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Abstract

Poloidal asymmetries of parallel flows in edge plasmas are investigated
by the 3D fluid turbulence code TOKAM3X. A diverted COMPASS-
like magnetic equilibrium is used for simulations. Measurements and
simulations of parallel Mach numbers are compared and exhibit good
qualitative agreement. Small-scale turbulent transport is observed to
dominate near the Low Field Side midplane, even though co-existing
with significant large-scale cross-field fluxes. Despite the turbulent
nature of the plasma in the divertor region, simulations show a low
effectiveness of turbulence for the cross-field transport towards the
Private Flux region. Nevertheless, a complex pattern of fluxes associ-
ated to the average field components, are found to cross the separatrix
in the divertor region. Large-scale and small-scale turbulent E × B
transport, along with the ∇B drift, drive the asymmetries in parallel
flows. A semi-analytical model based on mass and parallel momentum
balances allows one to evaluate the poloidal drifts effects on the asym-
metry pattern. As in experiments, a reversed BT simulation provides
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a way to separate self-consistently the effects of turbulent transport
and the large-scale flows, that must reverse for a reversed field. The
large-scale contribution is found to be responsible for typically the
50% of the effect on the Mach number, evaluated at the top of the
machine. The presented picture shows a complex interplay between
drifts and turbulence, underlining the necessity of a global approach
in the edge plasma modelling including the self-consistent turbulence
description.

Keywords: Poloidal asymmetries, Turbulence, Divertor geometry, Large-scale
flows

1 Introduction

A widely known feature of tokamaks is the poloidal asymmetry of the par-
allel flows in the Scrape-Off Layer (SOL), found experimentally on multiple
machines[1]. These asymmetries are relevant for the tokamaks operation,
since they cause imbalances in the heat flux deposition on targets, and lo-
cally change the SOL width. Moreover, the induced plasma rotation in the
SOL is believed to influence the cross-field transport at the separatrix, and
thus the overall confinement. Lastly, the plasma fluxes affect the neutral
recycling and the impurity transport.
The parallel flow in the open field lines region appears to be directed towards
the inner target on a wide poloidal span in the SOL, with Mach number val-
ues close to 0.5 at the top of the machine. Parallel flows are triggered by
multiple mechanisms. First of all, the presence of a divertor target (or a lim-
iter), which drives large poloidal flows in the SOL in its vicinity. Secondly, all
the sources of particles and momentum can alter this equilibrium. Turbulent
transport across the separatrix represents an important source of particles
and momentum for the SOL. Along with this, other elements that can alter
the global equilibrium of the SOL are the large-scale drifts. Numerical simu-
lations with 2D transport codes including drifts can qualitatively recover the
right trends for the fluxes in the SOL [2]. However, 2D transport codes have
the tendency to underestimate quantitatively the magnitude of the parallel
flow directed towards the inner target. An imposed ballooning on transport
coefficients, with a dependence on 1/BT , enhances the parallel flux towards
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the High Field Side (HFS), and an additional radial pinch velocity is added
in some cases in order to quantitatively match the results [3].
Turbulent transport is known to strongly impact the particle and energy
transport across the flux surfaces, in particular near the Low Field Side
(LFS) midplane. Turbulence is thus an important source of poloidal asym-
metries in the SOL, as it has been experimentally verified, for example, on
Tore Supra[4]. Large-scale drifts co-exist with small-scale turbulence among
the transport mechanisms, and their effects can superpose in a complex pat-
tern. In order to catch these phenomena and their interactions it is useful to
address the problem with a first principle turbulence code.
A great international effort is ongoing in the community of plasma edge tur-
bulence, focused on the development of the simulation tools. Among the
others, we have the 3D turbulence codes BOUT++[5], GBS[6], HESEL[7]
and TOKAM3X[8]. Some differences exist in the physical model underneath
each of these codes. BOUT++, for example, is a framework able to include
different physical terms in the equations, among which the energy conserva-
tion, electro-magnetic effects and even kinetic effects. BOUT++ users have
recently investigated the blob dynamics in the SOL, limiting the analysis to
a flux tube geometry (see [9] and [10]). Another series of BOUT++ appli-
cation is focused instead on electro-magnetic phenomena, as for example the
ELMs dynamics (see [11],[12],[13]). GBS as well includes important phys-
ical features, as the description of the neutral dynamics, electro-magnetic
effects and the evolution of the species temperatures, though usually not all
these elements are included in the simulations at the same time. Recent
studies have been carried out on the global flows driven by turbulence in 3D
simulations with GBS (see [14],[15]) in a non-isothermal framework, using a
limiter configuration. The HESEL code has been recently dedicated to the
analysis of the L-H transition [7], making use of a simplified geometry. It
is useful to remind the existence of other types of simulation tools, as the
gyrokinetic particle-in-cell code XGC1[16], which could address, in principle,
the subjects of this paper, taking into account a realistic diverted geometry
with both open and closed field lines. However this type of code remains
extremely costly in terms of computational time. The work presented in this
paper is aimed at understanding the driving of parallel flows by turbulent
transport and large-scale flows, in the framework of a realistic X-point ge-
ometry. Despite the fact that this magnetic configuration is the most widely
used in present and future tokamaks, including ITER, many aspects of the
physics related to the divertor are still not fully understood. One of these
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aspects is the effect of the particular diverted geometry on the turbulent
transport. Still a little knowledge is available on the turbulence in the vicin-
ity of the X-point and in the divertor region, where turbulence may have a
significant role for the spreading of the heat flux on the divertor targets[17].
We present in this paper the results obtained with the 3D fluid turbulence
code TOKAM3X which, despite a simpler physical model with respect to
the above-mentioned codes, can simulate plasma scenarios in complex mag-
netic configurations as the diverted one[8], taking into account both closed
and open field lines. Old versions of the TOKAM3X code have been used
before to inspect the role of the turbulent transport in the driving of parallel
fluxes (see [18],[19]) in a limiter magnetic geometry, showing the necessity
of the description of the edge turbulence for the build-up of poloidal asym-
metries. Nevertheless, the recent developments of TOKAM3X allow us to
give a deeper insight on the driving of parallel flows in the SOL in a real-
istic 3D magnetic equilibrium, underlining the role of the peculiarities of a
diverted magnetic configuration, as the presence of the Private-Flux Region
or the poloidal inhomogeneity in the flux expansion. In this framework, we
aim at understanding at a fundamental level the basic physical mechanisms
causing the build-up of poloidal asymmetries in parallel fluxes, identifying
self-consistently the respective contributions of small-scale turbulence and
large scale flows.

2 The TOKAM3X code

The results presented in this paper are obtained with the TOKAM3X code.
TOKAM3X is a 3D fluid turbulent code for the tokamaks plasma edge simu-
lation. The physical domain extends from the closed flux surfaces in the vicin-
ity of the separatrix to the open flux surfaces. In the last years, TOKAM3X
has been developed in order to handle complex magnetic configurations, in-
cluding the divertor geometry. In this paper we will discuss mostly of the
simulations in divertor configuration, even if some of the considerations that
will be made are not restricted to this particular geometry.
TOKAM3X solves a set of drift-reduced conservation equations for mass,
parallel momentum, electric charge and energy for electrons and ions, in an
electrostatic approximation. In TOKAM3X turbulence arises spontaneously,
caused mainly by the interchange instability, when a critical value for the
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radial pressure gradient is reached. It is a flux-driven turbulent code, with-
out any time nor space scale separation. This means that in the code, a
large spectra of fluctuations is taken into account, and the interplay between
different scales is treated self-consistently, by means of the non-linear terms.
Simulations are pushed until they reach a pseudo-equilibrium, namely a state
in which the fields averaged over the toroidal direction are constant (or nearly
constant) in time.
The following normalized set of equations describes the time evolution of the
electron density N , the ion parallel momentum Γ, the parallel current J‖ and
the electrostatic potential Φ:

∂tN + ~∇ ·
((

Γ− J‖
)
~b+N~uE +N~ue∇B

)
= DN∇2

⊥N + SN (1)

∂tΓ + ~∇ ·
(

Γ2/N~b+ Γ~uE + Γ~ui∇B

)
= −2∇‖N +DΓ∇2

⊥Γ (2)

∂tW + ~∇ ·
(
WΓ/N~b+W~uE +W~ui∇B

)
= ~∇ ·

(
N
(
~ui∇B − ~ue∇B

))
+

~∇ ·
(
J‖~b
)

+DW∇2
⊥W (3)

N∇‖Φ−∇‖N + η‖NJ‖ = 0 (4)

A quasi-neutrality assumption is made, leading to the equality of the
ion and electron densities: this hypothesis is justified since the mesh grid is
much larger of the typical Debye length for the plasma edge. At the present
moment the code is run in isothermal mode, with a constant temperature
for both species, Te = Ti = T0, where T0 is the reference temperature. In the
normalized equations, by consequence, temperature has a constant unitary
value and so the ion static pressure corresponds with the ion density. In these
equations, the vorticity W is calculated with a Boussinesq-like approximation
[20], so it can be defined as

W = ~∇ ·
(

1

B2
~∇⊥Φ +

1

B2N
~∇⊥(NTi)

)
(5)

If compared to the physical model presented in [19] or [21], where Ti was
set to 0 in the vorticity definition, the new version of the code drops the
hypothesis of cold ions, taking into account their pressure.
The electric drift velocity is calculated as ~uE = ( ~B × ~∇Φ)/B2, while the
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curvature drift velocity is expressed as ~u
i/e
∇B = ±2Ti/e( ~B× ~∇B)/B3, with the

sign + for the ions i and − for the electrons e. This formulation of the cur-
vature drift takes into account the diamagnetic cancellation, and conserves
the divergence of the particle flux associated to the diamagnetic drift.
Two main limitations exist in the presented version of the code. The first one
is the absence of a model for neutral dynamics, that is known to deeply affect
the SOL physics. From this point of view, TOKAM3X has been recently cou-
pled with EIRENE[22], but the results of the coupled version are still under
investigation and go beyond the scope of this paper. The second limitation
consists in the isothermal run mode. Though the code includes the possi-
bility to solve the energy conservation equations for ions and electrons, the
isothermal mode is mostly used for computational time constraints. By con-
sequence some physical mechanisms as the thermo-electric currents, which
are linked to the temperature gradients in the parallel direction and could
play an important role in the setting of the poloidal asymmetries, and are
hence neglected. For these reasons, the results of the presented simulations
are consistent to plasma conditions close to the sheath-limited regime, where
temperature is poloidally constant and the neutral dynamics should play a
more limited role. In addition, the electro-magnetic effects are neglected un-
der the hypothesis of low-beta plasma: therefore only L-mode plasmas can
be simulated.
The whole TOKAM3X physical model is based essentially on four parame-
ters. Three of them are diffusion coefficients, for density, parallel momentum
and vorticity, and are set for the simulation as DN,Γ,W = 0.5 ·10−2ρ2

Lωc, being
ρL the ion Larmor radius and ωc the ion gyrofrequency. These coefficients act
as filters for the small-scale perturbations, of the order of the Larmor radius.
The imposed values should be sufficiently low to ensure a negligible impact
of diffusive transport if compared to turbulence and advection by drifts. The
last parameter is the parallel resistivity, that is set to η‖ = 1 · 10−5 B0

en0
, where

n0 is the reference density used for the normalization.
Since the code does not deal with the neutral dynamics and is run in isother-
mal mode, ionization sources are not calculated self-consistently. Neverthe-
less, a particle source is imposed at the inner boundary of the geometrical
domain, in the closed flux surfaces region, in order to mimic an ionization
source poloidally distributed over the edge region. The behaviour of the sys-
tem is therefore closer to a sheath-limited regime, where the main part of the
neutrals ionizes in the edge region, than to an high-recycling regime, in which
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the ionization source would be mainly localized close to the divertor targets.
The imposed particle source has a Gaussian shape in the radial direction,
with a half-width of about a/16, where a is the minor radius. The particle
source is constant along the poloidal and the toroidal directions. Bohm’s
boundary conditions are used at the target plates in the parallel direction,
while Neumann conditions are imposed in the radial direction on the closed
flux surfaces inner boundary and on the open flux surfaces outer boundary.
The TOKAM3X grid resolution is of the order of the main normalization
length, that is the ionic Larmor radius. The minor radius of the simulated
tokamak measures 256 ρL, and the aspect ratio is 2.8. A COMPASS-like
diverted geometry is used, since it has a suitable size for the simulations. A
future comparison with experimental results from this device is envisaged,
as its diagnostic system is appropriate for an investigation on the presented
results [23].
Figure 1 shows the mesh grid used for the simulations, and a snapshot of the
density fluctuations.
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Figure 1: Left: COMPASS-like mesh grid used for TOKAM3X simulations.
Displayed grid is coarser than the actual used by the code by a factor four,
both in radial and poloidal direction. Right: Snapshot of a poloidal section
showing the density fluctuations at a specific timestep.
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3 Large-scale flow equilibrium in divertor sim-

ulations

The Mach number distribution is frequently used for the characterization of
the parallel flows in the SOL. This quantity is defined as the ratio between the
velocity in the parallel direction and the acoustic velocity M = u‖/cs, with

cs =
√

(Te + Ti)/mi. Multiple experimental measurements have been done
on this quantity, representing a solid basis for a comparison with numerical
results. The parallel Mach number resulting from the turbulent simulations
in COMPASS-like geometry, averaged in time and toroidal direction, is shown
in figure 2a for different radial positions in the SOL.
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Figure 2: a) Poloidal profile of the parallel Mach number, taken at different
flux surfaces in the SOL. Radial distance from the separatrix at the LFS
midplane of each flux surface is indicated by the quantity r − a . Vertical
dashed lines represent, from left to right, the location of the X-point at the
HFS, the HFS midplane, top, LFS midplane and the X-point at the LFS.
Experimental points are taken from [1]. b) poloidal profile of the ion density
averaged in time and toroidal direction
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As one can notice from figure 2a, the poloidal profile of the Mach number
shows some common features with the multi-machine experiment presented
in [1]. In particular two important experimental features are reproduced: a
Mach number of M ' 0.35 − 0.4 is found at the top of the machine, and
the stagnation point is located between the X-point and the Low-Field Side
midplane. These characteristics are more evident for the flux surfaces close
to the separatrix, while for flux surfaces further out in the SOL the Mach
number profile is more poloidally symmetric.
In our simulation, the total plasma pressure, Π = N(Te + Ti)(1 + M2) =
2N(1 + M2) in the isothermal hypothesis, is almost constant on a flux sur-
face for the main Scrape-Off Layer region. One can thus qualitatively relate
the Mach number poloidal distribution with the density one, shown in figure
2b. The topological discontinuity introduced by the X-point strongly affects
the plasma flow for the first flux surfaces outside the separatrix. The pres-
ence of the PFR, indeed, causes a drop in density along the field lines in the
divertor region. Large poloidal density gradients are visible in figure 2b in
the divertor region for approximately the first 10 Larmor radii outside the
separatrix. By consequence, the plasma accelerates in the parallel direction,
to compensate the loss in static pressure. At the X-point in the HFS, a small
density accumulation is found, with a correspondent deceleration in the par-
allel flow. This density accumulation is probably triggered by the presence
of the topological discontinuity introduced by the X-point. The mechanisms
transporting particles to this region will be analyzed in section 4. This ef-
fect is however limited to the first flux surfaces outside the separatrix, while
further out in the SOL, density decreases smoothly going towards the inner
target, and we find elevated, nearly sonic, parallel flows in the region between
the HFS midplane and the HFS divertor.
The parallel Mach number can be also seen as a global index of the cross-field
transport across the separatrix. In a steady-state regime indeed, consider-
ing a constant total pressure in the main SOL region, and excluding any
supersonic transition in the simulated domain, we have:

dM

dx‖
=

1 +M2

1−M2

S

Ncs
(6)

Where x‖ is the parallel coordinate and S is the particle source. This
simple equation shows that the parallel gradient of the Mach number, and so
also the the poloidal gradient, has the same sign of the particle source. In our
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simulation, in particular, we find monotonically increasing Mach number pro-
files, with the exception of the above-mentioned region around the X-point,
meaning a positive particle source distributed along the SOL. Even if in our
model the ionization source in the SOL is neglected, parallel flows are driven
in this region by several transport mechanisms, such as large-scale drifts,
diffusion or small-scale turbulence. One must keep in mind, however, that
the hypothesis of constant total pressure is reductive, and that the parallel
Mach number is the result of a complex equilibrium between the transport
of particles, parallel momentum and energy in the perpendicular and parallel
directions. A more detailed method for the Mach number calculation can be
found in [24]. In order to better explain the parallel Mach number profiles
we thus need to have a global view of the main cross-field fluxes that par-
ticipate in the determination of the SOL equilibrium. We are interested, in
particular, in distinguishing the role of turbulent fluxes from the large-scale
flows caused by drifts.

4 Mean-field and fluctuating components of

E ×B cross-field fluxes

As a first step in the understanding of the effect of turbulence on the com-
plex SOL equilibrium, we analyze the cross-field fluxes which come into play,
trying to separate a fluctuating part from the steady-state one in the back-
ground. An important term that is inspected is the flux associated to the
electric drift in the direction perpendicular to the flux surfaces. In a general-
ized coordinate system, we call ψ this direction, that also identifies the flux
surface coordinate. In a tokamak with circular cross-section, this direction
would coincide with the radial one. An averaging operation in the toroidal
direction and in time on the E ×B flux leads to:

< NuψE >t,ϕ=< N >t,ϕ< uψE >t,ϕ + < ÑũψE >t,ϕ (7)

Where X̃ = X− < X >t,ϕ is the fluctuating component of a generic field.
The first term on the right-hand side is thus associated to the averaged com-
ponents of the fields and will thus be referred to, from now on, as mean-field
flux, while the second term on the right-hand side will be called fluctuating
flux. This analysis can only be done as a post-processing, since TOKAM3X
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does not make any scale separation. Since the micro-turbulence, character-
ized by big wave numbers, can interplay with large-scale fluctuations, the
mean-field component is not necessarily associated only to the drifts, but
keeps a trace also of an average contribution of turbulence, through the equi-
librium of density and potential driven by the latter. In order, then, to isolate
the contribution of turbulence to the cross-field transport, we will need to use
an approach inspired by the experiments, described in section 7. If we make
the separation explained in (7) a posteriori, however, we can distinguish a
mean-field and a fluctuating part that could give as a first idea at least on
the localization and the relative order of magnitude of the turbulence and the
large-scale drift processes. Simulation results for E ×B cross-field transport
are reported in figure 3.
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Figure 3: a) Poloidal profile of mean-field, fluctuating and total E×B cross-
field flux at the separatrix in the direction perpendicular to flux surfaces. A
positive quantity represents a flux directed radially outwards. b) Zoom on
the HFS divertor region. c) Zoom on the LFS divertor region
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We can notice in figure 3a that, as expected, the fluctuating transport
associated to the E×B drift is located mainly in the LFS, while it is nearly ab-
sent in the HFS. This feature has been already found experimentally ([4],[25]),
and it confirms clearly that the interchange is the predominant instability
mechanism. Instead, the mean-field flux appears to be the stronger mecha-
nism in the vicinity of the X-point at the HFS and in the divertor legs. We
can see that at the Low Field Side the mean-field component of the flux has
a non-negligible importance with respect to the fluctuating one. We can also
notice that the mean-field flux changes its direction at a position located
slightly lower than the LFS midplane. This particular shape can be ex-
plained easily considering the electric potential behaviour in the SOL. Since
the electrons are quasi-adiabatic, the electric potential gradient in the par-
allel direction tends to follow the one in density. We have thus the build-up
of poloidal electric fields, that causes a significant radial transport by E×B
drift. The change in the radial direction of the flux reflects the changing in
sign of the poloidal gradient of the electric potential, which peaks, at the
separatrix, poloidally close to the LFS midplane. This position, as suggested
before, coincides also with the density poloidal peak, as one can see in figure
2b. The peak in the density poloidal distribution at the LFS midplane is
likely to be determined, at least partly, by the small-scale turbulence cross-
field transport. This peaking becomes less evident going radially outwards
in the SOL, where turbulence is weaker. This effect has already been found
with other fluid turbulence codes[14], and can be better understood with the
analysis shown in section 6.
Mean-field fluxes show pronounced peaks also at the X-point location. These
fluxes are probably triggered by the particular topology associated to the di-
verted configuration. At this location indeed, gradients in poloidal directions
are strong, since the Private Flux Region (PFR) tends to act as a plasma
sink. By consequence, in our simulations, an E × B flux crosses the sep-
aratrix at the divertor LFS, and passing through the Private Flux Region
can arrive at the HFS, affecting the HFS Scrape-Off Layer in the vicinity
of the X-point. Looking at figure 3b and 3c, the mean-field E × B flux is
indeed negative in the LFS, and positive at the HFS around the X-point. By
consequence, a small density accumulation is seen only at the HFS, corre-
sponding to a low Mach number, as visible in figures 2a and 2b. The inward
flux visible between the HFS X-point and the HFS midplane is again caused
by the poloidal gradient, which is associated to the density accumulation.
Unexpectedly, the fluctuating flux seems not to be peaked at the LFS mid-
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plane. Instead, it shows two peaks located at the top and at the LFS X-point.
Also the mean-field flux seems to be greatly enhanced in the X-point region.
These data must be read, however, taking into account the particular geomet-
ric effects linked to a realistic diverted geometry. Indeed, as visible in figure
1, the mentioned positions correspond to the poloidal locations where the
poloidal field is minimum on a flux surface, so also where the flux expansion
is more pronounced. This suggests that fluxes across the flux surfaces adapt
in order to be larger when flux expansion is larger. An explanation to this
self-organization behaviour can be given as follows. The parallel transport
tends to homogenize the plasma structures on a flux surface, damping the
majority of the cross-field fluctuations, and keeping the ones with a lower
parallel wave number. For this reason, the perpendicular transport tends
to adapt its behaviour according to the local flux expansion, resulting in
stronger fluxes where further flux surfaces must be reached in order to keep
the turbulent structures almost field-aligned. So, despite the fact that in the
model gradients are calculated in the physical space, taking into account the
full metrics, the reference space for turbulent transport is not the physical
space, but, instead, the one defined by the magnetic field. This geometric
effect partially hides the real poloidal distribution of the effectiveness of the
turbulent transport. Indeed, we are not strictly interested in the position
where the cross-field fluxes are stronger. Instead, we aim at understanding
how far in the magnetic space mass and momentum can be transported. In
order to find the position where the cross-field transport is more effective so,
one should divide the flux values by the local flux expansion. This quantity
can be defined as:

fx (ψ, θ) =

∣∣∣~∇ψmp (ψ)
∣∣∣∣∣∣~∇ψ (ψ, θ)
∣∣∣ (8)

Where θ is the angular coordinate on the poloidal plane and the subscript
mp indicates that the quantity is calculated at the LFS midplane. Figure 4
shows the E ×B fluxes weighted by the flux expansion.
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Figure 4: a) Poloidal profile of mean-field, fluctuating and total E×B cross-
field flux at the separatrix, divided by the flux expansion fx referred to the
midplane.b) Zoom on the HFS divertor region. c) Zoom on the LFS divertor
region.
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One can see that, as expected, the turbulent cross-field transport is
peaked near the LFS midplane, where the interchange instability process
is stronger. The small deviation from the exact peaking at LFS midplane is
probably due to complex non-linear mechanisms which can locally alter the
perpendicular transport in the vicinity of the separatrix. These phenomena
will be introduced in section 7. Regarding the comparison between mean-
field and fluctuating components, figure 4 still suggests that turbulence is
the main mechanism that allows particles to cross the flux surfaces, indepen-
dently from their compression. While the flux expansion geometric effect on
the fluctuating flux is evident by figure 3, the mean-field fluxes do not seem
to be distorted by this geometrical feature. We still find indeed the sinusoidal
flux shape at the LFS, an inward flux at the LFS in the divertor region and
a positive outflux at the X-point in the HFS. Nevertheless, the amplitude
of the fluxes in the vicinity of the X-point is drastically reduced, since the
flux expansion has the larger values in this region. This suggests that the
geometrical effect of flux expansion should be valid also for the mean-field
fluxes. However our physical explanation, which involves the alignment of
the structures along the field lines, can be applied to the small-scale fluctua-
tions, and could be identified as a linear effect. In order to verify its validity
also for the mean-field fluxes, a non-linear analysis would be required, since it
would involve the interaction between small-scale and large-scale structures.
Moreover, beside this geometrical effect, the flux expansion and the topolog-
ical discontinuities introduced by the X-point, could modify the transport
properties, affecting the equilibrium and so also the mean-field fluxes. For
this reason, more simulations are needed to check the flux expansion effect on
mean-field fluxes, with a limiter geometry which would include a controlled
flux expansion while excluding the topological effect of the X-point.
The pattern of the poloidal E × B flux in the SOL simply derives from the
radial electric potential gradient. Since this gradient points towards the sep-
aratrix, the E × B poloidal flux in the SOL is directed towards the outer
target, as it was expected. On the contrary, for the closed field lines the
E ×B poloidal flux is oriented in the counterclockwise direction, implying a
strong shear at the separatrix that probably affects the turbulent transport.
In the Scrape-Off Layer the E ×B poloidal flux is found to peak at the LFS
midplane. This is partly due to the peaking in density at the midplane, and
partly to the 1/B dependency of the drift, which makes the drift velocity
amplitude increase with the major radius.
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5 Turbulence and flows in divertor region

In the divertor region, in the proximity of the separatrix, a complex equi-
librium takes place. The presence of the Private Flux Region causes strong
radial particle and momentum losses, by E × B drift and diffusion. We can
see an inward radial flux in figure 4c for the outer leg. We also observe
that this cross-field flux is entirely associated to the mean fields. Indeed, it
is caused by a poloidal density gradient, clearly visible in figure 2b, and it
develops with the same process as described in section 4. The radial particle
and momentum fluxes contribute to the build-up of the poloidal density gra-
dients in the divertor region in a time-evolving process, until an equilibrium
is reached.
In our case, drifts transport particles (and momentum) from the SOL to the
PFR on the LFS and vice-versa for the HFS. On the outer leg of the divertor,
the flux goes from a zone at high density, the SOL, to a zone of low density,
the PFR. The cross-field transport is thus more efficient on the outer side if
compared to the inner one, where, on the contrary, it is directed from the
PFR to the SOL. We must recall here, however, that our model is isothermal:
the dynamics of neutrals, and so the different divertor regimes, can alter or
even inverse the direction of the poloidal density gradients in proximity of
the targets, and, by consequence, also the radial drifts.
This complex flux pattern has already been put in evidence by 2D transport
codes with drifts [26]. With our code we can evaluate, in addition, the com-
bined effects of topology and turbulence on the edge plasma equilibrium. It
is interesting to inspect, in particular, the role of turbulence in the vicinity
of the X-point.

18



Figure 5: Poloidal map of standard deviation of density fluctuations com-
pared to the local density value, averaged on time and toroidal direction.
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Figure 5 shows the poloidal distribution of the density fluctuations in the
simulated domain. As one can expect, density fluctuations are mainly local-
ized at the LFS midplane. Filaments propagate from the closed flux surfaces
to the SOL around the LFS midplane region. Then, they are transported
down towards the divertor, while propagating also radially. In the vicinity
of the X-point, they assume an elongated shape in the radial direction: this
is likely to be due to the big flux expansion at the X-point. In the thin
region around the outer divertor leg, that has a thickness of about 10 Lar-
mor radii, they tend to progressively disappear. There are different potential
causes for this behaviour. First of all, near the separatrix, the connection
length between the region below the X-point and the LFS midplane, where
the fluctuation amplitude has its maximum, is long if compared to the rest of
the SOL. This disconnection can facilitate the damping of small scale turbu-
lence by, for example, collisional mechanisms. For flux surfaces further out
from the separatrix, the connection length is lower, and indeed fluctuations
appear to be less damped. Secondly, the conditions in this region are not
favourable for the development of the interchange instability, which requires
pressure and magnetic field gradients to be aligned. In our simulations, the
radial density profile shows a shape similar to the one described by [27] and
found by the 2D transport codes [26]. In the vicinity of the separatrix, the
radial density gradient is small or it can even be directed outwards, so the
interchange instability can be inhibited. Further out in the SOL, the condi-
tions suitable for the instability development are re-established. The relative
weight of these processes on the fluctuation damping is still to be determined
and require further analysis.
The Private Flux Region is shown to be turbulent, in agreement with what
has been recently found experimentally on MAST [28]. In our simulations,
the density structures appear to enter radially in the PFR from the Scrape-
Off Layer, being then suddenly damped. The presence of density and electric
potential fluctuation in the PFR does not imply in this case an efficient tur-
bulent particle transport towards the PFR. Indeed, since the oscillations of
these two fields are not in phase at this point, the turbulent flux, as defined in
(7), is close to zero even if the plasma is turbulent. Nevertheless, mean-field
flux towards the PFR is found, as we can notice in figure 4. It is important
to recall that we are here solving an isothermal physical model so we are ex-
cluding some potential instability mechanism generated by the temperature
gradients, that could affect the plasma dynamics in PFR [17].
Globally, the presence of the divertor is found to change significantly the
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overall plasma equilibrium, in particular with the creation of strong poloidal
density gradients between the targets and the X-point. At the steady-state,
however, as visible in figure 4, the radial E ×B flux magnitude towards the
Private Flux Region is still far smaller than the outflow at the midplane, so
its impact on the parallel flux in the SOL should be limited. This fact can
be checked with the numerical simulation described in section 7, that deals
with the inversion of the toroidal field.

6 Driving of SOL parallel flows by ballooned

transport and drifts

We have now more elements to analyze the Mach number poloidal profiles.
In this section we try to evaluate the different contributions which drive the
asymmetry in parallel fluxes shown in section 3.

6.1 Poloidal distribution of parallel flow sources

Let us recall the simple model proposed by Gunn et al.[4]. Considering a
constant dynamic pressure along the field line, and solving the particle and
parallel momentum balance in absence of external sources of momentum,
one can express the parallel Mach number in function of the particle source
distribution along the field line, as follows:

M

M2 + 1
= s‖ −

1

2
(9)

Where s‖ is defined as:

s‖ =
1

< S > L

∫ L/2

−L/2
S dx‖ , < S >=

1

L

∫ L/2

−L/2
S dx‖ (10)

Where x‖ is the curvilinear parallel coordinate, L is the total connec-
tion length, and S is the generic particle source term. In the SOL, where
no ionization source is accounted for by our code, particles are brought by
transport mechanisms, as the small scale turbulence and by large-scale out-
flows from the edge region. Basically, we can describe this particle source
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by taking to the RHS of equation (1) the divergence of the drift advection
terms. Equation (9) shows that the stagnation point, namely the location
where the parallel Mach number is null, equals the position along the field
line where the particle source has its center of mass. We need to understand,
thus, where the main source of particles for the parallel flow is located in the
poloidal direction. Figure 6 shows schematically the main particle sources
found in the SOL.

Figure 6: Poloidal distribution of particle sources in the SOL. Arrows length
are qualitatively proportional to the correspondent flux amplitude. The signs
plus and minus indicate respectively a positive or a negative source for the
parallel flux, and they are located at the position where these sources appear.
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Figure 6 shows separately several contributions to the parallel flow. The
first source mechanism that we inspect is the divergence of the E × B flux
across the flux surfaces. As we have seen in figure 3, mean-field and fluctuat-
ing fluxes sum up in a total flux which is peaked around the LFS midplane,
and it is generally spread over the majority of the LFS. This flux is found
to be maximum near the separatrix in the radial direction, as expected from
the fact that radial gradients are maximum at this position. The divergence
of this flux is thus negative all along the LFS, constituting so a source for
the parallel flow. On the HFS this source is almost null, as could be ex-
pected from the flux analysis in section 4. The small-scale turbulence, so,
represents a strong source of in-out asymmetry. The second source term is
related to the divergence of the poloidal component of the E × B advection
velocity. This flux is directed towards the outer target, accordingly to the
fact that the electric field is directed radially inward. Moreover, in our sim-
ulations, this flux is peaked at the outer midplane. This peaking implies a
negative source for the parallel flow for the upper part of the LFS, and a
positive source for the lower part of the LFS. On the HFS, this source has
the same shape, but its magnitude is lower. Indeed in COMPASS geometry,
the poloidal E × B velocity does not vary much along the HFS, since the
major radius is quite constant in this region. Moreover, in our simulations
the density profile is nearly flat in this region. Therefore, also this source is
stronger for the outer SOL than for the inner SOL. The third source term
is the divergence of the ∇B drift: this coincides with the divergence of the
diamagnetic drift in the fluid approach. As illustrated in figure 6, this term
represents a positive ion source in the lower side of the LFS midplane, and
a negative one on the upper side. Also this source mechanism is weaker on
the HFS, for the same reasons as the ones described for the E × B poloidal
flux. Flows in parallel direction triggered by the divergence in the poloidal
drifts are usually known as Pfirsch-Schlüter (P-S) flows. In absence of other
mechanisms, they would lead to ion parallel flows with a cosine form along
the poloidal direction, directed towards the top of the machine at the LFS
midplane (see for example [29]). The resultant parallel flow would be almost
symmetric, if one excludes the effects related to the toroidal geometry. In our
model, the divergence of the E×B radial flow shifts significantly the overall
source of parallel flow to the LFS. More specifically, we notice from figure
6 that the majority of the particle source is concentrated between the LFS
X-point and the LFS midplane. This source is qualitatively similar to the
one derived by the experiments in Alcator C-mod [30]. From equation (9) we
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readily understand that this causes the stagnation point to set in this region.
In the HFS region, where no significant flux crosses the separatrix, as shown
in figure 4, the parallel flux towards the inner target is nearly constant, or
it increases more smoothly. The elevated values for the Mach numbers at
the HFS tend to compensate the inner-outer side asymmetry in the static
pressure. In this region, the cross-field transport is almost null, so particles
are transported nearly exclusively by the parallel transport, from the LFS to
the HFS.
This particle source picture is consistent with a sheath-limited regime, but
it could change significantly in the high-recycling regime. In that case, the
ionization source would be mainly concentrated at the target plates, and
a flatter Mach number profile is expected. In a high-recycling or detached
regime a parallel return flow could still exist, as a response to an imbalance in
the divertor pressure (see [31](Chapter 18),[32]). Nevertheless, experiments
carried out in different machines and in different density regimes show sim-
ilar qualitative behaviour, despite the fact that the relative weight of trans-
port mechanisms and the ionization source could vary significantly with the
plasma conditions. For Alcator C-mod, an explanation for this is suggested
in [30], arguing that the plasma ionization source could be partially compen-
sated by the radial fluxes associated with the main chamber recycling. We
have pointed out here some physical features that could lead to a parallel flow
pattern qualitatively similar to the experiments. The relative importance of
these mechanisms with respect to the ionization source and the other phe-
nomena related to the plasma-wall interaction remains an open question, and
simulations with a more complex physical model are necessary to evaluate
it.
Considering that the total plasma pressure is almost constant in the main
SOL, one readily understand that plasma density peaks near the location of
the stagnation point. Both turbulence and large-scale drifts have been shown
to contribute to set this location between the LFS X-point and the LFS mid-
plane. In order to disentangle the roles of these mechanisms in the setting-up
of this asymmetric equilibrium, turbulence is excluded in the semi-analytic
study presented in section 6.2, which is focused on the closed flux surfaces.
In section 7 instead, the toroidal field inversion is used to separate the two
contributions in a self-consistent way.
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6.2 Drift effects on poloidal asymmetries in the closed
flux surfaces

The fluid drifts associated to the mean-fields are typically mechanisms that
can alter the poloidal asymmetry in the tokamak, superposing their effects
to the fluxes caused by turbulence. In order to isolate the role of the drifts
from turbulence, we have run a simulation with TOKAM3X in which tur-
bulence is artificially suppressed. TOKAM3X has the possibility to run in
axysimmetric mode: it acts this way as a standard 2D transport code. In this
running mode, at each time step the fields are averaged in the toroidal direc-
tion, thus inhibiting the turbulence, that, by nature, is a three-dimensional
phenomenon. The fluid drifts, however, are included in the model and so
they actually participate as transport mechanisms. The simulation is run
in a limiter geometry, with the aim of excluding any possible effect of the
X-point. The results of this simulation show a density peaking at the LFS
midplane for the closed flux surfaces. We remind that here turbulence is
excluded, and the diffusive transport is poloidally homogeneous. This den-
sity peak must thus have a different origin, that we try to explain with a
semi-analytical approach.
We reduce here the model solved by TOKAM3X in order to point out clearly
the drift effects on parallel fluxes. In particular, we solve the particle and
momentum balance in the closed field lines region, in absence of turbulent
transport, but taking into account in a simplified way the fluid drifts. Ana-
lytical investigations have already been done on this subject ([14],[32]), with
a similar approach but different underlying hypotheses. We would like here
to point out the way in which the density and the parallel flows poloidal
asymmetries are linked to each other.
Our reduced model is isothermal. We do not solve the electric current bal-
ance, but we consider instead a fixed, and poloidally constant, radial electric
field. For a given flux surface, the steady-state and toroidally averaged con-
servation equations for ion density and momentum can be written as:

~∇ ·
(

Γb̂
)

+ ~∇⊥ · (N~u⊥) = 0

~∇ ·
[(

Γ2

N
+ 2N

)
b̂
]

+ ~∇⊥ · (Γ~u⊥)− 2N ~∇ · b̂ = 0
(11)

Where diffusion has been neglected and a flux surface placed sufficiently
far from the ionization particle source has been considered. Since in the
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closed flux surfaces region there are no losses in the parallel direction, we
neglect the divergence in the radial direction. This hypothesis is acceptable
if we place sufficiently far from the limiter. Eliminating the terms in the
radial direction, we are left with a 1D problem in the poloidal direction.

1
Rr

d
dθ

(
R
(

ΓBθ

B
+Nuθ

))
= 0

1
R
d
dθ

(
RBθ

B

(
Γ2

N
+ 2N

)
+RΓuθ

)
+ 2N Bθ

B2
d
dθ
B = 0

(12)

Where uθ is the drift velocity projected on the poloidal plane:

uθ =
Bϕ

B2

(
∂rΦ +

∂rPi
N

)
(13)

In this reduced model, we consider the radial gradients as known quanti-
ties, and constant in the poloidal directions. Thus uθ is assumed to be known
a priori, and its poloidal variation is caused only by its 1/B dependence on
the magnetic field. This hypothesis would be more appropriate for the open
flux surfaces, where the electric and diamagnetic drifts sum up, other than
for the closed flux surfaces where they tend to substract. However, even if the
analysis is carried out for the closed flux surfaces, the physical mechanism
described by this model is valid also in the SOL.
The first equation in 12 represents the conservation of the poloidal particle
flux. The quantity G = R(ΓBθ

B
+ Nuθ) is constant on a flux surface and it

is considered here as a parameter. The poloidal particle flux in each flux
surface is determined basically by any source of parallel momentum and by
the perpendicular transport properties.
The system of equations reduces thus to a single ordinary differential equa-
tion with the density N as unknown:

dN

dθ
=
G2N B

BθR2
dR
dθ

+ GN2 B
Bθ

duθ

dθ
− 2N3Bθ

B

(
dR
dθ

+ R
B
dB
dθ

)
2B

θ

B
RN2 − G2 B

BθR

(14)

This equation has been solved numerically with a fourth-order Runge-
Kutta method, taking the values of the magnetic field from a realistic mag-
netic equilibrium.
Figure 7 shows the results for different values of the uθ velocity at the LFS
midplane, and a comparison with the values for the density field taken di-
rectly from the TOKAM3X code.
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Figure 7: a) Poloidal profile of the toroidally averaged density, normalized
to its mean value on the flux surface. The first curves are referred to the
reduced model, with a variation of the drift velocity parameter. The last
curve represents the data taken from the TOKAM3X axysimmetric simu-
lation, with the associated poloidal drift velocity uθ. On the abscissa, the
poloidal angle expressed in radiants, where 0 indicates the LFS midplane
position. In the TOKAM3X simulation, the limiter is at the bottom position
(BOT). b) poloidal profiles of the parallel Mach number.
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As we can see from the figure, the poloidal variation of the poloidal drift
velocity drives an in-out density asymmetry on the flux surface, that increases
when the poloidal velocity increases. In other words, a static mode m = 1
is found for the density and for the parallel flux, with the toroidal geometry
amplifying the effects on the HFS.
Figure 7 shows that the reduced model well reproduces the results by the
TOKAM3X code. The poloidal asymmetry of density is slightly underesti-
mated by the reduced model when the poloidal drift velocity is comparable
to TOKAM3X at the LFS midplane. This could be due to the fact that at
the poloidal positions where, for example, the density is increased, also radial
gradients are increased, with a consequent feedback on poloidal velocities and
asymmetries. This non-linear effect is inherently related to the 2D nature of
the problem, and so it can not be described correctly by the reduced mono-
dimensional model. Moreover, in the TOKAM3X simulation the asymmetry
between the inner and the outer side in the poloidal drift is actually stronger
than the simple 1/B dependency. This semi-analytical model though allows
us to better understand the mechanisms driving poloidal asymmetries in ab-
sence of turbulence. The divergence of the poloidal drift velocity is found
to be the starting point for the poloidal asymmetry. In this particular case
indeed, the variation of the poloidal drift with the major radius (uθ ∝ 1/B)
acts as a source of particles for the parallel direction, driving a plasma flow
from the top to the bottom of the machine in the closed flux surfaces (and
so in the opposite direction with respect to the Pfirsch-Schlüter flows in the
SOL). The parallel flow driven in this way sums up with the one imposed
by the boundary conditions. In our case, the mean parallel Mach number
is positive for the whole poloidal angle as a result of the boundary condi-
tions on the inner radial limit. The described P-S flow sums up with this
imposed flow, implying a lower Mach number on the LFS and a higher one
in the HFS. Since the total plasma pressure is almost constant on a closed
field line the plasma density grows up in the LFS, while decreasing in the
HFS. The poloidal asymmetry in density can further enhance the poloidal
asymmetry, contributing to the poloidal divergence of the poloidal advection
by the drifts.
This analysis shows that it is important to solve both particle and parallel
momentum conservation when trying to predict the drift effects on the par-
allel Mach number. Indeed, a poloidal density cumulation has an immediate
feedback on the parallel flows, and vice-versa. Being related to the poloidal
variation of the drifts, this effect is more visible for tokamaks with small
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aspect ratio. Even if this analysis is carried out for the closed flux surfaces,
these considerations are valid also for the Scrape-Off Layer. In the SOL, the
P-S parallel flow goes from the bottom towards the top. This flow sums up
with the parallel flow driven by the presence of the sheath, which depends on
the distribution of the outflow from the edge. In the TOKAM3X axysimmet-
ric simulation, the observed density value is slightly larger at the LFS than
at the HFS also for the open field-lines. However, the analysis of the poloidal
equilibrium for the open field lines in the SOL is more complicated. Indeed
Bohm boundary conditions at the targets intervene strongly, as well as the
radial particle outflux from the edge region, driving parallel fluxes which su-
perpose to the described ones. Fluxes in radial and poloidal directions are
strictly coupled, and the divergence of the radial flux is no more negligible.
The analytic study of the open flux surfaces case is left for a future work.
In turbulent simulations, the density asymmetry in the SOL is stronger than
the effects found in axisymmetric simulations. This suggests that parallel
flows caused by small-scale turbulence, co-existing with the P-S flows, inter-
vene importantly in determining the LFS density peaking. Section 7 inves-
tigates the role of drifts and turbulence in the SOL with a method inspired
by the experiments.

7 Impact of the inversion of toroidal field on

global flows

We aim at distinguish the effects of turbulence and large-scale drifts on the
cross-field transport. As explained before, this can not be done by the code
itself, as it assumes no scale separation. In order to do this, we follow a well-
established practice in experiments: a simulation with the same parameters,
same COMPASS-like diverted geometry and same particle source is carried
out, using a reversed toroidal field. Conventionally, we will speak about
normal toroidal field when the ion ∇B velocity vector points towards the
divertor, while we will call the field reversed if the drift points upwards.
This method allows to show explicitly the contribution of the E × B and
the ∇B drift. The hypothesis underneath the experiments with inversion of
the toroidal field, is that the drift-driven flux changes its direction while the
small scale turbulence should not change its properties. The comparison of
the two cases represented in figure 8 shows the main result of the simulations.
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Figure 8: a) Comparison between parallel Mach numbers poloidal profiles in
normal and reversed toroidal fields at r−a = 13 ρL. b) Comparison between
parallel Mach numbers radial profiles in normal and reversed toroidal fields
at LFS midplane.
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We notice from figure 8 that in the reversed toroidal field case the stag-
nation point moves upwards, positioning between the LFS midplane and the
top of the machine, so at the midplane the parallel flow is reversed and
directed towards the outer target. This characteristic has been found also
experimentally, for example, on Alcator C-Mod and JET[1].
The radial profile at the LFS midplane shown in figure 8 is also similar to the
same experiments in Alcator C-mod [30], in the case of a Greenwald density
of 0.3. This qualitative agreement with experiments also in the radial direc-
tion suggests that the description of the cross-field transport of particles and
momentum in the SOL is coherent, and that TOKAM3X is able to reproduce
some of the main features of the complex SOL equilibrium.
In the reversed case, the transverse flux coming out from the separatrix is
found to be distributed on a wider poloidal span. In fact, the inversion of the
toroidal field direction has changed the direction of the ion ∇B drift, that
points now upwards. In we refer to figure 6, we can understand that in the
reversed field case, the source of particles is positive for the upper LFS and
negative for the lower LFS. Thus, even if globally the ∇B drift is divergence-
free, its local value is comparable to the E × B one and can change locally
the Mach number. Also the E × B poloidal flux changes its direction, since
the electric potential radial gradient in the SOL keeps its orientation. This
direction inversion is another mechanism who moves the particle source for
the SOL to the upper LFS. The behaviour of the radial E ×B flux changes
slightly. Indeed, even if the mean-field fluxes seen in figure 4 change their
sign, the sum of fluctuating and turbulent fluxes is still directed outwards for
the main SOL, because of the small-scale interchange turbulence. The parti-
cle source due to the radial E×B drift is still positive, and spreaded over the
LFS. Globally, in the reversed field case, the particle source is concentrated
in the region between the LFS midplane and the top of the machine, and so
the stagnation point moves up to this region, determining a more symmetric
configuration.
At the HFS midplane, the inversion of the toroidal field does not affect much
the Mach number profile. At this position the parallel flow, being produced
mainly by the asymmetry in the particle source in the SOL, does not change
significantly with the toroidal field inversion. In the divertor region as well,
the parallel Mach number is almost unchanged, at least for positions radially
not too close to the separatrix, showing the prevailing effect of the solid tar-
gets on this region. This also confirms that, as pointed out in the previous
sections, the cross-field transport at the separatrix in the divertor region has

31



a little influence on the parallel equilibrium of the SOL.
If we evaluate the poloidal asymmetry with the Mach number measured at
the top of the machine, we find a difference |∆M | = Mnorm

TOP −M rev
TOP ' 0.40

between the cases with normal and reversed toroidal field. We can assume
that, for the normal BT case:

Mnorm
TOP = ∆Mdr + ∆M turb (15)

Where the superscripts dr and turb are referred respectively to the con-
tribution of the drifts and the one of turbulence. For the reversed BT case,
instead:

M rev
TOP = −∆Mdr + ∆M turb (16)

We obtain that the large-scale drifts are responsible on average for a
∆Mdr ' 0.2 at the top of the machine. Since the value for the normal
toroidal field is Mnorm

TOP ' 0.4, also the turbulence contribution is around
0.2. From figure 8b we notice that the shift in the parallel Mach number,
occurring with the toroidal field inversion, affects the majority of the SOL
in its radial extension. This simulation confirms, so, that large-scale drifts
and small-scale turbulence have comparable effects on the parallel flow in
the SOL. This is an extremely simplified calculation to resume briefly the
simulation results, but one must be aware that the overall equilibrium state
of the plasma changes with the inversion of the toroidal field. Changing the
poloidal equilibrium of the plasma indeed, not only changes the direction of
the E×B and ~∇B drifts, but also their magnitude. Moreover, the small-scale
turbulent transport is found to change its characteristics, in contrast with the
hypothesis on which the experiment is based. In normal field configuration, a
better confinement is observed, with the build-up of a small transport barrier
at the separatrix, which is weaker in the reversed toroidal field. The overall
equilibrium is changed between the two situations, with a higher density in
the closed field lines for the normal field case and the formation of a small
pedestal, as visible in figure 9.
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Figure 9: Average density radial profiles mapped ad the LFS midplane for
the normal BT and for the reversed BT case.
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This transport barrier could be due to the radial shear of the poloidal
velocity, that is bigger in the normal case if compared to the reverse one. For
the open flux surfaces indeed, below the stagnation point the poloidal E×B
drift and the poloidal projection of the parallel velocity overlap constructively
in a normal field configuration, while they partially cancel in the reverse field
one. This situation produces a bigger radial shear in the poloidal velocity at
the midplane for normal configuration. This behaviour has been found also
in the experiments, and reminds of the formation of transport barriers in
the H-mode confinement. A detailed analysis of the mechanism for the build
up of the transport barrier is beyond the scope of the paper. Nevertheless,
in our simulations the variation of turbulent transport properties appears
to influence the overall equilibrium. The large-scale and small scale E × B
flows do not simply superpose linearly, but they show a complex non-linear
interplay. These results confirm once again the importance in the simulation
of the plasma edge of an integrated approach that includes the self-consistent
description of turbulent transport.

8 Conclusion

The 3D fluid turbulence code TOKAM3X has been used to tackle the prob-
lem of the poloidal asymmetries in parallel flux in the Scrape-Off Layer. For
the first time, the code is run in realistic divertor magnetic configuration,
in a COMPASS-like geometry. At the same time so, the code is capable to
describe self-consistently the turbulence in the edge plasma, the effects re-
lated to drifts, and to explore the aspects related to the divertor geometry.
This approach gives a global insight on the complex equilibrium in the edge
plasma.
The main experimental features of the parallel flow in the Scrape-Off Layer
are well reproduced by the code as, for example, the position of the stagnation
point between the LFS X-point and the LFS midplane, and a parallel Mach
number close to 0.4 at the top of the machine. The parallel Mach number
profile resulting from the simulation is compared to the multi-machine mea-
surement reported in [1]. Some of these experimental points are obtained in
a high-recycling regime: the physics associated to this particular condition is
not fully reproduced by the presented TOKAM3X simulations because of the
isothermal assumption. Nevertheless, experimental trends are qualitatively
recovered, as well as the right order of magnitude for the Mach number val-
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ues in the different poloidal locations. This suggests that at least some of
the fundamental physics underlying the driving of the parallel flows in the
SOL is caught by the code.
A global sight on the the E×B fluxes crossing the separatrix is presented, in
order to analyze the possible mechanisms driving the parallel flows. Mean-
field and fluctuating contributions to the cross-field fluxes are separated a
posteriori to give a hint on the relative weights of large-scale drifts and tur-
bulence in the overall SOL equilibrium. Although the fluctuation-driven flux
dominates in the vicinity of the LFS midplane, mean-field fluxes are observed
to have a comparable weight. In the vicinity of the X-point, a complex E×B
flux pattern caused by the particular X-point topology is found to affect the
equilibrium in the first flux surfaces outside the separatrix.
The variable flux expansion, characteristic of an X-point geometry, is found
to have a geometrical effect on the turbulent fluxes, which could alter the
interpretation of the results. Cross-field transport organizes according to the
geometry, causing higher fluxes where flux expansion is bigger, so for ex-
ample at the top and near the X-point, in order to maintain the turbulent
structures aligned with the field lines. In the determination of the SOL equi-
librium, however, the cross-field transport is more effective when flux surfaces
further out from the separatrix are reached. From this point of view, the tur-
bulent transport causes, as expected, the main de-confinement of the plasma
at the LFS midplane.
Both the divertor and the Private Flux Region appear to be turbulent. How-
ever, in our simulations, interchange turbulence is found not to be effective
for cross-field transport towards the Private Flux Region. Instead, an E×B
steady-state flow is observed across the separatrix, even if without a signif-
icant impact on the SOL parallel equilibrium. These results could be very
sensible to the inclusion of the temperature effects and of the neutral dynam-
ics, especially in a high-recycling regime, where magnitude and direction of
the cross-field fluxes in proximity of the target could change, and different
types of instabilities could appear. Nevertheless, these isothermal simula-
tions represent a necessary basic knowledge of the turbulence properties in
the divertor region that will be useful for the understanding of more complex
anisothermal simulations.
Taking advantage of this global flux picture, we studied the role of E × B
and ∇B fluxes for the driving of parallel fluxes in the SOL. The small-scale
turbulent transport is shown to be an important source of poloidal asymme-
try, but also the E×B poloidal fluxes and the ∇B drifts act as parallel flow
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sources preferentially for the LFS. With this schematic view, it is possible
to understand the positioning of the stagnation point in the region below
the LFS midpane. A semi-analytical model is used to evaluate the steady
state poloidal drift effect on poloidal asymmetries in the closed field lines
region, in a non-turbulent case. A mode m = 1 is found for density and par-
allel Mach number, revealing the role of the poloidal drifts in the build-up
of poloidal asymmetries. This can be captured only by solving at the same
time the mass and the parallel momentum balance. Poloidal asymmetries in
the SOL density for turbulent simulations are stronger than what is found in
the reduced model, suggesting an important role of turbulence in the driving
of the poloidal asymmetry. Nevertheless, the driving of parallel flows by the
poloidal drifts discussed with this study can be seen as an underlying effect
that has to be taken into account for the analysis of the turbulent simula-
tions.
A simulation with a reversed toroidal field allows to distinguish in a self-
consistent way the role of the large-scale drifts compared to the one of tur-
bulence. In the reversed toroidal field case, a shift occurs on the parallel
Mach number along the Low Field Side of the SOL, with the inversion of
the parallel flux at the midplane, once again in good agreement with exper-
iments. This is due to the inversion of the direction of the E × B poloidal
drift and of the ∇B drift, which bring the majority of the parallel flow source
on the upper LFS. At the same time, the in-out asymmetry is maintained by
the small-scale turbulence, which changes only slightly its properties with the
toroidal field inversion. Small changes are noticed on the HFS, where parallel
transport seems to play a major role, and in the divertor region. This simu-
lation confirms the comparable weight of small-scale and large-scale E × B
flows in the set-up of the parallel equilibrium.
The results of our simulations show in general a complex interplay between
turbulence and large-scale flows, underlining the importance of having a
global approach in the simulation of the plasma edge. The analysis of this
interplay will be pushed forward, in order to disentangle the various mecha-
nisms driving the equilibrium in the edge plasma. Moreover, in a near future,
neutral dynamics will be included in simulations, in order to better describe
high-density regimes.
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