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Where are we, behind the screen
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Stellarators need to address the power exhaust issue

As tokamaks, stellarators need to address the issue of how to best exhaust heat and particles.

Goals concerning power exhaust:

v exhaust power without damaging materials 

à radiate and spread the heat on target

v maintain core performance 

à control impurity dilution and ionization/radiation fronts

v allow easy pumping of neutrals 

à maximize neutral pressure close to target

Important player in this game is turbulence! GBS simulation of plasma turbulence in a 
tokamak with a single null

R

Z
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Braginskii equations adequate in the boundary region

Braginskii [Reviews of Plasma Physics, 1965] derived, starting from kinetic theory, a set of fluid equations that is 

asymptotically valid in the limit of high plasma collisionality (!* >> 1) and thus adequate in the ‘cold boundary’.

Braginskii equations describe the plasma dynamics on time scales ranging from "ce
-1  ∼ 10-11 s up to $E ∼ 1 s .

continuity

momentum

energy

... + Maxwell equations

∼ viscosity ∼ resistivity

∼ heat conductivity
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Drift-reduced Braginskii equations still adequate

Zeiler [IPP report 5/88, 1999] derived, starting from Braginskii equations, a reduced set of equations valid in the 

limit of “low-frequency” (! << "ci) and “large scale” turbulence ( (k⫠ $s)2<< 1 ) thus adequate in the boundary.

electron continuity

https://hdl.handle.net/11858/00-001M-0000-0027-602C-CZeiler report can be found here:

charge conservation

For example, in the cold ion (Ti = 0) electrostatic limit (∂tB=0):

electron momentum

ion momentum

electron energy

∼ drive for curvature-driven modes

∼ destabilizes drift-waves

https://hdl.handle.net/11858/00-001M-0000-0027-602C-C
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GBS solves the drift-reduced Braginskii equations

The Global Braginskii Solver (GBS) [Giacomin, JCP 2022] developed over the last ∼ 15 years:

• solves Zeiler’s equations in a toroidal domain of rectangular cross-section,

• given an equilibrium B, 2D or 3D, with arbitrary magnetic topology [Coelho et al, NF 2022],

• given density and temperature sources,

• with sheath boundary conditions [Loizu et al, PoP 2012], 

• with coupling to a kinetic neutral model [Mancini et al, NF 2024].

The GBS code for plasma boundary turbulence simulations Chapter 2

Figure 2.1 – Representation of a three dimensional time snapshot of the plasma electron
pressure, pe = nTe, from a GBS simulation. The domain encompasses the whole tokamak
volume, and develops over the complete toroidal angle and poloidal cross section. The
white line denotes the separatrix. The magnetic equilibrium is given by the equilibrium
reconstruction of the TCV discharge #65402 at time 1.0 s.

four possibilities for neutral particles of being generated within the plasma, p, or at the
boundary, b, and reach a point also in the plasma or in the boundary.

We note that a neutral flux can be externally imposed by means of a gas puff that
introduces a localized source of neutrals [237]. Similarly, a pumping region on the wall can
also be considered. This can be simply implemented by multiplying the kernel functions,
Kb!p and Kb!b, by a recycling coefficient smaller than one [129].

2.4.3 Differential operators

The differential operators in Eqs. (2.80)–(2.83) are written in the (R,', Z) cylindrical
non-field-aligned coordinate system, where R is the distance from the axis of symmetry
of the torus, Z is the vertical coordinate, and ' is the toroidal angle. The poloidal
cross section has a rectangular shape, particularly suitable for the simulation of the TCV
tokamak, and the domain encompasses the whole plasma volume. A representation of
the GBS domain is shown in Fig. 2.1.

The toroidally symmetric equilibrium magnetic field, used to compute the GBS differential

31

GBS simulation of TCV shot #65402 @1s 
[M. Giacomin, PhD thesis 2022]

Quasi-steady state = balance between source, turbulence, sheath losses

Cross-validation of turbulence codes (GBS, GRILLIX, TOKAM3X) with experiments on 

TCV has been carried out [Oliveira et al, NF 2022]. 
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Successful stellarator simulations on JFRS-1 since 2022

GBS numerical scheme includes:

• Explicit time-advance using Runge-Kutta fourth-order scheme,

• Spatial derivatives evaluated with fourth-order finite difference scheme,

• Arakawa scheme for the Poisson brackets (ExB advection),

• Density and velocity grids are staggered in two directions,

• MPI parallelization in (x,y,z) with z the ‘toroidal direction’.

[Coelho et al, NF 2022]

Typical stellararator simulation on JFRS-1:

• Grid size (nx , ny , nz) ~ (200)3 ,

• 1 node per few (x,y) planes, total of ~ 40 nodes,

• Simulation time ~ 50’000 node-hours.
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We constructed a stellarator with an island divertor
Global fluid simulation of plasma turbulence in stellarators with the GBS code 6

3. Stellarator vacuum magnetic field based on the Dommaschk potentials

The stellarator vacuum magnetic field generated by any set of external coils can be

described using appropriate basis functions that completely span the space of field

solutions. A vacuum field obeys r ⇥ B = 0, meaning that B = rV , where V is

denoted as the magnetic potential. Since r · B = 0, V satisfies a Laplace equation,

r
2V = 0. There are several sets of analytical functions that solve Laplace’s equation in

a torus, namely, toroidal field harmonics [22], spherical harmonics [22] or the Vuillemin-

Gourdon set [23]. A set of functions that has advantages over the other sets is the one

commonly known as Dommaschk potentials [24, 25, 26], which are given in cylindrical

coordinates by

V (R,�, Z) = �+
X

m,l

Vm,l(R,�, Z), (14)

where

Vm,l = [am,l cos(m�)+bm,l sin(m�)]Dm,l(R,Z)+[cm,l cos(m�)+dm,l sin(m�)]Nm,l�1(R,Z).

(15)

am,l, bm,l, cm,l and dm,l are free real constants and Dm,l, Nm,l are explicit functions

given in Ref. [24]. The first term on the right-hand side of Eq. (14) gives the 1/R

dependence of the toroidal component of the magnetic field. The Dommaschk potentials

are advantageous over others sets of solutions because the Vm,l functions consist of

simple algebraic expressions (powers, logarithms, sines and cosines) whose numerical

evaluation is computationally convenient. Furthermore, the indices m and l correspond,

respectively, to the toroidal and poloidal periodicities of Vm,l, a property that the

spherical harmonics lack, for example [24]. As a consequence, if the field is generated

with potentials restricted to m = kNfp and k 2 N, then the stellarator has field period

Nfp. In additions, stellarator symmetry [27] requires am,l = dm,l = 0 for even l, and

bm,l = cm,l = 0 for odd l.

We have constructed a five-field period stellarator-symmetric configuration with a

5/9 chain of islands surrounding a closed flux surface region by taking b5,2 = c5,2 = 1.5,

b5,4 = 10, a5,9 = �d5,9 = �7.5⇥109, and imposing all other coe�cients to vanish. Fig. 1

shows the corresponding Poincaré plot of the magnetic field at di↵erent toroidal angles.

The potential V5,9 is added in order to control the width of the 5/9 islands. In fact,

this potential resonates with the 5/9 rational surface and can be used to increase the

size of the islands. If V5,9 becomes too large, a chaotic region is generated due to the

overlap of di↵erent island chains. This is shown in Fig. 2 where the Poincaré sections

with a5,9 = �d5,9 = �15 ⇥ 109 reveal a chaotic region outside the Last Closed Flux

Surface (LCFS) instead of an island chain.

The rotational transform ◆ is entirely provided by the rotation of the flux surfaces

since no torsion is present in the configuration considered here, as the magnetic axis lies

on a plane. We can estimate the expected rotational transform on axis, ◆0, from the

elongation of the ellipses [28, 29], that is ◆0 = (Nfp/2)(rmax � rmin)2/(r2min + r2max) ⇡ 0.5,
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with a5,9 = �d5,9 = �15 ⇥ 109 reveal a chaotic region outside the Last Closed Flux

Surface (LCFS) instead of an island chain.

The rotational transform ◆ is entirely provided by the rotation of the flux surfaces

since no torsion is present in the configuration considered here, as the magnetic axis lies

on a plane. We can estimate the expected rotational transform on axis, ◆0, from the

elongation of the ellipses [28, 29], that is ◆0 = (Nfp/2)(rmax � rmin)2/(r2min + r2max) ⇡ 0.5,

A stellarator vacuum field with an island divertor has 
been constructed analytically 
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 Dommaschk potentials [Dommaschk, CPC 1986] are a solution of 
Laplace’s equation in a torus:

A stellarator vacuum field can be described by a potential satisfying Lapace’s equation.

Dommasck potentials [Dommaschk, CPC 1986] form complete basis for the vacuum solution in a torus.

low shear, 
! = 0.5-0.55
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We shape the wall so that islands intersect top/bottom
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Heat and density sources localized close to the edge
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First simulation of a stellarator with an island divertor

density

equilibrium

fluctuations

! "

#! = ! − ! "
[Coelho et al, NF 2022]
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Time-averaged profiles consistent with “magnetic cage”

density potential
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Time-averaged profiles consistent with “magnetic cage”

density potential
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Divertor target power footprint as expected

Figure 1:

Figure 2:

3

pressure

TOP VIEW

• The heat deposition pattern on the targets is

as expected from the footprints of the islands.



15

Coherent mode dominates the dynamics

§ ! = 4, % = 2mode with '()* ~ ',)* ~ 0.04 dominates dynamics
§ mode retrieved with nonlocal linear theory [Coelho et al, NF 2022]

§ highlights importance of geodesic curvature:

§ mode breaks the discrete symmetry of the stellarator!

density fluctuations

[Coelho et al, submitted to NF]

Global fluid simulation of plasma turbulence in stellarators with the GBS code 18

linear simulation ∂xn1 ∼ kyn1. This contrasts with previous local linear theories of the

drift-reduced Braginskii equations, where variations along the x direction are neglected,

i.e. kx " ky is assumed [34, 35, 36]. The present linearization leads to the following set

of equations whose derivation is detailed in Appendix B:

γn1 = sign(Bφ)ρ
−1
∗ iky

∂n0

∂x
Φ1

γTe1 = sign(Bφ)ρ
−1
∗ iky

∂Te0

∂x
Φ1

γV‖e1 = −ν
mi

me
n0V‖e1 +

mi

me

∂

∂z
Φ1

γ∇2
⊥Φ1 = − ∂

∂z
V‖e1 + 2

(
κg

∂

∂x
+ iκnky

)
Te1 + 2

Te0

n0

(
κg

∂

∂x
+ iκnky

)
n1,

(22)

where ∇2
⊥ = ∂2

x − k2
y ≡ −k2

⊥, and κn and κg are the normalized normal and geodesic

field-line curvatures, i.e. the projection of the curvature vector κ = −b × [∇× b]

along the normal and binormal directions (normalized to R0). Note that, when the

field is reversed, κg changes sign while κn is not affected. By Fourier transforming the

parallel and radial directions, ∂/∂z → ik‖ and ∂/∂x → ikx, a quadratic equation for

the growth-rate is obtained:

γ2 +
1

νn0

(
k‖
k⊥

)2

γ = 2ρ−1
∗

k2
y

k2
⊥

(
Te0

n0

∂n0

∂x
+

∂Te0

∂x

)(
sign(Bφ)

kx
ky

κg + κn

)
. (23)

While the k‖ term is stabilizing, the drive of the ballooning instability appears on the

right-hand side of Eq. (23) and it results from the density and temperature equilibrium

gradients and the normal and geodesic components of the curvature. Note that sign(Bφ)

cancels out since κg changes sign when the field is reversed. This means that the

dispersion relation in Eq. (23) depends on the direction of the magnetic field only

through the equilibrium profiles (which, in the non-linear simulation, form differently

depending on the sign).

In an infinite aspect-ratio tokamak where kx " ky, one deduces from Eq. (23) that

γ2 ∼ cos(θ), consistent with the common observation that turbulence is more developed

at the LFS (θ ≈ 0) than at the HFS (θ ≈ π). On the other hand, the geodesic curvature

is important when kx ∼ ky, as it is observed in our non-linear simulations, thereby

influencing the position of the eigenmodes maximum amplitude.

The solution of the 2D eigenvalue problem in Eq. (22), namely the product of the

eigenmodes |n1Φ1| at the radial position where the density gradient has its maximum,

is shown in Fig. 16 for kyρs0 = 0.04, considering Bφ > 0 and Bφ < 0. The eigenmodes

peak at θ = π/2 and θ = 3π/2, respectively, where the normal curvature is negative

(but not where it has its minimum value) and the geodesic curvature is positive, as seen

in Fig. 17 for the case Bφ > 0 (the same applies for Bφ < 0).

kx-1

ky-1
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Validated GBS against TJ-K experiments

density fluct. - simulation
[Coelho et al, PPCF 2023]

density fluct. - experiment

[Fuchert et al, PPCF 2013]

TJ-K stellarator (6-field period)

Used GBS code to simulate plasma dynamics in TJ-K with real sources.

Model valid in whole device (except no neutral physics included).

Reproduced the fluctuations spectrum, dominant m=4,n=1 mode.
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Differences between tokamak/stellarator simulations 
might be explained by magnetic shear 

!"#$
!%#$

!"#$!%#$

linear estimate: &' ~
)*
+,
< &%

[Ricci et al, PRL 2008]

observation: &' ~ &%

density fluctuations

Could the difference mainly come from 
different magnetic shear?

high shear lo
w 

sh
ea

r
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Numerical experiment confirms importance of shear

two circular tokamak 
configurations

low shear 

high shear 

[Tecchiolli et al, in preparation]



Chapter 6. Effect of magnetic shear, ellipticity and torsion on plasma
turbulence

Figure 6.13: Density and potential fluctuations in the stellarator configurations with
approximately-circular flux surfaces and torsion. The poloidal plane is � = 0 and the red
surface is the LCFS.

0.05 0.1 0.15 0.2 0.25
0

0.2

0.4

0.6

0.8

1
Fourier spectrum of fluctuations (torsion)

Figure 6.14: Time-averaged Fourier spectrum of potential fluctuations in the two stellarator
configurations with torsion and different magnetic shear.

130

19

We explored the effect of ellipticity and torsion

magnetic shear

!"#$ %&'$#&(

ellipticity of rotating surfaces
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Application form for BA simulation project in JFRS-1_2023_v1.0 

 

in the boundary of this configuration, and to identify the nature of the underlying modes. 
Finally, increasing the plasma resistivity (or the plasma density) may allow us to observe a 
possible collapse of the pressure profile [4,5,6]. 
 

 
 
• Relationship to issues of the fusion programme development, benefit of the EU/JA work  
 
Power exhaust is a crucial challenge in magnetic fusion research that is common in tokamak 
and stellarator research, and that is clearly reflected in the fusion development programmes of 
e.g. ITER, JT-60SA, DEMO, IFMIF/EVEDA, or LHD. In particular, and recognizing that 
there is a clear renaissance of stellarator research, an understanding of the effect of 3D fields 
on boundary turbulence is still missing and calls for first-principle simulations as well as basic 
physics studies.  
 
• Justification of the requested computer resources and relationship to the objectives 
 
GBS uses a spatial grid of dimension 𝑛𝑥 , 𝑛𝑦 , 𝑛𝑧 along the radial, vertical and toroidal 
directions to solve the drift-reduced Braginskii equations. GBS runs with a number of MPI 
processors along x, 𝑝𝑥, along y, 𝑝𝑦, and along z, 𝑝𝑧. The product 𝑝𝑥 × 𝑝𝑦 × 𝑝𝑧 equals the total 
number of MPI processes. We present here a benchmark carried out on the Piz Daint machine 
(Switzerland) which has an architecture close to that of JFSR-1. We consider simulations 
performed with the stellarator version of GBS, which will be used for the simulations of the 
circular tokamak/stellarator as well as for the LHD-like simulations.  We designed two series 
of simulations with different spatial grids: a small one, 𝑛𝑥 × 𝑛𝑦 × 𝑛𝑧 = 140 × 120 × 200, 
and a large one, 𝑛𝑥 × 𝑛𝑦 × 𝑛𝑧 = 280 × 240 × 200. We run each simulation for 100 time 
steps. The results of the scalability test for the small size case are shown in Figure 1 (left side) 
and in Table 1 (left side). By choosing 1 node (Px*Py=3*4 cores) per xy plane, we 
investigated the scalability along z by varying Pz from 5 to 50. We obtained super-linear 
speedup until 25 nodes and an efficiency that remains above 90% for up to 50 nodes. Further 
increase in the number of cores in the perpendicular plane (Px*Py=3*8 cores), for a total of 
100 nodes, substantially degrades the performance of the parallelization, with an efficiency 
dropping from 92% to 65%. The results of the scalability test for the large size case are shown 
in Figure 1 (right side) and in Table 1 (right side). In this case, we obtained a linear speedup 
until 10 nodes, and an efficiency that remains above 50% for up to 50 nodes. Further increase 
in the number of cores, for a total of 100 nodes, substantially degrades the performance of the 
parallelization, with an efficiency dropping from 55% to 33%. 
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Currently simulating an LHD-like configuration

v LHD has high-shear, high ellipticity, small torsion: what is the nature of boundary turbulence?

LHD simulation box and field

v Including the neutral physics in the simulations might allow studying detachment.

v We might be able to reproduce soft density limits as observed experimentally.
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there is a clear renaissance of stellarator research, an understanding of the effect of 3D fields 
on boundary turbulence is still missing and calls for first-principle simulations as well as basic 
physics studies.  
 
• Justification of the requested computer resources and relationship to the objectives 
 
GBS uses a spatial grid of dimension 𝑛𝑥 , 𝑛𝑦 , 𝑛𝑧 along the radial, vertical and toroidal 
directions to solve the drift-reduced Braginskii equations. GBS runs with a number of MPI 
processors along x, 𝑝𝑥, along y, 𝑝𝑦, and along z, 𝑝𝑧. The product 𝑝𝑥 × 𝑝𝑦 × 𝑝𝑧 equals the total 
number of MPI processes. We present here a benchmark carried out on the Piz Daint machine 
(Switzerland) which has an architecture close to that of JFSR-1. We consider simulations 
performed with the stellarator version of GBS, which will be used for the simulations of the 
circular tokamak/stellarator as well as for the LHD-like simulations.  We designed two series 
of simulations with different spatial grids: a small one, 𝑛𝑥 × 𝑛𝑦 × 𝑛𝑧 = 140 × 120 × 200, 
and a large one, 𝑛𝑥 × 𝑛𝑦 × 𝑛𝑧 = 280 × 240 × 200. We run each simulation for 100 time 
steps. The results of the scalability test for the small size case are shown in Figure 1 (left side) 
and in Table 1 (left side). By choosing 1 node (Px*Py=3*4 cores) per xy plane, we 
investigated the scalability along z by varying Pz from 5 to 50. We obtained super-linear 
speedup until 25 nodes and an efficiency that remains above 90% for up to 50 nodes. Further 
increase in the number of cores in the perpendicular plane (Px*Py=3*8 cores), for a total of 
100 nodes, substantially degrades the performance of the parallelization, with an efficiency 
dropping from 92% to 65%. The results of the scalability test for the large size case are shown 
in Figure 1 (right side) and in Table 1 (right side). In this case, we obtained a linear speedup 
until 10 nodes, and an efficiency that remains above 50% for up to 50 nodes. Further increase 
in the number of cores, for a total of 100 nodes, substantially degrades the performance of the 
parallelization, with an efficiency dropping from 55% to 33%. 
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Summary

v GBS is the first code to carry out a global simulation of boundary fluid turbulence in a stellarator.

v We have reproduced the fluctuation spectrum in the TJ-K stellarator experiment.

v Low-m coherent modes that break stellarator periodicity tend to develop, at least in low-shear.

v We have explored the effect of global shear, axis-torsion, and near-axis-ellipticity on turbulence.

v We are currently simulating realistic large-scale configurations such as LHD, but also W7-AS.


