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Abstract. Global simulations of electromagnetic turbulence in circular-flux-surface

tokamak and ASDEX-Upgrade geometry, tearing instabilities and their combination

with the electromagnetic turbulence, nonlinear Alfvénic modes in the presence of

fast particles and their combination with the electromagnetic turbulence, and global

electromagnetic turbulence in Wendelstein 7-X stellarator geometry are carried out

using the gyrokinetic particle-in-cell codes ORB5 (E. Lanti et al, Comp. Phys. Comm.,

251, 107072 (2020)) and EUTERPE (V. Kornilov et al, Phys. Plasmas, 11, 3196

(2004)). Computational feasibility of simulating such complex coupled systems is

demonstrated. For simplicity, reduced mass ratio is used throughout the paper.
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1. Introduction

Creation and control of burning plasmas is an ultimate goal of the magnetic fusion world-

wide effort. Such plasmas will become experimentally accessible in the foreseeable future

when the ITER and SPARC facilities start their operation. One of the characteristic

features of the burning plasmas is the intrinsic richness of their physics featuring
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complex couplings and interactions of the microscopic processes (turbulence) with the

macroscopic ones (MHD and Alfvénic modes). These interactions can affect properties

of the turbulence as well as the evolution of macroscopic instabilities. Such couplings

may become especially strong in burning plasmas where fast particles are abundant

since they can drive the macroscopic modes unstable. A global approach is needed to

assess the physics combining macroscopic modes and turbulence. Under the “global

approach” we understand the full-torus simulations throughout this paper.

Global simulations of the electromagnetic turbulence can be particularly difficult

due to the variety of the physics involved, but also as a consequence of the numerical

problems, such as the cancellation problem [1, 2]. Involving all the relevant time

scales ranging from the electron motion to slow MHD dynamics (e.g. growth and

nonlinear evolution of the tearing instability) and electromagnetic turbulence adds to

the computational difficulty of the global gyrokinetic simulations in the electromagnetic

regime. Addressing this problem in its full complexity for the reactor-scale plasma

will require the emerging exascale computing. However, first steps in this direction

can already be made now using the existing high-performing computing systems and

employing the available codes. This has been the main goal of the PRACE computing

project EMGKPIC. In this paper we report on the basic approach and the main results

of the project. Because of the limited space, the results will be described in a brief

manner leaving details to follow-up publications.

In the project, the global gyrokinetic particle-in-cell codes ORB5 [3] and EUTERPE

[4] have been used to simulate electromagnetic turbulence in realistic tokamak and

stellarator geometries. Demonstrating feasibility of global turbulence simulations using

the electromagnetic gyrokinetic PIC codes was the first goal of the project. The

global setup permits combining electromagnetic turbulence with global modes, such as

tearing instabilities and Alfvénic Eigenmodes in the presence of the energetic particles.

Assessing such combinations and affordability of their simulations was another goal

of the project. A particularly strong emphasis has been put on the simulations of

electromagnetic turbulence which is known to be notoriously challenging in a global

setup. Combining it with the macroscopic physics (Alfvénic and MHD) is less difficult

if the turbulence problem is solved. The following “case studies” have been identified:

(i) global electromagnetic turbulence in circular-flux-surface tokamak and ASDEX-

Upgrade tokamak geometry

(ii) tearing instabilities and their combination with the electromagnetic turbulence

(iii) nonlinear Alfvénic modes in the presence of fast particles and their combination

with the electromagnetic turbulence

(iv) global electromagnetic turbulence in Wendelstein 7-X stellarator geometry

The ORB5 and EUTERPE codes share the equations solved, the basic discretization

principles, and many aspects of technical implementation (see Ref. [5] for details).

Despite these similarities, they remain separate projects with a different set of

capabilities. Out of these two codes, only EUTERPE can address stellarator geometries.
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On the other hand, tokamak simulations using ORB5 are normally more efficient due to

the tokamak axisymmetry explicitly employed in the code. Therefore in the project, all

tokamak simulations have been performed using ORB5 and all stellarator simulations

using EUTERPE.

In this paper, we report global electromagnetic simulations solving gyrokinetic

equations and employing the numerical schemes described in detail in Ref. [5]. According

to the ”case studies” selected and described above, the first basic component considered

in these simulations is electromagnetic turbulence nonlinearly evolving and saturating

through zonal flow excitation or relaxation of the plasma profiles. In the finite-

beta regime, the Kinetic Ballooning Mode (KBM) turbulence is believed to play an

important role [6, 7, 8, 9, 10, 11, 12, 13]. We identify the KBM regime performing

parameter scans with respect to the plasma beta. We compare the low-beta Ion-

Temperature-Gradient driven (ITG) turbulence with the KBM turbulence at a higher

beta in the same magnetic configuration and for the same plasma profile shape. The

second basic component of the global physics considered here is an MHD perturbation,

namely the collisionless tearing mode, coupled to electromagnetic turbulence. We

provide an example of this instability evolving separately and in the presence of the

background turbulence. A basic feasibility of such simulations is demonstrated. The

third component of the global physics is associated with macroscopic nonlinear Alfvénic

Eigenmodes destabilized by the fast particles. Frequency evolution of a Toroidal Alfvén

Eigenmode in the presence of electromagnetic turbulence is considered. Finally, the

electromagnetic turbulence in non-axisymmetric stellarator geometry is addressed and

feasibility of stellarator simulations is demonstrated. These examples encompass the

physics content computationally available for future in-depth studies using ORB5 and

EUTERPE. In this paper, we omit collisions. The simulations are carried out until

the heat fluxes saturate and the profile relaxation stops. For simplicity, we use the

reduced mass ratio mi/me = 200 throughout this paper. Extending the simulations to

the realistic mass ratio does not normally pose a problem, see Ref. [5]. Of course, such

simulations take longer because of a smaller time step needed. The high computational

cost of the simulations shown here has made it difficult to perform extensive in-depth

convergence studies. Typically, we have run our simulations at the limit set by the

hardware (for example, the size of the GPU memory or the overall duration of a

simulation).

The structure of this paper is as follows. In Sec. 2, we consider electromagnetic

turbulence in tokamak plasmas. In Sec. 3, the evolution of the tearing mode in the

presence of electromagnetic turbulence is addressed. In Sec. 4, the coupled nonlinear

system including Alfvén Eigenmodes, fast particles, and turbulence is considered. In

Sec. 5, the stellarator simulations are described. Finally, conclusions are made in Sec. 6.

2. Electromagnetic turbulence in tokamak plasmas

In this Section, we consider global electromagnetic turbulence, in particular the
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transition from the ITG to the KBM regime. The KBM instabilities and turbulence

received a lot of attention because of their potential importance in high-beta plasmas,

such as envisioned for a fusion reactor. It has been suggested [7, 14, 15] that zonal flow

generation by the KBM turbulence can be suppressed at larger beta due to the field

line stochasticity induced by the magnetic component of the electromagnetic turbulence

leading to the ”electromagnetic run-away” observed in the flux-tube simulations [14].

In addition, there is a counteraction of the Reynolds stress by the Maxwell stress in

nonlinear evolution of the electromagnetic instabilities [12] weakening the zonal flows as

well. On the other hand, the global gyrokinetic KBM simulations [11, 12] report that

the zonal flows are still of crucial importance also for saturation of the KBM turbulence.

First, we consider tokamak geometry with the aspect ratio A = 10, cirular cross-

sections, the safety factors q(ρ) = 0.8 + 0.8ρ2 and q(ρ) = 1.1 + 0.8ρ2 (two cases

compared), where ρ is the radius of the circular flux surface. We employ an ”ad-

hoc” tokamak equilibrium defined using the relations: B = ∇ψ × ∇ϕ + I∇ϕ with

I = B0R0, ψ(ρ) =
ρ∫
0

B0ρ
′dρ′/q(ρ′), and ϕ the toroidal angle. Here, B0 = 1 T is the

magnetic field at the axis, R0 = 1 m is the major radius, and q(ρ) is the safety factor

profile. Note that it is a well-known practical difficulty to reconcile the profiles suitable

for gyrokinetics (normally with the gradients vanishing at the axis and towards the

plasma edge) and the profiles suitable for the equilibrium codes (normally polynomial

ones with the gradient more homogeneously distributed in the radial direction). In our

simulations, the temperature and density profiles are defined by the expressions:

n0s(s)/n0s(s0) = exp

[
−κn∆ntanh

(
s− s0

∆n

)]
(1)

T0s(s)/T0s(s0) = exp

[
−κT∆Ttanh

(
s− s0

∆T

)]
(2)

Here, s =
√
ψ/ψa, ψ is the poloidal magnetic flux, ψa is the poloidal magnetic flux

at the plasma edge, s0 = 0.5, κn = 0.3, and ∆T = ∆n = 0.208. Two different

temperature gradients will be considered corresponding to κT = 1.0 and κT = 2.0. The

ubiquitous nonlinear generation of the small scales in the phase space (filamentation)

is controlled with the Krook operator, see Ref. [16] for further details. The machine

size is determined by Lx = 2ra/ρs = 360 with ra the minor radius and ρs the

characteristic bulk-ion sound gyroradius, the ion-to-electron mass ratio is mi/me = 200.

The character of the turbulence is defined by the plasma β: the electromagnetic-ITG

regime for small β changing into the KBM regime when β increases. Here, the plasma

β = 2µ0n0(Ti0 +Te0)/B2
0 is defined using the profiles computed at the mid-radius of the

tokamak and the magnetic field computed at the magnetic axis. The ad-hoc tokamak

equilibrium remains fixed for all plasma β. The transition from the ITG to the KBM

regime is shown in Fig. 1 where the linear growth rate is plotted as a function of β. This

transition has been known since some time already and documented in several papers

[6, 7, 8, 9]. The critical threshold beta value for KBM depends on several parameters

such as the magnetic shear, and is typically slightly below the ideal MHD ballooning
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limit [6, 10, 13]. The growth rate is computed from the linear evolution of the perturbed

energy flux. The radial fluxes are calculated throughout the paper as averages in the

radial domain 0.3 ≤ s ≤ 0.7. The simulations are performed in the full torus 0 ≤ s ≤ 1

including the magnetic axis. One sees a characteristic ITG-KBM transition for different

plasma temperature and safety factor profiles.

Considering now the nonlinear evolution, it has been known for some time that

simulations in the KBM regime are particularly challenging [7, 14, 9]: sometimes a

numerical instability appears in the long-time limit, making simulations impractical at

beta values too high above the KBM threshold. In the following, we shall demonstrate

that with our current numerical approach, nonlinear global EM simulations can achieve

stable saturated conditions with beta values much larger than the KBM threshold. The

nonlinear evolution of the radial perturbed energy flux is shown in Fig. 2 for the both

regimes. The total number of the ion markers is Ni = 400 000 000 and the total number

of the electron markers is Ne = 1 000 000 000. We have used 256 grid points in the radial

direction, 320 grid points in the poloidal direction, and 192 grid points in the toroidal

direction. The Fourier filter has been applied with the mode numbers −40 ≤ n ≤ 40

kept in the toroidal filter. For the poloidal modes, the diagonal filter has been used

with the width of 11 modes centered at the resonant poloidal mode number satisfying

the condition mres = q(s)n for a given toroidal mode number n at a given flux surface

s. The time step ∆t = 2ω−1
ci has been used. The Krook operator with the decay rate

γK = 10−4ωci is applied for the both species. The simulation duration is typically

several days (several times 24 hours) on 32 nodes of Marconi100 (4 MPI tasks per node,

32 CPU cores per MPI task, 4 NVIDIA Volta V100 GPUs per node). For the realistic

mass ratio, the simulation would take more than a week since the time step, proportional

to
√
me/mi, would have to be reduced accordingly. Naturally, longer simulation times

would cause an increased overhead related to the job scheduler queues and increase a

risk of the hardware failure.

In Fig. 2, one sees that the simulation enters the nonlinear phase after the linear

growth in both (a) the ITG regime and (b) the KBM regime. The latter case shows

a decaying oscillatory relaxation dynamics possibly resulting from the avalanche-like

temperature profile evolution (profile flattening which starts at the position of the

maximum temperature gradient and propagates radially). An animation showing this

profile evolution is available online. In Fig. 2(b), the oscillations in the energy flux

decay probably due to the temperature profile evolving to the marginal one. This

profile evolution is itself an interesting topic for future research. In the present paper,

we establish a ”technical route” to such simulations. As can be seen, our nonlinear

simulations show no sign of numerical instability, even in the KBM regime. Note that

the end time of the KBM case, Fig. 2(b), is (cs/a)t ≈ 120.

This profile relaxation process is also indicated by the evolution of the electrostatic

potential shown in Fig. 4. One sees here how the finger-like structures (reminiscent

to the ”detonation” events [17, 18]) develop and propagate outwards resulting in a

flattening of the temperature profile shown in Fig. 5(b). At later times, the temperature
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profile steepens at another radial location leading to the next relaxation cycle. In

contrast, the ITG regime shows a much weaker relaxation of the temperature profile,

see Fig. 5(a). The electrostatic potential of the ITG turbulence, shown in Fig. 3, develops

the characteristic pattern of the turbulent eddies decorrelated by the zonal flow. Note

that the global linear mode (its envelope) usually has an extent comparable to the

temperature profile ”length” (the region of finite gradient). This can be seen in Fig. 3

at ωcit = 10 000, for example, for the temperature profile shown in Fig. 5(a). This

length is normally a fraction (e.g. 1/3) of the plasma diameter. In sound gyro-radii,

this implies that the size of the ”active” region is roughly 120ρs for the case shown in

Fig. 3 at ωcit = 10 000. This original ”linear eddy” size can be broken into smaller

”nonlinear eddies” by the zonal flow as can be seen in Fig. 3 at ωcit = 16 000 showing

the nonlinear stage of the electromagnetic ITG. The zonal flow appears to be much

less pronounced in the KBM case, shown in Fig. 4, where the ”eddy” (the finger-

like structure) is ”expelled” out of the active destabilization region instead of being

”broken”. This evolution is accompanied by a strong temperature profile relaxation,

shown in Fig. 5(b). The evolution of the density profile is shown in Fig. 6.

We point out that the role of zonal flows (and zonal fields) in the KBM saturation

has been the object of some controversy, flux-tube simulations coming to apparently

contradictory conclusions [6, 8]. For simulations and analysis of KBM saturation in a

global gyrokinetic approach, see Ref. [11, 12, 19, 5]. Note that the profile relaxation

seems to be important for the turbulence saturation in the case considered here, similar

to Ref. [20]. In this paper, we use the KBM label for the nonlinear simulations

based on the linear onset of the instability. In future, an in-depth analysis will be

carried out to support our assessment that the higher beta case is truly in a nonlinear

KBM regime. Here, we have already observed a very different profile evolution and

substantial differences in the structure of the electrostatic potential in the nonlinear

stage of the high-beta case compared to the low-beta one clearly showing a transition

in the turbulence regime.

As a next step, consider a realistic ASDEX-Upgrade equilibrium corresponding to

the “NLED-AUG” case [21], down-scaled to Lx = 300, with the safety factor profile

shown in Fig. 7(a); temperature and density profiles shown in Figs. 11 and 12. The

total number of the ion markers is Ni = 500 000 000 and the total number of the electron

markers is Ne = 500 000 000. We have used 288 grid points in the radial direction, 704

grid points in the poloidal direction, and 192 grid points in the toroidal direction. The

Fourier filter has been applied with the mode numbers −40 ≤ n ≤ 40 kept in the

toroidal filter. For the poloidal modes, the diagonal filter has been used with the width

of 15 modes centered at the resonant poloidal mode number satisfying the condition

mres = q(s)n for a given toroidal mode number n at a given flux surface s. The time

step ∆t = ω−1
ci has been used. The Krook operator with the decay rate γK = 10−4ωci

is applied for the both species. The simulation duration is typically a week (seven days

24 hours each) on 128 nodes of Marconi (48 Intel SKL cores per node). Similarly to

the previous case, a single simulation would take considerably longer than a week for
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Figure 1. Growth rate computed from the linear phase of the perturbed energy

flux evolution (including effect of multiple Fourier modes) plotted as a function of β.

One clearly sees the characteristic ITG-KBM transition. (a) Temperature and density

gradients κT = 2.0, κn = 0.3, safety factor profile q(ρ) = 0.8 + 0.8ρ2 compared to

q(ρ) = 1.1 + 0.8ρ2. (b) Density gradient κn = 0.3, safety factor q(ρ) = 0.8 + 0.8ρ2,

temperature gradient κT = 2.0 compared to κT = 1.0.

Figure 2. Perturbed energy flux evolution for the safety factor q(ρ) = 1.1+0.8ρ2, the

temperature gradient κT = 2.0, (a) β = 0.1% (electromagnetic ITG regime), and (b)

β = 2.08% (KBM regime). The energy flux is considerably larger in the KBM regime.

Figure 3. Evolution of the electrostatic potential in the ITG turbulence shown in

Fig. 2(a). One sees how the zonal flow develops and decorrelates the turbulent eddies.

Zonal flow dynamics determines the saturation of the electromagnetic ITG turbulence.
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Figure 4. Evolution of the electrostatic potential in the KBM turbulence shown in

Fig. 2(b). One sees the finger-like structures developing and propagating outwards.

Plasma profile relaxation, Fig. 5, determines the saturation of the KBM turbulence.

Figure 5. Temperature relaxation in (a) the ITG regime (β = 0.1%, kT = 2.0,

q(ρ) = 1.1+0.8ρ2), and (b) the KBM regime (β = 2.08%, kT = 2.0, q(ρ) = 1.1+0.8ρ2).

The profile relaxation is much weaker for the ITG turbulence than in the KBM case.

Figure 6. The density profile relaxation for (a) the ITG turbulence and (b) the KBM

turbulence. The simulation parameters are as in Fig. 5.
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the realistic mass ratio. As in the previous case, the ITG-KBM transition can be seen

in Fig. 7(b) where the growth rate is shown as a function of plasma β. The growth

rate is computed using the linear phase of the perturbed energy flux evolution. The

magnetic equilibrium is fixed to the “NLED-AUG” case [21] for all values of plasma β.

The perturbed energy flux is shown in Fig. 8(a) for the ITG regime and in Fig. 8(b) for

the KBM regime. One can see that the energy flux has entered the nonlinear phase of

its evolution. The values of the flux measured in the gyro-Bohm units are comparable in

both regimes. The nonlinear energy flux oscillations appearing in Fig. 8 may result from

the profile evolution. Particularly, from the nonlinear radial movement of the position

of the maximum temperature gradient. In addition, there can be an interplay between

the profile evolution, linear stability, and the zonal flow generation complicating the

picture. We will address this subject in detail elsewhere.

The evolution of the electrostatic potential is shown in Fig. 9 for the ITG regime,

and in Fig. 10 for the KBM regime. No distinct finger-like structures are observed in this

case indicating a possible relevance of zonal flows, for the parameters considered, also in

the KBM regime as Refs. [12, 11] suggest. Note that the zonal flow suppression [14] in

the electromagnetic regime should depend on the strength of the magnetic component

in the field perturbation and also on the effectiveness of the parity mixing [9, 22] which

can be parameter-dependent (e. g. depending on the plasma aspect ratio and shaping).

We will address this subject in future.

The temperature and density nonlinear profile evolution is plotted in Figs. 11 and

12. One can see that the temperature profile relaxation caused by the KBM turbulence

is not very strong for the shaped ASDEX-Upgrade geometry, in contrast to the circular

cross-section tokamak case shown in Fig. 5(b). This weaker profile relaxation may be

related to a higher MHD stability of the shaped tokamak plasmas. We will consider this

subject in detail elsewhere. In Fig. 12(a), one can see a density peaking corresponding

to a turbulent particle pinch in the ITG regime which is in a qualitative agreement

with Ref. [23]. In contrast for the KBM turbulence, the particle flux is outward, see

the density profile in Fig. 12(b). Note that there is a weak particle pinch also for the

large-aspect ratio tokamak case in the ITG regime. It can be barely seen in Fig. 6(a).

Note that decrease of the turbulence-induced density peaking with the aspect ratio is

in agreement with the curvature pinch mechanism [24]. The particle flux reverses its

sign in the KBM regime in the both tokamak geometries considered here. In future

work, the question of the particle fluxes driven by the electromagnetic turbulence will

be addressed in more detail. In this paper, we limit our consideration to the relatively

early nonlinear phase. The main task is to demonstrate that the turbulence enters this

nonlinear stage without severe complications even in the high-beta KBM regime up to

values (4.8%) three times higher than the linear KBM threshold. No indications of such

complications have been observed in the simulations described here. The late nonlinear

stage which would result from a very long nonlinear run is out of the scope of this paper

primarily because of a high computational cost and a very high resolution which would

be required in such simulations. We leave this task to the future work.
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Figure 7. (a) The safety factor of the “NLED-AUG” case [21]. (b) The growth rate

in the ASDEX-Upgrade plotted as a function of plasma β. One can see the ITG-KBM

transition similar to the circular case. The growth rate is computed using the linear

phase of the perturbed energy flux evolution.

Figure 8. The perturbed energy flux in the ASDEX-Upgrade for (a) the ITG regime,

β = 0.4%, and (b) the KBM regime, β = 4.8%.

Figure 9. Evolution of the electrostatic potential in ASDEX-Upgrade for the ITG

regime, β = 0.4%.
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Figure 10. Evolution of the electrostatic potential in ASDEX-Upgrade for the KBM

regime, β = 4.8%.

Figure 11. Temperature profile evolution in the ASDEX-Upgrade geometry in (a)

the ITG regime, β = 0.4%, and (b) the KBM regime, β = 4.8%. One sees that the

profiles do not change much in contrast to the more unstable circular-geometry case.

Figure 12. Density profile evolution for (a) the ITG regime, β = 0.4%, and (b) the

KBM regime, β = 4.8%. One can see a density peaking (corresponding to an inward

turbulent pinch) in the ITG regime. The particle flux in the KBM regime is outward.
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Another interesting topic left for future studies is related to the coupling of the

nonlinear KBM dynamics with reconnection. It is known that the violation of the

magnetic surfaces is possible for nonlinear evolution of both the electromagnetic ITG

and the KBM instabilities. This is made possible by the parity mixing in the nonlinear

regime [9] which may lead to reconnection events on various scales caused by the

electromagnetic turbulence. In Ref. [11], it has been found that the KBM evolution

is accompanied with a rapid growth of localized current sheets excited by the nonlinear

ponderomotive force saturating kinetically at the spatial scales comparable to the ion

gyro-radius. In this paper, we make the first step using ORB5 in this direction coupling

the nonlinear tearing instability and electromagnetic turbulence in Section 3.

Finally, there is an ongoing work [25, 26, 27] related to the strong reduction

of turbulent heat fluxes at finite beta [7] for certain parameters observed in some

experiments [27]. In this Section, our goal is to demonstrate that, despite the

cancellation problem, global nonlinear simulations of electromagnetic turbulence are

possible both in the ITG and the KBM regimes using the fully-gyrokinetic particle-in-cell

approach. This represents the first necessary step before combining the turbulence with

other global gyrokinetic phenomena such as the MHD-like events, Alfvén Eigenmodes, or

fast particles. In Section 4, we consider an example of an Alfvén Eigenmode destabilized

by the fast particles and evolving in presence of the electromagnetic turbulence.

3. Tearing instability and electromagnetic turbulence

The impact of magnetic islands on plasma confinement depends on several parameters

such as their spatial distribution, frequency or size which can range from a millimeter to

a fraction of the plasma radial extent [28, 29, 30, 15, 22]. It was shown numerically that

an island size can reach 20% of ITER small radius without applied counter-measures

[31]. Such a large island can dramatically degrade the confinement in ITER [32].

While the evolution and saturation of finite-size magnetic islands is to a large extent

understood and can be modeled quite reliably in experiments, the physics governing

their seeding and their initial stability is fairly complex and a disentanglement of the

various possible effects is difficult. A particularly interesting gyrokinetics result is the

possibility that turbulence triggers magnetic islands [33], being at the origin of their

growth. Magnetic islands also impact turbulence which is reduced inside the island

as large-scale flows are expelled from it and turbulence develops mostly around the

reconnection region (‘X’-point) [22]. At the same time, large-scale vortex flows are

observed in simulations to develop inside wide magnetic islands [30, 15]. In this Section,

we demonstrate capabilities of ORB5 to simulate nonlinear tearing instabilities alone

and also in presence of the electromagentic turbulence.

We consider a tokamak with circular cross-sections, the aspect ratio A = 10, the

machine size Lx = 200, and the safety factor [33, 34]:

q = qa
ρ2/r2

a

1− (1− ρ2/r2
a)2

(3)
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Figure 13. Nonlinear tearing mode. (a) The parallel magnetic potential has a typical

structure of the tearing mode instability. (b) The radial derivative of the parallel

magnetic potential which is closely related to the tearing instability parameter ∆′.

It has a distinct spike at the resonant flux surface. (c) The electrostatic potential

has a maximum at the resonant flux surface. It’s structure is typical for the tearing

mode instability. (d) The temporal evolution of the parallel magnetic potential at the

s = 0.55 flux surface. The mode clearly enters the nonlinear phase with the tearing

Fourier harmonic n = 1, m = −2 being dominant.

with ρ the radial coordinate, ra the minor radius, and qa = 3.5. This safety factor

profile has a q = 2 resonance at s = 0.58 and is unstable with respect to the tearing

mode. In gyrokinetic simulations, the tearing instability drive is included via the

shifted Maxwellian distribution function for the electrons with the parallel-velocity shift

determined by the ambient parallel current, similar to Ref. [33].

In Fig. 13(d), the evolution of the tearing instability is shown for the parallel

magnetic potential at the s = 0.55 flux surface. One sees that the mode enters

the nonlinear phase. The simulation is quite expensive computationally because of

a relatively low growth rate of the collisionless tearing instability and the physical

importance of the collisionless electron skin depth which is resolved in the simulations.

The reduced mass ratio mi/me = 200 and β = 0.4% are used. The mode considered

in Fig. 13 is driven only by the profile of the ambient parallel current. The plasma

temperature and density profiles are flat. The total number of the ion markers is

Ni = 400 000 000 and the total number of the electron markers is Ne = 400 000 000.

We have used 307 grid points in the radial direction, 384 grid points in the poloidal

direction, and 128 grid points in the toroidal direction. The Fourier filter has been

applied with the mode numbers −30 ≤ n ≤ 30 kept in the toroidal filter. For the

poloidal modes, the diagonal filter has been used with the width of 11 modes centered
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Figure 14. Evolution of the electrostatic potential in tokamak plasmas during the

collisionless tearing instability. Flat plasma temperature and density are considered.

One sees how an island develops in time with the X-points clearly visible.

at the resonant poloidal mode number satisfying the condition mres = q(s)n for a given

toroidal mode number n at a given flux surface s. The time step ∆t = 5ω−1
ci has been

used. The Krook operator is not applied. The simulation duration is about 10 days

(one day is 24 hours) on 128 nodes of Marconi (48 Intel SKL cores per node). Using

the realistic mass ratio, it would require several times reduction in the time step and

increase in the radial resolution to resolve the skin depth which is decreasing with the

square root of the electron mass. This would make the simulation duration longer than

a month. The snapshots of the n = 1 harmonic of the perturbation are shown in Fig. 13

for the linear stage at ωcit = 0.25× 106: (a) the parallel magnetic potential and (c) the

electrostatic potential. One sees that a typical tearing mode structure has developed.

In Fig. 13(b), the radial derivative of the parallel magnetic potential is plotted. This

quantity is closely related to the tearing instability parameter ∆′. As expected, it has

a sharp maximum at the resonant flux surface.

In Fig. 14, the evolution of the electrostatic potential is shown in the poloidal cross-

section which includes all Fourier harmonics. One can see the tearing mode linearly

excited and growing into the nonlinear island structure. The X-points are clearly visible

in the nonlinear stage. For comparison, the mode evolution is shown in the case of finite

temperature and density gradients in Fig. 15. Here, the plasma profiles are given by

Eqs. (1) and (2) with s0 = 0.5, κn = 0.1, κT = 0.5, and ∆T = ∆n = 0.2. One sees

that the tearing instability develops also in this case. The snapshots of the electrostatic

potential are plotted in Fig. 16 showing the microturbulence developing in addition to

the tearing mode. Note that the marker weights have been initialized using only the

tearing toroidal n = 1 and poloidalm = −2 mode numbers. This particular initialization

leads to an excitation and dominance of the tearing instability in the first phase of

the simulations. At the later stage, a global mode, possibly of an Alfvénic nature,

appears. We will study this case in detail in our future work. Here, we just note that it

could give an example of a self-consistent combination of the MHD tearing instability,

microturbulence, and, eventually, an Alfvénic mode and a zonal flow. Such interlinked

physical systems [35] can be addressed only within a global nonlinear framework and

represent the main target of our work.
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Figure 15. Nonlinear tearing mode in presence of the temperature and density

gradients. (a) The parallel magnetic potential has a typical structure of the tearing

mode instability. (b) The radial derivative of the parallel magnetic potential. (c)

The electrostatic potential has a maximum at the resonant flux surface. (d) The

temporal evolution of the parallel magnetic potential at the s = 0.55 flux surface.

We have experienced problems with data transfer between different filesystems on the

supercomputer at several restarts of the simulation. This led to loss of a small faction

of data in the linear phase which can be seen in this figure (e. g. around ωci ∼ 140 000).

Figure 16. Evolution of the electrostatic potential in tearing-unstable tokamak

plasma with finite temperature and density gradients. One sees that the micro-

turbulence is excited in addition to the tearing component. Also, a global mode,

possibly of an Alfvénic nature, is excited at later times.
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Figure 17. Evolution of the TAE n = 2 frequency for the case of flat bulk plasma

temperature. Here, the windowed Fourier transform of the electrostatic potential

is shown for the toroidal mode number n = 2 and the poloidal mode numbers

−5 ≤ m ≤ −2. One sees that the frequency of the mode remains at the toroidicity-

induced gap. The shear Alfvén continuum (the white lines on the plot) is computed

using the slow-sound approximation.

Figure 18. Simulations using the same parameters as in Fig. 17 except the bulk-

plasma temperature which has now a weak gradient κT = 0.4, see Eq. (4). One sees

that the frequency evolves along the continuum branch. The same quantity is shown

as in Fig. 17 (the Fourier transform of the electrostatic potential). The shear Alfvén

continuum is shown with the white lines.

4. Alfvén Eigenmodes in the presence of fast ions and electromagnetic

turbulence

In this Section, we address the issue of coupling between the turbulence and Alfvén

Eigenmodes destabilized by the fast ions. While a considerable amount of research has

been devoted to the interaction of Alfvén Eigenmodes and fast ions [36], little is known

about the role that turbulence may - or may not - have on the nonlinear behaviour

of Alfvén Eigenmodes. Recent works have focused on the interaction of AEs and zonal

structures [16], showing a complex behaviour. In Ref. [37], it has been suggested that the

microturbulence interaction with energetic particles can be a key factor determining the

regime of the mode saturation (quasi-steady or chirping) with far-reaching consequences

for the energetic-particle transport (although a direct transport of the energetic particles

by the microturbulence is normally small). In Ref. [38], a nonlinear damping of Alfvén



Electromagnetic turbulence and global modes 17

Figure 19. Electrostatic potential plotted as a function of the flux surface label s and

the toroidal mode number n. Only the relevant part of the spectrum is shown. One sees

that there is a mode activity in the case with the finite temperature gradient (b). In

contrast, the case of the flat temperature gradient (a) does not have the mode activity.

A consequence of the mode activity in (b) is a higher amplitude of the perturbation

in the nonlinear phase which can be related to the characteristic frequency evolution

observed in Fig. 18.

Figure 20. Evolution of n = 2 toroidal mode (TAE) for (a) flat bulk plasma profiles

and (b) finite bulk-plasma temperature gradient (see the main text for details).

Eigenmodes caused by their scattering on microturbulence via generation of short-

wavelength electron Landau damped kinetic Alfvén waves has been considered. On

the other hand, there is an ongoing work [25, 26, 27] addressing effects of the energetic

particles and Alfvénic modes on the turbulence. This all calls for a computational effort

coupling the global electromagentic turbulence, Alfvénic dynamics, and fast-particle

destabilization, which is the focus of this Section.

Here, in order to find out whether the presence of turbulence affects the Alfvén

Eigenmode evolution, we shall consider two cases: one in which bulk plasma gradients

are zero and therefore no bulk turbulence is present, and the other case with finite

bulk plasma gradients in which turbulence is present. We consider a circular cross-

section tokamak with the aspect ratio A = 10 and the machine size Lx = 350. The
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magnetic geometry is that of the ITPA benchmark [39, 40]. All particle species (bulk

ions, electrons, and fast ions) are kinetic and nonlinear. The reduced mass ratio

mi/me = 200 and β = 1.72% are used. For the fast particles, Deuterium ions are

selected with the temperature Tf/Ti = 40 and the density nf/ni = 0.005. Here, Ti is the

bulk-ion temperature and ni is the bulk-ion density. The Maxwell distribution function

is chosen for the fast ions. The fast-ion temperature profile is flat, the fast-ion density

profile is given by Eq. (1) with κn = 3.33, s0 = 0.5, and ∆n = 0.2. The total number

of the ion markers Ni = 400 000 000 and the total number of the electron markers is

Ne = 400 000 000. We have used 160 grid points in the radial direction, 384 grid points

in the poloidal direction, and 192 grid points in the toroidal direction. The Fourier

filter has been applied with the mode numbers −40 ≤ n ≤ 40 kept in the toroidal filter.

For the poloidal modes, the diagonal filter has been used with the width of 11 modes

centered at the resonant poloidal mode number satisfying the condition mres = q(s)n

for a given toroidal mode number n at a given flux surface s. The time step ∆t = 3ω−1
ci

has been used. The Krook operator with the decay rate γK = 1.5 × 10−4ωci is applied

for the ions and the electrons. The simulation duration is several days (one day is 24

hours) on 64 nodes of Marconi100 (4 NVIDIA Volta V100 GPUs and 4 MPI tasks per

node, 32 CPU cores per MPI task). For the realistic mass ratio, the simulation would

take several times longer because of the time step which is inversely proportional to the

square root of the mass ratio.

In Fig. 17, the frequency evolution is shown for the case of a flat bulk-ion profile for

the toroidal Fourier harmonic n = 2. It corresponds to the dominant TAE instability

for the parameters considered. There are other TAEs, for example at the toroidal

mode number n = 6, which are however less unstable. One can see that the frequency

remains at the toroidicity-induced gap for all times of the nonlinear evolution. The

shear-Alfvén continuum is computed using the CONTI code [41, 42] within the slow-

sound approximation.

In contrast, the frequency of the same TAE evolves along the continuum branch

when the bulk-plasma species have a temperature gradient, see Fig. 18. Here, we apply

a rather shallow bulk-plasma temperature profile given by the expression:

T0s(ρ)/T0s(ρ0) = exp

−κT∆T

2
ln

cosh
(
ρ−ρ0+∆ρ

∆T

)
cosh

(
ρ−ρ0−∆ρ

∆T

)
 (4)

with ρ the minor radius, κT = 0.4, ∆T = 0.04, ρ0 = 0.5, and ∆ρ = 0.4. All other

physical and computational parameters remain unchanged. Note that the white lines

on Figs. 17 and 18 correspond to the shear Alfvén continuum plotted for the toroidal

mode number n = 2. Despite the inevitable inaccuracies naturally associated with

frequency analysis of nonlinear data, one can see that the frequency evolution (computed

using the windowed Fourier approach) is very different on the both Figures. The light

spot indicating the mode frequency and its location does not move radially in the

absence of the bulk-plasma temperature gradient, Fig. 17, althouth its width in the
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frequency increases. The mode remains centered at the TAE gap both radially and in

the frequency. In contrast, the light spot moves radially inward in Fig. 18 where the bulk-

plasma temperature gradient is finite. Its frequency (the center of the light spot) roughly

follows the upper branch of the shear Alfvén continuum (the upper white line) during

the inward radial motion. A dynamics of such type is characteristic for the chirping

phenomena [43, 44, 45, 46, 47]. The nonlinear evolution of Alfvénic instabilities driven

by the fast particles results in flattening of the fast-particle density at the resonance

location and its steepening at the adjacent radii. The chirping modes are capable to

tune their frequency so that the new resonant location shifts to the current position of

the maximal gradient further driving the instability. This process is accompanied by

changes in the radial location of the mode, as can be seen in Fig. 18. The instability with

the frequency following the continuum branch can be identified as an Energetic Particle

Mode (EPM): this type of mode is known to be destabilized if the energetic particle drive

is strong enough and, unlike the TAE, does not have an equivalent in the ideal MHD

limit. The chirping EPM nonlinear dynamics (see e.g. the recent studies of Refs. [45, 47])

can be such that it is seen to move radially inwards, following a continuum branch. This

results in a upward or downward frequency chirping, depending on which continuum

branch is concerned. Our results are therefore consistent with an upward-chirping EPM.

A possible cause for the frequency evolution in this case can be higher amplitudes of

the Fourier harmonics corresponding to the drift instabilities. An indication for such

instabilities excited by the temperature profile considered can be seen in Fig. 19. Here,

the elecrostatic potential is plotted as a function of the flux surface label and the toroidal

mode number. One can see a coherent instability developing at n ≈ 20 when the bulk-

plasma temperature has a gradient. Note that that this physically unstable mode is

clearly separated from the filter boundaries indicating a sufficient resolution. It was

important to choose a finite but low level of the microturbulence drive (i. e. shallow bulk-

plasma profiles) to obtain the chirping Alfvénic instability, in agreement with Ref. [37].

In Fig. 20, we compare the temporal evolution of the instability with and without

the bulk-plasma temperature gradient selecting the toroidal mode number n = 2 and

plotting the temporal evolution of the respective dominant poloidal harmonics. One sees

that the evolution pattern becomes more complex in Fig. 20(b) when the bulk-plasma

temperature gradient is finite. Clearly, more work needs to be done in future in order

to fully understand the physical mechanism behind these observations.

5. Stellarator turbulence

Turbulence plays an important role in stellarators, particularly if the neoclassical

losses have been reduced by optimization of the magnetic field [48]. Confinement has

been studied in Wendelstein 7-X experiments [49, 50, 51, 52], and these have been

accompanied by nonlinear gyrokinetic simulations, but most of the latter have been

performed in a flux tube [53, 54, 10]. However, other than in an ideally axisymmetric

tokamak, stellarator flux tubes are not equivalent to each other, there is no good
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Figure 21. The characteristic cross-sections at several toroidal angles and the

rotational transform (iota) of the W7-X configuration considered. The normalized

toroidal flux s is used as the radial coordinate for the rotational transform.

Figure 22. The plasma temperature (a) and the resulting turbulent heat flux (b) in

W7-X. The normalized toroidal flux s is used as the radial coordinate.

way to incorporate the ambient radial electric field, and simulations of the Kinetic

Ballooning Mode (KBM) turbulence can be problematic in a flux tube [10]. To resolve

these issues, a global electromagnetic approach is needed. In Ref. [55], the GENE-3D

code has been applied to Wendelstein 7-X with the goal of addressing electromagnetic

stabilization of ITG turbulence. In this Section, we apply the EUTERPE code to study

the electromagnetic turbulence in a stellarator plasma.

We consider a Wendelstein 7-X [51] configuration falling into the class of variants

which exploit the rotational transform ι = 5/6 and the corresponding edge islands for

divertor operation. Furthermore, the specific case chosen here is characterized by a very

high magnetic mirror field, on the magnetic axis (Bmax−Bmin)/(2 < B >) ≈ 0.25, which

has to be compared to the magnetic mirror of 0.1 in the Wendelstein 7-X standard

case. On the one hand, this magnetic mirror leads to a small bootstrap current, on

the other hand, it prevents the formation of a vacuum-field magnetic well. In fact,

this configuration even possesses a vacuum-field magnetic hill, which means that, when

going from the magnetic axis to the plasma boundary, the enclosed volume grows more

strongly than the enclosed magnetic flux. Ideal MHD theory shows that such magnetic
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Figure 23. Evolution of the electrostatic potential in the W7-X as a function of

the flux label and toroidal mode number. One can see how the linear instability

evolves generating the low-mode-number components (including the zonal flows) and

modifying the ambient temperature profile in the nonlinear phase.

Figure 24. Evolution of electrostatic potential in the W7-X shown in the poloidal

cross-section corresponding to the toroidal angle ϕ = 0.

configurations are plagued by the lack of ideal MHD stability. In Ref. [56], a similar

W7-X variant was found to be unstable against low-mode-number ideal MHD modes at

even low plasma pressure. In this paper, we consider the gyrokinetic modes developing

nonlinearly in such MHD-unstable stellarator equilibria.

For the configuration studied here a free-boundary plasma equilibrium was

computed using the ideal MHD equilibrium code VMEC [57]. For a plasma volume

of Vplasma = 25 m3, a uniform number density of n0 = 1.4 × 1019 m−3 and the

temperature profile shown in Fig. 22(a) correspond to β = 1.52% at the center of the

simulation volume, i. e. at the normalized toroidal flux s = 0.5. The characteristic cross-

sections illustrating the non-axisymmetric geometry of the stellarator and the rotational

transform are shown in Fig. 21. The temperature profile is defined following Ref. [58]:

dlnTi,e
ds

=

− 20
(

1
4
−
∣∣∣s− 1

2

∣∣∣) , 0.25 ≤ s ≤ 0.75

0, otherwise
(5)

Here, s is the normalized toroidal flux. The reduced mass ratio mi/me = 200 is

used. At the relatively low β considered here, the mode is the electromagnetic ITG.

The total number of the ion markers is Ni = 750 000 000 and the total number of the

electron markers is Ne = 1 000 000 000. We have used 180 grid points in the radial

direction, 1024 grid points in the poloidal direction, and 256 grid points in the toroidal
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direction. The Fourier filter has been applied with the mode numbers −60 ≤ n ≤ 60

kept in the toroidal filter. For the poloidal modes, the diagonal filter has been used

with the width of 35 modes centered at the resonant poloidal mode number satisfying

the condition mres = q(s)n for a given toroidal mode number n at a given flux surface

s. The time step ∆t = 0.5ω−1
ci has been used. The Krook operator with the decay rate

γK = 10−4ωci is applied for the both species. The simulations are carried out in the

annulus 0.15 ≤ s ≤ 0.85 with the Dirichlet boundary conditions employed on the both

sides. A single period of the magnetic configuration is considered (there are five periods

in Wendelstein 7-X). The simulation duration is about 20 days (one day is 24 hours)

on 128 nodes of Marconi (48 Intel SKL cores per node). This is the most expensive

simulation in this paper. It would take several times longer (months) for the realistic

mass ration because of the time step inversely proportional to the square root of the

mass ratio. The resulting turbulent evolution of the heat flux is shown in Fig. 22(b).

Here, the radial heat flux is calculated as an average over the whole simulation domain.

One can see that the simulation clearly enters the nonlinear phase.

The electrostatic potential at different times is shown in Fig. 23 as a function of

the flux surface label and the toroidal mode number. Here, one can see that a linear

instability develops at early times. The low-mode-number part of the spectrum (which

includes the zonal flow) is excited when the turbulence evolves. At later times, the

temperature profile is modified via the turbulent relaxation. In Fig. 24, the electrostatic

potential is shown in the poloidal cross-section corresponding to the toroidal angle ϕ = 0.

One sees that the perturbation covers only a small fraction of the poloidal angles in the

linear regime. It spreads over the whole poloidal domain in the nonlinear phase. In

future, we will study global electromagnetic turbulence in stellarator plasma in detail.

6. Conclusions

In this paper, we have considered the electromagnetic turbulence in tokamak plasmas.

The ITG-KBM transition has been identified and a strong relaxation of the profiles in

the case of the KBM turbulence has been observed for the large-aspect-ratio tokamak.

In this case, the mode saturation appears to be due to the flattening of the temperature

profile caused by an outward transport of the turbulent finger-like structures. We have

considered the electromagnetic turbulence in a down-scaled ASDEX-Upgrade plasma

where a similar ITG-KBM transition has been observed as well. The profile relaxation

is weaker in the ASDEX-Upgrade for the parameters considered. The multiscale physics

has been addressed coupling the electromagnetic turbulence to the collisionless tearing

instability and Alfvénic modes destabilized by the fast ions. Electromagnetic turbulence

has also been addressed in the non-axisymmetric stellarator geometry.

A typical computational effort for the cases considered here requires large jobs

on Marconi (128 nodes for many days of the simulation duration) or Marconi100 (64

nodes). In future, exascale computing systems will be needed for the reactor-size

turbulence simulations and for massive parameter scans using the global codes. The
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spatial resolution can also become an issue when the collisionless reconnection is of

importance requiring the collisioneless electron skin depth to be resolved. Extending

the simulations to the realistic mass ratio does not normally pose a problem. Of course,

such simulations are computationally more expensive because of a smaller time step

needed. This is the main reason to use a reduced mass ratio throughout this paper. A

number of simulations at the realistic mass ratio has also been performed for various

scenarios and will be reported elsewhere. Since the collisionless electron skin depth is

affected when the electron mass is decreased, the radial resolution requirements can

become more challenging for the realistic mass ratio when the tearing mode is present.

The main goal of this paper has been to present a set of the characteristic physics

applications which can be used as a starting point for future more detailed numerical

experiments with ORB5 and EUTERPE. Here, we demonstrate that the simulations

of such kind are possible using existing global gyrokinetic particle-in-cell codes on the

available HPC systems.
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