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Introduction

Understanding how the scrape-off layer (SOL) power decay length A, scales with plasma
quantities is essential for designing fusion reactors and developing a power exhaust solution.
Even though in the last years some progresses have been made in fundamental understanding of
what sets the power fall-off length [1], it still remains an empirical science governed by scaling
laws. To this respect, a major effort was done in 2011 in assembling a multi-machine database of
inter-ELM H-mode power decay lengths in attached conditions [2]. It was shown that A, scales
approximately inversely with the poloidal magnetic field at the outer midplane and that such
scaling is independent of machine size. More recently a new attempt in finding a cross-regime
(L, I and H-mode) A, dependence was carried out at Alcator C-mod [3]. It was found that the
power decay length exhibits a dependence on volume-averaged core plasma pressure across all
confinement regimes analyzed.
This paper investigates whether also local egde plasma parameters can describe the scaling of
7Lq. To this end plasma phases in L-modes, [-modes, inter-ELM H-modes and the new ELM-free
H-mode [4] recently discovered at ASDEX Upgrade (AUG) are analyzed. In addition, evidence
of a correlation between SOL and pedestal electron pressure gradients is shown, which is in line
with a critical-gradient transport paradigm governing the edge physics, as proposed in [5].

Database and analysis technique

A broad database of different confinement regimes (L, I and H-modes), with different diver-
tor geometries (closed divertor vs open divertor), different ion drift directions (ion B x VB drift
pointing to and away from the active X-point) and at different plasma conditions (density, tem-
perature, plasma current etc.) is analyzed. All discharges analyzed are fuelled with deuterium.
The heat flux onto the divertor targets is inferred from measurements obtained with infrared
(IR) cameras [6]. They measure the divertor target surface temperature from which the heat flux
is calculated using the implicit version [7] of the THEODOR code [8]. Heat flux profiles onto
the divertor are fit with [9]:
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where 5 = 5 — s, s is the location on target, s is the strike line location, A, is the power decay
length mapped to the outer midplane via the flux expansion fy, S is the power broadening also
mapped to the outer midplane and ggg is the background heat flux. In order to evaluate A, and
S within a certain time window, the following method is carried out. First, the fitting function
is applied to each heat flux profile within the time window. Second, only pairs of A, and §
satisfying the condition A,/S > 1.5 are taken into account. This condition is chosen because
when A, ~ S, the A, measured at the divertor target is strongly influenced by the Gaussian
broadening taking place in the divertor chamber, making any mapping to the outer midplane
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more challenging. Last, the median of all the A, (and S) values within the time window is
calculated. The other important plasma quantity used in this work is the SOL electron pressure
decay length. At ASDEX Upgrade SOL electron temperature and density profiles (from which
the pressure can be obtained) are measured by a vertical Thomson scattering system [10]. The
separatrix temperature is evaluated assuming electron conduction being the dominant parallel
heat transfer process in the SOL. Following the approach in [11], 7,°P can be estimated with the
knowledge of both the power crossing the separatrix and A, (and other plasma quantities such
as geyl, aspect ratio, elongation etc.). Once 7, is known, the separatrix position (rsp) can be
estimated and a subset of selected data (between rgep —5 mm and rgep +9 mm) is fit with an
exponential, i.e. T,(r) = Tesepexp(—%), to find the SOL electron temperature decay length.
An identical approach is used to evaluate the SOL electron density decay length. In order to
have a more robust ensemble of datapoints to minimize fitting errors, several TS profiles within
a long time window (~ 300 ms) are collected before carrying out the fit.

Scaling of the SOL power decay length

The left panel of figure 1 shows the SOL power fall-off length mapped to the outer mid-
plane against the volume-averaged plasma pressure defined as p = ZWMHD /V, where Wynp is
the plasma stored energy determined from the reconstructed magnetic equilibrium and V is the
plasma volume. For comparison the scaling found at Alcator C-mod (A, = 0.91 x (p [atm] ) ~94%)
is plotted in green. A, shows a correlation with p but not with the same coefficient and expo-
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Figure 1: Power decay length A, against the volume-averaged plasma pressure (left) and
pedestal electron pressure (right). L-modes, I-modes, inter-ELM H-modes and ELM-free H-
modes are represented in grey circles, red squares, blue triangles and light blue diamonds, re-
spectively.

nent as in the C-mod scaling. In addition, for a volume-averaged plasma pressure of 0.15 atm
(about 15 kPa) the data show a large scatter, i.e. A, = [0.9;4] mm. In contrast, A, data exhibit
a clear alignment when plotted against the electron pressure pedestal top values, pgo (evalu-
ated at p,,; = 0.90), see right graph of figure 1. The correlation appears comparing all con-
finement regimes analyzed and results in a scaling with the inverse square root of p’: Ay =
3.2 x (p [kPa] ) =946, This result resembles the scaling found at Alcator C-mod which shows
always an inverse square root dependence but with another quantity - the volume-averaged
plasma pressure. However, at ASDEX-Upgrade the pedestal top electron pressure is found to
be a more suitable and robust parameter for a A, scaling. Indeed, p20 is an edge local plasma
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quantity that could be more related to the SOL physics setting A, than a global quantity such as
D.
On the connection between SOL and pedestal gradients

To further investigate the reasons for the A, inverse square root dependence with pgo, it is of

interest to study the A, relation with edge and SOL electron pressure gradients. The left graph of
figure 2 shows the relation between the inverse of A, and the pedestal electron pressure gradient
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denote values taken at the separatrix and ppo = 0.95, respectively. The SOL power gradient and
the electron pressure pedestal gradient are linearly correlated, even though with a larger scatter
for I-mode discharges. In other words, it seems that an increase of the pedestal performance (i.e.
steeper pedestal) is statistically associated with a steepening of the SOL power gradients (i.e.
smaller A,). This observation sheds light on the chain of correlations which is ultimately leading
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Figure 2: Left: SOL power gradient 1/A, against pedestal electron pressure gradient. Right:
SOL electron pressure gradient against the pedestal electron pressure gradient. L-modes, I-
modes, inter-ELM H-modes and ELM-free H-modes are represented in grey circles, red squares,
blue triangles and light blue diamonds, respectively.

to the A, scaling with the inverse square root of p20: A4 is directly correlated with lgfd, which
is ultimately setting the electron pressure pedestal top value, if the pedestal width is not largely
changing. This may be also the explanation behind the Alcator C-mod scaling, since there also
a correlation between A, electron pressure edge gradients and the pedestal pressure evolution is
observed [12]. The right graph of figure 2 shows the relation between the SOL electron pressure
gradient and the pedestal electron pressure gradient. Remarkably, SOL and pedestal gradients
appear to be linearly correlated across all confinement regimes. This observation is in line with
what suggested by LaBombard et al., namely that edge pressure gradients appear to be set by
a critical-gradient transport paradigm (determined by electromagnetic fluid drift turbulence),
rather than a classical diffusive-like transport [5, 12]. In other words, edge electron pressure
gradients adjust themselves to satisfy marginal stability constraints and are linked to the near-
SOL, as it sets the level of particle and heat input that is required to reach the desired plasma
conditions just inside the last closed flux surface [5].

Conclusions
Among all the plasma quantities of the confined region, A, exhibits its best correlation with
the electron pressure evaluated at p = 0.9, pgo. In particular, data cluster around the scaling:
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Ag = 3.2 x (p2° [kPa])~046. This relation is highlighting that an increase of pedestal perfor-
mances (i.e. larger p20) is statistically associated with a reduction of Ay This, if confirmed also
in detached plasmas, will have the consequence of reducing the operational windows of future
next step devices [13], since the ultimate goal of a fusion power plant is to combine large core
plasma pressure (which means high pressure pedestals) with a good enough power exhaust solu-
tion, which largely depends on a broad A,. In addition, it is shown that A, exhibits a clear linear
correlation with the pedestal electron pressure gradient. This explains the chain of correlations
behind the A, scaling with 0 A, relates with the pedestal electron pressure gradient, which
is in turn setting the electron pressure at p = 0.9. The last and important observation is the
one linking SOL and pedestal electron pressure gradients, which appear to be clearly correlated
to each other across all confinement regimes. This is in line with what suggested in [5, 12],
namely that edge pressure gradients appear to be set by a critical-gradient (determined by elec-
tromagnetic fluid drift turbulence), rather than a classical diffusive-like transport; in short, edge
electron pressure gradients adjust themselves to satisfy marginal stability constraints. In such
a picture, the near-SOL is responsible for setting the level of particle and heat input that is re-
quired to reach the desired plasma conditions just inside the separatrix [5]. This interpretation
links near-SOL and pedestal electron pressure gradients and it could be a key ingredient to take
into account for predicting A,,.
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