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Abstract: Turbulence in the edge plasma of a tokamak is a key actor in the determination of the
confinement properties. The divertor configuration seems to be beneficial for confinement, suggesting
an effect on turbulence of the particular magnetic geometry introduced by the X-point. Simulations
with the 3D fluid turbulence code TOKAMB3X are performed here to evaluate the impact of a diverted
configuration on turbulence in the edge plasma, in an isothermal framework. The presence of
the X-point is found, locally, to affect both the shape of turbulent structures and the amplitude of
fluctuations, in qualitative agreement with recent experimental observations. In particular, a quiescent
region is found in the divertor scrape-off layer (SOL), close to the separatrix. Globally, a mild transport
barrier spontaneously forms in the closed flux surfaces region near the separatrix, differently from
simulations in limiter configuration. The effect of turbulence-driven Reynolds stress on the formation
of the barrier is found to be weak by dedicated simulations, while turbulence damping around the
X-point seems to globally reduce turbulent transport on the whole flux surface. The magnetic shear is
thus pointed out as a possible element that contributes to the formation of edge transport barriers.

Keywords: tokamak; plasma turbulence; edge plasma modelling; divertor

1. Introduction

In the Deuterium-Tritium phase, ITER is expected to operate in the so-called High-confinement
(H) mode. The H-mode regime, in opposition to the Low-confinement mode (L), is characterized by
a visible steepening of the profiles of plasma density in the edge region that leads ultimately to a higher
plasma pressure at the magnetic axis. This phenomenon is associated with a reduction in turbulent
transport, which is the dominant particle and heat transport mechanism in the edge plasma. More
specifically, in H-mode conditions, the fluctuation level is strongly reduced in a region of the edge
plasma radially localized near the separatrix: this partial turbulence suppression in a localized region
is also called “transport barrier”. The transition from L to H-mode is experimentally obtained when
the power injected into the plasma exceeds a certain threshold. This power threshold depends on the
device characteristics and on the plasma conditions [1]. When the threshold is exceeded, the dynamic
system exhibits a bifurcation, the level of fluctuation is drastically reduced, and large relaxation events
as edge localized modes (ELMs) are usually observed. The magnetohydrodynamic (MHD) stability
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and the transport processes in the region affected by the transport barrier are extensively studied in
the so-called pedestal physics [2].

Even if the L-H transition is experimentally reproducible, theory cannot yet completely explain
this process, making difficult the extrapolation of the existing scaling laws to new devices. Up to now,
it seems clear that the suppression of turbulent structures is due to the shear of the plasma velocity in the
poloidal direction, which is perpendicular both to the magnetic field and to the direction perpendicular
to flux surfaces [3]. However, the cause of this shear is still unclear, and several mechanisms have
been pointed out. Indeed, the E x B poloidal velocity derives from the radial profile of the electric
field, which tends to balance the radial pressure gradient. Turbulence itself is a potential source of
poloidal flows, uniform on a flux surface but with a finite radial wavenumber: these are also called
Zonal Flows (ZF). As well-explained in [4], small turbulence scales can, in fact, provide energy to large
scale flows in an inverse cascade process, in particular through the mechanism of the Reynolds stress.
Therefore small-scale turbulence, which is affected by the E x B shear, contributes to the formation of
the shear itself. The problem is complicated by the fact that the characteristics of turbulence depend on
the background plasma equilibrium. In fact, the energy available for interchange turbulence depends
on the average pressure gradient in the plasma. Also, there are some turbulence saturation mechanisms,
which depend on the background gradients [5]. Turbulence is the main transport mechanism and
therefore affects, in turn, the global equilibrium. Figure 1 shows schematically the complex interplay
between turbulence and the background conditions.
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Figure 1. Sketch of the interplay of physical mechanisms intervening in the formation of
transport barriers.

Another element which is affecting turbulence and, in turn, the overall equilibrium, is the magnetic
shear, namely the variation of the field line pitch angle in the cross-field direction. In past works, it has
been proven that interchange turbulence growth rate is maximum for a certain value of the shear in
circular geometries: this can be proven analytically [6] and numerically with linear and non-linear
gyrokinetic simulations [7]. Recently, it has been pointed out that the magnetic shear can induce
an E x B shear [8]: this synergy further complicates the identification of the primary causes of the
build-up of a transport barrier.

The complex problem of the transport barriers calls for an investigation with global turbulence
simulations, which are presently able to include all the mentioned aspects of the edge plasma physics.
During the years, fluid turbulence codes have addressed the transport barriers problem in various ways.
On one hand, transport barriers were forced by regulating some physical parameters in 2D turbulence
codes (see e.g., [9,10]), then assessing the effect of barriers on turbulence properties. On the other hand,
some anisothermal 2D turbulence codes have reproduced transport barriers by varying the energy
source value, in some cases (see e.g., [5,11]) leading to a dynamics in the system behavior coherent
with an L-H transition. In 3D global edge turbulence fluid simulations, instead, macroscopic transport
barriers have never been highlighted, to our knowledge. An enhancement of radial pressure gradient
was observed in Global Braginskii Solver (GBS) simulations in the first open flux surfaces [12], however
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not associated with a lowering of turbulence levels. It is worth noting that the XGC1 gyrokinetic
code [13], simulating an edge plasma with realistic magnetic geometry and physical parameters, has
reproduced a bifurcative dynamics associable to the L-H transition. However, in XGC1 simulations,
the initial background profiles are artificially imposed, and the system evolves for a small time with
respect to the confinement time. Therefore, simulations run on longer time scales are required to
better interpret the outcome of these simulations. In this context, 3D fluid turbulence codes can play
an important role, giving an insight on global mechanisms as the formation of edge transport barriers.

It is to be noted that the H-mode has been first achieved in the Axially Symmetric Divertor
Experiment (ASDEX) [14], when a divertor magnetic configuration was first introduced. Even though
several examples of improved confinement exist also in limiter configuration (e.g., [15]), the H-mode is
routinely achieved only in divertor configuration. This fact suggests that the particular geometry of
the magnetic field in the vicinity of the X-point, can somehow affect the global behavior of turbulence
in the edge plasma. In this work, we will exploit the ability of the TOKAM3X code to perform global
simulations in divertor configuration [16], to study the effects of the magnetic geometry introduced by
the X-point on the turbulence local and global behavior, including the formation of transport barriers.
In order to limit the computational cost of simulations we solve, in this work, the isothermal version of
the TOKAM3X model. Although the isothermal assumption clearly represents a strong limitation in
the description of the edge plasma, first TOKAMB3X simulations with the anisothermal model have
shown that turbulence nature and statistical properties are qualitatively similar to the isothermal
case [17]. Therefore, we expect the general conclusions of this paper to be qualitatively valid also in
an anisothermal framework.

In Section 2 we briefly describe TOKAMB3X, and the setup of the divertor simulations. In Section 3
we describe the results of the simulations, including the local effect of the X-point on fluctuations
shape and amplitude, and the characteristics of the observed transport barrier. We also investigate
the physical mechanism underneath the formation of the transport barrier. In Section 4 we isolate
the role of the Reynolds stress in driving the poloidal flows. This publication can be seen as
complementary of [18], where we described the macroscopic behavior of the background plasma in
the same divertor configuration.

2. The TOKAMBS3X Code

TOKAMB3X solves a two-fluid, electrostatic model for electrons and ions. The physical system
is obtained by calculating the successive moments of the Boltzmann equation for the two species.
The relatively low temperature of the edge plasma, and thus the high collisionality, allows to adopt
the so-called Braginskii closure [19]. The large anisotropy of magnetized plasmas is conveniently
described by separating the dynamics parallel to the magnetic field to the one perpendicular to it.
In particular, equations are drift-reduced, assuming that the characteristic turbulence frequencies are
slow compared to the ion cyclotronic frequency. The motion of the fluid in the cross-field direction is
given, at the first order, by the drift velocities:

. ExB  2T,BxVB
B =T T TR

)

where s denotes the specie, es the electric charge of the specie, E the electric field, T the temperature,
and B the magnetic field. The first term on the right hand side (RHS) is the E x B drift, which we
rename i/g, while the second is the VB drift, which we call i/, ;. The ions polarization drift, being of
second order, is retained only when it is in a divergence operator, since its divergence is of the same
order of the other drifts” one. The centrifugal drift here is omitted: this hypothesis is justified by the fact
that parallel velocity is large only in a small region of the domain, in the vicinity of the targets, thus the
associated drift is not expected to change the overall behavior of the system. An ordering procedure
is carried out basing on the ordering parameter ¢, namely the ratio of the characteristic frequency
of each term with respect to the ion cyclotronic frequency ¢ = w/wc. The edge plasma is modelled
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as quasi-neutral, since the considered characteristic lengths are much larger than the typical Debye
length. Moreover, the magnetic field is fixed in space and time, thus neglecting the feedback actions of
currents on it: this hypothesis is usually satisfied for L-mode, sufficiently low-p plasmas, as the ones
that we are considering in this work. Under this hypothesis, one obtains the system of equations:

N+ ((T=J))b+Nite + Niigy) = DyVAN+Sy, )

T +V - (I2/Nb+Tilg + Tity) = -2V N+Drvar, 3)

OW + V- (WI/NB+ Wity + Wity ) =V (JjB) = V- (N (it —i%5) ) + Dw VAW, @)
NVHqD—VHN-f—UHN]H = 0. (5)

In this system, Equation (2) represents the electrons particle balance, (3) the ion momentum
balance, (4) the electric charge balance and (5) the so-called Ohm’s law. The system is thus solved for
the electron density N, the ion parallel momentum I’, the electric potential ® and the parallel current
density J. In these equations, the vorticity W is calculated with a Boussinesq-like approximation [20],
so it can be defined as: . .

W=V- <BﬁLq>+BZNW(NTi)> : 6)

We point the reader to the publication [16] for more details on the derivation of the equations.
In this work, the code is run in isothermal mode, with a constant temperature for both species,
T, = T; = Tp, where T is the reference temperature. In the normalized equations, by consequence,
temperature has a constant unitary value. As shown in [16], the correct implementation and solution
of the physical isothermal model in TOKAM3X has been verified by means of the Method of
Manufactured Solutions.

The parallel resistivity 7| is an independent parameter in TOKAM3X model, and, in SI units, it is

expressed as:
me InA

& (1,2

= @)
where [nA is Coulomb logarithm, C ~ 1.48 x 10~!2 is a constant, derived from the Braginskii theory,
and all the quantities are expressed in SI units, apart from T,, expressed in eV. In the simulations
presented here, the normalized parallel resistivity is set to 17 = 7jjeng/By = 1 x 10~5. This value
can be obtained, for example, by choosing 1y = 5.5 x 108m=3, T, =Ty =15eVand By = 1 T.
These values are comparable with the ones measurable in the edge plasma of a small tokamak as
COMPASS [21].

In Equations (2)-(4), diffusive terms can be considered as representative of a collisional transport,
and they roughly account for the dynamics of the scales smaller than the grid spacing. The amplitude
of the diffusive terms is regulated by the parameters Dy, Dr and Dy. Their weight is kept low
(Dy = Dr = Dy =5x 1073 p%wc in this work), so that non-linear terms have a dominant role in
determining the turbulent transport. Considering the reference values for density and temperature
mentioned before, one would obtain diffusivities of ~0.075 m?/s, a value close to the typical ones
of neoclassical transport. Since in the version used in this code, TOKAMB3X does not deal with the
neutral dynamics, ionization sources are not calculated self-consistently. Instead, a particle source is
imposed at the inner boundary of the geometrical domain, in the closed flux surfaces region, to mimic
an ionization source. The behavior of the system is therefore closer to a sheath-limited regime, where
the main particle source for the scrape-off layer (SOL) is given by the outflow from the edge region,
than to an high-recycling regime, in which the ionization source would be mainly localized close to the
divertor targets [22]. The imposed particle source has a Gaussian shape in the radial direction, with
a half-width of about a/64, where a is the minor radius. The particle source is constant in time and
along the poloidal and toroidal directions. Choosing the above-mentioned reference parameters, one
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would obtain a particle source of ~4 x 10?! s=!, which is a value somewhat realistic for a discharge in
small-size devices as COMPASS.

Bohm’s boundary conditions are imposed in the parallel direction at the targets. A logical
condition on parallel Mach number is imposed such that

M| =1 ®)

where M = T'/(+/2N) in the isothermal framework. We combine the Ohm’s law to the Bohm's
boundary condition on the parallel current, to obtain the condition on the electrostatic potential

VHCD:Tiin\@N(A—d)) )
where A is the electric potential drop at a floating surface, and a linearization has been performed
in the limit ® — A. The conditions 93N = 0 and dyW = 0 are also needed at the targets. Neumann
conditions of null flux are imposed in the radial direction on the inner boundary of the domain, and
on the open flux surfaces outer boundary. The TOKAM3X grid cells size is of the order of the main
normalization length, which is the ionic Larmor radius p;. The minor radius of the simulated tokamak
measures 256 p.

We choose to simulate a COMPASS-like diverted magnetic equilibrium. This particular shape
has been chosen envisaging a future comparison with experimental results, which would be allowed
by the relatively small size of the device. Figure 2 shows the mesh grid used for TOKAM3X divertor
simulations. We will sometimes compare, throughout the work, the divertor simulations with a limiter
simulation with circular geometry, run with the same physical parameters. The grid of the limiter
simulations is shown on the right.

s
N
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400 600 800 1000 600 800 1000 1200
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Figure 2. (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. Toroidally,
a quarter of the torus is simulated. Thick black line indicates divertor targets, where the Bohm’s
boundary conditions are imposed. The region where the particle source is located, is highlighted in red.
(Right) same plot for the limiter configuration.

TOKAMS3X is based on a flux-surface aligned coordinate system, (¢, 6, ¢), where ¢ labels flux
surfaces, 0 is a curvilinear abscissa along the magnetic flux surface in the poloidal plane, and ¢
is the toroidal direction. The grid resolution in the (¢, 6, ¢) space is 72 x 350 x 32 in the divertor
simulation (plus 41 x 32 x 32 for the region below the X-point), and 64 x 512 x 32 in the limiter one.
The geometrical domain is subdivided in several subdomains, rectangular in the (¢, 6) plane, connected
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to each other in the radial or in the poloidal direction. This division in subdomains allows the treatment
of arbitrary axisymmetric magnetic topologies, including the single-null divertor configuration. In this
case, by a proper choice of the domain subdivision [16], the X-point is a corner point, common to
several subdomains communicating with each other. Since the magnetic field is calculated in the center
of cells, the singularity in flux-aligned coordinates is by-passed.

TOKAMB3X adopts a flux-driven approach: this means that no scale separation is assumed, and
the background plasma is evolved together with the small-scale fluctuations. Initially, an artificial
average profile is imposed (where all the normalized fields are set to 0, apart from T which is set
to 1), then we let the system evolve freely. Gradients form thanks to the imposed particle source, and
the plasma becomes turbulent when a critical value of the gradient is reached. Simulations are run
for times longer than the characteristic confinement time (~10° we 1) until the quantities N, T and
W, integrated over the whole domain, show small temporal variation (£5%) over a sufficiently long
period of time.

3. Results

3.1. Deformation of Turbulent Structures Due to the X-Point

Interchange turbulence leads to turbulent structures which are quasi-field-aligned, because of the
rapidity of parallel transport with respect to the cross-field one. More precisely, in our simulations
kj ~ 104 pzl <k ~01 p[l. Assuming, at the first order, a structure perfectly aligned to a flux
tube, one can study the spatial variation of the structure in the poloidal plane simply by knowing the
magnetic field shape.

The divertor configuration introduces a saddle point for the poloidal flux, the X-point, leading to
strong local deformations of the poloidal magnetic field, and ultimately on field-aligned structures.
These effects have been quantified theoretically, assuming a certain magnetic field shape in the
proximity of the X-point [23], and reproduced numerically in flux-tube simulations [24]. In TOKAM3X
divertor simulations we observe turbulent structures whose shape in the poloidal plane varies strongly
according to the position. In particular, in [25] we have verified that turbulent structures lying on the
flux surface ¢ at the poloidal position 0 are characterized by poloidal wavenumber

F(,0) _ mp B () (10)

Ko (1:0) = k5 (9) R0 5y =k Bagy, 0 -

where the mp superscript indicates the outer midplane, and f, = R""B%"? /(RB?) is the poloidal
flux expansion. In (10), the dependence on the major radius comes from the inverse proportionality
of the magnetic field with the major radius R. Equation (10) shows that structures become infinitely
thin in the poloidal direction at the X-point. Since the total cross-section of the flux tube is conserved,
filaments also become extremely stretched in the radial direction.

A second geometric effect is given by the magnetic shear. This geometric characteristic of the
magnetic field deforms to a bigger extent the structures which are more extended radially. The typical
shape of turbulent structures in the SOL, close to the X-point, of a COMPASS-like simulation, is visible
in Figure 3.

One can notice from Figure 3 that in the vicinity of the outer target, structures get an elongated
and sheared shape, so that they appear as finger structures pointing towards the outer target. This kind
of shape was observed also by fast-imaging visible cameras in the MAST (Mega-Ampeére Spherical
Tokamak) divertor [26]. For the moment, this comparison can only be qualitative, since the light
emission measured by fast-imaging cameras is actually a function of electrons density and temperature,
and neutral density: these last two elements are not present in the simulation that we are analyzing.
Therefore, in our isothermal simulations the D, emission would be only a function of electron density.
Only a few attempts of comparison between fast cameras and numerical simulations have been
carried out by other authors (e.g., [27]), relying on several assumptions. However, considering that
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temperature fluctuations have small phase shift with respect to density ones, the emissivity on D,
lines is generally considered as a good indicator of electron density.

This qualitative comparison confirms that the nature of turbulence in the divertor is well described
by TOKAM3X. We need however to inspect not only the shape of fluctuations in the divertor, but also
their amplitude.

Density fluctuations (a.u.)

-300

-350

-400

-450

— -500

-550

-600

-650

700 2

Figure 3. Snapshot of density fluctuations in a COMPASS-like diverted simulation, with zoom on the
divertor region.

3.2. Fluctuations Amplitude in the Vicinity of the X-Point

In TOKAM3X simulations, and usually also in experiments, turbulent structures originate at
locations close to the low-field side (LFS) midplane, as it can be expected from the ballooned nature
of interchange turbulence. After propagating radially into the SOL, structures spread in the divertor
region through parallel transport, as one can see from Figure 3. Filaments extend in the parallel
direction up to the targets, progressively losing amplitude. On the LFS, the SOL region is in generally
unstable towards interchange turbulence, since \V/ p- VB > 0, even at locations lower than the X-point.
Nevertheless, experiments have underlined the presence of a quiescent region in the divertor SOL, just
outside the separatrix, where fluctuations amplitude is reduced. Several tokamaks, as the Mega Amp
Spherical Tokamak (MAST) [28] and the Tokamak & Configuration Variable (TCV) [29], have shown
the same feature. Thus, this phenomenon seems to be generalized, and common to all experiments
with at least one X-point.

The cause of the quiescent region is clearly to be searched in the presence of the X-point. In the
SOL region around the X-point, indeed, the connection length diverges, so that filaments get more
easily decorrelated in the parallel direction. Moreover, for the deformation effect described previously,
turbulent structures become extremely thin in the poloidal direction, so they tend to be damped more
easily by diffusive mechanisms (density fluctuations damping o k? ). Finally, the magnetic shear in
this region is expected to decrease the linear growth rate of the interchange instability.

Magnetic shear is defined for limiter configurations as s = %Z—Z, where g is the safety factor
of the flux surface, calculated as in [30]. The magnetic shear definition must be generalized when
considering more complex geometries, as the divertor one: in regions as the divertor SOL and the
Private Flux Region (PFR), in fact, r is ill-defined. Several generalized definitions can be found in
literature (e.g., [31-33]), but there is no work, to our knowledge, that relates turbulence growth rates
to one of these specific parameters. Therefore, we will use here a simpler and intuitive definition of
the local magnetic shear. Using the expression for the safety factor in large aspect-ratio tokamaks,
q = rB?/(RB?), we reformulate the definition of magnetic shear as:

_ B°R d rB? . B°R d B¢

_Lorarbt gy, 2Rd 5 11
B? arB'R " BY dr BOR (11)
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We generalize then the definition of r by replacing it with the average curvature radius on the
flux surface (||éy||),. We also replace the derivative in the radial direction with the derivative in the ¢
direction, finally obtaining:

(l[2o]l)o B°RIIVy] d B?
B? dy BR

s=1+ (12)

This definition reduces to the simpler one in the limit of circular geometries. Figure 4 shows
a map of the standard deviation of density fluctuations in the divertor region, along with the average
density value, and the local shear calculated for the COMPASS-like geometry used in simulations.
The () operator stands for the average in toroidal direction and time, unless otherwise specified.

a) . std(N-<N>) (a. u.) -300 c) e s
10
-400 -400 5
s 5
= =
~ -500 = 500 ~ -500 0
N N
600 N
-600 - b
-10
-700
-700
50 600 70 00 500 600 700

p) R (p)

Figure 4. (a) Standard deviation of density fluctuations sampled in time and toroidal direction, zoom
on the divertor region. (b) Poloidal map of the average density. (c) 2D map of the local magnetic shear
in the divertor region.

As visible in Figure 4a, within a radial distance of ~15 p; from the separatrix, the standard
deviation of density fluctuations drops suddenly by a factor 3 at the poloidal location of the X-point.
We are able thus, to recover the quiescent region feature observed in experiments. The quiescent
region appears in all the TOKAMB3X simulations with divertor configuration (see [34] for a TCV-like
geometry), even if its extension can vary among different equilibria.

One can notice from Figure 4 that turbulence is strongly damped in regions where |s| > ~5. In the
far SOL, where the shear is low, turbulent structures can connect again to the target. Turbulence
damping seems, so, to correlate well with the presence of magnetic shear. This has been also noticed
in TOKAMB3X simulations where an artificial shear has been imposed in a limiter geometry [35].
We remark that the deformation experienced by the filament is an integrated effect, which depends
on the position where the structure is generated, and on its propagation. In our simulations, most of
the filaments are generated near the LFS midplane, so they are all subject, on average, to a similar
shear effect.

We also notice from Figure 4a that density fluctuations are partially damped in the region of
closed flux surfaces near the X-point, even if with a lower extent. As shown in Figure 4b, the average
density decays radially, also at the X-point poloidal location. Nevertheless, one must notice that density
is fairly constant poloidally, also near the last closed flux surface (LCFS): this means that poloidally, the
ratio of the fluctuation amplitude with respect to the background value, is lowered close to the X-point.
This is coherent with the fact that the turbulence damping mechanisms described above are also at
play in this region. The low fluctuation level in the closed flux surface region around the X-point could
be related to the formation of transport barriers, described in the next section.

3.3. Effects of a Transport Barrier on Edge Turbulence

TOKAMB3X simulations in divertor configuration show the presence of spontaneous transport
barriers (not forced by any physical parameter), which are absent in TOKAM3X limiter isothermal
simulations run with the same set of physical parameters.
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The macroscopic signature of a transport barrier is the local increase of radial gradients of plasma
density: indeed, in absence of anomalous transport, less effective transport mechanism come into play;,
such as neoclassical transport. In Figure 5, we represent the radial profile of the density averaged over
time and toroidal direction, for different poloidal locations.

25 T :
+LFS midplane
=top

20 =HFS midplane |1

o ===

O 1 1 )

-10 0 10 20
radial distance from the separatrix (midplane pL)

Figure 5. Radial profiles of the density averaged over time and toroidal direction, for a COMPASS-like

diverted geometry. The profiles are taken at the LFS midplane, at the top of the plasma (top), and at the
High-Field Side (HFS) midplane. In evidence, the region affected by the barrier.

We notice from Figure 5 that there is a local increase in the density gradient in the closed flux
surface region, near the LCFS. It is important to notice that the effect of the barrier on density profiles
is extended on the whole flux surfaces which are affected. We observe this transport barrier in
all the TOKAMB3X divertor simulations, although its effect on average density profile can differ
quantitatively. No sign of transport barrier has been detected in limiter simulations run with similar
physical parameters, as it can be verified, for example, in [36].

We can quantify the efficiency of turbulent transport with the parameter R;, defined as in [37]:

("E )y

() + (Thiss)ay

where <Fl£>9,¢ and <F4]3 if f>9,(p are respectively the E x B flux and the diffusive flux in the 1 direction,

Ry = (13)

averaged over the flux surface. Sometimes in literature the complementary parameter erp = 1 — Ry, is
used (e.g., in [38]). We consider the average fluxes on flux surfaces, since we are interested in the net
particle transport across flux surfaces. Here the VB plays no role, because of its small divergence over
a flux surface. In the closed flux surfaces region, we notice that

<<N>q) <u‘,§>¢>9 < <N11£>9/(p , (14)

where ~ indicates the fluctuating part of the field. The turbulent flux, so, approximates well the total
E x B flux. In a flux-driven system, the total cross-field flux averaged over a flux surface should be
radially constant in the closed field lines, since there are no net parallel losses. Therefore, a decrease
in the E X B turbulent transport enhances the diffusive flux, leading to a lower R; index. Vice versa,
in regions not affected by the barrier, R, ~ 1. Figure 6a shows the R} coefficient, calculated for
a given timespan.
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We can notice from Figure 6a that a mild transport barrier is active in the closed field lines, in the
vicinity of the separatrix. The region affected by the transport barrier is thin, with a width of ~5 pr..
We remark that the drift-reduced model is at the limit of its applicability domain in this case, since this
structure develops on few Larmor radii. From the numerical point of view, the barrier affects radially
mainly five to eight points in our grid, highlighting the fact that a high resolution is necessary in this
region to capture the phenomenon of the transport barrier. One can notice that the behavior of the
barrier is intermittent in time: this reflects the fact that some structures manage to radially overcome
the barrier, while others get damped while being in the barrier region.

a) x10% Ry, 1
b) . .
107
! -~
el R
o
|
I
I
|
-2
£ S |
2 S !
o 8 :
£ w --R™-R™ - .57
E ! sep :
10°F | |=R™RE - 04 g
! -—-R™-R™ = 65
K sep
1 mp _mp
. R I:{sep AL
I
I
y ) 10-4 | | | |
-20 -10 0 10 20 2 0 2 4
radial distance from the separatrix (midplane pL) (N - < N >)/std(N)

Figure 6. (a) Turbulent transport efficiency coefficient Ry, in function of the midplane radius and of
time. The dashed line indicates the separatrix position. (b) Probability density fluctuations (PDFs)
at four different radial positions, calculated at the LFS midplane. The corresponding values of the
skewness, from radially inwards to radially outwards positions, are respectively S; ~ 0.33, S; >~ 0.39,
S3 ~0.09 and S ~ 0.63.

In this simulation, turbulence carries on average around the 85% of the flux in the barrier region.
However, the standard deviation fluctuations of the turbulent transport efficiency value is around 0.1,
and Ry, can decrease to up to the 50%. In the innermost closed flux surfaces, instead, the turbulent E x B
flux carries more than the 90% of the particles. Also, in the SOL, turbulent flux is dominant, but the total
flux is decreasing because of the particles draining towards the divertor targets. After a characteristic
decay length of around 14 p; , comparable with the density decay length observed at the target,
turbulent flux is almost completely decayed and becomes comparable, or even lower, than the diffusive
flux. One can also notice from Figure 6a the propagation of turbulent events in the SOL, occurring
with a frequency of around 103 w¢. The low efficiency of the transport barrier in reducing turbulent
transport can be partially due to its small width, smaller than the average radial correlation length,
which is around 10 pr..

These characteristics of the transport barriers seem to have some similarities to the ones found
in the 2D fluid turbulence code TOKAM?2D in the work by Ph. Ghendrih et al. [39]. In that analysis,
the curvature term, responsible for the interchange turbulence driving, was artificially suppressed
in a localized radial region. The simulations revealed the presence of a transport barrier, whose R
coefficient had a bell-shape in the radial direction, given by the spreading of turbulence in the stable
region (although in that case R; ~ 0.03, much lower than the one found in divertor simulations).
In divertor geometry, the transport barrier builds up in a zone where the driving terms are comparable
with the rest of the domain. This suggests that a steady mechanism of turbulence damping is at play.

The transport barrier seems also to locally alter the statistical properties of turbulent fluctuations.
Figure 6b represents the Probability Density Function (PDF) for different radial positions at the LFS
midplane of the simulation. The probability density function of density fluctuations, which are usually
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generated at the innermost flux surfaces, have an almost Gaussian shape before encountering the
barrier, and get increasingly positively skewed propagating radially outwards. However, the effects
of the barrier are visible after the separatrix. As one can see from Figure 6b, the PDF calculated just
outside the separatrix has a hollow profile: this suggests that while large-amplitude events can survive
the barrier, small ones are more easily damped, and thus less probable in the near SOL. The usual,
positively skewed shape of the PDF is re-established further in the SOL, as it was observed in former
simulations in limiter configuration [36].

The Ry, factor is a global index of the efficiency of transport barrier over a flux surface. However,
poloidally, turbulent structures do not behave homogeneously. Figure 7 shows the standard deviation
of density and potential fluctuations at different poloidal locations.
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Figure 7. (a) Radial profiles of the standard deviation of density fluctuations, plotted at different
poloidal position. (b) Same plot for the electrostatic potential fluctuations.

As visible in Figure 7a, the density fluctuation level is lowered by roughly the 50% in the closed
flux surfaces, near the X-point. Moreover, at the same radial position, the level of fluctuation is lowered
also at the LFS and at the HFS midplane, even though only by around the 10%. This effect is even
more visible on electrostatic potential fluctuations, whose amplitude is more homogeneous on the flux
surface. We remark also that the relative decay of the amplitude of electrostatic fluctuations in the
barrier region, around the 40%, is stronger than the one observed on density fluctuations.

These elements suggest a non-local effect of the damping of turbulent structures around the
X-point, which are connected to the LFS midplane by the parallel transport of particles and electric
charge. Nevertheless, the magnetic shear is not the only element acting in the vicinity of the Last Closed
Flux Surface, and the role of the other mechanisms, pointed out in Figure 1, must also be inspected.

3.4. The Role of Poloidal E x B Shear in Suppressing Turbulence

One of the possible causes of turbulence suppression is the decorrelation of density and velocity

fluctuations by means of the poloidal E x B shear u} = %u%. This can happen only if the shear acts

on time scales faster than the growth rate of the instability [3]:

160

uf| > . (15)

Figure 8a shows the E x B shear averaged over the flux surfaces in our divertor simulation.
The same profile is traced for a simulation with limiter configuration for comparison.

The strongest E x B shear is measured at the separatrix. This happens because the poloidal E x B
velocity suddenly changes direction between the closed field lines and the open field lines. In fact, in
closed field lines the electric field is directed radially inwards, to balance the pressure gradient, while
in the SOL the electric field is directed outwards because of the boundary conditions at the targets.
We notice also that the E X B shear can be 2-3 times stronger in divertor than in limiter configuration.
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This is due, at least partly, to the fact that in the divertor configuration the flux surfaces are more
radially compressed at the LFS midplane, as visible in Figure 2.

! . —] T, ~ 0.0015 @,

|
003 | -o-Limiter

20 10 0 o 20 0 2000 4000 6000 8000
radial distance from the separatrix (midplane p,) t(1/ w.)
C

Figure 8. (a) Radial shear of the E x B poloidal velocity averaged in time and over the flux surface and
remapped at LFS midplane in a COMPASS-like and in a limiter simulation. (b) Time trace of density
fluctuations, calculated at the LFS midplane at R™? — R;Z; ~ —24 p;, including the linear phase, in
divertor and limiter configurations. Dashed lines indicate the exponential fit used to evaluate the linear
growth rate.

Figure 8b shows the linear phase of turbulence, observed at the point in space where the growth
rate was observed to be the largest in the divertor configuration. In particular, this point usually
locates near the particle source, in the closed flux surfaces. In order to evaluate the linear growth rate
independently from the evolution of the background density, we subtract the field averaged over the
toroidal direction (N) ¢+ AAs one can notice from Figure 8b, the maximum linear growth rate in divertor
geometry is around 1.5 x 10 3w¢. Positive and negative peaks are given by the fact that positive and
negative fluctuations are advected through the fixed observation point by the E x B drift. In limiter
configuration, the linear growth rate for the interchange turbulence appears to be bigger by a factor
~6 with respect to the divertor configuration: this difference is due to the different global curvature
and magnetic shear, as pointed out in [40].

In divertor simulations, so, the E x B shearing rate seems to be lower, or comparable with the
growth rate of the instability at the point where turbulent structures form. Therefore, it may impact
the amplitude of the fluctuations in steady state, but it does not prevent the formation of turbulent
structures. However, turbulent structures propagate then radially, finally encountering the barrier
region, where the condition (15) is clearly satisfied.

We notice from Figure 8a that the location where the E x B shear peaks is slightly misaligned
with respect to the actual location of the transport barrier. Nevertheless, the condition (15) is satisfied
already at ~5 py, inside the separatrix, where the barrier is located, so we cannot exclude, in these
simulations, the importance of the E x B shear. At the radial location where we observe the transport
barrier, so, we have both the magnetic shear acting at the X-point, and possibly inducing non-local
effects, and an E x B shear spread around the flux surface. This situation is not comparable with
limiter simulations, where the X-point shear is absent and the E x B shear is generally lower than the
linear growth rate, as visible in Figure 8a. The picture is complicated by the fact that the magnetic
shear induced by the X-point, as explained in [8], can induce net E x B poloidal flows (potentially
sheared) by means of the Reynolds stress mechanism. In order to investigate more deeply the origin of
the transport barriers, we evaluate in the next section the contribution of the Reynolds stress on the
total E x B fluxes in our simulations.
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4. Discussion: The Role of Reynolds Stress in Generating Poloidal Fluxes

The radial profile of the E x B poloidal velocity, and thus of the electrostatic potential, is
determined by the vorticity balance (4). This balance equation contains the information about the
conservation of the poloidal momentum. As described in [4], turbulence can drive ZF, by means of the
Reynolds stress. This mechanism can be described, in the simplest way and in a simplified Cartesian
geometry, by the equation:

A <u%>y . <u%ug>y ) (16)

where the coordinate x identifies the radial direction, y the poloidal one, and ﬁ%ﬁ% is the so-called
Reynolds stress.

In TOKAM3X model, the radial derivative of the Reynolds stress is contained in the E x B
advection term in vorticity equation. The other terms, however, contribute as well to determine the
equilibrium profile of the E x B velocity. To investigate the impact of the Reynolds stress mechanism
on the formation of the transport barrier, we run a divertor simulation with the same physical and
geometrical parameters as the previously described one, and we artificially suppress the Reynolds
stress term in the vorticity equation. The resulting profile of E x B poloidal velocity is represented
in Figure 9a.
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Figure 9. (a) Radial profile of the E x B poloidal velocity averaged on time ad over the flux surface
in a COMPASS-like geometry, in the cases with and without Reynolds stress. (b) Comparison of the
density averaged on the flux surface, in the two cases.

One can notice in Figure 9a that the poloidal E x B velocity is slightly reduced in magnitude, in
the case without Reynolds stress driving, and its radial derivative is weakly impacted. The amplitude
of the transport barrier and the global equilibrium, are not affected, as shown in Figure 9b, by the
absence of the E x B advection term in the vorticity equation. This analysis suggests that the radial
profile of the average E x B poloidal velocity is mainly dominated by the linear terms in Equation (4):
in particular, the average electric field tends to equilibrate the radial pressure gradient.

We have thus excluded the turbulence-driven ZF from the causes of the transport barrier build-up
in our simulations. In order to identify, between the E x B and the magnetic shear, the mechanism
leading to the formation of the observed transport barrier, further simulations have been setup, in
which an artificial magnetic shear is introduced in a simplified circular geometry: this is the subject of
the work [35]. The results show, more clearly than in divertor simulations, that in isothermal cases, the
E x B shear plays a minor role in damping turbulent fluctuations, with respect to the magnetic shear,
essentially confirming the central role of the magnetic shear in creating the transport barrier observed
in this work.
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5. Conclusions

TOKAMB3X global simulations of electrostatic turbulence in tokamak edge plasma have been run
in realistic divertor geometry. As previously found theoretically and experimentally, filaments get
strongly elongated and poloidally thin in the X-point region, because of the large flux expansion.

A quiescent region, where the fluctuation level is drastically reduced, similar to the one observed
in recent experiments, is found in the divertor SOL, close to the separatrix. The magnetic shear
introduced by the X-point is pointed out as the possible cause for this damping. Indeed, the low
poloidal field leads to large ky values around the X-point, so that dissipation processes tend to damp
turbulent structures. More non-linear simulations, spanning different values of the magnetic shear, are
needed to clarify this point. In the interpretation of the results here presented, one must consider the
effects of the finite size of the grid cells. Near the X-point, in fact, turbulent structures can reach, in the
poloidal direction, sizes comparable to the grid cell. This process is likely to introduce a cut-off in the
possible range of scales describable by the code. Also, a strong numerical diffusion could intervene,
smoothing the sharp gradients from one cell to the adjacent. The weight of the numerical diffusion
in TOKAM3X simulations with divertor configuration, is currently being evaluated by means of the
PoPe method [41], and the first results seem to show that numerical diffusion is of the same order of
magnitude as the imposed physical one. Nevertheless, even if the nature of the dissipation of turbulent
fluctuations around the X-point is still uncertain, this characteristic reproduces qualitatively well the
experimental observations.

It is important to notice that in TOKAM3X divertor simulations, this local mechanism probably
leads to a non-local effect, namely the reduction of the fluctuation amplitude over the last closed flux
surfaces. Simulations have shown indeed the spontaneous formation of a transport barrier, namely
not forced by any physical parameter, which increases the pressure gradient in the outermost zone of
the confined plasma. This gradient steepening is associated with a reduction in fluctuation amplitude,
which could be due to the magnetic shear at the X-point, or to the E x B shear along the flux surface.
The E x B shear indeed appears to be strong near the separatrix, and comparable with the linear
growth rate of the instability. The simulations carried out in absence of Reynolds stress seem to
indicate that at least for the considered plasma parameters, the poloidal flows driven by turbulence
have a little effect on the total poloidal velocity, and thus also on the formation of the transport
barrier. Nevertheless, the fact that turbulence is mainly damped near the X-point region, and the
slight misalignment of the location of the maximum E x B shear with respect to the location of the
transport barrier, seem to indicate the magnetic shear as the main cause of the transport barrier in the
simulations. A further confirmation of this view has been recently given by the simulations carried out
in [35], where an artificial magnetic shear is introduced in a simplified circular geometry.

Even if the observed transport barrier is mild, and does not lead to a bifurcation in the dynamical
behavior of the system as in the L-H transition, it has characteristics in common with the experimentally
observed edge transport barriers, as the localization near the separatrix and its narrow radial extension.
The behavior of the dynamical system could potentially change significantly with the inclusion of the
energy transport [17], and of self-consistent plasma-neutrals interactions [42]. Although the nature
of the instability is not expected to change, in anisothermal simulations with divertor geometry we
might observe higher potential background gradients in open and closed field lines, leading to higher
E x B shear values near the separatrix. This could potentially lead to stronger transport barriers,
and consequently to steeper characteristics gradients, in a bifurcative dynamics. The capability of
TOKAMB3X, as well as of other codes of the same kind (e.g., [43,44]) to perform simulations with
such complex models and realistic divertor geometries, will hopefully shed more light on the L-H
transition dynamics. Nevertheless, the geometric effects of the X-point on turbulence here described
might be an important element in the formation of the edge transport barriers, which seems to be
linked both to plasma and magnetic field characteristics. The simulations here described will help,
in the interpretation of more complete, and complex, simulations, and they are part of the necessary
step-by-step process for the understanding of the edge transport barriers formation. Moreover,
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investigating the interaction between turbulent fluctuations and the magnetic X-point also contributes
to the understanding of particles and heat flux deposition on targets. Indeed, the radial extent of the
SOL region carrying most of the heat flux is comparable with the one of the observed quiescent regions.
This aspect will be further studied in anisothermal simulations with divertor configuration.
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