference resolution of
our fine resolution case therefore corresponds to (N, Ny, N;) =
(192,128,64) and (N,,N,) = (36,16), which is comparable
to typical flux-tube GK simulations. Second, the radial extent
considered here is significantly larger than typical flux-tube
simulations, resulting in a coarser effective resolution per unit
length. However, this is well-suited for edge and SOL turbu-
lence, which is characterized by longer wavelength structures.
Finally, our simulations naturally limit small-scale turbulence
excitation through profile relaxation, high collisionality, and
the generation of large-scale E x B shear flow, which reduce
the microinstability drive and suppress small-scale turbulence
[63, 64], further reducing the resolution requirements.

4. Results

In this section, we present results from flux-driven gyrokin-
etic simulations of TCV discharges. The simulations evolve
plasma turbulence for 2 ms, approaching a quasi-steady state
and resolving tens of ion—ion collision times and hundreds of
sound-wave propagation times (table 1).

In terms of computational cost, the coarse resolution sim-
ulation reaches 1 ms in roughly 40 wall-clock hours using
one Perlmutter node (4 NVIDIA A100-PCIE-40GB GPUy),
i.e. about 160 GPUhms™!. For the baseline resolution, the
rate is about 750 GPUhms~! on 8 GPUs, and the high res-
olution case reaches 1 ms in approximately 2000 GPUh using
16 GPUs. The simulations use an average time step of ~ 1 ns,
limited here by the collision frequency; without collisions, the
explicit time step would increase to ~ 6 ns. Ongoing work on
implicit treatment of collisions (e.g. with a Krook operator
[65]) may alleviate this constraint. The input parameters for
the simulations and details about the version of GKEYLL used
are provided at https://github.com/ammarhakim/gkyl-paper-
inp/tree/master/2025_NF_tcvadaptsrc.

4.1 Plasma simulation of TCV #65 125 discharge

In this subsection we examine in detail the simulation of
TCV #65 125 discharge (PT). First, we study convergence of
the quasi-steady state kinetic profiles and compare them with
experimental data; second, we investigate the temporal evolu-
tion of key plasma parameters, identifying transient and steady
phases; third, we analyze turbulence characteristics including
E x B shear flow formation and turbulent transport.

4.1.1. Quasi-steady state profiles. Figure 3 compares
GKEYLL steady-state electron kinetic profiles with TCV
#65 125 discharge experimental data (PT), provided by
Thomson scattering [66] and Langmuir probe diagnostics [67,
68]. The simulated profiles are taken at the OMP position
(y/pso =0, z/m = 0) and averaged over the last 200 us of the
simulation. We observe reasonable agreement between simu-
lations and experiment for each resolution, particularly in the
edge and SOL regions. In the core, the density profile over-
shoots the experimental data close to the inner radial boundary
mostly due to the core source. The density drops at the inner
radial limit due to the absorbing boundary condition. Closer to
the separatrix and in the SOL, the density profile matches the
experimental transition from closed to open field line regions
within the reported variability. The electron temperature pro-
file shows somewhat greater resolution sensitivity in the trans-
ition region, where higher resolution yields a higher temperat-
ure at the LCFS.

We also presents the ion temperature profile, which is not
measured experimentally here, in figure 3(right). A local min-
imum is observed just before the LCFS. This is due to the
propagation of hot eddies along magnetic field lines from the
top and bottom of the device into the SOL, locally increas-
ing the ion temperature in these regions. In the SOL, the ion
temperature is significantly higher than the electron temperat-
ure due to the parallel streaming timescale being much longer
than the radial drifts.

We note that the recycling source used in this study does not
capture neutral cooling effects, which may lead to an overes-
timation of the ion temperature in the SOL (see section 5 for
further discussion of this limitation).

The comparison between resolutions indicates that the
coarse simulation captures the main profile features, while
finer resolutions modestly improve agreement with experi-
mental density and increase edge temperature gradients. In
particular, the higher resolution simulation is able to maintain
steeper temperature gradients for both ions and electrons. This
suggests a role for kT pyo 2 0.6-scale turbulence: the max-
imum resolved perpendicular wavenumber is k7% p,o ~ 0.7
(coarse) versus ~ 1.3 (baseline). Since ITG and TEM instabil-
ities typically develop for k; p,o = 0.5, the higher resolution
run can distribute free energy to smaller-scale modes that
may transport less efficiently owing to increased sensitivity to
E X B shear.

We now present a preliminary quantitative assessment of
the agreement between simulated and experimental profiles.
We compute the coefficient of determination, R2,

Zi (i —fi)2
Zi (i — )_’)2 7

where y; are the experimental measurements, y their average,
and f; are the simulation values interpolated at the radial loca-
tions of the experimental data. Table 4 summarizes the R? val-
ues for the electron density, temperature, and pressure profiles
in the radial range r/a > 0.85 to avoid inner boundary effects.
The results demonstrate satisfactory agreement between sim-
ulation and experiment, with R? values ranging from 0.87 to

RP=1- €19
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Figure 3. Comparison between the Thomson scattering (TS, x) and Langmuir probe (LP, ®) electron measurements of TCV #65 125
discharge (PT) with the steady-state density (a), and temperature () for electrons (solid) and ions (dashed) obtained with GKEYLL for
different resolutions. The GKEYLL profiles are averaged over the last 200 us of the simulation and taken at the OMP (z/7 = 0), averaged
over the binormal direction. We also display the total source profile in panel (@) where the core source is taken at OMP and the recycling

source at the limiter position for comparison purposes.

Table 4. Coefficient of determination (R?) for electron density,
temperature, and pressure profiles at different resolutions for the
positive triangularity (PT) discharge, evaluated within

r/a € (0.85,1.35).

Resolution Ne Te De
(NvaW VH N/,L) R2 R2 R2
(96,64, 16 12,8) 0.88 0.87 0.96
(48,32,16,12,8) 0.74 0.86 0.82
(24,16,12,12,8) 0.55 0.87 0.75

0.96 at the highest resolution and maintaining values above
0.74 even at the baseline resolution. Notably, the electron tem-
perature exhibits consistent R> values across all resolutions
(~0.87), suggesting that even the coarse resolution captures
the dominant temperature profile features. The main source
of discrepancy appears in the density profile, due to the over-
shoot near the inner boundary in the simulations. The elec-
tron pressure profile, obtained from the product of interpolated
experimental density and temperature measurements, shows
the best agreement across all resolutions, suggesting that dis-
agreements between the two diagnostics may partially explain
the individual discrepancies in density and temperature. It is
worth noting that this metric provides an initial quantification
of the agreement and cannot be considered a rigorous valida-
tion, as it does not account for experimental error bars. A more
comprehensive validation study, including fluctuation meas-
urements and detailed uncertainty quantification, will be the
subject of future work.

4.1.2. Temporal evolution of plasma parameters. ~ The evol-
ution of the heat flux through the vessel (figure 4) illustrates
the relaxation timescales. At the beginning of the simulation,
the limiter contribution to the heat flux dominates and exhib-
its a very short burst of transport (¢t < 5us) due to the loss of

electrons during the formation of the sheath potential. After
this short initial transient, the heat flux increases as turbu-
lence develops into the SOL. When the turbulence reaches
the wall, corresponding to the non-zero wall heat flux con-
tribution at ¢ ~ 250us, the heat losses saturate momentarily.
Feedback from the SOL toward the core is observed after
t ~ 500pus, as the heat flux at the limiter starts to decrease.
Finally, the total heat flux converges toward the target injection
power for £ > 1 ms. The ion heat flux is dominant (~ 0.15 MW:
~0.13MW limiter, ~0.02MW wall). The electron heat
flux is lower (~0.05MW at the limiter, negligible at the
wall).

Figure 5 presents the evolution of the plasma kinetic pro-
files, showing the radial profiles of electron density, electro-
static potential, electron temperature, and ion temperature as
functions of time. The data is taken at the OMP (z/7 = 0) and
constant binormal coordinate y/po; = 0. The electron density
evolution (figure 5(a)) shows an inverted gradient close to the
inner radial boundary, due to the presence of the absorbing
boundary condition. The electrostatic potential (figure 5(b))
builds up a radial electric field in the core region in response
to the polarity of the neoclassical particle flux through the
separatrix. This radial electric field shifts inward when tur-
bulence starts to develop (f ~ 200us), correlating with pol-
oidal flow formation and E x B shear. This shear layer is sus-
tained in the quasi-steady state, with a radial width much lar-
ger than the typical fluctuation scale, suggesting that it is not
generated by turbulence but rather by neoclassical effects [69,
70]. Smaller scale flows are not observed and may be sup-
pressed by the high collisionality regime of this system [64].
In the SOL, the potential is mostly constant along the field
lines and take a positive value set by the sheath at the limiter
boundary.

Electron temperature (figure 5(c)) features a steep gradi-
ent near the LCFS due to the fast electron parallel transport
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Figure 4. Evolution of the total heat flux through the SOL in GKEYLL PT simulation (blue), and contributions from the wall (orange) and
the limiter (green). The experimental SOL power is shown in gray. GKEYLL heat fluxes are here scaled by the inverse of the volume fraction
of the flux tube to compare with the experimental input power (see section 3.2 for details).
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Figure 5. Space-time evolution of radial profiles cuts at the OMP (z =0) and y = 0: electron density (a), electrostatic potential (), electron

temperature (c), and ion temperature (d).

along the open field lines to the limiter. This feature is not
present in the ion temperature profile (figure 5(d)), where the
parallel streaming timescale is of comparable order to the
radial drifts. Hence, the electron temperature in the SOL is
significantly lower. The relaxation timescale can be estim-
ated from the evolution of the ion temperature profile: tur-
bulence starts to propagate radially outward after roughly
200 p s, inducing feedback from the SOL to the core. This is
consistent with the limiter heat flux saturation after ~ 250 1 s
(figure 4).

4.1.3. Turbulence dynamics. Figure 6 shows a poloidal
cross-section of the ion temperature during the quasi-steady
state. The core region hosts the steepest temperature gradient,
with a range of approximately 50 eV over a few centimeters
(Ro/Lgi ~ 10Y). We report comparable normalized gradients
for the ion density and electron temperature profiles which
represents a source of free energy for instabilities to develop.
Although this gradient represents a reservoir of free energy
for instabilities like ITG and TEM, turbulence in the core
region is moderated by E X B shear associated with the radial
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Figure 6. Poloidal cross-section of ion temperature in the PT configuration at an instant in time in the quasi-steady regime (z = 1 ms). The
LCEFS is indicated by the white dashed line. The limiter is represented by a gray rectangle at the high field side. An inset zooms in on the
OMP region with a color map made to strengthen the contrasts. This plot is obtained by projecting the flux tube domain of GKEYLL on the

poloidal plane at a fixed toroidal angle.

electric field (figure 5(b)). Fluctuations that survive to the
shear, propagate radially outward, eventually reaching the
LCFS where they are expelled into the SOL. This process
seeds large-scale structures in the SOL (‘blobs’). The blobs
are characterized by a higher ion temperature and density
compared to the background plasma and represent a major
mechanism of particle and energy transport across the SOL
by drifting radially outward. They are also subject to mag-
netic gradient drifts, which cause preferential motion toward
the bottom of the device. This explains the asymmetry between
the top and bottom of the limiter in figure 6. An estimate from
the slope of turbulent filaments in figure 5 yields a typical
radial blob velocity of order 10> ms~!, consistent with scal-
ing arguments [3].

The inset of figure 6 shows a zoomed-in view of the OMP
region. At this location, a localized region of reduced fluctu-
ation amplitude appears just inside the LCFS, with a strong
ITG, which can be interpreted as a transport barrier. Outside
the LCFS, the SOL displays strong turbulence features exhib-
iting high temperature blobs. These blobs appear to originate

1

near the top and bottom of the closed field line region and then
travel toward the OMP, contributing to the gap between core
and SOL turbulence.

4.2. Comparison of PT and NT configurations

‘We now assess the ability of our predictive framework to cap-
ture the differences between negative and PT configurations
and investigate the underlying physical mechanisms.

We focus on TCV discharges #65 125 (PT) and #65 130
(NT), which represent well-diagnosed, comparable L-mode
plasmas that differ primarily in triangularity while maintain-
ing similar heating power and plasma current, enabling cleaner
isolation of geometric effects on turbulence and transport.
While the moderate to high collisionality of these L-mode
plasmas places them near the fluid-valid regime, several kin-
etic effects may remain important: self-consistent evolution
of the parallel velocity distribution and associated parallel
heat transport, kinetic treatment of parallel electron dynam-
ics affecting radial electric field formation, and anisotropic
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Figure 7. Comparison of the electron density (a) and temperature profiles (b) for PT (red) and NT (blue) configurations averaged over
200 ws in the quasi-steady state of the baseline resolution simulation at the OMP (z = 0) and averaged along y. The electron temperature is
shown in solid lines, while the ion temperature is shown in dashed lines. The resulting profiles are compared to experimental electron data
obtained from Thomson scattering (x) and Langmuir probe (e) diagnostics.
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Figure 8. Ion temperature fluctuation at the OMP (z =0) for PT (a) and NT (b) configurations at the baseline resolution for # = 1500 ps.
The fluctuation is defined as 6,7; = T; — (T} )y, where (), denotes an average in the binormal direction.

temperature evolution in the SOL where magnetic mirror
effects influence particle and energy transport. Beyond valid-
ating our predictive framework, these simulations establish a
baseline for future extension to lower-collisionality regimes
where kinetic effects become increasingly dominant [46, 71].

Figure 7 compares the experimental measurements of elec-
tron density and temperature profiles with the quasi-steady
state profiles at OMP obtained with GKEYLL for both con-
figurations, using the baseline resolution. The experimental
measurements show that the NT configuration exhibits an
increase in electron density for normalized minor radius r/a <
0.9, while SOL profile data are less conclusive. The electron
temperature profiles show weaker variation between NT and
PT; at smaller radii, the NT configuration exhibits slightly
higher electron temperatures compared with PT. The GKEYLL
simulations capture several experimental trends, with some
quantitative differences. At the OMP, the simulations repro-
duce subtle NT-PT differences. The electron density pro-
files are consistent with improved core confinement in the NT
case. The simulated electron temperature profiles are similar
between configurations, while the ion temperature shows a

relative increase in the NT SOL region, suggesting altered ion
energy transport there.

In the closed field line region, plasma transport is predom-
inantly governed by turbulent E x B drift. Figure 8 illustrates
ion temperature fluctuations at the OMP for both configura-
tions. Both PT and NT exhibit a region of reduced fluctuation
amplitude; this region is somewhat more pronounced in the
NT case. The PT configuration exhibits larger amplitude fluc-
tuations than NT (figure 8); a similar qualitative trend is seen
in electrostatic potential, electron density, and electron tem-
perature fluctuations (not shown). The NT case shows finer-
scale structure, which could contribute to reduced transport
via gyro-Bohm-like scaling.

The spectra of fluctuations at the OMP and r/a = 0.9 are
presented in figure 9. We confirm that the PT configuration
has higher fluctuation levels in the low-wavenumber range
(k1 ps < 0.5) for all quantities considered (density, 7,, elec-
trostatic potential, (;AS and temperatures, f”e and Ti). In contrast,
the NT configuration exhibits relatively enhanced fluctuations
at higher wavenumbers (k1 ps = 0.5), particularly for density
and electrostatic potential. This shift toward smaller scales in
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Figure 9. Fluctuation spectra of density (a), electrostatic potential (b), temperature (c), and total heat flux (d) at the OMP (z =0) for PT
(red) and NT (blue) configurations. The solid lines indicate the electron quantities, while the dashed lines indicate the ion quantities. The
spectra are computed at r/a = 0.9 and averaged over 100 us in the quasi-steady state of the fine resolution simulations. The spectra are
computed using cell averages (the zeroth DG coefficient) to avoid aliasing issues that can arise from the interpolation procedure, which

effectively limits the displayed wavenumber range.

the NT case may contribute to the observed reduction in over-
all transport levels, as smaller-scale turbulence is less effective
at driving cross-field transport.

We now turn to the turbulent heat flux spectra,

> vz
> (32)
yz

where (-),, denotes the instantaneous flux-surface average,
(-)yx denotes the time- and flux-surface-average, and g =
g(x,ky,r) represents the fluctuation spectrum of a field g.
Figure 9(d) shows that the turbulent heat flux spectrum for the
PT configuration peaks at lower wavenumbers compared to the
NT case, indicating that larger-scale turbulent structures dom-
inate heat transport in PT. We also find that the electron fluctu-
ations and heat flux spectra tend to have higher amplitudes than
the ion counterparts, indicating that electron dynamics play a
significant role in the turbulence characteristics in these con-
figurations, which is consistent with [72]. This also suggests
that TEM is the dominant instability drive in these simula-
tions, as also found in [72]. We confirm this hypothesis by per-
forming linear GK simulations with the Gyacomo code [73],

-
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using logarithmic gradients obtained using the time- and flux-
surface-averaged profiles from the nonlinear GKEYLL simu-
lations as input. In particular, GyAcoMo simulations confirm
the TEM dominance in both configurations at r/a = 0.9 and
r/a = 0.95, with only minor differences in linear growth rates
between PT and NT. We note that the logarithmic gradients
used here are of the order of Ry /L,, = 40-80 and Ry /Ly, = 20~
30, which is much higher than the DIII-D edge case studied in
[47], where ITG and TEM drives were found to compete more
closely.

The full-f formulation allows self-consistent large-scale
electric fields, typically inward in the core and outward in
the SOL. Time-averaged electrostatic potential profiles at the
OMP (figure 10) fitted in the outer core region (0.85 < r/a <
1.0) yield estimated radial shearing rates 2.0 x 103 s~! (PT)
and 2.4 x 10° s~! (NT), an increase of about 20%. This
enhanced shearing may contribute to turbulence suppression
in the NT case.

In the SOL region, transport dynamics differ from the
closed field line region, being dominated by parallel stream-
ing to the limiter and magnetic gradient-B drift toward the
vessel wall. Geometric differences between configurations
can modify connection length (proportional to safety factor
q), influencing required parallel velocities for comparable
cooling. This is reflected in figure 10, where the parallel
velocity profiles differ between configurations. The parallel
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Figure 10. Electrostatic potential (a) and ion parallel velocity (b) for PT (red) and NT (blue) configurations averaged over 200 us in the
quasi-steady state of the baseline resolution simulation at the OMP (z = 0) and averaged over y.
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Figure 11. Parallel (a) and perpendicular (b) temperatures for PT (red) and NT (blue) configurations averaged over 200us in the
quasi-steady state of the baseline resolution simulation at the OMP (z = 0) and averaged over y. The electron temperature is shown in solid

lines, while the ion temperature is shown in dashed lines.

and perpendicular temperature components, see figure 11
provide insight into SOL transport. The ion parallel tem-
perature in the SOL is substantially lower than the perpen-
dicular temperature, consistent with efficient parallel losses
selecting higher magnetic moment particles, for which E x
B and gradient-B drifts become relatively more important.
Triangularity appears to impact the perpendicular ion temper-
ature, particularly in the far SOL. The NT configuration exhib-
its higher perpendicular values. Higher perpendicular temper-
ature increases gradient-B drift velocity toward the wall; the
observed differences are consistent with altered cross-field
transport under NT geometry but further analysis would be
required to isolate causality. Particles with higher magnetic
moments experience stronger mirror forces that can inhibit
parallel transport to the limiter.

The differences in perpendicular temperature and trans-
port characteristics between PT and NT configurations motiv-
ate examining how triangularity affects the power exhaust
partitioning between wall and limiter boundaries. Our power
balance analysis reveals a measurable shift: NT directs 8.1%

of total power to the wall and 91.9% to the limiter, compared
to 6.5% and 93.5% for PT. This represents a 25% relative
increase in wall power loading for NT. While the absolute
change is modest, such redistribution could be relevant for
divertor and first-wall design in reactor scenarios. However,
broader parameter scans and inclusion of additional physics
(electromagnetic effects, neutral dynamics, realistic divertor
geometry) would be needed to assess the generality of this
trend.

5. Conclusions

This paper presents full-f gyrokinetic edge and SOL turbu-
lence simulations based solely on three inputs: power, mag-
netic equilibrium, and total particle number. The framework
evolves turbulence without prescribing temperature or density
profiles within the simulation domain, providing profile pre-
dictions subject to the underlying model assumptions. This
departs from previous approaches that impose boundary or
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profile constraints, though further validation across regimes
will be required to assess generality.

This advanced predictive capability relies on the imple-
mentation of an adaptive sourcing scheme in the GKEYLL
gyrokinetic code. The scheme emulates power transport from
the core to the edge without net particle injection while
approximating recycling of particles lost to material surfaces.
This zero net particle injection is particularly suitable for
Ohmic- and electron cyclotron-heated plasmas, while NBI
effects can be captured by this source approach in an even sim-
pler manner through direct particle injection. This approach
represents a compromise between computationally intens-
ive kinetic neutral modeling and simpler prescribed-neutral
treatments.

Comparison with available measurements for TCV dis-
charge #65125 shows reasonable agreement for electron
density and temperature profiles within the limitations of
the diagnostics and simulation assumptions. The simulations
reproduce characteristic phenomena such as turbulent blob
development in the SOL and formation of a radial elec-
tric field. Power accounting indicates consistency between
injected and exhausted power under the adaptive sourcing
implementation.

We further evaluate the adaptive sourcing approach by com-
paring PT and NT discharges (#65 125 and #65 130). The sim-
ulations reproduce an NT electron density increase in the core
region. They also indicate an approximately 20% higher E x B
shearing rate in the outer edge region, along with a modest
change in power partition (wall vs limiter). These observations
are consistent with proposed NT confinement mechanisms.

The spectrum of density and temperature fluctuations at the
outer mid-plane (OMP) also indicate a reduction of turbulent
activity at mid-to-high wavenumbers in the NT case, consist-
ent with reduced turbulent transport. The electron contributes
dominantly to the turbulent heat flux in both configurations,
indicating the prevalence of TEM driven turbulence. This is
confirmed by performing linear GyaAcomo simulations using
the logarithmic gradients obtained from the nonlinear GKEYLL
simulations as input.

However, several limitations remain in our Gkeyll simula-
tion framework: (i) a simplified recycling model lacking neut-
ral cooling physics, (ii) the omission of radial variation in
shaping parameters in the Miller geometry that may influence
inner-edge transport, (iii) the lack of higher-order FLR effects,
and (iv) electromagnetic fluctuations.

Addressing the recycling model, a more accurate neutral
treatment [74] would likely have a larger impact on the ion
temperature profile in the SOL, as the current recycling source
does not capture neutral cooling effects. Regarding geometry,
improvements are being made to generate the computational
domain directly from EFIT equilibrium reconstructions [65],
which reduces uncertainties associated with the accuracy of
our Miller parametrization. Additionally, the recent imple-
mentation of X-point geometry in GKEYLL [75] will enable
turbulence simulations of diverted configurations in the future.
This capability opens the path toward validation against the
TCV-X21 dataset [76] which is a reference benchmark for
edge turbulence codes [72, 77-80].

Higher-order FLR and electromagnetic effects will be
required to explore regimes with higher pressure gradients,
such as in spherical tokamaks and the H-mode pedestal region.
Recent work [48] indicates also that micro tearing modes
may detrimentally impact NT confinement, motivating future
investigation of global full-f electromagnetic gyrokinetic sim-
ulations in NT configurations.

Beyond addressing these limitations, we plan to investig-
ate further improvements to the boundary conditions, such as
relaxing the ¢ = 0 constraint at the inner boundary, which may
reduce the shear flow region suspected to suppress turbulence
in that area, and exploring surrogate models for sheath physics
at the limiter boundary [81]. The adaptive source scheme could
also be extended to include momentum injection to model the
torque from NBI-driven discharges. Additionally, a more com-
prehensive assessment of NT effects requires broader para-
meter scans in more controlled settings to isolate causality. A
direct comparison with GBS NT studies [36] would help in
this regard, clarifying the role of kinetic effects.
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