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Abstract

A thorough understanding of the plasma edge is crucial for improving both confinement and stability in fusion reactors.
Several strategies are currently being investigated to mitigate edge turbulence and minimize its impact on transport. Recent
studies suggest that negative triangularity (NT) plasmas may offer significant advantages over conventional positive
triangularity (PT) configurations. These include enhanced confinement, reduction of core turbulence-driven transport, and the
elimination of edge-localized modes (ELMs), which are known to cause significant stress on reactor walls. As a result, NT is
increasingly being considered a promising alternative for next-generation fusion devices. This contribution presents recent
experimental results obtained using the upgraded Thermal Helium Beam (THB) diagnostic on the TCV tokamak. A key focus
of the study is the influence of plasma geometry on edge profiles and fluctuations, particularly in relation to turbulence
suppression mechanisms. Special attention is given to the differences observed between PT and NT plasmas. The analysis
highlights the substantial reduction in edge turbulence observed in NT configurations, reinforcing the potential benefits of this
shaping approach for improved confinement. New insights are obtained thanks to the fact that THB diagnostic can measure
kinetic profiles and fluctuations across the last closed flux surface.

1. INTRODUCTION

For the realization of future fusion reactors, it is essential to optimize plasma control in order to prevent disruptive
events that may damage reactor components, and to ensure stable and long-term operation. A major challenge in
this, regards the control of edge-localized modes (ELMs), which can release large, transient heat fluxes onto
plasma-facing components, potentially compromising their integrity [1]. To mitigate or suppress these events,
several strategies have been proposed, ranging from active control techniques to alternative plasma shaping.
Among the latter, negative triangularity (NT) configurations have recently attracted increasing attention. Plasma
shaping indeed is one of the key tools for optimizing confinement and stability in tokamaks. Among the shaping
parameters, triangularity has a particularly strong impact on turbulent transport and magneto-hydrodynamic
(MHD) stability [2]. While conventional reactor scenarios have traditionally focused on positive triangularity,
recent theoretical and experimental studies have demonstrated that NT plasmas can exhibit improved core energy
confinement, reduced turbulence-driven transport, and access to high-performance regimes without type-1 ELMs,
even at moderate plasma current and magnetic field [3].

Considering that, a deep understanding of the plasma edge features is fundamental for enhancing plasma
confinement and stability in future fusion reactors. A valuable diagnostics for characterizing the edge plasma is
the Thermal Helium Beam (THB). This diagnostic has gained increasing significance due to its capability to
simultaneously measure edge electron temperature T, and density n, profiles, along with their fluctuations. The
THB system relies on the measurement of selected helium spectral line emissions, which, using Collisional-
Radiative models, provide crucial information about plasma parameters with high spatial and temporal resolution.
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The original THB diagnostic from the RFP RFX-mod experiment has been upgraded and recently installed at the
outer mid-plane of the Tokamak a Configuration Variable (TCV). This optimized diagnostic will be mounted in
the RFX-mod2 experiment, thanks to EU funding for the NEFERTARI project, under the Italian National
Recovery and Resilience Plan (NRRP). The Tokamak a Configuration Variable (TCV), located at the Swiss
Plasma Center in Switzerland, is a medium-sized tokamak with a conventional aspect ratio. It has a major radius
of R = 0.88 m and a minor radius of a = 0.25 m, housed within a highly elongated vacuum vessel equipped with
a versatile divertor system [4]. TCV is equipped with 16 independently powered poloidal field coils, providing
exceptional plasma shaping flexibility, enabling operation with elongations up to k = 2.8 and triangularities in
the range —0.7 < § < 1. In recent years, significant efforts have been dedicated to enhancing the diagnostic suite
on TCV, particularly for investigations of the plasma edge and scrape-off layer (SOL). The study of fluctuation-
driven particle and heat transport requires diagnostics capable of resolving the temporal evolution of key plasma
parameters - such as density and electric fields - with high spatial and temporal resolution. Moreover, it has been
demonstrated that correlating density fluctuations with fluctuations in the radial phase velocity provides a reliable
method to estimate E x B turbulence-driven transport in the plasma edge region [5].

These findings allow the possibility to investigate the statistical properties of turbulent transport in the core region
of fusion plasmas based on measurements of density fluctuations. During last years, the THB was used to measure
a wide range of pulses in NT, exploring different plasma configurations, triangularity, and elongation. In this
contribution, a dataset of discharges in NT together with their PT counterparts is analyzed, performing a statistical
study of the edge plasma properties in terms of density and temperature profiles as well as turbulence
characteristics. Subsequently, two identical discharges, except for the triangularity opposite to the X-point, are
compared. By examining the effects of plasma shaping on edge transport properties, this work contributes to the
ongoing efforts to optimize plasma performance in fusion reactors.

2. DIAGNOSTIC DESCRIPTION

The Thermal Helium Beam (THB) is a plasma edge/scrape
off layer diagnostic used for simultaneously measuring the
electron temperature (T,) and density (n,) profiles, as well
as their fluctuations. It has already been used in most of the
fusion plasma experiments: RFX-mod [6], JET [7], ASDEX
Upgrade [8], Wendelstein 7-X [9] and TCV [10]. It exploits
the line ratio technique for estimating n, and T, in the edge
and divertor region of fusion plasmas, measuring three
visible Hel lines: 667.8 nm, 706.5 nm and 728.1 nm. This set
of lines is selected considering their typical emissivity when
a small amount of He is puffed in the plasma, without
perturbing it, and the diverse temperature and density
responses exhibited by singlet-singlet and singlet-triplet line
intensity ratios. To reconstruct the values of n, and T,, the
experimentally measured ratios of selected lines are
_outer COmpared with a collisional radiative model (CRM) [11].
- 1 One of the main limitations of this technique is related to the
109 11 111112113 fact that the two-line ratio technique does not consider the

rm effect of the radiation trapping of ultraviolet resonance line,
leading to an overestimation of n, and T,. One way to take
into account this effect is by measuring a fourth Hel line, at
501.6 nm, adding a third line ratio, which is mainly

NT equilibria studied in this contribution. A zoom on the proport_ional to phc_>ton re-abS(_)rption [12].[13]' The new THB
outer mid-plane plasma-edge region observed by the Measuring 4 Hel lines, so to include a direct estimate of the

THB, indicating the 2 possible configurations (one 1D Photon  re-absorption, is developed for RFX-mod2
and two 2D) is also shown. experiment and it is currently in use to characterize the

plasma edge at the mid-plane of TCV experiment [10]. The
THB has been installed at the external mid-plane of TCV in 2022, sharing the port-hole and puffing system of the
existing Gas Puffing Imaging diagnostics [14] (see Fig. 1). It is composed of eight channels connected to eight of
the twelve available lines-of-sights with 4 mm diameter, connected to MPCC detectors, capable of resolving
plasma fluctuations up to 500 kHz [6]. The diagnostic provides excellent results across the separatrix region,
specifically for p values between 0.96 and 1.08, with a spatial resolution of 4 mm (diameter of the line-of-sight).
The eight lines of sight are usually arranged horizontally in a one-dimensional (1D) configuration, providing a
radial coverage of about 4 cm around the separatrix, from the plasma edge to the SOL. In June 2025, a second

z (m)

r(m)

FIG. 1 TCV tokamak poloidal cross section with PT and
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fibre bundle with a 4x3 configuration was installed, enabling two-dimensional measurements of smaller plasma
regions. Its positioning can be chosen by rotating the bundle by 180°, allowing measurements either closer to the
plasma edge of further into the SOL. A representation of the diagnostic location in the TCV plasma cross-section
and the different line-of-sight setups, is shown in Fig. 1. The TCV equilibria plotted correspond to the NT (in
blue) and PT (in red) configurations that will be mostly analysed in the following. One of the main strengths of
this diagnostic is its ability to simultaneously measure n,, and T, profiles, as well as their fluctuations, even though
the experimental limitations associated with studying these two quantities are different. To reconstruct n, and T,
profiles, it is necessary to utilize all four emission lines. One of these lines in particular — the 728 nm - is included
in all three ratios but is typically very weak, thus setting the experimental limit on the temporal resolution at which
such profiles can be determined. Moreover, the amount of helium that can be puffed into the plasma is constrained
by the requirement not to perturb the plasma itself. At TCV it operates effectively in a density range between
1 x 108 and 5 x 10*° m~3, with temperatures ranging from few eV up to a maximum of 170-200 eV. Depending
on the signal level, T, and n, profiles can be evaluated with a time resolution as low as 1 ms. To study plasma
edge turbulences, instead, the temporal evolution of a single line — the brightest one — can be used. In this way,
plasma edge turbulences can be investigated with a temporal resolution of 100-500 kHz, enabling the
characterization of plasma behaviour even during high turbulence events, such as ELMs [15]. The amount of
radiation emitted by a spectral line in the plasma is in fact associated with a radiative transition from neutral atom
state p to state g. It depends on the neutral density and the local n, and T, and it can be written as S,, =
Nofp(Me, Te)Apq, Where ny is the ground state neutral density, the function £, (n., T, is the ratio of the density of
state p to the ground state density, and A, is the radiative decay rate of the p to g transition. The local n, is
determined by the local He gas puff, which is constant over the turbulence timescale (~ 1 — 10 us) and slowly
varying over the turbulence space scale (~ 2 — 10 cm). Thus, the local light emission rate should follow, as a
first approximation, the local changes in density and temperature due to fluctuations in the frequency range of
interest. The line used in this work is primarily the 667 nm, which is the brightest one and its intensity is mainly
proportional to electron density.

3. OVERVIEW OF TURBULENCE DEPENDENCE ON NT

One of the goals of this work is to apply this
0.7 1.2 plasma edge diagnostic for the first time to
study the TCV plasma in the outer mid-

o0 ! a0 plane, focusing on the role of the

¢ 7’ . 0.8 O £  triangularity. During 2024-2025, a wide
3 04 E 5 - 11> 2 range of scenarios in NT - together with their
= 0.3 de ’? .. B % . f 0.6% W, ; counterpart in PT - were explored, during
° ,.? ‘}! . - * 04 & Which measurements with THB were

0.2 ‘ ? "' £ performed. All the data considered were
0.1 0.2 0 collected in L-mode. The explored

0 | ‘ , 0 experimental pulses are summarized in Fig.

0.5 0 0.5 2, interms of f;,, = n,./ngy (solid circles),

empty squares) and n;,, (colour-map).
FIG. 2 few =n./new — solid circles, By(empty squares) and Bn(empty s ) ine ( P)

integrated density n;,; (color-map) as a function of delta of the On the x-axis, the tota! plasma triangularity.
selected subset of discharges. As expected, the confinement enhancement

is observed — increase in By - as the
triangularity is decreased, for almost the same interval of values of f;,, and n;,, explored. Before specifically
comparing identical pulses in NT and PT, some statistical analysis was carried out on the collected data. For this
purpose, the set of data was separated into two subsets, based on the triangularity § values: § < - 0.1 in blue and
6 > 0.1 inred. In Fig. 3 - a), the average radial profiles of plasma pressure of these two subsets, measured by the
THB, are shown. From the comparison between the two regimes, it is evident that the values of p, measured in
NT are higher both in the SOL and in the plasma edge, with respect to those in PT. From the analysis of the values
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of n, and T,, separately, it can be discerned that both n, and T, profiles are higher, as already observed in many
plasmas [16][17], as well as in TCV [18][19]. Another observed behaviour in NT plasmas is a reduction of the
edge turbulence [20]. This quantity can also be evaluated using the THB diagnostic. From the same dataset, the
fluctuation level of the signal corresponding to the brightest emission line is analysed. This represents the most
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FIG. 3 Comparison PT vs NT of plasma pressure
(a), a/u (b), skewness (c) and kurtosis (d) as a
function of p for the set of pulses shown in Fig. 2.

straightforward approach to assess the amplitude of fluctuations.
A common way to quantify this is through the ratio of the
standard deviation, o, to the mean value, u, of the measured
emissivity. To first order, this ratio provides an estimate of the
relative fluctuation level detected by the diagnostic. The
evolution of o /u as a function of p for the same subsets is shown
in Fig. 3 - b). While inside the separatrix the difference between
the two regimes is minimal, being slightly higher in NT, it
becomes more pronounced and inverted when moving towards
the SOL. On average, outside the separatrix the turbulence level
is lower in NT than in PT, consistent with Refs. [21]. It should
be noted that in these plots, the turbulence level is averaged over
a large database of diverse shapes and regimes, further
confirming the overall reduction of plasma transport in NT
plasmas. Another important quantity used to study plasma
turbulence is the probability density function (PDF) of the
transported quantities, in this case of the emissivity which in turn
is proportional to plasma density. In plasma turbulence, the PDF
describes the likelihood of different values occurring over time,
rather than focusing on average values. PDFs reveal non-
Gaussian, often exponential or extreme value distribution tales,
indicating the prevalence of strong, coherent structures and
bursty, non-uniform transport. Skewness and kurtosis are
employed to characterize the shape of the PDF. Skewness
quantifies the asymmetry of the distribution, with positive values
indicating a prevalence of large positive fluctuations. Kurtosis,
instead, measures the degree of intermittency, with values
exceeding 3 pointing to intense, localized events in plasma
turbulence. The skewness and the kurtosis of the two subgroups,
PT and NT, are shown in Fig.3 - ¢) and d), respectively. For both
quantities, the PT plasma shows higher values as one move away
from the separatrix towards the SOL, confirming the hypothesis
of a reduction of turbulence in NT in this plasma region. This
higher level of skewness can be related to the presence of
coherent plasma structures with higher density — and temperature
— than their surroundings, in the form of filamentary structures,
also knows as blobs. They represent a substantial fraction of
radial heat and particle transport, and they play a key role in
setting the tokamak SOL profiles [22] and the level of plasma
interaction with the first wall [23]. For these reasons a good
understanding of the physics governing their cross-field motion

is of great importance. For this purposes, two discharges in PT and NT are examined in detail, to characterize the
structural differences between these two plasma configurations. The comprehensive radial and two-dimensional
coverage of the THB, combined with its capability to resolve both fluctuations and the absolute values of n. and
T., is exploited to enable a more in-depth analysis.
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4. COMPARISON BETWEEN PT AND NT PULSES

200l §=0.3
6 =-0.05 The two selected plasma shapes are those shown in red (PT) and
250—* blue (NT) in Fig. 1. They are chosen because the USN
200l ® configuration provides the best match with other plasma
. % % ¢ turbulence diagnostics, namely Doppler Backscattering DBS
® 1s0p L \ [24] and Short Pulse Reflectometry [25], with which a
100l I l%!\ \ comparison will be presented in future work. These two
N discharges are identical except for the triangularity opposite to
50+ ’E\\ % the X-point, which has been reversed. In Fig. 4, the pressure
. . we  x% *\ﬂm‘ profiles are compared. The asterisks represent the measurements
0.96 0.98 1 1.02 obtained from Thomson Scattering. It can be observed that the

) . two diagnostics reconstruct the edge plasma profiles in a very
Fig. 4 Plasma pressure profiles measured by the

THB (solid circles) and TS (asterisk) in PT (red) similar Way,.with THB slightly overestimati.ng _the pregsure in
and NT (blue) plasmas PT. As previously noted, the pressure profile in NT is more
peaked, with a steeper gradient. To study the fluctuation level in

these two shots, it is possible to evaluate the frequency spectrum, which is shown in Fig. 5— a) for three different
radial positions. The red profiles always represent the PT data (#83051), while the blue ones correspond to NT
(#83052). The analysis is performed using the calibrated brilliance of the brightest line. The power spectrum of
plasma edge turbulence quantifies how the energy of turbulent fluctuations is distributed across different
frequencies and wavelengths. The PSD can typically be divided into three distinct regions, which are clearly
evident in the PT profiles and, just inside the separatrix, in the NT ones. The high frequency region (f ", with
n > 2), associated with small-scale events involving localized portions of the system. The low frequency region
(approximately £°), corresponding to global-scale isolated events. The intermediate region (f~* scaling),
indicative of overlapping avalanche-like transport. In NT plasma, the PSD tends to exhibit a more pronounced
£~ behaviour as the separatrix is approached and into the SOL, while the high-frequency, steep-slope component
characteristic of the turbulent regime is largely absent. p =098 p=1 p =102
This behaviour can be discussed related to the other 10 T r -
quantity shown here, i.e. the autocorrelation function ACF a)
in Fig. 5 -b).

This provides an estimate of how long turbulent eddies
remain temporally correlated. The autocorrelation analysis
reveals systematic differences between the two regimes ot
(PT vs. NT curves). Outside the separatrix, the red curves :

exhibit a faster decay of autocorrelation and, at the L E2s03 1=0s

separatrix, stronger oscillatory behaviour. This indicates a - o g
shorter memory of the velocity fluctuations and therefore B :::gég;g — !

a higher level of turbulence. Conversely, the blue curves '

decay more slowly and remain positive over longer time 06

scales, reflecting more coherent structures, as observed by
the PSD. These results indicate that, by reversing the
triangularity, the role of long-range dependence in the flow
shear region is enhanced, while the radial propagation of | 7= |

avalanches contributes to a stronger self-similar character 02 = = 5 = = =
of the fluctuations in the SOL [26]. _ eml e e

While so far, the turbulence analysis has treated the Fig. 5 a) PSDs and autocorrelation b) measured
individual THB LoS as independent, a cross-correlation by THB at three different radial positions

analysis allows for a more complete picture of the structures in this region. To study that, the Conditional Average
(CA) technique is applied to the signal measured by all the THB LoSs. Conditional averaging (CA) is a data
analysis technique used in plasma physics to study the turbulent edge by revealing the characteristics of
intermittent, turbulent events that would otherwise average out with simple statistical methods. By defining a
trigger condition, such as the occurrence of a specific fluctuation or event, a time series can be conditionally
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averaged to form a representative structure. This process helps
o 66—:—(())'?)5 filter out random noise and extract meaningful information about

— & the dynamics, such as the spatial and temporal behaviour of
structures like blobs and holes in turbulence, their lifetimes, and

3
% o2 propagation speeds. For the analysis shown below, the trigger is
T 925 defined using the 667 nm-signal measured on the separatrix. The
:w i i

_,\-'J\’\\ I

peaks are defined as the values that exceed [u+ 1.60]
; '{ oo’ threshold. Once these peaks are identified on this LoS, the
average of the brilliance in the time interval [+20 us] around
each peak is calculated, at the same time instants for the 8 LoSs
and the four wavelengths. The innovative aspect of this work lies

in computing the CA across all wavelengths, which enables the
application of the CR model to evaluate the density and
temperature of the identified blobs. In Fig. 6, the n, time
evolution is shown at the top, and T, at the bottom, for 4 selected

_10 O 10 10 —

time (us)

lines of sight around p = 1. The CA analysis was performed over
a 70 ms time window. During this interval, the number of blobs
i identified in the NT plasma is 35% lower compared to that
time (ys) measured in the PT plasma (720 vs 1100). The blobs appear
. . mainly as variations in density, while they do not have a clear
Eé%it?orrﬁz gITSIg:sa%i?ht ttﬁee g?t%?h?ic?u??ﬁé structure in T,. It can be ob§erved that, along thg line of sight
peaks used to select the blobs are the ones where CA was calculated, i.e. at p = 1, an anticorrelation in
measured by the LoS at p = 1. temperature is apparent in the PT data, while it is not evident in
the NT case. At the same time, although the blob density remains
systematically higher in the PT regime compared to NT, the temperature measured outside the separatrix is
comparable to that observed in PT. From the analysis of these results, preliminary inferences can be drawn
regarding the temporal extension of the blobs and their propagation velocity. To better compare the different sizes
of the blobs measured in these two regimes, the normalized CA n, profiles are shown in Fig. 7, for two radial
positions. In all the compared LoSs, the blob width measured in PT is larger than that in NT. The size of the blob
is estimated as the average value, i.e. 11 us in PT and 5.6 us in NT. In both regimes, the blobs become wider
going towards the SOL. By analysing the time delay of conditionally averaged signals in adjacent lines of sight,
instead, one can infer the radial projection of the blob velocity. It should be noted that blobs tend to be strongly
elongated along the poloidal direction, and that

BLgalss

in the region observed by THB their radial 1 ;

velocity is typically one order of magnitude T o30021 0 M

lower than their poloidal velocity [27][28]. e vl ol

Given that, the estimated velocity can be

regarded as a combination of both, = .06 ' A

predominantly governed by the poloidal E ‘ ’

component. The estimated velocities are v py = 2 04

215 km/sin PT plasma, vy; = 4.3 km/s. !

These velocities are consistent with those 0.2/

estimated by DBS in two discharges nearly !

identical to those discussed in this work, as % 10 0 10 20
reported in Ref. [29]. This agreement suggests tdelay (us)

that the estimation obtained with THB provides Fig. 7 Comparison of the normalized blob density for three

a reliable approximation of the blob poloidal positions shown in Fig. 6 in PT and NT.

propagation velocity, both in terms of absolute value and in its variation. From this analysis results than PT has
more, slower and larger blobs, while NT has less, faster and narrower blobs, consistent with previous
measurements and simulations [21]. To perform a more detailed study of blob velocities, the 2D setup was
employed. Due to the limited number of available channels (8 channels), the 2D coverage is restricted to a
relatively small spatial region. Nevertheless, this approach allows a more accurate investigation of the blob
propagation direction, including its density and temperature variations. Preliminary results are shown in Figure 8.
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The CA was calculated along the outermost line of
sight (p = 1.02, z =-0.55m). The simplest way to

verify whether the measured velocity is mainly
53 \ poloidal or radial is to reverse the toroidal magnetic
6001 ‘ field. This reversal leads to an inversion of the
500 Vp X B direction drift outside the separatrix,

whereas the radial component is expected to remain

iy [p=098] /
300 \ jxh unchanged. From the analysis of the time delay
| v \/

CA —667nm

*®* petween the CA peaks in these two discharges, the
velocities reported in the table in Fig. 8 are obtained.

0.06

~ 0065 Z (M)

T Since the measured radial velocity is higher than the
T el 0 0 0 w0 poloidal velocity and changes sign when the
; > magnetic field is reversed, we conclude that the
B positive 5.8 km/s velocity measured by the diagnostics is dominated
B negative -5.6 km/s by the poloidal component, as previously observed

in the 1D analysis. To achieve more accurate
measurements of blob evolution, either additional
channels are required, or dedicated scans should be

Fig. 8 CA of the 667nm line with the 2D THB configuration in
two NT pulses with opposite B x VB

performed in which the plasma position is varied.
5. CONCLUSIONS

In this work, results obtained with the THB diagnostic have been presented. For the first time, a large dataset of
discharges, covering different plasma shapes and opposite triangularities, has been analysed using shape alone as
the discriminant. In addition to a generalized study of edge plasma properties, a more detailed comparison has
been carried out between two otherwise identical discharges with opposite triangularity. The THB diagnostic has
been employed to investigate both density and temperature profiles as a function of plasma shape, as well as to
characterize turbulent fluctuations. All results confirm previous observations from other devices and from
numerical simulations. In particular, it has been highlighted that, despite the broad differences among the
discharges, common features can be identified between the two configurations: a higher plasma pressure with
steeper gradients, a reduction of temperature towards the SOL, and a decrease of turbulent activity as quantified
by the skewness and kurtosis of the PDFs in NT with respect to PT plasmas. Once this statistical trend was
established, a more detailed analysis of two discharges, differing only in the sign of non — Xpoint &, was carried
out. Consistent with previous evidence of its predominant role in turbulence reduction, both PSDs and
autocorrelation functions showed a decrease in turbulence intensity from the separatrix to the SOL. THB
measurements were further used to study the shape, velocity and propagation direction of blobs identified through
conditional averaging. This method revealed that blobs appear primarily as density perturbations, which are both
more intense and broader in PT than in NT, with no corresponding structure observed in temperature. These
turbulent structures were then studied by comparing 1D and 2D results. Altogether, the analysis has confirmed
the capability of this diagnostic to characterize the plasma edge region. The collected data have validated trends
already observed in other studies, showing a reduction of turbulence levels when moving to negative triangularity.
Thanks to the high temporal resolution of the diagnostic, future work will focus on extending this analysis to high-
performance plasmas, with the aim of studying edge characteristics as profiles approach H-mode transitions also
in NT, thereby shedding further light on the physics governing turbulence in these regimes.
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