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Abstract. Theory-based scaling, laws of the/near and far scrape-off layer (SOL)
widths are analytically derived for L=mode diverted tokamak discharges by using a
two-fluid model. The near SOL pressurerand density decay lengths are obtained by
leveraging a balance amongithe power source, perpendicular turbulent transport across
the separatrix, and parallellosses atithe vessel wall, while the far SOL pressure and
density decay lengths are derived,by using a model of intermittent transport mediated
by filaments. Thé analytical estimates of the pressure decay length in the near SOL
is then compared to-the,results of three-dimensional, flux-driven, global, two-fluid
turbulence simulations of L-mode diverted tokamak plasmas, and validated against
experimental measurements| taken from an experimental multi-machine database of
divertor heat flux lees, showing in both cases a very good agreement. Analogously,
the theoretical scaling law for the pressure decay length in the far SOL is compared
to simulation results and to experimental measurements in TCV L-mode discharges,
pointing out the need of a large multi-machine database for the far SOL decay lengths.

Keywords: plasma turbulence, scrape-off layer width, GBS

1. Introduction

In ITER and future fusion reactors, a significant fraction of the fusion power is expected
to gross the'seéparatrix and be transported along the magnetic field lines to the target
plates through the narrow region of the scrape-off layer (SOL). Due to technological
limits imposed by materials, the peak of the heat flux reaching the tokamak wall must not
exceed a value of the order of 10 MW /m? [1/2]. Without high volumetric power radiation
in the SOL and partial divertor detachment, this limit will be certainly exceeded in
ITER [3H7]. Therefore, understanding the mechanisms that regulate turbulent transport
in the SOL and predicting the SOL power decay length is of fundamental importance to
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determine the operational window for a divertor solution compatible with adeguate core
confinement, not only for ITER but also for all future high-performance fusion devices:.
While ITER goal is to operate in H-mode where heat exhaust is most severe, the fizst
campaigns, as well as the start-up and landing phase of the H-mode ITER discharges;
will be in L-mode, thus prompting the need to provide theoretical scaling laws of the
SOL power decay length in this regime. Moreover, understanding themechanisms that
regulate the SOL width in L-mode discharges constitutes the first step towatds a theory-
based scaling law of the near SOL width in H-mode, which involvessa more complex
physics. =

As observed experimentally (see e.g. Refs. [8-12]), the'SOL presents two density
and power decay lengths; a shorter one in the near SOL and a longer one in the far
SOL, which is the result of different turbulence dynamics in,these two regions. Indeed,
as experimentally shown, e.g., in Refs. [13}/14], turbulence :dynamics is wave-like in the
near SOL and intermittent in the far SOL. As dis@ussed, e.g.; in Ref. [15], the power
fall-off length at the target plates derived by fitting the divertor heat flux profiles in the
vicinity of the strike point is approximated well by he pox?ver fall-off length in the near
SOL. On the other hand, the heat and particle flux entoimain-chamber first wall depends
mainly on the intermittent perpendicular transport occurring in the far SOL [16,/17].

Significant experimental efforts were' madeyin the past few years to derive
experimental scaling laws of the power fall-off\length in the near SOL at the divertor
plates in L-mode diverted plasmas (seepe.g., Refs. [15,/18-21]). Recently, a nonlinear
regression has been carried outyon a set of power fall-off length measurements from a
multi-machine database includimg the COMPASS, EAST, Alcator C-Mod, MAST, and
JET tokamaks [15]. By combining five hundred L-mode outer and inner divertor heat
flux profiles obtained by Langmuit probes or IR camera, thirteen credible scaling laws
were derived. A scaling law in good agreement with the experimental data (describing
R2=92% of data vasiation)fobtaified by considering only outer divertor measurements
is [15]

aN03 048035
N5 2800(}70) 04805 (1)
where ), is the power fall-off length in units of mm, fg,, is the Greenwald fraction, a is
the tokamak minor radius; /7, is the tokamak major radius, and j, is the plasma current
density imtnits of MA /m?.

In parallel o the experimental effort, recent theoretical and numerical studies based
on two-fluid models, justified by the high plasma collisionality of this region, have
investigated the mechanisms that regulate the near SOL width in L-mode, leading to
analytical and numerical scaling laws of the SOL density and pressure gradient lengths in
both limited [22-25] and diverted [26-29] geometries. A direct comparison of theoretical
scalinglaws to experimental data has been carried out in limited geometry [22,24}30,31],
showing a good agreement with experimental measurements. However, no in-depth
comparison between first-principles theory-based scaling laws and experimental data
taken from a multi-machine database has been carried out in L-mode diverted geometry.
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While turbulence in the near SOL is characterized by a wave-like dynamigcs,
turbulent transport in the far SOL is dominated by intermittent events due téi¢oherent
plasma filaments, also known as blobs [32]. Filaments extend along the parallel direction
with a cross section spatially localized on the poloidal plane and their associated density
fluctuations have an amplitude even larger than the background demsity. Filaments
originate near the last-closed flux surface (LCFS) as the results@of the,nonlinear
saturation of interchange-like instabilities, with the density fluctuations sheared apart
by the E x B velocity and detached from the main plasma [1332].“Theny the vertical
charge separation inside the filaments, caused by magnetic gradien@ and curvature
drifts, generates a vertical electric field that, in turns, gives rise tofa radial E x B
drift that transports filaments outwards, contributing significantlyato the perpendicular
transport in the far SOL, flattening the density and pressure, profile, and increasing the
plasma-wall contact, as experimentally observed in Ref. [33]s Plasma filaments have been
experimentally studied in tokamaks [34-39], stellarators [40]; reversed field pinch [41],
and basic plasma devices |13,[42-44].

An analytical theory, referred to as two-region rr?odel, based on considering
separately the divertor region and the upstream SOL region, that is from the outboard
midplane to the divertor entrance where\the,interchange drive is largest, has been
proposed to describe the propagation of filamentsin the SOL. Four regimes of filament
motion have been identified, depending emthe mechanism responsible for balancing the
charge separation driven by the magnetie,curvature and gradient drifts [45]: the sheath
connected regime (Cy), whereé the curvature drive is balanced by the current flowing to
the sheath; the ideal interchange'mode regime (C;), where the ion polarization current
due to fanning of the flux surfaces in the divertor region damps the charge separation;
the resistive ballooning regimeyRB),/where the damping of upstream ion polarization
current dominates; and the résistive X-point regime (RX), where the parallel current
flowing between theaupstream and divertor regions is the key damping mechanism. Each
damping mechanismresults into a different dependence of filament velocity on filament
size. The two key/parameters that determine the filament regime are the collisionality
parameter,

e
4 VeZLHl

pcheLHQ ’

and thesize parameter [45],

o= (2)", (3)

Qx

(2)

where v,; i$ the electron to ion collision frequency, ps = ¢s/€2; is the ion sound Larmor
radius; with ¢, = /T./m; the sound speed and Q.; = eB/m; the ion cyclotron frequency,
Ljnis,the parallel connection length from upstream to the divertor region entrance, Ly
is the parallel connection length from the divertor region entrance to the target plate,
Q.. = eB/m, is the electron cyclotron frequency, a; is the filament size in the poloidal
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plane, and a, is the reference filament size introduced in Ref. [46] and then redefined in
Ref. [47] taking into account effects described by the two-region model,

2172 1/5
. = ps (ps Row) (4)

with n, the average of the filament density and n’ the density at the near-to-far SOL
interface. The two-region model for filament motion has been extensively walidated
against experimental results (see, e.g., [38,48,149]) and verified through numerical
simulations. These include recent numerical nonlinear two-dimensionals50,51], three-
dimensional single-seed filament [52,53], as well as three-dimensional self-consistently
generated filament simulations in realistic geometry [29,47,54), whichiave shown a good
agreement with the two-region model, also in H-mode plasmas [55].:Moreover, the work
carried out in Ref. [29] in double-null geometry has shewn that the far SOL density
decay length can be described as the result of the fransport associated to filaments,
whose velocity is described by using the two-region medel.

In the present work, we analytically derive first-principles based scaling laws of the
near and far density and pressure decay length for L-mode diverted plasmas. We exploit
the results of three-dimensional, flux-driven, globalyfwo-fluid turbulence simulations
carried out by using the GBS code [56,57],andwwe consider a balance among sources,
perpendicular turbulent transport across the LCFS, and parallel losses at the vessel wall.
We focus here on a single-null divertor geometry and we derive scaling laws in terms
of engineering parameters, such as tokamak major and minor radii, plasma elongation,
toroidal magnetic field at the tokamak axis, edge safety factor, and power crossing
the separatrix. The theoretical scaling laws are then compared to simulation results
and against experimental data,showing a very good agreement in the near SOL, while
suggesting the need of a large multisiachine database for the far SOL decay lengths.

The paper is organized @s follows. The physical model implemented in GBS and
used to derive the near and farsSOL pressure decay lengths is described in Sec. 2l An
overview of simulation results, is presented in Sec. 3] In Sec. [d] we derive theoretical
scaling laws of the near‘and far SOL density and pressure decay lengths. A comparison
between the analytical sealing laws and experimental results is reported in Sec. [f
Finally, the gonclusions follow in Sec. [6]

2. Simulation model

The.model, considered in this work is based on the drift-reduced Braginskii two-fluid
plasma madel implemented in the GBS code [24,56,57]. A detailed description of the
model can/be found in Ref. [28]. The use of a drift-reduced fluid model is justified
by the high plasma collisionality in the SOL, A\, < L ~ 2mqR, with A, the electron
mean-free path, and by the large scale fluctuations, k, p; < 1, with p; the ion Larmor
radius, that dominate transport in this regime. The model is electrostatic, makes use of
the Boussinesq approximation [56,58], and neglects the interplay between plasma and
neutrals, although this is implemented in GBS [59]. The theoretical model proposed in
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Refs. [60,/61] and experimentally studied in Ref. [62] suggests an important role of the
electromagnetic effects on turbulence regimes in the plasma boundary. Ondthe other
hand, the analysis carried out in Ref. [63] by means of electromagnetic fluid , and-in
Ref. [64], through electromagnetic gyrokinetic simulations, shows an almost negligible
effect of electromagnetic perturbations on SOL turbulence at low ahd intermediate
values of 3, thus justifying the use of an electrostatic model. The effectiof the' Boussinesq
approximation is discussed in Refs. [58]65], showing that it has a negligible effect on
SOL turbulence and equilibrium profiles, although this approximation,cannot be taken
for granted in general, as shown in Refs. [66,67]. Moreover, as ghown in Ref. [68],
the Boussinesq approximation can affect the dynamics of darge filaments, leading, in
particular, to an underestimate of the filament velocity. Since coupling with neutrals
dynamics is not considered in the present work, our analysis,is restricted to low-density
plasma in low-recycling conditions. However, the effect of impurity radiation in the
divertor region, which is neglected in the present model, can 'be important, especially
in the case of carbon wall. Within these approximationsythe model equations are

on P! 2
S = = Elo.n) + = |C(p) —nC(6)| - Viladl) 4D, Vin + s, (5)
Ow ! B*_ 2B
5 =~ %[qﬁ, W] = v VW + —= V) £ 5=Cfpe + 7pi) + DuViw, (6)
(%He p_l 1Y : 1
St =~ 5 19Vl — veVyupe + > (VJII VY — —Vype - 0-71VHT6>
4 m;
+ %m—eﬁo,evﬁvne + Dvuevivlle ) (7)
ov); P! 4
@Js‘ = = 56 vl — vV s — —Vn(pe +7pi) + 3=V + Doy Vivgi (8)
oT. ! » V‘ "
o = -7 [, T.] — VeV de + 3T [0 71V vy — L.71V v + 0. 71(UHZ — U||e)
AT, 17 T,
+ s 5[OS C(M + X VET. + D, VAT, + 51, (9)
ar,  pl 4T, T, 10 T;
= BT - W T+ 5 [ + —20) - C(e)| - S
+ 27 v)m_gTv@ +xiViT, + D, VAT + s (10)
5 il g1 VIlle T X[ V] LV T
V3¢ =w—7V.T,. (11)

In Egs. and in the following of the present paper (unless specified otherwise),
the density,.n, the electron temperature, T,, and the ion temperature, T;, are normalized
to[the refetence values ng, Tto, and Tjy. The electron and ion parallel velocities, vy,
and wy;, are normalized to the reference sound speed cyo = \/Tto/m;. The norm of
the magnetic field, B, is normalized to the toroidal magnetic field at the tokamak
magnetic axis, Br. Perpendicular lengths are normalized to the ion sound Larmor
radius pso = 50/ and parallel lengths are normalized to the tokamak major radius
Ry. Time is normalized to Rg/cs. The dimensionless parameters appearing in the
model equations are the normalized ion sound Larmor radius, p. = ps/Ro, the ion
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to electron reference temperature ratio, 7 = Tj/T¢o, the normalized electron and ion
viscosities, 19 and 7 ;, the normalized electron and ion parallel thermal conductivities,
XJe and x|;, and the normalized Spitzer resistivity, v = e*ngRy/(m;cs0)). = VoTe_g/Z,
with

2

n0627'€> ( 5.88 (dmeg)? T
n =

4\/ 27 e? )\\/ Me
. 4\/ 2 64 \/meR()n())\

YT B neo)? e T )

o = (1.96 ), (12)

e

(13)

where A is the Coulomb logarithm.

The dimensionless equilibrium magnetic field, B = £V +p. V@b x Vo, is written
in terms of the poloidal flux function ¢, which can be“an analytical function or can
be obtained from an equilibrium reconstruction, with®ep beingithe toroidal angle. The
plus (minus) sign refers to the direction of the toroidal magmetic field corresponding
to the ion-V B drift pointing upwards (downwards). The spatial operators appearing
in Eqgs. are the E x B convective term [g, ff/=b# (Vg x Vf), the curvature
operator C(f) = B[V x (b/B)]/2 -V [, the parallel gradient operator V|f = b - Vf,
and the perpendicular Laplacian operator V3.f = V=[(b x Vf) x b], where b = B/B
is the unit vector of the magnetic field. The nwmerical diffusion terms, D;V? f, are
added for numerical stability andthey lead \to significantly smaller transport than
the turbulent processes described by the simulations. The differential operators are
discretized on a non-field-aligned (R, ¢, Z) eylindrical grid, by means of a fourth-order
finite difference scheme [57] (R and Z are the radial, from the tokamak symmetry
axis, and vertical directions).f Details'on the numerical implementation of the spatial
operators are reported in Ref. [2§].

The source terms in the deﬁsity and temperature equations, s, and sr, are added
to fuel and heat the plasma. The density and the temperature sources are analytical
and toroidally uniform functiens of ¢(R, Z),

Sp & Sno exp(— (W(&, ZA)%_ wn)2>, (14)
st = SQﬂ [tanh(—W) + 1}, (15)

where Ymand ¢ _are flux surfaces located inside the LCFS. The density source is
localized around the flux surface v, close to the separatrix, and mimics the ionization
process, while the temperature source extends through the entire core and mimics the
ohmic heaging. Similarly to Ref. [28], we define S,, and Sy as the total density and
temperature source integrated over the area inside the LCFS,

S, = / pesn(R, Z) dRAZ (16)
ALcFs

and

St = / P*ST(R, Z) dRdZ ) (17)
ALcFs
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where the factor p, appears from our normalization choices. Analogously, we define the
electron pressure source, proportional to the power source, as S, = f Ar ops PESp dRdZ,
with s, = nsy, +1.s, and s, the electron temperature source.

The simulation domain we consider encompasses the whole tokamak plasma, volume
to retain the core-edge-SOL interplay [69-71], as presented for the first gime in Refr [72].
The poloidal cross section has a rectangular shape of radial and vertical extension Ly
and Lz, respectively. For the analysis of the near and far SOL decay lengths{ we consider
flux-coordinates (Vi, Vx, V), where Vi) denotes the directionforthogonal to the flux
surfaces, Vi is the toroidal direction, and Vy = Vi x V. N

Magnetic pre-sheath boundary conditions, derived in Ref. [73], are applied at the
target plates. Neglecting correction terms linked to radial derivatives of the density and
potential at the target plate, these boundary conditions cam.be expressed as

v = + Te‘FTTi? (18)

ve = £VI.+ 7T, exp(A— i)v (19)
n ¢ y

Al + m ZV| ( )
T.

9 — T du 21

70 + m zZU| ( )

04T, = 9,T; = 0, (22)
Te

o = = [ VT T 0 (23)

where A = 3. The top (bottom) sign refers to the magnetic field pointing towards
(away from) the target plate. Details on’the numerical implementation can be found in
Ref. [57]. N

3. Overview of simulation.results

We focus here onfa setrof simulations in the L-mode turbulent transport regime. As
described in Refs 28], where a dedicated analysis has been carried out to identify the
turbulent tramsport regimes in the tokamak edge, a turbulent transport regime appears
in two-fluid simulations atlow value of heat source and high value of collisionality, where
turbulenttransport.ds driven by the resistive ballooning instability. This mode has been
associated to the L-mode operational regime of tokamaks.

The simulations are carried out with the following parameters: p;! = 500,
a/Ry ~ 03,7 =1,nm,=5%x10"2 m; =1, xje = xji = 1, Dy = 6 for all fields,
Lr = 600, L; = 800, s,0 = 0.3, A,, = 800, A7 = 720, and different values of spq
and vy (see Eq. ), with both favorable and unfavorable ion-V B drift directions
beingyconsidered (see Tab. [I). The magnetic equilibrium, described in Ref. [2§], is
analytically obtained by solving the Biot-Savart law in the infinite aspect-ratio limit
for a current density with a Gaussian distribution centered at the tokamak magnetic
axis, which mimics the plasma current, and an additional current filament outside the
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Sto Vo ion-VB drift

0.3 2.0 upwards
0.3 0.9 upwards
0.3 0.9 downwards
0.15 2.0 upwards
0.15 0.9 upwards
0.15 0.9  downwards
0.15 0.6 upwards -
0.075 2.0 upwards
0.075 0.9 upwards
0.075 0.2 upwards
0.075 0.2  downwards

Table 1: Dimensionless parameters (temperature Source strength sro, normalized
resistivity vy, and ion-V B drift direction) of fthe set of8GBS simulations considered
in this work.

simulation domain to produce the X-point." The walue of the plasma current and the
width of its Gaussian distribution are chosen to have a safety factor qp ~ 1 at the
tokamak axis and qg; ~ 4 at the tokamak edge. If we consider as reference density
and electron temperature typieal values at the separatrix of a TCV L-mode discharge
(major radius Ry ~ 0.9 m andforeidal magnetic field at the magnetic axis By ~ 1.4
T), i.e. mo =~ 10" m=3 and T ~ 20 eV, the size of the simulation domain in physical
units is L ~ 30 cm, Ly 2240 empand Ry ~ 25 cm, which is approximately a third of
the TCV size. Regarding thé numerical parameters, the number of grid points in the
radial, vertical, andfteroidal direc¢tions are Nr x Nz x N, = 240 x 320 x 80, while the
time-step is 2 X 1075 Ro/¢cs0-

We analyse the simulation results after an initial transient, when the simulations reach
a global turbulent quasi-steady state resulting from the interplay between the sources in
the closed flux surface region, turbulence that transports plasma and heat from the core
to the SOL, and the'losses,at the vessel. The analysis is carried out on a time interval
that, expressed in physical units, is of the order of a few milliseconds. In the following,
we refer to the équilibrium of any quantity f as its time and toroidal average during the
quasissteady state, f = (f)ou, and to its fluctuating component as f=f—1.

As angexample of typical simulation results, Fig. [1| shows the equilibrium density,
themermalized standard deviation and the skewness of density fluctuations in the plasma
boundary. The simulation with s79=0.15 and 14=0.6 is considered. As a consequence
of tutbulent transport being driven by a resistive ballooning mode [28], the normalized
standard deviation of the density fluctuations peaks on the low-field side (LFS) and
remains relatively large throughout the entire LFS SOL, as shown in Fig. [1| (b). The
near and far SOL are characterized by large fluctuations with amplitude comparable to

Page 8 of 30
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Figure 1: Fquilibrium density, n, (a), normalized standard deviation, o,, (b) and
skewness, pi,, (c¢) of density fluctuations at the plasma‘boundaryfor the simulation with
sto=0.15 and vy=0.6. In order to improve the visualisatiomwn the plasma boundary,
avoiding the saturation of the colorbar, the coreregiom.is not shown. The white line
represents the separatriz. &

the equilibrium quantity, as experimentally, observed in Refs. [8[74H76]. The skewness
is small in the LFS of the near SOL, suggesting wave-like turbulence, and increases in
the far SOL, hinting at the presence of intermittent turbulent events. A snapshot of
the normalized density fluctuations for the same simulation (see Fig. [2[ (a)) shows that
density fluctuations mainly develop across the separatrix, forming eddies that extend
in the radial direction and detach frem the main plasma. Detached eddies give rise to
filaments that radially propagate in the far SOL and are ultimately responsible for its
intermittent nature. Therefore, $urbulence in the far SOL arises from the steep pressure
and density gradients across the separatrix and not from the local equilibrium pressure
and density profileséIhe different nature of plasma turbulence in the near and far SOL,
namely the highly intermittent and non-local character of turbulence in the far SOL in
contrast to wave-like turbulence dynamics in the near SOL, is highlighted in Fig. [2[ (b),
where two typical time traces of the density in the near and far SOL are shown.

As a comsequencerof the different transport mechanisms taking place in the near
and far SOL, density and pressure show a different decay length in these two regions.
Two distimet exponéntial decay lengths have been observed also in experiments (see,
e.g., Refs. [11,[12]) as well as in other fluid simulations (see, e.g., Refs. [29,[77]). An
example from one of our simulations is shown in Fig. [3| where the equilibrium pressure
and density radial profiles at the outer midplane are fitted by assuming only one or
two distingt exponential decay lengths. One exponential overestimates the decay length
in the near SOL and underestimates the one in the far SOL. On the other hand, the
fit based on two distinct exponential decay lengths agrees well with the equilibrium
pressure and density radial profiles on the entire plasma boundary. We note that, as
revealed by the fit based on two exponential functions, the decay lengths of density
and pressure in the near SOL match the ones in the tokamak edge inside the LCFS, in
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Figure 2: Typical snapshot of normalized density fluctudtions on a poloidal plane (a)
and typical time traces of the density inathe near and/far SOL (b) for the simulation
with sto=0.15 and vy=0.6. The position where.the time traces are extracted is indicated
by a black cross.

agreement with experimental observationsithat show the presence of one characteristic
pressure decay length across thesseparatrix [78]. Since the near-to-far SOL interface
radially moves as vy increases{ in agreement with experimental observations [8,(76}/79],
the fitting regions in Fig. 3| are\properly chosen by identifying the near and far SOL in
all the simulations and excludi@ the transition between these.

Fig. 4| shows the near and far SOL pressure (density) decay lengths, denoted as
Lp,GBs (Ln,GBs) and L;,GBS

parameters listed in tablefl| (upwards ion-V B drift direction). The near SOL pressure

(I4, &ns), respectively, for the set of GBS simulations with input

gradient length increases,as the collisionality increases or the heat source decreases.
In fact, the effective turbulent diffusion coefficient associated to resistive ballooning
turbulent transport increases with collisionality and, therefore, for the same value of
the input power (i.e. $7o), the pressure gradient decreases as v increases. The detailed
description of thesL, dependence on the heat source and plasma collisionality in the
resistive ballooning regime is reported in Ref. [28]. The far SOL pressure decay length
shows'a weak dependence on the heat source and collisionality, especially for high values
of eollisionality and heat source where L, seems to saturate. Similar conclusions can be
drawn,for the near and far SOL density decay lengths.
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Figure 3: Radial profile of the equilibrium electron pressure, p., (a) and density, 7,
(b) at the outer midplane (black dots) for the simudation, with sto = 0.075 and vy = 0.2,
and overposed the exponential fits based on one (blue lime)or two (red lines) exponential
decay lengths. The vertical dashed black line denotes the position of the separatrix.

4. Scaling laws for the near and far SOL decay lengths

4.1. Near SOL

Plasma turbulence in the L-mode transport regime is mainly driven by resistive
ballooning modes with the efféct of shear flows being negligible, as shown in Ref. [28].
Based on the analysis of the mechanisms that lead to the saturation of the ballooning
mode, and a balance between heat'sottrces and turbulent transport, Ref. [2§] shows that
the equilibrium pressure gradient length in the edge inside the LCFS of the considered
L-mode simulations agrees wellswith the analytical estimate,
411/3

L, e (9r.) ] (24)
where L, =~ 2@an/(L+#£2)/2 is the length of the LCFS poloidal circumference, with
k being the plasmacelongation, and 7, T,, p. are the equilibrium density, electron
temperature, electron pressure, which are evaluated at the LCFS [28]. Based on the
observation (see Fig. |3) that the exponential decay length of the equilibrium pressure
profile inithe near SOL and in the edge inside the LCFS correspond, Eq. can also
besed to.estimate the near SOL pressure decay length. Indeed, a strong connection
between confined edge and near SOL physics has been experimentally observed in
Refs. [80-82] across various confinement regimes.

In_the present work, we extend the result derived in Ref. [28] by expressing L,
in terms of engineering parameters in order to facilitate both the comparison with
experimental results and its applicability to tokamak operation. Therefore, we make
explicit in Eq. the dependence of T, on S, and L,, by balancing S, with the



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-104351.R1

12
/
Ly as [pso] L, cps [pso]
. : . . ; ; 50 , . . : : . T 100
19 34 89 84
031 L4 1 P 45 0.3} 1 [ 95
0.25 1 40 025t | 90
0.2+ 7 02l i 85
- .
IS 31 34 46 8% g 74 90 81 80
0.15¢ ® ® 0151t S
30 75
01r 27 41 50 1 0.1r 62 100 97 1
° ° o5 ° ° ~ ° 70
0.05 1 0.05¢
65
0 ) ) ) ) ) ) ) 20 0 ) ) ) ) ) ) )
03 06 09 12 15 18 21 03 06 09 12 15 18 21
IZ0) 40
(a) Pressure decay length in the near SOL. (b) Pressure decaydength in the far SOL.
!
Lungps [,Oso]‘ o Ly aps [pso]
‘ ‘ ‘ ‘ ‘ ‘ ‘ 170
30 56 80 & 154 150
0.3} ° — 03 ,
160
0.25 1o 0.25%
150
E 0.2r 1 60 o 02 |
& 51 55 7 c%‘ 134 160 140
0.15¢ [ 0.15F P | 140
50
0.1 47 69 86 1 01r 114 171 168 130
( [ 40 { ] [} [ ]
0.05 1 0.05 120
0 30 o
03 06 09 12 15 A8 21 03 06 09 12 15 18 21
%0} 40
(c) Density decay length i the kar SOL. (d) Density decay length in the far SOL.

Figure 4: Near and far SOL pressure ((a) and (b)) and density ((c) and (d)) decay
lengths, normalised to psg, obtained from GBS simulations at the various values of s
and vy considered in this work with the i1on-V B drift pointing upwards. Comparable
values are obtaimed for the simulations with downwards ton-V B drift direction. The
numerical value of the.equilibrium gradient length is reported next to the data points.

parallel dosses at'the vessel walls. As an order of magnitude estimate, this balance can
be obtained by integrating the heat flux at the vessel wall over the SOL width,

/SOL PeCsdl ~ S, . (25)

In Eq. we consider the low-recycling regime (i.e. no temperature drop in the divertor
region) and we assume that the plasma outflows at the divertor plate with the sound
speed. Moreover, by assuming that the electron pressure and electron temperature decay
exponentially in the SOL on the scale L, and Ly, respectively, where Ly ~ (1+n.)L, /7,
with 77, ~ 0.77 derived in Ref. [83] and in agreement with the simulations presented here,
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Figure 5: Comparison between the analytical estimates of the near SOL pressure (a)

and density (b) decay lengths and the correspondingronesobtained from GBS simulations.
L

T. at the LCFS becomes
T, ~ e

23
(0 saemar] §
2(1 + ne )Ly,

The near SOL estimate of L, is then derived by replacing T given by Eq. into
Eq. ,

(26)

L. ~ [1 <1+ Te )8,031/6(]12[/1271105_4} a
Pl 2(1 4 ne) /507 X T '

We note that the equilibrium density gradient length in the near SOL can be directly
obtained from Eq. and the relation L, ~ (1+7n.)L, [83],
e

L, ~ (1+ne)[%(1+m

The theoreti¢al estimates of the near SOL pressure and density decay lengths show

(27)

]1/17. (28)

8
36 12712210 o—4
) Pivoq LS,

a very good agreement with the simulation results for all the values of sp¢ and vy
considered in this work and both directions of the ion-V B drift, as displayed in Fig. [5]
Indeed, across the set of simulations performed, the difference between simulation results
and thegretical predictions is below 20% for both L, and L,,.

In‘order to write the analytical scaling law of Eq. in terms of engineering
parameterspsuch as the power entering into the SOL (Psor), the tokamak major and
minor radits, and the toroidal magnetic field, we substitute S, ~ Psor/(27Ry) and 1

given by Hq. into Eq. and, in physical units, we obtain
L,~56 A1/17q12/17R8/17PS_61£17G12/17(1 + K2)6/17n20/17B;12/17’ (29)

where L, is in units of mm, A is the mass number of the main plasma ions, R, and a
are in units of m, Psor, is in units of MW, n, is the density at the LCFS in units of
10 m~3, and By is in units of T.
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4.2. Far SOL

In order to estimate the far SOL density decay length, we considershere a similar
approach to the one presented for double-null geometry in Ref. [29]. Intaddition to
Ref. [29], we provide also an estimate of the pressure decay length and we write both
theoretical scaling laws in terms of engineering parameters.

As a first step, a pattern-recognition algorithm for filament/detection/tracking,
described in Refs. [47,/54], is applied to the GBS simulations considered in this work to
determine filament size, velocity, and collisionality parameter, allowing theidentification
of the filament regime. A typical dispersion plot of the averaged eollisionality parameter
A, Eq. (), and size parameter ©, Eq. (3)), of each detected filament/in the simulation
with sy = 0.15 and 1y = 0.6 is shown in Fig. [f] (a). 4The dashed lines delimit the
four regimes of filament motion [45]. We note that filaments belong to the RX and RB
regimes, a feature in common with all the simulations considered in the present work.
We restrict therefore our analysis to the RX and RB regimes. In Fig. @ (b), the averaged

normalized velocity v = v,/v, of each filament, avith IS
Tay\2n 1/5
v = [2(5) 2L g (30)
ay, / n

being the reference filament velocity (see Refs [47])yis displayed for the same simulation
as a function of the normalized size{ @& =ay/a.. In Eq. , a, and a, denote the average
size of filaments along the V¢ and Vy“direction, respectively. The normalized filament
velocities are mainly scatteredsbetween zerorand a maximum velocity that varies as a
function of size and collisionality im,agreement with the analytical normalized velocity
predicted by the two-region model [45].3This numerical result agrees with experimental
observations that show thatsthestheoretical predictions constitute an upper bound for the
filament velocities [38]. Indeed, seme mechanisms responsible for decreasing the radial
filament velocity, sugh as the filament-filament interaction and the filament rotation, are
not included in the twosregion model of Ref. [45].

Since filament dynamies is responsible of the far SOL pressure and density
transport, as shewn in Ref. [29], we derive an analytical estimate of equilibrium pressure
decay length im'the far SOL by balancing the perpendicular transport due to filament
motion with parallelcheat transport. For this purpose, we take the sum of Eq. ,
multiplied by 1;, and Eq. @, multiplied by n. Then, by time and toroidal averaging
the resulting equation, we obtain

p*_l([)w(jbw + Vll(ﬁe@”e) + §1.71peV||U||e + 20.71T6U||6Vn ~0. (31)
In ‘Eq. , we identify the perpendicular heat transport with the one mediated by
filaments,; ¢ ,. By assuming that the electron parallel velocity is of the order of ¢,, and
approximating dy ~ 1/L! and V| ~ 1/Ly, Eq. yields

1Ty P.C,
— ~ (2 32
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Figure 6: Dispersion plot in the phase space\,0) of detected filaments in the

simulation with spo = 0.15 and vy = 0.6 (a). Black dashedylines are used to delimit the
four regimes. Normalized filament velocity as a funetion of filament size of each detected
filament in the same simulation (b). The'dashed blackiline represents the velocity scaling
predicted by the two-region model in the RB,regime (© < A), while the dashed red line
the one in the RX regime (© > A)n45]. All quantities are obtained by averaging over
the filament life.

where C' =1+ 1.71(2/3) 4+ 0.70(2/3). ~ 2.6. In Eq. (32), the prime symbol appearing
in p,, ¢, and g, denotes that these'quantities are evaluated at the near-far SOL
interface [29,/47]. We note that Eq. only holds in case of negligible variation of
electron temperature along theé magnetic field lines, which is the case of the low-recycling

regime considered herér The far SOL pressure decay length can then be obtained from

Eq. ,

T
C pe

which relates L;, to the perpendicular heat flux associated to the filament motion.

L (33)

In order tofestimate q‘l’jvw, we assume that a filament can be described on the poloidal
plane ag'a coherent structure with Gaussian peak pressure p,; and half width at half
maximum a,;, along the Vi direction, and a, ;, along the Vx direction (i is the index
idenfifying the'i-th filament). The heat flux associated to the filament motion can be
estimated by multiplying the pressure associated with a filament and the filament center
of mags.radial velocity, vp;, and summing over all the filaments. We obtain

(¢ — ¢b,i)2 (x — Xb,i)2>

!
Qo (V,X) ~ ) DpiUp exp<— —
bul¥1X) XZ: (2ay,)? (2ay,:)

where ¢ and x denote coordinate variations along Vi and Vy, and (¢, xp:) are the

(34)

7-th filament center of mass coordinates. An estimate of the heat flux due to filament
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transport is then obtained by averaging g,; over time and over the LFS SOL area |84},
5 1 2
Doy = <

’dd>_— apiCx,iPb,i Vb,id#s 35
AsoL /ASOL B, X)dydx t Z< 1,0, Pb,i Vb e (35)
where Agop, represents the total far SOL area. We note that poloidal yariationsyof the

N ASOL log 2 p
filament size and velocity are present in our simulations, in agreement with experimental

observations [85,86]. By neglecting possible correlation between' filaments 87| and
defining N, as the average number of filaments such that the averaged peak pressure is

given by py ~ > (pe.i)e/No, Eq. can be approximated as ~

Jopovs (36)

—/
Do ™ log 2
where f, = Nymaya, /Asor is the blob packing fraction.

In order to make further progress, since filament and background pressure are both
progressively drained by the parallel heat flow as meving radially through the far SOL,
we assume that the filament peak-to-backgroundspressure ratio remains constant. In
Ref. [29], the density fluctuations in the far [SOL were¥assumed to be three times
larger than in the near SOL to accountsfor turbulent/transport being mainly due to
large filaments. Here, as an order of magnitude estimate, we consider that pressure
fluctuations in the near and far SOL have similarwalues, leading to

Do ﬁe 1
-~ . 37
P De ka}/) ( )
The peak filament pressure at the near-far SOL interface can then be obtained,
=/
Py~ (38)

kaw .
To estimate the blob packing}faction, we evaluate the average filament number by
balancing the filament generation and loss rates. As filaments are generated by the
nonlinear development of the.ballooning instability appearing across the LCFS, the
filament generation rate R qes is given by the ballooning mode wavenumber along the
LCFS, L, k,/(2m), divided by the filament generation time, which can be approximated
by the time that astreamer takes to travel its own extension, i.e. 4a,/v,. We obtain
kaka)b
Pr2

The filament lossirate R o5 is given by the average filament number on a poloidal plane

(39)

Rb,gen *

divided by the time that a filament takes to cross the radial domain,

Nyvy
Ry 1oss ~ . 40
bl L (40)
The average filament number is then obtained by equating Eqs. and ,
ASOLk ]{Jw
Ny ~ 222X 41
b 47T2 ? ( )
where Asor, ~ L, Ly. By using Eq. (41)), the blob packing fraction becomes
fb ~ 7T/16 ) (42)
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where we have used a, ~ 7/(2ky) and a, ~ 7/(2k,). In all the simulations considered
in the present work, the value of f;, is of the order of 0.1 and approximately#he same;
in agreement with Eq. which predicts that f, is independent of SOL, parameters,
a feature also observed in experiments [88]. We note that the same estimate.for f, is
derived in double-null geometry in Ref. [29].

The last quantity to estimate in Eq. is the filament velocity; v, =wwv,, where
the normalized filament velocity © depends on the filament motion regimé. From the
two-region model (see Refs. [45,47] for details), we estimate

~
g ~ a2 (43)
in the RB regime, and
@RX ~ Ad_z (44)
in the RX regime, with
2 4/5 1/5
= <;ax> b ® (45)
and
L
A=v/ A 46
CSLHQ ( )

By replacing the analytical estimates.of p;, vy, and L, in Eq. , the far SOL
pressure decay length of Eq. in the:RX and RB regimes becomes

_ —9/17 27/85
L/ ~ &W( + L) 32/85(1 _|_ ,',I )—3/5 fbn L| L”l (47)
pRX T log 2 21+ ) € ql16/85L14/85518/85p63/85 )
)| 27/85
/RB 2211/170\/—< » 12@ ) 32/85(1 +77) 110 fbn9/17 54/85 L” (48)
P, C'log2 2(X+ ) 811)8/85L>1<4/85p23/85

where we approximdte’n’ and. 2’ vith 7 and T, at the LCFS, with T, given by Eq. .
This approximation is justified by the weak dependence of the ratio g, ,/(p.c;) o vy/¢,
appearing in Eq. , on the radial position of the near-to-far SOL interface.

The equilibrium density decay length in the far SOL can be obtained by following
the same procedure described above for the pressure decay length. We balance the
filament associated perpendicular particle flux, I', ,, and the parallel particle transport
by considering the leading order terms in Eq. ,

P*_lawfb,zp + V||(m7||e) ~0, (49)
and we obtain
L
—1+ byl
Ly, ~ p; e (50)
where
_, 2
Fb,w ~ 10g2nbfbvl;7 (51)



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-104351.R1

18
120 200 =02
Ve 7/
, s spo = 0.075
Ve 7/
10y ] 180 / v =0.6
) d . ® 4 sto = 0.15
100 ,® 160 | e Yo = 0.9
] A /
wn A wn ST = 0.075
DQ go / m A / — 0 q
< 4 O 140 - w=09
<& gol , s , sto = 0.15
7 7 Vo = 0.9
70 | o 1201 o M s7o = 0.3
o m LA v = 2.0
60r - R 100 | // A I~ s70 = 0.075
7 e vy =2.0
50 L L L L L - 80 ST = 0.15
50 60 70 80 90 100 110 120 80 100 120 140 160 180 ,.200 v =2.0
L, L s70=0.3
(a) (b)

Figure 7: Comparison between the analytical estimates of theyfar SOL pressure (a) and
density (b) decay lengths and the corresponding omes obtained from GBS simulations.
The comparison is carried out by numerically solvinga® filament dispersion relation
that links the filament velocity to the filament size (see Ref. [47] for details), without
considering the limit A > © or A < ©.

with ny, ~ n'/(L,ky). By replacing inEq. the analytical estimates of ny, vy, L,, and
L,, the far SOL density decay length in‘the RX and RB regimes can then be obtained,

Lo 9148/85 (1 N Ne >—32/85<1 N 776)—8/5 fbﬁ9/177/§7/85LHLﬁ1 | 52
: log 2 2(1+ 1) 116/85 [LA/85 g 18/85 ;81785
, (1 e )_32/85(1 Ly nodin g S L (53)
n,RB log 2 2(1 n 77e) € 358/85[/)1(4/85/)31/85

Fig. [7|shows a comparisonsbétween the analytical prediction of the far SOL pressure
and density decay lengths,and the numerical results obtained from GBS simulations.
This comparison (is carried out by numerically solving a filament dispersion relation
that links the filament velocity to the filament size (see Ref. [47] for details), without
considering the Iimit A>> © or A <« ©. The agreement is good for the pressure and
density decay lengths, with differences between theoretical and simulation results of the
order of 20% forithé pressure decay length and up to 40% for the density decay length.

Similarly to the near SOL decay length, we write the far SOL pressure decay
lengths forsthe' RB and RX regimes in terms of engineering parameters. We replace
Sy~ Psorf(2mRy) and v given by Eq. into Eqs. and and, in physical
unitspwe obtain

I o = 3‘5qu_1'36361'73[/||Lﬁ1ps_(§)1;21a_0'16(1 + 2) 008,052 40.05 p—0.64 (54)

;,RB ~ 6.1qu0.64R8.27L”PSTC()JI._JQlafO.lG(l + K2)70.08n2.52A0.05B;0.64 7 (55)

where L}, py, L;, g are here in units of mm, Ry and a are the tokamak major and minor
radii in units of m, L is the parallel connection length from upstream to the outer target
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plate in units of m, L, is the parallel connection length from upstream to the divertor
region entrance in units of m, n, is the density at LCFS in units of 10 m73, Psoy, i3
the power entering into the SOL in units of MW, and By is the toroidal magnetic field
at the magnetic axis in units of T.

5. Comparison with experimental data

5.1. Near SOL

~

We proceed first with the validation of the near SOL pressure de¢ay length derived in
Sec. {| against experimental data. For this purpose, we comsidersthe multi-machine
database of Ref. [15] that contains a set of power fall-off lengths obtained from a
nonlinear regression of measurements of divertor heat flux profilesdn attached conditions
with probes or IR cameras on different tokamaks. Both faverable and unfavorable ion-
VB drift directions are considered. We restrict our comparison to the outer target,
considering data from JET, COMPASS, Alcator C-Modgand MAST tokamaks. We
extend this database by including the TCV A, measurements in attached conditions
presented in Ref. [89]. These values arefobtained from heat flux profile measurements
at the TCV outer target by using an IR cameras

In order to relate the analytical scaling of L, at the outboard midplane with A,
experimentally measured at the outertarget;swe first report A\, upstream accounting for
the flux expansion. We also assume thatjybeing the considered discharges in attached
conditions, the pressure gradients,along the magnetic field lines can be neglected. This
allows for a direct comparison between L, in Eq. and the experimental A, i.e.
Ag < L, where the proportionality factor is determined from the best fit of experimental
and theoretical results, similahy to'the procedure outlined in Ref. [24]. Since only
the line-averaged density n4 is awailable in the considered database, we assume the
edge density contained in thesanalytical scaling to be proportional to the line-averaged
density, n. o 7n., wheresthe,proportionality factor is included in the unique fitting
parameter. This assumption is supported by experimental observations that show the
presence of an almost linear proportionality between n. and n. in low-density discharges
(see, e.g., Ref. [19]). THhe quality of the fit is then expressed through the R? parameter.

The result/of the fitting procedure is shown in Fig. The theoretical scaling
reprodueés experimental data with a very high goodness parameter, R? ~ 0.85. We
highlight that the value of R? obtained from the comparison between the theoretical
scalingrandrexperimental data is even higher than some of the most credible scaling laws
derived in@Ref. [15] from a direct nonlinear regression of experimental results. Indeed,
as extensively discussed in Refs. [15,90], the number of parameters that can be included
in a scaling based on the direct nonlinear regression of experimental measurements is
limited by their mutual correlation. For instance, a very strong correlation is found
between Ry and Psor/V 90|, with the consequence that including both of them in the
nonlinear regression leads to an ambiguity on their exponent. The mutual correlation
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Figure 8: Comparison of the theoretical sealinglaw of Eq. (@) to experimental values
of A\, taken from the multi-machinédatabase of Ref. (1] extended including TCV data
from Ref. [89]. The dashed black line represents the best fit \, = oL, with o the unique
fitting parameter.

between experimental input parameters limits the use of nonlinear regressions to find
scaling laws directly fromfexpérimental databases, a limitation that is overcome by
theory-based first-principles sealing laws, such as the one derived in the present work.

The proportionality constant returned by the fit is approximately 0.2. We note that
this constant includes both the proportionality factor between A\, and A, (we use here A,
to refer to the experimental value of the pressure decay length, while L, is used for the
theoretical predietion of Eq. ) and the one between n. and n.. By assuming that p.
and T, decaysexponentially in the SOL on the A, and Ay ~ 2\, scales, respectively, the
power fall-off length ‘can be written as

1 1\t 4
M t5e) ~ b 56
q )\p + 2>\T 5 P ( )
Moréover, from the experimental results shown in Ref. [19], we assume 7, ~ 4n,, which
leads to
)\q )\q (ne>10/17 4(1)10/17
— ~ — = e ~ 0.3 57
L, X\ \f. 5\4 ’ (57)

which is close to the proportionality factor returned by the best fit.
Despite the very high value of R?, we note a dispersion of the experimental
measurements around the best fit in Fig. )] This may suggest incomplete or missing
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dependencies in the theoretical scaling law of Eq. . In particular, our theoretical
scaling law does not include the effect of plasma triangularity, which has been studied
with GBS in Refs. [91,92] for a limited configuration, showing that the near SOL
width is enhanced (reduced) by positive (negative) values of triangularity; in agreement
with experimental observations [93]. In addition, interchange-like turbulence, which
can develop along the divertor leg, can increase the power fall-off length at.the target
plate [94]. This may be especially the case in TCV, where magneti¢ configurations with
a long outer divertor leg are considered. This effect is not included in the present model.

As a further comparison between theoretical and experimental re;ﬂts, we analyse
the analogies and differences between the theoretical scaling law of Eq. to the one
based on the fit of experimental results, reported in Eq. . For this purpose, we rewrite
Eq. to make explicit the dependence on fg, and j,,

1059 0.47 ‘ P —0.24
L, ~ 8.2A% (%) REO’%(R%) (1 4 K2)098, 0127002 (%) 53 (58)

where n./n. is the ratio of the edge density tohe line-ayeraged density that appears
from the definition of fg,, and Spcrs >~ 4m2aRoy/( 1+ k2)/2 is the area of the LCFS. We
note that the theoretical L, increases withithe aspeetsatio and the Greenwald fraction
and decreases with the plasma current density,with exponents that are comparable to
the experimental ones (see Eq. ) According tothe theoretical scaling, L, decreases
with Psor/SLcrs, a dependence thatisnot present in the experimental scaling of Eq. ,
although a similar dependence on Psop/Sncrs has been retrieved in other credible
experimental scaling laws derived from the same database in Ref. [15]. No dependence
on A is found in the experimental scaling of Eq. , in agreement with our theoretical
scaling that depends very weakly on A.

As an aside, we notesthat $he theoretical scaling in Eq. depends on ¢, Psor,
and By with exponents that are comparable to the ones of the experimental scaling law
derived in Ref. [21] from a nenlinear regression performed on A, measurements of L-mode
ASDEX discharges. Thisinonlinear regression has been carried out by considering the
same fitting quantities agithe ones considered in the H-mode scaling of Ref. [4], providing
a link between the [.-mode and the H-mode scaling laws. In particular, we note that,
combining theé dependerice on ¢ and Br, the theoretical scaling law of Eq. inversely
depends on the poloidal magnetic field, a feature shared with the heuristic drift-based
H-mode sealing law derived in Ref. [95].

The theoretical scaling of Eq. with the proportionality constant given by the
fittingsproeedure can be used to predict the SOL width for future tokamaks, such as
ITER, COMPASS Upgrade, JT-60SA, and DTT. Considering the baseline scenario just
before the L-H transition, one obtains A, s, =~ 3.5 mm for ITER (Ry = 6.2 m, a = 2 m,
q=2, Pso, =18 MW, k = 1.4, i, = 4-10 m™3, and By = 5.3 T [96]), A\y.n ~ 1.8 mm
for COMPASS Upgrade (Ry = 0.89 m, a = 0.27 m, ¢ = 2.6, Psor, = 3.7 MW, k = 1.8,
ne = 2-10*° m™3, and Br = 5.0 T [97]), Agn =~ 7.1 mm for JT-60SA (Ry = 2.9 m,
a=12m,q=3, Psop =10 MW, k = 1.9, n, = 6.3 - 10" m™3, and By = 2.3 T [98]),
and Agth =~ 3.0 mm for DTT (Ry =2.1m, a =0.6 m, ¢ =3, Pso, = 156 MW, k = 1.7,
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Figure 9: Comparison of the theoretical@§caling law of £q. to experimental values of
pressure decay length measured with a fast reciprocating probe at the outboard midplane
of TCV L-mode discharges in conduction regime.” Experimental data are taken from
Ref. [38]. The dashed black line representsithe best fit X, .. = aL;, pp with a the unique
fitting parameter.

ne = 1.8 - 10 m™3, and Br/= 6.0 Ty[99]). The theoretical value of A, for ITER L-
mode is within the range of V3Q1es predicted by the experimental scaling laws derived
in Ref. [15].

5.2. Far SOL

The absence of a multi-machine database or experimental scaling laws for the pressure
decay length in“the far SOL strongly limits the possibility to carry out a complete
validation ofsour theoretical scaling. As a preliminary comparison with experimental
data, we conmsider alset of measurements of the far SOL decay length taken at the
outboardmidplane of TCV L-mode discharges in lower single-null configuration by using
a fast reciprocating probe [100]. Experimental far SOL decay lengths are measured at
fixedeB7 =.1.4 T, in both reversed and forward magnetic field direction, at various
values of density, plasma current, and connection length. A detailed description of the
considered/database as well as of the experimental setup are reported in Refs. [38}|101].
The result of the comparison is shown in Fig. [0

There are two main difficulties that affect the fitting of the experimental pressure
profiles to derive the far SOL experimental pressure decay length. First, in low-density
discharges, the transition between the near and far SOL appears to be very close to
the LFS tokamak wall, thus making it difficult to clearly distinguish its position and
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reducing the numbers of data points available for the fit of the far SOL pressure profile.
Indeed, as shown in Refs. [8,|76}/79], the position of the near-far SOL interfacé depends
on the density and moves towards the first wall as the density decreases. Therefore,
an exponential function with a value of decay length close to the one insthe near SOL
is able to fit the entire experimental profile and the fit with two exponential funetions
returns near and far decay lengths that are very similar. The discharges that allow a
more precise analysis of the far SOL decay length are at high density, in thé conduction
regime with the presence of significant electron temperature variation along the parallel
direction, which questions the applicability of the present model,in @rticular for the
absence of the neutral-plasma interaction processes that might affect{the far SOL, as
experimentally observed in Refs. [102,/103]. For the comparison of the far SOL decay
length presented in Fig. [0 we choose to exclude the discharges that do not allow a clear
identification of the near and far SOL and consider high-density discharges, despite the
questions on the applicability of this model.

The second difficulty emerges when fitting experimental data at high value of
Ay- Indeed, a small variation of the fitting range prodﬁces a large variation of A
This is reflected on large experimental uneertainties that prevent us from an accurate

comparison with the theoretical predictionand, potentially hide some dependencies. In
/
P.exp
depend on the radial derivative of €he pressure profile, meaning that a particularly flat
/p7exp‘

The subset of the databaseiconsidered for this comparison includes discharges that

fact, as shown by the error propagation, the relative uncertainties of A inversely

radial pressure profile leads to large uncertainties of A

are mainly in the RB regime |38|sand hence we fit experimental data by using the
theoretical RB scaling law in Eq. with the unique fitting parameter being the
proportionality constant between,experimental measurements and L,rg. The quality
of the fit is then expressed through the R? parameter. As shown in Fig. @, there is a
very weak correlation between theoretical predictions and experimental data, being R?
only slightly positive.

6. Conclusions

A theoretical scalingcof the pressure and density decay lengths in the near SOL of L-
mode divertediplasma discharges valid in low-recycling conditions is analytically derived
from an electrostatic two-fluid model by balancing the heat source in the core region,
the perpendicular heat flux crossing the separatrix, and the parallel losses at the vessel
walls. Similarly, by balancing the perpendicular turbulent transport due to plasma
filament motion and the parallel flow, the far SOL pressure and density exponential
decay lemgths are analytically derived in the RB and RX filament regimes.

The theoretical scaling laws for pressure and density decay lengths in the near and
far SOL are then compared to the results of flux-driven, global, two-fluid turbulent
simulations in a lower single-null geometry, carried out by using the GBS code. In
the near SOL, there is a very good agreement between theoretical and numerical
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results. Indeed, across the entire set of simulations considered in this werk, the
difference between simulation results and theoretical predictions is below 20%.4In the far
SOL, a pattern-recognition algorithm for filament detection/tracking is applied tonthe
simulation results to determine filament size and velocity, and to identify the.filament
motion regime. Detected filaments in our simulations mainly belong tofthe RB and RX
regimes. The theoretical estimates of the far SOL pressure and density decay lengths
in RB and RX regimes agree with simulation results within an etror of 20 % for the
pressure and 40 % for the density, pointing out that the model considered hiere contains
the main physics, although the dispersion of simulation results aréund the analytical
prediction suggests the need of future investigations with @mnore acéurate model for
the filament velocity, which accounts for the filament-filament interaction and filament
rotation.

A comparison between the theoretical scaling of the pressure decay length in the
near SOL and experimental measurements of the power fall-off length, taken from the
multi-machine database presented in Ref. [15] and extended by adding TCV data from
Ref. [89], is carried out with the only fitting parameter being’ the proportionality constant
between the power fall-off length and théwmear SOL pressure decay length. Our model
reproduces experimental data with a very high'walue of the quality parameter, R? ~ 0.85.
The theoretical scaling with the proportionality constant from the fit predicts a near
SOL width for ITER L-mode plasma of'3:5.mm, a value close to the one predicted by
the experimental scaling laws derived imRef. [15].

Analogously, the theoretical scaling law of the far SOL pressure decay length
in the RB regime is comparedstorexperimental measurements obtained from a fast
reciprocating probe located at the outboard midplane in TCV L-mode lower single-null
discharges [38]. This preliminary, comparison shows a very weak correlation between
theoretical prediction and experimental results (R? ~ 0.1). However, the presence of
significant temperature variation@long the magnetic field lines in the far SOL observed
experimentally for the ¢ensidered discharges and not included in the present work, the
experimental difficulty in identifying at low density the interface between near and far
SOL, and the large experimental uncertainties affecting measurements of long pressure
decay lengthssmake the/present comparison not conclusive and prompt for the need
of further investigations in high-recycling conditions and possibly including data from
multiple tekamaks and diagnostics. In addition, the model considered here should be
generalised to include the effect of neutrals and impurities, that we expect to have an
important,role in the formation of the far SOL profile.
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