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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 (LEES), 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 theplasma 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 v, corresponding to a conduction-limited regime.
The power in the near SOL APRsor, is shown to decrease with the normalized Spitzer resistivity
v as APsor, o< v~!. The floating petential profiles, measured at the limiter using flush-mounted
Langmuir probes (LP), show the presenge 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 A Psogsrconsistently with a recent theoretical model. Measurements of the
near SOL on the Low Field Side (LES) 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 comparedswith 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
fusiony 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) = qoexp(—7u/Aq) , (1

where r,, is the upstream radial coordinate at the outer midplane, r, = 0 at the Last Closed Flux
Surface (LCFS), A, is the heat flux decay length and ¢o is the parallel heat flux at the LCES.
However, recent infrared (IR) thermography and Langmuir probes (LPs) measurementsiof 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; eharacterized 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) = qnexp(—ru/An) + qp exp(—ru/Af) (2)

where \,, Ay are the parallel heat flux decay length in the near and far SOL, respectively, and gy,
and g 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, asfobserved 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‘mot. 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 sec¢tion 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 mainiplasma parameters are discussed. In section 6, the near and far SOL
widths are compared withyexisting scalings, for which some corrections are suggested. In section
7, the dependence of the power in the near SOL APsor, upon the normalized Spitzer resistivity v
and the SOL collisionality-v5,; 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 (Rp =~ 0.88 m, By ~ 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 diagnestics is
shown in Fig. 1, together with the time evolution of the main plasma parameters'andithe 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 x 256 CdHgTe pixels, sensitive to mid-wave IR spectrum, nominally
to photons with wavelength 3.7+ 0.2 yum < A < 4.8 +£ 0.2 gm. In the present experiments, a long
wavelength pass filter with cutoff at 4034 nm has been used, limiting theidetector sensitivity to
the range 4 pm < A < 4.8 um 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 t;,; is 1.5 ms. The HIR system monitors the temperature of the central column
(CC) graphite tiles, acting as a limiter, to compute the heatflux depesited onto them. The HIR
field of view (FOV), shown in Fig. le 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. le). The probe
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Figured: Timetraces for discharge #51392 of: a) plasma current I, (blue) and total radiated power
P4 (red), b) plasma average density , ¢) plasma elongation x (red) and triangularity ¢ (blue), d)
vertical position of the magnetic axis Z,,. 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)rand the RP trajectory (thick blue line).
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spacing is 17.2 mm, and their cross section is circular with radius 7, = 2 mm. In the experiments
presented herein, the LPs monitored the ion saturation current Iy,; and the floating potential ¥z
Some of the discharges in the database were repeated with the probes in sweeping modé (LPs biased
with a swept potential) or measuring the current flowing to the (unbiased) limiter, .

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. le. 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 T, and ion saturation current density Jsq:, and onepin measures the floating
potential Vy; and its fluctuations.

A typical discharge is designed with three phases, where all the plasma parameters are kept constant
(Fig. la-c), except the plasma vertical position Z,,, which is varied in time, as shown in Fig. 1d,
to ensure the following:

1. For 0.5 s< t <1 s, Zgz = —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/fincreasesiwhe range of the radial upstream
coordinate r, entering the FOV, with respect to the case Z,, = 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, Z,, = 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. Foryboth species, systematic scans of plasma current
85 < I,[kA] < 210, density 1 < Meq,[10m™3] < 5, and elongation 1 < x < 1.5, have been per-
formed. The meeting point of the three scans is discharge #51392 (shown in Fig. 1), with I, = 140
kA, negp = 2.5 -1019m™3, k = 1.4, For allithe discharges the triangularity is § = 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. Pwo tiles (one located at the equatorial plane of the device, Z = 0, and the one
above) arg'remapped onto the physical coordinates (R¢, Z), with R the major radius coordinate
and ¢ 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 qqgep 18 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 g4.,. The 50

Page 4 of 26



Page 5 of 26

OCoONOOOPR~WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-101877.R2

0 20
[mm]

=
=)

0

0

100 200 300
L [kWim?]

100 200, 300

V4 0.25 025~ 8 . —
1 b} 0.25 D
“ 8
$ X
0.2 02t € % 0.2
: g "
$ &
0.15 015F $ % 1 0.15
~a 3 =
: e§
R 04 0.1 o1l
0.05 0.05 0.05t
0 0 ol
-0.05 -0.05 -0.05}
-005 0 005 -005 0 005 -005, 0/ 005 -005 0 005

Re[m]

Re [m]

Figure 2: a) Deposited heat flux ggep(R¢, 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 7,. ¢) Angle between the magnetic fielddines and the plane tangent to the tile surface a.. The
line o = 0 is shown with blue dots. The blue erosses are the maximum of g4, on each horizontal
slice (Z = const). d) qqep selected for the following analysis.

slices are reassembled to obtain the temperal evolution of the 2D map of the heat deposited onto
the tiles qgep(R, Z,t). The deposited heat flux is averaged over time in intervals where all plasma
parameters, including the plasmavertical position Z,;, are kept constant. The resulting gge, (R, Z)
2D map is shown in Fig. 2a.

The integration of the ggep 2D map overithe considered tile surface, corresponding to the upper
side of the limiter, provides the power déposited on the CC, Py, = 32 [[ 2¢4epdRPdZ, 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 numbeér of tiles in the toroidal direction. For the here presented database,
Py, together with the ‘total radiated power P,,4 obtained from bolometric measurements, accounts
on average for the 77% ‘of the ohmic power Py. 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 magneties:coordinates, namely the upstream radial coordinate r, and the angle between
the magnetic field and the plane tangent to the tile surface . 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 sare 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 elliptie@dges [21]. This results in a variation of the angle « both along R¢ and Z. In particular,
for limited plasmas, a curve on the tiles for which @ = 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 ggep (74, ), shown in Fig. 2d, is used to comprite the
perpendicular and parallel components of the heat flux. The deposited heat flux'is medeled assthe
sum of components parallel and perpendicular to the magnetic field, and a bagkground component:

dep(Tu, @) = q)| (1) sin v + g (1) cos o + gBG - (3)

The background heat flux gpg results from a combination of differentaprocesses like IR reflections,
heating of the tiles by the radiation coming from the plasma, and IRsradiation 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 tangentialiincidence for limited plasmas,
allows to estimate the cross-field heat flux at the limiter ¢, ./Indeed, for o = 0, the projection of
the parallel heat flux vanishes so that

Qdep(ruv a = O) = QL(TU) + qBG: (4)

#51485

Agep [KW/m?]

0.04

q, [KW/mM?]

0 0.01 0.02 0.03 0.04
r, Im]

Figure 3: a) Cross-field heat flux at the limiter, ggep(ry, @ = 0) = ¢ (ry) + ¢Ba, fitted with Egs. (4,
5) (blackline). b) Parallel heat flux profile q(r), color coded with the incidence angle a, fitted
with.Eq.. (2) (green line). The heat flux associated with the near and far SOL, g, exp(—7,/\,) and
gf exp(—ru/As), are plotted in magenta and red, respectively.
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We model ¢, (r,) as a sum of two exponentials:

qL(ru) = qinexp(—=ry/ALn) + qrpexp(=ru/ALy) , (5)

where A |, A|  are the perpendicular heat flux decay length in the near and far SOL, respectively,
and q1,, q1 s are the associated perpendicular heat flux magnitudes. The backgrommd heat flux ¢pq
and the perpendicular heat flux parameters A|,, A, ¢i1n, and g, s, are evalnated by fitting the
deposited heat flux for tangential incidence (gge, on the a = 0 line, blue dots'in, Fig. 2) with Egs.
(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 ¢; 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 R? equal to that resulting
from the double exponential fit, ¢, (r,,) is still modeled by Eq. 5, whereigy,, = 0. The perpendicular
heat flux at the contact point, defined by r, = 0, is given by ¢ 6 =g (rw=0) = ¢1,, + ¢q1f. 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 thatwthe perpendicular heat flux g (ry)
does not depend on the angle of incidence «, even though a local’ enhancement of perpendicular
transport through the “funnel effect” [22] is possible for grazing angles a ~ 0°. This could lead to
an overestimation of ¢, for o > 1°. 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.éxpansion:

g (ra) = Qdep(Tus @) — qi(ru) €05 — qpc Bu(ry) 7 ©

sin @ Biim(ry)

where ¢ (ry,) is given by Eq. (5), B, and By, are the total magnetic field intensities at the outer
midplane (upstream) and at theldimiter, 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 \n, Ay, g, andygy, are determined by fitting the whole g (1) profile with
Eq. 2, for all the points for which @ > 1°. The same procedure as for fitting ¢, (r,) is applied: a fit
with a single exponential is alsesperformed. In the case when a double exponential does not provide
a better fit of the data, g (ry) i6 still modeled by Eq. 2, where ¢, = 0.

4 Perpendicular heat flux at the contact point

The perpendicular heat flux at the contact point is given by qi¢9 = ¢, + q1 s, accounting up to
the 20% of thespeak heat flux deposited on the tile, occurring for o ~ 3°. This leads to a ratio of
perpendicular to/parallel tramsport at the limiter ¢, /g ~ 1%. The “funnel effect” [22], usually used
to justify qu/q)| of,the order of 10%, could play a minor role in locally enhancing the perpendicular
transport.

The perpendicular heat flux decay length A, is typically a few millimeters, while A\ ; 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 ¢, ¢ that reads

QJ_,O [kW/m?2] = 1.2- 104 15[2]\5414} Ii_l'gl n;gf([]l()lgm*ﬂ' (7)



OCoONOOOPR~WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-101877.R2

Ay [KW/m?]
200
o D
O He
g 150; 200
T o
p 180
T
g 100¢ 160
e | [kA]
= 140
N +
— 50} 9 120
" 100
0 L L L
0 50 100 150 200
measured

Figure 4: Empirical scaling of the perpendicular heat flux.at the contact point ¢ g with the plasma
parameters, including D plasmas (squares) and He plasmas (diamonds). The points are color-coded
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 parametersiare eonsistent with Ref. [4], where a similar scaling
was determined using deuterium discharges. only. (g0 Ig'5f<f0'9ng0'4). The main trend is the
increase of g ¢ with the the square 0f the plasma current, which is consistent with an increase of
the ohmic power P. The decrease of ¢ g with plasma density is consistent with a cooling of the
SOL at the limiter at fixed power into the SOL, Psor, due to the conservation of total pressure
along the field lines. The decrease of q o with the elongation x is consistent with the observed
decrease of Pp, due to the increase of confinement with elongation [23, 24] for constant plasma
current (I,) and density, resultingiin a lower power into the SOL, Psor..

In the following we compare theperpendicular heat flux at the contact point ¢,y with the heat flux
crossing the LCFS, qr.crs. Thé power entering the SOL is evaluated as Psor, = Po — Pyrqq, Where
P,uq is computed from, bolometricimeasurements. A nonlinear regression with the same plasma
parameters as for the onelin Eq. (7) provides an empirical scaling for Psop:

Psor, pw) = 2.07 - 10° L {4 57 00 ndon 11 510,,-9)- (8)

The weak dependence of . Psor, on ne 4, is due to the fact that for increasing density P,,q increases
cooling the plasma, increasing’in turns the resistivity i.e. Py (for fixed I),). We compute the heat
flux crossing the'separatrix as qrors = Psor/Srcrs, with Spops = 472 ﬂ/ﬁ)ammRo the surface of
the LCFS#being amin ~ 0.23 m and Ry ~ 0.88 m the plasma minor and major radius respectively,
having approximately the same value for all the discharges in the database. The ratio q10/qroFs

scales therefore@as

q10/qrors = 46.3 )T 4 5010 ”;254[51019,%73], 9)

i.e. itiis,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 g|(r,) 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 g¢,, \n, ¢y and X; 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 qH(ru) is well
described by a sum of two exponentials (Eqwn(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 “neaz” SOL respectively. We remark that the two tiles used for the
analysis are located at the electron-driftiside 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, qH(ru) is well
described by Eq. (2) on the ion-driftiside of the limiter, too, as shown in Fig. 5. The values of the
fitting parameters \,, Ay and gy are similar on both sides of the limiter. The near SOL heat flux
magnitude ¢y, 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'x 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 SOLJ is observed tordisappear in two cases for deuterium plasmas, namely for the lowest
plasma currentivaluednvestigated in the current scan (I, = 85 kA, the lowest value achievable on
TCV for yertical stability, with n.q, = 2.5- 10 m™3, k = 1.4, § = 0) and for the highest density
investigated in the density scan (neq, = 4.7 - 101 m=3, with I, = 140 kA, x = 1.4, § = 0). In Fig.
6, the parallellieat flux radial profiles for the highest and lowest value of the plasma current (a),
and ffor the highest and lowest value of the plasma density (b) are shown.

The'yariation of the fitting parameters used to describe the parallel heat fluxes (An, ¢n, Af, and
qr) with"the plasma current I, the plasma density neq, and the elongation x 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 g)(ry) for a) I, =210 kA (red dots) and I, = 85 kA (blue
dots); b) ne gy = 1.2 10 m™3 (red dots) and ne g =4.7 - 1082%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 tremds with respect to their dependence on the main
plasma parameters (I, neqv, k), displayed inithe figures with dashed lines, are summarized in the
following.

The near SOL width A, is approximately constant over the explored range of currents (Fig. 7a),
except for one point (I, = 95/kA), for which’the fitted A, is close to the experimental spatial
resolution. The near SOL vanishes for the lowest current value investigated I, = 85 kA. This
unexpected trend could result from two €ompeting effects: in ohmic plasmas, increasing I, the
safety factor decreases as geqqe o< 1/, and the plasma temperature rises. Experiments including
additional heating sources ape advised for future works to disentangle the gq5. and Tt contributions
to the trend of A\, with I,. Themear SOL width \,, decreases linearly with n¢ 4., eventually vanishing
(Fig. 7b), and decreasesilinearlyrwith « (Fig. 7c).

The near SOL parallel heat flux magnitude ¢, increases linearly with the plasma current I, (Fig.
8a), consistently with theiincrease of the ohmic power, and it vanishes for low currents (I, = 85
kA). ¢, decrease forincreasing density, after an initial increase (highlighted by a cubic interpolation
in Fig. 8b), and vanishes for n 4, 2 4.5 - 10* m~3. ¢, decreases for increasing elongation (Fig.
8c). This is consistent, withithe observed reduction of ohmic power with elongation at fixed plasma
current and density, resulting in a lower power into the SOL, Psor..

The far SOIywidthid; qualitatively agrees with the Ay o< gegge o< 1/, existing scaling [26] (dashed
line in Fig. 9a). \\y increases linearly with ne q, (Fig. 9b), consistently with previous observations
in divertedyplasmas [9], and decreases linearly with x (Fig. 9c), similarly to A,. This latter trend
is unexpected since in existing scalings of the SOL width (e.g. [26]) usually Ay & gedge, Where gegge
is the safety factor at the LCFS. Since, for fixed plasma current and toroidal field, gegge x K, We
would expect \; &, contrarily to our observations. Further investigations are required.

The far SOL parallel heat flux magnitude ¢s linearly increases with the plasma current (Fig. 10a),
consistently with the increase of the ohmic power, linearly decreases with the plasma density ne g
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Figure 7: Variation of the near SOL width A, with the plasma ¢urrent I, (a), the line averaged
density neq, (b) and the elongation « (c), for both D_(squares) and He (diamonds) plasmas. For
all the discharges in a), neqy = 2.5- 1012 m™3, k £ 1.4pin,b) I, = 140 kA, k = 1.4, and in c)
I, = 140 kA, neqp = 2.5 - 10" m™3. The région whete the near SOL vanishes for D plasmas is
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Figure 8:\\Variation of the near SOL heat flux magnitude g, with the plasma current I, (a), the
line averaged density n. 4, (b) and the elongation x (c), for both D (squares) and He (diamonds)
plasinas. For all the discharges in a), neqp = 2.5-10" m™3, k = 1.4, in b) I, = 140 kA, r = 1.4, and
in ¢) i, = 140 kA, neqp = 2.5- 10" 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 Ay with the plasma ctrrent I, (a), the line averaged
density neq, (b) and the elongation « (c), for both D_(squares) and He (diamonds) plasmas. For
all the discharges in a), neqy = 2.5- 1012 m™3, k £ 1.4pin,b) I, = 140 kA, k = 1.4, and in c)
I, = 140 kA, neqp = 2.5 - 10" m™3. The région whete 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 g¢ with the plasma current I, (a), the
line averaged density n. 4, (b) and the elongation x (c), for both D (squares) and He (diamonds)
plasinas. For all the discharges in a), neqp = 2.5-10" m™3, k = 1.4, in b) I, = 140 kA, r = 1.4, and
in ¢) i, = 140 kA, neqp = 2.5- 10 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 11: Parallel heat flux radial profiles q4| ry) in He for Ip= 210 kA, negy = 2.5 - 1019 m
(red dots), I, = 85 kA, neqy = 2.5 109 m™ (blue dots)iand I, = 85 kA, ncq, = 3.5 10 m
(magenta dots). The fit with Eq. (2) is shown w1th solid lines.

(Fig. 10b), and is approximately constant over the explored range of elongation x (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 g (r.,) profiles, and the observed trends
with the plasma parameters are similar tosthe D case. Nevertheless, there are some differences.
Contrarily to the D case, the near SOL does notyvanish for the lowest I, value (85 kA), even though
its strength (~ gnAn, see Sec. 7)isdecreased, as it is shown in Fig. 11. The near SOL does vanish
for I, = 85 kA and an increased density n. 4, = 3.5 - 10 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 A, slightly deecreases for I, < 100 kA (Fig. 7a) and does not vary with ne 4,
(Fig. 7b), decreasing only for high density (neq, = 5.3 - 10 m™3). Contrarily to the D case, the
near SOL is not observed to'wanish for high densities. No clear trend of A, with elongation is found
(Fig. 7c).

The near SOL parallel heat flux mmagnitude ¢, decreases with elongation (Fig. 8c), similarly to what
is observed for D plasmas,but its decrease starts at lower « in He.

The far SOL widthy A values are similar to the D case, but the scaling Ay o 1/I,, [26] is not as
satisfactory fulfilled asjin.the D case (Fig. 9a). Ay is approximately constant over the explored
values of plasma current Ipn.Also, Ay is constant rather than increasing with neq, (Fig. 9b).

6 Scaling of the near and far SOL widths

In Figure 12pwe 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 Ay 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) plasmasi.a) comparison of the experimental
(from IR data) far SOL width A; with the scaling given in'Eq.) (10), color coded with the elongation
k; b) comparison of the experimental (from IR data) near SOL width \A,, with the scaling given in
Eq. (11), color coded with the normalized resistivity v.
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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 Ay with the scaling given in Eq. (13), color coded with the elongation
k; b)leomparison of the experimental (from IR data) near SOL width A, with the scaling given in
Eq. (14), color coded with the normalized resistivity v.



Page 15 of 26 AUTHOR SUBMITTED MANUSCRIPT - NF-101877.R2

OCoONOOOPR~WN =

theory [27], and successfully tested against the database presented in [28]. The scaling reads:
Agrm] = 4.96 - 104 x ndY TGO RGPS B, 05 (10)

where neg, Teo are the plasma density and electron temperature at the LCES, Ry is the plasma
major radius, ggs is the edge safety factor, and \gy, 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 ¢4 = qos/%,
i.e. the safety factor for a circular plasma, given only by its current and not by theshaping, instead
of gg5. Furthermore, the model is developed to describe a “classical” SOL4, 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 cizeular, plasmas x ~ 1, but it
overestimates the far SOL width for shaped plasmas x 2 1.4. This,has to_besconsidered 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 faet that the experimental data are
measured at the HF'S, while the scaling is developed for a poloidally averaged SOL width. The pre-
dicted values being larger than the experimental ones,eould 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 numericalésimulations of the SOL [30, 25].

In Fig. 12b, we compare the near SOL widthi\,, 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|[% ¢s) with cross field transport determined by the
Pfirsch-Schluter currents, generated by the VB and curvature drifts. The resulting SOL width is
predicted to be:

1/s (L+ )Ba'T/B1/A ( 24\ (Zegy + 4\ (1)
) K

A = 5671 - P,
mp[m] SOL I](;)/g R 72112 5

where Pgoy, 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. Zggs 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 n. and T, 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. Ag[mmli= 0.63Bp_0%$9 [35, 36], tend to overestimate A, by a factor 3.

As shown in Figh 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 v, combining both the variation of density and
temperature. This is defined as [37]:

eneoRon)|

=

= T2 12
Micso Ne0 e0 » ( )
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where e is the electron charge, neg, Teo and cy the plasma electron density, temperature, and the
ion sound speed respectively, all evaluated at the LCFS, m; is the ion mass, Ry is the plasma major
radius (magnetic axis), and 7 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 v, the increased turbulence in the far SOLy 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,
AuD; = AuHpZ =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 k and resistivity v, 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:

)\f :K71’55)\QL , (13)
An =0.0707 933\ gy (14)

where A\gr, and Agp are given in Eq. (10) using/qos =,qu, and Eq. (11), respectively. The
experimental data are compared with the refined sealings 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 withithe 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 A, or the associated heat flux magnitude g, is the combination of the two
through the power entering the near SOL, APsor,  gnA,. Indeed, following Ref. [3], the power
entering the SOL can be compluted as

By, [
Psor, = QTFRLCFSBG’/ 2q)(ru)dry, (15)
$u JO

where Rycrs is the major radius of the LCFS at the outer midplane, By, and By ,, are the poloidal
and toroidal componentsyTespectively, of the magnetic field at the outer midplane. qH(ru) is the
parallel heat flux/radial profilé measured on one side of the limiter and remapped upstream. The
factor two insidé 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:

B9 u o
APsor = 47TRLCFSB(Z;/ [91(ra) = )4 (ru)] dru - (16)
sU 0

In Eq. 16, g s(r.) is obtained by extrapolating the parallel heat flux profile in the far SOL up to
the LOF'S. In the formalism used in this paper, g ¢(r4) = qf exp(—74/Af). The power entering the
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26 Figure 14: Schematics of the power entering the near SOL;APsor. The fit of Eq. (2) to the parallel
27 heat flux radial profile gj|(r,) is shown (solid dine) for discharge #51392. The dashed line represents
28 the heat flux associated with the far SOL, gprexp(=r,/Xf). APsor, corresponds to the integral of
29 the red-shaded area.
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52 Figure 15: " Pewer in the near SOL A Psoy, (a) and normalized to the total power in the SOL Psor, (b)
53 as a/function of the normalized resistivity v, color coded with the logarithm of v. The results from
the D (squares) and He (diamonds) experiments are plotted together with the lines APsor, = a/v
56 (a) and APsor/Psor, = b/v%57 (b), plotted in black, where a and b are fitting parameters.
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near SOL is represented in Fig. 14 by the shaded area. Since the parallel heat flux radial,profile
q)(ry) is described by a sum of two exponentials (Eq. (2)), the power entering the near SOL.is
given by

B

o0

) _ By

APsor, = ATRLops — / gne " dr, = AT RLoFs = Gighn - (17)
By Jo By

In the following, we use APsor as a measure of the “strength” of the nearsSOL. In Ref. 4],
a nonlinear regression with the plasma parameters of APsor, has been petrformed for previous
deuterium experiments in TCV, showing that APsoy, is well described by the empirical scaling

APsor, w) = 192 T2 oy n;}lf[lmwm_ﬂ I]jg\-j’j] k0765012 (18)

where T, 4, and ne q, are the average plasma electron temperature and density, respectively. This

empirical scaling has its main dependence on temperature and density, APsor, o« T; 63 / 2n;1, that can
be approximated as APsor, o v~ !, where v is the normalized Spitzer resistivity ( Eq. (12)). The
relationship APgor o< 1/v is confirmed for all the present expetiments', for both D and He plasmas.
In Fig. 15a, APsor is plotted for all the discharges against the noermalized resistivity v. The curve
APsor(v) o< 1/v is plotted in black. The resistivity is hére @emputed using the plasma electron
density and temperature resulting from Thomson scattering measurements, averaged in the edge
region 0.9 < p < 1, where p is the normalized poloidal flux @eordinate (p = 1 at the LCFS). This
method is preferred rather than using n. and 7T, 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 (v 0.7+ 1072) 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 APsor,/Psor, transitioning to zero for v > 0.7 - 1072, and whose decrease
with normalized resistivity is better described'by APsor(v) o 1/v7, where v = 0.57 is the best
fitting parameter.

Almost identical trends could besfound, using, intstead of the normalized resistivity v, the SOL
collisionality [2]

L[m]
Teo[eV]2 ’
where L = 27 Roqedgqe i the connection length and M. is the electron-electron collisional mean free
path. ne0 and Tg are thesplasma electron density and temperature at the LCFS, respectively, but
in this paper v, is evaluatedusing the edge values from Thomson scattering measurements, as it
is done for the normalized resistivity. The normalized Spitzer resistivity v and the SOL collisionality
V5o are clearly correlated, but vg,; provides some additional physical insight since it determines
the transition between different regimes in the SOL [2]. In particular, a substantial decrease in
APsor, is observed for,vg,; 2 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 vg,; ~ 50.

We remark that in these experiments, where the resistivity v is varied only by changing the plasma
currentn, orsthe density ne q,, we could draw similar conclusions using the Greenwald fraction

I 71
fa = Neav/NG = Neav Tp , where ng is the Greenwald density and a.,;, is the plasma

V507 = DfXce = 107 0n0[m ™3] (19)

minor radius. It could hencemf)% stated that APsor decreases with fg and vanishes at sufficiently
high Greenwald fractions fo 2 0.5. Though, this would not be true in plasmas in which v 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 V; in TCV limited plasmas,
performed at the limiter using flush mounted Langmuir probes (LP). The LP werg.operatediin 54,
and V¢ mode (every other probe). A sweep in the plasma vertical position is performed to inerease
the spatial resolution of the measured profiles. A typical radial profile Vy; 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, V}; increases up to Vyy ez ~ 10 V. Entering thie near SOL, the floating
potential starts to decrease and changes sign, reaching large negative values at the contact point,
Vit,min ~ —30 V. A non-zero floating potential is the result of non-ambipelar’currents flowing to
the limiter, and the sign of the floating potential is given by the signof thefnon-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 inthe SOL, that we define as

AV = Vi maz'® Vit mim (20)

where Vi mae and Vi, are respectively the maximum and minimum value of Vy; in the SOL,
measured in the same side of the limiter. This\is schemiatically 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 Vi oz, Vi min and the
potential drop in the SOL AV} 4, are indicated.
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Figure 17: Floating potential profile remapped upstream Vy;(#,)ufor the'l, scan (a), x = 1.4, 6 =0,
Neav = 2.5 - 10" m~3, and for the Ne,av Scan (b), I = 140 kA, k =14, 6 = 0 (D plasmas).
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Figure 18: Power in the near SOL APsor, as a function of the floating potential drop AVy, color-
coded with the normalized resistivity log;,(v), for D plasmas (a) and He plasmas (b).

gous floating potential drop in the SOL can be measured on both sides of the limiter, AVy;; and
AV . for the ion and electron drift sides, respectively. No substantial asymmetry is observed in
between the two_sides of the limiter, being on average AVy ;/AVy . = 1.13 £ 0.24 for D plasmas
and AVy/AVi e = 0.93 4021 for He plasmas. The electron drift side of the limiter (its upper
part) is hence'chosen/for the following analysis (we identify AVy = AVy.) 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 g (r,) profiles, a floating
potential drep 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 Vy;(ry) is
plotted for different values of I, and n.4,. The intensity of the floating potential drop increases
with I, and decreases with ne qq.

The non-ambipolar currents (AVy;) 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 I, scan,



Page 21 of 26 AUTHOR SUBMITTED MANUSCRIPT - NF-101877.R2

OCoONOOOPR~WN =

I, =85 kA, and for the highest density in the density scan ne 4, = 4.7 - 10 m=3.

The potential drop AV}, is found to be correlated with the strength of the near SOL, APsopyas
shown in Fig. 18, where APsoy, is plotted against AVy;, color coded with the normalized,resis-
tivity v, for both D and He plasmas. For He plasmas, a larger AV};, associated with increased
non-ambipolar currents, is measured for the same power in the near SOL, APsop.

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 Vy ~ —30 V at the
limiter, would lead to an increase of the sheath transmission factor s, of ~ 20% with respect to
the case of ambipolar conduction (Vy; = 0), according to Eq. 25.54 of xef. {2}z The enhancement of
the parallel heat flux for the same discharge is more than one order of magnitude higher, ¢,/qs ~ 6.
Another mechanism has therefore to come into play.

The potential drop AV}, can be also considered as a measurement, of the velocity shear in the

near SOL. Indeed, the E x B drift velocity vgxp = —5;—in‘the SOL is mainly in the poloidal

direction, since the electric field is mostly in the radial direction E'~ FE,.7 and the magnetic field
can be approximated by its toroidal component B ~ B¢q3, where,# and qAﬁ are the unit vectors of
the radial and toroidal coordinate, respectively. We can'henge approximate vgx g with its poloidal
component:

ExB E7xByp WE,, .
VExB = —pg N P A —§9 = vyl , (21)
where we approximated By ~ B, 0 is the unit vectorofthe poloidal coordinate, and vy = —E,./B
is the poloidal E x B velocity. The radial shear of the poloidal velocity is given by:

o 1 OE, 15y
or ~ B'or B or?’

o (22)
where we neglected the dependence of B upon the radial coordinate r, and we used the relationship
E, = —0V,;/0r, with V}; being the plasma potential. The plasma potential is related to the floating
potential by V,; = Vi + AT, with A ~/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 A,,. We assumie that the radial gradient of the electron temperature is small with
respect to the radial gradient of V. Equation (22) can then be rewritten as:

o~ l&QVﬂ N AVy
7 B ar2 T BAZ

(23)

The potential drop inthe. SOL AV} 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/APgsor is correlated with the presence of a radial shear in the E x 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 E, is always negative. Conversely,
in the SOL the relationship V}; ~ 3T¢ holds, so the temperature profile of the typical form
T. = Tepexp(—ry/Ar) results in a positive E,.. The radial electric field has therefore to change
sign.across the LCFS, resulting in a shear of the poloidal E x B velocity. In the near SOL, the
shearing rate vj is larger than the ballooning growth rate v, ~ ¢s/Ro/2Ro/Ly (7 ~ 3.6 - 105 s71
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for a typical TCV discharge), and the complex interaction of the turbulence with the sheath flows
and the strong E x B shear results finally in the steepening of the pressure profile. The decrease
of the E x 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 inbeard-limited plasmas had
always been observed at the HFS. Still, no consensus could be reached*en the presence of the near
SOL on the LF'S, 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 reciproeating probe in JET experiments
[3] only probed the far SOL (r,, > 20 mm).

In the following, we discuss the radial profiles of g and Vy; 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 g)(r,) (computed from T, and I, measurements) and Vy(r,) profiles are
plotted with red dots in Fig. 19a,b respectively for astypical discharge (#51407). Similarly to the
procedure adopted to parametrize the results obtained by IR thermography, the q||(7°u) 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, ¢y exp(—74/Af), is plotted with a black
dashed line.

For discharge #51407 (in red in Fig. A9)pit.is observed that the SOL is broader at the LFS than

n _ =2.510""m™3, k=1.4, 5=0
av

e,

q, W/m?l

0.01 0.02 0.083 0.04 0.05
r, [m]

Figute 19: Radial profiles of parallel heat flux ¢ (r,) (a) and of floating potential Vi;(ry) (b)
computed from RP data for the two same discharges as plotted in Fig. 6a, I, = 210 kA (red dots)
and foridy= 85 kA (blue dots). a) The fits of g (r,) with Eq. (2) are shown by solid lines, while
the heat flux associated with the far SOL ¢q)| s(r) = qy exp(—ry/Af) is shown with a black dashed
line for the case I, = 210 kA. b) The smoothed V() profiles are shown with solid lines.
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at the HFS, with A\, rp/An1r = 3 and A rp/Af 1R =~ 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 ¢, rp/¢n,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 HF'S g (1) profile, it is also visiblejin the LF'S q)(r.)
profile. Also, the floating potential V}; becomes negative in the near SOLs as obseryed at the HES
from LP measurements. An example is shown in red in Fig. 19b. A velocity shear layer is then also
present at the LF'S midplane.

Furthermore, in the cases where the near SOL vanishes at the HFS, it.also vanishes at the LFS.
As an example, the g|(r,) profiles from the RP for the two discharges with the highest and lowest
value of I, (210 and 85 kA, respectively) are compared in Fig. /19ay, The'q (r,,) 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 I, = 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 g (r,) profile is associated with a flattening of the Vi (ry)
profile at the HF'S (see Fig. 17). On the LFS, the potential drop. AV, is also reduced. Furthermore,
the floating potential becomes negative through thé 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 performedain TCV to investigate the physics of the near SOL
in inner wall limited dischargesinin 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 v > 0.7 - 1072, obtained here for low
plasma current or high plasmadensity, for both D and He plasmas. The power in the near SOL is
shown to scale as APsor, o« 1/¥. 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 meodel [31]ifor low normalized resistivities. An empirical correction with v 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 APgpy, 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
measurendents 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
togethier 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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