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Abstract

Transport processes around the magnetic X-point of tokamaks, such as turbulence and mean-field
drifts, are scarcely understood and difficult to investigate in experiments. In this paper, we explore
the dynamics in a newly developed X-point scenario on the basic toroidal plasma device TORPEX
and use it to validate plasma edge turbulence codes. In-situ measurements across the entire cross-
section of TORPEX show turbulent structures forming in the vicinity of the X-point and being
transported to the low-field side by small-scale fluctuations as well as background drifts. Full-scale
simulations of this scenario are performed with the four state-of-the-art 3D fluid turbulence codes
FELTOR, GBS, GRILLIX and STORM. The codes are validated through a rigorous procedure
against time-averaged and fluctuation data obtained with high-resolution Langmuir probe arrays.
We find that the codes are able to reproduce qualitatively, and in some cases quantitatively, some
key features of the time-averaged fields, such as the radial fall-off length at mid-height and the
background E x B flow pattern. The fluctuation levels, instead, are generally underestimated by
typically factors of 2 or more. The sensitivity of the simulation results on the plasma collisionality
and on the position of the sources, the input parameters with the largest uncertainty, is tested in
GBS, showing a mild effect on the overall quantitative agreement with the experiment. Overall,
this validation reveals the challenges to reproduce the plasma dynamics near an X-point. The
application of this systematic validation procedure will allow the impact of future developments
in the codes to be assessed objectively.
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1 Introduction

One of the major challenges in magnetic fusion research consists in confining a burning plasma core
without damaging the surrounding vacuum vessel. In tokamaks, due to an imperfect magnetic con-
finement of the core plasma, heat is constantly expelled into the Scrape-Off Layer (SOL), where a
large part of the exhaust power is deposited on a relatively narrow layer on dedicated target plates.
If unmitigated, the resulting peak target heat fluxes predicted for a reactor exceed engineering limits
by an order of magnitude [1, 2]. The introduction of a poloidal field null or X-point in the tokamak
boundary, which diverts the SOL magnetic field lines away from the core plasma to spatially sepa-
rated target plates, is a key element to address this challenge. Such a divertor geometry offers well
known benefits in comparison to a limited configuration [3]. Divertor geometries are more efficient
in screening the core plasma from impurities and recycling neutrals generated at the plasma-wall
interface, allowing detached regimes with strongly reduced contact between the SOL plasma and the
target plates. They provide improved pumping capabilities of the particle exhaust, and facilitate
the access to high-confinement regimes [4]. Moreover, they provide additional volume for volumetric
power losses, and result in longer connection lengths in the SOL, allowing an enhanced cross-field
transport, thus a spreading of the heat flux over a larger area.

At the same time, however, the presence of an X-point results in a considerable increase in the com-
plexity of the highly non-linear SOL dynamics, governed by an interplay of turbulence, background
drifts, sources and sinks. A complicated flow pattern associated mainly with E x B drifts is observed in
two-dimensional (2D) transport codes [5] and in three-dimensional (3D) turbulence codes [6, 7]. In the
H-mode favorable field direction, for instance, these drifts transport plasma particles from the outer
divertor SOL into the Private-Flux Region (PFR) and further towards the inner divertor, causing large
differences in the plasma parameters at the inner and outer targets. These background drifts co-exist
and non-linearly interact with complex turbulence dynamics. Theory and experiments suggest that
coherent turbulent structures called “filaments”or “blobs”, elongated along the field lines, become
strongly squeezed and tilted around the X-point, due to the strong flux expansion and magnetic shear
in this region, until they disconnect from the midplane [8, 9, 10]. This picture is consistent with a
quiescent region in the divertor near SOL, inferred from visible imaging [11] and X-point/divertor
probes [12], and the observation of blobs independent from those at the outboard midplane in the
outer divertor leg close to the separatrix and in the private flux region both in experiments [13] and
in simulations [14].

The aim of this work is to progress in the understanding of turbulence dynamics in the vicinity of
an X-point, and assess the maturity of today’s numerical tools to treat this complex region, through
a rigorous validation of first-principle turbulence simulations against a dedicated X-point scenario
developed in the TORoidal Plasma EXperiment (TORPEX) [15, 16, 17]. TORPEX is a basic plasma
device operated at the EPFL, Switzerland. Due to relatively low plasma densities and temperatures,
TORPEX allows for full diagnostic access. In addition, thanks to a relatively large ion sound Lar-
mor radius with respect to common tokamaks, full-size simulations of TORPEX plasmas are readily
accessible. Although not a device with reactor-relevant plasma parameters, the TORPEX X-point
scenario developed in this work features key ingredients of tokamak X-points, such as the interaction
of background drifts and curvature-induced turbulent transport around the X-point.

The turbulence simulations are performed with the state-of-the-art, 3D, flux-driven turbulence codes
FELTOR [18], GBS [19], GRILLIX [20] and STORM [21], which are able to describe the non-linear
interaction of profiles, turbulence, and flows with realistic X-point geometry and the presence of
closed and open field lines [18, 7, 22, 23, 24]. Previously, GBS had been validated against TORPEX
in simpler magnetic configurations [25, 26], and, more recently, against TCV experiments in limiter
configuration [27]. Multi-code validations of seeded blobs had been performed against TORPEX [28]
and MAST [29] experiments. A multi-code validation of nonlinear flux-driven simulations against



an ISTTOK poloidally limited plasma had also been carried out [30]. In this work, we extend these
previous code validation efforts by performing non-linear 3D flux-driven turbulence simulations, in
the presence of an X-point. The validation is performed with the procedure described in Ricci et al,
2011 [26], developed following a similar approach to the one proposed by Terry et al, 2008 [31].

This paper is organized as follows. In section 2 we describe the new TORPEX X-point scenario and
discuss the experimental results. In section 3 we present the setup of the simulations. In section 4
we compare experimental results with TORPEX experiments, and we quantify the agreement of the
comparison. In section 5 we discuss a sensitivity scan of collisionality and particle source position
performed with GBS, and we present the conclusions in Sec. 6. A detailed description of the codes
used in this work is presented in Appendix A.

2 TORPEX X-point scenario

2.1 Experimental setup

The TORPEX device is composed of a toroidal stainless-steel vacuum vessel of major radius Ry = 1
m and minor radius of 0.2 m, and is operated at a toroidal magnetic field on axis Bg of typically
76 mT. For a visual overview of the device, see Figure 1 in [17]. In this work, no current is induced in
the plasma. Molecular hydrogen was injected in the vacuum chamber at the rate of 1 scm ™3 /min and
room temperature, and ionization was obtained by injection of microwaves in the electron cyclotron
frequency range [32]. This resulted in plasma parameters of the order of n, ~ 106 m=2 and T, ~ 5
eV, and in ionization fractions of the order of 1%. Highly reproducible plasma discharges can be
sustained for several minutes, although we limited the diagnostics acquisition time to approximately
2 s.

Turbulence characteristics were determined in the bulk region of the vessel with the HEXTIP-U
(HEXagonal Turbulence Imaging Probe - Upgrade) system [33, 34], consisting of two Langmuir-probe
arrays installed at toroidally opposite locations in TORPEX. The two arrays, dubbed HEXTIP1
and HEXTIP2 in what follows, cover the entire poloidal cross section in a hexagonal pattern with
a grid constant of 3.5 cm, and an estimated collecting area of the tips Axxr = 16.2 mm?. In this
work, the HEXTIP-U acquired data for a period of ~ 1 s per discharge, at a 250 kHz acquisition
frequency. We also measured time-averaged fields by means of SLP (Slow Langmuir Probes)[35]. SLP
is a radially-movable vertical array of 8 Langmuir probes spaced by 1.8 cm, each with a collecting
area Agrp = 18.85 mm?2. The vertical position of the first tip array is fixed at the midplane (Z = 0),
while the probe array can point upwards or downwards in order to measure at Z > 0 or Z < 0,
respectively. In this work, the SLP radial position was moved by 1 cm from discharge to discharge
from R — Ry = —12 cm to R — Ry = 9 cm, and it was operated with a 335 Hz triangular voltage
sweep and a 250 kHz acquisition frequency. For each measurement point, this allows to infer the
electron temperature T, from the current-voltage (IV) characteristic curve. From the same curve,
we evaluated the floating potential V;, that, combined with the 7. measurement, gives the plasma
potential ¢ via the sheath potential drop model:

¢:Vf+ATe ) (1)

where we estimate A = 3.1 for TORPEX. The ion saturation current density Jsq; is simply derived
dividing the current by the probe collecting area, and the electron density is obtained as:

J,
n= Qﬂ ’ (2)
ecs
where the factor 2 accounts for the ion-accelerating effect in the pre-sheath forming around the

probes in the bulk plasma.



2.2 The new X-point scenario

A new TORPEX magnetic field scenario was specifically designed for this work. Its key functionalities
are to guarantee a good diagnostic coverage around the X-point region, to have characteristics similar
to tokamaks in the vicinity of the X-point, and to comply with the numerical limitations given by the
turbulence codes. Given these constraints, an X-point is created using only coils outside the vessel,
contrarily to previous work [36], where an in-vessel coil was energized. This choice was driven by the
necessity to have a small flux expansion between different points on the same flux surface, in order
to limit the range of spatial scales that must be accounted for in turbulence codes. The resulting
magnetic configuration is a simple, up-down symmetric shape without closed flux surfaces, featuring
an X-point on the midplane of TORPEX. The flux surface including the X-point, from now on called
“separatrix”, separates four sectors of open field lines, as shown in Figure 1. The magnetic field lines
are the result of an analytic computation based on the current flowing in each coil, and not of a
magnetic plasma equilibrium reconstruction.

Figure 1: Poloidal magnetic field structure in the reference TORPEX experimental scenario. The
black thick line represents the TORPEX vessel. White lines are iso-contours of the poloidal flux
function. The separatrix is plotted in red.

As shown in Figure 1, the X-point is located at R — Ry = 1.8 cm. An uncertainty on the radial

position of the X-point of +0.6 cm was evaluated by means of a Hall probe, taking into account
uncertainties in the vessel position.
The toroidal field at the major radius Ry was set for this experiment to Bg = 76 mT, in counter-
clockwise direction when TORPEX is observed from above. As it will be explained in section 2.5,
this toroidal field value leads to a particle source almost completely localized in the High-Field Side
(HFS) sector (R — Ry < 0). The ratio of the poloidal over the toroidal field at 1 cm from the X-point
is Bpoi/B, ~ 1073, a value comparable to a TCV (Tokamak & Configuration Variable [37]) discharge
with plasma current I, ~ 100 kA, at the same position. The value of the magnetic shear is also
of the same order of magnitude as in a low-current tokamak shot. The connection length diverges
going from the vessel to the X-point, with characteristic values of ~ 50 m at R — Ry = —10 cm,
corresponding to approximately 8 toroidal turns. The incidence angle of the field lines at the vessel
wall is approximately 0.5° for strike points at the HFS and 1.2° at the Low-Field Side (LFS).



2.3 Optimization of the scenario

An optimization of the experimental reference scenario in TORPEX was carried out through the tun-
ing of several operational parameters. Several values of the toroidal field were explored, in the range
of 72 mT to 78 mT. Because of the proportionality between the Electron Cyclotron (EC) frequency
and Bg7 the particle source moves towards the LFS with larger values of the toroidal field. The value
of 76 mT was chosen as reference, since lower toroidal fields gave very HFS-localized plasmas, while
higher values would have caused the source to be strongly overlapped with the X-point, resulting in
a more difficult interpretation of its effects on turbulence. Three values of injected microwave power,
300 W, 500 W and 700 W, were also tested. While the plasma density was found to increase with
input power, as expected, the plasma underwent an outward radial shift due to the shift of the Upper
Hybrid (UH) resonance layer. Besides this shift, the spatial distribution of the time-averaged density,
as well as the density statistical moments, were not found to change substantially. A power of 300 W
was chosen as reference.

A scan in the poloidal field magnitude was also performed. The poloidal field is given by two pairs
of vertically symmetric coils, where a different value of current is injected in each pair. Therefore,
we characterize here the magnitude of the poloidal field by the maximum current in a poloidal field
coil /7. On one hand, a high poloidal field magnitude, for a fixed toroidal field of 76 mT, leads
to a high magnetic shear in the vicinity of the X-point, comparable to tokamak values. On the
other hand, a high number of detected blobs is also desirable, in order to have sufficient statistics to
study their generation and motion characteristics. A Conditional Average Sampling (CAS) ([38, 39])
is performed on the ion saturation current density Jgq: collected by HEXTIP-U for each discharge
in the poloidal field scan. An event is defined as a blob if at a fixed triggering position, one has
Jsat — (Jsat)t > 3 std(Jsar), where (-); defines the time-average. Around each event, we define a
symmetric time-window of 400 ps. For each time-step within the window, a separate average is
performed across all windows, in order to reconstruct the typical blob dynamics.

IS (A) | Number of detected blobs
75 100

150 32

225 34

300 16

450 2

525 4

600 0

Table 1: Number of detected blobs as a function of the maximum current in the poloidal coils in a
time interval of 60 ms of TORPEX X-point discharges.

As visible in Table 1, the average number of blobs detected in this manner during a fixed time
window decreases with increasing poloidal field. The scenario with I = 225 A was selected, as it
features a high number of blobs, and a ratio of poloidal to toroidal field that is comparable to a
tokamak in the vicinity of the X-point.

2.4 Results in the reference scenario

We performed a total of 44 discharges (selected from numbers #72760 to #72809) using the reference
scenario (2.3), which allowed us to achieve a good spatial resolution with the SLP. At the same time,



HEXTIP1 was operated in ion saturation current mode (see Figure 2) while HEXTIP2 was in floating
potential mode.

std(Jsar

) (A/m?)

skewness(Jsat)

16

14

-12

- 10

0.2 0.1 0 0.1 0.2 0.2 0.1 0 0.1 0.2 0.2 0.1 0 0.1 0.2
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Figure 2: Ion saturation current density statistical moments measured by HEXTIP1, averaged over
the shot database. The black crosses represent the position of the probe tips. a) Time average of the
ion saturation current. b) Standard deviation. c¢) Skewness.

We notice from Figure 2a that the average ion saturation current density, whose spatial distribu-

tion can be used as a proxy for that of plasma density, has a rather strong up-down asymmetry, unlike
most of the previous experiments on TORPEX (e.g. [40, 28]). The HFS sector is filled with plasma
due to the source being located here. In addition, high saturation currents are measured in the top
sector, in contrast with the bottom one. This suggests an asymmetry in transport mechanisms. The
Jsqt fluctuation amplitude is generally stronger where Jg,; is stronger, with a small displacement of
the maximum to the top and the LFS with respect to the Jsq: peak. The fluctuation skewness is
negative in the HFS sector and positive in the LFS one, with a peak in the vicinity of the X-point.
This suggests that turbulent structures are generated in the HFS or top sectors, then move radially
outwards, with large events propagating through the low-density region. This feature was already
observed in TORPEX scenarios with vertical poloidal field [16], although in those cases the blob
behavior was homogeneous in the vertical direction.
A series of discharges with the same poloidal field as in the reference scenario, but reversed toroidal
field, was operated, acquiring data both with HEXTIP-U and SLP (shots #73035 — #73046). As
expected, considering that the magnetic configuration is up-down symmetric, the resulting Js,¢, float-
ing potential (Vy) and electron temperature (T¢) profiles were up-down flipped with respect to the
reference scenario. This excludes a possible impact on plasma behavior of non-symmetric elements,
such as the in-vessel coil, placed near the top of the vessel at R = Ry, Z = 17.5 cm during the
experiments described here, or the positioning of the microwave source at the bottom of TORPEX.

The CAS technique, applied to the reference series of discharges, shows that the blobs are typically
born in the HF'S sector, in the region where the density is highest, as shown in Figure 3a. The turbulent
structures propagate then upwards and towards the LFS, approximately following the direction of
the separatrix. The conditionally averaged blob propagates with a velocity of the order of 1 km/s,
similarly to previous studies in different magnetic configurations [36, 41]. The blob is associated
to a dipolar structure in electric potential, which is observed on the floating potential (Figure 3b).
The electric field associated to this dipolar structure, of the order of 0.1 kV/m, is comparable to
the background, time-averaged electric field, which we can infer from SLP measurements of plasma
potential. This is shown in Figure 3c, where the steady-state vgxp pattern is also represented. One
can notice that, at least in the top part of the device, the background E x B drift velocity reaches
its largest magnitude in the proximity of the separatrix, and its direction is approximately aligned
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Figure 3: a) Blob propagation dynamics obtained from Conditional Average Sampling. The color plot
shows the averaged Jgq; fluctuation at the triggering time 7 = 0. In blue, the contours correspondent
t0 0.6 - maz(Jsae (7)), for 7 = —60 ps, 7 = 0 ps and 7 = +60 ps. The triggering location is indicated
by the cyan cross. b) Conditionally averaged V; fluctuations at the triggering time. In blue, the
corresponding Js,+ contour. c) Average plasma potential measured by SLP. Black arrows indicate
the corresponding E x B velocity field. The arrow length is proportional to the speed, which can be
compared to the 1 km/s of the arrow in the legend. d) Electron temperature measured by SLP.



to the separatrix. The plasma potential spatial distribution is clearly determined by the electron
temperature, whose measurements are shown in Figure 3d.

Several trigger locations have been tested for the CAS, especially in the LF'S region with high skewness,
in order to understand if different blob propagation patterns are present. This test shows that the
fluctuations measured at far LFS locations are the result of the spreading of relatively large blobs
propagating through the X-point or the upper branch of the separatrix. From this analysis, a clear
pattern for the generation and propagation of blobs in this scenario emerges. After being generated in
a high-density region, blobs propagate upwards and towards the LFS, through the vicinity of the X-
point, then progressively lose amplitude before reaching the TORPEX vessel. The propagation of these
blobs is caused by both background E x B drift, and by the local, self-induced dipolar structures of the
potential. These components contribute to a comparable extent to the blob propagation, confirming
the importance of a multi-scale analysis of the problem.

In order to gain insight into the turbulence dynamics in the parallel direction, we evaluated the
toroidal correlation length of turbulent structures by operating in ion saturation current mode both
HEXTIP1 and HEXTIP2. In most of the poloidal section, the field lines pitch angle is small, and
plasma fluctuations appear to be toroidally aligned, showing very similar time traces at two tips
at identical poloidal location in the two arrays. This observation indicates a “resistive”interchange
instability, which was extensively described in [42]. Only in regions far from the X-point the toroidal
alignment is lost, and we observe the field alignment typical of an “ideal”ballooning instability. This
is due to the fact that the poloidal field is stronger in this region, and turbulent structures cannot
toroidally self-connect anymore. This is in quantitative agreement with modelling predictions and
previous TORPEX experiments [42], which found a transition from ideal to resistive interchange
instability when the field line connecting two vessel points makes a number of toroidal turns N > 7.
In our case this condition is fulfilled everywhere at the midplane except for R — Ry < —12 cm and
R — Ry > 14.5 cm, where we actually observe field aligned-structures.

2.5 Source determination

Dedicated experiments were carried out to determine the profiles of the particle source, needed as an
input for the simulations. Most of the deposited energy of the injected microwaves is absorbed by the
plasma at the EC and, more importantly, at the UH resonance layers [43]. While the EC layer position
depends only on the norm of the total field (to a good approximation equal to the toroidal field), and
can thus be determined a priori, the UH layer position and shape depend on plasma density through

the relation:
R R ne? -1
= 1-— , 3
on=reey (1= i) ®

where Rgc is the radial position of the EC resonance layer, n is the plasma density, and frr = 2.4
GHz is the frequency of the injected microwaves. The method described in [32] was adopted for the
determination of the particle source. The microwave power was modulated using a square wave with
minimum injected power P, = 300 W (our baseline value) and maximum power P, = 1200
W, with duty cycle of 10% and frequency of 250 Hz. We measured with HEXTIP1 the average
perturbation in the ion saturation current density AJgq; with respect to the low-power phase. The
measurement was taken after the nominal beginning of each high-power phase, at At = 17 ps, in
order to avoid the influence of transport phenomena. Then, the measurements in all the power cycles
were averaged. Under the assumption that the spatial distribution of the particle source is similar to
that of the increment in measured saturation current (S, (R, Z) o< AJsqt), and that the perturbations
of the background plasma are negligible (AJsqr < (Jsat),), We obtain the source spatial distribution
illustrated in Figure 4.
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Figure 4: Measured particle source, normalized to its maximum. White, cyan, green and red dashed
lines represent the contours of the fitting function fg = 0.2, 0.4, 0.6 and 0.8, respectively. The
magenta diamond indicates the position at which simulations are meant to match electron density
and temperature.

In order to numerically implement the sources in the codes, they were fitted with the function fg:

exp [ (B50s)” — (Z525)7] it R > Rg

fs = q dexp [< (B522)" 4 ¢ (R = Ro) (2 - Zs) - (252 @
+hexp [~ (858)" — (R~ Rs) (2 - Zs) - (2572)°] i R <Rs,

where Rg = 0.98 m and Zg = 0.02 m, and parameters a,b,c have been optimized to fit the
source function. The fit function fg, represented by contour lines in Figure 4, is up-down symmetric,
although shifted downwards in the vertical direction with respect to the midplane by 2 cm. We further
assume that the electron energy source has the same spatial distribution as the particle source. The
ion power source is neglected, since for typical TORPEX plasmas T; < T.

3 Simulations setup

3.1 Modeling assumptions

Two-fluid, global 3D turbulence codes are used to simulate the TORPEX X-point scenario. Since
the ionization fraction in TORPEX plasmas is estimated to be approximately 1%, we consider a
background of hydrogen molecules with fixed density n,, = 10'® m~3, constant in time and space.
Electrons can lose momentum not only by electrostatic collisions with ions, but also by collisions with
neutrals, in particular with hydrogen molecules. The electron-ion collision time [44] for a hydrogen
plasma with T, ~ 5 eV and n. ~ 10 m~3 is 7; ~ 2-107° s. The electron-molecule collision time for
the mentioned plasma and neutral conditions is shorter, 7., ~ 7-1076 s [45]. Considering this last
interaction as the main momentum loss mechanism for electrons, we find that the mean-free path for
collisions is ley, = Vgn,eTem ~ 6 m. As specified in section 2, the connection length L, measured along
the field line from one point on the vessel to the other, is in the range of 10 to 100 m, resulting in a



collisionality v* = Lj|/lep, ~ 10. Therefore, first order corrections to the fluid approximation adopted
here, such as heat flux limiters, are not expected to be important.

The neutral dynamics is not modelled in this work. Nevertheless, we model plasma-neutral interactions
in a simplified manner, taking them into account in friction terms (and also in the parallel heat
conduction term in STORM, Appendix A). All the codes accounted only for the dominant electron-
molecule collisions, except for STORM, which has taken into account also electron-ion collisions. Since
the rate coeflicients for electron-atom and electron-molecule elastic collisions are similar (see [46] for
ions, [45] for molecules), the impact of considering two different neutral species in our simulations
would have been negligible.

The shape of the density source function, Eq. (4), has been hard-coded in all the codes. There
are no available measurements of the energy source in TORPEX, therefore the latter is imposed in
the codes with the same shape as the density source. Notice that GBS and GRILLIX impose an
electron temperature source shaped as given by Eq. (4), while STORM imposes an energy source of
the same shape, see Appendix A. Since there is a large uncertainty in the experimental determination
of the amplitude of the sources, we decide to tune the amplitude of the source so that electron
density and temperature match the experimental values at a specific point. This point was selected
to correspond approximately to the position of the maximum of the measured density and is located
at (R, Z) = (0.96,0) m, as indicated on Figure 4. The values to be matched are n, = 2.1- 106 m=3
and T, = 5.3 eV. Tons are assumed to be cold (T; = 0).

3.2 Relevant differences between codes

The model and the numerical techniques of each code are presented in detail in Appendix A. The
main characteristics of the turbulence codes, in the version used in this work, are summarized in table
2.

‘ FELTOR GBS GRILLIX STORM
Flux-aligned grid No No No Yes
Resolution 972 x 972 x 32 150 x 200 x 32 444 x 504 x 16 96 x 64 x 64
Model Gyro-fluid Drift-Fluid Drift-Fluid Drift-Fluid
Isothermal Yes No No No
Electro-magnetic induction | No No Yes No
Boussinesq approximation No Yes No Yes
Boundary conditions Simplified Generalized Bohm- Bohm-

Bohm Chodura Chodura

Penalization No No Yes No
Buffer at the boundary No Poloidal Radial No

Table 2: Characteristic features of the turbulence codes participating in the validation procedure.
The reported number of grid points correspond to the horizontal, vertical and toroidal directions for
FELTOR, GBS and GRILLIX, and to the radial, poloidal and toroidal directions for GRILLIX and
STORM.

One of the main differences between the codes is the grid geometry. GBS uses a non-aligned
cylindrical grid. GRILLIX and FELTOR use a cylindrical grid, which can be considered as “locally
field-aligned” because of the flux-coordinate independent method used to discretize parallel direction
[20]. In FELTOR, the grid is a square on the poloidal plane including the whole vacuum vessel, with
R — Ry € [—20;20] cm and Z € [—20;20] cm, while in GBS, the rectangular domain is vertically cut
at approximately the position where the separatrix meets the vessel on the LFS, so R— Ry € [—20; 20]
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cm and Z € [—15;15] cm. Both STORM and GRILLIX cut the domain radially at a flux surface
corresponding to R — Ry ~ 17 cm at the midplane. In the poloidal direction they cut the mesh
following the direction perpendicular to the flux surfaces, at the most suitable poloidal position to
best capture the location of the targets.

The codes solve drift-reduced Braginskii equations, except from FELTOR, which solves a set of gyro-
fluid equations, thus being able to account for Finite Larmor Radius (FLR) effects. The FLR effects
can impact blob properties and thus cross-field turbulent transport [47, 48]. All the codes except
FELTOR evolve the electron temperature, while only GRILLIX takes into account electromagnetic
induction. GBS and STORM apply the so-called “Boussinesq” approximation to vorticity. The impact
of this approximation on SOL turbulence was studied in [49, 50] and its influence on zonal flows in
[51].

Boundary conditions represent also a major difference between the codes. FELTOR uses a simplified
set of boundary conditions, which ensure a local particle outflow at the boundary. GBS uses a set of
generalized Bohm boundary conditions, derived in [52], at the top and bottom boundaries, allowing
in particular currents to flow in and out of the targets. In this work, GRILLIX uses a set of Bohm-
Chodura boundary conditions [53], which take into account the correction to parallel flows due to
E x B poloidal drift, although it does not allow the flux of electric charge through the boundaries.
The “penalization” numerical technique is adopted to apply these conditions, in order to account for
complex geometries of the plasma-wall interface [20, 54]. STORM applies E x B drift-corrected
Bohm-Chodura boundary conditions allowing currents at the targets. GBS imposes a buffer region
with diffusion coefficients multiplied by a factor 20 in the vicinity of the targets, with a characteristic
vertical width of 4 mm, in order to avoid spurious fluxes and limit the perturbations affecting the
boundaries. A similar buffer region is imposed in GRILLIX at the radial boundaries, thus far from the
strike points. For numerical reasons, GBS simulations in this work are run wit a mass ratio m;/me
lower by a factor 6 with respect to reality, and with a constant collisionality in time and space. The
impact of collisionality is discussed in Section 5. All the codes except for GRILLIX (see Appendix A
for details) assume that turbulence is electrostatic. This assumption is justified by the extremely low
values of 8 reached by TORPEX plasmas.

4 Multi-code simulation results and validation with the ex-
periments

In this section the code results are compared with the experimental data. As a first step, individual
profiles of fields of interest are qualitatively compared among the codes and with the experiment.
Then, the level of agreement between simulations and experiments is quantified, for a substantial set
of observables, using the methods proposed in [26].

4.1 2D comparison of plasma fields and statistical properties

First, we analyze plasma fields averaged over time and toroidal direction. Figure 5 shows the 2D
profile of some plasma fields of interest, and the comparison with the experiment. We remark that
the experimental data is only averaged in time, since measurements are toroidally localized.
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Figure 5: a) On the left, time-averaged ion saturation current density from HEXTIP-U. On the right,
ion saturation current density averaged over time and toroidal direction for all the codes. b) Average
plasma potential from SLP and from the codes. c¢) Average electron temperature from SLP and from
the anisothermal codes.
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As shown in Figure 5a, the ion saturation current peaks near the source location for every code,

slightly further towards the LFS than the experiment, with a slight vertical displacement in the
upwards direction for STORM and in the downwards direction for FELTOR. Most of the codes can
qualitatively reproduce the up-down asymmetry observed in experiments (with the top sector more
strongly filled with plasma than the bottom one), although in the simulations the ion saturation
current profile is systematically less elongated along the vertical direction. As also seen in Fig. ba,
in the simulations, the ion saturation current is substantially larger in the LFS lower branch of the
separatrix as compared to the experiment. This suggests an overestimation of the radial transport in
the simulations or differences in the source terms. The plasma potential resulting from simulations,
Fig. 5b, closely follows the electron temperature spatial distribution, Fig. 5c. This is expected
as a result of the proportionality between the potential sheath drop and the electron temperature.
Although in simulations the plasma potential is spatially more peaked than in experiments, the
strong gradient across the LFS upper branch of the separatrix is well reproduced. This leads to an
average F x B velocity along the same direction as in experiments. The electron temperature, Fig.
5c, generally shows a field-aligned pattern, although with the formation of relatively strong parallel
temperature gradients in GBS and partly in STORM, while the field-alignment seems to be absent in
experiments in the top and bottom sectors. Overall, the simulation results are strongly reminiscent
of the source shape and position that have been imposed. In experiments, the marked homogeneity
of the profiles in the vertical direction could be due to an effectively more homogeneous source, in
particular of energy, than the evaluated one, to some transport mechanism underestimated by the
codes, or to an homogenization of the temperature due to electron-neutral collisions.
The integrated power source needed to match the reference density and temperature value in the
codes is of the order of 1 W. This quantity is lower by two orders of magnitude with respect to
the experimental injected power. This is due to the fact that i) in the experiments, only part of
this power is absorbed by the plasma and ii) in simulations we do not include the energy losses to
neutrals (ionization and excitation), which represent the main energy loss mechanism for electrons [43].
Therefore, the power source in our codes only compensates the losses at the walls, which, for realistic
plasma parameters, is indeed of the order of 1 W. This calls for new simulations that self-consistently
include neutrals, to better model the transport of electron energy.

4.2 Radial midplane profiles

The main statistical moments of the ion saturation current density and of the floating potential are
calculated for each code, and compared to HEXTIP-U measurements.

As noticeable in Figure 6, the simulations generally show a midplane profile of the ion saturation
current density in good agreement with experiments, except for FELTOR, that is characterized by
smaller gradients. The level of J,,; fluctuations is generally underestimated by all codes, by a factor
2 or more. In particular, the level of fluctuations seems low in the region corresponding to the peak
density, and only STORM can partially catch an increase in fluctuation level after the X-point. We
remark that a low level of fluctuations with respect to experiments was obtained also in past simu-
lations of simpler TORPEX configurations [25]. Nevertheless, in the present simulations, the level of
fluctuations can reach 40% for all codes near the strike points (not shown here). In the experiment
as well as for most of the codes, the skewness of J,,; fluctuations is close to zero in the source re-
gion and becomes positive in the LFS region, reminiscent of the tokamak Scrape-Off Layer [55]. In
simulations, however, the skewness also becomes positive in the HFS region, in clear contrast to the
experiment. This is caused by the fact that coherent structures are radially propagating towards the
LFS in the experiments, while this propagation can happen also towards the HFS, mainly along the
upper separatrix branch, in the simulations.

The codes seem to catch a floating potential negative peak at the separatrix, and a maximum of
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Figure 6: Radial profiles of statistical moments of the ion saturation current density and of floating
potential at the midplane (Z = 0 cm), compared with experimental data from HEXTIP-U. The
vertical dashed line indicates the position of the X-point. The evaluation of the experimental errorbars
is explained in section 4.3.

its fluctuation amplitude, although at the LFS of the X-point instead of its HFS as in experiments.
The absolute value of the floating potential is usually not matching well the experiments. One of
the possible reasons for this observation is that the electron velocity distribution could differ from a
Maxwellian, affecting the sheath potential drop. No trend is clearly visible in the skewness of floating
potential fluctuations.

In order to interpret statistical moments of the fluctuations resulting from simulations, it is useful
to qualitatively describe the behavior of turbulent structures. Generally, the largest blobs form close
to the X-point (most of the time slightly above it, in the top sector), where they are toroidally
connected [36]. Examples for each of the codes are shown in Fig. 7. In some cases, as for GBS,
the blobs stagnate at the same position for some ~ 10 ps, rotating around their centre. Then, they
are expelled from the high-density region, most of the time following the upper LFS branch of the
separatrix, as observed in experiments, but sometimes also horizontally across the X-point or along
the other branches of the separatrix. When crossing the separatrix at the LFS, most of the blobs
get quickly squeezed along the flux surface, and they are completely damped after some ~ 10 ps.
In STORM, the dynamics seems slightly faster than in the other codes, and the blobs generate at a
position slightly further from the X-point (Fig. 7). A qualitative comparison with Figure 3a suggests
that the blobs detected in simulations have generally a lower amplitude with respect to experiments,
and a smaller cross-section. Wave-like turbulence develops in all codes at flux surfaces further from the
X-point, correspondent to a radial position at the midplane of approximately 5 cm < R— Ry < 10 cm.
These structures, which have smaller poloidal extent, are usually field-aligned. These fluctuations can
interact in a complex way with filaments created near the X-point, sometimes merging with them or
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Figure 7: Snapshot of the ion saturation current density fluctuation §Jsqr = Joar — J sat (A/m?) at a
chosen time tg, different for each of the codes (zoom around the X-point region). Dashed, solid and
dashed-dotted green lines indicate the blob contour at three different time frames, indicated on the
figures. The separatrix is represented in blue.

affecting their trajectory. Almost no turbulent structures are detected in simulations at the midplane
in the far LFS sector (R — Ry > 10 cm), thus explaining the low level of fluctuations observed in
this region (see Fig. 6). Overall, the blob dynamics in simulations seems more concentrated near the
X-point, and faster by a factor ~ 2 than the experiments, as visible from a qualitative comparison
with Figure 3a.
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4.3 Validation

Following the procedure described in [26], we now quantitatively determine the level of agreement
between numerical and experimental results. For each observable j, we evaluate the distance between
experimental measurement and simulation as:

1 oA (20 — i)
4= | — S Wis ZY¥is) 5
’ Nj ; (A ;) )

where ¢ = 1, ..., N; are the points at which the value of the observable j is determined, x; ; is its
experimental value at the i — th point and y; ; is the simulation result at the same location. We note
that every point in the 2D arrays of HEXTTP-U and SLP measurements is considered in the validation.
We also note that here we do not consider the errors in simulations, since their rigorous evaluation
would require a parameter scan which would be computationally too expensive. Alternatively, an
indication on simulation uncertainties introduced by time and space discretization could be given
based on the method of the Richardson extrapolation [56], as previously done in [57]. Also this
method would be computationally very challenging.
The experimental uncertainty Ax; ; is evaluated as:

where k = 1, ..., N are the different sources of error summarized, for each observable, in Table 3.

Observable Diagnostic Uncertainty sources Comparison hierarchy
level (Exp.; Sim.)
Jsat HEXTIP-U  repeatability, machine conditions, 2 (1;2)

probes area

std (Jsat) /Jsat  HEXTIP-U  repeatability, machine conditions 2 (1; 2)
skewness (Jsq:) HEXTIP-U  repeatability, machine conditions 2 (1; 2)
Vs HEXTIP-U  repeatability, machine conditions 2 (1;2)
std(Vy) HEXTIP-U  repeatability, machine conditions 2 (1;2)
skewness(Vy)  HEXTIP-U  repeatability, machine conditions 2 (1; 2)
Vo SLP machine conditions, IV curve fitting 2 (1; 2)
n SLP machine conditions, IV curve fitting, 2 (2; 1)
probes area
T. SLP machine conditions, IV curve fitting 2 (2; 1)

Table 3: List of observables with corresponding diagnostics and sources of uncertainty. The experi-
ment, simulation and comparison hierarchy levels are also reported for each observable.

For HEXTIP-U data, the repeatability uncertainty is considered as the standard deviation of the
measurement over the 44 nominally identical shots included in the experimental dataset and per-
formed within one experimental session. In this way, we quantify the shot-to-shot variability of the
time-averaged measurements, within a series of discharges successively performed, with comparable
machine conditions. The uncertainty due to machine conditions for each observable is quantified as
the difference between the average measurement taken in the reference 44 shots, and the average
measurement carried out in a former series of 70 selected shots in the same scenario. Between these
two experimental sessions, TORPEX and its diagnostics system underwent some minor upgrades that
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have slightly influenced the results. SLP measurements were taken only twice for each position dur-
ing the different experimental sessions, so the machine condition error is calculated as the difference
between the two measurements. In the temperature evaluation by SLP, the fitting of the IV curve
is also affected by uncertainties. Here we consider different ranges of biasing voltage over which the
fitting is performed, then identifying the differences in the fit results as the main source of uncer-
tainty. For this purpose, the minium temperature fitting approach [58] was applied to two separate
voltage ranges, V € [Vy Vi g+ Te o] and V € [Vy 4 + 1.1T¢ o3 V5 g + 4.5T, 4], where Vi 4 and T 4 are
initial guess values for Vy and T, respectively. This uncertainty also affects density, which is derived
from Jsu¢ and T, measurements. Measurements of Jg,; (HEXTIP-U) and n (SLP), are affected by
an uncertainty on the probe tip collecting areas. In the calculation of the level of fluctuations and
of the skewness of Jg¢, however, this uncertainty averages out. The absolute value of density, and
thus also of ion saturation current, is scaled here, homogeneously over all points, in order to obtain a
calculated position of the UH resonance, Eq. (3), consistent with the peak of the source shape shown
in Fig. 4. The uncertainty is thus due to the limited spatial resolution of HEXTIP-U in the source
measurements, which translates in an uncertainty in the upper-hybrid density.

Following Ref. [26], we quantify the combined experimental and numerical precision in the evaluation
of the observable j by the parameter S;, defined as:

Z» Al‘z 7
S; =exp (— ! : . (7)
! 2oilwigl + 22 1yl
Also, based on the evaluated distances d;, the simulation-experiment agreement for each observable
J is quantified by the function R;, defined as:

Ri=3 {tanh (dj_l/jj_do) + 1] , (8)

where dj is a reference distance marking the transition from agreement to disagreement, and A is
an arbitrary parameter characterizing the steepness of the agreement function R;, thus determining
how fast one result passes from being considered in agreement to being considered in disagreement.
In this work, we impose dy = 1, corresponding to the case where the distance of the numerical result
from the experiment coincides with the amplitude of the errorbar. We further set A = 0.5 as in the
previous validation work [59].
Each observable is associated with an experimental hierarchy level and a simulation hierarchy level.
Every independent measurement or functional model combining several measurements adds one unit
to the hierarchy level [25]. For each observable j, these two hierarchy levels are combined together in
a comparison hierarchy level h;. The hierarchy levels are reported in Table 3. A weight H; = 1/h;
is associated to each observable, so that the lowest levels are the most important in the validation
procedure. The quality of the comparison is then calculated as:

Q= ZHij ; (9)

and it is a measure of how stringent or extensive the validation is [25], increasing with the number
of observables and with their precision, and decreasing with their hierarchy level. The overall level of
agreement between a simulation and the experiment, or “metric”, is defined as:

= > RjH;S;
> H;S;

where y € [0;1], x = 0 indicating perfect agreement and x = 1 no agreement. When applying
the validation procedure to FELTOR, which is isothermal, electron temperature is excluded from the

; (10)
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list of observables. The time-averaged floating potential is also excluded, since it is calculated as
Vi = ¢ — AT,, so through a model of the sheath dependent on T¢, which is not applicable to FELTOR
simulations. Moreover, for FELTOR we calculate the statistical moments of the plasma potential ¢
instead of the floating potential Vy, since in an isothermal model these fields differ only by a constant.
The results of the validation procedure for each code are reported Table 4.

FELTOR GBS GRILLIX STORM GBS GBS GBS
v*x3.5 v*x3.5 v*x3.5
Rs=0.90m Rg=0.95m Rg =0.98m
Taat 465 145 206 576 267 113 19.9
std(Joar)[Tsar | [HGN —~— 2.77 2.73 2.74 3.00 2.84 2.14
skewness(J.or) | [BOH HE2E B 2B 2B 211 4.72]
Vy 839 677 659 7.33 1965 149,
std(Vy) 709 576 611 595 806 740 6.40,
skewness(Vy) 3.27 250 S 2.44 222 188 2.35
v, 3.06 1.28 1.33 1.70 1.26 2.35 1.62
Tle B 385 1.72 3.30 2.67 1.86 2.68
T. 402 263 2.18 2.75 1.72 3.38
Q 2.86 3.50 3.63 3.54 3.72 3.74 3.58
X 1.00 0.89 0.85 0.95 0.90 0.93 0.93

Table 4: Distance d; evaluated for all the observables in all the simulations. A green color indicates a
good agreement, while the more the background color tends to the red, the larger the disagreement.
The colorscale is saturated at 5, and empty fields correspond to quantities not simulated by the code.
The last two lines indicate the quality @) and the metric x for each simulation. The last three columns
are referred to the simulations discussed in Section 5.

Globally, the agreement between numerical and experimental results, identified by the metric x;,
is not satisfactory from a quantitative point of view, as visible in Table 4. We remark here, however,
that not considering numerical errorbars makes this comparison particularly strict with respect to
previous validation works (e.g. [26, 27]). FELTOR, GBS, GRILLIX and STORM simulations result
in a level of agreement of x ~ 1.00,0.89, 0.85 and 0.95, respectively. The observables determining these
differences between codes are mainly the average density, temperature and plasma potential, where
the distance between codes and experiments is within a few (~ 2) errorbars. The distance between
simulations and experiments is generally lower, and hence the agreement better, for the observables
evaluated with SLP measurements (V, 7. and T'.), with respect to the ones derived by HEXTIP-U
(the statistical moments of Js,, and V). We note, however, that the comparison with quantities
measured by HEXTIP-U is more stringent, as it involves a larger number of measurement points.
Although the validation results are quantitatively not satisfactory, we note here that the application
of the metric is a useful tool to assess, in an objective manner, how much the agreement can be
improved in future, more refined simulations. In addition, this quantitative evaluation allows to assess
the sensitivity of the simulation results to certain input parameters. Such an analysis is performed in
the next section.
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5 Sensitivity to the source position and collisionality

Simulation results appear to be strongly dependent on the source terms. Moreover, the experimental
assessment of the source includes several approximations and assumptions. For instance, the limited
spatial resolution of HEXTIP-U, which is used for the source evaluation, as well as the imperfect
control on the X-point position, can lead to an uncertainty on the radial source position ARg ~ 4 cm.
The collisionality, evaluated from experiments, is a parameter also affected by large uncertainties. In
particular, the time-average resistivity in the reference point, derived with the Braginskii model, can
vary by up to a factor 4, considering the uncertainties on electron density and temperature measure-
ments. Therefore, three additional GBS simulations have been performed, where the radial coordinate
of the density and temperature source center Rg has been scanned, keeping all the other source pa-
rameters fixed, including the vertical position and the intensity of the source. The collisionality has
instead been increased by a factor 3.5 in this scan, which allows computational time to be saved.
This results in an increase of the parallel resistivity by a factor 3.5 and in a decreased parallel heat
conductivity by the same factor, according to Braginskii estimates [44]. Therefore, these simulations
allow us to test also the sensitivity of the results, and of the metric x, on these parameters. The
simulated values of source radial position Rg are [0.90;0.95;0.98] m, where Rg = 0.98 m is the value
used in the simulations discussed in Section 4. The validation procedure is applied to these additional
simulations and its results are included in Table 4.

Rg =0.90m v*x3.5 Rg =0.95m v*x3.5 Rg =0.98m v*x3.5 Rg =0.98m (101
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Figure 8: First row: plasma density in three GBS simulations with particle source at Rg =
[0.90;0.95;0.98] m and increased collisionality. The center of the source is identified by a vertical
dashed line. The fourth column shows the reference GBS simulation with collisionality set to the
Braginskii value. Second row: the same for electron temperature. Third row: standard deviation of
the ion saturation current.



We compare first the two simulations with Rg = 0.98 m, but with different collisionalities. We

notice that the density profiles at the outer midplane are broader in the high collisionality case (Figure
8, third column) with respect to the reference case (Figure 8, fourth column), as a consequence of
the increased resistivity. The higher collisionality leads to less field-aligned temperature as expected
from the lower parallel heat conductivity, and in general to a dynamics less concentrated along the
separatrix. Nevertheless, as visible from Table. 4, the floating and plasma potential show a higher
global disagreement with experiment at high collisionality, leading to an increase in metric Ay ~ 0.05.
As the source moves further from the X-point, the average density and temperature peaks follow its
radial position, as visible in Fig. 8 (first two rows). The lower LFS separatrix leg, nevertheless, shows
similar values of density and temperature in all cases. The behavior of turbulent structures also qual-
itatively changes with the source position. As shown in Fig. 8 (last row), the fluctuations with the
largest amplitude occur close to the source center, where the density peaks, and in particular on its
low field side. However, the further left the source is, the more the fluctuations tend to propagate also
to the HFS. In the case Rg = 0.95 m, some blobs seem to spread in the top sector, increasing density
and temperature homogeneity there, and thus slightly improving the agreement with experiments
on these observables (see Table 4) with respect to the case with Rg = 0.98 m. Nevertheless, the
peak of the fluctuation level is displaced with respect to the experimental one, so the agreement on
statistical moments gets worse. Globally, the resulting level of agreement is similar to the case with
Rs = 0.98 m. In the case with Rg = 0.90 m, the plasma strongly interacts with the HFS wall, and the
structures are mainly directed towards the HF'S strike points, clearly in contrast with the experiment.
Nevertheless, the resulting plasma potential, more homogeneous in the HFS and top sectors, leads to
a metric close to the reference case.
Globally, the dynamics shown by the reference simulation best approaches the blob dynamics observed
in experiments, with turbulent structures propagating principally along the upper LFS branch of the
separatrix. The time-averaged plasma potential seems to be best reproduced in this case, globally
leading to the best y values found among GBS simulations. This analysis increases the confidence
in our experimental evaluation of the source position and collisionality. Moreover, it reveals that the
uncertainties on these parameters can mildly affect the global level of agreement, with a change of
Ax %+ 0.05.

6 Conclusions

Previous multi-code validation studies of edge plasma turbulence, carried out with 3D fluid turbu-
lence codes, have been extended in this work to an X-point configuration in the basic plasma device
TORPEX, where the plasma is widely accessible by Langmuir probe arrays. In order to study tur-
bulence around the X-point, a new TORPEX experimental scenario, featuring a magnetic null but
no closed field lines, has been developed. Even though this configuration differs from a tokamalk,
the dynamics around the X-point share important properties, such as the interaction of background
drifts and turbulence. The experimental results show that turbulent activity, quantified as number
of detected blobs in a specific time window, tends to decrease with the poloidal field magnitude. An
intermediate value of the poloidal field is chosen for the reference experimental scenario, to have, at
the same time, a relatively high blob generation rate and a magnetic shear induced by the X-point
comparable to the one in a tokamak. Blobs form principally in the vicinity of the X-point, propagating
then in the direction of the ion VB drift and towards the LFS. Both the local potential dipole and the
background plasma potential affect this transport mechanism. The resulting time averaged profiles
show a remarkable up-down asymmetry, in contrast with most of the TORPEX scenarios explored
up to now. Reversing the toroidal field resulted in an up-down flip of the profile, thus excluding a
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possible influence of the asymmetries in the torus (e.g. the presence of an in-vessel conductor) on
plasma dynamics.

This X-point scenario was simulated with FELTOR, GBS, GRILLIX and STORM. The simulations
have proven to be challenging for all the codes involved in this work. A first difficulty is the low
incidence angle, between 0.5° and 1.2°, of magnetic field lines on the TORPEX vessel. For such
grazing angles, the conventional boundary conditions for fluid codes reach the limits of their validity.
With state-of-the-art boundary conditions, as the Bohm-Chodura condition on parallel flows with
correction for the £ x B drift, the low incidence angles lead to strongly supersonic flows and thus to a
parameter space not ideal for edge plasma turbulence codes. Furthermore, turbulence levels are high
(up to 40% for density fluctuations) close to the boundaries, particularly at the strike points, which
can lead to numerical difficulties. A further complication is the intrinsic 2D nature of the problem on
the poloidal plane, given by the geometric structure of the X-point. In this framework, the flexibility
of the codes has been severely tested, in order to cope with the complex magnetic geometry and the
peculiar source shape.

The simulations are qualitatively and quantitatively compared to the experiments, using the procedure
detailed in [59]. The validation results shows that the codes are able to qualitatively reproduce key
time-average features of the scenario, as the up-down asymmetry. Most of these observables agree with
experiments within few errorbars, that account for experimental uncertainties due to repeatability,
machine conditions and area of the Langmuir probe tips. In particular, the average plasma potential,
and thus the background F x B flows, are well reproduced. On the other hand, the statistical proper-
ties of the fluctuations have been proven harder to match, with simulations generally underestimating
the level of fluctuations, as observed in earlier TORPEX validations. As in experiments, blobs in
simulations tend to form in the vicinity of the X-point and propagate along the upper LFS branch of
the separatrix. Nevertheless, numerical results show also structures propagating towards the HFS, a
feature which was not observed in experiments. The sensitivity of the results on the source position
and the plasma collisionality was quantitatively assessed with additional GBS simulations. Varying
these parameters in a range compatible with experimental uncertainties led to a mild variation in the
metric, Ax ~ 0.05. The GBS simulation with lowest collisionality and source radial position close to
the experimentally measured one resulted in the best agreement within this scan.

A self-consistent description of electron-neutral collisions seems to be mandatory in order to improve
the agreement between simulations and experiments. In particular, the effective spatial distribution
of the density could be more self-consistently captured, as well as the electron energy losses by ion-
ization, dissociation and other relevant atomic and molecular processes which are neglected at the
moment. The implementation of boundary conditions adapted to low-incidence angles would also be
expected to improve the description of the X-point scenario. The application of the same metric as in
the validation performed in this work will allow a quantitative assessment of the future improvements
of fluid turbulence codes in modelling the magnetic X-point region.
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Appendix A Turbulence codes model

In the following sections, we present in detail the physical models solved in this work by the different
turbulence codes. In all the models, the notation is the following:

e 1 : plasma density ,
e ¢ : plasma potential ,

e T, : electron temperature ,

pe : electron pressure ,

v||e : electron parallel velocity ,
e v|; : ion parallel velocity ,
e w : vorticity ,

e jj : parallel current.

The models are reported here in SI units, although the codes solve conveniently normalized equa-
tions. Additional quantities specific to each code are defined in the corresponding section.

A.1 FELTOR

For this study we use an isothermal 3D gyro-fluid model that includes Finite Larmor Radius effects
down to the gyro-radius, but polarization effects in the long wavelength approximation [60, 61, 62, 63].
The latter approximation has been relaxed only recently [64]. The gyro-fluid model is discretized
in a discontinuous Galerkin framework that in particular also features an FCI expression for the
parallel derivatives [48] and is implemented in the Feltor library [18]. This library features platform
independent algorithms implemented using modern C++ template meta-programming techniques and
thus allows to run the code on a multi-GPU hardware architecture. The use of binary reproducible
scalar products makes the code both reproducible and accurate.

In cylindrical coordinates and dimensionless units the general axisymmetric magnetic field can be
written as

Wy g

Ry .
Bzf I(¢p)é, + 8ZeR 8ReZ ,

(11)

FELTOR uses an analytical expression for I(1,) and v, given by Reference [65]. Further, FELTOR uses
a toroidal/negative toroidal field line approximation. This applies b ~ £&, to all perpendicular terms
(E x Bdrift, perpendicular elliptic operator and curvature operators) but retains the full expression
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for the magnetic field unit vector b for parallel derivatives (V| :=b-V and A = V -bb- V). Note
that a negative sign —&, enables a sign reversal of the magnetic field.
In cylindrical coordinates that is

Vlf:aRféRJrazféZ (12)
1
AL f= EaR (RORS) + 02(0zf) (13)
The curl of b reduces to V x b = —%éz. This simplifies the curvature operators to:
+1 +10B +10B .
Kbe:_?ReZ7 Kvsp =—§a7€R+§ﬁez K =Kvp+ Kvxb, (14)

which results in a vanishing divergence of the curvature operator V - K = 0.

The model equations comprise the continuity equation for the electron density n. = n, the ion
gyro-centre density N;, the velocity equations for the parallel electron velocity u . = v . and the
parallel ion gyro-centre velocity U ;. Note that the electron gyro-centre quantities coincide with their
drift-fluid counterparts due to vanishing gyro-radius. In contrast the ion gyro-centre quantities IV;
and U) ; require a transformation back to particle space in order to compare to n and v ;. Omitting
species labels the model reads

0
5N+ V(N (v + vk +vo+Upb)) = —vi ATN + Sy (15)
0

mNaU” + mN (’UE +vg +vo+ UHb) 'VUH

+2mV - (NUH'Ube) — mNUHV " Vvyxb + mNU|\ICV><b(¢)
= —TV N — gNV ¥ + qnujj

+ AU+ mN (v ATU)) +mUy (~v1 AN + Sy) (16)
with the E x B and curvature drift velocities
&, x V T mU} T
vE = SaTw, VR = 5K7 vo = T”KVva Vyxb = 5Kbe- (17)

with ¢c = —e and ¢; = +e.

The electric potential ¢ is computed by the polarization equation
m;T;
2e2 B2

iNi —
-V (m ! Vﬂ;s) =T Ni—n., Tili=1- A, (18)

eB

given ¢ the generalized electric potential is defined as

2
mi (V.i¢
.= o, =11, — — . 19
o= 6, ¥ 1,¢2€(B) (19)
The parallel Spitzer resistivity (applied to current jj = en.(Uj; — uj,c) is
0.51meve;
= 20
ull 2 (20)

while v and v, are numerically motivated parameters that stabilize the simulation.
The model uses Dirichlet boundary conditions for the electric potential and the density and homoge-
neous Neumann boundary conditions for the velocity.
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A.2 GBS

GBS [66, 7] is a three-dimensional, flux-driven, global turbulent code used to simulate plasma tur-
bulence in basic plasma devices as well as in the boundary of tokamaks. By assuming the Boussi-
nesq [66, 67] and the large-aspect ratio approximations, the equations implemented in GBS in the
cold ions and electrostatic limits are

on 1 2
5 = 5lon + 5[0~ enCO)] — V() + DuVin +50, (21)
Ow 1 BQuo, . 20
a = E [¢aw] - UHiV”w + 7(3” VH]H + ZC(pe) + Dwvzl(,u7 (22)
Ve 1 e (i 1 0.71
5t =~ Bl — v Ve + mi(?” + V)6 = —Vjpe - TVHTe)
410,
+3n£np Vivje + Doy Vivje, (23)
9v); 1 1 10:
5 - B [¢>U|\i] v Vv — mijﬂVM% + MVﬁv”i + Dv\\iviv”i , (24)
T, 1 ) vn
at = — E |:¢7Te] - UHEVHTE + gTe |:O71VHUHZ — 171VH’UH6 + 071(UHZ — UHe) .
AT, [7 T,
3eB [§C(Te) + ;C(n) - 60(45)} + D7 VAT, + X ViT. + S, , (25)
Vi =w (26)

where Q.; = eB/m; is the ion cyclotron frequency. The spatial operators appearing in Egs. (21)-

(26) are the E x B advection operator [gb, f] =b - (V¢ x Vf), the curvature operator C(f) =
B [V X (b/B)] /2 -V f, the parallel gradient operator V| f = b -V f, and the perpendicular Laplacian
operator V2 f =V - [(b x Vf) x b], where b = B/B is the unit vector of the magnetic field.
The physical parameters appearing in the model equations are the electron and ion viscosities, 1o ¢
and 7y ,;, the electron parallel thermal conductivity x|, the parallel electric conductivity, o) , and the
perpendicular diffusion coefficients D, ., /e /vy ) Te- In this work, we assume that the dominant mo-
mentum loss mechanism is due to electron-molecules collisions, which leads to a parallel conductivity
of ~ 770S/m [45]. The magnetic presheath boundary conditions, derived in Ref. [52], are applied
at the top and bottom walls of the domain. In the (R, p, Z) cylindrical coordinates and neglecting
correction terms linked to radial derivatives of density and electrostatic potential at the target plates,
the boundary conditions are written as

v|; = £ cs, (27)

Vje =% cs exp (A — eTﬂ) (28)

= F (29)

a%¢ =F m;cs a%vnm (30)

a%Te =0, (31)
2

w=—— (%vni)z e %vni : (32)
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where A = 3.1 in TORPEX simulations, and ¢, =

field pointing towards (away from) the target plate.

The differential operators appearing in Egs. (21)-(26) are discretized on a non-field aligned Cartesian
grid by using a fourth-order finite differences scheme [7]. Time is advanced by using a standard fourth-
order Runge-Kutta scheme. Details on the numerical implementation are reported in Refs. [7, 19, 68].
The GBS domain has been recently extended to include the whole plasma volume when simulating a
tokamak [22]. GBS has been verified with the method of manufactured solutions [57] and extensively
validated with a rigorous validation methodology [26] against experimental results [66, 59, 27].

‘jf: . The top (bottom) sign refers to the magnetic

A.3 GRILLIX

GRILLIX [69, 20] is a 3D Braginskii-fluid turbulence code which, like FELTOR, uses the ‘flux-
coordinate independent’ method to discretize parallel dynamics. For this study we use the model
presented in Stegmeir et al, 2019 [20], which is a set of global’, non-Boussinesq, drift-reduced Bra-
ginskii equations. Electromagnetic induction is present in Ohm’s law, but magnetic "flutter’ terms,
causing electromagnetic transport are disabled.

%n = nk(¢) — %K(Te) - %K(n) +V- K‘Q —~ nv|i> b] + Dy(n) + Sh, (33)

V- [”;,2” (jt +v|zV|> (Vig+ v“)l)] = —T.K(n) = nK(T.) + V - (jyb) + Du(w), (34)
d

e <d + ”IZVI) v = = Vjpe + Puly), (35)

me [ d Ji 1o} 0. 51m8 .
- . (dt +U|6V|) 7’17, — aA = ]” + Vqu — 7v”py —0.71- VHT Jr'Dq;(\If ) (36)

2
3(;“4 v|> Te:—zzlc( T.) — eT—n (n) + T.K(¢) — T.V - (v)cb )+O.71£V~(jub) (37)

0.51m, it N oTeon 3 3
+ oy v 3.16 V|T.) + SDr(T.) + 28z,
€2Ten, 1 Me 2 2
VIA| = —pojy. (38)

where the E x B advective derivative and curvature operator are defined as:

d 0 B
% 6t+< XV¢)

K(f) = — (VX BBQ> Vf.

Equations (33-38) represent the continuity equation, vorticity (quasineutrality) equation, parallel
momentum balance, Ohm’s law with electromagnetic induction and electron inertia, electron temper-
ature equation and Ampere’s law. For this study we use the electron-neutral collision time 7., in the
resistivity and heat-conductivity coefficients.

For numerical stability, several kinds of diffusion are applied to the system, represented by the
operator Dy = v 1 VS f+ v V- (bV)f) + V- (Vfbuter VL f). Within a poloidal plane, a 6 order

1i.e. non-perturbative — there is no separation of the background and fluctuation, except for the current associated

with the background magnetic field
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hyperdiffusion with a small prefactor is applied on all quantities to prevent energy from accumulating
at grid scale — since the physical turbulence dissipation scale is expected to be too small to resolve.
A parallel diffusion, with a small prefactor, is applied to the density, parallel velocity and vorticity to
stabilise the parallel centred-difference scheme. Finally, in order to prevent spurious F x B influxes of
heat and particles due to electric fields along the perpendicular boundaries, a diffusion is applied on
all quantities except the potential near the boundaries of the limiting flux surfaces (but not in front
of the targets).

The particle and temperature sources, S,, and St respectively, have the shape given in section
2.5. The source rates were tuned to match the nominal parameters, giving a particle source rate
of 2.18 x 10'® particles-per-second and a power source rate of 8.83W. Additionally, to prevent the
equations from becoming stiff due to low values of density and temperature, an adaptive source was
used to prevent the density from dropping below 5 x 107'm =3 and the temperature below 2.21eV.

A penalization technique is used for the implementation of boundary conditions [20] at the targets.
A drift corrected Bohm-Chodura boundary condition with a flow-reversal limit is used:

UHB +upxsB - N = max (Csf)a ’U/H,upstream]sv O) ’ (39)

for the magnetic field line pointing onto the target. In the absence of local E x B drifts, the parallel
velocity is simply forced to the greater of the local sound speed or the parallel velocity at its ‘up-
stream’ neighbour. However, when there is an E x B drift across the boundary, the parallel velocity
is adapted to compensate for the spurious heat and particle influx up to the point that the parallel
velocity would point into the domain. Due to the very low angle of incidence in TORPEX (between
0.5° to 1.2°), the drift-correction is outside the range of validity (> 1.3° [70]), and the resulting flows
are highly supersonic. The boundary condition is used nevertheless, since it is close to being valid
and preventing spurious influxes is highly desirable.

Furthermore, insulating sheath boundary conditions ¢ = AT, j; = 0, the ‘sheath heat transmis-

-1

sion” boundary condition VT, = —7. (X”eOTf/z) Tenuy for v, = 2.5, and simple upwinding for
density and vorticity — whereby we set the boundary value to the nearest interior upstream neighbour
—is used. At the outer limiting flux surfaces of the simulation domain we use a simple set of boundary
conditions, since they have less impact than the parallel boundary conditions. For this study we use
Ouwn =0, 0uTe =0, ¢ = AT,, w = 0, dyu =0, j = 0, where 9, is the directional derivative to the
limiting flux surfaces.

A.4 STORM

The variant of STORM used for this project implements a cold-ion, electrostatic, drift-reduced set of
equations, similar to [24] but with some modifications, described below, to very approximately take
into account the large background density of neutral gas in TORPEX. STORM is implemented in
the BOUT++ framework [71, 72] (using a development version of the 4.4 series [73]) and uses a flux
surface aligned grid and field-aligned parallel derivatives.
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The equations evolved are,

on ell
5 = v Vjn - 2bx Vo Vn By, (")
b b
+ EV X (B) - Vpe —nV x (B) Vo+ S, +VL (D Vin), (40)
6’UZ—H 1
ot = _UiHVHUz‘H — Eb X V(Z) . VUZ‘H
e R; ;|| Sn
—Evucf)-f-miil;—#, (41)
3ve‘| . 1 vae
ot = —veHVHUeH — Eb X Vd) . VveH — 7men
e Re| Ve Sn
+ V||¢ + mon s (42)
88—0; = —*b x V¢ -Vw — UszHW + BV” (g)
b
+V x <B> “Vpe + V- (1o Viw), (43)
oT, 2B e||
W = *UeHvHTe - Bb X V¢ VT, — 7VH ( B )

2T, b
+ 3o X (B) - (Vpe —enVo + 2nVTe>

2T, Ve 2 (V4] — Ve
gy, (')+3(”')Rm—|

3 B n
2S5k Ue”S TS 2
—V- T.). 44
+ 3n 3men n 3nv (et Vi Te) (44)

Parallel and perpendicular (subscript || and L) are relative to the fixed background magnetic field,
whose magnitude and direction are B and b. The proton charge is e, the ion and electron masses m;
and m.. The sources of density S,, and energy Sg have the shape given in Section 2.2; their amplitudes
were adjusted to match nominal values of n = 2.1 x 10 m=3 and T, = 5.3eV at R = 0.96m, Z = 0.
The resulting prefactors were 2.36 x 1020 particles s~ m =3 for the particle source and 426 W m ™3 for
the energy source. For this study we use constant perpendicular dissipation coefficients for particle
diffusion D; = 0.261 m? s~!, perpendicular viscosity p, = 0.261m? s~!, and perpendicular thermal
conductivity ke, = 2.61 x 10" m~!s~!. The generalised vorticity is related to the electrostatic
potential ¢ as w = V - ((no / BQ) v lqb), and uses a form of Boussinesq approximation to replace n
with a constant reference density ng = 106 m=3.

Allowance for the background of molecular hydrogen is made by adding an extra term to the
parallel friction terms R.), R; and modifying the collision frequency in the electron parallel thermal
conduction ¢.. The electron-molecule collision frequency is estimated as follows. The momentum
transfer cross-section for electrons impacting molecular hydrogen is o.p, ~ 107m=2 for electron
energies in the range 5—10eV [45]. The molecular pressure is taken to be 0.02 Pa at 298.15K,
giving a molecular density ng, ~ 4.9 x 1018 m~3 using the ideal gas law. Finally estimating the
electron velocity with the thermal speed at 5eV, the electron-molecule collision frequency is vem, =
NH, e H,VTe = 6.5 % 10° 571 ~ 0.099),;, where the ion gyrofrequency is Q.; = eB/m;. To the electron-
ion parallel friction Rey) = 0.51mene (viH — UeH) /Tei — 0.71neV T, where 7; is the usual electron-
ion Coulomb collision time, we add a friction with stationary neutrals R.p,| = —menveVen,, so
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Re| = Rej| + Rep,) in the electron velocity equation. We also add a friction between ions and
molecules R, = —minVj\/me/miven, to help stabilise parallel flows, so R;j = —Rei| + Rimy)-
The parallel thermal conduction coefficient was reduced from the value for electron-plasma collisions
by a factor of ve;(Te = 10eV)/ven, ~ 49.7, while keeping the density and temperature dependence
unchanged g, = —49.7 x 3.16nTeTeiVHTe/me —0.71nT, (Vi” — V;H). This form was found to be more
numerically stable than attempts to alter the density or temperature dependence to better represent
collisions with a constant-density background of stationary molecules.

At the parallel boundaries, STORM applies Bohm boundary conditions [74]. Due to the very
shallow angle of the magnetic field to the wall in this TORPEX scenario, here we add an E' x B drift
correction to the ion parallel velocity boundary condition [75]. The expressions used are

7. \/* n-bxVe
) -+ — 4
v = | () SRR (45)
1/2
miTe
- Mite —ed/T,), 46
i =+ (g ) e (-eo/ ) (46)
1 1 1
Ge|l,sh = £ §ln(mi/27rme)—§ nTeve|‘7sh—§menveH’sh (47)

where n is the outward pointing normal to the wall and 6 is the angle between the magnetic field
b and the wall. At the radial boundaries ¢ has a Dirichlet boundary condition set to a value that
relaxes so that the time- and toroidally-averaged component of ¢ has zero gradient at the boundary.
We apply Neumann radial boundary conditions to all other variables.

When solving w =V - ((no / BQ) v L(ﬁ) for the electrostatic potential, the equation is decomposed
toroidally into Fourier modes and solved as a decoupled set of 1D radial ODEs for mode numbers
n > 0 by neglecting parallel derivative terms using the assumption kj < k. Since this assumption
does not hold for low-n modes and given the importance of axisymmetric £ x B flows in the very
shallow field line angles of the considered TORPEX scenario, the n = 0 mode is solved in 2D with an
iterative scheme implemented via PETSc [76, 77, 78] and using the BoomerAMG algebraic multigrid
preconditioner from Hypre [79, 80].

To improve numerical stability we introduce artificial source terms to impose a soft lower limit on
the density of n > 5 x 1014 m ™2 and on the potential of ¢ > 1V.

The grid size was 96 points in the direction perpendicular to flux surfaces, 64 points in the parallel
direction and 64 points in the toroidal direction. Differential operators are mostly discretized using
second order finite differences, with some FFT-based derivatives in the toroidal direction. Time
integration uses the method of lines, and is solved using CVODE from the SUNDIALS suite [81].
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