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Abstract
The impact of plasma shaping on the properties of high density H-mode scrape-off layer (SOL)
profiles and transport at the outer midplane has been investigated on Tokamakà configuration
variable. The experimental dataset has been acquired by evolving the upper triangularity while
keeping the other parameters constant. The scan comprises δup values between 0.0 and 0.6,
excluding negative triangularity scenarios. Within this study, a transition from type-I edge
localised modes to the quasi-continuous exhaust regime takes place from low to high δup. The
modification of the upstream SOL profiles has been assessed, in terms of separatrix quantities,
within the αt turbulence control parameter theoretical framework (Eich et al 2020 Nucl. Fusion
60 056016). The target parallel heat load and the upstream near-SOL density profiles have been
shown to broaden significantly for increasing αt. Correspondingly, in the far SOL a density
shoulder formation is observed when moving from low to high δup. These behaviours have been
correlated with an enhancement of the SOL fluctuation level, as registered by wall-mounted
Langmuir probes as well as the thermal helium beam diagnostic. Specifically, both the
background and the filamentary-induced fluctuating parts of the first wall ion saturation current
signal are larger at higher δup, with filaments being ejected more frequently into the SOL.
Comparison of two pulses at the extremes of the δup scan range, but with otherwise same input
parameters, shows that the midplane neutral pressure does not change much during the H-mode

a See Reimerdes et al 2022 (https://doi.org/10.1088/1741-4326/ac369b) for the TCV Team.
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phase of the discharge. This indicates that indirect effects of the change in geometry, linked to
first wall recycling sources, should not play a significant role. The total core radiation increases
at high δup, on account of a stronger plasma–wall interaction and resulting larger carbon
impurity intake from the first wall. This is likely associated to the enhanced first wall
fluctuations, as well as a smaller outer gap and the close-to-double-null magnetic topology at
high shaping.

Keywords: H-mode, plasma shaping, scrape-off layer, power fall-off length, density shoulder,
filaments, plasma-wall interaction

(Some figures may appear in colour only in the online journal)

1. Introduction

Proper management of the particle and energy exhaust in the
divertor and scrape-off layer (SOL) regions of a tokamak
is a fundamental requirement in view of safe operation of
future nuclear fusion devices. In particular, an upper bound of
10MWm−2 is currently set on the peak heat load impacting
the divertor target and first wall components of ITER in sta-
tionary conditions, in order to prevent tungsten recrystallisa-
tion as well as excessive material erosion and melting [1]. A
multi-machine empirical scaling in low collisionality, attached
divertor conditions extrapolates a value for the outer midplane
(OMP) power fall-off length λq ∼ 1mm using ITER baseline
parameters [2, 3]. The resulting stationary heat loads will
likely pose a challenge to the material limits and a large frac-
tion of the input power will have to be dissipated by adopting a
scenario with at least a partially detached divertor. In addition,
the high transient heat loads imposed by type-I edge localised
modes (ELMs) [4] will have to be mitigated in ITER, if not
fully suppressed in reactor-sized devices, so as to avoid a signi-
ficant reduction of the lifetime of plasma-facing components.

In order to couple good core plasma performance and
compatibility with the aforementioned power exhaust require-
ments, several alternative scenarios have been designed and
are the subject of thorough research in present experimental
tokamak devices. Among these, the quasi-continuous exhaust
(QCE) H-mode regime [5] appears to be one of the most
promising as a reactor solution. Generally achieved at high
gas puff and high plasma shaping, close to the double null
configuration, this regime is characterised by long station-
ary phases in which large type-I ELM events are replaced by
much more frequent and incoherent small-amplitude bursts
[6–9]. Recent studies carried out at ASDEX-Upgrade (AUG)
[5, 10] and TCV [11] have shown a significant broadening
of the SOL power width λq when transitioning from a type-I
ELMy regime to QCE at increasing separatrix density, reliev-
ing the peak target heat load. This however does not come at an
excessive loss of core performance: good particle and energy
confinement levels are retained, with the presence of an H-
mode pedestal in both the upstream temperature and density
profiles as well as a confinement factor H98(y,2) ∼ 1. Together
with the relatively high fraction of power dissipated by volu-
metric radiation associated to the required high core plasma
density [12], these features make QCE an attractive scenario
for reactor operation.

The QCE regime is also characterised by the formation of
a so called density shoulder, consisting in an overall increase
and flattening of the density profile in the far SOL. In recent
times, density shoulder formation has been observed both in
L-mode and in H-mode [5, 13–22] during plasma discharges
characterised by high divertor and midplane neutral pressure.
Furthermore, it has been associated to an enhancement of
turbulent transport across the SOL by means of bigger and
radially faster intermittent filamentary structures [11] being
expelled more frequently from the confined region into the far
SOL [22, 23]. An enhancement of the radial convective trans-
port around the OMP in high density H-mode regimes, such
as QCE, could represent a hazard for the safety of first wall
components [16, 24].

Despite the numerous efforts undertaken in the past years,
a commonly accepted description of the SOL dynamics regu-
lating the evolution of the upstream profiles and turbulence in
high density H-mode regimes is still missing. According to the
current understanding based on AUG and Tokamakà configur-
ation variable (TCV) experimental results (see e.g. [6, 7, 25,
26] and references therein), ballooning modes developing in
the vicinity of the pedestal foot are thought to be the primary
cause driving small ELMs and turbulent transport in QCE.
More specifically, large separatrix density should lead to an
enhancement of the transport level associated to these modes.
At strong plasma shaping, in a close to double null configur-
ation, the magnetic shear in the vicinity of the separatrix at
the OMP decreases and thus also its stabilising effect on bal-
looning modes should be reduced. These conditions produce
a plasma that is only marginally stable to ballooning modes in
the close proximity of the separatrix. As a consequence of the
resulting increased ballooning transport level, the local pres-
sure profile near the separatrix flattens, leading to a narrowing
of the pedestal width and therefore to a stabilisation of type-I
ELMs.

From the theoretical point of view, in recent years a frame-
work has been proposed and described in [10, 27]. Leveraging
on the concept of a separatrix operational space [28] and on
the Drift–Alfvén turbulence model [29, 30], this framework
attempts a description of the SOL plasma properties by means
of the so called turbulence control parameter

αt = KRq2cyl
ne,sep
T 2
e,sep

Zeff ∝ qcylν
∗
ei. (1)
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In equation (1), R is the tokamak major radius, qcyl is the
cylindrical safety factor, ne,sep and Te,sep are respectively the
separatrix density and temperature, Zeff is the effective ion
charge and ν∗ei is the normalised edge collisionality. All para-
meters appearing in equation (1) are described in more detail
in [10]. The definition ofαt includes a proportionality constant
K which depends on physical constants, the effective ion mass
and the typical values assumed by Zeff in a given machine (typ-
ically, K∼ 3.1 · 10−18 for AUG and ∼2.6 · 10−18 for TCV).
From a physical standpoint, the αt parameter can be regarded
as a proxy for the strength of the resistive ballooning instabil-
ity relative to drift wave transport near the separatrix, having
been shown through simulations to set the phase shift between
density and potential fluctuations [31].

Intensive experimental work has been conducted in recent
years with the aim of supporting this theoretical framework.
On AUG an increase in density, resulting from an increasing
level of gas puffing, has led to an increase of αt and, corres-
pondingly, a significant broadening of the SOL power channel
width [5, 10]. Moreover, dedicated experimental campaigns
making use of the renovated cooling water calorimetry sys-
tem on AUG [32] have been carried out in order to study
the response of the energy load distribution on plasma-facing
components both in type-I ELMy H-mode and in QCE, find-
ing that the fraction of the total energy deposited onto the outer
limiter surface increases approximately linearly with αt [33].
In the latter work a variation of αt was induced by changing
both the density through a gas fuelling scan, and the safety
factor through a toroidal field scan, showing that the energy
load on the limiter surface correlates better with αt than with
the edge collisionality alone.

Most recently, work has started to extend the αt parameter
theoretical framework to other machines. Notably, H-mode
experiments have been carried out on TCV consisting in a sep-
aratrix density scan in highly shaped plasmas, probing both
type-I ELMy and QCE regimes [11]. An increase in αt by
means of a larger separatrix density at high divertor neut-
ral pressure resulted once again in a broadening of the near
SOL heat load and density profiles. A density shoulder was
observed to progressively form in the far SOL, associated to
an enhancement of the radial filamentary transport towards the
first wall. No relevant insight could be gained through this
database on the role of other quantities defining αt, like Ip,
Bt and plasma shaping, possibly affecting the SOL turbulent
dynamics, since they were kept constant.

The purpose of this manuscript is therefore to extend the
database in [11] by probing the properties of SOL profiles and
fluctuations in high density H-mode regimes with respect to a
modification in plasma shaping. Keeping the gas fuelling con-
stant, a scan in upper triangularity is carried out which dir-
ectly correlates to a change of the edge safety factor and hence
αt. In the first place, the effect of upper triangularity on the
upstream SOL profiles is assessed and translated in terms of
αt variation. Particular consideration is given to the power fall-
off length λq, the near-SOL density e-folding length λn and
the far-SOL density shoulder amplitude. In the second part
of this work the focus is shifted towards plasma–wall inter-
action issues, in terms of both filamentary-induced turbulent

fluctuations at the midplane and first wall recycling variation
with plasma shaping.

The paper is structured as follows. Section 2 will present a
review of the experimental conditions, machine setup and dia-
gnostics considered in the present work. In section 3 the impact
of plasma shaping on separatrix parameters and profile prop-
erties will be evaluated, whereas in section 4 the evolution of
density fluctuations will be assessed. Section 5 will present a
detailed analysis of how changes in plasma shaping can affect
first wall recycling particle sources and plasma–wall interac-
tion properties. Finally, conclusions and future developments
will be outlined in section 6.

2. Experimental setup of the plasma shaping scan
database

The TCV [34] is a medium-sized tokamak with major radius
R= 0.88m, minor radius a= 0.25m and great flexibility in
plasma shaping and divertor geometry thanks to its highly
elongated vessel and 16 independently-powered poloidal
field coils, allowing wide elongation and triangularity ranges
of, respectively, 1⩽ κ⩽ 2.8 and −0.7⩽ δ ⩽ 1.0. Exploiting
these properties, an experimental dataset has been acquired
consisting in a plasma shaping scan.

2.1. Machine setup and diagnostics

Figure 1 represents a poloidal cross section of the unbaffled
TCV vacuum vessel and first wall, together with the full set of
considered diagnostics. The outermost floor piezoelectric gas
valve [35], shown as a black rectangle on the machine floor,
has been used in order to puff deuterium gas in the machine.
Two JET-like baratron gauges [36], shown in light green at the
OMP first wall and on the vessel floor, have been used to infer
the neutral pressure at different locations along the machine
boundary.

The Thomson scattering (TS) system [37] is represented
through red squares aligned along a vertical line of sight. It
provides well-resolved spatial measurements of the temper-
ature and density profiles across a large range of normalised
minor radius, from the core plasma to the far SOL and divertor
regions, with a 60Hz time resolution. The cyan patch identifies
the field of view of the vertical infrared (VIR) thermography
system [38], centred around the outer strike point at R∼ 0.8m
for all discharges.

The blue dots indicate the position of the wall-embedded
Langmuir probes (LPs), recently upgraded in order to provide
almost full coverage of the tile perimeter [39, 40]. For the
majority of the considered shots they have been operated by
applying a 1 kHz triangular voltage sweep, so as to infer slow
density and temperature values at the first wall and divertor tar-
get. For a subset of the present database they have been instead
operated at constant negative bias, yielding fast ion saturation
current measurements at an acquisition frequency of 200 kHz,
allowing to resolve fluctuation characteristics.

The purple dots around the outboard midplane indicate
the measurement positions of the recently installed thermal

3
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Figure 1. Experimental setup and diagnostics used in this work. The
extent of the shaping scan is represented through two samples of the
equilibria with the lowest (blue) and highest (red) upper triangularity
values. Their secondary separatrices indicate their closeness to
double null. The Thomson scattering volumes are represented as red
dots aligned along a vertical line of sight in the vessel centre. The
thermal helium beam (THB) observation points are shown as purple
dots around the outer midplane. The location of the outermost floor
piezoelectric valve is represented in black. The midplane and
divertor baratron gauges are represented through two corresponding
light green patches at the outer midplane first wall and on the vessel
floor. The cyan region represents the field of view of the vertical
infrared (VIR) camera, looking at a portion on the vessel floor
around the outer strike point at 0.8m. The wall-embedded Langmuir
probes are represented by blue circular markers.

helium beam (THB) [41, 42], measuring the light emission
of four HeI lines from a locally injected neutral helium gas
cloud. By exploiting a line ratio technique, this system yields

estimates of electron density and temperature. The diagnostic
observes the helium emission on eight radially spaced points,
with a spatial resolution of 4.3mm. The temporal resolution
ranges from the slow evolution of the edge profiles (∼1–
10 kHz) to the fast time scales associated to turbulent struc-
tures (up to 1MHz).

2.2. Experimental scenario and dataset

The database presented in this work is composed of high dens-
ity, high recycling, deuterium-fuelled discharges performed
in an unbaffled TCV vessel. The upper triangularity δup has
been changed from shot to shot, while otherwise keeping
the same engineering parameters. Along with the diagnostics,
figure 1 shows the extent of the present shaping scan through
two samples of equilibria having, respectively, the lowest and
highest upper triangularity in the dataset, together with their
secondary separatrices. While the low δup discharge consists
in a lower single null, the highly shaped equilibrium is close
to a double null, which is a necessary requirement for the QCE
regime [7].

Figure 2 shows an overview of four representative dis-
charges of the present plasma shaping database. As displayed
in panel (a), all pulses have the same plasma current Ip ∼
170 kA and central toroidal field Bt ∼ 1.4 T. The ion ∇B drift
is directed from the plasma towards the X-point, for easier
H-mode access. The last closed flux surface (LCFS) elong-
ation and the lower triangularity have been kept constant as
well at, respectively, κ∼ 1.5 and δlow ∼ 0.6. Instead, the upper
triangularity has been sampled at four approximately equally
spaced values in the interval 0.0≲ δup ≲ 0.6 (see panel (b)),
never probing negative triangularity scenarios. This large δup
variation has allowed to cover a wide range in cylindrical
safety factor qcyl (as defined in [10]), with a ∼27% increase
from ∼4.4 to ∼5.6.

The same heating scheme has been adopted for all shapes in
the form of a constant additional ∼1MW of co-current neut-
ral beam injection (NBI) [43] between 0.8 s and 1.8 s. The NBI
heating trace is shown in panel (c) in black, together with the
time evolution of the core radiated power, as measured by the
RADCAM bolometry system [44], indicated by colored lines.
The same flat-top fuelling scheme has been applied throughout
all shots, consisting in two consecutive feed-forward gas puff-
ing steps at ΓD2 ∼ 2.5 · 1020 mol s−1 and ∼5.0 · 1020 mol s−1

from the outermost floor piezoelectric valve. The flat-top fuel-
ling time trace is shown in panel (d) in black, along with the
time evolution of the core line-averaged density for the four
selected sample discharges. The temporal trace of the total
integrated inter-ELM outer target ion flux is displayed in panel
(e), as measured by the floor LPs operating in swept mode. The
absence of a rollover confirms that no outer target detachment
occurs at this power level, even at the highest density values.

The core line averaged density across the present database
covers an interval between∼6.5 and∼8.0 · 1019 m−3. In addi-
tion, the power radiated from the confined region spans val-
ues between ∼100 and ∼200 kW. Notably, the machine is
equipped with graphite plasma-facing tiles, therefore first wall
recycling particle sources around the OMP may have a rather
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Figure 2. Time evolution of some relevant parameters for four
discharges with different upper triangularity, representative of the
considered plasma shaping scan. Panel (a) shows typical traces of
the plasma current and the central toroidal field. Panel (b) displays
the four different upper triangularity values, each associated to a
colour and a sample shot number as reported in the legend. In panel
(c) the NBI input power (net of beam duct losses) is shown in black,
together with the core radiated power. The gas throughput from the
outermost floor valve is represented in black in panel (d), together
with the core line-averaged electron density. Panel (e) shows the
total integrated inter-ELM outer target ion flux. The colours used for
Prad,core in panel (c), ⟨ne⟩C in panel (d) and Γ∥,t in panel (e) match
those chosen in panel (b) for each different δup value. The vertical
lines indicate the centre of the time slices at which the profiles in
figures 4 and 8 have been selected.

important impact on both profiles and fluctuations as the shape
changes, and the outer gap along with it [19]. Furthermore,
the presence of a secondary X-point close to the primary sep-
aratrix at high δup may introduce a significant impurity source
from the roof tiles. This may partly explain the differences in

Figure 3. Typical ELM traces achieved within the present database
at varying plasma shaping, as seen from the Dα emission registered
by a bottom-lateral photodiode line of sight. The colour coding for
each temporal trace matches the one used in figure 2 to distinguish
different plasma shapes.

core radiation, along with the smaller outer gap, when moving
from low to high shaping. In order to improve the reprodu-
cibility of the density time evolution across the experimental
program, long glow discharges have been run inter-shot. The
question of possible shaping-induced variations of first wall
recycling particle sources and radiative losses is addressed
more in detail in section 5.

The effect of changing upper triangularity on the ELM
regime is displayed in figure 3, where the time-dependent
emission of Dα light at 656 nm registered by a photodiode
along a bottom-lateral line of sight is represented within a
100ms time interval. For the two sample discharges at low
shaping a type-I ELMy regime is distinctly visible in the form
of large regular bursts. Conversely, a clear transition to the
QCE regime takes place when moving towards highly shaped
plasmas. In particular, in QCE the light emission becomes
much less coherent, exhibiting a larger fluctuation level super-
imposed to the baseline signal with respect to type-I ELMs.
This kind of ELM behaviour falls in line with previous exper-
imental observations at AUG [6] and TCV [7].

3. Upstream profiles characterisation

3.1. Profile analysis and methodology for separatrix
parameters determination

In order to obtain a robust estimate of the separatrix electron
temperature Te,sep and density ne,sep the approach described in
[11] is used, with some minor modifications. Electron tem-
perature and density profiles have been evaluated across the
entirety of the normalised radial coordinate by means of the
vertical TS system, and complemented with THB measure-
ments in the SOL when available. Single TS profile measure-
ments have been grouped in a steady-state time interval at least
200ms wide during type-I ELM discharges, and subsequently
filtered such that only measurements within the 65%–95% of
an ELM cycle have been retained. The ELMfiltering threshold
bounds for the type-I ELMy cases have been chosen so that
only the pre-ELM TS profiles are selected during a stationary
phase of the discharge. With respect to other experimental and
analysis work, done e.g. at JET [45], the inter-ELM interval
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Figure 4. Temperature (a) and density (b) profiles for the four sample discharges shown in figure 2, one for each shape. The shown profiles
have been obtained by fitting TS data only, due to the lack of THB data for this subset of the database. In order to highlight the effect on the
profiles due to plasma shaping alone, the shown profiles have been selected in such a way as to have similar separatrix density. For the
purpose of easier visualisation and avoidance of clustering, only the profile fits are displayed as solid lines, with their respective 1σ
uncertainty represented by the shaded areas.

width chosen here is slightly larger, for the purpose of improv-
ing the profile statistics and lowering the fitting uncertainty.
During QCE phases, all profiles within a time interval of
∼100–150ms temporal width have been selected without any
filtering, given the current lack of ability to properly identify
separate ELMs during such regime.

All profiles have been mapped to ρψ, the square root of the
normalised flux coordinate, except when measuring the SOL
e-folding lengths for which the physical coordinate R−Rsep

has been used. Regularisation and fitting has been carried out
by means of the analytical function described in detail in [11].
In particular, the edge and SOL regions (ρψ ≳ 0.83) have
been characterised by means of a modified hyperbolic tangent
(mtanh) function. A constant offset has been used for the tem-
perature profile, whereas the density profile has been given a
finite negative slope as well in the SOL. Differently from [11],
only the scattering volumes below the magnetic axis have been
considered instead of the whole TS line of sight as input to the
fitting procedure, due to a detectable radial shift in the edge–
pedestal region between the upper and lower measurements.
This radial shift, which may be due to either finite poloidal
gradients or uncertainties in the equilibrium reconstruction in
the upper half of the machine, has already been reported in
other TCV-related works (see e.g. [46]).

The radial uncertainties of the equilibrium reconstruction,
coupled with the steep pedestal gradient in the edge–SOL
region, represent a significant challenge to the determina-
tion of the separatrix parameters. Like in [10, 11], the pos-
ition of the last-closed flux surface has been determined by
means of a power balance based on the two-point model
[47], assuming Spitzer–Härm electron heat conduction as the
dominating SOL parallel transport mechanism and neglect-
ing finite target temperature effects. All the fitted profiles are
radially shifted such that the temperature at the separatrix is
given by

Te,sep ≈

(
7
16

Psepq2cylR

κ0eκ̂a⟨λq⟩

)2/7

, (2)

with ⟨λq⟩ evaluated as in section 3.3. The power crossing the
separatrix is estimated as Psep = PNBI +Pohm −Prad,core, with
PNBI the coupled NBI power, Pohm the ohmic heating term
and Prad,core the core radiative losses. A Zeff > 1 correction is
taken into account in the electron parallel heat conductivity
κ0e [12], where Zeff is a radial average of the effective ion
charge estimated from the neoclassical resistivity and boot-
strap current as in [48, 49]. The estimated Te,sep resulting from
equation (2) is of the order of ∼45 eV, similar to the values
reported in [7, 50] for TCV, with a corresponding radial pro-
file displacement of ∼1.5mm inwards on average across the
present dataset. The latter value may seem not so signific-
ant for the purpose of evaluating general trends in the profile
properties at the OMP. Nonetheless, the choice of using the
two-point model instead of the equilibrium reconstruction for
Te,sep may considerably affect the quantitative assessment of
the separatrix parameters, especially when taking into account
that αt shows an inverse square dependence on the separatrix
temperature.

Examples of edge–SOL temperature and density profiles
are shown in panels (a) and (b) of figure 4, where only the
profile fits are shown without their corresponding data points
in order to avoid clustering and make visualisation easier.
The represented profiles, each one corresponding in colour to
the sample plasma discharges shown in figure 2, have been
chosen so as to be characterised by similar separatrix density
(ne,sep ∼ 1.7–1.8 · 1019 m−3), within experimental uncertain-
ties. The shot numbers, upper triangularity and basic separatrix
properties of the selected time slices, including their respect-
ive αt estimates, are reported in table 1. At a first glance, the
two high-shaping QCE temperature profiles in figure 4(a) are
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Table 1. Shot numbers, upper triangularity and basic separatrix properties of the selected subset of time slices within the available database,
for which density and temperature profiles are shown in figures 4 and 8. For all the snapshots in the database, the major radius is R= 0.9m.

Shot # δup qcyl ne,sep (m−3) Te,sep (eV) Zeff αt

74 364 0.05 4.43 1.86 · 1019 48.1 1.60 0.61
74 335 0.17 4.80 1.85 · 1019 47.0 1.65 0.71
74 361 0.42 5.25 1.84 · 1019 45.8 1.86 1.05
74 333 0.63 5.60 1.80 · 1019 41.9 1.80 1.34

Figure 5. Panel (a): upstream separatrix density dependence on divertor neutral pressure and upper triangularity, respectively along the
abscissa and as colormap. Panel (b): full variation of the αt parameter with upper triangularity (abscissa) and upstream separatrix density
(colormap) achieved within the present dataset. In both panels, the points corresponding to the profiles shown in figures 4 and 8 are shown
as large diamonds.

associated to a lower pedestal temperature than the type-I ELM
ones at low shaping, whereas all fitting curves in figure 4(b)
show similar pedestal density.

The latter observation seems apparently in contrast with
well known experimental results [51, 52] according to which
highly shaped plasmas are characterised by better pedestal
confinement, owing to a higher ne,ped. This is due to a strong
shaping of the pedestal stability boundary at high δup so as
to include higher normalised pressure gradient and bootstrap
current. However, in [45] it is noted that low pedestal colli-
sionality is needed to explore this operational region, so that
the confinement in low- and high-δup starts to branch only for
ν∗ped ≲ 1. From the respective pedestal and shaping paramet-
ers it can be calculated that the low δup profiles in figure 4 are
associated to a value of ν∗ped ∼ 3–5, whereas the high δup cases
exhibit a pedestal collisionality in the range∼10–15. Since the
pedestal density is quite similar at ∼4.3 · 1019 m−3 for all the
displayed profile fits, the experimental results appear to be in
line with the interpretation in [45]. Regarding Te,ped instead,
a significant drop is registered only for the two QCE cases,
coherently with the expected lower confinement level gener-
ally observed in this regime.

3.2. Separatrix density and αt experimental ranges

Globally across the whole shaping scan database, in figure 5(a)
the expected ne,sep increasing trend with the divertor neut-
ral pressure observed in [11] is recovered when considering
each plasma shape separately. In this figure, as well as in
figures 5(b), 6 and 9, the large diamonds indicate the profiles
displayed previously in figure 4. The pn,div variation reported
here is more limited when compared to the previous fuelling
scan results in [11]. In the present experiments, the observed
variation of the divertor neutral pressure is most likely correl-
ated, for the largest part, with the two-step gas fuelling scheme
as mentioned in section 2. Some changes in target recycling
conditions may nevertheless still enter into play here, due to
varying neutral deuterium content stored at the graphite tiles
surface before each discharge, however the narrower pn,div
range obtained here suggests they play a minor role. With
respect to [11], the absence of divertor baffles is translated
into a higher slope for the ne,sep–pn,div correlation as well as an
increase of the upstream separatrix density values overall. This
is particularly evident when comparing the δup ∼ 0.4 subset of
discharges in the present work with the points in figure 5 (left)
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of [11], within the 20–40mPa pn,div range. When considering
the overall dataset, the δup colormap suggests that the ne,sep
dependence on pn,div is branched according to the upper trian-
gularity value. More specifically, the separatrix density seem-
ingly increases at similar pn,div when moving from low to high
plasma shaping, at least in the range δup ≳ 0.2. In the opposite
way, one can select a fixed value of ne,sep at different upper
triangularity, but this is accompanied by a variation of pn,div.

This observation indicates that the properties of the SOL
profiles may be sensitive not only to changes in plasma shap-
ing in a direct way, but also to its indirect effects on other
plasma parameters around the separatrix. This point is further
supported by the variation of the αt parameter within ∼0.5
and ∼1.5, displayed in figure 5(b), which is a larger range
than that projected by the shaping-induced 1.6-fold increase
by edge safety factor modification alone. More specifically,
the upstream separatrix density range observed in figure 5(a)
between ∼1.5 · 1019 m−3 and ∼ 2.1 · 1019 m−3 accounts for a
further ∼40% increase in αt. While not shown here, a change
in Te,sep is also present, linked to both a broadening of the
SOL power channel (see section 3.3) and a decrease of the
power crossing the separatrix due to enhanced core radiation
from low to high shaping, which is later discussed in section 5.
The temperature decrease may be rather small, from ∼48 eV
to ∼42 eV, however Te,sep appears with a squared exponent in
equation (1) so that a non-negligible∼30% increase inαt must
be taken into consideration. Finally, the role of Zeff, which is
also discussed more in detail in section 5, varies by ∼20%
between ∼1.6 and ∼1.9. Assuming that all these factors can
be combined independently, one can estimate an approxim-
ate overall 3.5-fold increase in αt, similar to the 3.25 factor
between the maximum and the minimum values.

3.3. Evolution of the divertor heat load profiles

Following the approach used in [11], the behaviour of the
divertor heat load profiles has been investigated by means of
the VIR thermography system. The infrared camera measures
the floor tiles surface temperature distribution, which is then
passed as input to the THEODOR code [53, 54] in order to
solve a 1D heat conduction equation and yield the heat flux
profile normal to the tiles surface. Accounting for target field
line grazing angle and total flux expansion between the target
and the OMP, an estimation of the upstream parallel heat flux
profile is then obtained. After ELM-filtering (when possible)
the measured heat load distribution in time, each individual
profile is fitted with the exponential-diffusive model described
in [55] to extract the relevant quantities. The upstream SOL
power fall-off lengthλq within a given time interval is obtained
by averaging the corresponding time-resolved series. The res-
ult is subsequently remapped to a poloidally averaged value by
accounting for an average poloidal flux expansion factor as in
equation (9) of [55]. Finally, the decay lengths are normalised
to the so-called poloidal ion sound Larmor radius

ρs,pol =

√
MiTe,sep
e⟨Bpol⟩

(3)

Figure 6. Modification of the normalised poloidally averaged SOL
power fall-off length ⟨λq⟩/ρs,pol with respect to a change in upper
triangularity and αt parameter. The colormap on the right is used to
highlight different plasma shapes across the present dataset. The
points corresponding to the profiles shown in figures 4 and 8 are
shown as large diamonds.

whereMi is the effective ion mass and ⟨Bpol⟩ is the poloidally
averaged poloidal magnetic field. This normalisation is carried
out in order to account for shaping-induced poloidal field vari-
ations and compare the results with the main reference scaling
laws (e.g. [2, 56]).

The global result of this analysis across the present data-
set is displayed in figure 6, showing evidence of a larger SOL
power channel when moving towards high plasma shaping via
an increase of the upper triangularity. In particular, an increase
of αt produced by a higher shaping results in an increase of
⟨λq⟩/ρs,pol by a factor∼2.5. In physical units, this corresponds
to a variation of ⟨λq⟩ between∼10.6mm and∼27.2mm. This
observation is coherent with the expected broadening of the
divertor heat load profile from type-I ELMy to QCE H-modes.
Furthermore, this increase does not take place sharply when
moving from low to high shaping but rather gradually already
at low δup, hinting at a progressive destabilisation of resistive
ballooning modes near the separatrix and pedestal bottom at
increasing αt. Coherently with previous TCV [11] and AUG
[5, 10] observations and further strengthening this interpreta-
tion, all the measured heat load widths are larger than the one
predicted by a neoclassical heuristic-drift model [56, 57] for
low collisionality type-I ELMy H-modes

⟨λq⟩
ρs,pol

≈ 1.6
a
R0

(4)

which for TCV-like parameters is ∼0.4.
In figure 7(a) comparison of the present results to those

obtained within the gas scan database of [11] is shown. In the
two datasets quantitatively similar ranges have been achieved
in both the αt parameter and in the normalised SOL power
width. The qualitative trends are quite resembling as well, with
⟨λq⟩/ρs,pol increasing by a similar amount in both cases. A
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Figure 7. Comparison of the normalised ⟨λq⟩ trends between the
plasma shaping scan considered in this work (blue dots) and the gas
fuelling scan published in [11] (transparent dots). The two datasets
are characterised by quite similar qualitative trends and overall
broadening within comparable αt ranges. The noticeable slight
quantitative difference could be potentially ascribed to differences
in diagnostics settings, calibration and analysis techniques which
may be present between the two datasets.

slight discrepancy is however present, with one trend appear-
ing shifted with respect to the other. This could potentially be
attributed to small differences in the choice of analysis meth-
ods, for instance using the entire TS line of sight rather than
the lower half only. Moreover, the plasma shaping database
has been acquired several months after the gas scan experi-
mental campaign, hence potentially introducing drifts in the
calibration of some diagnostics like the VIR camera. Despite
this difference, the close similarity in the two trends shown in
figure 7 can represent a hint towards an unified description of
the heat load profile evolution by means of the αt parameter.

3.4. Density profile modification

In this work the evolution of the upstream density profiles
resulting from a change in plasma shaping is assessed both
in the vicinity of the separatrix, where resistive ballooning
transport originates, and further radially outwards in the far
SOL. Figure 8 displays an example of this modification via a
zoom on the edge–SOL part of the sample density profiles con-
sidered in section 3.1. The shown profiles have been normal-
ised to their respective separatrix density, in order to highlight
differences in their respective gradients and shape in the near
and far SOL. Being characterised by similar ne,sep values, any
observable difference can be reliably attributed to the effect of
plasma shaping. Indeed, the density profiles are visibly mod-
ified when moving from low to high upper triangularity. In
particular, the near SOL gradient becomes progressively flatter

Figure 8. Upstream edge and scrape-off layer density profiles for
the four sample discharges shown in figure 1, one for each shape,
normalised to their respective separatrix density. All profiles are
characterised by a similar separatrix density, so as to highlight
differences due to plasma shaping alone. A logarithmic scale has
been used on the y axis, in order to better highlight the development
of a density shoulder feature as the plasma shape changes. For
visualisation purposes, data points have been excluded from the plot.

and the distinct change in gradient between near and far SOL
moves closer to the separatrix, resulting in a density shoulder
forming in the far SOL.

Similar considerations can be made by examining the over-
all SOL density profile behaviour across the whole database,
represented in the two panels of figure 9. On the one hand,
the mtanh analytical fit can manage to well reproduce the
main features of an H-mode profile. These include the ped-
estal top, the position and magnitude of the maximum pedes-
tal gradient, as well as the separatrix position and the gross
profile variation in the SOL. On the other hand, it some-
times fails at catching correctly the local near-SOL e-folding
lengths, especially in QCE conditions when the profiles of the
radial gradient may be strongly asymmetric about the max-
imum gradient radial coordinate [5]. For this reason an estim-
ation of λn at the OMP has been attained in this work by fit-
ting an exponential function to raw profile data in the radial
range 0⩽ R−Rsep ≲ 10mm. Like with the SOL power decay
length, the result has been subsequently remapped to pol-
oidal average and normalised to ρs,pol. In figure 9(a), the nor-
malised near-SOL density decay length exhibits a clear and
continuous growth at increasing αt parameter, with greater
gradient widths generally obtained at higher plasma shaping.
The broadening of the near-SOL density profile amounts to
a factor similar to the divertor heat load, from ∼16.0mm to
∼39.2mm in physical units for the poloidally-averaged decay
length.
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Figure 9. Modification of the normalised near-SOL density e-folding length (panel (a)) and density shoulder amplitude (panel (b)) across
the scan in upper triangularity and αt parameter. The colormap on the right is used to distinguish different plasma shapes across the present
dataset. In panel (a) the normalised near-SOL density e-folding length is calculated by fitting profile data with an exponentially decaying
function from the separatrix up until R−Rsep ≈ 10mm. The density shoulder amplitude qualifier of panel (b) is instead estimated over a
radial range 1.0⩽ ρψ ⩽ 1.1, comprising both the near and far SOL regions. In both panels, the points corresponding to the profiles shown
in figures 4 and 8 are shown as large diamonds.

For the purpose of characterising the global density profile
behaviour, including the far SOL region, a density shoulder
amplitude qualifier has been defined based on [11, 18] as the
ratio between the radially averaged SOL density and the sep-
aratrix density:

⟨ne⟩SOL
ne,sep

=
1

ne,sep (ρψ,max − 1)

ˆ ρψ,max

1
nedρψ, (5)

with ρψ,max = 1.1 for all discharges. In equation (5), at a dif-
ference with respect to [11, 18] the integral average has been
calculated over the normalised poloidal flux coordinate ρψ
instead of the physical one R−Rsep. This choice allows to
robustly account for flux expansion effects and changes in wall
gap around the OMP introduced by modifications in plasma
shaping. As illustrated in figure 9(b), the shoulder feature is
more prominent for highly shaped plasmas, with its amplitude
increasing with αt and saturating for αt ≳ 0.8. The two results
shown in figure 9 support the interpretation according to which
resistive ballooning modes become more unstable around the
separatrix at higher plasma shaping through the reduction of
local magnetic shear stabilisation, leading to greater radial
particle transport and a broadening of the SOL density profile.
The shoulder amplitude saturation takes place approximately
forαt values around the onset of the QCE regime at high upper
triangularity. This may signify that this mechanism is efficient
in flattening the far-SOL gradients only up to full QCE estab-
lishment, after which the average SOL density increases pro-
portionally to the separatrix density.

4. Assessment of first wall density fluctuations

The increase in radial turbulent particle transport towards the
first wall is believed to be the main cause of density shoulder
formation moving from a type-I ELMy to a QCE regime.

Exploiting a fast reciprocating probe at the midplane, a correl-
ation in TCV has already been reported [11] between a rise in
resistive ballooning activity, triggered by a growing separatrix
density, and an increase in filament radial velocity and size in
high-density H-mode. In this work no direct measurements of
the radial particle load were available during the experiments.
Instead, the variations of density fluctuation properties with
respect to the shaping are studied on the low-field side (LFS)
midplane and first wall by means of wall-embedded LPs and
THB data.

For the dataset introduced in section 2.2, no time-resolved
fluctuation measurements were available, in particular since
the wall-mounted LPs were run in swept mode with no con-
stant bias phase. Therefore, dedicated plasma discharges have
been run at the extreme δup values, with the diagnostic setup
shown in figure 10. The two shapes are represented by their
separatrices as solid lines, whereas the two dotted contours
indicate the first magnetic flux surfaces that intercept the outer
first wall. The full set of wall-mounted LPs has been operated
for these two discharges at constant negative bias voltage, in
order to acquire time-resolvedmeasurements of the ion satura-
tion current. The same gas fuelling and heating schemes have
been used as with the rest of the database, although for the
discharge #76 755 the duration of the NBI waveform has been
halved due to operational restrictions. For both discharges,
the same 300ms long stationary time window has been taken
into consideration, having again similar separatrix density at
ne,sep ∼ 1.7 · 1019 m−3. Given that no VIR camera measure-
ments were available for these two discharges, the separatrix
location and density have been estimated at the radial coordin-
ate at which Te ∼ 45 eV, corresponding to the temperature
estimates in the previous section.

The normalised probability distribution function (PDF) of
the inter-ELM jsat signal is plotted in the top panel of figure 11
for the LP closest to the OMP, indicated in figure 10 as a white
cross for each of the two geometries. This measurement has
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Figure 10. Layout of the edge-SOL diagnostics used to estimate
first wall fluctuations, with a zoom-in on the outer midplane and
divertor regions. The two considered geometries are represented by
their separatrices as solid lines. The dotted lines indicate the first
magnetic flux surfaces that intercept the LFS first wall for each
shape. The white cross at the outer midplane and the two coloured
ones at the divertor target pinpoint respectively the position of the
midplane LP used for fluctuation analysis and the two probes
magnetically connected to it. The blue diamonds near the midplane
show the measurement positions of the THB diagnostic, with the
selected channels represented by bigger markers of different colours.

been cross-compared with the HeI line emission at 667 nm as
registered by one radial channel of the THB diagnostic. Its
normalised PDF in the same time window as the midplane LP
is shown in the bottom panel of the figure. In order to take
into account the change in magnetic topology around the OMP
introduced by the change in δup, the THB channel showing
the highest temporal correlation with respect to the midplane
LP is chosen for each of the different shapes and indicated
in figure 10 as coloured diamonds. For all PDFs the respect-
ive average values are represented by a dashed vertical line.
The normalised PDFs in both panels are visibly affected when
moving from low to high plasma shaping, with the average
value increasing and the overall distribution exhibiting higher
standard deviation and skewness. On the one hand, the obser-
vation of a higher average first wall jsat signal at high shaping
falls in line with the formation of a density shoulder and higher
plasma density inQCE.On the other hand, the increased stand-
ard deviation and skewness are suggestive of an enhanced fluc-
tuation level at high δup. For both distributions, the marked
positive skewness hints at the intermittent nature of far-SOL
filamentary transport [58–61].

Figure 12 extends these observations by showing the full
distribution of the jsat average and standard deviation over
the whole LFS first wall. Both quantities have been mapped,
following TCV geometric conventions [62], on a curvilinear
abscissa running clockwise around the tiles’ perimeter and ori-
ginating from the HFSmidplane. Different portions of the LFS

Figure 11. Top panel: normalised PDFs of the inter-ELM jsat signals
at the midplane Langmuir probe. Bottom panel: normalised PDFs of
the 667 nm HeI line emission registered by a THB channel. For each
shape, the THB channel with the highest temporal cross-correlation
with respect to the midplane Langmuir probe signal is selected. Two
PDFs are shown, each one corresponding to either the low shaping
(δup ∼ 0, blue) or the high shaping (δup ∼ 0.6, yellow) case. In both
panels, the dashed vertical lines indicate the PDF’s average value. In
the top panel, the dotted vertical lines represent the filament
detection threshold as per equation (6).

first wall have been marked in the figure, being the upper and
lower parts of the vertical tiles (respectively, above and below
the OMP vertical coordinate) and the port protection tiles just
above the vessel bottom-right corner. An increase of both the
average and standard deviation of the jsat first wall signals is
visible on the lower vertical portion of the LFS first wall as δup
rises, with little change in the other poloidal regions. This sug-
gests that an increase in turbulent activity takes place around
and just below the OMP when moving towards high plasma
shaping.

The filament detection frequency has been calculated both
at the OMP probe and at divertor locations magnetically con-
nected to it along the poloidal direction, marked in figure 10 as
coloured crosses. Filaments appearing in the respective jsat sig-
nals have been identified as all the peaks having an amplitude
over the threshold defined by

jsat ⩾ ⟨jsat⟩+ 2.5σjsat (6)

where the background component ⟨jsat⟩ and the standard devi-
ation σjsat of the ion saturation current density have been estim-
ated via a moving window of 0.2ms width. This threshold
is shown in figure 11 as dotted lines superimposed to the

11



Nucl. Fusion 64 (2024) 026016 A. Stagni et al

Figure 12. Distribution of the average (top left) and standard
deviation (bottom left) of the inter-ELM jsat signals calculated for
the LFS first wall Langmuir probes within the considered time
window. The horizontal coordinate s corresponds to a curvilinear
abscissa running clockwise along the tiles’ perimeter, starting from
the HFS midplane. This curvilinear abscissa is visualised on the
TCV poloidal cross section on the right, with the direction marked
by the elliptical arrow. The inspected sections comprise both the
upper and the lower part of the LFS first wall, including the port
protection tiles (PPTs) near the lower-right corner of the vacuum
vessel. The boundaries between different sections are marked as
dashed lines in the two left plots, and as white stars in the TCV
poloidal cut on the right.

midplane LP distribution functions. An estimate of the fil-
ament frequency for the two different shapes is given in
figure 13, where the symbols and the boxplots represent
respectively the time average and the dispersion of frequency
data within the considered time window. At the OMP the fil-
ament frequency is seen to clearly increase with shaping, or
equivalently with αt. This observation supports the idea of
an enhanced ballooning activity near the separatrix at higher
upper triangularity, leading to a greater number of filaments
being expelled into the SOL. Conversely, the filamentary
dynamics at the divertor target seems to not be greatly affected
by the change in shape, with both the frequency average,
median and dispersion seemingly unchanged. This informa-
tion could indicate that midplane filaments are unable to reach
the divertor target, which may be due to high divertor col-
lisionality or flux flaring around the poloidal field null [60,
63]. Nevertheless, it cannot be excluded in this work that they
reach at least partially into the divertor region, like observed
in TCV high density L-mode plasmas [64]. Divertor-localised
filaments could provide in part another possible interpretation,
originating below the X-point itself and being therefore decor-
related from the upstream fluctuations [65].

5. Plasma–wall interaction issues

The results shown in the previous sections have highlighted
the prominent role of plasma shaping in setting the SOL
properties, which reflects on both upstream profiles modi-
fications and changes in fluctuation properties at the OMP.
However, part of the observed behaviour could still be poten-
tially ascribed to indirect effects of shaping changes on other

Figure 13. Change in filament frequency with upper triangularity as
detected from the midplane and divertor target Langmuir probes.
The boxplots provide an indication of the frequency data dispersion,
with the horizontal line at the centre being the median and the box
vertical boundaries indicating the inter-quartile range. The squares
and diamonds, superimposed to the boxplots, represent the average
filament detection frequency within the considered time window for
the probes located at, respectively, the midplane and the outer target,
with the horizontal error bars denoting the uncertainty on δup.

plasma parameters. In section 3, for instance, a possible cor-
relation has emerged between the upper triangularity and the
upstream separatrix density at similar levels of divertor neut-
ral pressure. Furthermore, other experimental efforts focusing
on TCV L-mode plasmas have brought forward the influence
of plasma geometry (as well as the degree of divertor clos-
ure) on midplane neutral pressure and particle sources [19]. In
particular, the highly shaped plasmas in this work are associ-
ated to a smaller outer gap and a much closer to double null
magnetic field configuration. This could lead to modifications
in the recycling sources at the OMP as well as on the carbon
impurity intake from the first wall, potentially affecting also
the profiles and the transport level. Under these circumstances,
clearing the role played by the shape on plasma–wall interac-
tion properties and first wall recycling is a crucial task.

In order to carry out this evaluation, data from the mid-
plane baratron gauge has been considered. Figure 14 displays
the time evolution of the midplane neutral pressure, as estim-
ated by the the midplane baratron gauge, for two samples dis-
charges within the database considered in section 3. The pres-
sure time traces have been pre-treated by applying a band-
pass digital filter between 12 and 24Hz, with the purpose of
eliminating fast oscillations in the raw signal. The time trace
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Figure 14. Time evolution of the filtered neutral pressure as
measured by the midplane baratron gauge, for two discharges
having the highest (red) and lowest (blue) upper triangularity.

for the low δup discharge 74 343 shows larger variation than
for the high δup case 74 333, which may be due to the finite
time response of the baratron gauge causing a smoothing of
fast excursions in the pn,mid signal induced by ELM activ-
ity. Despite this, it can be seen that the two traces stay rel-
atively close to each other throughout the entirety of the H-
mode phase represented in the figure, indicating that a change
in shaping has a negligible effect on the upstream neutral
density. Variations in the local ionisation sources, contribut-
ing to the far SOL density, would then be affected only by
the increase in turbulent activity leading to the formation of a
density shoulder at high shaping. It must be stressed out that
the midplane baratron is mounted on a long extension tube
ending outside the toroidal field coils, therefore its measure-
ment may differ from the actual in-vessel neutral pressure even
by an order of magnitude. Simple 0D models could be used
like the one by Niemczewski [66] relating the first wall pres-
sure with the gauge-measured pressure, however in this work
it cannot be applied due to the lack of necessary data such
as the neutral temperature at the tube entrance. Regardless of
the experimental observations reported here, it is worth not-
ing that enough energy must be transported into the SOL in
order to ionise the neutrals and promote a local increase of the
far SOL density profile, as for example highlighted through
numerical work on AUG [67]. Consequently, even in the pres-
ence of a higher neutral population density, which is anyway
not observed in figure 14, the ionisation level required for the
density shoulder to form at high shaping can be ensured only
by an enhancement in turbulent transport level such as that
seen in section 4.

The change in magnetic topology can nonetheless have
measurable effects on the main plasma radiative losses, as
anticipated in section 2. Figure 15 illustrates two emissiv-
ity maps for the discharges 76 753 and 76 755, one for each
extreme upper triangularity value, obtained by tomographic
inversion of RADCAM bolometry data. The temporal evol-
ution of the total power radiated from the confined plasma
Prad,core is represented in the bottom panel. The two emissiv-
ity maps show that the highly shaped equilibrium is associ-
atedwithmore significant core radiative losses. Greater carbon

Figure 15. Top panels: emissivity maps computed by tomographic
inversion of RADCAM data at a time frame around ∼0.91 s for
plasma discharges 76 753 (low shaping) and 76 755 (high shaping).
In order to better highlight differences in core radiation, the
colourbar has been saturated at 1MWm−3. Bottom panel: time
evolution of the total power radiated from the confined region for the
two discharges. The vertical dashed line indicates the time instant at
which the two emissivity maps of the top panels are plotted.

intake from the first wall at high δup may be responsible for
this, since the effective ion charge (measured as indicated in
section 3.1) is estimated to be Zeff ∼ 1.6 for the low shaping
pulse and Zeff ∼ 1.9 for the high shaping pulse. This variation
may be owed to the larger density fluctuation level coupled
with a smaller outer gap, leading to a more intense plasma–
wall interaction at the OMP. In addition, the close-to-double-
null configuration in the highly shaped case with a secondary
X-point quite close to the main separatrix may lead to an addi-
tional impurity source term from the machine roof tiles. As
demonstrated by the Prad,core time trace in the bottom panel of
figure 15, this behaviour is observable during the whole dura-
tion of the H-mode phase and leads to an additional ∼80 kW
of radiated power from the lowest to the highest δup values.
This variation has inevitably repercussions on the SOL power
balance by decreasing Psep by an equal amount. Nevertheless,
the resulting Te,sep reduction is much less significant, due to
the dominant contribution of the NBI input power as well as
the 2/7 exponent in equation (2).

6. Conclusions and outlook

A set of high density H-mode discharges has been obtained on
the TCV tokamak with the purpose of studying the effect of
plasma shaping on SOL profiles and transport. The magnetic
equilibrium geometry has been varied from shot to shot by
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changing the upper triangularity in a wide range of values at
constant plasma current, toroidal magnetic field, heating and
gas fuelling schemes. While a clear type-I ELMy regime is
visible at low shaping, a transition to QCE takes place at high
shaping with low amplitude, frequent, incoherent fluctuations
appearing instead of well-defined periodic bursts. This obser-
vation supports previous analysis and modelling results [6, 7]
according to which high shaping is associated with the gener-
ation of small ELMs via a reduction of the stabilising effect of
magnetic shear on ballooning modes near the separatrix.

Like in [11], the evolution of the upstream profiles and
transport properties has been parametrised in terms of the αt

turbulence control parameter, introduced in [10].While a large
part of the achieved αt variation can be ascribed to the change
in upper triangularity and associated edge safety factor, the co-
variance of other parameters with the plasma shaping has been
seen to play a significant role in its determination. In the near
SOL both the parallel heat load and the density profiles have
been seen to undergo a significant broadening, with their e-
folding lengths increasing by a factor∼2.5 across the spanned
δup and αt intervals. Notably, the trend shown in this work by
the heat load width with respect to αt follows closely the one
shown in [11] obtained via a gas-fuelling induced ne,sep scan, at
least on a qualitative side. While small quantitative deviations
could be likely explained in terms of differences in diagnostics
settings or calibration, this point further strengthens the inter-
pretation ofαt being a key parameter in controlling the amount
of SOL particle and heat transport. In the far SOL, similarly to
other previous L- and H-mode experiments, a shoulder devel-
ops when moving towards high αt and into the QCE bound-
aries, with the shoulder amplitude as defined in equation (5)
eventually saturating for αt ≳ 0.8.

Moving from low to high shaping, also the turbulent fluctu-
ation level around the midplane undergoes significant modific-
ations, highlighted by exploiting the full set of wall-mounted
LPs. The PDF of the ion saturation current signal acquired by
a midplane probe is characterised by a greater average value
and a more significant spread at high upper triangularity. This
observation is not limited to the midplane only, but rather it
involves a significant part of the LFS first wall. Moreover, the
measured PDFs are strongly positively skewed, denoting the
intermittent filamentary nature of the far SOL turbulent fluc-
tuations. The frequency of these filaments has been demon-
strated to increase at the midplane when moving from low
to high plasma shaping, whereas no significant change has
been observed on the divertor probes. These observations can
serve as a possible indication of an increasing radial turbulent
particle flux when moving from low to high plasma shaping.
It is worth highlighting that the latter statement is only sug-
gestive and cannot be directly drawn from the analysis presen-
ted in this work. Indeed, proper measurements of the first wall
particle load are lacking in this manuscript and would be desir-
able for future experimental work.

The role of plasma shaping in setting SOL particle sources
and plasma–wall interaction characteristics has also been
investigated. The midplane neutral pressure as measured by
a baratron gauge shows little variation with plasma shaping,

hinting at a negligible effect of the latter on first wall recyc-
ling sources and neutral density. The modification of the dens-
ity profiles, with formation of a far SOL shoulder at high δup,
could then be likely ascribed at leading order to the changes in
turbulent dynamics caused by the variation in plasma shaping.
In any case, even if more neutrals were indeed present because
of enhanced first wall recycling sources, enough energy must
be transported radially outwards for these neutrals to be actu-
ally ionised. At constant input power, this condition can only
be met under the assumption of an enhancement in the cross-
field transport level, such as that indicated by the experimental
observations made in this work when moving from low to high
shaping. Higher core radiative losses have been registered as
well at high δup, linked to a more significant carbon impur-
ity intake from the first wall. The higher turbulence level and
resulting more intense plasma–wall interaction may be partly
responsible for this. In addition, the magnetic topology may
provide a further contribution through a smaller outer gap at
the midplane, as well as the close-to-double-null configuration
at high shaping providing a further impurity source from the
roof tiles.

The previously described experimental results, together
with previous TCV [11] and AUG [5, 10, 33] findings, all
point towards an interpretation of the SOL dynamics as being
governed by resistive ballooning turbulence in high density
H-mode conditions. On this line, the αt parameter theoretical
framework represents a promising tool in providing a descrip-
tion of the SOL profiles and transport properties. Intense inter-
national experimental efforts are currently underway on other
European fusion research devices in order to attempt an exten-
sion of this description on a multi-machine basis.
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