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Abstract

In inboard-limited plasmas, the Scrape-Off Layer (SOL) shows two regions: the near SOL, ex-
tending a few mm from the Last Closed Flux Surface (LCFS), characterized by a steep gradient
of the parallel heat flux radial profile, and a far SOL, typically some cm wide, with flatter heat
flux profiles. The physics of the near SOL is investigated in TCV with two series of experiments
featuring deuterium and helium plasmas, in which the plasma current, density and elongation have
been varied. The parallel heat flux profiles are measured on the limiter by means of infrared ther-
mography. For the first time, the near SOL is reported to disappear for low plasma current or at
high density, for values of the SOL collisionality ν∗SOL corresponding to a conduction-limited regime.
The power in the near SOL ∆PSOL is shown to decrease with the normalized Spitzer resistivity
ν as ∆PSOL ∝ ν−1. The floating potential profiles, measured at the limiter using flush-mounted
Langmuir probes (LP), show the presence of non-ambipolar currents, and their relation to the pres-
ence of a velocity shear layer is discussed. The shearing rate is shown to strictly correlate with the
power in the near SOL ∆PSOL, consistently with a recent theoretical model. Measurements of the
near SOL on the Low Field Side (LFS) are performed using a reciprocating Langmuir probe (RP).
The near SOL is reported to vanish simultaneously at the LFS and at the limiter. The near and far
SOL widths are compared with the predictions from existing theoretical models, to which empirical
corrections with resistivity and elongation are proposed.
————————————————————————————————————————-

1 Introduction

In magnetic confinement fusion devices, the open-field line region called Scrape-Off Layer (SOL)
couples the “core” confined plasma with the solid surfaces of the reactor wall, affecting the plasma
performances. Furthermore, the elevated thermal load resulting from the deposition of the SOL
plasmas on the plasma facing components is considered one of the crucial problems to solve for
fusion. Inboard limited L-mode plasmas are foreseen for future fusion reactors start-up and ramp-
down phases. In ITER, the plasma will be limited on the central column [1], which will be covered
by beryllium (Be) tiles. In the standard model of the SOL of a limited plasma [2], the parallel heat
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flux radial profile in the SOL is described by an exponential radial decay:

q||(ru) = q0 exp(−ru/λq) , (1)

where ru is the upstream radial coordinate at the outer midplane, ru = 0 at the Last Closed Flux
Surface (LCFS), λq is the heat flux decay length and q0 is the parallel heat flux at the LCFS.
However, recent infrared (IR) thermography and Langmuir probes (LPs) measurements of inboard-
limited L-mode plasmas in many tokamaks [3, 4, 5, 6, 7] have shown the ubiquitous presence of two
regions in the SOL: a “near” SOL, extending typically a few mm from the LCFS, characterized by
a steep gradient of the parallel heat flux, and a “far” SOL, typically a few cm wide, featuring flatter
heat flux profiles. The parallel heat flux radial profile in the SOL is therefore better described by a
sum of two exponentials

q||(ru) = qn exp(−ru/λn) + qf exp(−ru/λf ) , (2)

where λn, λf are the parallel heat flux decay length in the near and far SOL, respectively, and qn
and qf are the associated parallel heat flux magnitudes.
Even though a separation between near and far SOL is sometimes observed also in diverted con-
figuration [8, 9], the ubiquitous presence of a near SOL in limited plasmas has recently attracted
the attention of the fusion community. Indeed, the near SOL is responsible for the peak heat loads
on the limiter, which can be a factor of 6 higher [10] than the predictions from Eq. (1). This
can lead to severe damages to the limiter, as observed in JET [3]. The design of ITER First Wall
(FW) panels has been changed to handle the heat flux associated with the near SOL [10]. Still, the
physics governing the formation of the near SOL is not fully understood. Furthermore, helium (He)
plasmas are foreseen for the ITER non-activation phase [11]. To date, no investigation of the near
SOL had been performed in He plasmas.
Indeed, to improve our understanding of the near SOL, further experiments featuring both D and
He plasmas have been performed in TCV, taking advantage of an improved and extended set of
diagnostics, and leveraging the experience acquired in the previous experiments exposed in Ref. [4].
These experiments have been performed within the Medium-Size Tokamak (MST) Task Force of
the EUROfusion consortium [12, 13].
This paper is structured as follows: in section 2, the experimental setup and the database are pre-
sented. In section 3, the methodology used to analyze the IR data is detailed. The perpendicular
heat fluxes are described in section 4, while the parallel heat fluxes are discussed in section 5, show-
ing the presence of the near SOL in all discharges, except for low current and high density. The
observed trends on the main plasma parameters are discussed. In section 6, the near and far SOL
widths are compared with existing scalings, for which some corrections are suggested. In section
7, the dependence of the power in the near SOL ∆PSOL upon the normalized Spitzer resistivity ν
and the SOL collisionality ν∗SOL is investigated. In section 8, we discuss the measurements of non-
ambipolar currents flowing to the limiter using flush-mounted LPs, and their correlation with the
power in the near SOL. An interpretation involving poloidal velocity shear is provided. In section
9, we compare the profiles of parallel heat fluxes and floating potential measured at the High Field
Side (HFS), with the ones measured at the Low Field Side (LFS) using a Reciprocating Probe (RP).
Finally, in section 10, the main results of this paper are summarized.

2 Experimental setup and experiments overview

A dedicated set of experiments has been performed in the TCV tokamak at EPFL, Lausanne,
Switzerland [15, 13]. TCV is a medium sized tokamak (R0 ≈ 0.88 m, B0 ≈ 1.44 T) with unique
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shaping capabilities due to 16 independently powered poloidal field coils and an open vessel struc-
ture. The TCV vacuum vessel is almost entirely covered with graphite protection tiles.
The main diagnostics used in the experiments are: the horizontal infrared camera (HIR) system,
an array of flush-mounted Langmuir probes (LP) embedded in the limiter, the newly installed re-
ciprocating Langmuir probe (RP), on loan from UCSD [16]. The location of the diagnostics is
shown in Fig. 1, together with the time evolution of the main plasma parameters and the magnetic
equilibrium for the reference discharge.
The central piece of the HIR system [17] is an IRCam EQUUS 81k M fast framing camera. Its
detector is composed by 320 × 256 CdHgTe pixels, sensitive to mid-wave IR spectrum, nominally
to photons with wavelength 3.7 ± 0.2 µm < λ < 4.8 ± 0.2 µm. In the present experiments, a long
wavelength pass filter with cutoff at 4034 nm has been used, limiting the detector sensitivity to
the range 4 µm < λ < 4.8 µm to avoid the detector saturation and the short wavelength IR part
of the spectrum, dominated by molecular emission [18]. The acquisition rate is 200 fps and the
integration time tint is 1.5 ms. The HIR system monitors the temperature of the central column
(CC) graphite tiles, acting as a limiter, to compute the heat flux deposited onto them. The HIR
field of view (FOV), shown in Fig. 1e with red dashed lines, has been doubled by using wide angle
optics, resulting in a spatial resolution of 1.6 mm/px.
The TCV CC is equipped with an array of flush-mounted LPs (orange dots in Fig. 1e). The probe
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Figure 1: Time traces for discharge #51392 of: a) plasma current Ip (blue) and total radiated power
Prad (red), b) plasma average density , c) plasma elongation κ (red) and triangularity δ (blue), d)
vertical position of the magnetic axis Zax. e) Magnetic equilibrium reconstruction from LIUQE
[14], together with the array of LPs (orange dots), the field of view of the HIR system (red dashed
lines) and the RP trajectory (thick blue line).
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spacing is 17.2 mm, and their cross section is circular with radius rp = 2 mm. In the experiments
presented herein, the LPs monitored the ion saturation current Isat and the floating potential Vfl.
Some of the discharges in the database were repeated with the probes in sweeping mode (LPs biased
with a swept potential) or measuring the current flowing to the (unbiased) limiter, I0.
The newly installed RP, detailed in Ref. [16] can perform up to two reciprocations within a plasma
discharge, covering the distance of 20 cm in 200 ms. The radial projection of the probe trajectory
is shown with a thick blue line in Fig. 1e. The RP is located on TCV middle port and the recipro-
cation takes place at the plasma outer midplane (OMP). The probe head assembly features 10 pins.
In particular, for the experiments discussed here, two pins constitute a double probe monitoring the
plasma temperature Te and ion saturation current density Jsat, and one pin measures the floating
potential Vfl and its fluctuations.
A typical discharge is designed with three phases, where all the plasma parameters are kept constant
(Fig. 1a-c), except the plasma vertical position Zax, which is varied in time, as shown in Fig. 1d,
to ensure the following:

1. For 0.5 s< t <1 s, Zax = −7 cm. This position optimizes the HIR FOV, since the plasma
contact point is not near the tile edges or other regions that need to be excluded from the
analysis (see Sec. 3 for details). Also, this position increases the range of the radial upstream
coordinate ru entering the FOV, with respect to the case Zax = 0.

2. For 1 s< t <1.2 s the vertical position is swept to increase the spatial resolution of the profiles
measured with the LPs.

3. For 1.2 s< t <2 s, Zax = 0. This position is optimized for the RP plunging, ensuring that the
reciprocation of the probe takes place at the OMP.

Two series of inboard limited L-mode deuterium (D) and helium (He) plasmas have been in-
vestigated, for a total of 36 discharges. For both species, systematic scans of plasma current
85 ≤ Ip[kA] ≤ 210, density 1 ≤ ne,av[10

19m−3] ≤ 5, and elongation 1 ≤ κ ≤ 1.5, have been per-
formed. The meeting point of the three scans is discharge #51392 (shown in Fig. 1), with Ip = 140
kA, ne,av = 2.5 · 1019m−3, κ = 1.4. For all the discharges the triangularity is δ = 0.

3 Infrared data analysis method

The heat fluxes deposited on the limiter are computed from the IR images using the THEODOR
code [19], with a procedure similar to the one described in Ref. [4], and summarized in the fol-
lowing. The IR images are converted to temperature via an in-situ calibration performed with a
heated tile, whose temperature is monitored by thermocouples. A series of corrections are applied
in order to compensate for the effects of the strong magnetic field (∼ 1 T) on the camera detec-
tor, the vignetting, the barrel distortion introduced by the wide angle optics, and the perspective
deformation. Two tiles (one located at the equatorial plane of the device, Z = 0, and the one
above) are remapped onto the physical coordinates (Rφ,Z), with R the major radius coordinate
and φ the toroidal angle (as shown in Fig. 2a), and used for the following analysis. THEODOR
solves the heat diffusion equation only in two dimensions (in the direction perpendicular to the tile
surface, and one direction parallel to the tile surface). Assuming that the heat diffuses mainly in
the depth of the tiles, these are subdivided into 50 horizontal slices on which the deposited heat
flux qdep is computed. This assumption has been verified a posteriori, comparing the code results
obtained for horizontal and vertical slices, and artificially suppressing the heat conductivity in the
direction parallel to the tile surface, not resulting in substantial changes in the final qdep. The 50
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Figure 2: a) Deposited heat flux qdep(Rφ,Z) obtained from THEODOR using 50 horizontal slices,
together with the technical drawing of a tile and the set of coordinates. b) Radial upstream coordi-
nate ru. c) Angle between the magnetic field lines and the plane tangent to the tile surface α. The
line α = 0 is shown with blue dots. The blue crosses are the maximum of qdep on each horizontal
slice (Z = const). d) qdep selected for the following analysis.

slices are reassembled to obtain the temporal evolution of the 2D map of the heat deposited onto
the tiles qdep(Rφ,Z, t). The deposited heat flux is averaged over time in intervals where all plasma
parameters, including the plasma vertical position Zax, are kept constant. The resulting qdep(Rφ,Z)
2D map is shown in Fig. 2a.
The integration of the qdep 2D map over the considered tile surface, corresponding to the upper
side of the limiter, provides the power deposited on the CC, Pdep = 32

∫∫

2qdepdRφdZ, where the
factor 2 accounts for heat deposition on the lower side of the limiter, assumed to be symmetric for
simplicity, and 32 is the number of tiles in the toroidal direction. For the here presented database,
Pdep, together with the total radiated power Prad obtained from bolometric measurements, accounts
on average for the 77% of the ohmic power PΩ. The power missing to complete the power balance
could be partly transfered to the neutrals, and/or lost to the outer wall. Also, the TCV “naked”
metal foil bolometers could provide an underestimation of the radiated power [20]. Asymmetry in
the heat deposition in between the ion and electron drift side of the limiter, investigated in section
5, could also play a minor role.
To compare discharges with different plasma shapes and parameters, we remap each point of the
tiles onto magnetic coordinates, namely the upstream radial coordinate ru and the angle between
the magnetic field and the plane tangent to the tile surface α. The mapping is based on the magnetic
equilibrium reconstruction by the LIUQE code [14], and the result is shown in Fig. 2. The TCV
tiles are shaped in the toroidal direction to spread more uniformly the heat loads and to avoid
exposed edges, the toroidal contour of the tile being composed of a cylindrical segment chamfered
by elliptic edges [21]. This results in a variation of the angle α both along Rφ and Z. In particular,
for limited plasmas, a curve on the tiles for which α = 0 can be identified. This is shown by the
blue dots in Fig 2b,c.
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Several zones are excluded from the subsequent analysis: the zone where the TCV port is imaged,
the region shadowed by the neighboring tile, the regions where the tile thickness is much smaller
than the average tile thickness (THEODOR assumes a constant tile thickness), the horizontal gap
between the two tiles.
The resulting 2D map of deposited heat flux qdep(ru, α), shown in Fig. 2d, is used to compute the
perpendicular and parallel components of the heat flux. The deposited heat flux is modeled as the
sum of components parallel and perpendicular to the magnetic field, and a background component:

qdep(ru, α) = q||(ru) sinα+ q⊥(ru) cosα+ qBG . (3)

The background heat flux qBG results from a combination of different processes like IR reflections,
heating of the tiles by the radiation coming from the plasma, and IR radiation from runaway
electrons, and accounts typically for the ∼ 1 − 5% of the peak heat load. The specific shape of
the TCV tiles [21], shown in Fig. 2a, featuring a line of tangential incidence for limited plasmas,
allows to estimate the cross-field heat flux at the limiter q⊥. Indeed, for α = 0, the projection of
the parallel heat flux vanishes so that

qdep(ru, α = 0) = q⊥(ru) + qBG . (4)
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Figure 3: a) Cross-field heat flux at the limiter, qdep(ru, α = 0) = q⊥(ru)+ qBG, fitted with Eqs. (4,
5) (black line). b) Parallel heat flux profile q||(ru), color coded with the incidence angle α, fitted
with Eq. (2) (green line). The heat flux associated with the near and far SOL, qn exp(−ru/λn) and
qf exp(−ru/λf ), are plotted in magenta and red, respectively.
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We model q⊥(ru) as a sum of two exponentials:

q⊥(ru) = q⊥n exp(−ru/λ⊥n) + q⊥f exp(−ru/λ⊥f ) , (5)

where λ⊥n, λ⊥f are the perpendicular heat flux decay length in the near and far SOL, respectively,
and q⊥n, q⊥f are the associated perpendicular heat flux magnitudes. The background heat flux qBG

and the perpendicular heat flux parameters λ⊥n, λ⊥f , q⊥n, and q⊥f , are evaluated by fitting the
deposited heat flux for tangential incidence (qdep on the α = 0 line, blue dots in Fig. 2) with Eqs.
(4, 5). An example of the fitting result is shown in Fig. 3a.
A fit with the sum of a single exponential and a background component is also performed for all
the discharges. The description of q⊥ by a sum of two exponentials or a single one is chosen based
on the goodness of fit, R2. In the case a single exponential fit produces R2 equal to that resulting
from the double exponential fit, q⊥(ru) is still modeled by Eq. 5, where q⊥n = 0. The perpendicular
heat flux at the contact point, defined by ru = 0, is given by q⊥0 = q⊥(ru = 0) = q⊥n + q⊥f . This
can be as large as the 20% of the peak heat load on the limiter [4]. Therefore, the perpendicular
component of the heat flux can not be neglected when determining the parallel heat flux.
In this analysis we make the conservative assumption that the perpendicular heat flux q⊥(ru)
does not depend on the angle of incidence α, even though a local enhancement of perpendicular
transport through the “funnel effect” [22] is possible for grazing angles α ∼ 0o. This could lead to
an overestimation of q⊥ for α ≥ 1o. Anyways, as further discussed in Sec. 4, the funnel effect plays
at most a minor role in our experiments. The parallel heat flux radial profile at the outer midplane
is computed inverting Eq. (3) and accounting for the flux expansion:

q||(ru) =
qdep(ru, α)− q⊥(ru) cosα− qBG

sinα

Bu(ru)

Blim(ru)
, (6)

where q⊥(ru) is given by Eq. (5), Bu and Blim are the total magnetic field intensities at the outer
midplane (upstream) and at the limiter, respectively. An example of the resulting parallel heat flux
radial profile is shown in Fig. 3b. This is, in general, well described by a sum of two exponentials
(Eq. 2). The parameters λn, λf , qn and qf are determined by fitting the whole q||(ru) profile with
Eq. 2, for all the points for which α > 1o. The same procedure as for fitting q⊥(ru) is applied: a fit
with a single exponential is also performed. In the case when a double exponential does not provide
a better fit of the data, q||(ru) is still modeled by Eq. 2, where qn = 0.

4 Perpendicular heat flux at the contact point

The perpendicular heat flux at the contact point is given by q⊥0 = q⊥n + q⊥f , accounting up to
the 20% of the peak heat flux deposited on the tile, occurring for α ∼ 3o. This leads to a ratio of
perpendicular to parallel transport at the limiter q⊥/q|| ∼ 1%. The “funnel effect” [22], usually used
to justify q⊥/q|| of the order of 10%, could play a minor role in locally enhancing the perpendicular
transport.
The perpendicular heat flux decay length λ⊥n is typically a few millimeters, while λ⊥f measures
a few centimeters. No satisfactory scaling with the plasma parameters could be found for the
perpendicular heat flux decay lengths.
Conversely, a nonlinear regression provides an empirical scaling for q⊥0 that reads

q⊥,0 [kW/m2] = 1.2 · 104 I2.25p [MA] κ
−1.31 n−0.50

e,av [1019m−3]
. (7)
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with the plasma current.

The empirical scaling, including all the discharges presented in this paper (D, He), is shown in Fig.
4. The trends with the main plasma parameters are consistent with Ref. [4], where a similar scaling
was determined using deuterium discharges only (q⊥0 ∝ I2.5p κ−0.9n−0.4

e ). The main trend is the
increase of q⊥0 with the the square of the plasma current, which is consistent with an increase of
the ohmic power PΩ. The decrease of q⊥0 with plasma density is consistent with a cooling of the
SOL at the limiter at fixed power into the SOL, PSOL, due to the conservation of total pressure
along the field lines. The decrease of q⊥0 with the elongation κ is consistent with the observed
decrease of PΩ, due to the increase of confinement with elongation [23, 24] for constant plasma
current (Ip) and density, resulting in a lower power into the SOL, PSOL.
In the following we compare the perpendicular heat flux at the contact point q⊥0 with the heat flux
crossing the LCFS, qLCFS . The power entering the SOL is evaluated as PSOL = PΩ − Prad, where
Prad is computed from bolometric measurements. A nonlinear regression with the same plasma
parameters as for the one in Eq. (7) provides an empirical scaling for PSOL:

PSOL [kW ] = 2.07 · 103 I1.32p [MA] κ
−1.00 n0.05

e,av [1019m−3]. (8)

The weak dependence of PSOL on ne,av is due to the fact that for increasing density Prad increases
cooling the plasma, increasing in turns the resistivity i.e. PΩ (for fixed Ip). We compute the heat
flux crossing the separatrix as qLCFS = PSOL/SLCFS , with SLCFS = 4π2

√

(κ)aminR0 the surface of
the LCFS, being amin ≈ 0.23 m and R0 ≈ 0.88 m the plasma minor and major radius respectively,
having approximately the same value for all the discharges in the database. The ratio q⊥0/qLCFS

scales therefore as
q⊥0/qLCFS = 46.3 I0.93p [MA] κ

0.19 n−0.45
e,av [1019m−3]

, (9)

i.e. it is approximately proportional to the plasma current and decreases with density, and depends
weakly on elongation.
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Figure 5: Parallel heat flux radial profiles q||(ru) for the electron (blue dots) and ion (red dots) drift
sides of the limiter, for the reference discharge #51392. The fit with Eq. (2) are shown with solid
lines. The fitting parameters qn, λn, qf and λf are displayed for the two cases.

5 Near and far SOL parallel heat fluxes at the limiter

For almost all of the investigated discharges, the parallel heat flux radial profile q||(ru) is well
described by a sum of two exponentials (Eq. (2)), while their description with a single exponential
as in the standard SOL model (Eq. (1)) is not equally satisfactory. The SOL can hence be divided
into two regions, the “far” and “near” SOL respectively. We remark that the two tiles used for the
analysis are located at the electron-drift side of the limiter. The parallel heat flux on the ion side of
the limiter has been computed only for the reference discharge, #51392. As a result, q||(ru) is well
described by Eq. (2) on the ion-drift side of the limiter, too, as shown in Fig. 5. The values of the
fitting parameters λn, λf and qf are similar on both sides of the limiter. The near SOL heat flux
magnitude qn, though, is a factor of 2 lower on the ion drift side. This asymmetry in heat deposition
could be due to poloidal asymmetries of the SOL driven by equilibrium poloidal flows, similarly to
recent numerical simulations of the SOL [25]. In particular, as in [25], such an asymmetry is most
likely to be due to the E × B drift, being mainly poloidal and directed towards the upper limiter
for our discharges, shifting the stagnation point in the SOL from the outer mid plane towards the
upper limiter.
The near SOL is observed to disappear in two cases for deuterium plasmas, namely for the lowest
plasma current value investigated in the current scan (Ip = 85 kA, the lowest value achievable on
TCV for vertical stability, with ne,av = 2.5 · 1019 m−3, κ = 1.4, δ = 0) and for the highest density
investigated in the density scan (ne,av = 4.7 · 1019 m−3, with Ip = 140 kA, κ = 1.4, δ = 0). In Fig.
6, the parallel heat flux radial profiles for the highest and lowest value of the plasma current (a),
and for the highest and lowest value of the plasma density (b) are shown.
The variation of the fitting parameters used to describe the parallel heat fluxes (λn, qn, λf , and
qf ) with the plasma current Ip, the plasma density ne,av and the elongation κ are displayed in
Figures 7-10, respectively. In the figures, deuterium plasmas are plotted with blue squares, while
the helium plasmas are shown with light blue diamonds, and the parameter range for which the
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Figure 6: Disappearance of the near SOL at the limiter for low current and high density. Shown
are the parallel heat flux radial profiles q||(ru) for a) Ip = 210 kA (red dots) and Ip = 85 kA (blue
dots); b) ne,av = 1.2 · 1019 m−3 (red dots) and ne,av = 4.7 · 1019 m−3 (blue dots). The fit with Eq.
(2) is shown with solid lines.

near SOL disappears in D plasmas is depicted with a green shaded region. The errorbars are given
by the fit uncertainties. The main observed trends with respect to their dependence on the main
plasma parameters (Ip, ne,av, κ), displayed in the figures with dashed lines, are summarized in the
following.
The near SOL width λn is approximately constant over the explored range of currents (Fig. 7a),
except for one point (Ip = 95 kA), for which the fitted λn is close to the experimental spatial
resolution. The near SOL vanishes for the lowest current value investigated Ip = 85 kA. This
unexpected trend could result from two competing effects: in ohmic plasmas, increasing Ip, the
safety factor decreases as qedge ∝ 1/Ip and the plasma temperature rises. Experiments including
additional heating sources are advised for future works to disentangle the qedge and Te contributions
to the trend of λn with Ip. The near SOL width λn decreases linearly with ne,av, eventually vanishing
(Fig. 7b), and decreases linearly with κ (Fig. 7c).
The near SOL parallel heat flux magnitude qn increases linearly with the plasma current Ip (Fig.
8a), consistently with the increase of the ohmic power, and it vanishes for low currents (Ip = 85
kA). qn decrease for increasing density, after an initial increase (highlighted by a cubic interpolation
in Fig. 8b), and vanishes for ne,av & 4.5 · 1019 m−3. qn decreases for increasing elongation (Fig.
8c). This is consistent with the observed reduction of ohmic power with elongation at fixed plasma
current and density, resulting in a lower power into the SOL, PSOL.
The far SOL width λf qualitatively agrees with the λq ∝ qedge ∝ 1/Ip existing scaling [26] (dashed
line in Fig. 9a). λf increases linearly with ne,av (Fig. 9b), consistently with previous observations
in diverted plasmas [9], and decreases linearly with κ (Fig. 9c), similarly to λn. This latter trend
is unexpected since in existing scalings of the SOL width (e.g. [26]) usually λq ∝ qedge, where qedge
is the safety factor at the LCFS. Since, for fixed plasma current and toroidal field, qedge ∝ κ, we
would expect λq ∝ κ, contrarily to our observations. Further investigations are required.
The far SOL parallel heat flux magnitude qf linearly increases with the plasma current (Fig. 10a),
consistently with the increase of the ohmic power, linearly decreases with the plasma density ne,av
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Figure 7: Variation of the near SOL width λn with the plasma current Ip (a), the line averaged
density ne,av (b) and the elongation κ (c), for both D (squares) and He (diamonds) plasmas. For
all the discharges in a), ne,av = 2.5 · 1019 m−3, κ = 1.4, in b) Ip = 140 kA, κ = 1.4, and in c)
Ip = 140 kA, ne,av = 2.5 · 1019 m−3. The region where the near SOL vanishes for D plasmas is
shaded in green. Trends upon the plasma parameters are shown with dashed lines.
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Figure 8: Variation of the near SOL heat flux magnitude qn with the plasma current Ip (a), the
line averaged density ne,av (b) and the elongation κ (c), for both D (squares) and He (diamonds)
plasmas. For all the discharges in a), ne,av = 2.5 ·1019 m−3, κ = 1.4, in b) Ip = 140 kA, κ = 1.4, and
in c) Ip = 140 kA, ne,av = 2.5 · 1019 m−3. The region where the near SOL vanishes for D plasmas
is shaded in green. Trends upon the plasma parameters are shown with dashed lines.
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Figure 9: Variation of the far SOL width λf with the plasma current Ip (a), the line averaged
density ne,av (b) and the elongation κ (c), for both D (squares) and He (diamonds) plasmas. For
all the discharges in a), ne,av = 2.5 · 1019 m−3, κ = 1.4, in b) Ip = 140 kA, κ = 1.4, and in c)
Ip = 140 kA, ne,av = 2.5 · 1019 m−3. The region where the near SOL vanishes for D plasmas is
shaded in green. Trends upon the plasma parameters are shown with dashed lines.
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Figure 10: Variation of the far SOL heat flux magnitude qf with the plasma current Ip (a), the
line averaged density ne,av (b) and the elongation κ (c), for both D (squares) and He (diamonds)
plasmas. For all the discharges in a), ne,av = 2.5 ·1019 m−3, κ = 1.4, in b) Ip = 140 kA, κ = 1.4, and
in c) Ip = 140 kA, ne,av = 2.5 · 1019 m−3. The region where the near SOL vanishes for D plasmas
is shaded in green. Trends upon the plasma parameters are shown with dashed lines.

Page 12 of 26AUTHOR SUBMITTED MANUSCRIPT - NF-101877.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



0 0.01 0.02 0.03 0.04 0.05

10
5

10
6

10
7

r
u
 [m]

q
||
 [

W
/m

2
]

 

 

 κ=1.4, δ=0

I
p
=210 kA

n
e,av

=2.5⋅10
19

m
−3

I
p
=85 kA

n
e,av

=3.5⋅10
19

m
−3

I
p
=85 kA

n
e,av

=2.5⋅10
19

m
−3

Figure 11: Parallel heat flux radial profiles q||(ru) in He for Ip = 210 kA, ne,av = 2.5 · 1019 m−3

(red dots), Ip = 85 kA, ne,av = 2.5 · 1019 m−3 (blue dots) and Ip = 85 kA, ne,av = 3.5 · 1019 m−3

(magenta dots). The fit with Eq. (2) is shown with solid lines.

(Fig. 10b), and is approximately constant over the explored range of elongation κ (Fig. 10c).

We report here the first observations of a near SOL in helium plasmas. Indeed, in He plasmas all the
discharges except one exhibit a double scale length in the q||(ru) profiles, and the observed trends
with the plasma parameters are similar to the D case. Nevertheless, there are some differences.
Contrarily to the D case, the near SOL does not vanish for the lowest Ip value (85 kA), even though
its strength (∼ qnλn, see Sec. 7) is decreased, as it is shown in Fig. 11. The near SOL does vanish
for Ip = 85 kA and an increased density ne,av = 3.5 · 1019 m−3 (magenta profile in Fig. 11). The
parallel heat flux profile for this discharge is well described by a single exponential.
The near SOL width λn slightly decreases for Ip < 100 kA (Fig. 7a) and does not vary with ne,av

(Fig. 7b), decreasing only for high density (ne,av = 5.3 · 1019 m−3). Contrarily to the D case, the
near SOL is not observed to vanish for high densities. No clear trend of λn with elongation is found
(Fig. 7c).
The near SOL parallel heat flux magnitude qn decreases with elongation (Fig. 8c), similarly to what
is observed for D plasmas, but its decrease starts at lower κ in He.
The far SOL width λf values are similar to the D case, but the scaling λq ∝ 1/Ip [26] is not as
satisfactory fulfilled as in the D case (Fig. 9a). λf is approximately constant over the explored
values of plasma current Ip. Also, λf is constant rather than increasing with ne,av (Fig. 9b).

6 Scaling of the near and far SOL widths

In Figure 12, we compare the SOL widths (near and far) resulting from the analysis of the parallel
heat flux profiles from IR data, for both D and He discharges, with existing scalings derived from
theoretical models. In particular, in Figure 12a, the far SOL width λf is compared with the scaling
proposed in Ref. [26], obtained from a quasi-linear (QL) model based on the gradient removal
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Figure 12: For both D (squares) and He (diamonds) plasmas: a) comparison of the experimental
(from IR data) far SOL width λf with the scaling given in Eq. (10), color coded with the elongation
κ; b) comparison of the experimental (from IR data) near SOL width λn with the scaling given in
Eq. (11), color coded with the normalized resistivity ν.
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Figure 13: For both D (squares) and He (diamonds) plasmas: a) comparison of the experimental
(from IR data) far SOL width λf with the scaling given in Eq. (13), color coded with the elongation
κ; b) comparison of the experimental (from IR data) near SOL width λn with the scaling given in
Eq. (14), color coded with the normalized resistivity ν.
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theory [27], and successfully tested against the database presented in [28]. The scaling reads:

λQL[m] = 4.96 · 10−4 × n0.07
e0 T 0.06

e0 R0.68
0 q0.8495 B−0.38

φ , (10)

where ne0, Te0 are the plasma density and electron temperature at the LCFS, R0 is the plasma
major radius, q95 is the edge safety factor, and λQL is the predicted SOL width. All quantities are
expressed in SI units, and the temperature is in eV units. The scaling law is derived from a model
for circular plasmas. Therefore we use for the comparison the cylindrical safety factor qcyl = q95/κ,
i.e. the safety factor for a circular plasma, given only by its current and not by the shaping, instead
of q95. Furthermore, the model is developed to describe a “classical” SOL, for which only one scale
length is considered.
As shown in Fig. 12a, there is an overall agreement between the experimental data and the scaling
predictions. The scaling predicts successfully the far SOL width for circular plasmas κ ∼ 1, but it
overestimates the far SOL width for shaped plasmas κ & 1.4. This has to be considered as the main
cause of the discrepancies between the experimental and the predicted values. Also, as reported in
Sec. 5, an increase in elongation could lead to an improved confinement of the core plasma, leading
to less power crossing the LCFS and an overall narrower SOL.
Another possible cause for the observed discrepancies is the fact that the experimental data are
measured at the HFS, while the scaling is developed for a poloidally averaged SOL width. The pre-
dicted values being larger than the experimental ones could therefore be interpreted as an HFS/LFS
asymmetry, discussed in detail in Ref. [29]. This is consistent with the ballooning character of tur-
bulent transport, and with recent numerical simulations of the SOL [30, 25].

In Fig. 12b, we compare the near SOL width λn with the so-called Heuristic-Drift (HD) model
[31]. This model has been originally developed for diverted H-mode plasmas. The main assumption
is that, in this low-turbulence regime, the SOL width is determined by the competition of Bohm
plasma flows towards the limiter plates (v|| ∼ cs) with cross field transport determined by the
Pfirsch-Schluter currents, generated by the ∇B and curvature drifts. The resulting SOL width is
predicted to be:

λHD[m] = 5671 · P
1/8
SOL

(1 + κ)5/8a17/8B1/4

I
9/8
p R0

(

2A

Z2(1 + Z)

)7/16(Zeff + 4

5

)1/8

, (11)

where PSOL is the power entering the SOL, a is the plasma minor radius, A and Z are here, for
simplicity, the mass and atomic number for the plasma ions, A = 2, 4 and Z = 1, 2 for D,
He plasmas, respectively. Zeff is the plasma effective charge, taking into account the presence of
impurities, and is adapted to match the plasma current using the ohmic and bootstrap current
obtained from Ref. [32, 33], using ne and Te measurements from Thomson scattering, and assuming
stationary state. All quantities are expressed in SI units. This scaling, despite having been derived
for diverted H-mode, has been shown to describe satisfactorily the near SOL width for inboard-
limited L-mode plasmas [34]. Still, experimental scalings for the SOL width in diverted H-mode,
e.g. λq[mm] = 0.63B−1.19

pol,u [35, 36], tend to overestimate λn by a factor 3.
As shown in Fig. 12b, there is indeed an overall good agreement between the experimental data
and the HD scaling predictions. The main discrepancies could be attributed to the effect of both
the plasma density and temperature, not included in Eq. (11). In the Figure, the points are color
coded with the plasma normalized Spitzer resistivity ν, combining both the variation of density and
temperature. This is defined as [37]:

ν =
ene0R0η||

mics0
∝ ne0T

−2
e0 , (12)
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where e is the electron charge, ne0, Te0 and cs0 the plasma electron density, temperature, and the
ion sound speed respectively, all evaluated at the LCFS, mi is the ion mass, R0 is the plasma major
radius (magnetic axis), and η|| is the Spitzer resistivity [38]. The choice of the normalized resistivity
here is driven by its effect on the near SOL presented in Ref. [4], and discussed in detail in the
following section. For high values of ν, the increased turbulence in the far SOL could gradually
spread to the near SOL, and the hypothesis of absence of turbulence underlying the HD model
would not be any longer satisfied.
We remark that the scaling in Eq. (11) is derived assuming that the electron magnetic drift
determines the net transport. The equivalent scaling assuming predominant ion magnetic drift,
λHD,i = λHDZ

−7/8, predicts smaller SOL widths for the He plasmas, while the prediction for D
plasmas remain unvaried.
In the following, we propose empirical corrections to the QL and the HD scalings including the
effects of elongation κ and resistivity ν, respectively. The evaluation of such corrections is performed
through non-linear regressions over the database exposed beforehand. The refined scalings for the
near and far SOL widths, respectively, read:

λf =κ−1.55λQL , (13)

λn =0.07ν−0.33λHD , (14)

where λQL and λHD are given in Eq. (10) using q95 = qcyl, and Eq. (11), respectively. The
experimental data are compared with the refined scalings in Eqs. (13,14) in Fig. 13, showing a
better agreement.

7 Power in the near SOL and correlation with resistivity and col-

lisionality

The heat fluxes associated with the near SOL can lead to the melting of the limiter [3], or to
its damaging, and need therefore to be carefully taken into account in the design of future fusion
reactors such as ITER [10]. What challenges the thermal limits of the first wall panels, rather than
the near SOL width λn or the associated heat flux magnitude qn, is the combination of the two
through the power entering the near SOL, ∆PSOL ∝ qnλn. Indeed, following Ref. [3], the power
entering the SOL can be computed as

PSOL = 2πRLCFS
Bθ,u

Bφ,u

∫ ∞

0
2q||(ru)dru , (15)

where RLCFS is the major radius of the LCFS at the outer midplane, Bθ,u and Bφ,u are the poloidal
and toroidal components, respectively, of the magnetic field at the outer midplane. q||(ru) is the
parallel heat flux radial profile measured on one side of the limiter and remapped upstream. The
factor two inside the integral accounts for the heat deposition on the two sides of the limiter (upper
and lower), assumed to be equal.
Similarly, we define the power entering the near SOL as:

∆PSOL = 4πRLCFS
Bθ,u

Bφ,u

∫ ∞

0

[

q||(ru)− q||,f (ru)
]

dru . (16)

In Eq. 16, q||,f (ru) is obtained by extrapolating the parallel heat flux profile in the far SOL up to
the LCFS. In the formalism used in this paper, q||,f (ru) = qf exp(−ru/λf ). The power entering the
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Figure 14: Schematics of the power entering the near SOL, ∆PSOL. The fit of Eq. (2) to the parallel
heat flux radial profile q||(ru) is shown (solid line) for discharge #51392. The dashed line represents
the heat flux associated with the far SOL, qf exp(−ru/λf ). ∆PSOL corresponds to the integral of
the red-shaded area.
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Figure 15: Power in the near SOL ∆PSOL (a) and normalized to the total power in the SOL PSOL (b)
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near SOL is represented in Fig. 14 by the shaded area. Since the parallel heat flux radial profile
q||(ru) is described by a sum of two exponentials (Eq. (2)), the power entering the near SOL is
given by

∆PSOL = 4πRLCFS
Bθ,u

Bφ,u

∫ ∞

0
qne

−ru/λndru = 4πRLCFS
Bθ,u

Bφ,u
qnλn . (17)

In the following, we use ∆PSOL as a measure of the “strength” of the near SOL. In Ref. [4],
a nonlinear regression with the plasma parameters of ∆PSOL has been performed for previous
deuterium experiments in TCV, showing that ∆PSOL is well described by the empirical scaling

∆PSOL [kW ] = 192T 1.43
e,av [keV ] n

−1.01
e,av [1019m−3]

I−0.39
p [MA] κ

−0.76 |δ|0.12 , (18)

where Te,av and ne,av are the average plasma electron temperature and density, respectively. This

empirical scaling has its main dependence on temperature and density, ∆PSOL ∝ T
3/2
e n−1

e , that can
be approximated as ∆PSOL ∝ ν−1, where ν is the normalized Spitzer resistivity ( Eq. (12)). The
relationship ∆PSOL ∝ 1/ν is confirmed for all the present experiments , for both D and He plasmas.
In Fig. 15a, ∆PSOL is plotted for all the discharges against the normalized resistivity ν. The curve
∆PSOL(ν) ∝ 1/ν is plotted in black. The resistivity is here computed using the plasma electron
density and temperature resulting from Thomson scattering measurements, averaged in the edge
region 0.9 < ρ < 1, where ρ is the normalized poloidal flux coordinate (ρ = 1 at the LCFS). This
method is preferred rather than using ne and Te measurements at the LCFS from the RP since
this diagnostic was not available for all the discharges in the database. The resistivity used here
provides an underestimate of the normalized resistivity defined in Eq. (12), since the temperature
we used is larger than the temperature at the LCFS. As it is visible from the top panel of Fig. 15, a
smooth transition occurs for high resistivities (ν ∼ 0.7 · 10−2) to a regime where no near SOL heat
flux feature is present. As shown in Fig. 15b, similar considerations hold for the fraction of power
entering the near SOL ∆PSOL/PSOL, transitioning to zero for ν > 0.7 · 10−2, and whose decrease
with normalized resistivity is better described by ∆PSOL(ν) ∝ 1/νγ , where γ = 0.57 is the best
fitting parameter.
Almost identical trends could be found using, intstead of the normalized resistivity ν, the SOL
collisionality [2]

ν∗SOL = L/λee = 10−16ne0[m
−3]

L[m]

Te0[eV]2
, (19)

where L = 2πR0qedge is the connection length and λee is the electron-electron collisional mean free
path. ne0 and Te0 are the plasma electron density and temperature at the LCFS, respectively, but
in this paper ν∗SOL is evaluated using the edge values from Thomson scattering measurements, as it
is done for the normalized resistivity. The normalized Spitzer resistivity ν and the SOL collisionality
ν∗SOL are clearly correlated, but ν∗SOL provides some additional physical insight since it determines
the transition between different regimes in the SOL [2]. In particular, a substantial decrease in
∆PSOL is observed for ν∗SOL & 15, corresponding to the transition to the conduction limited regime,
where the electron temperature at the limiter can be sensibly lower than the temperature at the
OMP. The transition to the near SOL-free regime happens for ν∗SOL ∼ 50.
We remark that in these experiments, where the resistivity ν is varied only by changing the plasma
current Ip or the density ne,av, we could draw similar conclusions using the Greenwald fraction

fG = ne,av/nG = ne,av

(

Ip
πa2min

)−1

, where nG is the Greenwald density and amin is the plasma

minor radius. It could hence be stated that ∆PSOL decreases with fG and vanishes at sufficiently
high Greenwald fractions fG & 0.5. Though, this would not be true in plasmas in which ν is changed
by other means, e.g. modifying the plasma temperature by additional heating or impurity seeding.
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8 Measurements of non-ambipolar currents and velocity shear at

the limiter

In the following, we discuss measurements of the floating potential Vfl in TCV limited plasmas,
performed at the limiter using flush mounted Langmuir probes (LP). The LP were operated in Isat
and Vfl mode (every other probe). A sweep in the plasma vertical position is performed to increase
the spatial resolution of the measured profiles. A typical radial profile Vfl is shown in Fig. 16.
In the outer part of the far SOL, the floating potential is equal to the limiter potential (V = 0).
Approaching the LCFS, Vfl increases up to Vfl,max ∼ 10 V. Entering the near SOL, the floating
potential starts to decrease and changes sign, reaching large negative values at the contact point,
Vfl,min ∼ −30 V. A non-zero floating potential is the result of non-ambipolar currents flowing to
the limiter, and the sign of the floating potential is given by the sign of the non-ambipolar currents.
The presence of non-ambipolar currents in the near SOL of inboard limited plasmas has been
reported in COMPASS [39]. In Ref. [39], the contribution of the non-ambipolar currents, measured
both in the ion and electron-drift sides of the limiter, to the deposited heat fluxes has been found
to be insufficient to explain the enhanced heat deposition in the near SOL. Similar conclusions have
been drawn from recent nonlinear simulations of the TCV SOL [30].
In the following, we use the floating potential as a proxy for non-ambipolar currents. We parametrize
the non-ambipolar currents with the floating potential drop in the SOL, that we define as

∆Vfl = Vfl,max − Vfl,min , (20)

where Vfl,max and Vfl,min are respectively the maximum and minimum value of Vfl in the SOL,
measured in the same side of the limiter. This is schematically illustrated in Fig. 16. An analo-
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Figure 16: Floating potential profile along the vertical direction of the limiter for a typical discharge
(blue dots). The grey dots identifies the region shadowed by the neighboring tile. The maximum
and the minimum of the floating potential on the upper side of the limiter Vfl,max, Vfl,min and the
potential drop in the SOL ∆Vfl,max are indicated.
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ne,av = 2.5 · 1019 m−3, and for the ne,av scan (b), Ip = 140 kA, κ = 1.4, δ = 0 (D plasmas).

0 20 40 60

 V
fl
 [V]

0

5

10

15

20

25

30

35

 P
S

O
L
 [
k
W

]

0 20 40 60

 V
fl
 [V]

0

5

10

15

20

25

30

35
 P

S
O

L
 [
k
W

]

-4

-3.5

-3

-2.5

-2

-1.5

HeliumDeuterium b)a)

log
10

( )

Figure 18: Power in the near SOL ∆PSOL as a function of the floating potential drop ∆Vfl, color-
coded with the normalized resistivity log10(ν), for D plasmas (a) and He plasmas (b).

gous floating potential drop in the SOL can be measured on both sides of the limiter, ∆Vfl,i and
∆Vfl,e for the ion and electron drift sides, respectively. No substantial asymmetry is observed in
between the two sides of the limiter, being on average ∆Vfl,i/∆Vfl,e = 1.13 ± 0.24 for D plasmas
and ∆Vfl,i/∆Vfl,e = 0.93 ± 0.21 for He plasmas. The electron drift side of the limiter (its upper
part) is hence chosen for the following analysis (we identify ∆Vfl ≡ ∆Vfl,e) for consistency with
what is done for the IR data analysis exposed in the previous sections.
In all the discharges discussed beforehand exhibiting a near SOL in the q||(ru) profiles, a floating
potential drop in the near SOL has been measured. The variation of the floating potential radial
profiles with the plasma current and density is shown for D plasmas in Fig. 17, where Vfl(ru) is
plotted for different values of Ip and ne,av. The intensity of the floating potential drop increases
with Ip and decreases with ne,av.
The non-ambipolar currents (∆Vfl) are observed to almost vanish in the case where no near SOL
steep gradient is measured in the parallel heat flux profiles, i.e. for the lowest current in the Ip scan,
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Ip = 85 kA, and for the highest density in the density scan ne,av = 4.7 · 1019 m−3.
The potential drop ∆Vfl is found to be correlated with the strength of the near SOL, ∆PSOL, as
shown in Fig. 18, where ∆PSOL is plotted against ∆Vfl, color coded with the normalized resis-
tivity ν, for both D and He plasmas. For He plasmas, a larger ∆Vfl, associated with increased
non-ambipolar currents, is measured for the same power in the near SOL, ∆PSOL.
Even though non-ambipolar currents correlate with the power entering the near SOL, their presence
alone is not sufficient to explain the enhancement in the heat deposition close to the limiter, con-
sistently with previous experimental [39] and numerical [30] results. Lets consider, as an example,
the typical discharge #51485. The non-ambipolarity, resulting in a negative Vfl ∼ −30 V at the
limiter, would lead to an increase of the sheath transmission factor γsh of ∼ 20% with respect to
the case of ambipolar conduction (Vfl = 0), according to Eq. 25.54 of ref. [2]. The enhancement of
the parallel heat flux for the same discharge is more than one order of magnitude higher, qn/qf ∼ 6.
Another mechanism has therefore to come into play.
The potential drop ∆Vfl can be also considered as a measurement of the velocity shear in the

near SOL. Indeed, the E × B drift velocity vE×B =
E×B

B2
in the SOL is mainly in the poloidal

direction, since the electric field is mostly in the radial direction E ≈ Err̂ and the magnetic field
can be approximated by its toroidal component B ≈ Bφφ̂, where r̂ and φ̂ are the unit vectors of
the radial and toroidal coordinate, respectively. We can hence approximate vE×B with its poloidal
component:

vE×B =
E×B

B2
≈

Err̂ ×Bφφ̂

B2
≈ −

Er

B
θ̂ = vθθ̂ , (21)

where we approximated Bφ ≈ B, θ̂ is the unit vector of the poloidal coordinate, and vθ = −Er/B
is the poloidal E×B velocity. The radial shear of the poloidal velocity is given by:

v′θ ≡
∂vθ
∂r

≈ −
1

B

∂Er

∂r
=

1

B

∂2Vpl

∂r2
, (22)

where we neglected the dependence of B upon the radial coordinate r, and we used the relationship
Er = −∂Vpl/∂r, with Vpl being the plasma potential. The plasma potential is related to the floating
potential by Vpl = Vfl + ΛTe, with Λ ∼ 3 for D plasmas. In the near SOL, we observe a strong
variation of the floating potential on a scale length comparable with the near SOL parallel heat
flux decay length λn. We assume that the radial gradient of the electron temperature is small with
respect to the radial gradient of Vfl. Equation (22) can then be rewritten as:

v′θ ≈
1

B

∂2Vfl

∂r2
≈

∆Vfl

Bλ2
n

. (23)

The potential drop in the SOL ∆Vfl can hence be considered, in a first approximation, as a proxy
for the velocity shear.
The results presented in Fig. 18 can then be interpreted in the following way: the presence of the
near SOL ∆PSOL is correlated with the presence of a radial shear in the E × B velocity. This
interpretation is consistent with a recent theoretical model of the near SOL, presented in Ref. [40],
and summarized in the following.
In the edge region (inside the LCFS), the radial electric field Er is always negative. Conversely,
in the SOL the relationship Vpl ∼ 3Te holds, so the temperature profile of the typical form
Te = Te0 exp(−ru/λT ) results in a positive Er. The radial electric field has therefore to change
sign across the LCFS, resulting in a shear of the poloidal E × B velocity. In the near SOL, the
shearing rate v′θ is larger than the ballooning growth rate γb ∼ cs/R0

√

2R0/Lp (γb ∼ 3.6 · 105 s−1
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for a typical TCV discharge), and the complex interaction of the turbulence with the sheath flows
and the strong E × B shear results finally in the steepening of the pressure profile. The decrease
of the E ×B shear with collisionality, and the consequent suppression of the near SOL, is not yet
portrayed in this model, and further analysis is needed to obtain the full theoretical description of
this physical phenomenon.

9 Comparison with the LFS measurements

In all previous dedicated experiments [3, 4, 6, 7], the near SOL of inboard-limited plasmas had
always been observed at the HFS. Still, no consensus could be reached on the presence of the near
SOL on the LFS, being evident in C-Mod [7], not in DIII-D [6] and COMPASS [5], while no outboard
measurements were available in TCV in Ref. [4], and the reciprocating probe in JET experiments
[3] only probed the far SOL (ru ≥ 20 mm).
In the following, we discuss the radial profiles of q|| and Vfl at the outer midplane (OMP) and we
compare them with those at the HFS that have been discussed earlier. The profiles at the OMP
are obtained from reciprocating Langmuir probe (RP) measurements, and the methodology used
is detailed in [29]. The q||(ru) (computed from Te and Isat measurements) and Vfl(ru) profiles are
plotted with red dots in Fig. 19a,b respectively for a typical discharge (#51407). Similarly to the
procedure adopted to parametrize the results obtained by IR thermography, the q||(ru) profile is
fitted with a sum of two exponentials (Eq. 2). The result of the fit is plotted with solid lines in
Fig. 19a, while the heat flux associated with the far SOL, qf exp(−ru/λf ), is plotted with a black
dashed line.
For discharge #51407 (in red in Fig. 19), it is observed that the SOL is broader at the LFS than
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Figure 19: Radial profiles of parallel heat flux q||(ru) (a) and of floating potential Vfl(ru) (b)
computed from RP data for the two same discharges as plotted in Fig. 6a, Ip = 210 kA (red dots)
and for Ip = 85 kA (blue dots). a) The fits of q||(ru) with Eq. (2) are shown by solid lines, while
the heat flux associated with the far SOL q||,f (ru) = qf exp(−ru/λf ) is shown with a black dashed
line for the case Ip = 210 kA. b) The smoothed Vfl(ru) profiles are shown with solid lines.
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at the HFS, with λn,RP /λn,IR ≈ 3 and λf,RP /λf,IR ≈ 2. A broader SOL at the LFS is consistent
with the ballooning character of turbulent transport, and with the poloidal asymmetries observed
in numerical simulations of the SOL [25, 41, 30]. Also, the near SOL parallel heat flux is smaller
at the LFS with respect to the HFS, being qn,RP /qn,IR ≈ 0.5. Similar results hold for all the
analyzed discharges. The asymmetries between the HFS and LFS during the plasma current scan
in D discharges are investigated in detail in Ref. [29]. The extension of the quantitative analysis
presented in [29] to the whole database here presented is reserved for future works.
In all cases where a near SOL is present in the HFS q||(ru) profile, it is also visible in the LFS q||(ru)
profile. Also, the floating potential Vfl becomes negative in the near SOL, as observed at the HFS
from LP measurements. An example is shown in red in Fig. 19b. A velocity shear layer is then also
present at the LFS midplane.
Furthermore, in the cases where the near SOL vanishes at the HFS, it also vanishes at the LFS.
As an example, the q||(ru) profiles from the RP for the two discharges with the highest and lowest
value of Ip (210 and 85 kA, respectively) are compared in Fig. 19a. The q||(ru) profiles measured
at the limiter for the same two discharges have been shown previously in Fig. 6, where the near
SOL is shown to vanish at the HFS for Ip = 85 kA. As shown in Fig. 19a, the near SOL vanishes
at the LFS as well for the lowest current (blue profiles).
The vanishing of the near SOL in the q||(ru) profile is associated with a flattening of the Vfl(ru)
profile at the HFS (see Fig. 17). On the LFS, the potential drop ∆Vfl is also reduced. Furthermore,
the floating potential becomes negative through the entire SOL (blue profiles in Fig. 19b). This
effect could be interpreted as a change in the poloidal distribution of the SOL currents, that are no
longer flowing to the limiter plates and might be dissipated in the SOL.

10 Conclusion

Dedicated experiments have been performed in TCV to investigate the physics of the near SOL
in inner wall limited discharges, in both D and He plasmas, scanning systematically the plasma
current, density, and elongation. The parallel heat flux radial profiles, measured by means of IR
thermography, show the presence of the near SOL for most discharges. For the first time, the near
SOL is reported to disappear for high normalized resistivity ν ≥ 0.7 · 10−2, obtained here for low
plasma current or high plasma density, for both D and He plasmas. The power in the near SOL is
shown to scale as ∆PSOL ∝ 1/ν. The far SOL width at the limiter is compared with the theoretical
existing scaling from Ref. [26], finding good agreement for circular plasmas. An empirical correction
with elongation is proposed. The near SOL width at the limiter agrees with the predictions from
the Heuristic-Drift model [31] for low normalized resistivities. An empirical correction with ν is
hence proposed. Non-ambipolar currents, correlated to the presence of a velocity shear, have been
measured at the limiter with flush-mounted Langmuir probes. The power in the near SOL ∆PSOL is
shown to be correlated to the strength of the velocity shear which, according to a recent theoretical
model [40], can affect the turbulence in the near SOL, locally steepening the pressure profiles. The
parallel heat fluxes and the non-ambipolar currents measured at the limiter are compared with
measurements taken at the Outer MidPlane (OMP) with a reciprocating probe. As a result, a near
SOL is usually present at the OMP as well, but wider than at the limiter. The near SOL disappears
together at the limiter and the OMP for high resistivities. Leveraging the findings here presented, a
recipe to mitigate and suppress the near SOL heat fluxes during the start-up and ramp-down phases
is currently being implemented and tested in TCV, and will be the subject of future publications.
Also, the investigation of the near SOL in limited H-mode plasmas and the analysis of turbulence
through blob dynamics using reciprocating Langmuir probe measurements are foreseen for future
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works.
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